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Background: Studies investigating genotoxic e�ects of radiofrequency

electromagnetic field (RF-EMF) exposure (3 kHz−300 GHz) have used a wide

variety of parameters, and results have been inconsistent. A systematic mapping

of existing research is necessary to identify emerging patterns and to inform

future research and policy.

Methods: Evidence mapping was conducted using guidance from the Preferred

Reporting Items for Systematic reviews and Meta-Analyses for Scoping Reviews

(PRISMA-ScR). A comprehensive search strategy was applied across multiple

research databases, using specific inclusion and exclusion criteria within each

knowledge domain. Quantitative aggregation using tables, graphs and heatmaps

was used to synthesize data according to study type, organism type, exposure

level and duration, biological markers (genotoxicity, cellular stress, apoptosis),

RF-EMF signal characteristics, as well as funding source to further contextualize

the evidence landscape. Quality criteria were applied as part of a focused analysis

to explore potential biases and their e�ects on outcomes.

Results: Over 500 pertinent studies were identified, categorized as in vitro (53%),

in vivo (37%), and epidemiological (10%), and grouped according to type of DNA

damage, organism, intensity, duration, signal characteristics, biological markers

and funding source. In vitro studies predominantly showed proportionally

fewer significant e�ects, while in vivo and epidemiological studies showed

more. DNA base damage studies showed the highest proportion of e�ects,

as did studies using GSM talk-mode, pulsed signals and real-world devices. A

complex relationship was identified between exposure intensity and duration,

with duration emerging as a critical determinant of outcomes. A complex U-

shaped dose-response relationship was evident, suggesting adaptive cellular

responses, with increased free radical production as a plausible mechanism.

Higher-quality studies showed fewer significant e�ects; however, the funding

source had a stronger influence on outcomes than study quality. Over half

(58%) of studies observing DNA damage used exposures below the International

Commission of Non-Ionizing Radiation Protection (ICNIRP) limits.

Conclusion: The collective evidence reveals that RF-EMF exposures may be

genotoxic and could pose a cancer risk. Exposure duration and real-world
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signals are the most important factors influencing genotoxicity, warranting

further focused research. To address potential genotoxic risks, these findings

support the adoption of precautionary measures alongside existing thermal-

based exposure guidelines.

KEYWORDS

genotoxicity, radio frequencies, cancer, electromagnetic radiation, wireless technology,

oxidative stress, apoptosis

Introduction

Background and rationale

Theworld is facing a cancer pandemic, with exponential growth

occurring in many cancers (International Agency for Research on

Cancer (IARC) World Cancer Reports) (1–4). While population

aging is contributing to this trend (5), it cannot fully explain the

observed rise in certain cancers, suggesting that environmental

and/or lifestyle factors are playing a role. One potential factor

for consideration is the increasing global background levels of

anthropogenic radiofrequency electromagnetic fields (RF-EMF)

(6), which coincide with a general increase in cancer incidence

rates over the last several decades. While this temporal overlap does

not imply causation, it highlights the need for careful investigation

into the potential role of RF-EMF exposure among the many

environmental and lifestyle factors associated with cancer.

The current perspective held by IARC is that RF-EMF

exposures, including exposure to mobile phones, are a group 2B

possible carcinogen (IARC, May 2011) (7, 8). This classification

was based on the available evidence at the time, which covered

both epidemiological and animal experimental studies. While the

evidence was deemed credible, bias and confounding could not be

completely ruled out (8). A limited understanding of the underlying

mechanisms, regarded by some as weak (9), also prevented a

higher classification.

Genetic alteration is a well-established trigger for cancer

development (10). Genotoxicity is the ability of a physical or

chemical agent to induce genetic damage, which may result in

genetic mutations (11), and represents a critical pathway to cancer.

Therefore, if RF-EMF exposure is linked to genotoxicity, this would

provide strong evidence for a plausible mechanism describing how

RF-EMF may initiate carcinogenesis in humans and potentially

in all living organisms. With the recommended prioritization

for an IARC (12) assessment of the carcinogenic potential of

radiofrequency exposures, an unbiased synthesis of the evidence

on RF-induced genotoxicity is a crucial resource needed for such

an investigation.

This review aims to determine whether RF-EMF exposure can

damage DNA, thereby potentially contributing to the rising global

incidence of cancer.

Radiofrequency exposures

Radiofrequency electromagnetic fields are defined as non-

ionizing electromagnetic frequencies in the range of 3 kilohertz

(kHz) to 300 gigahertz (GHz) (13), which sit between extremely

low-frequency fields (ELF), i.e., electrical power frequencies,

and infrared light in the electromagnetic spectrum. RF-EMF

is produced both naturally (as background cosmic radiation,

lightning and other atmospheric activity) and from a wide

range of man-made sources including radar, radio/TV broadcast

antenna, satellite communications, mobile phone base stations,

smart meters, smartphones, Bluetooth devices, game consoles,

baby monitors, computers, Wi-Fi routers, microwave ovens,

radiofrequency implanted devices, diathermy machines and

wireless power transmission devices.

The primary source of natural, isotropic microwave

background radiation on Earth is the Cosmic Microwave

Background (14). This radiation falls to earth in a non-polarized

and continuous manner, at very low intensity levels as low

as 10−18 W/m2 (6) for frequencies used in the mobile phone

RF-EMF spectrum. In contrast, man-made RF-EMF exposure is

typically polarized and pulsed with intensities reaching up to 10

W/m2 for certain frequencies used in wireless communication,

as permitted by the International Commission of Non-Ionizing

Radiation Protection (ICNIRP) (15) for member of the public

exposures. These important characteristics distinguish man-made

from natural sources of radiation. Biological life has never before

experienced this type of artificial radiation, which may have unique

biological effects (16). Radiofrequency waves can penetrate human

skin, depending on wave frequency and tissue properties (17).

Lower-frequency RF waves penetrate deeper, reaching internal

organs, while higher frequencies are more readily absorbed by the

skin layers or reflected (18). Wireless communication technologies,

such as mobile phones and Wi-Fi routers, rely on RF frequencies

that can pass through barriers like walls, windows, and roofs so as

to maintain signal coverage.

DNA damage how it is measured

DNA damage encompasses various forms (see Figure 1),

including single-strand breaks (SSBs), double-strand breaks

(DSBs), chromosome aberrations, sister chromatid exchanges and

the presence of micronuclei (11), all of which can significantly

impact cellular integrity.

Approximately 10,000 DNA modifications occur every hour

per cell (19), and of these, SSBs are the most frequent types of DNA

lesions (75%) (19). SSBs can arise from exposure to free radicals

such as reactive oxygen and nitrogen species (ROS/RNS) (20).

SSBs may also occur as intermediate products of the DNA repair

process or as a result of abortive cellular enzyme activities (20).
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FIGURE 1

Types of DNA damage reported due to RF exposure that is covered in the evidence map. Mutations can be associated with many of the types of DNA

damage presented in this figure, but for the evidence map, they reflect results from specific mutation assays listed in Supplementary Table 1.

If they are not promptly and correctly repaired, SSBs can disrupt

critical processes such as DNA replication and transcription, which

ultimately compromises genome stability (21). DSBs, though less

frequent, are particularly severe because they involve breaks in

both DNA strands. DSBs pose a significant challenge to repair

mechanisms and increase the risk of chromosomal aberrations and

micronuclei, which serve as biomarkers for genome instability (22).

The accumulation of unrepaired DNA damage, including SSBs,

DSBs, and associated abnormalities, has been strongly implicated

in the development of cancer (11), aging-related disorders (23), and

neurodegenerative diseases (24).

Each type of DNA damage has specific assay methods (e.g.,

comet assay) to detect and evaluate the damage. The types of DNA

damage and their associated assays that are investigated as part of

the evidence map are detailed in Supplementary Table 1.1

DNA damage as measured via an assay represents the net result

of three factors: (i) the damage that is induced by exposure to

an external agent under test, (ii) the baseline level of endogenous

DNA damage that occurs naturally under normal physiological

conditions, and (iii) the extent of damage repaired by the cellular

DNA repair mechanisms.

1 All references to Supplementary Table or Supplementary Figure refer to

details in Supplementary Results Map (Supplementary Data Sheet 5).

The current state of knowledge and
uncertainties

It has been well-established that the biological and health

effects of microwaves depend on various biological and physical

parameters that differ across studies, leading to variations in

observed effect outcomes (25, 26).

Hundreds of experimental studies of varying quality have

been conducted over many decades investigating whether RF-EMF

exposure can damage DNA or result in genetic mutations. Several

reviews have also been performed, each using a smaller subset of

studies, with mixed results. The balance of evidence determined

by these past reviews ranges from significant evidence of genetic

damage or interference, Lai (27), to slightly favoring DNA damage,

Ruediger (28), to claims that most studies show no significant

effects, Vijayalaxmi and Prihoda (29, 30) andmore recently, Romeo

et al. (31).

Reasons for the large discrepancies in past reviews include:

1. The scope of the review, such as focusing only on in vitro

studies or covering a more expansive set of in vivo and

epidemiological studies;

2. The final pool of studies selected for review (allowing for

selection bias);

3. Quality criteria used to exclude or downgrade relevant papers;
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4. Review author (s) personal biases or affiliations.

Given the current incompleteness of available systematic

reviews, inconsistencies in reporting and potential biases, an

evidence map investigating the potential genotoxic effects of RF-

EMF is both timely and essential.

Aim, scope and objectives

The evidence map presented here aims to comprehensively

assess the available research investigating potential genotoxic effects

associated with radiofrequency (RF) electromagnetic fields (3 kHz

to 300 GHz) exposure. The ultimate goal is to clarify whether RF

exposure has a plausible role in damaging DNA, with subsequent

implications for biological health and the induction of cancer.

The scope of this study encompasses all major forms of DNA

damage as well as potential mechanistic pathways. The study

examines experimental and observational research, including in

vitro, in vivo, and epidemiological studies. It investigates all relevant

past studies, including those published up until May 2023. The

primary objectives are to catalog and synthesize this evidence,

enabling the identification of potential biological mechanisms,

patterns, gaps, and methodological limitations in the field. This

study aims to:

• Understand the diversity of evidence: Provide a structured

overview of the various forms of DNA damage studied in the

context of different properties of RF exposure;

• Discover potential biological mechanisms: Investigate and

categorize the main biological pathways and processes

through which RF exposure might induce genetic damage,

including direct and indirect effects;

• Highlight quality issues and biases: Identify the strengths

and limitations of existing research, including methodological

robustness, potential conflicts of interest, and funding sources;

• Bridge data gaps for policy and research: Offer insights

into areas requiring further exploration to inform future

experimental designs and public health guidelines;

• Set the stage for quality-focused synthesis: Lay the

groundwork for a future systematic review and narrative

analysis of high-quality studies;

• Examine exposure levels in studies below the ICNIRP

occupational limit for localized exposures: Determine

whether current international safety guidelines are effective in

protecting all living entities from genetic damage associated

with RF exposures.

Primary question items

The primary question for this scoping review and evidence

map is: What evidence exists regarding the genotoxic potential

of anthropogenic RF-EMF exposures? A systematic mapping and

synthesis of the following factors will help address this question:

1. location and history of research publications;

2. organisms and cell types for evaluating differential sensitivity to

radiofrequency exposures;

3. balance of evidence across in vitro, in vivo and epidemiological

studies for different types of DNA damage;

4. exposure signal characteristics (field intensity, duration,

frequency, modulations, real or simulated) affecting the

likelihood of detecting RF-EMF-induced genetic damage and its

link to thermal or non-thermal interactions;

5. potential biological mechanisms that might explain RF-

induced genotoxicity.

Secondary question items

Further questions aim to explain the reasons for conflicting

outcomes and inconsistencies found in previous reviews:

6. What does the evidence reveal about the risk of bias in

study designs, as well as the influence of funding sources and

researcher affiliations on study outcomes?

7. How does applying more stringent quality criteria alter the

balance of evidence?

8. Is there sufficient homogeneity in the data to perform a

meta-analysis in a future systematic review?

9. Does the existing evidence have gaps that require further

exploration with future-focused research?

PECO statement

Populations: all organisms and cell types, microorganisms or

free DNA used in in vitro, in vivo and epidemiological studies.

Exposures: Anthropogenic radiofrequencies (3 kHz to 300

GHz) from real-world wireless transmitters and signal generators

(or other methods used to simulate real-world device signals in a

laboratory setting).

Comparators: Comparison populations exposed to lower

levels, sham exposure, or no exposure (control).

Outcomes: DNA damage as depicted in Figure 1 as well

as related potential biological mechanisms such as spindle

disturbances, free radical production/oxidative stress, heat shock

protein expression and apoptosis.

