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A B S T R A C T   

Background: Exposure to radiofrequency electromagnetic fields (RF-EMF, 100 kHz – 300 GHz) emitted by 
wireless communication technologies is pervasive and ubiquitous. Concern has been raised about possible 
adverse effects to human health. In 2011 the International Agency for Research on Cancer has classified RF-EMF 
as possibly carcinogenic to humans, highlighting that the evidence is weak and far from conclusive. Updated 
systematic reviews of the scientific literature on this topic are lacking, especially for mechanistic studies. 
Objectives: To develop a protocol for a systematic review of experimental studies investigating genotoxic effects 
induced by RF-EMF in in vitro cellular models. Genotoxicity is one of the key-biological indicators of carcino-
genicity, and the most common characteristics of established carcinogens. The predefined procedures for con-
ducting the systematic review are outlined below. 
Methods: We will follow the guidelines developed by the National Toxicology Program-Office of Health 
Assessment and Translation (NTP-OHAT), adapted to the evaluation of in vitro studies. 
Eligibility criteria: We will include experimental in vitro studies addressing the relationship between controlled 
exposures to RF-EMF and genotoxicity in mammalian cells only. Eligibility for inclusion will be further restricted 
to peer reviewed articles reporting findings from primary studies. 
Information sources: We will search the scientific literature databases NCBI PubMed, Web of Science, and EMF- 
Portal. No filter on publication date will be applied. Only studies published in English will be considered. The 
reference lists of the included papers and available reviews will be screened for unidentified relevant papers. 
References will be managed through Endnote X9 software. 
Data extraction and synthesis of results: Data from included papers will be extracted according to predefined forms. 
Heterogeneity within the available evidence will determine the type of evidence synthesis that is appropriate. 
Findings will be summarized in tables, graphical displays and in a narrative synthesis of the available evidences. 
A meta-analysis will be carried out if subgroups of studies homogeneous in terms of exposure characteristics, 
endpoint, and cell types will be identified. 
Risk of bias: The internal validity of included studies will be assessed using the NTP-OHAT Risk of Bias Rating 
Tool for animal studies, adapted to in vitro studies. This stage of the process will be managed through the Health 
Assessment Workspace Collaborative (HAWC). 
Evidence appraisal: To rate confidence in the body of evidence, we will use the OHAT GRADE-based approach for 
animal studies. 
Framework and funding: This protocol concerns one of the evidence streams considered in a larger systematic 
review of the scientific literature on the potential carcinogenicity of RF-EMF, performed by scientists from 
several Italian public research agencies. The project is supported by the Italian Workers’ Compensation Authority 
(INAIL) in the framework of the CRA with the Istituto Superiore di Sanità “BRiC 2018/06 – Scientific evidence on 
the carcinogenicity of radiofrequency electromagnetic fields”.  
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1. Introduction 

1.1. Background and rationale 

Exposure to radiofrequency electromagnetic fields (RF-EMF, 100 
kHz–300 GHz) emitted by wireless communication technologies (mobile 
phones, base stations, wireless local area networks, etc.) has become 
pervasive and ubiquitous, raising concern about possible adverse effects 
to human health. 

The only established effects of RF-EMF are the stimulation of excit-
able tissues in the intermediate frequency range (100 kHz–10 MHz), and 
the increase of temperature due to the absorption of electromagnetic 
energy by the body tissues (above 10 MHz). This information is the basis 
for setting of limits of exposure to RF-EMF (ICNIRP, 2020). 

Inconclusive and in many cases conflicted are the results regarding 
possible health hazards due to long-term exposure to low levels (i.e. 
below the exposure limits) of RF-EMF. 

The International Agency for Research on Cancer (IARC) classified 
RF-EMF as possibly carcinogenic for humans (Group 2B). The IARC 
Working Group performed a critical review of the relevant literature 
(human, animal and mechanistic studies) published up to mid- 2011. 
The overall evaluation was driven by the evidence provided by obser-
vational human studies and experimental studies in animals, both 
classified as limited, meaning that a causal association between the 
exposure and cancer development was not substantiated (IARC, 2013). 
The IARC panel examined mechanistic studies (which include in vitro 
studies) as supporting evidence, but did not formally consider them in 
the overall evaluation. 

Over the years, several groups of experts have assessed the alleged 
health effects of RF-EMF by integrating different evidence streams 
(mainly epidemiological and animal, but also in vitro studies). A critical 
overview of the reviews published in 2009–2011 is provided in (Ver-
schaeve, 2012), and a compilation of the conclusions of reports pub-
lished between 2008 and 2014 is reported in (Vijayalaxmi and Scarfi, 
2014). Similarly to the IARC evaluation, the evidence for adverse health 
effects of RF-EMF at current exposure levels is considered as weak or 
inadequate by the large majority of these expert panels. Most reports 
claim that long-term effects cannot be confidently excluded, and the 
need of additional research is always highlighted. 

However, none of the cited reports was conducted applying the 
methodologies of systematic reviews, an approach considered as a 
requirement by the World Health Organization (WHO) in the framework 
of the updated assessment of health hazards from exposure to RF-EMF 
(WHO, 2020). 

Guidelines for systematic reviews in healthcare are available and 
largely used for long (Higgins et al., 2019). There is increasing interest in 
applying this method to environmental health-related questions (Roo-
ney et al., 2014; Whaley et al., 2020). The GRADE approach is flexible 
enough to cover a wide range of health-related topics, and has recently 
been extended to environmental health issues (Morgan et al., 2019). 
However, there are no published guidelines for systematic reviews of 
mechanistic studies with an in vitro exposure setting (Rooney et al., 
2016). Similarly, there is no broadly accepted method for assessing 
carcinogenicity of exogenous agents. The IARC approach to cancer 
hazard assessment has been recently modified to include the evidence 
provided by mechanistic studies in the overall evaluation (Samet et al., 
2019). The IARC appraisal of this evidence stream relies on a set a 10 
key-characteristics of human carcinogens (Smith and Guyton, 2020). 
One of such characteristics is genotoxicity, i.e. the capability to induce 
DNA damage, mutation, or both. A large proportion of agents classified 
by the IARC as group 1 carcinogens is indeed genotoxic (Krewski et al., 
2019; Smith et al., 2016). 

