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A B S T R A C T   

Background: The World Health Organization is coordinating an international project aimed at systematically 
reviewing the evidence regarding the association between radiofrequency electromagnetic field (RF-EMF) 
exposure and adverse health effects. Reproductive health outcomes have been identified among the priority 
topics to be addressed. 
Objectives: To evaluate the effect of RF-EMF exposure on male fertility of experimental mammals and on human 
sperm exposed in vitro. 
Methods: Three electronic databases (PubMed, Scopus and EMF Portal) were last searched on September 17, 
2022. Two independent reviewers screened the studies, which were considered eligible if met the following 
criteria: 1) Peer-reviewed publications of sham controlled experimental studies, 2) Non-human male mammals 
exposed at any stage of development or human sperm exposed in vitro, 3) RF-EMF exposure within the frequency 
range of 100 kHz-300 GHz, including electromagnetic pulses (EMP), 4) one of the following indicators of 
reproductive system impairment:  

• decrease of fertility: rate of infertile males, rate of nonpregnant females, litter size and in vitro 
fertilization rate;  

• effects on semen quality: in animal studies sperm count, in both animal and in vitro studies sperm 
vitality, morphology and DNA/chromatin alterations; 

• reproductive organ toxicity: testis-epididymis weight, testis or epididymis histology, testis histo
morphometry, testicular cell death, estimated testicular cell production;  

• hormonal effects: testosterone level. 

Two reviewers extracted study characteristics and outcome data. We assessed risk of bias (RoB) using 
the Office of Health Assessment and Translation (OHAT) guidelines. We categorized studies into 3 
levels of overall RoB: low, some or high concern. We pooled study results in a random effects meta- 

* Corresponding authors at: Division Health Protection Technologies, Italian National Agency for New Technologies, Energy and Sustainable Economic Devel
opment (ENEA), Rome, Italy. 

E-mail addresses: eugenia.cordelli@enea.it (E. Cordelli), francesca.pacchierotti@gmail.com (F. Pacchierotti).   
1 retired. 

Contents lists available at ScienceDirect 

Environment International 

journal homepage: www.elsevier.com/locate/envint 

https://doi.org/10.1016/j.envint.2024.108509 
Received 12 July 2023; Received in revised form 2 February 2024; Accepted 16 February 2024   



Environment International 185 (2024) 108509

2

analysis comparing average exposure to no-exposure and in a dose–response meta-analysis using all 
exposure doses. For experimental animal studies, we conducted subgroup analyses for species, Specific 
Absorption Rate (SAR) and temperature increase. We grouped studies on human sperm exposed in vitro 
by the fertility status of sample donors and SAR. We assessed the certainty of the evidence using the 
GRADE approach after excluding studies that were rated as “high concern” for RoB. 
Results: One-hundred and seventeen papers on animal studies and 10 papers on human sperm exposed in vitro 
were included in this review. Only few studies were rated as “low concern” because most studies were at RoB for 
exposure and/or outcome assessment. 
Subgrouping the experimental animal studies by species, SAR, and temperature increase partly accounted for the 
heterogeneity of individual studies in about one third of the meta-analyses. In no case was it possible to conduct a 
subgroup analysis of the few human sperm in vitro studies because there were always 1 or more groups including 
less than 3 studies. 
Among all the considered endpoints, the meta-analyses of animal studies provided evidence of adverse effects of 
RF-EMF exposure in all cases but the rate of infertile males and the size of the sired litters. The assessment of 
certainty according to the GRADE methodology assigned a moderate certainty to the reduction of pregnancy rate 
and to the evidence of no-effect on litter size, a low certainty to the reduction of sperm count, and a very low 
certainty to all the other meta-analysis results. Studies on human sperm exposed in vitro indicated a small 
detrimental effect of RF-EMF exposure on vitality and no-effect on DNA/chromatin alterations. According to 
GRADE, a very low certainty was attributed to these results. The few studies that used EMP exposure did not 
show effects on the outcomes. A low to very low certainty was attributed to these results. 
Discussion: Many of the studies examined suffered of severe limitations that led to the attribution of uncertainty 
to the results of the meta-analyses and did not allow to draw firm conclusions on most of the endpoints. 
Nevertheless, the associations between RF-EMF exposure and decrease of pregnancy rate and sperm count, to 
which moderate and low certainty were attributed, are not negligible, also in view of the indications that in 
Western countries human male fertility potential seems to be progressively declining. 
It was beyond the scope of our systematic review to determine the shape of the dose–response relationship or to 
identify a minimum effective exposure level. The subgroup and the dose–response fitting analyses did not show a 
consistent relationship between the exposure levels and the observed effects. Notably, most studies evaluated RF- 
EMF exposure levels that were higher than the levels to which human populations are typically exposed, and the 
limits set in international guidelines. For these reasons we cannot provide suggestions to confirm or reconsider 
current human exposure limits. 
Considering the outcomes of this systematic review and taking into account the limitations found in several of the 
studies, we suggest that further investigations with better characterization of exposure and dosimetry including 
several exposure levels and blinded outcome assessment were conducted. 
Protocol registration: Protocols for the systematic reviews of animal studies and of human sperm in vitro studies 
were published in Pacchierotti et al., 2021. The former was also registered in PROSPERO (CRD42021227729 
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID = 227729) and the latter in Open Science 
Framework (OSF Registration DOI https://doi.org/10.17605/OSF.IO/7MUS3).   