Methods

The protocol used to generate this evidence map and

associated data synthesis follows the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses extension

for Scoping Reviews (PRISMA-ScR) (32) and Joanna Briggs

Institute (JBI) Scoping Review guidelines (33). A full

description of the method and protocol applied is available

in Supplementary Data Sheet 1.

Study quality assessment analysis

A quality assessment was performed on studies using specific

quality criteria. The assessment adopted and extended the
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recommended quality attributes used by Vijayalaxmi and Prihoda

(30). The specific quality attributes used for the selection of “higher

quality” studies covered; waveform specified, exposure duration

described, exposure intensity details provided, frequency of signal

qualified, dosimetry calculated or measured, blinding/coding used,

sham control used, and statistical methods described. A positive

control was not judged to be critically important for quality

determination, which is a deviation from Vijayalaxmi and Prihoda

quality review protocol. While positive controls are desirable for

evaluating an assay’s sensitivity by comparing effects against a

known genotoxic agent, they are not essential for determining

cause and effect using experimental logic (34). Studies that

incorporated all of these criteria were classified as higher quality

(n = 130). For more details on quality assessment procedures refer

to Supplementary Data Sheet 1.

Review findings

Study mapping and presentation

The main evidence for genotoxicity, potential

biological mechanisms and funding influences are

summarized within an evidence map using tables, graphs,

a flow chart, heat maps, and network diagrams. The

systematic map database containing the selected articles,

including bibliographic information and extracted data,

is summarized below, with full details provided in

Supplementary Data Sheet 4.

In all graphs and tables, the main analysis presents the

proportion of statistically significant damage effects (displayed in

orange) vs. the proportion of no significant damage (displayed

in gray). All trends in studies were classified as non-significant

effects, and studies showing trends or protective effects were

grouped under the “no effect” category, indicating no significant

DNA damage.

Results from search and screening
(PRISMA)

The PRISMA 2020 flow diagram (Figure 2) provides an

overview of the search and screening process. An initial

search was conducted on 12th April 2023, starting with the

EMF-Portal database. A total of 3,430 candidate records

were identified from all literature databases combined.

After removing duplicates (n = 1674) and non-relevant

or incomplete articles (n = 1,226), a total of 530 articles

remained. Specific details for article exclusions are provided in

Supplementary Data Sheet 4 (spreadsheet tab labeled “Review”,

columns B:C).

Five articles reported on both in vitro and in vivo studies

and one article covered an epidemiological and in vitro study

(bringing the total number of studies to review n = 536). Of these,

nineteen studies (6% of in vitro and 1% of in vivo) reported only

“possible” DNA damage and were thus excluded from the main

balance-of-evidence mapping process (leaving n = 517 studies

for review).

Geographical location and history of
publications

Research on RF-EMF genotoxicity has been conducted globally,

with the USA, China, India, Italy, Japan, and Turkey emerging

as the leading countries in this area (Figure 3A). A more detailed

breakdown by country and balance of evidence is provided in

Supplementary Table 2.

Over 500 studies on RF-EMF induced genotoxicity, and

to a lesser extent mutations, have been published since 1959

(Figure 3B). The rate of research publications remained relatively

steady from the late 1970s to 2000, then surged over the next 15

years, coinciding with the increasing adoption of wireless devices,

the development of supporting infrastructure, and rising public

health concerns.

Organism and cell types

Genotoxicity research has primarily focused on mammals, with

non-mammalian organisms receiving less attention. Except for

microbes, plants, and insects (which have over 10 studies for some

DNA damage endpoints), many organisms are either understudied

or not studied. Mammalian studies (448 combined) have primarily

focused on human research (227 studies), with the majority being

in vitro and epidemiological studies, with fewer in vivo studies. Rats

are the next most prevalent (102 studies), then mice (78 studies)

and other mammals (41 studies), including a small number of

studies involving bovines, canines, felines, hamsters, and rabbits

(see Supplementary Table 3). The research also covers a diverse

range of microbe studies (n = 33), including bacteria, yeast and

bacteriophage studies (all in vitro), which have shownmixed results

(see Supplementary Table 4).

Human studies showed a near-even split (51 vs. 49%) in the

balance of evidence, with in vivo and epidemiological research

consistently reporting statistically significant DNA damage,

compared to more null results for in vitro studies. Rats (75%) and

other mammals (73%) showed similar trends. While the outcomes

of mouse studies are generally aligned with those of human studies,

a lower proportion of in vitro and in vivo mouse studies reported

DNA damage. In contrast, all studies on plants, worms, birds,

and amphibians reported statistically significant DNA damage.

Similarly, 71% of insect studies identified statistically significant

DNA damage effects.

Organism vs. DNA damage type and
mechanism

Approximately 80–100% of the non-mammalian studies

demonstrated statistically significant effects, particularly DNA base

damage and oxidative stress (Table 1). Spindle disturbances, a

potential mechanism for DNA damage, were found in 100% of

studies for both mammals and plants. Although smaller in number

(so conclusions are less certain), studies with plants, insects, worms,

and birds have high proportions of outcomes showing RF-induced

DNA damage and oxidative stress. Given the limited number of
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FIGURE 2

PRISMA 2020 flow diagram (35) for the RF-EMF genotoxicity systemic map. Note six of the 530 articles contained two studies resulting in 536 studies

for review.

studies on amphibians, worms and snails, robust conclusions are

not possible.

Damage by cell type

In vitro studies primarily focus on cellular damage across

various organisms. Similarly, in vivo and certain epidemiological

studies also examine specific cell types. When statistically

significant DNA damage is observed in > 50% of studies

for particular cell types, they are deemed more sensitive to

RF-EMF exposures.

Genotoxicity findings for different cell types revealed varying

sensitivities to RF exposure (see Table 2). Reproductive cells were

highly sensitive, with statistically significant DNA damage effects in

80% of 20 ovarian, 80% of 30 testicular, and 74% of 27 spermatozoa

studies. Insect larvae (75% of 4 studies) and embryos (55% of 20

studies) also showed differing levels of susceptibility. Normal brain

cells were found to be very sensitive (76% of 54 studies), whereas

neoplastic brain cells exhibited lower sensitivity (33% of 12 studies).

A moderate proportion of liver and lung studies (56% of 16 studies)

found damage, as well as studies of buccal (oral) mucosa cells (65%

of 23 studies). This raises potential concerns due to mobile phone

technology changes, which relocated themain antenna from the top

of the phone to the bottom, nearer to the mouth (36).

Blood cells showed greater tolerance to RF-induced

genotoxicity, particularly lymphocytes (47% of 95 studies)

and leukocytes (30% of 20 studies), which were analyzed

separately. However, this tolerance may be limited because

longer exposures, particularly in real-world settings (e.g.,

epidemiological studies), showed statistically significant DNA

damage across all blood cell types. On the other hand, 67% of

21 erythrocyte studies found evidence of genotoxicity. Some

studies investigating genotoxicity on human blood (37–39) also

demonstrate the existence of individual sensitivities and responses

to radiofrequency exposures, which should not be confused with
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FIGURE 3

(A) RF-EMF genotoxicity research outcomes by country and (B) by date of publication.

electromagnetic hypersensitivity (EHS). Some studies pooled their

results, washing out potentially sensitive individual data (40–42).

Eye and skin tissues were studied less frequently, with only 33%

of 12 and 15 studies, respectively, showing statistically significant

DNA damage findings. Similarly, bone marrow (30% of 10 studies)

showed less damage. Primary cells were more likely to present

DNA damage than cell lines. These findings reveal the variability

in cell sensitivity.

Study type and DNA damage findings

Evidence distribution by study type (in vivo,
in vitro, epidemiological)

Of the 517 included studies that were confirmed to investigate

actual DNA damage, the majority were in vitro studies, comprising

53% (n = 272) of all studies. In comparison, only 37% (n = 193)

were in vivo studies, and a smaller 10% (n= 52) were observational

(epidemiology) studies. There were five papers that investigated

both in vitro and in vivo outcomes. The overall balance of evidence

for DNA damage was 59% Effects compared to 41% No Effects

(Figure 4). Outcomes for in vitro studies were slightly weighted

toward No Effect (55%), whereas the majority of both the in

vivo studies (75%) and the epidemiological studies (75%) reported

statistically significant DNA damage. For higher quality studies, the

balance of evidence for overall DNA damage shifted in favor of No

Effects (52%) vs. Effects (48%).

These results reveal substantial variability in the potential

for RF-EMF to induce genetic damage. In vitro studies, which

dominate the evidence base, predominantly indicate no significant

DNA damage. In contrast, an identical proportion of in vivo and

epidemiological studies primarily indicate genotoxic effects. These

opposing outcomes from studies of live organisms vs. isolated

cells highlight the limitations of in vitro models for replicating the

complexity of living organisms, particularly animals (44).

Animals are comprised of interconnected systems, including

the nervous, endocrine, and immune systems, that can all influence

cellular functions and responses (45). These systems mediate

intricate feedback mechanisms, hormonal signaling, and immune

responses (46). Furthermore, in vivo models include physiological

processes and interactions such as blood flow, metabolic activity,
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TABLE 1 Organism vs. genotoxicity/mechanism studies: number of studies (% e�ect findings) – shading intensity set on # papers.

Organism

DNA Damage End Point Microbes Plants Molluscs Worms Insects Mammals Birds Amphib’s

DNA breaks/ fragmentation 16 (69) 4 (100) 1 (0) 2 (100) 13 (92) 238 (55) 5 (100) 2 (100)

DNA base damage 1 (100) 0 0 1 (100) 0 38 (84) 2 (100) 0

Chromosome aberrations 1 (100) 16 (94) 0 0 2 (100) 81 (57) 0 0

Micronuclei induction 0 9 (100) 0 0 0 130 (50) 0 0

Sister chromatid exchange 0 0 0 0 0 25 (12) 0 0

Mutations 17 (29) 2 (100) 0 1 (100) 8 (38) 18 (39) 0 0

Spindle disturbances 0 5 (100) 0 0 0 5 (100) 0 0

DNA conformation changes 14 (93) 0 0 0 2 (100) 28 (93) 0 0

Free radicals/oxidative stress 2 (100) 4 (100) 0 2 (100) 7 (100) 101 (80) 2 (100) 1 (100)

Apoptosis 0 0 0 0 7 (100) 104 (56) 1 (100) 0

Heat shock proteins (HSPs) 0 0 0 1 (100) 1 (0) 25 (44) 0 0

TABLE 2 Proportion and type of cell studies finding DNA damage (shading intensity is set for % of e�ects).

Cell type (tissue or organ) Number of studies (% e�ects) Cell type (tissue or organ) Number of studies (% e�ects)

All cells 503 (59) Embryonic 20 (55)

Lymphocytes∗ 95 (47) Eye (lens/cornea) 12 (33)

Leucocytes∗ 20 (30) Liver 16 (56)

Erythrocytes (blood) 21 (67) Lung 16 (56)

Erythrocytes (bone) 15 (53) Ovary 20 (80)

Bone marrow 10 (30) Skin 15 (33)

Brain neurons (cancer) 12 (33) Spermatozoa 27 (74)

Brain neurons (normal) 54 (76) Testicle 30 (80)

Buccal mucosa 23 (65) Larvae 4 (75)

Cell line 119 (48) Primary Cell 396 (62)

∗Leukocytes (also called white blood cells) include lymphocytes, granulocytes, and monocytes. Studies that explicitly name lymphocytes have been captured on their own and not included in

the Leukocyte study count (%).

and tissue-level interactions that can influence RF absorption and

its biological effects (47, 48).

In vitro systems, however, are devoid of these regulatory

influences, interacting systems and processes, providing a

limited and potentially misleading perspective on how cells

respond to RF exposure in a living organism. Additionally,

the simplified environment of in vitro studies may lead to

an underestimation of RF-induced genotoxic effects. To fully

understand the biological impact of RF exposures, in vitro

studies must be interpreted cautiously and validated through

in vivo research.

Epidemiological research on the other hand, reflects real-

world exposure conditions and indicates the consequences of long-

term exposures. However, as the research map shows (Figure 4),

epidemiological research is less common, potentially due to

complexity, costs, and time requirements. Evaluating in vivo data

and epidemiological data together results in a holistic view and

resilient confirmation. Therefore, more weight should be given to

these study types when assessing the health risks of RF exposure.

Types of DNA damage

Statistically significant DNA damage was prevalent in studies

investigating DNA breaks (58% of 283 studies), DNA base

damage (86% of 42 studies), chromosome aberrations (63% of

100 studies), and micronuclei induction (54% of 140 studies).

DNA base damage was found in the majority of studies for

all study types: 92% of 12 in vitro studies, 80% of 20 in vivo

studies, and 100% of 4 epidemiological studies (Figure 5C), and

DNA breaks/fragmentations were found in the majority of in

vivo studies (Figure 5A). Conversely, the balance of evidence was

weighted toward no significant effects for studies investigating

mutations (60% of 45 studies) and sister chromatid exchange (88%

of 25 studies).