In vitro investigations account for the majority of studies on the 
biological effects of RF-EMF available in the literature, as they have a 
key role in advancing knowledge on possible adverse effects of the 
exposure and underlying mechanisms (Simko et al., 2016). Several 

comprehensive reviews (Manna and Ghosh, 2016; Meltz, 2003) and 
meta-analyses (Halgamuge et al., 2020; Vijayalaxmi and Prihoda, 2008; 
2012; 2019) of studies addressing genetic damage in mammalian cells 
exposed to RF-EMF have been carried out. However, although those 
papers considered a large set of studies, the lack of transparently re-
ported methods, pre-defined inclusion criteria, and formal assessment of 
susceptibility to bias, makes them non compliant with the structured 
approach of systematic reviews (Whaley et al., 2020). 

It is worth noting that WHO has commissioned systematic reviews of 
various evidence streams on health hazards from RF-EMF exposure, but 
none of them addresses experimental studies of genotoxic effects in 
cellular systems in vitro (Verbeek et al., 2021). 

1.2. Objective 

This paper describes a protocol for a systematic review of the sci-
entific literature on RF-EMF and genotoxicity in in vitro experimental 
models. The overall aim of the planned systematic review is to assess the 
confidence and level of evidence for genotoxic effects induced by RF- 
EMF in mammalian cells. 

The scientific question, formulated as a PECO statement, is outlined 
in Table 1. Of note, we use the term “outcome” with reference to gen-
otoxicity (as the measurable construct variable), and define “endpoints” 
the analyzed biomarkers of this outcome. 

This protocol was developed in the framework of a systematic review 
of the scientific literature on the potential carcinogenicity of RF-EMF 
which envisages the integration of the epidemiological, in vivo and in 
vitro evidence streams. 

2. Methods 

The systematic review will be performed according to the guidelines 
developed by the National Toxicology Program-Office of Health 
Assessment and Translation (NTP-OHAT, 2019). Since these guidelines 
concern human and in vivo studies, we have adapted them to in vitro 
studies. Hints on search strategies and risk of bias assessment were taken 
from the systematic reviews by (Golbach et al., 2016) and (Bodewein 
et al., 2019). 

The review process will be partially managed through the Health 
Assessment Workspace Collaborative (HAWC), an open-source content 
management system (Shapiro et al., 2018). 

The current protocol conforms to the PRISMA-P (Preferred Reporting 
Items for Systematic review and Meta-analysis Protocols) guidelines 
(Moher et al., 2015; Shamseer et al., 2015), provided as Supplementary 
Material 1. Possible amendments to this protocol, along with the change 
date and the rationale, will be documented and acknowledged in the 
systematic review report (Shamseer et al., 2015). 

Table 1 
PECO statement.  

Population In vitro models of healthy or cancerous mammalian cells (of human or 
animal origin), either immortalized or freshly collected via drawing/ 
explantation. 

Exposure Controlled in vitro exposure to radiofrequency radiation (100 kHz- 
300 GHz), based on suitable exposure metrics. Exposure details: 
Frequency bands: 100 kHz to < 10 MHz ; 10 MHz to ≤ 6 GHz; > 6 GHz 
to ≤ 300 GHz; Metrics: induced electric field (Eind, V/m) in the 100 
kHz-10 MHz range, Specific Absorption Rate (SAR, W/kg) in the 10 
MHz – 6 GHz range, power density (PD) of the incident field (W/m2) 
in the 6 GHz – 300 GHz range; Signal characteristics: continuous 
waves (CW); pulsed (PW); Duration (hours). 

Comparator Either incubator (negative) or sham-exposed (sham) control samples. 
Outcome Genotoxicity, intended as capability of inducing DNA damage and/or 

mutations, assessed as: Primary endpoints: chromosomal aberrations, 
micronuclei, aneuploidy, spindle disturbances, sister chromatid 
exchanges, mutations. Secondary endpoints: Single and double DNA 
strand breaks, chromatin condensation, and 8-hydroxy-2′- 
deoxyguanosine adducts.  
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2.1. Inclusion and exclusion criteria 

We will include experimental in vitro studies assessing the capacity of 
RF-EMF to induce genotoxic effects in mammalian cells (Table 1), with 
no restrictions on species (humans or animal), biological model (freshly 
collected cells, or immortalized cells), cell nature (healthy or 
cancerous), or cell lineage. We will not include studies on genotoxic 
effects of RF-EMF in non-mammalian cells in order to reduce as much as 
possible the indirectness of the evidence stream assessed. 

We will not apply restrictions on the frequency band in the range 
100 kHz to 300 GHz, or on exposure duration. We will exclude studies 
not providing information on the characteristics of the RF signal 
(continuous or pulsed waves, CW/PW), as well as those not reporting a 
quantitative measure of exposure level/dose expressed in the appro-
priate unit [induced electric field, Eind in V/m (100 kHz–10 MHz); SAR 
in W/kg (10 MHz–6 GHz); or absorbed power density in W/m2 (6 
GHz–300 GHz)]. Studies in which RF-EMF exposure of the sample is 
obtained using a commercial source (e.g., a mobile telephone) in contact 
with or at a certain distance from the sample container, will be excluded 
if a dosimetry analysis is lacking, because, in such situation, the control 
of electromagnetic and environmental conditions cannot be assured, 
resulting in uninterpretable findings and unreplicable experimental 
conditions (Zeni and Scarfi, 2012). 

With reference to the study design, admissibility is restricted to 
studies including unexposed samples, consisting of either incubator 
(negative) controls, or sham-exposed controls. The sham-control is a 
sample placed in an exposure system identical to that used to administer 
the treatment, except for the emission of RF-EMF, to guarantee the very 
same environmental conditions to all experimental groups. 