1. Introduction 

1.1. Rationale 

Spermatogenesis is a finely regulated process that is sensitive to 
chemical and physical stresses (Gupta, 2022). Concern about a temporal 
trend of human sperm quality decline in Western countries has been 
raised (Levine et al., 2017) and more recently reconsidered with pro
posals of further prospective investigations to better understand its 
spatiotemporal distribution and underlying ecological factors (Auger 
et al., 2022, Boulicault et al., 2022). 

The possibility of adverse effects of radiofrequency electromagnetic 
fields (RF-EMF) on male fertility was raised long ago and has been 
extensively investigated by human epidemiological studies, studies in 
laboratory animals under experimentally controlled exposure conditions 
and studies in which human sperm have been exposed in vitro (Yu et al., 
2021, AGNIR, 2012, ICNIRP, 2020, SCENIHR, 2015). It is well known 
that heating may impair spermatogenesis and mammalian testes are 
physiologically maintained at a temperature lower than the body tem
perature, but it is unclear if RF-EMF may affect male fertility beyond a 
hyperthermic effect. 

The World Health Organization (WHO) is coordinating an interna
tional project aimed at systematically reviewing the evidence about 
adverse RF-EMF effects on human health. An expert group convened by 
the WHO identified 6 priority topics on which focusing the reviews 
(Verbeek et al., 2021). Among them, male fertility was included and has 
been addressed by 2 projects, one regarding human observational 
studies (Kenny et al., 2022) and one regarding experimental studies. The 

results of the latter are reported in this paper. 
The protocol for the systematic review was previously published 

(Pacchierotti et al., 2021). Studies on both experimental mammals in 
vivo and human sperm exposed in vitro are included. The body of liter
ature comprises, in addition to direct evidence about animal fertility and 
semen quality, a variety of endpoints related with fertility impairment. 
We aimed at a comprehensive review of available data and for this 
reason we considered all these endpoints and organized them into a 
systematic review structured with multiple outcomes. 

Other reviews assessing the impact of RF-EMF exposure on male 
fertility have recently been published, but these only partially assessed 
the available literature data (Kesari et al., 2018, Sciorio et al., 2022, 
Sterling et al., 2022, Vornoli et al., 2019). The few recently published 
systematic reviews on this topic suffered from some methodological 
limitations such as the lack of a Risk of Bias analysis (Jaffar et al., 2019, 
Kim et al., 2021), they limited analysis to only assess effects on semen 
parameters or were limited to exposure conditions relevant to mobile 
phone exposures thereby imposing a SAR cut-off (Yu et al., 2021). In
ternational committees on human health protection from electromag
netic fields were unable to draw firm conclusions on the possibility of an 
adverse effect of RF-EMF on male fertility at exposure levels where 
humans are typically exposed (ICNIRP, 2020, SCENIHR, 2015). 

1.2. Objective 

To overcome limitations in the current assessment of the scientific 
evidence on the RF-EMF effects on male fertility, we carried out a sys
tematic review of peer-reviewed literature of studies in animals and 
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human sperm in vitro, according to the guidelines of the WHO (WHO, 
2014) and of the National Toxicology Program/Office of Health 
Assessment and Translation (NTP/OHAT) Handbook (NTP 2015a). In 
particular, we aimed at answering the following two PECO (Population, 
Exposure, Comparator, Outcome) questions: 1) What is the effect of 
exposure to RF-EMF on male fertility compared to either a sham control 
or an equal-temperature control in non-human mammals? 2) What is the 
effect of exposure to RF-EMF on male fertility compared to either a sham 
control or an equal-temperature control, as inferred from studies with 
human semen exposed in vitro? 

2. Methods 

The systematic reviews of animal and human sperm in vitro studies 
were conducted according to the protocols published in Pacchierotti 
et al., 2021. Where there were deviations, these are mentioned in Sec
tion 4.5.2 Deviations from the protocol. 