When only the higher-quality studies were selected from the

above DNA damage subtypes, results typically showed <50% of

studies reporting damage, except for DNA base damage, where 75%

of the 12 higher quality studies produced statistically significant

findings. The largest shift in the balance of evidence across most
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FIGURE 4

Overall balance of evidence for (A) DNA damage (all studies) and (B) higher quality experimental studies.

DNAdamage subtypes occurred for in vitro experiments, where, for

higher-quality studies, the proportion showing no effects increased

markedly. In contrast, the balance of evidence for in vivo studies

remained largely unchanged (see Figures 5A–L, gray regions of

each pie chart).

Further indicators of possible DNA damage

Some biological changes observed suggest DNA damage, but

with no clear one-to-one correspondence between the occurrence

of these biological changes and DNA damage. The evidence

for these possible indicators was not included in the main

systematic mapping detailed above, but instead, is presented

in Figures 6A–D for completeness. Studies investigating these

indicators predominantly found DNA conformational changes

(93% of 46 studies) and cell apoptosis (60% of 111 studies).

Selecting only the higher-quality studies hadminimal impact on the

balance of evidence for DNA conformational change, i.e., findings

increased (100% of eight studies), but for apoptosis studies, findings

decreased (50% of 26 studies). DNA conformational changes

showed a consistently higher proportion of studies showing DNA

alteration effects for both in vitro and in vivo higher quality studies,

whereas for apoptosis, statistically significant findings decreased for

both in vitro and in vivo studies.

Synergistic, additive and protective e�ects

Additive, synergistic, antagonistic, and potentiative effects can be

observed and is dependent on the sequence of exposure (prior, follow,

or simultaneously) and the initial functional state of the exposed

biological system [(49), p. 915].

Studies were conducted to investigate adaptive or protective

cell responses to radiofrequency exposures in conjunction with

known genotoxic agents. This was contrasted with studies showing

synergistic effects. The presence of some agents (such as gamma

rays) in both categories underscores the pivotal influence of the

timing and duration of an RF exposure in determining whether the

cellular response is likely to be protective or synergistic (damaging)

(Supplementary Table 11).

In some cases, the published data indicates that exposures

to RF-EMF can produce beneficial protective effects against

other genotoxic agents, suggesting the induction of an adaptive

response at both the cellular and organism level (50). Potential

biological mechanisms underlying these protective effects include

the activation of signaling pathways, upregulation of specific gene

expression and protein synthesis (e.g., HSPs, antioxidant enzymes,

cell repair), enhanced activity of the DNA repair system, and a

reduction in free radical levels (51).

Although the pool of studies investigating combinative and

synergistic effects was relatively small, it reveals how RF exposures

can have potential therapeutic benefits (cancer treatments) or can

enhance the harm caused by ionizing radiation and chemical

agents, depending on exposure conditions. Unfortunately, current

international RF Guidelines do not consider harm caused by

synergistic interactions of RF with other genotoxic agents (52).

Exposure signal characteristics

The relationships between exposure characteristics and

genotoxicity findings are mapped out in the sections below.

Exposure frequency

Figure 7 summarizes research and genotoxicity findings by

frequency band. The most studied bands include 900–999,

1800–1899, 1900–1999, and 2400–2499 MHz, which align with

common frequencies used by mobile phones, base stations,
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FIGURE 5

Results for types of DNA damage: (A, B) DNA breaks/fragmentation, (C, D) DNA base damage, (E, F) chromosome aberrations, (G, H) micronuclei, (I,

J) sister chromatid exchange and (K, L) mutations.
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FIGURE 6

Results for indicators of potential DNA damage: (A, B) DNA conformational change and (C, D) apoptosis.

FIGURE 7

Number of studies in each frequency band and percentage of studies finding statistically significant DNA damage for the frequency bands where

there were more than 10 studies.
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FIGURE 8

DNA damage vs. exposure time (A) proportion of statistically significant DNA damage studies for each time bracket, with the number of studies for

each bracket overlayed on the line. (B) Proportion of studies showing e�ects by type of DNA damage (C) Proportion of studies showing e�ects and

DNA damage type for study duration 2 days or more.

microwave ovens, and Wi-Fi. The balance of evidence favors DNA

damage effects for the 900, 1800 and 2450 MHz frequency bands.

However, results for 1900 MHz, are equivocal.

Additional studies covering MHz and GHz ranges,

corresponding to FM broadcasts, magnetic resonance imaging

(MRI), radar, and satellite communications, are listed in

Supplementary Figure 3. However, many wireless communication

frequencies, especially those used by 5G new radio, remain under-

researched. Consequently, novel frequencies and modulation

schemes are being deployed without adequate testing for

genotoxicity or broader health implications.

Exposure duration

The data was investigated for the effects of exposure duration

on study outcomes. The proportions of studies showing statistically

significant DNA damage effects were graphed across a wide range

of exposure durations (1min to 1 year) for all exposure brackets

containing five or more studies.

Figure 8A suggests a crude U-shaped dose response

relationship, with over half of the studies in each time bracket

showing effects for both short (less than half an hour) and longer

exposures (more than 2 days), while less than half of the studies
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FIGURE 9

Proportion of studies showing (A) DNA damage e�ects vs. exposure intensity, overlaid with number of studies (B) exposure duration vs. exposure

intensity and (C) exposure intensity vs. exposure duration. Graphs only show data where there were 5 or more studies in that category combination.

using exposure durations between half an hour and 2 days showed

effects.

Both in vitro and in vivo studies showed the least amount of

DNA damage in studies in the 16–24 h time bracket where< 30% of

studies showed DNA damage. More than 50% of in vitro and in vivo

studies showed statistically significant DNA damage for exposures

<15min and >96 h. The range of exposure time where >50% in

vivo studies showed damage is also lot broader than for in vitro

studies (see Supplementary Figures 17a, 18a).

The exposure duration outcomes were then investigated

according to specific DNA damage type. Figure 8B illustrates the

percentage of studies reporting effects, each suggesting a bi- or tri-

phasic response curve for most DNA damage types. This provides

evidence for potential cellular adaptive responses, particularly in

the 1–2 h and 16–24 h time bands, where a greater proportion

of studies reported no effects. Figure 8C focuses on the existing

studies using longer-term exposures (2 days or more), showing

high proportions of statistically significant effects for DNA breaks,

chromosome aberrations and micronuclei induction.

Exposure duration categories

To simplify the analysis, exposure durations were categorized

into four groups: acute (167 studies), short-term (243 studies),

medium-term (108 studies), and long-term (70 studies) (see

Figure 9C). Most experiments (70%) focused on short-term and

acute exposures, with medium- and long-term exposures being

less studied (30%). In vitro studies primarily focused on acute

and short-term exposures, while in vivo studies encompassed all
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exposure durations, and epidemiological studies concentrated on

long-term exposures. DNA damage was reported in 63% of acute,

43% of short-term, 69% of medium-term, and 76% of long-term

studies (see Supplementary Table 12 for further details). These

exposure duration categories were used for analyzing duration in

combination with other factors, as described below.

Exposure intensity and duration

The data was investigated for the effects of exposure intensity

on study outcomes by plotting the proportion of studies showing

effects for a range of exposure intensity windows (extremely low to

extremely high). Figure 9A illustrates that the strength of evidence

for DNA damage is moderated by intensity of exposure in a non-

linear manner. Most studies have focused on near-field, low- to

medium intensity exposure levels (>0.01–2.0 W/kg), typical of

mobile phone use, where half or more of these studies found

DNA damage effects. Fewer studies have examined higher exposure

intensities (e.g., occupational settings) or extremely low intensities,

which are relevant to far-field sources such as base stations, smart

meters, radar, and Wi-Fi routers.

Studies investigating extremely low exposure levels (<0.001

W/kg) reported the highest proportion of genotoxic effects (81%

of 21 studies). Moreover, the proportion of statistically significant

DNA damage findings decreased as intensity increased. However,

at extremely high intensities (>10 W/kg), which exceed ICNIRP

limits, the proportion of statistically significant DNA damage

effects rose again (58% of 59 studies) (see Supplementary Table 13).

These results suggest that DNA damage does not follow a linear

dose-response pattern, and also suggesting that non-thermal

mechanisms are likely to play a significant role in RF-induced DNA

damage. Subsequently, exposure intensity was further explored

by categorizing exposure relative to ICNIRP occupational limits.

Surprisingly, studies at or below ICNIRP limits showed a slightly

greater proportion of statistically significant genotoxic effects (58%

of 439 studies) than those above the limit (54% of 92 studies) (see

Supplementary Table 13).

Exposure intensity and duration were further explored

to determine their combined effect on genotoxicity findings.

Figure 9B shows the breakdown of Figure 9A into exposure

duration categories where there are five or more studies

investigating that exposure-duration combination.

The proportion of studies showing effects varied by exposure

duration and intensity, following a pattern similar to Figure 9A. For

studies with acute (<1 h) and short (1–24 h) exposure durations, a

high proportion showed effects at extremely low (<0.001 W/kg)

and very low (0.001–0.01 W/kg) intensities, but this proportion

decreased as intensity increased. These studies reached a minimum

at very high intensities (4–10 W/kg), with fewer studies showing

effects, followed by an increased proportion of effects at extremely

high intensities (>10 W/kg). For medium-duration studies (1

day−3 months), the proportion of studies showing effects reached

an initial low point at high intensities (2–4 W/kg) but remained

above 50%. At extremely high intensities (>10 W/kg), only one

in five medium-duration studies showed effects. In contrast, long-

duration studies (>3 months) exhibited a different trend: the

proportion showing effects was lowest at medium intensities (0.5–2

W/kg) but increased at higher intensities. Notably, long-duration

studies consistently showed effects in over 65% of cases across all

intensity levels.

Altogether, the pattern of effects varied in a U-shape pattern

across study duration, with the highest proportion of effects for

long (>3 months) and then medium (<1 day−3 months) duration

studies, fewer effects for short duration studies (1–24 h) and a

greater proportion of effects again for acute (<1 h) durations.

Figure 9C depicts this relationshipmore clearly, showing that for all

exposure intensities, the proportion of studies showing effects was

at a minimum for short exposure durations (1–24 h). Therefore,

two U-shaped dose-response patterns emerged, one for intensity

and one for duration, interacting with one another to give an

overall non-linear and non-monotonic dose response pattern. This

complex interaction confirms earlier indications by Lai and Levitt

2022 (43) of non-linear response patterns for both intensity and

duration. It reveals that intensity alone is not the only important

factor determining outcomes, and that the duration of exposure

is a crucial, moderating factor. Moreover, linear models are not

appropriate for describing results in this field.

These findings challenge the oversimplified ‘no effects’

conclusions of some past reviews, which may have failed to account

for the complex interplay between exposure intensity and duration.

They also give direction for future research, to further explore these

non-linear relationships.

Modulations and simulated signals

Studies were investigated for the effects of

different telecommunication signal modulations (see

Supplementary Table 15). A greater proportion of studies using real

mobile phone signals found DNA damage, except for GSM-Basic

and CDMA communication protocols, where the small number of

studies limits the ability to draw reliable conclusions. Studies using

simulated signals were less consistent, with 50% or less showing

evidence of genotoxicity across most modulation protocols. One

exception, GSM-Talk, showed statistically significant DNA damage

for 67% of 15 studies using simulated signals as well as 91% of

11 studies using a real signal. UMTS and Wi-Fi signals exhibited

strong genotoxicity evidence from real signals (88% and 75% of

8 and 12 studies, respectively), but less evidence for effects (17%

and 33% of 29 and 5 studies, respectively) for simulated signals.

Overall, these results demonstrate that signal modulation can

impact study outcomes and highlight the potential limitations of

using simulated signals to evaluate genotoxic risks.

Pulsed vs. continuous signals

Pulsed and continuous waves both showed a greater proportion

of DNA damage for in vivo and epidemiological studies and a

lower proportion for in vitro studies. Continuous waves produced

a greater proportion of DNA damage than pulsed waves for in vitro

experiments (but still <50% of 116 studies). When all studies are

combined, both pulsed and continuous wave studies tend toward
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greater DNA damage. Multiple exposures, which involve separate

repeated exposures on a single day or over several days, were found

to yield more positive findings than a single exposure.

Comparisons of exposure patterns i.e., continuous, intermittent

(e.g., 5min on, 10min off), and variable (dynamically changing

intensity, such as during mobile phone use) reveal a progressive

increase in the proportion of DNA damage findings: 55% of 369

studies for continuous, 62% of 60 studies for intermittent, and 76%

of 96 studies for variable exposures.

Further effects of signal characteristics on outcomes are

presented in Supplementary Tables 15–17. Across all exposure

characteristics, in vivo and epidemiological studies consistently

report a higher proportion of DNA damage than in vitro studies.

