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Introduction: This study is an introduction to the empirical and impact evaluation
of radiofrequency electromagnetic field (RF-EMF) radiation exposure in a
healthcare environment, focusing on an indoor microenvironment. It explores
the expression of various genes associated with cellular responses, cell
proliferation, senescence, and apoptotic cell death. The assessment analyzes
current personal mobile communications (2G-5G FR1), providing a clear
understanding of RF-EMF exposure and compliance with regulatory limits.

Methods: The signals from different wireless communication systems at Hospital
Universitario de Canarias (HUC) in Tenerife, Canary Islands, Spain, were examined
in 11 locations. Four measurement campaigns were performed with frequency-
selective exposimeters (PEMs) and an EME Spy 200 MVG, and experimental
electric field values were compared as a long-term exposition. The frequency
with the highest contribution (2.174 V/m) observed (1840 MHz) in UMTS was
selected for biological effects evaluation.

Results: The study focuses on four locations with the highest exposure to
communication systems (downlinks), analyzing the results to verify compliance
with regulations that ensure the safety of patients, the general public, and
healthcare workers. LTE B20 (DL), GSM+UMTS 900 (DL), GSM 1800 (DL), UMTS
2100 (DL), and LTE B7 (DL) exhibited relatively higher E/m values throughout the
campaigns, and these values consistently remained below the ICNIRP reference
levels, signifying a consistently low level of exposure. In addition, this work presents
the biological effects on neural stem cells (NSCs) using 3D brain organoids (BOs)
exposed to RF signals in a validated and commercial experimental setting: the
Gigahertz Transverse Electromagnetic cell (GTEM). The GTEM allows for the
creation of homogeneous field electromagnetic fields in a small, enclosed setting
and guarantees exposure conditions in a wide range of frequencies. BOs are an
in vitro 3D cell-culture technology that reproduces the cellular composition and
structure of the developing brain. Analyzing the expression of several genes
associated with cellular responses, cell proliferation, senescence, and apoptotic
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cell death,we found that exposureof BOs at 1840MHzdid not affectmRNAexpression
in brain genes related to apoptosis or senescence. However, a decrease in gene
expression for cell proliferation and cell activity markers was observed during the
differentiation stage of BOs.

Discussion: The discussion emphasizes the coexistence and evolution of various
heterogeneous networks and services throughout the four measurement
campaigns. Across all measured results, the levels of the obtained E-field were
consistently well below the exposure limits set by internationally accepted
standards and guidelines. These obtained values have been established in order
to consider their potential effects on cell proliferation and cell activity, especially in
differentiating biological organisms. Consequently, the results obtained and the
methodology presented could serve as a foundational framework for establishing
the basis of RF-EMF assessment in future heterogeneous 5G developments,
particularly in the millimeter wave (mmWave) frequency range, where the
forecast is for massive high-node density networks.

KEYWORDS

RF measurement, E-field strength distribution, organoids, development, electromagnetic
hazard, exposure levels

1 Introduction

The extremely intensive development of mobile (cellular)
communications systems in healthcare centers has produced a
new medical ecosystem limited by infrastructure deployment. It
plays a pivotal role in determining anthropogenic electromagnetic
pollution and influencing the public perception and acceptance of
new technology (Solanas et al., 2014). The majority of
electromagnetic field (EMF) sources are associated with wireless
public information services. In smart health environments,
heterogeneous wireless networks contribute to context awareness
within healthcare centers. From a propagation standpoint, several
recent studies evaluate RF-EMF exposure levels (González-Rubio
et al., 2016; Celaya-Echarri et al., 2020; Celaya-Echarri et al., 2021),
and dynamic campaigns employing personal exposimeters (PEM)
have been conducted to assess RF-EMF levels. These studies focus
on integral levels of electromagnetic background generated by
spatially distributed base stations of 4G/5G systems. They
illustrate the evolution of electromagnetic background generation
across different frequency ranges, considering variations in area
traffic capacity and base station service area sizes. Given that the
majority of EMF sources are associated with wireless public
information services, particularly in communication and
broadcasting, the extensive development of mobile (cellular)
communication systems (MC) positions them as the primary
contributors to the electromagnetic microenvironment.