2.1. Eligibility criteria 

The eligibility criteria applied to select studies to be included in the 
systematic review were those published in the protocol. Notably, 
guidelines to evaluate the validity of the analytical methods to decide 
about study eligibility were provided in Supplementary File 2 of Pac
chierotti et al., 2021. Studies in which the exposure level could only be 
inferred from assumed exposure conditions and not by a measurement 
or numerical modelling were assessed together with all the other studies 
because it was difficult to set boundaries in a continuum of exposure 
dosimetry reporting. This is a slight deviation from the protocol (see 
Section 4.5.2). Studies were screened in relation to each of the elements 
of the PECO question as reported in Table 1. 

We considered only original, controlled experimental studies 

published in peer-reviewed journals. We excluded non-experimental 
studies (e.g., human epidemiologic or other observational studies), 
and studies of exposure of both males and females of a mating pair 
(additional decision and change from protocol, see Section 4.5.2). We 
excluded papers reporting reviews, opinions, proceedings or meeting 
abstracts. We did not impose any year-of-publication or language 
restriction. 

2.2. Information sources 

Three publication databases were searched for eligible studies: NCBI 
PubMed (https://pubmed.ncbi.nlm.nih.gov/), Scopus (https://www.sc 
opus.com/) and EMF Portal (https://www.emf-portal.org/), a data
base maintained by the RWTH Aachen University, Germany, specifically 
focused on EMF studies. The three databases were last consulted on 
September 17, 2022. 

2.3. Search strategy 

We interrogated the NCBI PubMed and SCOPUS databases, without 
any limits on year and language, by search queries composed by English 
terms identifying the exposure, the outcome and the population. We 
combined these elements in the queries by the Boolean operators “AND/ 
OR/NOT” as reported in the Supplementary Files 3 and 4 of Pacchierotti 
et al., 2021. Search terms were identified to retrieve all relevant peer- 
reviewed publications on studies of RF-EMF effects on male fertility in 
animal and in human sperm in vitro by reviewing PubMed Medical 
Subject Heading (MeSH) terms associated with relevant papers and 
testing these and other terms chosen by expert judgment through an 
iterative trial-and-error process. The removal of non-experimental and 
human studies was done manually rather than by the use of search filters 
because studies might have been incorrectly indexed in the databases. 

Table 1 
Eligibility criteria.  

PECO Type of studies Inclusion criteria Exclusion criteria 

Population Animal studies  - Male subjects of experimental mammalian models exposed at any 
life stage  

- Humans  
- Non-mammalian experimental models 

In vitro studies  - Human sperm exposed in vitro  - Non-human sperm  
- Cell types other than sperm 

Exposure Animal and in vitro studies  - RF-EMF (frequency range 100 kHz − 300 GHz) at any exposure 
level  

- Electromagnetic pulses (EMP)  

- Static or extremely low-frequency magnetic and/or electric 
fields  

- Optical radiation  
- Ultrasounds  
- Magnetic Resonance Imaging (MRI)  
- Mobile phone not in GSM mode, and not controlled by 

hardware or software, unless supported by measured or 
calculated metrics, as specified in the protocol  

- Co-exposure to RF-EMF and other chemical or physical 
agents  

- Exposure signals with more than 10 % of the total signal 
energy outside the considered frequency range 100 kHz – 
300 GHz  

- Exposure levels for which a minimum contrast between 
exposed and comparator groups was not guaranteed, as 
detailed in the protocol 

Comparator Animal and in vitro studies  - Sham-exposed controls  
- Temperature controls  

- Historical controls 

Outcomes Animal studies  - Decrease of fertility: rate of infertile males, nonpregnant females 
over paired females, litter size, in vitro fertilization rate  

- Effects on semen quality: sperm count, morphology, vitality, 
DNA/chromatin alterations  

- Reproductive organ toxicity: testis/epididymis weight, testis 
histomorphometry, testis or epididymis histology, testicular cell 
death, testicular sperm production  

- Hormonal effects: testosterone level  

- Qualitative evidence of toxic effects on testis and epididymis  
- Endpoints not predictive for male fertility impairment  
- Endpoints measured with invalid methods 

In vitro studies  - Effects on semen quality: sperm morphology, vitality, DNA/ 
chromatin alterations  

- Qualitative evidence of toxic effects on sperm  
- Sperm alterations not predictive for male fertility impairment  
- Sperm alterations measured with invalid method  
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We searched the EMF Portal database selecting pre-defined domains for 
topics, frequency ranges and time span among the options, and 
combining appropriate key words chosen from those listed in the Glos
sary (Supplementary Files 3 and 4 of Pacchierotti et al., 2021). The 
search outputs were then aligned to exclude duplicates and the resulting 
list was screened for eligibility criteria. 