Patterns in exposure characteristics

Altogether, the results reveal that the relationship between

exposure intensity and DNA damage varies non-linearly with

exposure duration. The evidence is heavily weighted by short-term,

in vitro studies, where adaptive responses appear to be occurring.

Signal type, frequency, and exposure patterns showed significant

influences on study outcomes. Commonly used bands like 900–999,

1800–1899 and 2400–2499 MHz, used by mobile phones, smart

devices, andWi-Fi showed greater proportions of effects. 5G bands,

on the other hand, are under-researched. Pulsed waves produced a

greater proportion of effects for in vivo and epidemiology studies.

Real-world devices consistently showed a greater proportion of

effects than signal generators.

Altogether, the exposure characteristics more likely to produce

DNA damage effects are those that describe authentic exposure

conditions. These findings underscore the importance of future

studies to incorporate diverse frequencies, realistic exposure

patterns, and emerging technologies.

Potential biological mechanisms

Mechanisms of DNA damage

A review of studies investigating potential biological

mechanisms (Figures 10A–F) revealed that free radical production

or oxidative stress was the most frequently studied endpoint, with

most studies showing effects (83% of 118 studies). Heat shock

proteins were found to be expressed in just under half of the studies

(46% of 28 studies), and spindle disturbances were found in all the

relevant studies (100% of 10 studies). For higher-quality studies,

the balance of evidence remained weighted toward effects for free

radical production/oxidative stress (68% of 31 studies) and tilted

toward effects for heat shock protein expression (57% of seven

studies) and remained unchanged for spindle disturbances (100%

of two studies).

Mechanisms and exposure duration

The proportion of studies showing effects for potential DNA

damage mechanisms was compared for various exposure time

intervals. Only those time intervals with five or more studies (for

effects or no effects combined) were analyzed.

When mechanisms were investigated across exposure time

intervals, a bi- or tri- phasic response pattern was suggested (see

Figure 11A), where free radical production/oxidative stress effects

were dominant in studies using 30min to 2-h exposures, and free

radical production/oxidative stress and apoptosis were dominant in

studies using exposure durations longer than 2 days. These results

follow the same patterns of effects for DNA damage types shown in

Figure 11 (also see Supplementary Figures 21–27 for more details).

The possible relationships between the underlying mechanisms for

DNA damage and the type of DNA damage were subsequently

explored by overlaying the proportion of statistically significant

evidence for each across the various exposure durations.

For example, studies on free radical production/oxidative

stress and DNA breaks show similar patterns of results across

the time intervals (Figure 11B), suggesting that free radical

production/oxidative stress may be causally related to DNA breaks.

Similarly, Figure 11 suggests strong correspondences between (C)

apoptosis and DNA breaks/fragmentations, and correspondences

between (D) free radical production/oxidative stress and DNA

base damage.

Potential connections were also observed between (E)

free radical production/oxidative stress and chromosome

aberrations, with a time lag between the former and the latter;

however, more evidence is needed to strengthen this conjecture.

Possible further associations were also observed between

spindle disturbances and chromosome aberrations, chromosome

aberrations and micronuclei induction, and between free radical

production/oxidative stress and both chromosome aberrations and

micronuclei induction (see Supplementary Figures 23–26 for full

details). The correspondences between the patterns of evidence

for mechanisms and DNA damage effects in specific time bands

support the finding from Figure 9 above, as well as existing theory

suggesting that effects from EMF-RF exposures are stronger for

certain time windows (53, 54).

Free radical production as a potential
mechanism

Figure 11B and Supplementary Figure 30 illustrates that

a strong correspondence exists between observing free

radicals/oxidative stress and finding DNA damage. Evidence

of oxidative DNA base damage showed the highest proportion of

statistically significant findings among all forms of DNA damage

investigated (Figure 5C). Two critical markers for oxidative stress

and carcinogenesis (55), 8-oxo-7,8-dihydro-2
′

-deoxyguanosine

(8-oxo-dG) and 8-hydroxy-2
′

-deoxyguanosine (8-OHdG), were

the most frequently measured biomarkers of oxidative DNA

damage. Both of these oxidative DNA damage biomarkers are seen

as risk factors for many diseases, including neurodegenerative

disorders (56) and cancer (57). Failure to promptly remove

8-oxo-dG can result in a base transversion point mutation, where

G:C is converted to T:A during DNA replication (56).

Reactive oxygen species (ROS) are free radicals commonly

observed as an endpoint in numerous RF exposure studies (58),
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FIGURE 10

Results for potential biological mechanisms of DNA damage: (A, B) free radicals/oxidative stress, (C, D) heat shock protein expression/levels and (E, F)

spindle disturbances.

where they are often associated with oxidative stress. Elevated

markers of oxidative stress have been found in individuals with

neurological disorders such as Alzheimer’s disease and Parkinson’s

disease, as well as diabetes, cardiovascular diseases, and cancer

(59). Small increases in ROS have also been observed to provide

therapeutic effects; however, these effects are only evident within

narrow windows of exposure intensity (60) and duration.

There are several known and potential pathways identified by

which RF-EMF exposure can lead to a free radical imbalance in cells

(also see Figure 12):

• Mitochondrial dysfunction (61, 62);

• RF enhanced Haber-Weiss and Fenton reactions (H2O2,

OH−, Fe2+ and Cu+ ions) (63–65);
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FIGURE 11

(A) Proportion of mechanisms showing damage vs. exposure time intervals (the numbers of studies showing e�ects are shown on the line); (B–E)

Correspondence between patterns of evidence for mechanisms and patterns of evidence for DNA damage types across exposure time intervals.

• Microwave interactions with water molecules to form H2O2

(66, 67);

• Altered antioxidant gene expression (68).

Reactive oxygen species are also implicated in the activation

of cellular signaling pathways, including the regulation of the

main pathways of apoptosis, particularly the mitochondrial-

mediated pathway (69) (see Figure 12). Increased levels of reactive

oxygen species have been associated with DNA damage and

linked to environmental stress, with anthropogenic radiofrequency

exposures being a contributor (70).

Bi-phasic relationships due to cellular
adaptive responses

Cells employ various protective mechanisms when faced with

cellular stress, including upregulating DNA repair genes, heat

shock proteins, and enzymes that mitigate oxidative stress (71, 72).

Gene expression is a sequential process requiring time, starting

with signaling pathway activation and transcription factor binding,

followed by mRNA processing and protein synthesis (73). The

time-dependent activation of cellular stress responses may explain

the U-shaped or bi-phasic dose response to RF-EMF exposure
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FIGURE 12

RF-EMF pathway for cellular and DNA damage.

observed across increasing exposure durations (Figure 11). A

recent study investigating free radical production has confirmed a

bi-phasic cellular response to RF-EMF exposure (74).

Acute (very short) exposures to extremely high RF-EMF

intensities often result in statistically significant DNA damage,

possibly due to the inability of repair mechanisms to respond

rapidly. In contrast, longer exposures to high intensities may lead

to the activation of cellular defenses to repair damage and attempt

to mitigate harm. Furthermore, prolonged or cumulative exposures

could lead to accumulated DNA damage, genomic instability, and

cellular dysfunction (75). Depending on the extent of the damage,

cells may activate autophagy as a protective mechanism to remove

damaged components and maintain cellular homeostasis (76, 77).

While this may be effective in the short term, if damage persists

or overwhelms repair mechanisms, cells may undergo apoptosis to

remove severely compromised cells. However, should this survival

process fail, there is a risk of malignant transformation (75).

Real-world RF exposures are typically chronic and variable,

raising concerns about cumulative effects (78). While repair

mechanisms appear to address much of the damage in the short

term, prolonged or repeated exposures may overwhelm these

defenses, leading to lasting genomic alterations. Given a large

proportion of public exposures now occur cradle-to-grave and are

often non-consensual, there is a need to address the potential

long-term health risks of persistent RF exposure.

DNA conformational changes

DNA conformational changes are a potential marker for DNA

damage. Variousmethods have been employed in studies to identify

changes in DNA conformation, including Raman spectroscopy,

electronmicroscopy observations, circular dichroism, and dynamic

light scattering techniques, as well as UV–vis spectroscopy.

However, the most common method applied utilized Anomalous

Viscosity Time Dependence (AVTD), which provides insights into

structural dynamics and molecular interactions within biological

systems. In particular, this method demonstrates howDNA-protein

complexes (e.g., chromatin) affect the physical characteristics of the

DNA, such as viscosity in a solution over time (79).

Chromatin is a DNA-protein complex found in the nucleus of

eukaryotic cells. The structure of chromatin can undergo dynamic

changes in response to various cellular processes, including DNA

repair, transcription, and replication. Proteins such as histones and

non-histone chromatin-associated proteins play crucial roles in

organizing and regulating chromatin structure (80).
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Results demonstrated that RF exposures can cause DNA

conformational changes, with a high level of confidence (93% of

studies), (see Supplementary Table 9). While the implications of

such a change are not fully understood, one possible scenario

is the situation where DNA damage becomes inaccessible to

repair proteins or repair function is impeded by repair enzyme

conformational changes (81).

While AVTD and similar methods provide valuable insights

into DNA conformational changes, they cannot easily determine

the underlying cause or whether it relates to DNA damage.

Integrating AVTD with other experimental approaches, such as a

comet assay, can help elucidate whether the observed changes are

directly related to DNA damage or the result of normal cellular

regulatory processes.

Relationship between chromosome
aberrations, micronuclei and spindle
disturbances

Micronuclei, chromosome aberrations, and spindle

disturbances are all interconnected indicators of genomic

instability and cellular stress (82). The mitotic spindle apparatus

is responsible for chromosome segregation during cell division.

Spindle disturbances can lead to improper chromosome alignment

and segregation, leading to lagging chromosomes or fragments

that can become encapsulated and form micronuclei (82).

A positive correlation between micronuclei and particular

chromosomal aberrations in human in vitro studies has previously

been identified, specifically for acentric fragments and dicentric

chromosomes (83). Furthermore, micronuclei formation may be

induced by chromosomal breakage or inhibition of the spindles

during cell division (84).

An examination of the graphs plotting the percentage of studies

reporting micronuclei induction, chromosome aberrations and

spindle disturbances over exposure time, when overlayed on one

another, shows a close relationship validating statements made by

past researchers (see Supplementary Figures 23, 25).

Heat shock proteins

Heat shock proteins (HSPs) are chaperones that protect cell

macromolecules. They play a crucial role in both DNA damage

repair and the cellular response to oxidative stress (71, 72).

Experimental evidence suggests that RF exposure can induce HSP

expression, which protects cells, but may also paradoxically aid

cancer cell survival by inhibiting apoptosis. RF exposure has been

shown to upregulate HSPs in human endothelial cells, potentially

contributing to tumor progression (85).

Only 27 studies investigated the relationship between RF-

EMF exposure and the expression of heat shock proteins,

which included HSP27, HSP70 and HSP90. Notably, apart from

extremely high exposure levels, an inverse relationship appears

to exist between exposure intensity and detected HSP levels

(see Supplementary Table 20). The evidence follows a similar

pattern to the exposure-intensity and DNA damage relationship

(see Supplementary Figures 20A, B and Supplementary Table 13).

However, the small number of studies at some exposure levels

prevent reliable conclusions from being drawn.

Apoptosis: a consequence or cause of DNA
damage in RF-EMF studies?

Apoptosis is a normal, tightly regulated process used to

eliminate superfluous cells and damaged cells, including cells with

DNA damage, to reduce the risk of carcinogenesis (69). The

apoptotic process can be initiated by three different signaling

pathways (86):

1. intrinsic (facilitated by mitochondria),

2. extrinsic (involving death receptors on the cell surface) and

3. via the endoplasmic reticulum.

Caspase enzymes are crucial mediators of apoptosis,

orchestrating the orderly dismantling of cellular components

during programmed cell death. Their activation is a hallmark of

apoptosis (87), with several studies in this evidence map using

caspase assays for the detection of apoptotic events.

Analysis of the results reveals a strong correspondence between

DNA damage and apoptosis, as evidenced in (Figure 11C),

where numerous studies report both outcomes following RF-EMF

exposure. This close relationship raises an important question: in

these studies, was apoptosis triggered by excessive DNA damage

from RF-EMF, resulting in controlled cell death or was the

detected DNA damage the outcome of apoptosis? Both scenarios

are plausible. Apoptosis is a cellular mechanism initiated when

accumulated damage, including DNA damage, exceeds the cell’s

capacity to repair and recover (86). The apoptotic biochemical

process can include DNA cleavage by activating endogenous

endonucleases (88), leading to DNA fragmentation. However,

many studies investigating apoptosis did not provide sufficient

information to verify the principal initiation mechanism.

Study quality and outcomes

A striking inconsistency among the reviewed studies was

their quality, with numerous omissions of critical details such

as complete study methodology, wave properties (e.g., pulsed or

continuous waves, modulation applied), sham exposures, blinding,

adequate dosimetry, or comprehensive statistical data.