Several experimental investigations (Burgi et al., 2008; Gotsis
et al., 2008; Troisi et al., 2008; Tomitsch et al., 2010; Rufo et al., 2011;
Joseph et al., 2012; Rowley and Joyner, 2012; Ozdemir et al., 2014;
Gajsek et al., 2015; Ibrani et al., 2017; Karpowicz et al., 2017) into the
radio frequency electromagnetic background (EMB) have been
conducted globally. These have primarily focused on the
influence of second- and third-generation (2G/3G) MC systems
and span numerous countries. Their findings consistently suggest
that the intensity of EMB, even before the active deployment of
fourth- (4G) and fifth- (5G) generation MC systems, approaches or
reaches the maximum permissible levels (MPL) of 2.5.10 μW/cm2.

This evaluation takes into consideration the long-term
consequences associated with “non-thermal” effects (Grigoriev
et al., 2019). There is a difference in approach to its protection
(Grigoriev et al., 2020) and orientation to “thermal”
recommendations (International Commission on Non-Ionizing
Radiation Protection ICNIRP, 2020) which actually determines
the limit of EMB intensity connected with the physical
destruction of biological tissue. However, the effectiveness of
such “passive” protection of populations from the effects of EMB
in conditions of intensive implementation of 4G/5G has been
questioned. Drawing on insights from (ITU, 2009; GSMA, 2014;
ETSI, 2015; IMT, 2015; Rodriguez, 2015; ITU, 2017) and future
predictions (Calvanese Strinati et al., 2019; Zhang et al., 2019), the
anticipated progression from 4G to 5G and eventually to 6G raises
concerns regarding the substantial growth of key parameters in the
mainMC systems, particularly in those crucial for safety, connection
density (devices/km2), and area traffic capacity (Mbit/s/m2). These
are expected to experience significant growth, potentially by many
orders of magnitude. This growth raises reasonable doubts about the
feasibility of compensating for the intensity of electromagnetic
background (EMB) solely through advances in MC technologies
and system solutions. In such circumstances, ensuring the
electromagnetic safety of the population necessitates effective
control and prediction of EMB levels. This involves considering
all conceivable scenarios for the implementation of new-generation
MC systems.

The public debate around the possible health effects of emitted
radiation usually leads to changes in the behavior of individuals and
the use of technology. Taking into account EM environmental
evaluation, this study presents some of these biological effects
assessed by analyzing the expression of certain genes associated
with cellular responses, signaling processes, cell proliferation, and
neural development in “organoid” culture derived from human
neural stem cells.

In order to evaluate RFR effects on these organoids, we propose
the use of a validated and commercial experimental setting—the
Giga Hertz Transverse Electromagnetic cell (GTEM) (Ramos et al.,
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2021; Torres-Ruiz et al., 2024). GTEMs allow the creation of
homogeneous electromagnetic fields in small, enclosed settings
and guarantee exposure conditions in a wide range of
frequencies. In GTEMs, uniformity volume may be determined
according to the field homogeneity requirements of Annex B of
IEC standard 61000-4-20:2022 (IEC Standard, 2022) for emission
and immunity testing in transverse electromagnetic (TEM)
waveguides and is thus a better choice for exposing biological
systems (Tkalec et al., 2005; Vian et al., 2016).

Two-dimensional (2D) cultures are commonly used to study
how radiation affects neural stem cells due to their ease of use and
manipulation (Eghlidospour et al., 2017). However, these cultures
do not adequately reflect the complexity of brain tissues and the
interaction between cells in a three-dimensional (3D) environment.
An organoid is an in vitro 3D cell-culture technology that
reproduces the physiological and cellular composition of tissue
and/or organ evaluation and presents a novel approach as a very
useful tool. Specifically, brain organoids (BOs)—3D models of brain
tissue generated from human pluripotent stem cells—provide a
more realistic representation of brain structure and function,
allowing for more precise and relevant studies on the effects of
radiation on the brain (Lancaster and Knoblich, 2014; Paşca et al.,
2015). Therefore, this work uses BOs to study how radiation affects
some aspects related to cell proliferation, cell death, and immediate
early gene expression in these cultures.