The search strategy was peer-reviewed as part of the publication 
process of the protocol. 

2.4. Selection process 

Two reviewers independently evaluated the titles and abstracts of 
the identified papers to exclude records that were not relevant or did not 
fulfil at least one inclusion criterion for the PECO elements. In the case of 
disagreement between the reviewers, or when the abstract did not report 
enough information, the paper was passed to the full text evaluation 
phase. 

Two reviewers independently evaluated the full texts of the identi
fied papers, and any disagreement between the reviewers was resolved 
by discussion or through involving a third reviewer. If findings from a 
study were described in more than one article, these were considered as 
one study only. 

Non-English language papers were either translated by the reviewers 
or through the use of Google Translate (https://translate.google.com/). 

2.5. Data collection process 

For all eligible studies, one reviewer extracted the study character
istics and results, and a second reviewer checked all the extracted in
formation against the relevant article for completeness and accuracy as a 
quality control measure. If disagreement occurred between the re
viewers, this was resolved through discussion or by consulting a third 
reviewer. In no case were the reviewers the authors of the scrutinized 
papers. When essential data were missing or there were inconsistencies 
in the reported information, the authors were contacted by e-mail and in 
case of no-reply, a reminder was sent. In cases reporting power density 
or other exposure metrics instead of the SAR, the latter was estimated, if 
possible, on the basis of the available information. Data shown in figures 
were extracted by using digital rulers. In some cases, quantitative results 
were re-calculated from other data reported to produce a form best 
suited to a meta-analysis, for example, converting standard errors into 
standard deviations or calculating means and variation parameters from 
raw data. 

2.6. Data items (outcomes) 

We extracted data considered most representative of male fertility 
impairment and most relevant for human health, following what was 
planned in the protocol. Data considered redundant and not extracted 
were: all testicular histomorphometric parameters other than seminif
erous tubule diameter, epididymis weight when sperm number was re
ported, specific sperm motility and morphology parameters. Where the 
protocol did not provide sufficient details for which data to extract, 
additional choices were made before inspecting the results. Data 
considered redundant and not extracted were: testis weight when 
epididymis weight was reported, percentage of dead sperm when per
centage of immotile sperm was reported, sperm apoptosis and oxidative 
stress when sperm DNA/chromatin alterations were reported, decrease 
of testicular post-meiotic cell fraction when data on testicular sperm 
production were reported. Whenever possible, we tried to extract data in 
an inclusive form most suitable for the overall meta-analysis, as in the 
case of litter size results, where we extracted only data for the whole 
mating period and not those for specific mating intervals. 

We organized animal experimental data into four outcome cate
gories, each one including multiple endpoints. The definitions of out
comes and endpoints are slightly different from those used in the 

protocol to make them clearer for the readers of the review without 
changing their content (see Section 4.5.2 and Table 2). Fig. 1 schemat
ically illustrates the outcomes and endpoints included in the systematic 
review, showing the multiple possible biomarkers of male mammal 
fertility impairment. 

Effects on male fertility. This category included reduction of in vitro 
fertilization and development, increase of the rate of infertile males, 
increase of nonpregnant females in matings with experimental males, 
and decrease of litter size. 

Effects on semen quality. This category included reduction of sperm 
count, increase of % morphologically abnormal sperm, decrease of 
sperm vitality (increase of % dead or immotile sperm), increase of sperm 
DNA/chromatin alterations (including increase of oxidative stress, 
DNA/chromatin alterations or apoptosis biomarkers). 

Reproductive organ toxicity. This category included testis or epidid
ymis weight reduction, testis histomorphometrical or quantitative his
topathological alterations, increase of testicular cell death, reduction of 
estimated testicular sperm production. 

Hormonal effects. This category included reduction of testosterone 
level in testis or serum. 

For studies on human sperm exposed in vitro, we extracted data on 
sperm vitality, % morphologically abnormal sperm, sperm DNA/chro
matin alterations. 

For the synthesis of results in animal studies, the primary outcomes 
were effects on male reproductive performance and semen quality, 
assessed by sperm count, vitality or morphology, because they are direct 
measurements of fertility and are equivalent to human sperm quality 
criteria established by WHO, respectively. Similarly, for in vitro studies, 
sperm vitality and morphology were considered as the primary 
endpoints. 

2.7. Data items (other variables) 

In addition to outcome data, we also extracted information related to 
the populations of experimental animals or human sample donors, the 
exposure conditions and the comparator characteristics. 