Study outcomes were investigated as a function of study

quality. Applying the quality criteria (see Methods and

Supplementary Data Sheet 1) shifted the proportion of studies

showing DNA damage from 59% of all 517 studies, down to 48% of

130 high quality studies (see Figure 4).

The most important quality criteria were further investigated

separately to see how they influenced outcomes for the

experimental studies. The results showed that the application

of each of the quality criteria individually reduced the proportion

of studies showing effects. There was a lower proportion of studies

showing effects when studies were blinded (47%) vs. not blinded

(64%), when sufficient dosimetry was incorporated (56%) vs. not

incorporated (61%), when sham controls were used (50%) vs.
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only normal controls used (70%). Studies that incorporated all

three of these criteria showed a lower proportion of DNA damage

outcomes 48% (see Supplementary Table 21).

However, further investigation revealed that this shift toward

fewer statistically significant outcomes when quality criteria were

applied was only true for in vitro studies. There was very little

change in outcomes when quality criteria were applied to in

vivo studies. In contrast, when the waveform was specified, the

proportion of studies showing effects increased slightly and the

proportion of studies showing no effect decreased slightly (see

Supplementary Figure 31).

The remaining quality criteria were applied in too few studies

to allow for meaningful comparison i.e., exposure duration not

described (n= 2), frequency of signal not qualified (n= 8). Higher-

quality and lower-quality research within each research group

(funding affiliation) yielded similar results. However, an opposing

pattern emerged when comparing the balance of evidence findings

between the vested interest research and the independent research

(see Supplementary Table 27).

All parameters and study quality

The factors above showing effects on study outcomes were

collectively examined for any experimental parameters that may

explain the lower proportion of DNA damage effects found in

higher-quality studies compared to all studies. It was found that

higher-quality studies have:

• a slightly greater proportion of in vitro studies, which tend to

show null results (see Supplementary Tables 24a, b);

• a lower proportion of in vivo studies, which typically

show statistically significant DNA damage (see

Supplementary Tables 24a, b);

• a greater proportion of studies using simulated signals via a

signal generator, which further skew findings toward showing

no effect (see Supplementary Tables 24c, d);

• used more cell lines, which may contribute to less

susceptibility to RF-induced DNA damage (due to uncertainty

in cell heritage, phenotype or prior history of radiation

exposure) (see Supplementary Tables 24g, h);

• focused less on acute exposures, where DNA damage is often

found, and more on short-term exposures, where adaptive

responses may exist, reducing the certainty of results (see

Supplementary Tables 23a–d);

• significant differences in the number of studies conducted

with medium and extremely high intensities, where higher-

quality studies focused more on medium-intensity studies,

where results for DNA damage are ambiguous, and fewer

extremely high-intensity studies, where DNA damage is more

likely to be found (see Supplementary Tables 22g, h, m, n);

• a higher proportion of research in this category that

is potentially linked to vested interests while also

having a stronger emphasis on in vitro studies (see

Supplementary Figure 53 and Supplementary Table 24); and

• excluded epidemiological studies (due to dosimetry

deficiencies), where DNA damage was predominantly found.

These extra parameters listed abovemay contribute to the lower

balance of evidence for effects observed in higher-quality studies,

just as much as the established quality criteria (30).

Dosimetry concerns

Real-world wireless devices are expected to comply with

public exposure limits recommended by ICNIRP (15). However,

calculating dosimetry in studies utilizing these devices is complex

due to the variable nature of the emitted signals (89). Many studies

were found to lack adequate information on dosimetry or the

methods used for its calculation or measurement.

Some researchers have criticized studies employing real-world

devices for “poor dosimetry,” using this argument to question

study quality and downplay findings (30, 90). However, minimal

differences were observed in the balance of evidence when

comparing so called studies with “poor dosimetry ” (which typically

represent exposures under real-life conditions) to those with

“sufficient dosimetry.” Furthermore, considering these unmodified

real-world devices operate within, and often well below ICNIRP’s

public exposure limits, the critique of poor dosimetry becomes

less pertinent when evaluating the validity of current public

safety standards.

Risk of bias and study outcomes

One of the most critical challenges when evaluating the

genotoxic potential of RF-EMF is identifying the influence of

funding source or author employment relationships, which has the

potential to skew research outcomes and hinder the development of

evidence-based policies. Funding affiliation(s) have an important

influence on reported findings, as demonstrated in past reviews

(91–94). A comprehensive analysis of potential biases, which

examined authors’ focus areas, funding sources, and journals used

for publication, revealed a strong influence on reported outcomes

as shown by the data patterns below.

Study parameters vs. funding source

The charts presented in Figure 13 display the balance of

evidence by parameter, grouped by primary funding source.

(Note that studies may have multiple funding sources including

institutional, industry, or government. Therefore, a filter was

applied to focus on one funding source for each graph; Note that

military and telecom regulator funding was explicitly excluded

from government funding).

Research funded by vested interests (e.g., industry,

government telecom regulators, and to a lesser extent,

military—see section “Classification of potential vested interests”;

Supplementary Data Sheet 1) shows a greater proportion of studies

concluding “no DNA damage” (as illustrated by the amount of gray

color) compared to studies funded by governments, institutions,

or private/public sources (not shown). Notably, studies funded

by the USAF resemble industry-funded research more than

typical military-funded studies (see Supplementary Data Sheet 5,
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Supplementary Table 25 and Supplementary Figure 35 for

full details).

Funding sources appear to have determined various

experimental parameters, corresponding to research priorities and

potential biases. Studies with potential conflicts of interest (COI),

such as those funded by industry, military, or government telecom

regulators, organizations who collectively have vested interests in

RF technology, exhibit the following research trends:

1. A high number of in vitro studies, limited in vivo studies, and

minimal epidemiological studies;

2. Predominance of short exposure durations (1–24 h), with

limited studies on acute, medium, or long-term exposures;

3. Balanced investigation of pulsed and continuous

wave exposures;

4. Avoidance of extremely low-intensity exposures, with a

preference for medium to high-intensity exposures;

5. Emphasis on continuous exposures, with minimal focus on

intermittent or variable exposures;

6. Preference for single exposures over multiple exposures;

7. Greater reliance on signal generators compared to real-world

wireless devices; and

8. Balanced use of primary cells and cell lines.

Some of the above study design decisions are more likely to

produce null results (as discussed in sections above).

In contrast, independent research i.e., research not funded by

industry, telecom regulator or the military, demonstrates broader

coverage of study parameters, characterized by:

1. Study designs making use of the entire range of study

parameters, with near parity between in vitro and in vivo

study quantity;

2. Most epidemiological studies were conducted as

independent research;

3. Short-term exposures are common; however, acute, medium,

and long-term exposures are better represented;

4. Slightly greater focus on pulsed wave exposures compared to

continuous waves;

5. Heavy use of low/non-thermal andmedium-intensity exposures,

with good coverage of other intensities;

6. Continuous exposures are more dominant; however,

intermittent and variable exposures have also been studied;

7. Single exposures are more common, but less dominant

compared to studies funded by vested interests;

8. Signal generators are used more frequently than real-world

wireless devices, but the imbalance is less pronounced than

studies funded by vested interests; and

9. Primary cells are preferred over cell lines.

Industry, Telecom regulator and USAF-funded studies all have

a similar balance of evidence profiles (Supplementary Table 25).

In these cases, most studies (>80%) show no significant DNA

damage. However, subtle differences are seen between them at the

experimental level.

The impact of funding on study outcomes is further

compounded by the lack of transparency and disclosure,

with 173 studies (∼33% of studies) missing a formal

funding statement.

Potential conflicts of interest

The designs and results of research studies that received

funding from industry, telecom regulator or military were

compared with research studies classified as independent. The two

research groups (potential vested interest vs. independent) favored

different study types and showed opposing proportions of effects in

many cases (refer to Supplementary Table 27). Research funded by,

or affiliated with industry or the military, primarily comprised in

vitro studies, with 30% of 142 in vitro and 26% of 31 in vivo studies

reporting statistically significant findings. Quality filtering did not

significantly affect these results (25% of 56 in vitro studies and 25%

of 12 in vivo studies respectively).

In contrast, 63% of the 465 experimental studies were classified

as independent research, with a mix of 130 (44.5%) in vitro and

162 (55.5%) in vivo studies. Independent in vitro studies, regardless

of quality, showed more null results than in vivo studies. Overall,

study quality had little impact on independent research, with 74%

of all independent studies (n= 292) showing statistically significant

DNA damage compared to 73% of 62 higher-quality studies.

Higher-quality studies tended to report more conservative

results (toward no significant effects), consistent with prior RF-

EMF reviews by Wood et al. (95), Karipidis et al. (96), Vijayalaxmi

and Prohida (30), and Simko et al. (97). However, these reviews did

not assess the combined influence of potential vested interests (e.g.,

funding or author affiliations) and study quality on outcomes. The

significant differences between research group findings (potential

vested interests vs. independent) raise serious concerns about the

reliability and validity of past review data (30, 95, 96), rendering

their effect size comparisons as a potentially unreliable measure,

particularly as funding source influence was not considered in

their analysis. This finding aligns with previous related research

that reported no significant effects of mobile phone use on brain

tumors often had industry affiliations either through funding or

influence on study design (93, 94). Together, these findings suggest

that funding and author affiliation biases study outcomesmore than

study quality.

Studies funded by industry groups, specific military

organizations (particularly the U.S. Air Force), or

telecommunications regulators were skewed toward reporting null

findings. This is likely due to the experimental methodologies

employed by these studies, with a disproportionately large

number being conducted as (i) in vitro experiments with (ii)

short exposure durations (iii) with simple signal modulations

from (iv) signal generators, where the likelihood of observing

statistically significant DNA damage is much lower than when

using real-world devices emitting signals carrying voice or data

over longer exposures. These design decisions appear to bias results

toward null outcomes. Supplementary Table 27 shows how studies

funded by organizations with vested interests are biased toward

in vitro experiments, resulting in a lower proportion of studies

finding effects.

On the other hand, independent funded research has conducted

a much broader range of experiments and primarily reported

statistically significant DNA damage. These findings suggest that,

compared to all studies overall, the more conservative results of

higher-quality studies are likely due to the high proportion of
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higher-quality studies being performed by researchers who have

received funding from vested interests, the greater prevalence of in

vitro studies with short exposures from signal generators, and the

exclusion of epidemiological studies due to dosimetry limitations.

The bibliographic network charts in

Supplementary Figures 54–56 illustrate the connections between

researchers and research groups in this area.

Publication bias

Papers concluding that no DNA damage effects have been

observed are primarily published in three journals: Radiation

Research, Bioelectromagnetics, and the International Journal of

Molecular Sciences. Papers concluding that DNA damage effects

have been found appear in some of the same journals but are less

concentrated. Overall, independent research has been published

across a wide array of journals. In contrast, research associated

with industry or the military through funding or employment,

has to a larger degree been confined to a small group of journals

(see Supplementary Table 29); e.g., Radiation Research (98). The

clustering of studies funded by vested interests in select journals can

distort the perceived balance of evidence, potentially misleading

policymakers, radiation safety practitioners, and the public.

Overall research bias

All the above demonstrate howmethodological preferences and

potential conflicts of interest inherently bias the results of studies

(and reviews), reducing the robustness of the overall evidence base

and thereby creating uncertainty.

FIGURE 13

Continued
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FIGURE 13 (Continued)

Study Parameters and balance of evidence by primary funding source; (A) Industry funded, (B) Government funded, (C) Military funded, (D) Institution

funded and (E) Telecom regulator funded.
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This pattern of bias has been documented in other lucrative

industries, such as pharmaceuticals (99), agriculture, and chemical

manufacturing (100). Such biases must be acknowledged and

accounted for to ensure the integrity and reliability of published

findings, particularly when conducting future systematic reviews.

Research limitations and gaps

Limitations of this evidence map

Vote counting limitations
The choice to use vote counting for the syntheses of data

introduces limitations which incur caution when interpreting the

results of the mapping process.

Vote-counting of effect direction across primary studies is

known to be underpowered, giving no indication of effects sizes,

or range of effect sizes in primary studies (101, 102) and does

not weigh studies by their precision or sample size. All studies

are treated equally irrespective of in study size, design rigor,

and statistical power (103). Consequently, the findings reported

from a vote counting synthesis are based on simple counts of

studies reporting proportions of effect vs. no effect outcomes in

all dimensions and categories of interest, regardless of statistical

power or study quality. The results should therefore be interpreted

as informative descriptors of reported outcomes rather than proof

of causation.