Based on the type of DNA damage (irreversible vs repairable), we will 
distinguish between genotoxicity-related endpoints of primary interest 
(i.e., biomarkers of irreversibile damage, including chromosomal aber-
rations, micronuclei, aneuploidy, spindle disturbances, sister chromatid 
exchanges, or mutations), and of secondary interest (i.e., biomarkers of 
repairable damage, including single and double DNA strand breaks, 
chromatin condensation, and 8-hydroxy-2′-deoxyguanosine adducts). 

For studies that evaluate genotoxicity in relation to both RF-exposure 
alone, and to co-exposure to RF fields and other agents, only findings 
concerning RF-exposure alone will be considered, because we want to 
focus on potential genotoxic effects of RF-EMF themselves. 

We will restrict inclusion to peer-reviewed journal articles reporting 
findings from primary studies, and published in English. 

Meeting abstracts, conference proceedings, and commentaries will 
be excluded, whereas reviews will be used to check for missing articles. 

2.2. Information sources 

Our primary information sources will be NCBI PubMed, Web of 
Science (WOS), and EMF-Portal. EMF-Portal (www.emf-portal.org), a 
thematically specialized literature database on biological and health 
related effects of EMF which, due to its content specificity and doc-
umentated high coverage of the reasearch topic (Bodewein et al., 2019; 
Driessen et al., 2017), is expected to have a better performance 
compared to the other two information sources. The time coverage of 
the review will start at the inception date of each database (e.g. 1946 for 
PubMed), and will end on 31 December 2020, defined as the article in 
print publication date. 

Although it might affect the comprehensiveness of the literature 
search, we will not search for grey literature, because this would imply 
the need to perform a preliminary peer-review of the reports, which is 
out of the reach of the current project. 

2.3. Search strategy 

The search strategies developed for PubMed, WOS and EMF-Portal 
are reported in Supplementary Material 2. The PubMed search string 

has been developed by considering the Medical Subject Heading (MeSH) 
terms, literature tags for relevant and appropriate terms, as well as the 
standardized search strings for the key topic areas developed by NTP- 
Office of the Reports on Carcinogens (NTP-ORoC, 2016). The NOT 
operator has been included in the search to exclude references related to 
the use of RF-EMF for diagnostic and therapeutic purposes, and for 
catalysis of chemical reactions. The search string has been then adapted 
and calibrated to WOS. 

In EMF-Portal, the following items have been toggled: “Experimental 
studies” and “Reviews, summaries, surveys” as topics, “Radiofrequency 
(≥10 MHz)”, and “Mobile Communications” as frequency ranges, 
“Complete time span” as time coverage. The keywords “cell”, “geno-
toxicity” and “DNA”, connected by OR operator, have been also added to 
refine the search. 

2.3.1. Calibration of the PubMed and WOS queries 
To calibrate the PubMed and WOS search strategies, we performed a 

bibliographic search without time restrictions. We then compared the 
search outputs to the content of a library of “seed studies” investigating 
biological effects of RF-EMF on in vitro models. The library was created 
over the years for research purposes, and comprises all in vitro studies 
quoted in recent authoritative expert panel reviews (IARC, 2013; 
AGNIR, 2012; ANSES, 2013; SCENIHR, 2015). Such a “gold standard” 
database includes 176 papers addressing RF-EMF and genotoxicity 
endpoints. 

The PubMed search was performed on May 5th 2020, and resulted in 
a total of 2528 records. The bibliographic records were saved in PubMed 
format and imported into an Endnote library, where they were matched 
to the records of the personal database. The linkage resulted in 153 
successfully matched records. Of the 23 unidentified “gold standard” 
records, 13 were not indexed in PubMed, and 7 were not sources of 
primary data (reviews, commentaries, monographies). Therefore, only 
in 3 cases our search string failed in retrieving relevant papers available 
in PubMed, showing a very high sensitivity (proportion of relevant re-
cords identified by the search = 98%), despite the low precision 
[(number of relevant records/total retrieved)*100 = 6%] (Sampson and 
McGowan, 2011; Waffenschmidt et al., 2017). 

The WOS search was performed on September 18th 2020, and 
resulted in 4048 records (4046 after duplicates removal). The biblio-
graphic records were saved in ISI format, imported into an Endnote li-
brary, and compared to the “gold standard” obtaining a total of 150 
successfully matched records (of the 176 gold standard records, 10 were 
not primary sources of data, 9 were not indexed in WOS, and 7 were not 
retrieved by the search). In this case, we obtained a 95% sensitivity, with 
a lower precision (3.7%) than the PubMed search. 

2.4. Paper selection 

All bibliographic records will be imported into the reference man-
agement software Endnote® X9, and the appropriate functions will be 
used to remove duplicates, and classify the papers by relevance, inclu-
sion/exclusion status, reason for exclusion, and major features. Title and 
abstracts of each unique record will be screened for potential relevance. 
The full-text of all potentially relevant papers will be retrieved and 
assessed for compliance with the predefined inclusion/exclusion 
criteria. The results of abstract/title screening and of the full-text anal-
ysis will be recorded in a dedicated custom field of each article record. 
The results of the paper selection process will be graphically displayed in 
a flow-chart, and the list of papers excluded at the stage of full-text 
examination will be provided in a separate table, with indication of at 
least one reason for exclusion. Identified relevant reviews will be stored 
in a separate group, and will be used as a secondary sources of additional 
relevant papers missing from the searches through the main information 
sources. 

The paper selection process will be performed in duplicate by two 
independent reviewers (MRS and SR), and possible disagreement will be 
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resolved by discussion with a third reviewer (OZ). 
For papers reporting on multiple experiments, i.e., analyses of 

different endpoints or exposure conditions (in terms of frequency, 
waveform, exposure level or duration), data for all eligible experiments 
will be identified and extracted (see § 2.6). 

2.5. Data extraction 

The same investigators in charge of the paper selection will extract 
the relevant information regarding the experiments, based on the forms 
tested and refined during the pilot study (see § 2.7.1., and Supplemen-
tary Material 3). 

The items below will be extracted and recorded in one or more of the 
systematic review databases (see Supplementary Material 3), as 
appropriate.  

• Paper ID (common to all databases).  
• Bibliographic information: first author, year of publication, journal, 

title, funding sources, declaration of conflict of interests, author 
contact information (“Bibliographic_info” database; one record per 
paper).  