Guidelines established by the International Commission on
Non-Ionizing Radiation Protection (International Commission
on Non-Ionizing Radiation Protection ICNIRP, 2020) are based
on recorded thermal effects, which are the most common.
Exposure to non-thermal levels is considered safe. However,
some studies suggest possible long-term adverse health effects
from exposure to levels below those set by regulation, such as
increased risk of cancer (Qin et al., 2022), headaches, sleep
disorders, and effects on the immune or nervous systems (Cui
et al., 2017). Although more research is needed to definitively
determine the health risks of exposure to radio frequency
electromagnetic fields, current regulations and safety
guidelines establish exposure limits to protect public health,
and health agencies continue to monitor scientific evidence in
this field to update and adjust these regulations. However, it is
also noted that many of these studies are limited and
contradictory and that more research is needed to definitively
determine the health risks of exposure to MRI-RFR, specially
utilizing controlled environments that control for temperature
and potency.

RFR exposure and the possible impact of RFR signals on human
health have been the subject of extensive research. Possible negative
effects have been observed on memory (Qin et al., 2022), cellular
function (Cui et al., 2017), the immune (Benavides et al., 2023) and
nervous systems (Chen et al., 2021), and sleep quality. However,
positive effects have also been observed in the application of
electromagnetic radiation in neuronal survival and differentiation
(Urnukhsaikhan et al., 2016) and in the prevention of melanin-
related diseases (Kim et al., 2022). These discrepant results are
sometimes explained by different frequencies and/or exposure
settings applied to biological models. Although some studies have
shown no important relations between RFR exposure and human
health, more research is needed to understand the effects and

determine whether long-term exposure to 5G radiation has any
negative effects on human health.

2 Materials and methods

In this study, the signals emitted by various wireless
communication systems across 11 locations within Hospital
Universitario de Canarias (HUC) were examined. The analysis was
conducted in an indoor environment and involved comparison across
four distinctmeasurement campaigns. Specifically, we focused on four
selected locations (1, 4, 5, and 6) characterized by significant exposure
to communication system downlinks. The evolution of results in these
key locations was carefully scrutinized to assess compliance with
regulations for safeguarding the safety of patients, the general public,
and healthcare workers in these environments.

2.1 Electromagnetic microenvironment
evaluation

The study comprised four campaigns dedicated to measuring the
electric field (E-field) in HUC. The primary focus of these
measurements was to evaluate wireless signals and determine their
adherence to legally established exposure thresholds at mobile
frequencies. The observed E-field background served as crucial
data for assessing potential health effects and interactions with
neighboring wireless networks, including devices emitting within
the same frequency band. To ensure comprehensive coverage,
11 measurement locations were strategically chosen, taking into
account base station information within a 500-m radius around
HUC. These locations were identified based on data collected and
documented by the Ministry of Digital Transformation (2023)
(Figure 1). Measurement locations inside HUC are shown in Figure 2.

The measurements were conducted utilizing the MVG EME SPY
200 Personal E-field Exposimeter, which is a type of radiofrequency
(RFR) frequency-selective exposure meter commonly called an
exposimeter or PEM (personal E-field exposimeter). Measurements
were taken every 5 s with a three-axial E-field probe that measures
E-field V/m and calculates total exposures based on recorded samples
in 20 predefined frequency bands in the 88MHz—5850MHz range.
The measurement protocol differentiates uplink (UL) and downlink
(DL) for mobile communications. The upper detection limit of
measurement instrumentation is 6 V/m, while the sensitivity varies
for different bands and is 0.005 V/m for most, excludingWiFi5Gwith
a sensitivity of 0.01 V/m.