For animal studies, the species, strain, age and number of animals 
were recorded. Several variables were extracted to characterize expo
sure conditions and to assess the risk of bias: frequency, modulation, 
exposure system, exposure level, exposure duration, animal tempera
ture, lifestage at exposure (prenatally, pre-puberty, post-puberty). 

Particular attention was given to the extraction of dosimetric infor
mation that defined the exposure level. When data on the exposure level 
(s) in terms of SAR were not reported, a SAR estimate was calculated 
based on other dosimetric information and biophysical assumptions. 
Where exposure was presented as Power Density values only, SAR es
timates were made using appropriate species-specific graphs of W/kg 
per W/m2 in the frequency range 10 – 10,000 MHz from the Radio
frequency Radiation Dosimetry Handbook (Durney et al., 1986). These 
graphs are based on prolate spheroid models, but with experimental 
confirmation. The conversions are subject to many factors, such as body 
size and orientation, so it is difficult to assign a specific uncertainty, 
although a figure of +/- 30 % is typically used. Randomization of ani
mals to study groups, allocation concealment and blinding during 
exposure and/or outcome assessment, sham exposure conditions and 
statistical methods applied were also considered as elements in the risk 
of bias assessment. 

For in vitro studies, population characteristics included donor age 
and fertility status. Exposure data were essentially the same as those 
recorded in animal studies. Regarding comparator conditions, we 
considered whether matched sham and exposed samples were derived 
from the same donor(s). 

We extracted but did not further analyse information on conflict of 
interest and funding sources, as initially planned in the protocol, since, 
in the vast majority of papers, public funding and absence of conflict of 
interest were declared (see Section 4.5.2). 
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2.8. Study risk of bias assessment 

Risk of bias (RoB) was evaluated using the RoB Rating Tool devel
oped by OHAT (NTP, 2015a,b), with minor modifications informed by 
RoB expertise developed within SYRCLE (Hooijmans et al., 2014). Six 
bias domains were considered: 1) Selection bias; 2) Performance bias; 3) 
Detection bias relative to confidence in the exposure and outcome 
assessment; 4) Attrition/Exclusion bias; 5) Selective reporting bias; 6) 
Other sources of bias. For each of these domains a set of predefined 
questions guided the reviewers in the assessment of the internal quality 
of data. 

Questions were based on those proposed in the OHAT handbook; the 
question “Has possible RF-EMF induced temperature increase been 
adequately considered and assessed?” was added because this aspect is 
especially relevant in the case of RF-EMF exposure to assess confidence 
in the control of exposure conditions. A customized guide to RoB 
assessment in the frame of the specific systematic review topic was 
developed to assist the reviewers as reported in the Supplementary File 
10 of Pacchierotti et al., 2021. For the systematic review on RF-EMF 
effects on human sperm, some specific adaptations for in vitro studies 
were introduced following the indications of Bodewein et al. (2019), 
Golbach et al. (2016), Romeo et al. (2021). 

Following the 3-tier system of study classification proposed by the 
OHAT, the scores for the different questions were integrated to obtain 

the study overall RoB estimate. A study was labelled “high concern” 
when one or more questions were answered with “definitely high RoB”. 
A study was labelled “low concern” when none of the questions were 
answered with “probably high RoB” or “definitely high RoB”. All other 
studies were labelled as “some concern”. 

Two reviewers independently analysed included papers for RoB 
assessment, and disagreements were resolved by discussion with a third 
reviewer. RoB was evaluated at the endpoint level, meaning that one 
paper that reported results for different endpoints received multiple RoB 
evaluations. Whenever necessary to clarify issues relevant for RoB 
assessment, authors were contacted, and their reply or absence of reply 
was considered in the assigned scores. LA, BB, MHB, CC, EC, GC, PE, 
JPM, FP, PV and AW participated in the RoB assessment. 

2.9. Effect measures 

All endpoints were expressed as continuous variables, with the 
exception of binary data regarding the rate of infertile males and the 
number of nonpregnant females over paired females. 

For each endpoint, the preferred effect size measure of continuous 
variables was the mean difference (MD) that could be applied whenever 
data were expressed by or could be converted into the same metrics. 
Standardized Mean Differences (SMD), calculated as MD/pooled SD, 
were used for data that used different metrics (percentages or numbers) 

Table 2 
Summary of changes in the wording and organization of outcomes and endpoints with respect to the published protocol, with reasons for change.  