• Experiment features (“Experiment features” database; one record per 
experiment)  
- Population: cell type (with intrinsic information on cell status, 

healthy or cancerous, and species, humans or animals), source of 
cell cultures (primary cells or immortalized cell line).  

- Exposure: frequency (three subgroups: 100 kHz to < 10 MHz; 10 
MHz to ≤ 6 GHz; >6 GHz to ≤ 300 GHz); waveform (continuous or 
pulsed wave with signal type); exposure metric (Eind, SAR, incident 
(Sinc) or absorbed (Sab) power density); exposure level (three sub-
groups: below the exposure limits (Eind < 1.35x10-4f V/m, or SAR 
≤ 1 W/kg or Sab < 20 W/m2 or Sinc < 10 W/m2), around the 
exposure limits (Eind = 1.35x10-4f V/m, or 1 W/kg < SAR ≤ 2 W/kg 
or Sab = 20 W/m2 or Sinc = 10 W/m2), and above the exposure 
limits (Eind > 1.35x10-4f V/m, SAR > 2 W/kg or Sab > 20 W/m2 or 
Sinc > 10 W/m2) (ICNIRP, 2020; Simko et al., 2016)); exposure 
duration (three subgroups: acute (≤1h), long (>1 and ≤ 24 h), and 
chronic (>24 h) exposures (Simko et al., 2016)); exposure modality 
(continuous or intermittent); dosimetry analysis (yes/no); tem-
perature control (yes/no); blinding to exposure allocation (yes/ 
no); appropriate dosimetry (yes/no); field homogeneity (yes/no).  

- Type of unexposed control: negative; sham.  
- Endpoint: type of endpoint; assay procedure (test, timing of analysis 

post-exposure); appropriate biological method (yes/no;); positive 
control (yes/no); blinding of the analysis (yes/no);  

• Experiment results (“Experiment results” database; one record per 
experiment):  
- Number of independent experiments or donors with replicates; 

number of events analysed. 
- Statistical analysis: statistical methods used to compare the occur-

rence of events between exposed and unexposed samples, or to 
describe the shape of the exposure–response relation, and p-value.  

- Results (multiple records per experiment): qualitative description 
of results; results for unexposed and exposed samples. 

In addition, the outcome of the risk-of-bias assessment, performed 
according to the procedure described in § 2.6, will be recorded in the 
“RoB data” database (one record per paper). 

In the event that data cannot be clearly extracted from the papers, 
the authors will be contacted, and the date and results of the query will 
be registered in a dedicated form. 

2.6. Risk of bias in individual studies 

Due to the lack of a standardized approach to the Risk of Bias (RoB) 
assessment for in vitro studies (Rooney et al., 2016; Stephens et al., 

2016), the RoB assessment tool presented in this protocol was developed 
based on the OHAT approach to the assessment of the study internal 
validity (NTP-OHAT, 2015; 2019), the recommendations by (Rooney, 
2015), and taking into account the peculiar characteristics of RF-EMF 
exposures. According to (Rooney, 2015), the RoB assessment for in 
vitro investigations can be borrowed from the one developed by OHAT 
for experimental animal studies (NTP-OHAT, 2015), with some modi-
fications. In brief, we will assess the RoB of all included studies based on 
the procedure outlined in Table 2, with additional details provided 
below.  

• Selection bias: under the domains “Randomization of the exposure 
levels” and “Allocation concealment”, all studies using homogeneous 
cell suspensions might be considered at definitely low risk of bias. As 
a matter of fact, the majority of in vitro studies investigating the 
genotoxicity use homogeneous cell suspensions, even when the cells 
are extracted from tissues (e.g. blood or sperm).  

• Confounding: according to OHAT, confounding bias is not a relevant 
key-item for experimental animal studies, whereas the influence of 
particular confounding or effect-modifying factors may be assessed 
under “other potential threats to internal validity” (NTP-OHAT, 
2015). We considered these indications also applicable to experi-
mental in vitro studies. 

• Performance bias: under this bias domain, we will address the pres-
ence of sham and/or incubator controls, as well as blinding of the 
research personnel to study groups during exposure assignment/ 
administration. We will consider at definitely low risk of perfor-
mance bias, studies including sham controls and handling controls in 
parallel to RF-exposed ones. We will take as indirect evidence of 
inclusion of sham controls instances where, based on description and 
images of the exposure set up, it may be argued that the control 
samples, not explicitly termed “sham” in the study report, did 
comply with the characteristics of a sham control. If sham controls 
were not included, but multiple exposure levels (e.g. multiple SAR 
values) were administered, the study will be considered at “probably 
low risk of perfomance bias”, since it can be assumed that the 
environmental conditions were homogeneous across study groups. 
We will assess other potential threats to the uniformity of experi-
mental conditions across groups by considering whether: i) all 
experimental samples (regardless exposure) were treated in the same 
environment; ii) identical exposure set-ups were used for all exper-
imental samples (regardless exposure); iii) environmental factors or 
cell culture conditions (i.e., humidity, CO2, cell culture media and 
any other non-treatment related experimental condition) had been 
monitored and proved identical across all experimental samples; iv) 
background EMF fields were measured (at least once before the 
experiment), or monitored continously during the experiment, and 
did not vary across the experimental samples (i.e., RF-exposed and 
control samples). 

• Attrition/Exclusion bias: for the in vitro experimental studies consid-
ered herein, we will address loss of samples (proportion, and distri-
bution across study groups) under the attrition/exclusion bias 
domain.  

• Detection bias:  
- Confidence in exposure characterization. We will consider the 

following items as basic information required to assess the accu-
racy of the exposure set-up: full characterization of the RF signal 
(in terms of frequency, waveform, and modulation scheme); 
exhaustive description of the signal source (RF generator, with 
power stability and noise level), description of the measurement 
instruments (e.g. power meters, to check for the stability of the 
signal amplitude throughout the exposure) and probes (e.g., tem-
perature sensors); measurement/calculation results provided with 
uncertainty budget; monitoring of all relevant technical and bio-
logical parameters throughout the experiment. We will assess the 
availability and appropriateness of methods of dosimetry analyses 
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Table 2 
Customization of the OHAT RoB tool to the research topic. Questions 3 and 4 of 
the OHAT RoB tool do not apply to in vitro studies, and have not been considered. 
However, the original numbering of OHAT RoB has been kept.  