The PEMs utilized in this study were specifically designed for
environmental surveillance, enabling the execution of radiofrequency
(RFR) static measurement campaigns at designated locations. These
devices monitor electromagnetic field (EMF) exposure over time in
complex and heterogeneous environments. Numerous epidemiological
studies (Gotsis et al., 2008; Troisi et al., 2008; Grigoriev et al., 2019;
Grigoriev et al., 2020; International Commission on Non-Ionizing
Radiation Protection ICNIRP, 2020) have utilized PEMs to assess and
evaluate EMF exposure in such environments. To measure the multi-
spectral distribution of radiofrequency (RF) energy and determine the
signal strength of specific frequencies, an experimental protocol was
employed with the PEM. Figure 3 illustrates the PEM’s capacity to
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measure 20 frequency bands, including both DL and UL
communications. It is notable that this study excluded consideration
of exposure from wireless handsets and UL communications [LTE B12
(UL), LTE B13 (UL), LTE B4 (UL), and LTE B7 (UL)] as discerning the
E-field due to UL from individuals’ phones proves challenging. The
analysis focuses on the DL measures of various communication systems,
including LTE B20 DL, GSM+UMTS 900 DL, GSM 1800 DL, UMTS
2100 DL, LTE B7 DL, WIFI 2G, WIFI 5G, and DECT 6.0. The
measurements were conducted in February 2022, June 2022,
December 2022, and June 2023.

A multi-band scenario setup was chosen, employing an E-field
sampling rate of 4 s in the SPY 200 PEM. The procedure encompasses
five primary steps. Initially, the locations of base stations for each

campaign were determined (Ramos et al., 2021). Subsequently,
specific measurement locations within the HUC contour were
identified. The PEM data were then collected from the 11 selected
locations. Following data collection, the fourth step involved the
analysis and presentation of four locations with higher E-levels
registered in both campaigns. The frequency exhibiting the highest
observed level was utilized as the E-field level for organoid exposure. A
significant portion of the measurements fell below the lower detection
limit of the PEM (0.005 V/m) in each individual frequency band,
leading to censorship. The placement of the PEM hardware device
aimed to mitigate underestimation by locating it away from the
staff member’s body, minimizing body-shielding effect
underestimation (only 1 V/m of body-shielding effect when

FIGURE 1
Base station locations 500 m around HUC.

FIGURE 2
Measurement locations inside HUC.
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another user/scatterer is located between the radiating antenna and
the receiver) (de Miguel-Bilbao et al., 2019). After sample
collection, the dosimeter generated graphics depicting the
electric field vs. time (Figure 4A) and frequency (Figure 4B).
Approximately 400 realistic exposure samples were generated in
30 min to ensure statistically relevant results.

The analysis utilized median and maximum values extracted
from specific datasets of E-field strength, denoted in volts per meter
(V/m). This approach aimed to assess the impact of exposure for
each measured frequency band outlined in Table 1, including LTE
B20 (DL), GSM+UMTS 900 (DL), GSM 1800 (DL), UMTS 2100
(DL), and LTE B7 (DL).

2.2 Experimental setup and organoid
exposure conditions

Neural stem cell organoid exposure was performed in GTEM
exposure cell GTEM ETS-LINDGREN 5402 coupled with RF Signal
Generator Rohde & Schwarz SMBV 100B (8 kHz–6 GHz) to obtain
the GSM 1840 MHz (DL) signal with 2.1 V/m during exposure. The
generator is connected to a power amplifier ZHL-42 W
(10 MHz–4200 MHz). This set up is presented in Figure 5.
Control organoids were located outside the chamber and were
evaluated for background exposure using a MVG EME SPY
200 Dosimeter. Temperature was maintained at 25 °C both inside
and outside the GTEM during the whole exposure period.

The purpose of this cell was to create a uniform electromagnetic
field that is the most important factor in a GTEM cell. To verify its
field uniformity, it was measured by Isotropic Probe (IP) ETS-
Lindgren HI-6105 (100 kHz—6 GHz). The exposure chamber was
designed based on a field uniformity check based on planar

measurements. The field conditions of uniformity inside GTEM
are defined for the different frequencies as per Annex B of IEC
standard 61000-4-20:2022 (IEC Standard, 2022). This process has
been presented in in-depth in previous publications by authors Ramos
et al. (2021); IEC Standard, 2022.