Outcome* 
Protocol 

Outcome 
Review 

Endpoints* Protocol Endpoints 
Review 

Decrease of fertilization rate and 
embryonic survival 

Decrease of fertility (for sake of clarity the 
name was changed into decrease of fertility, but 
the content is the same as in the protocol) 

In vitro fertilization rate In vitro fertilization rate (no change) 
In vivo mating/ 
fertilization rate 

Rate of infertile males (wording change to make the measured 
parameter more explicit) 
Nonpregnant females over paired females (wording change to 
make the measured parameter more explicit) 

Pre- and post- 
implantation embryonic 
losses 

Litter size (with hindsight, we noticed that pre- and post- implantation 
losses were seldom measured but litter size was. We considered these 
both measurements of the same concept, so this was not a real 
deviation from the protocol) 

Alterations of WHO sperm 
quality parameters 

Effects on semen quality** (wording change to 
more explicitly point to effects on sperm by 
combining 2 original outcomes into 1) 

Sperm count Sperm count (no change) 
Sperm viability Sperm vitality** (we considered these measurements both 

representing the same concept and we combined them in the same 
endpoint. We prevented a study be included more than once by only 
taking one of these measures; should both parameters be measured in 
one paper, we extracted only motility data) 

Sperm motility 

Sperm morphology Sperm morphology** (no change) 
Alterations of other sperm 

integrity biomarkers 
Oxidative stress Sperm DNA/chromatin alterations ** (wording change following 

the assimilation of the 3 original endpoints into 1, because of 
afterthought consideration of their common involvement in DNA/ 
chromatin alterations. When multiple endpoints were measured in the 
same samples of a study, we prevented this study be included more 
than once by only extracting one of these measures according to the 
hierarchy DNA/chromatin alterations, apoptosis, oxidative stress) 

Apoptosis 
DNA/chromatin 
alterations 

Reproductive organ toxicity Reproductive organ toxicity (no change) Weight of testes and 
epididymis 

Testis-epididymis weight (for sake of simplicity) 

Quantitative alterations 
of testis or epididymis 
histology 

Testis or epididymis histology (for sake of simplicity)  

Testis histomorphometry (this endpoint was missing in protocol  
Table 2, but it had been considered in the extraction guidelines 
detailed in the protocol Supplementary File 2) 

Decrease of testicular 
post-meiotic cell fraction 

Testicular sperm production (some studies measured the fraction of 
post-meiotic cells and some others the testicular sperm production. We 
considered these endpoints similar and combined them. Should both 
parameters be measured in the same animals, we extracted testicular 
sperm production only) 

Testicular cell apoptosis Testicular cell death (wording change to more comprehensively 
describe cell death phenomena, irrespective of the mechanism) 

Alterations of reproductive 
hormones 

Hormonal effects  
(wording change for sake of simplicity) 

Testosterone level in 
serum or reproductive 
organs 

Testosterone level (wording change for sake of simplicity)  

* As reported in Table 2 of Pacchierotti et al., 2021. 
** The same changes regard both animal studies and human sperm in vitro studies. 
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to measure the same endpoint, or when the scale of measures was ex
pected to widely differ, e.g., in the case of testis weight in different 
species. In the case of the size of litters sired by experimental males, 
mean values and corresponding variation parameters were referred to 
the number of males instead of the number of dams to account for intra- 
cluster correction. For binary variables, we calculated Odds Ratios (OR) 
instead of Risk Ratios as initially planned in the protocol (see Section 
4.5.2). To calculate the OR for the number of nonpregnant females over 
paired females we applied an intracluster correction (ICC) factor of 0.2 
in the design effect formula provided by Golub and Sobin (2020) to 
account for male clustering. 

2.10. Synthesis methods 

All included papers were organized in a tabular form by the first 
author surname in alphabetical order. Studies that were homogenous 
with regard to the PECO elements were synthesized. With respect to 
what was planned in the protocol, we could not synthesize results on in 
vitro fertilization rate because only one study was retrieved. We decided 
to synthesize results on sperm viability and sperm motility into a unique 
synthesis of sperm vitality because we better considered these endpoints 
representing the same concept, and we decided to synthesize results on 
sperm oxidative stress, DNA/chromatin alterations and apoptosis into a 
unique synthesis of sperm DNA/chromatin alterations because of 
afterthought consideration of the involvement of DNA damage in all 
these enpoints (Table 2). In conclusion, for animal studies we made 

Fig. 1. The multiple endpoints selected as targets of possible RF-EMF effects. Beside direct markers of the male fertility performance, reproductive organ toxicity 
markers, from testis or epididymis weight to a variety of histopathological findings, semen quality markers assessed in sperm suspensions and testosterone level have 
been considered. All those are interconnected: testosterone regulates spermatogenesis and its homeostasis may be affected by damage to reproductive organs, toxic 
effects in the testis and epididymis potentially causes alterations of semen quality, which in turn may compromise male fertility. 
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syntheses of results for 14 different endpoints belonging to the 4 out
comes. For human sperm in vitro studies, we made a synthesis of results 
for 3 endpoints belonging to the outcome category of semen quality 
(Table 3). 