Bias domain Questions Instructions for rating 

Selection  1. Was administered dose or 
exposure level adequately 
randomized? 

Unless there is direct or 
indirect evidence that 
exposure levels were not 
adequately randomized, it can 
be assumed that in vitro 
studies working with 
homogeneous cell suspensions 
can be considered, by default, 
at Definitely low risk of bias 
(þþ) for this source of 
possible selection bias.  

2. Was allocation to study groups 
adequately concealed? 

Unless there is direct or 
indirect evidence that 
allocation to study group was 
not adequately concealed, it 
can be assumed that in vitro 
studies working with 
homogeneous cell suspensions 
can be considered, by default, 
at Definitely low risk of bias 
(þþ) for this source of 
possible selection bias. 

Performance  5. Were experimental conditions 
identical across study groups? 

Definitely low (þþ): There 
is direct evidence that both 
incubator and sham controls 
were used AND that they were 
handled in parallel to RF- 
exposed samples. Probably 
low (þ): (There is indirect 
evidence that both incubator 
and sham control were used 
AND all study samples were 
handled in parallel) OR (only 
sham control was used AND 
was handled in parallel to RF- 
exposed sample), OR 
(incubator control AND 
multiple exposure levels were 
used AND all study samples 
were handled in parallel). 
Probably high (-): There is 
indirect evidence that only 
incubator controls were used 
OR sham controls were not 
handled in parallel to RF- 
exposed sample OR there is 
insufficient information on 
whether study groups were 
handled in parallel (record 
“NR” as basis for answer). 
Definitely high (¡¡): There 
is direct evidence that only 
incubator control was used OR 
sham control was not handled 
in parallel to RF-exposed 
sample.  

6. Were the research personnel 
blinded to the study group 
during the study? 

Definitely low (þþ): There 
is direct evidence that the 
research personnel were 
adequately blinded to study 
groups, and it is unlikely that 
they could have broken the 
blinding during the study. 
Probably low (þ): There is 
indirect evidence that the 
research personnel were 
adequately blinded to study 
groups, and it is unlikely that 
they could have broken the 
blinding during the study, OR 
it is deemed that lack of 
adequate blinding during the  

Table 2 (continued ) 

Bias domain Questions Instructions for rating 

study would not appreciably 
bias results. Probably high 
(-): There is indirect evidence 
that the research personnel 
were not adequately blinded 
to study groups, OR there is 
insufficient information 
provided about blinding to 
study groups during the study 
(record “NR” as basis for 
answer). Definitely high 
(¡¡): There is direct 
evidence that the research 
personnel were not 
adequately blinded to study 
groups. 

Attrition/ 
Exclusion  

7. Were endpoint data complete 
without attrition or exclusion 
from analysis? 

Definitely low (þþ): There 
is direct evidence that 
outcome data were complete 
OR that loss of samples was 
adequately addressed and 
reasons were documented 
when samples were removed 
from a study OR missing data 
have been imputed using 
appropriate methods. 
Probably low (þ): There is 
indirect evidence that loss of 
samples was adequately 
addressed and reasons were 
documented when samples 
were removed from a study, 
OR it is deemed that the 
proportion lost would not 
appreciably bias results. 
Probably high (-): There is 
indirect evidence that loss of 
samples was unacceptably 
large and not adequately 
addressed, OR there is 
insufficient information 
provided about loss of samples 
(record “NR” as basis for 
answer). Definitely high 
(¡¡): There is direct 
evidence that loss of samples 
was unacceptably large and 
not adequately addressed. 

Detection  8. Can we be confident in the 
exposure characterization? 

Definitely low (þþ): There is 
direct evidence that the 
exposure was independently 
characterized, AND that 
exposure was consistently 
administered (i.e., with the 
same method and time-frame) 
across treatment groups. (For 
example, studies with well 
performed dosimetry analysis 
AND field inside samples 
homogeneously distributed 
will be rated ++). Probably 
low (+): There is indirect 
evidence that the exposure 
was independently 
characterized, AND that 
exposure was consistently 
administered (i.e., with the 
same method and time-frame) 
across treatment groups. 
Probably high (-): There is 
indirect evidence that the 
exposure was assessed using 
poorly validated methods, OR 
there is insufficient 
information provided about 
the validity of the exposure 

(continued on next page) 
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Table 2 (continued ) 

Bias domain Questions Instructions for rating 

assessment method (record 
“NR” as basis for answer). 
Definitely high (¡¡): There 
is direct evidence that the 
exposure was assessed using 
poorly validated methods (e. 
g., dosimetry not 
appropriately performed OR 
not performed at all).  

9. Can we be confident in the 
outcome assessment? 

Definitely low (þþ): There is 
direct evidence that the 
outcome was assessed using 
well-established methods (i.e., 
validated assays for each 
specific endpoint, correctly 
implemented as proven by the 
inclusion of positive controls), 
AND the outcome was 
assessed at the same length of 
time after initial exposure in 
all study groups, AND the 
outcome assessors were 
adequately blinded to the 
study groups, and it is unlikely 
that they could have broken 
the blinding prior to assessing 
outcomes. Probably low (+): 
There is indirect evidence that 
the outcome was assessed 
using acceptable methods (i. 
e., deemed of acceptable 
validity, although not the gold 
standard) AND assessed at the 
same length of time after 
initial exposure in all study 
groups OR it is deemed that 
the outcome assessment 
methods used would not 
appreciably bias results, AND 
there is indirect evidence that 
the outcome assessors were 
adequately blinded to the 
study group, and it is unlikely 
that they could have broken 
the blinding prior to assessing 
outcomes, OR it is deemed 
that lack of adequate blinding 
of outcome assessors would 
not appreciably bias results, 
which is more likely to apply 
to objective outcome 
measures. Probably high (-): 
There is indirect evidence that 
the outcome assessment 
method is an insensitive 
instrument, OR the length of 
time after initial exposure 
differed by study group, OR it 
was possible for outcome 
assessors to infer the study 
group prior to assessing 
outcomes without sufficient 
quality control measures, OR 
there is insufficient 
information provided about 
the validity of outcome 
assessment method and/or 
about blinding of outcome 
assessors (record “NR” as basis 
for answer). Definitely high 
(¡¡): There is direct 
evidence that the outcome 
assessment method is an 
insensitive instrument (e.g. 
lack of positive control), OR 
the length of time after initial  

Table 2 (continued ) 

Bias domain Questions Instructions for rating 

exposure differed by study 
group, OR there is direct 
evidence that outcome 
assessors were not blinded to 
the study groups, including no 
blinding or incomplete 
blinding without quality 
control measures. 