To select the exposure level, a field value 2.15 V/m at a
frequency of 1840 MHz was selected inside the uniformity
volume. The level of the RF generator to obtain a field level of
2.15 V/m was −32.6 dBm.

Biological-model control samples were assessed under baseline
exposure conditions outside the GTEM. This evaluation was
conducted using the MVG EME SPY 200 Dosimeter covering a
frequency range of 88–5850 MHz. The dosimeter allowed for the
isotropic recording of the electric field across various preselected
frequency sub-bands. Additionally, it captured the total electric field
for the entire measurement range, exemplified by wideband
recordings spanning 27 MHz–6 GHz (Figures 5, 6).

2.3 Organoid evaluation

2.3.1 Generation of human brain organoids from
AND-2 and the radiation process

The hESC cell line AND-2 was obtained from the Granada
Stem Cell Biobank (ISCIII, Spain). The brain organoids
generated a protocol adapted from previous ones (Paşca
et al., 2015; Lancaster and Knoblich, 2014) through the
phases of neural induction, differentiation, and maintenance.
BOs at different stages of development (neural induction,
differentiation, and maintenance) were radiated at 1840 MHz
for 1 h at RT for 5 days. This was a first approximation to short- and
long-term exposure of the organoids, taking into account their

FIGURE 3
Dosimeter and band frequencies identified.
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dimensions and evolutionary time. They were subsequently processed
for analysis and compared with the respective controls.

In all cases, the cultures were maintained at 37 °C in an atmosphere
of 5% CO2 and 95% relative humidity in an incubator (Forma).

2.3.2 RNA extraction and RT-q-PCR
BOs were collected and carefully washed with PBS, and lysis

buffer was added. They were mechanically dissociated with the
pipette and stored at −20°C until RNA extraction.

Total RNA was extracted with the RNeasy Mini kit (QIAGEN)
as per manufacturer’s instructions and treated with DNAses. We

reverse-transcribed 1 μg of total RNA using SuperScriptIII-RT (Life
Technologies), following this thermal program: 25 °C 10 min, 50 °C
60 min, and 75 °C 10 min.

Relative cDNA expression by RT-qPCR was done using
PowerUpTM SYBRTM Green Master Mix (Applied Biosystems).
We amplified 10 ng of total cDNA using these primers for the
corresponding human genes:MKI67 (f: 5′-TGACCCTGATGAGAA
AGCTCAA-3’; r: 5′-CCCTGAGCAACACTGTCTTTT-3′), BAX (f:
5′-AGCAAACTGGTGCTCAAGG-3’; r: 5′-CTTGGATCCAGC
CCAACA-3′), BCL-2 (f: 5′-TTGACAGAGGATCATGCTGTA
CT-3’; r: 5′-ATCTTTATTTCATGAGGCACGTT-3′), C-FOS (f:
5′-CTACCACTCACCCGCAGACT; r: 5′-AGGTCCGTGCAG
AAGTCCT), C-JUN (f: 5′-CCAAAGGATAGTGCGATGTTT; r:
5′-CTGTCCCTCTCCACTGCAAC), CDKN1A (f: 5′-AGGTGG
ACCTGGAGACTCTC-3’; r: 5′-CTTCCTGTGGGCGGATTAGG-
3′), and TBP as the house-keeping gene (f: 5′-GAGCTGTGATGT
GAAGTTTCC-3’; r: 5′-TCTGGGTTTGATCATTCTGTAG-3′).

2.3.3 Statistical analysis
The data obtained are presented as the mean ± SD. Statistical

analyses were accomplished using GraphPad Prism 6.0. Mean values
were compared, and we consider p-values <0.05 to be statistically
significant (*p< 0.05).

FIGURE 4
Graphics provided by dosimeter: (A) Electric field vs. time; (B) Electric field vs. frequency.