For each endpoint, we first conducted a meta-analysis of exposed vs 
sham control comparisons. When a study had several exposure groups 
matched to the same comparator, the means and standard deviations of 
these exposed groups were combined into one exposed group using the 

Table 3 
Distribution of papers and studies by investigated endpoint. Figures in italics correspond to papers on EMP.  

Endpoint Metrics Studies entered into a meta-analysis Papers presented by a  
narrative synthesis 

N◦ papers 
(N◦ studies)1 

Effect size measure N◦ papers 

Decrease of fertility 
Rate of infertile males Number of males with unsuccessful copulation 4 (7) OR  
Nonpregnant females over paired 

females 
Number of nonpregnant females over paired females 9 (22) 

1 (5) 
OR 1 

Litter size Number of offspring per mated female 13 (17) 
2 (6) 

SMD  

Total number of offspring per female after multiple 
pregnancies 

1 (6) 

In vitro fertilization rate % in vitro blastocysts   1 
% in vitro fertilized oocytes   1  

Effects on semen quality-experimental animal studies 
Sperm count Sperm count2 41 (121) 

3 (14) 
SMD 3 

Sperm morphology % abnormal sperm 27 (92) 
3 (13) 

MD 3 

Sperm vitality % immotile or dead sperm 23 (44) 
2 (10) 

MD 1 

Sperm DNA/chromatin alterations % DNA fragmented sperm 1 (3) SMD  
Mean level DNA damage 2 (2) 
% apoptotic sperm 2 (2)  

Effects on semen quality-experimental studies on human sperm in vitro 
Sperm morphology % abnormal sperm 2 (3) MD  
Sperm vitality % immotile or dead sperm 7 (29) MD 1 
Sperm DNA/chromatin alterations % oxidative stress positive cells 1(2) SMD  

% DNA fragmented sperm 5 (16)  

Reproductive organ toxicity 
Testis-epididymis weight Testis weight (g) 39 (73) 

2 (10) 
SMD 7 

mg testis/g body weight 1 (1) 
% testis/body weight 4 (9) 
epididymis weight (g) 2 (5) 
mg epididymis/g body weight 1 (2) 

Testis histomorphometry Seminiferous tubule diameter (µm) 26 (39) 
2 (10) 

SMD  

Seminiferous tubule area X 10000 µm2 1 (2) 
germinal epithelium height (µm) 1 (3) 

Testis or epididymis histology Johnsen’s histopathology score (#) 14 (27) MD 3 
histopathology score (#)   

Testicular cell death % death3 9 (30) SMD 3 
1 Apoptosis gene expression (arbitrary units) 4 (6) 

Number of dead cells 4 (10) 
1 (5) 

Testicular sperm production Number of testis sperm per tubule 3 (14) SMD   
Number of testis sperm per gram testis (x 106) 1 (6) 
Number of testis sperm per ml (x 107) 1 (2) 
% flow cytometric haploid cells 1 (1) 
daily sperm production per g of testis (x106) 8 (33)  

Hormonal effects 
Testosterone level Testis testosterone (ng/mg protein) 2 (3) SMD 1 

2 Testis testosterone (ng/ml) 4 (11) 
Serum testosterone (ng/ml) 25 (39) 

2 (23) 

Abbreviations: MD: Mean Difference, OR: Odds Ratio, SMD: Standardized Mean Difference. 
1 The number of studies here corresponds to the number of different exposure groups reported in the papers. This number may be higher than the number of studies 

analysed in the results synthesis because when multiple exposure groups shared the same comparator, their data were averaged and considered as one study only. 
2 Numbers in different studies correspond to a variety of often unclear metrics, including epididymal sperm count/ml (x106), N◦ sperm in 48 small Neubauer 

chamber squares, relative concentration of epididymal sperm, sperm count (x 0.02 mm3). For this reason, it was only possible to estimate the RF-EMF impact in terms 
of SMD, but not to infer the RF-EMF impact on the absolute sperm number. 

3 Including % dead cells, % apoptotic index, % TUNEL positive tubules, % area of caspase-3 immunopositive cells. 
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formulas provided in the paragraph 6.5.2.10 of the Cochrane Handbook 
(Higgins and Li, 2022), so that each study was entered only once into the 
meta-analysis. The exposure level assigned to that combined exposed 
group was calculated as the average SAR of the exposed groups in that 
study weighed by the number of animals in each exposed group. In the 
forest plots this is indicated with an asterisk after the study ID. Studies 
that compared each exposed group to another separate sham control 
group were entered as separate studies in the meta-analysis. When 
multiple studies were reported in the same paper, this is indicated with a 
number after the study ID in the forest plot. 