Selective 
Reporting  

10. Were all measured endpoint 
conditions reported? 

Definitely low (þþ): There is 
direct evidence that all of the 
study’s measured endpoints 
(primary and secondary) 
outlined in the protocol, 
methods, abstract, and/or 
introduction (that are relevant 
for the evaluation) have been 
reported. Probably low (+): 
There is indirect evidence that 
all of the study’s measured 
endpoints (primary and 
secondary) outlined in the 
protocol, methods, abstract, 
and/or introduction (that are 
relevant for the evaluation) 
have been reported, OR 
analyses that had not been 
planned in advance are clearly 
indicated as such and it is 
deemed that the unplanned 
analyses were appropriate and 
selective reporting would not 
appreciably bias results. This 
would include outcomes 
reported with insufficient 
detail such as only reporting 
results that were statistically 
significant (or not). Probably 
high (-): There is indirect 
evidence that not all of the 
study’s measured endpoints 
(primary and secondary) 
outlined in the protocol, 
methods, abstract, and/or 
introduction (that are relevant 
for the evaluation) have been 
reported, OR there is indirect 
evidence that unplanned 
analyses were included that 
may appreciably bias results, 
OR there is insufficient 
information provided about 
selective outcome reporting 
(record “NR” as basis for 
answer). Definitely high 
(¡¡): There is direct 
evidence that not all of the 
study’s measured endpoints 
(primary and secondary) 
outlined in the protocol, 
methods, abstract, and/or 
introduction (that are relevant 
for the evaluation) have been 
reported. 

Other Bias  11. Were there no other potential 
threats to internal validity (e. 
g., statistical methods were 
appropriate and researchers 
adhered to the study 
protocol)?  

11.a Were statistical methods 
appropriate? 

Definitely low (þþ): There is 
direct evidence that, for each 
experimental protocol, 
appropriate statistics AND an 
adequate number of 
independent experiments 
were performed. Probably 

(continued on next page) 
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(i.e., estimates of E-field/SAR/PD induced in the samples by 
experimental and/or numerical techniques), as well as the docu-
mented homogeneity of the exposure within samples. For example, 
estimates of SAR from measurements of the electric field in absence 
of the sample will not be considered an appropriate dosimetry 
method because such procedure does not take into account that the 
sample significantly perturbs the electric field in the RF range. On 
the other hand, estimates of SAR from computation of electric field 
in the sample or by calorimetric measurements will be considered 
appropriate. A disuniformity degree of the electric field distribu-
tion within the sample around 30% will be considered a good 
quality standard for exposure (Kuster and Schonborn, 2000).  

- Confidence in outcome assessment will be assessed with reference 
to the suitability of the endpoint-specific assay (e.g., the method by 
(Fenech, 2000; 2007) for the micronucleus assay; that by (von 

Recklinghausen et al., 2007) for the chromosomal aberration assay; 
Comet Assay for the assessment of single and double strand breaks 
(Singh et al., 1988)), and its correct implementation as docu-
mented using positive controls. The latter provide evidence of 
controlled experimental conditions, and assurance that the assay 
methodology is responding adequately to a well-known agent 
(Simko et al., 2016).  

• Selective reporting. Under this domain, as far as deductible from the 
information available in the study reports, we will assess whether 
reporting of all endpoints relative to the analysed samples, and 
findings from the analysed exposure conditions, is complete and 
independent of the magnitude and direction of the results.  

• Other bias. The appropriateness of the statistical methods will be 
assessed with reference to the appropriateness of the tests given the 
data (e.g., application of parametric tests to normally distributed 
data) (Ceppi et al., 2011). Temperature increase during exposure is 
the more relevant confounding factor in the assessment of biological 
effects of RF-EMF. Therefore, temperature inside the samples must 
be monitored continously during treatment (or, at least, in pre-
liminary experiments aimed at characterizing the temperature pro-
file), using adequate instruments (e.g., fiber optic thermometers, 
infrared cameras, or other tools that do not perturb the field). If the 
sample is heated during exposure (e.g., when using SAR values above 
the exposure limits), specific measures to counteract such heating 
must be adopted (e.g. circulation of cooling water). During RF 
exposure, subtle temperature variations (ΔT) may occur due to the 
finite heat capacity of any material system. Therefore, we will 
consider a ΔT = 1 ◦C as the threshold for temperature variation 
above which the heating effect has to be counteracted. However, if 
thermal increases are not counteracted but the study design includes 
a temperature control (i.e. a sample subjected to the same temper-
ature increase induced by different methods, such as thermostatic 
water/oil-bath, or DC current), this will be considered as an appro-
piate method to reduce confounding risk of bias related to temper-
ature (Michaelson and Elson, 1986). 

The internal validity of the included studies will be assessed in 
duplicate, by two investigators (SR and MRS) per study, and possible 
disagreement will be resolved by discussion with a third investigator 
(OZ). For papers co-authored by SR, MRS or OZ, the RoB assessment will 
be performed by SL and MB. 

For each bias domain, the experiment-specific potential for bias will 
be rated as: definitely low (++); probably low (+); probably high (-); or 
definitely high (–) (NTP-OHAT, 2015). A specific form was designed to 
record the assessors’ RoB rating along with supporting information (see 
§ 2.6), and the HAWC platform will be used to manage the RoB assess-
ment process and generate RoB heatmaps. 