TABLE 1 EU More significant frequency bands for measurement campaigns
on the PEM setup.

Frequency band Frequency range (MHz)

LTE B20 (DL) 746–756

GSM+UMTS 900 (DL) 902–928

GSM 1800 (DL) 1805–1880

UMTS 2100 (DL) 2110–2156

LTE B7 (DL) 2620–2690
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3 Results

3.1 Electromagnetic survey

In total, our measurement campaign collected around
7500 RF-EMF samples. In this section, we present the
comparative analysis based on frequency-selective measurement
of the E-field in the 88 MHz–6 GHz frequency range. To better
understand the impact of each technology and their contribution

to the total exposure, this section presents the most significant
bands that caused relatively higher V/m values: LTE B20 (DL),
GSM+UMTS 900 (DL), GSM 1800 (DL), UMTS 2100 (DL), and
LTE B7 (DL). All presented higher levels in the fourth campaign
and did not in any case exceed the ICNIRP reference levels,
remaining significantly lower.

A PEM generates numerical datasheets in Excel format (MS
Office). Initial visual inspection of the measurement results
(Figure 4) indicated that certain frequency bands did not

FIGURE 5
Experimental setup. Radiation exposure chamber GTEM ETS-LINDGREN 5402 (DC-20 GHz), generator RF Rohde & Schwarz SMBV100B
(8 kHz–6 GHz), and amplifier RF (AMP) ZHL-42 W (10 MHz—4200 MHz). Plate configuration inside chamber and field meter ETS-Lindgren HI-6105
(100 kHz—6 GHz).

FIGURE 6
Experiment environment. (A). Dosimetric evaluation at HUC. (B) Radiofrequency generator. (C) Control samples evaluated under background
exposition. (D) Culture exposition inside GTEM cell.
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significantly contribute to the evaluated exposure, with cellular
phones being the most prominent contributors, along with
DECT frequency bands. Wi-Fi 2G and 5G bands were excluded
from consideration due to their consistently low registered levels. It
is worth noting that PEMs were positioned at a distance from routers
and that no individuals were in proximity during measurements.
Measurement results that fell within the sensitivity range of the
employed devices are omitted. The distinctive features of the
experimental results are then compared to total E-field
measurements for RF systems during Campaign A in February
2022, Campaign B in June 2022, Campaign C in December 2022,
and Campaign D in June 2023, respectively.

Figures 7–10 depict the consideration of distances to
electromagnetic radiation (EMR) sources and the evolving
landscape of radiocommunication services along with their
physical infrastructure.

Consistent with earlier research findings, similar conclusions
emerge. Generally, radiofrequency electromagnetic field (RF-EMF)
exposure levels across a wide frequency spectrum remain very low in
typical daily life situations. These exposure levels consistently fall

well below 1 V/mwhen compared to the existing international limits
for RF-EMF exposure (Grigoriev et al., 2020).

As can be observed in Figures 7–10, the location that registered
the highest E-field level was Location 6. The frequency with the
highest contribution GSM 1800 (DL) and 2.174 V/m observed
(1840 MHz) was selected for biological effects evaluation.

The radiation levels to which the control samples were exposed
never exceeded 0.36 V/m. In the 1840-MHz frequency band, the
maximum value recorded throughout all exposures was 0.005 V/m
and so did not exceed the PEM detection threshold.

3.2 Impact on organoids of 1840-MHz
RF exposure

The appearance and morphology of the BOs were not altered by
the applied radiation (Figure 11A). The molecular analysis by
quantitative real-time PCR detected no significant variations in
gene expression associated with apoptosis (BAX, BCL-2) or cellular
senescence (CDKN1A). However, a significant decrease in the

FIGURE 7
Location 1. Median, maximum values E-field measurements for campaigns (A), (B), (C), and (D).

FIGURE 8
Location 4. Median, maximum values E-field measurements for campaigns A, B, C, and D.
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modulation of genes involved in proliferation and cellular cycle
(MKI67 and CCND1) and cellular activity (C-FOS) was observed in
radiated BOs with respect to the control group during the
differentiation stage, with no changes in the other stages
presented in (Figures 11B–G). This suggests that more attention
should be given to the potential effects of RF exposure on early
brain development.