Because vote counting does not usually include a quality

assessment of studies, the reliability of the evidence making up

the outcome proportions is unknown, leading to uncertainly

regarding the implication of findings. However, in the current

evidence mapping process, studies were categorized according to

the presence or not of established quality criteria, as extracted from

the study text. In this way, vote counts could then be conducted for

the higher quality studies and compared with vote counts for the

lesser quality studies. This process enabled more confidence to be

given to the final proportions allocated to each category that was

investigated within the ‘higher quality’ partition.

Overall, the results of the vote-count analysis used in the

current evidence synthesis should be viewed as an exploratory

mapping exercise that identifies broad patterns along an array

of dimensions. The results cannot provide cause-and-effect

explanations regarding any particular dimension or category, but

rather, they give an indication of which dimensions and categories

are most influential in showing effects of RF-EMF onDNA damage.

Furthermore, the results indicate where the research gaps are

located to inform future research.

Narrower subsets more suitable for meta-analysis
It could be argued that more precise quantitative synthesis

might be feasible for narrowly defined subsets of the reviewed

literature (for example: a meta-analysis of studies using the same

cell line, exposure frequency, and comet assay). However, such

homogenous subsets would be very small and only able to provide

evidence for very narrow issues, which would be in contradiction to

the aims of the scoping review, i.e., to map the breadth of evidence

and to identify gaps.

Multiple di�erent dose-response relationships
A U-shaped time dose-response relationship was postulated

from pooling of all other dimensions across the designated

time sub-categories (<1 min–>1 yr). However, some studies

investigating exposures across multiple time categories did not

reproduce this response; i.e., some showed a linear dose-response

relationship (104, 105), while others showed an inverse relationship

(106) or no effects (107, 108). This inconsistency may stem from

the limited number of studies employing multiple assays covering

more than four-time bands, so looking at individual studies to

validate the observed U-shaped pattern becomes problematic.

To confirm the U-shaped duration dose-response relationship

and better understand its implications, future research should

incorporate multiple assays across a broader range of exposure

intensities and time bands, using standardized protocols to improve

comparability and reproducibility of findings.

Limitations of past research

Many issues were identified in both experimental and

epidemiological studies, separate from those required for

“quality” assessment. Some of the more important issues are

summarized below.

The purity of the signal-free sham or control environments

could not be confirmed for most studies, because background

measurements were either not taken or not reported. Verification of

the test environment’s EMF integrity and identification of potential

stray fields acting as confounding factors was therefore not possible.

Many studies were found to be missing important

methodological details. The absence of transparency in methods

makes it difficult to evaluate study quality or to replicate studies.

Such studies were classified as lower quality studies but were still

included in the evaluation of DNA damage outcomes.

Some studies only presented pooled data, which can hide

potentially “sensitive responders”; e.g., the blood of some

individuals showed more damage from exposure from others (40–

42), similar response have been seen in millimeter wavelength

research with animals (109, 110).

Several epidemiological studies investigating buccal mucosa

micronuclei from long-term mobile phone usage found no

statistically significant difference between the left and right

cheek. The authors did not consider nonlinear responses or the

penetration capability of the RF-EMF from mobile phones. A

more relevant comparison is between heavy and light mobile

phone usage.

More specific concerns identified in studies are noted in the

Systematic Evidence Database (see Supplementary Data Sheet 4,

“Final Study List (Experimental)”: columnCH and “Final Study List

(Epidemiological)”: column CF).

Heterogeneity of studies

An analysis of study parameters reveals significant variability

across studies, which differ in exposure time, intensity, frequencies,

modulations, assay methods, DNA assessment timings, equipment,
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organism and cell types, among others. Assays also use varying

stains, preparation techniques, and timings, which can impact

sensitivity. Even studies claiming to replicate others often have

subtle differences, such as variations in animal species and comet

assay parameters as described below.

Comet assays
An analysis of studies using the comet assay to measure

DNA damage further exemplifies the heterogeneity across studies

in assay parameters and the recording of results. Variations

in these protocols, such as buffer formulations, temperature,

electrophoresis voltages, runtimes, etc., can affect the sensitivity of

the assay by influencing protein removal, DNA migration and the

ability to detect damage (34). Additionally, reported outcomes use

diversemetrics (e.g., tail moment, tail intensity, %tail DNA, damage

index, etc.) which complicate data synthesis.

Overall, this pervasive heterogeneity, along with few studies in

each category makes a quantitative meta-analysis for a systematic

review unfeasible at present. Future research requires the use of

agreed-upon standardized and established experimental protocols,

so as to improve repeatability and comparability across studies,

and to allow for effective evidence synthesis. This scoping review,

which processed over 530 studies, highlights the critical need for

such standardization.

Research gaps

The evidence map and synthesis presented here have identified

several important research gaps. Firstly, there were limited studies

investigating the genotoxic effects of RF on non-mammalian

species, including insects, birds, and trees. There is also a complete

absence of studies on reptiles, and within mammals, there is scant

research beyond human and rodent studies.

Most human experimental studies utilized conditions that did

not reflect real-life exposure scenarios, typically involving in vitro

experiments with short, single, continuous exposures to a simulated

signal involving one specific frequency. In contrast, real-world

exposures are characterized by chronic, simultaneous exposures

to multiple signals overlayed with a variety of modulation

patterns and intensities. Such conditions were not used in typical

laboratory studies.

There were also few studies using higher frequencies, such as

5G technologies, despite their growing prevalence. The research

is therefore lagging behind technological advancements, leaving

potential risks largely unexplored.

Inconsistencies observed in past research stem from the

complex interplay of numerous variables. For example, both

therapeutic and potentially harmful effects have been identified,

with this duality possibly tied to the combined effects of

intensity and duration of exposures. To clarify these complex

relationships, future studies should methodically address gaps in

key experimental dimensions, such as exploring long durations

and extremely low to very low exposure intensities (see Figure 9B).

Additionally, few studies have investigated the combined effects

of RF-EMF with other environmental stressors, which could

amplify genotoxic outcomes in diverse settings and need further

investigation (111).

Implications for policy and practice

The evidence from the evidence map indicates that medium

to long-term RF-EMF exposures, particularly at low intensities,

can induce genetic damage through non-thermal mechanisms

such as increased free radical production and oxidative stress.

Genetic damage can have far-reaching, long-term, and potentially

irreversible consequences for individual organisms and broader

ecological and planetary health (112, 113).

Both In vivo and epidemiological RF-EMF studies provide

credible evidence of genotoxicity, suggesting potential risks such as

increased cancer susceptibility and reproductive harm. Studies on

brain cells frequently reported positive findings for DNA damage,

suggesting that brain cells may be particularly sensitive to RF-EMF,

indicating a risk for neurological diseases and brain tumors, as

observed in animal models (114–116).

Current RF-EMF exposure guidelines established by ICNIRP

(15), prioritize the prevention of thermal effects by incorporating

substantial safety margins (e.g., a 50-fold reduction from effect

thresholds, setting a local SAR limit of 2 W/kg for the head

and torso for the general public, averaged over 10 grams of

tissue). However, the evidence mapping process found statistically

significant DNA damage at extremely low intensities, with the

lowest recorded effects occurring at a SAR of 0.000000319 W/kg

in an epidemiological study (117) and at 0.000003 W/kg in several

in vivo experiments (118, 119). These levels are substantially

(>600,000 times) below the ICNIRP public exposure limits (15).

This pattern suggests non-thermal genotoxic effects, because

temperature changes at these intensities would be negligible and

not measurable.

ICNIRP (2020) guidelines (15) set RF-EMF exposure limits to

protect against thermal effects from acute exposures, with averaging

times of 6min for local exposure (head and torso) and 30min for

whole-body exposure. However, the above analysis revealed that

medium (1 day−3 months) and long-term RF-EMF exposures (>3

months or 1,000 h) were most strongly linked to genotoxic effects,

even at very low exposure intensities. ICNIRP (2020) guidelines

(15) do not set specific limits for chronic, low-level RF-EMF

exposures, particularly for non-thermal effects like genotoxicity,

citing “no substantiated evidence of health-relevant effects” [(15),

p. 522].

The mapping process also revealed that RF exposures are

associated with genetic damage in a wide range of organisms,

with an observed sensitivity of non-mammalian organisms, such

as plants, insects, and possibly amphibians. Current guidelines

neglect potential effects on wildlife or ecosystems (78, 96). Notably,

a recent WHO-commissioned systematic review of animal studies

suggested carcinogenic effects from RF-EMF exposures (116).

Other studies suggest biological effects on non-human species

(120, 121). Together, these results suggest that the environmental

implications of RF-EMF exposure merit greater scrutiny (122),

even though the current evidence remains limited and debated (96).

While these findings do not yet establish causation or a clear No

Observed Adverse Effect Level (NOAEL), they indicate risks that
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ICNIRP’s current framework discounts by prioritizing only effects

with confirmed harm [(15), p. 487]. ICNIRP’s review process and

position is best described as a hazard-based assessment focused

only on confirmed effects. This approach is overly restrictive, as

it delays updating guidelines until absolute certainty is achieved

(123), which may not align with the precautionary needs of public

health or environmental protection.

Currently, there is a widespread (6) and often non-consensual

nature to RF-EMF exposure (92) from mobile phones, base

stations, and other wireless technologies. While acknowledging

the permanence of this technology in modern society, policy

adjustments are required that prioritize health and environmental

protection over economic interests. This can be achieved by

adopting a precautionary approach to RF-EMF (123) and

addressing potential risks from non-thermal RF-EMF effects,

despite scientific uncertainty. Strategies such as justification

(assessing net benefits of RF-EMF applications), optimization

(balancing protection with societal needs), and As low as

Reasonably Achievable or As Low as Technically Achievable -

ALARA/ALATA (avoiding deterministic effects and minimizing

stochastic effects) per International Commission on Radiological

Protection (ICRP) recommendations - ICRP103 (124) could be

considered. Further development and deployment of wireless

technologies should incorporate improved safety measures in their

design (125), such as creating devices that emit lower levels of RF-

EMF or using materials and antenna designs to direct emissions

away from the body.

Additionally, public information regarding potential health

risks and personal protective measures could be disseminated

through public health campaigns, making use of existing

advice such as the EUROPAEM EMF Guideline 2016 (126);

e.g. minimizing the use of wireless devices, prioritizing wired

connections, maintaining distance between RF-EMF sources and

the body, use of air-tube headsets or handsfree calls, turning off

wireless when not in use, and mitigation of oxidative stress by

incorporating antioxidants into the diet.

While individual actions are valuable, they are not a substitute

for robust regulatory standards and industry accountability.

Ensuring the safety of wireless technologies requires a collective

effort from manufacturers, policymakers, and consumers to

develop comprehensive RF safety guidelines. Future regulatory

guidelines could encompass workplace protection measures,

including substitution, engineering, and administrative controls

(127), integration of building biology standards (128), mandatory

detailed product labeling to inform users of potential risks, and

standardized safety hygiene practices.

Recommended actions

To address these concerns and bridge existing gaps, the

following actions are recommended:

1. Standardization of Research Protocols: Harmonizing

methodologies across studies, particularly comet assay

protocols, is critical for reducing heterogeneity and enabling

robust meta-analyses.

2. Focus on Long-Term and Low-Intensity Exposures: Future

research should prioritize investigating the cumulative effects of

prolonged and low-intensity RF-EMF exposures, which aremost

relevant to real-world scenarios and devices.

3. Inclusion of Emerging Frequencies: Given the rapid

deployment of 5G and other novel technologies, research

focused on higher frequencies and new modulation schemes is

urgently needed.

4. Targeted Environmental andHealth Studies: Targeted research

in both human health and ecological systems needs to be

conducted independently of vested interest influences, ensuring

methodological rigor in each domain.

5. Independent Funding and Research Oversight: To mitigate

biases associated with industry funding, greater support

for independent research is essential. Transparent disclosure

of ALL funding sources and researcher affiliations should

be mandatory.

6. Re-evaluation of RF Standards: Regulatory bodies must update

exposure guidelines to reflect non-thermal mechanisms and

the potential health effects from long-term chronic exposure

settings by incorporating findings from independent, high-

quality studies.

Conclusions

The evidencemap presented here reveals statistically significant

DNA damage in humans and animals resulting from man-made

RF-EMF exposures, particularly DNA base damage and DNA

strand breaks. The evidence also suggests plausible mechanistic

pathways for DNA damage, most notably through increased free

radical production and oxidative stress. Sensitivity to damage

varied by cell type, with reproductive cells (testicular, sperm

and ovarian) along with brain cells appearing particularly

vulnerable. A complex U-shaped dose-response relationship was

observed for both exposure duration and intensity, with more

DNA damage occurring in specific frequency and intensity

combination windows. DNA damage was more likely to be

found using in vivo studies, very weak or very strong signal

intensities, very short or very long exposure durations, 900,

1,800 and 2,450 MHz frequencies, GSM-talk mode and pulsed

modulations, particularly when using real-world devices. On the

other hand, research funded by vested interests has tended to use

different experimental design parameters, with a high proportion

of studies using in vitro, short-term exposures, medium-high

intensity signals and using signal generators. Funding source

is also a stronger determinant of experimental outcomes than

study quality.