We will follow the OHAT optional 3-level tiering of the quality of 
individual studies, based on summary assessments of RoB (NTP-OHAT, 
2019). As recommended by OHAT, we selected four key elements, as 
particularly relevant to our research topic: 1) Identity of experimental 
conditions across study groups; 2) Confidence in exposure assessment; 
3) Confidence in outcome assessment; 4) Temperature control (under 
the “Other bias” domain). 

The criteria used for the tiering are described in Table 3. 

2.6.1. Pilot study of the data extraction RoB assessment tools 
The results of a pilot testing of the RoB assessment and quality tiering 

performed on five, randomly selected, relevant papers are briefly sum-
marized below (see Supplementary Material 2 for further details). 

Data extraction from the graphics was carried out using the Web-
plotDigitizer application (https://automeris.io/WebPlotDigitizer/). 
Fig. 1 shows the RoB rating and the classification of the studies by 
quality categories. 

Table 2 (continued ) 

Bias domain Questions Instructions for rating 

low (+): There is indirect 
evidence that appropriate 
statistics AND an adequate 
number of independent 
experiments were performed. 
Probably high (-): There is 
indirect evidence that 
unappropriate statistics OR an 
adequate number of 
independent experiments 
were performed OR there is 
insufficient information 
provided about 
appropriateness of statistical 
methods and/or number of 
independent experiments 
(record “NR” as basis for 
answer). Definitely high 
(¡¡): There is direct 
evidence that unappropriate 
statistics OR an insufficient 
number of independent 
experiments were performed 
OR no statistical analysis was 
performed. 

11.b Did the study design or 
analysis account for important 
confounding and modifying 
variables (including unintended co- 
exposures) in experimental 
studies? 

Definitely low (þþ): There is 
direct evidence that sample 
temperature was adequately 
monitored during exposure 
AND possible increases 
promptly counteracted. 
Probably low (+): There is 
indirect evidence that sample 
temperature was adequately 
monitored during exposure 
AND possible increases 
promptly counteracted. 
Probably high (-): There is 
indirect evidence that sample 
temperature was not 
adequately monitored during 
exposure AND possible 
increases were not promptly 
counteracted OR there is 
insufficient information 
provided about temperature 
control (record “NR” as basis 
for answer). Definitely high 
(¡¡): There is direct 
evidence that sample 
temperature was not 
adequately monitored during 
exposure AND possible 
increases were not 
counteracted. 

N.R.: Not Reported. 
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2.7. Data analysis and synthesis 

Heterogeneity within the available evidence will determine the type 
of evidence synthesis that is appropriate. 

The characteristics of the included studies, and findings from 
investigation subsets not amenable to quantitative synthesis, will be 
summarized in tables and graphical displays illustrating the direction of 
effects and in a narrative synthesis of the available evidences, as sug-
gested by (NTP-OHAT, 2019). 

A meta-analysis will be considered for subgroups of studies homo-
geneous in terms of endpoint, cell type, and exposure characteristics, 

with comparable measures of effect, and of sufficient size (tentatively at 
least 10 studies) to conduct meaningful analyses. 

The aim of the meta-analysis will be to calculate a precision-weighted 
average measure of effect, and to assess the consistency of results across 
studies and between study groups differing by relevant experimental 
design features and susceptibility to bias. The effect size will be calcu-
lated based on the indications by (Vesterinen et al., 2014). When results 
of the experiments are reported as event data (binary outcome), odd 
ratios will be calculated. In case of continuous outcomes, the mean, 
standard deviation (SD) and sample size (n) will be extracted to calcu-
late standardized mean differences (SMD) (Vesterinen et al., 2014). A 
specialized software, RevMan (Cochrane), will be used for the pre-
liminary data transformation and the meta-analysis. Individual effect 
sizes will be pooled to obtain an overall effect size and 95% confidence 
interval using the fixed-effects inverse variance model (Deeks et al., 
2019). 

Statistical heterogeneity will be quantified by means of the I2 sta-
tistics, with values of I2 of 25%, 50%, 75% considered as an indication of 
low, moderate and high degrees of heterogeneity, respectively. Between 
studies variance will be assessed by the tau-squared statistics (τ2). 

The influence of each individual study in the meta-analysis will be 
investigated by omitting one study at a time, and re-calculating the 
summary estimates (leave-one-out method) (Vesterinen et al., 2014). 

Sensitivity analyses will be conducted by excluding studies at high 
RoB. 

If there will be sufficiently numerous and homogeneous (see above) 
subgroups of experiments investigating more than one level or duration 
of exposure, a meta-regression or a dose–response meta-analysis will be 

Table 3 
Criteria for classifying the studies by quality categories (Tiers 1, 2, 3), based on 
results of the RoB assessment.  

Quality category Classification criteria 

Tier 1 
(high quality) 

“++” (definitely low) or “+” (probably low) risk of bias in all 
key domains 
AND 
“++” (definitely low) or “+” (probably low) risk of bias for ≥
50% of the other domains 

Tier 2 
(moderate 
quality) 

Study does not meet criteria for placement in the 1st or 3rd tier 

Tier 3 
(low quality) 

“- -“ (definitely high) or “-“ (probably high) risk of bias in all key 
domains 
AND 
“- -“ (definitely high) or “-“ (probably high) risk of bias for ≥
50% of the other domains  

Fig. 1. Pilot risk of bias and quality assessment. Risk-of-bias ratings and placement in one out of the three quality categories (3-tier approach) for 5 of the included 
studies. Black arrows indicate key risk-of-bias items for quality assessment. 
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carried out to assess the heterogeneity across experiments in the shape of 
the exposure–response relation. 

Publication bias will be assessed by funnel plots and the “trim and 
fill” correction (Deeks et al., 2019). 

2.8. Evidence appraisal 

We will assess the confidence in the body of evidence following the 
OHAT guidelines for animal studies (NTP-OHAT, 2019), which are 
based on the GRADE approach. Four descriptors are used to indicate the 
level of confidence in the body of evidence: 

• High Confidence (++++) - The true effect is highly likely to be re-
flected in the apparent relationship.  