4 Discussion

4.1 Electromagnetic environment

The most notable frequency bands contributing to relatively
higher E/m values were LTE B20 (DL), GSM+UMTS 900 (DL),
GSM 1800 (DL), UMTS 2100 (DL), and LTE B7 (DL). Among
these, GSM 1800 (DL) exhibited the most significant radiation
exposure in all measured locations, with higher levels observed
during the third campaign. It is important to note that, as
explained in Section 2, the measurements presented here do not
account for the impact of radiation exposure from individual cell
handsets. These findings align with the existing literature,

including a recent study across five EU countries (Birks et al.
2018), research in five different urban areas in Belgium (Velghe
et al., 2019), work presented in (Ramos et al., 2023) in outdoor
healthcare environment, and a study conducted in public shopping
malls (Celaya-Echarri et al., 2021).

Table 2 provides a summary of the RF-EMF exposure levels
obtained from the six selected locations, presenting percentage
values compared to the lowest reference level outlined by
ICNIRP guidelines for the respective frequency band (ranging
from 36.37 V/m to 61 V/m). Additionally, it includes percentage
values for medium and maximum exposures.

For the user category, the location exhibiting the highest peaks is
Location 6, registering a maximum of 2.2 V/m (equivalent to 0.029%
of the ICNIRP reference level). Notably, all maximum peaks were
observed within LTE (DL) frequency bands across the
four campaigns.

The evolution of the infrastructures observed by theMinistery of
Digital Transformation (2023) is the provision of service in 5G
technology at frequencies of 700, 3500, and 3400 MHz. As 4G
services decreased over time, there was an increase in 5G. At the
time of this study, there were 43 3700 MHz stations, 54 700 MHz
stations, and four 3500 MHz stations. The 3500-MHz band is not

FIGURE 9
Location 5. Median, maximum values E-field measurements for campaigns A, B, C, and D.

FIGURE 10
Location 6. Median, maximum values E-field measurements for campaigns A, B, C, and D.
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registered in the SPY 200 and is one of the 5G bands in increasing
use. The cells were adjusted depending on usage and the distance of
users. Lower levels may indicate network optimization.

The progression and densification of base stations (BS) can
potentially elevate exposure levels. However, it is crucial to
emphasize that, in any scenario, these levels do not surpass 0.5% of
the ICNIRP reference levels compared to the threshold values
established by prevailing standards and guidelines. This observation
is significant in preventing electromagnetic interference to medical

equipment, mitigating potential harm to workers, monitoring
exposure levels within the workforce and the public at large, and
ensuring that emission levels remain below recommended thresholds.

4.2 Organoid development

The effects of the level of cell proliferation, apoptotic cell
death, and senescence were analyzed, which is useful for

FIGURE 11
Effects of radiation on BOs. (A) Phase contrast images of control and radiated BOs at different developmental stages. Scale bar 500 µm. Relative
mRNA expression levels of (B)MKI67, (C) CCND1, (D) BAX/BCL-2 (E)C-FOS, (F) C-JUN, and (G)CDKN1A obtained by RT-qPCR in BOs. Results are shown
as mean ± SD at least of three different experiments (n = 3). Statistical analysis performed between control and radiated groups (*p<0.05).
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preventing potential damage to the general public (including
workers) and biological effects by means of organoid evaluation.
This study presents a novel approach to wireless technology
effects produced at frequencies where radiation absorption by
tissues is higher and the assessment of non-thermal effects or
system alterations.

Here, we used human BOs as a model to study some of the
possible molecular effects of RF exposure during brain development.
We found that an 1840-MHz RF—widely used in mobile phone
communication—has no effect on senescence or the apoptosis of
developing BOs, with no changes in the expression of the apoptosis-
(BAX, BCL-2) or senescence (CDKN1A)-related genes. These data
are from studies in different types of NSCs (Eghlidospour et al.,
2017; Chen et al., 2021; Velghe et al., 2019; Ramos et al., 2023).