Overall, there is a strong evidence base showing DNA

damage and potential biological mechanisms operating at

intensity levels much lower than the ICNIRP recommended

exposure limits. Public policy could benefit from the

implementation of precautionary measures such as ALARA

or ALATA, along with public information campaigns

to better safeguard human and environmental health

and wellbeing.

Frontiers in PublicHealth 26 frontiersin.org

https://doi.org/10.3389/fpubh.2025.1613353
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Weller et al. 10.3389/fpubh.2025.1613353

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Author contributions

SW: Writing – original draft, Methodology, Conceptualization,

Data curation, Visualization, Investigation, Formal analysis,

Writing – review & editing. JM: Visualization, Validation, Writing

– review & editing. VL: Validation, Writing – review & editing. CC:

Validation, Supervision, Writing – review & editing. AL: Writing –

review & editing, Validation, Supervision.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. SW and JM received

financial support to produce this article from ORSAA (Oceania

Radiofrequency Scientific Advisory Association Inc.). ORSAA is a

not-for-profit scientific research organization that receives funding

from membership subscriptions and donations, with no funding

from industry or government institutions.

Acknowledgments

The authors wish to acknowledge Prof. Igor Belyaev for his

advice and assistance in understanding of the theoretical and

experimental backgrounds needed for this work. We would like

to thank Environmental Health Trust for their generosity in

sponsoring the Yale 2024 Symposium where the contents of

this paper were originally presented and have been adapted for

publication. We also wish to thank the late Mr. Bruce Rowe

(musician) for his generous donation to ORSAA, without which

this research would not be possible.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author (s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.

1613353/full#supplementary-material

References

1. Stewart BW, Kleihues P.World Cancer Report 2003. Lyon: IARCPress (2003).

2. Boyle P, Levin B. World Cancer Report. Lyon: International Agency for Research
on Cancer (2008).

3. Stewart B, Wild C.Wolrd Cancer Report. Geneva: WHO Press (2014).

4. Wild CP, Weiderpass E, Stewart BW (editors). World Cancer Report: Cancer
Research for Cancer Prevention. Lyon: International Agency for Research on
Cancer (2020).

5. Gu YF, Lin FP, Epstein RJ. How aging of the global population is changing
oncology. Ecancermedicalscience. (2021) 15:ed119. doi: 10.3332/ecancer.2021.ed119

6. Bandara P, Carpenter DO. Planetary electromagnetic pollution:
it is time to assess its impact. Lancet Planet Health. (2018) 2:e512–
14. doi: 10.1016/S2542-5196(18)30221-3

7. IARC. Non-ionizing Radiation, Part 2: Radiofrequency Electromagnetic Fields.
IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol. 102. Lyon:
International Agency for Research on Cancer (2013).

8. IARC. IARC Classifies Radiofrequency Electromagnetic Fields a Possibly
Carcinogenic to Humans. Lyon (2011).

9. Karipidis K, Baaken D, Loney T, Blettner M, Brzozek C, Elwood
M, et al. The effect of exposure to radiofrequency fields on cancer risk
in the general and working population: a systematic review of human

observational studies - Part I: most researched outcomes. Environ Int. (2024)
191:108983. doi: 10.1016/j.envint.2024.108983

10. Cheong A, Nagel ZD. Human variation in DNA repair, immune function, and
cancer risk. Front Immunol. (2022) 13:899574. doi: 10.3389/fimmu.2022.899574

11. Phillips DH, Arlt VM. Genotoxicity: damage to DNA and its consequences. EXS.
(2009) 99:87–110. doi: 10.1007/978-3-7643-8336-7_4

12. IARC. Report of the Advisory Group to Recommend Priorities for the
IARC Monographs during 2025–2029. Lyon: International Agency for Research on
Cancer (2024).

13. FCC. RF Safety FAQ. Available online at: https://www.fcc.gov/engineering-
technology/electromagnetic-compatibility-division/radio-frequency-safety/faq/rf-
safety (accessed April 9, 2025).

14. Dodelson S.Modern Cosmology. San Diego, CA: Academic Press (2003).

15. ICNIRP. Guidelines for limiting exposure to electromagnetic fields (100 kHz
to 300 GHz). Health Phys. (2020) 118:483–524. doi: 10.1097/HP.0000000000001
210

16. Panagopoulos DJ, Karabarbounis A, Yakymenko I, Chrousos GP. Humanmade
electromagnetic fields: Ion forcedoscillation and voltagegated ion channel
dysfunction, oxidative stress and DNA damage (Review). Int J Oncol. (2021)
59:5272. doi: 10.3892/ijo.2021.5272

Frontiers in PublicHealth 27 frontiersin.org

https://doi.org/10.3389/fpubh.2025.1613353
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1613353/full#supplementary-material
https://doi.org/10.3332/ecancer.2021.ed119
https://doi.org/10.1016/S2542-5196(18)30221-3
https://doi.org/10.1016/j.envint.2024.108983
https://doi.org/10.3389/fimmu.2022.899574
https://doi.org/10.1007/978-3-7643-8336-7_4
https://www.fcc.gov/engineering-technology/electromagnetic-compatibility-division/radio-frequency-safety/faq/rf-safety
https://www.fcc.gov/engineering-technology/electromagnetic-compatibility-division/radio-frequency-safety/faq/rf-safety
https://www.fcc.gov/engineering-technology/electromagnetic-compatibility-division/radio-frequency-safety/faq/rf-safety
https://doi.org/10.1097/HP.0000000000001210
https://doi.org/10.3892/ijo.2021.5272
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Weller et al. 10.3389/fpubh.2025.1613353

17. Vizi GN, Vandenbosch GAE. Building materials and electromagnetic
radiation: The role of material and shape. J Build Eng. (2016) 5:96–
103. doi: 10.1016/j.jobe.2015.11.010

18. Tayari K, Werfelli H, Chaoui M, Ghariani H, Lahiani M. Study of the effects
of human tissue on performance of a loop antenna. IOSR J Elect Electron Eng. (2016)
11:06–12. doi: 10.9790/1676-1104010612

19. Andres CMC, Lastra JMP, Juan CA, Plou FJ, Perez-Lebena E. Chemical
insights into oxidative and nitrative modifications of DNA. Int J Mol Sci. (2023)
24:15240. doi: 10.3390/ijms242015240

20. Caldecott KW. Causes and consequences of DNA single-strand breaks. Trends
Biochem Sci. (2024) 49:68–78. doi: 10.1016/j.tibs.2023.11.001

21. Abugable AA, Antar S, El-Khamisy SF. Chromosomal single-strand break repair
and neurological disease: implications on transcription and emerging genomic tools.
DNA Repair. (2024) 135:103629. doi: 10.1016/j.dnarep.2024.103629

22. Shrivastav M, De Haro LP, Nickoloff JA. Regulation of DNA double-strand break
repair pathway choice. Cell Res. (2008) 18:134–47. doi: 10.1038/cr.2007.111

23. Ribezzo F, Shiloh Y, Schumacher B. Systemic DNA damage
responses in aging and diseases. Semin Cancer Biol. (2016) 37–38:26–
35. doi: 10.1016/j.semcancer.2015.12.005

24. Madabhushi R, Pan L, Tsai LH, DNA. damage and its links to neurodegeneration.
Neuron. (2014) 83:266–82. doi: 10.1016/j.neuron.2014.06.034

25. Armstrong B, Baan R, Belyaev I, Benbrahim-Tallaa L, Blackman C, Blettner M,
et al. Non-Ionizing Radiation, Part 2: Radiofrequency Electromagnetic Fields, Vol. 102.
Lyon: International Agency for Research on Cancer (2013).

26. Belyaev I. Dependence of non-thermal biological effects of microwaves on
physical and biological variables: Implications for reproducibility and safety standards.
In: Giuliani L, Soffritti M, editors. Non-Thermal Effects and Mechanisms of Interaction
Between Electromagnetic Fields and Living Matter. Bologna, Italy: National Institute for
the Study andControl of Cancer and Environmental Diseases “Bernardino Ramazzini”.
(2010). p. 187–218.

27. Lai H. Genetic effects of non-ionizing electromagnetic fields. Electromagn Biol
Med. (2021) 40:1–10. doi: 10.1080/15368378.2021.1881866

28. Ruediger HW. Genotoxic effects of radiofrequency electromagnetic fields.
Pathophysiology. (2009) 16:89–102. doi: 10.1016/j.pathophys.2008.11.004

29. Vijayalaxmi, Prihoda TJ. Genetic damage in human cells exposed to non-ionizing
radiofrequency fields: a meta-analysis of the data from 88 publications (1990-2011).
Mutat Res. (2012) 749:1–16. doi: 10.1016/j.mrgentox.2012.09.007

30. Vijayalaxmi, Prihoda TJ. Comprehensive review of quality of publications
and meta-analysis of genetic damage in mammalian cells exposed to non-ionizing
radiofrequency fields. Radiat Res. (2019) 191:20–30. doi: 10.1667/RR15117.1

31. Romeo S, Sannino A, Rosaria Scarfi M, Lagorio S, Zeni O.
Genotoxicity of radiofrequency electromagnetic fields on mammalian cells
in vitro: a systematic review with narrative synthesis. Environ Int. (2024)
193:109104. doi: 10.1016/j.envint.2024.109104

32. Tricco AC, Lillie E, ZarinW, O’Brien KK, Colquhoun H, Levac D, et al. PRISMA
extension for scoping reviews (PRISMA-ScR): checklist and explanation. Ann Intern
Med. (2018) 169:467–73. doi: 10.7326/M18-0850

33. Peters MDJ, Godfrey C, McInerney P, Munn Z, Tricco AC, Khalil H. “Scoping
reviews. In: Aromataris E, editor. JBI Manual for Evidence Synthesis: JBI. Adelaide:
Joanna Briggs Institute (JBI) (2024). doi: 10.46658/JBIMES-24-09

34. Moller P, Azqueta A, Boutet-Robinet E, Koppen G, Bonassi S, Milic M,
et al. Minimum Information for Reporting on the Comet Assay (MIRCA):
recommendations for describing comet assay procedures and results. Nat Protoc.
(2020) 15:3817–26. doi: 10.1038/s41596-020-0398-1

35. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

36. Carlberg M, Hedendahl L, Ahonen M, Koppel T, Hardell L. Increasing incidence
of thyroid cancer in the Nordic countries with main focus on Swedish data. BMC
Cancer. (2016) 16:426. doi: 10.1186/s12885-016-2429-4

37. Markovà E, Hillert L, Malmgren L, Persson BR, Belyaev IY. Microwaves from
GSM mobile telephones affect 53BP1 and gamma-H2AX foci in human lymphocytes
from hypersensitive and healthy persons. Environ Health Perspect. (2005) 113:1172–
7. doi: 10.1289/ehp.7561

38. Sannino A, Sarti M, Reddy SB, Prihoda TJ, Vijayalaxmi, Scarfi MR. Induction of
adaptive response in human blood lymphocytes exposed to radiofrequency radiation.
Radiat Res. (2009) 171:735–42. doi: 10.1667/RR1687.1

39. Maes A, Collier M, Verschaeve L. Cytogenetic effects of 900 MHz
(GSM) microwaves on human lymphocytes. Bioelectromagnetics. (2001)
22:91–6. doi: 10.1002/1521-186X(200102)22:2<91::AID-BEM1011>3.3.CO;2-N

40. Stronati L, Testa A, Moquet J, Edwards A, Cordelli E, Villani P, et al. 935 MHz
cellular phone radiation. An in vitro study of genotoxicity in human lymphocytes. Int J
Radiat Biol. (2006) 82:339–46. doi: 10.1080/09553000600739173

41. McNamee JP, Bellier PV, Gajda GB, Lavallée BF, Marro L, Lemay
E. et al. No evidence for genotoxic effects from 24 h exposure of
human leukocytes to 19 GHz radiofrequency fields. Radiat Res. (2003)
159:693–97. doi: 10.1667/0033-7587(2003)159[0693:NEFGEF)2.0.CO;2

42. Waldmann P, Bohnenberger S, Greinert R, Hermann-Then B, Heselich A,
Klug SJ, et al. Influence of GSM signals on human peripheral lymphocytes: study of
genotoxicity. Radiat Res. (2013) 179:243–53. doi: 10.1667/RR2914.1

43. Lai H, Levitt BB. The roles of intensity, exposure duration, and modulation on
the biological effects of radiofrequency radiation and exposure guidelines. Electromagn
Biol Med. (2022) 41:230–55. doi: 10.1080/15368378.2022.2065683

44. Ghallab A. In vitro test systems and their limitations. EXCLI J. (2013) 12:1024–6.
doi: 10.17877/DE290R-7558

45. Procaccini C, Pucino V, De Rosa V, Marone G, Matarese G. Neuro-endocrine
networks controlling immune system in health and disease. Front Immunol. (2014)
5:143. doi: 10.3389/fimmu.2014.00143

46. Spector NH. Interactions among the nervous, endocrine and immune systems
(Nim). In: Frederickson RCA, Hendrie HC, Hintgen JN, Aprison MH, editors.
Neuroregulation of Autonomic, Endocrine and Immune Systems. Boston, MA: Springer
US (1986). p. 329–41.