• Moderate Confidence (+++) - The true effect may be reflected in the 
apparent relationship.  

• Low Confidence (++) - The true effect may be different from the 
apparent relationship.  

• Very Low Confidence (+) - The true effect is highly likely to be 
different from the apparent relationship. 

The body of evidence is given an initial confidence rating based on 
the study design (set to high for experimental studies (NTP-OHAT, 
2019)), which can be upgraded or downgraded depending on a number 
of factors, assessed across studies. 

Factors for downgrading include: risk-of-bias (across studies); indi-
rectness, inconsistency, imprecision, publication bias. Factors for 
upgrading include: magnitude of average effect, dose–response, and 
consistency of results across species/models. 

The evidence appraisal will be conducted at the endpoint level, and 
then integrated across endpoints. To assess confidence in the body of 
evidence we will use the judgement described below, and the results of 
the appraisal will be summarized in an evidence profile table (see 
Supplementary Material 4). Risk of bias across studies will be assessed 
based on the aformentioned three-level tiering of study quality. Down-
grading (one level) will be applied when most of the studies composing 
the body of evidence are classified in the tier-3 level. 

We will downgrade (one level) for inconsistency in presence of a 
large variability in the direction or magnitude of the individual effect 
estimates for comparable measures of association, that cannot be 
explained by biological or methodological factors (i.e cell model, 
endpoint assessment method, funding source/conflict of interest, and 
risk of bias). The evidence will be downgraded 1 level in the presence of 
serious/very serious unexplained inconsistency (i.e., point estimates 
vary/vary widely; confidence intervals show minimal/no overlap; sta-
tistical heterogeneity has low p-value (p ≤ 0.1); I2 > 50%/75%). 

Extrapolation of findings from isolated biological systems to living 
organisms is challenging, and in vitro mechanistic studies can only 
provide supportive evidence on potential cancer effects in humans 
(Guyatt et al., 2011). These inherent limitations of the body of evidence 
will be considered under the grading domains of indirectness. Herein, 
we will apply the following judgement rules:  

1. Relevance of the cell model to humans: exposure-induced genotoxic 
effects in primary cells will be assigned greater confidence than 
similar findings detected in immortalized cells, and exposure- 
induced genotoxic effects in human cells will be assigned greater 
confidence than similar findings detected in non-human cells.  

2. Endpoint’s predictivity of long-term DNA damage: exposure-induced 
increases in biomarkers of irreversible DNA damage will be 
assigned greater confidence than similar findings for biomarkers of 
reparable damage (Krewski et al., 2019). 

We will use 95% confidence intervals as the primary method to 
assess imprecision for ratio measures of effect; we will downgrade (one 
level) when the ratio of the upper to lower 95% confidence limits of a 

meta-risk estimate or of most studies is > 10. For comparisons of average 
values of continous variables across study groups, we will use the 
standard deviation (SD) of the standardized mean difference as a mea-
sure of imprecision, and will downgrade (one level) when the SD is 
larger than the mean. We will characterize publication bias as “unde-
tected” (no downgrade) or “strongly suspected” (one level dowgrade). 

Confidence in evidence will be upgraded (one level) in presence of 
large magnitude of effect. To determine whether the magnitude of the 
effect is large, we will consider, for each endpoint separetely, the 
background prevalence or rate for that effect, the species and dose range 
employed. Regarding dose–response, we note that the OHAT refers to 
either monotonic increases of the effect with increasing exposure level, 
or to non-monotonic gradients. Such a definition fits well with the 
subject of our systematic review because, due to the absence of widely 
accepted interaction mechanisms between RF-EMF and biosystems 
other than thermal effects, it is not clear which is the expected shape of 
the RF-genotoxicity relationship (Postow and Swicord, 1986). We will 
upgrade (one level) the confidence in the body of evidence in the 
presence of dose–response gradients consistently reported by studies 
investigating primary endpoints. Lastly, we will upgrade (one level) the 
confidence in evidence for consistency of results across species/models, 
exposure types (frequency range, SAR range, continuous/pulsed wave-
forms, continuous/intermittent exposure), and endpoints. 

3. Concluding remarks 

We presented the protocol for a systematic review of studies inves-
tigating possible genotoxic effects induced by RF-EMF in in vitro 
mammalian cell models. The protocol was developed in the framework 
of an Italian systematic review of studies on the potential carcinoge-
nicity of RF-EMF which envisages the integration of the epidemiology, in 
vivo and in vitro evidence streams. 

To the best of the authors’ knowledge, this is the first protocol for a 
systematic review of mechanistic studies with an in vitro RF-EMF 
exposure regimen, with specific indications of criteria for papers inclu-
sion and risk of bias assessment. This might also be the first protocol for 
a systematic review of in vitro studies only, contrary to other protocol 
papers for systematic reviews of both in vivo and in vitro studies (Matta 
et al., 2019). 

There are no standardized approaches to the assessment of RoB for 
mechanistic studies with an in vitro exposure regimen. There are also no 
broadly accepted frameworks for reaching confidence ratings for use of 
mechanistic data in decision making, and thus there is a need for 
research efforts to gain experience and develop methods in this area 
(Rooney et al., 2016). 

We followed the methodological approach suggested by guidelines 
and recommendations for hazards assessment mainly focussing on 
chemical agents. Consequently, we had to adapt the data extraction 
forms, and especially the RoB tool, to the peculiarities of RF-EMF, 
including exposure characteristics and dosimetry, and type of compar-
ators, that have a large impact on the study quality (Simko et al., 2016). 

We validated the search strategy by a record-linkage to a personal 
literature database including also references quoted in several recent 
authoritative assessment of health hazards from exposure to RF-EMF. 
Moreover, we pilot-tested the method and tools for data extraction, 
RoB assessment and study quality classification. 

Possible deviations from this protocol will be reported in the sys-
tematic review paper with justifications for the changes. 
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ANSES. Radiofréquences et santé. Mise à jour de l’expertise. Maisons-Alfort: Agence 
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