On the other hand, the cell cycle and proliferation of NSCs is
related to the self-renewal capacity of the cells, which is of great
importance in maintaining the total number of NSCs for generating
various types of neurons and glia during brain development. Our
data show that RF exposure decreases the expression of genes related
to proliferation and cell cycle (MKI67 and CCND1) and activity
(C-FOS) in differentiating BOs without changes in the other stages of
induction and maturation/maintenance of these cultures. This
suggests that the effects of RF on BOs depend on the

developmental stage of the BOs. These data differ from those by
(Eghlidospour et al., 2017; Chen et al., 2021; An et al., 2023; Cruz-
Mendoza et al., 2022) in NSCs. This discrepancy may be due to the
different cell models and the durations and frequencies of exposure.

5 Conclusion

This study offers a comprehensive RF-EMF exposure
assessment conducted through four campaigns in a hospital in
Tenerife, utilizing a personnel dosimeter for measurements. The
results highlight the most notable radiation exposure in the GSM
1800 frequency bands, particularly in three locations near
base stations.

The measurements were conducted across 11 distinct outdoor
locations in four campaigns, considering areas accessible to both the
general public and workers. The most significant radiation exposure
was observed in the LTE downlink (DL) frequency bands for the
four locations near base stations (Ministery of Digital
transformation, 2023) within a 500-m radius.

Throughout the campaigns, the exposure levels which
indicated total inter-system exposure at the same moment
(worst-case scenario) consistently remained well below the

TABLE 2 RF-EMF exposure levels from the four locations

Frequency band Campaign V/m (max) % ICNIRP (mean) % ICNIRP (maximum)

LTE B20 (DL) A 1,1360 0,002255 0,022942

B 0,9430 0,001887 0,015809

C 1,2450 0,001853 0,027556

D 0,7880 0,001462 0,011378

GSM + UMTS 900 (DL) A 0,8890 0,001258 0,009544

B 0,7380 0,000924 0,016446

C 0,8450 0,001470 0,008622

D 0,8940 0,001587 0,009651

GSM 1800 (DL) A 1,4530 0,002742 0,013090

B 1,7480 0,003818 0,018944

C 2,1740 0,002383 0,029303

D 1,9310 0,005154 0,023118

UMTS 2100 (DL) A 1,3320 0,000983 0,009453

B 1,2430 0,000769 0,008232

C 1,2860 0,000417 0,008811

D 1,2220 0,001385 0,007956

LTE B7 (DL) A 0,7180 0,001324 0,009165

B 0,8060 0,001727 0,011549

C 0,9570 0,001308 0,016282

D 1,3420 0,0036313 0,320171

Bold values are the highest peaks obtained.
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reference levels established by the ICNIRP (0.029% of ICNIRP
max. reference level). The evolution observed across campaigns
showed a slight increase in these levels, correlated with a higher
number of base stations, increased traffic, and modifications in the
structure of radiocommunication services and their physical
infrastructure.

Although the measurements were conducted only for current
wireless communication technologies, the results and
methodology can be extended to form the RF-EMF assessment
basis for future 5G FR2 developments in the millimeter-wave
frequency range. This is particularly relevant for upcoming
massive high-node user density networks. Monitoring
exposure levels amongst the workforce and the general public
serves as a preventive measure against electromagnetic
interference of medical equipment and safeguards against
potential harm to the public, including workers, and ensures
that emission levels remain below recommended thresholds
(Valbonesi et al., 2018).

This selected frequency has been used as a biological testing
platform to evaluate developmental changes in organoids as a result
of RFR exposure during early development at the level of cell death/
survival, cell proliferation, and phenotype specification. Organoids
present an excellent model of potential health effects. Together,
these results improve our understanding of the effects of RF
exposure on the development of human BOs and the potential
adverse effects and mechanisms of RF exposure on the developing
brain. Given the wide use of mobile communications in everyday
life, the question of whether RF exposure affects brain development
is a major concern.
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