47. Adair ER. Thermal physiology of radiofrequency radiation (RFR) interactions
in animals and humans. In: Klauenberg BJ, Grandolfo M, Erwin DN, editors.
Radiofrequency Radiation Standards: Biological Effects, Dosimetry, Epidemiology, and
Public Health Policy. Boston, MA: Springer US (1995):245–69.

48. Robles GEH, Nelson DA. Relationship between skin temperature and blood flow
during exposure to radio frequency energy: implications for device development. BMC
Biomed Eng. (2025) 7:1. doi: 10.1186/s42490-024-00087-9

49. Gapeyev A, Lukyanova N, Gudkov S. Hydrogen peroxide induced by modulated
electromagnetic radiation protects the cells from DNA damage. Open Life Sci. (2014)
9:915–21. doi: 10.2478/s11535-014-0326-x

50. Sannino A, Zeni O, Romeo S, Massa R, Gialanella G, Grossi G, et al. Adaptive
response in human blood lymphocytes exposed to non-ionizing radiofrequency
fields: resistance to ionizing radiation-induced damage. J Radiat Res. (2014) 55:210–
7. doi: 10.1093/jrr/rrt106

51. Lai H. Levitt BB. Cellular and molecular effects of non-ionizing electromagnetic
fields. Rev Environ Health. (2024) 39:519–29. doi: 10.1515/reveh-2023-0023

52. Calvente I, Nunez MI. Is the sustainability of exposure to non-
ionizing electromagnetic radiation possible? Med Clin. (2024) 162:387–
93. doi: 10.1016/j.medcli.2023.11.011

53. Jiang B, Nie J, Zhou Z, Zhang J, Tong J, Cao Y. Adaptive response in mice
exposed to 900 MHz radiofrequency fields: primary DNA damage. PLoS ONE. (2012)
7:e32040. doi: 10.1371/journal.pone.0032040

54. Sun C, Wei X, Fei Y, Su L, Zhao X, Chen G, et al. Mobile phone signal
exposure triggers a hormesis-like effect in Atm(+/+) and Atm(–/–) mouse embryonic
fibroblasts. Sci Rep. (2016) 6:37423. doi: 10.1038/srep37423

55. Valavanidis A, Vlachogianni T, Fiotakis C. 8-hydroxy-2’ -deoxyguanosine
(8-OHdG): a critical biomarker of oxidative stress and carcinogenesis. J
Environ Sci Health C Environ Carcinog Ecotoxicol Rev. (2009) 27:120–
39. doi: 10.1080/10590500902885684

56. Wang J, Li C, Han J, Xue Y, Zheng X, Wang R, et al. Reassessing the roles of
oxidative DNA base lesion 8-oxoGua and repair enzyme OGG1 in tumorigenesis. J
Biomed Sci. (2025) 32:1. doi: 10.1186/s12929-024-01093-8

57. Hsieh YC, Cheong IS, Hsu LN, Tsai HT, Tzai TS, Jou YC, et al. Clinical relevance
of urinary 8-hydroxydeoxyguanosine levels in patients undergoing prostate biopsy.
Mol Clin Oncol. (2024) 21:86. doi: 10.3892/mco.2024.2784

58. Yakymenko I, Tsybulin O, Sidorik E, Henshel D, Kyrylenko O, Kyrylenko S.
Oxidative mechanisms of biological activity of low-intensity radiofrequency radiation.
Electromagn Biol Med. (2016) 35:186–202. doi: 10.3109/15368378.2015.1043557

59. Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, et al.
Reactive oxygen species, toxicity, oxidative stress, and antioxidants: chronic diseases
and aging. Arch Toxicol. (2023) 97:2499–574. doi: 10.1007/s00204-023-03562-9

60. Mortazavi SM, Mortazavi SA. Oxidative mechanisms of biological activity
of low-intensity radiofrequency radiation. Electromagn Biol Med. (2016) 35:303–
4. doi: 10.3109/15368378.2016.1138125

61. Houston BJ, Nixon B, King BV, De Iuliis GN, Aitken RJ. The effects of
radiofrequency electromagnetic radiation on sperm function. Reproduction. (2016)
152:R263–r76. doi: 10.1530/REP-16-0126

62. Xie W, Xu R, Fan C, Yang C, Chen H, Cao Y. 900 MHz radiofrequency field
induces mitochondrial unfolded protein response in mouse bone marrow stem cells.
Front Public Health. (2021) 9:724239. doi: 10.3389/fpubh.2021.724239

63. Chavoshani A, Aminov AR, Asgari G, Seidmohammadi A,
Hashemi M. Microwave/Hydrogen Peroxide Processes. Advanced Oxidation
Processes for Waste Water Treatment. Academic Press (2018). p. 215–55.
doi: 10.1016/B978-0-12-810499-6.00008-5

Frontiers in PublicHealth 28 frontiersin.org

https://doi.org/10.3389/fpubh.2025.1613353
https://doi.org/10.1016/j.jobe.2015.11.010
https://doi.org/10.9790/1676-1104010612
https://doi.org/10.3390/ijms242015240
https://doi.org/10.1016/j.tibs.2023.11.001
https://doi.org/10.1016/j.dnarep.2024.103629
https://doi.org/10.1038/cr.2007.111
https://doi.org/10.1016/j.semcancer.2015.12.005
https://doi.org/10.1016/j.neuron.2014.06.034
https://doi.org/10.1080/15368378.2021.1881866
https://doi.org/10.1016/j.pathophys.2008.11.004
https://doi.org/10.1016/j.mrgentox.2012.09.007
https://doi.org/10.1667/RR15117.1
https://doi.org/10.1016/j.envint.2024.109104
https://doi.org/10.7326/M18-0850
https://doi.org/10.46658/JBIMES-24-09
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1186/s12885-016-2429-4
https://doi.org/10.1289/ehp.7561
https://doi.org/10.1667/RR1687.1
https://doi.org/10.1002/1521-186X(200102)22:2$<$91::AID-BEM1011$>$3.3.CO
https://doi.org/10.1080/09553000600739173
https://doi.org/10.1667/0033-7587(2003)159[0693:NEFGEF)2.0.CO;2
https://doi.org/10.1667/RR2914.1
https://doi.org/10.1080/15368378.2022.2065683
https://doi.org/10.17877/DE290R-7558
https://doi.org/10.3389/fimmu.2014.00143
https://doi.org/10.1186/s42490-024-00087-9
https://doi.org/10.2478/s11535-014-0326-x
https://doi.org/10.1093/jrr/rrt106
https://doi.org/10.1515/reveh-2023-0023
https://doi.org/10.1016/j.medcli.2023.11.011
https://doi.org/10.1371/journal.pone.0032040
https://doi.org/10.1038/srep37423
https://doi.org/10.1080/10590500902885684
https://doi.org/10.1186/s12929-024-01093-8
https://doi.org/10.3892/mco.2024.2784
https://doi.org/10.3109/15368378.2015.1043557
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.3109/15368378.2016.1138125
https://doi.org/10.1530/REP-16-0126
https://doi.org/10.3389/fpubh.2021.724239
https://doi.org/10.1016/B978-0-12-810499-6.00008-5
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Weller et al. 10.3389/fpubh.2025.1613353

64. Alkis ME, Akdag MZ, Dasdag S, Yegin K, Akpolat V. Single-strand DNA
breaks and oxidative changes in rat testes exposed to radiofrequency radiation
emitted from cellular phones. Biotechnol Biotechnol Equip. (2019) 33:1733–
40. doi: 10.1080/13102818.2019.1696702

65. Sagripanti JL, SwicordML, Davis CC.Microwave effects on plasmidDNA.Radiat
Res. (1987) 110:219–31. doi: 10.2307/3576900

66. Rana JN, Mumtaz S, Choi EH, Han I. ROS production in response to high-
power microwave pulses induces p53 activation and DNA damage in brain cells:
radiosensitivity and biological dosimetry evaluation. Front Cell Dev Biol. (2023)
11:1067861. doi: 10.3389/fcell.2023.1067861

67. Chemeris NK, Rubanik AV, Gapeyev AB. High power microwave pulses are
not genotoxic and possess anti-inflammatory effects. In: Proceedings of 2007 17th
International Crimean Conference - Microwave & Telecommunication Technology.
Sevastopol (2007). doi: 10.1109/CRMICO.2007.4368615

68. Ni S, Yu Y, Zhang Y, Wu W, Lai K. Yao K. Study of oxidative stress in human
lens epithelial cells exposed to 18 GHz radiofrequency fields. PLoS ONE. (2013)
8:e72370. doi: 10.1371/journal.pone.0072370

69. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling
pathways by reactive oxygen species. Biochim Biophys Acta. (2016) 1863:2977–
92. doi: 10.1016/j.bbamcr.2016.09.012

70. McCredden JE, Cook N, Weller S, Leach V. Wireless technology is an
environmental stressor requiring new understanding and approaches in health care.
Front Public Health. (2022) 10:986315. doi: 10.3389/fpubh.2022.986315

71. Sottile ML, Nadin SB. Heat shock proteins and DNA repair
mechanisms: an updated overview. Cell Stress Chaperones. (2018)
23:303–15. doi: 10.1007/s12192-017-0843-4

72. Ikwegbue PC, Masamba P, Oyinloye BE, Kappo AP. Roles of heat shock
proteins in apoptosis, oxidative stress, human inflammatory diseases, and cancer.
Pharmaceuticals. (2017) 11:2. doi: 10.3390/ph11010002

73. Knowlton AA. Current concepts in transcription, translation, and the
regulation of gene expression: a primer for the clinician. Chest. (1995) 107:241–
48. doi: 10.1378/chest.107.1.241

74. Dahon C, Aguida B, Lebon Y, Le Guen P, Dangremont A, Meyer O,
et al. A novel method for achieving precision and reproducibility in a 1.8
ghz radiofrequency exposure system that modulates intracellular ROS as a
function of signal amplitude in human cell cultures. Bioengineering. (2025)
12:257. doi: 10.3390/bioengineering12030257

75. Clarke TL, Mostoslavsky R. DNA repair as a shared hallmark in cancer and
ageing.Mol Oncol. (2022) 16:3352–79. doi: 10.1002/1878-0261.13285

76. Li R, Ma M, Li L, Zhao L, Zhang T, Gao X, et al. The protective effect of
autophagy on DNA damage in mouse spermatocyte-derived cells exposed to 1800
MHz radiofrequency electromagnetic fields. Cell Physiol Biochem. (2018) 48:29–
41. doi: 10.1159/000491660

77. Sannino A, Scarfi MR, Dufossee M, Romeo S, Poeta L, Prouzet-Mauleon V,
et al. Inhibition of autophagy negates radiofrequency-induced adaptive response in
SH-SY5Y neuroblastoma cells. Int J Mol Sci. (2022) 23:158414. doi: 10.3390/ijms231
58414

78. Belyaev I, Blackman C, Chamberlin K, DeSalles A, Dasdag S, Fernández C,
et al. Scientific evidence invalidates health assumptions underlying the FCC and
ICNIRP exposure limit determinations for radiofrequency radiation: implications for
5G. Environ Health. (2022) 21:9. doi: 10.1186/s12940-022-00900-9

79. Ushakov VL, Borisiuk MA, Alipov ED, Smirnov SV, Beliaev I. [The use of the
method of anomalous time dependence of viscosity for registration of changes in the
nucleoide conformation. Part 1‘ Biofizika. (2007) 52:287–94.

80. Mohan C, Das C, Tyler J. Histone and chromatin dynamics facilitating DNA
repair. DNA Repair. (2021) 107:103183. doi: 10.1016/j.dnarep.2021.103183

81. Kim SH, Kim HD, Youn B, Lee CH, Kim J. Apparent low-field microwave
absorption in Escherichia coli endonuclease III: a possible way for increased
DNA damage by the microwave effect. J Kor Phys Soc. (2008) 52:1065–
69. doi: 10.3938/jkps.52.1065

82. Gomes AM, Orr B, Novais-Cruz M, De Sousa F, Macario-Monteiro J,
Lemos C, et al. Micronuclei from misaligned chromosomes that satisfy the
spindle assembly checkpoint in cancer cells. Curr Biol. (2022) 32:4240–54
e5. doi: 10.1016/j.cub.2022.08.026
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