A random-effects meta-analysis model was applied because the un
derlying effect size was expected to differ between studies due to the 
explorative nature and diversity in animal studies. Statistical heteroge
neity of results was assessed by measures of heterogeneity variance (τ2, 
I2). For the random-effects model, the DerSimonian and Laird between- 
study variance estimator was used. 

All data subject to a meta-analysis were graphically synthesized by 
forest plots. A forest plot was drawn in which the studies were divided 
according to their overall RoB level as “low or some concern” or “high 
concern”. We decided to exclude from the assessment of the pooled ef
fect sizes the studies rated at “high concern” for RoB in order to draw 
conclusions based upon the most robust data (see Section 4.5.2). 

To explore possible causes of heterogeneity, we conducted sub-group 
analyses according to animal species or fertility status of donors, expo
sure levels (SAR < 0.1, 0.1 ≤ SAR < 5, SAR ≥ 5 W/kg) and measure
ments of animal temperature increase below or above 1 ◦C. We limited 
the subgroup analysis to these 3 variables, because they were considered 
the most important variables to affect possible associations between 
exposure and outcomes and to keep the work manageable. This is a 
slight deviation from the protocol (see Section 4.5.2). 

According to the protocol, subgroup analyses were only interpreted 
when all the sub-groups included at least 3 studies. 

Studies that tested the effect of Electromagnetic Pulses (EMP) were 
analysed separately from other studies. 

Next, we conducted a dose–response meta-analysis as described by 
Orsini and Spiegelhalter (2021) and implemented in STATA (STATA/BE 
17.0 by StataCorp LLC, College Station, TX, USA, 2022). We specified a 
model based on an assumed linear relation between the SAR and the 
outcome. We also specified a non-linear model based on cubic splines. 
To assess if the non-linear model fit better than the linear model, we 
used the difference between the Akaike’s Information Criterion (AIC) of 
the models. Finally, we visualised the summary estimate of the linear 
and the non-linear model together with the individual study dos
e–response curves in one graph based on the best linear unbiased pre
diction. We compared the predicted effects at a dose of 1 W/kg to the 
other doses over a range of 0 to 10 W/kg. 

We used STATA 17 for the meta-analysis and the dose–response meta- 
analysis. 

2.11. Reporting bias assessment 

We assessed reporting publication bias in all the studies retrieved, 
irrespective of their overall RoB level of concern, to enlarge as much as 
possible the database and increase the sensitivity of our analysis. To 
visualise possible publication bias, funnel plots of the study effect size 
measures against their standard errors were produced when at least 5 
studies were available. If the funnel plot, upon visual inspection, showed 
that more imprecise studies with non-harmful effects were missing, this 
was considered an indication of possible publication bias. If ten or more 
studies were included in the same meta-analysis, an Egger’s test was 
applied to evaluate potential small study bias, otherwise a qualitative 
evaluation was made (Egger et al., 1997). 

2.12. Unplanned analyses 

To investigate the influence on the pooled effect size of the lack of 

blinding for the analysis of outcomes entailing a subjective component, 
we compared the average effect size of studies that were specifically 
considered reliable for outcome assessment (probably or definitely low 
RoB to question 3.3 of the OHAT RoB tool, see Supplementary File 2a) 
with the average effect size of studies that were not considered fully 
reliable for outcome assessment (probably high RoB to the same ques
tion). We did this analysis for the datasets of “low or some concern” 
studies that included a good number of entries in each group; they were 
studies on sperm morphology, testicular cell death and testicular sperm 
production. 

We calculated the average exposure level tested in each endpoint. 
For studies in which multiple exposure groups shared the same 
comparator, we entered the average SAR of the exposed groups in that 
study weighed by the number of animals in each exposed group. 

2.13. Certainty assessment 

The GRADE (Grading of Recommendations, Assessment, Develop
ment and Evaluations) framework for developing and presenting sum
maries of evidence was used to judge the certainty in the evidence of the 
effects observed in the systematic review and to draw conclusions (http 
s://www.gradeworkinggroup.org). GRADE was initially developed for 
clinical studies and its application to animal toxicological studies is still 
under development. Toxicological studies pose a challenge to the 
GRADE approach because they are much less standardised than clinical 
studies. We started the rating of the certainty of the evidence at high 
certainty as is performed in human experimental studies (Hooijmans 
et al., 2018). Five domains were considered: RoB in the studies, indi
rectness considering how well the PECO question has been addressed 
from both the animal and human perspective, inconsistency, impreci
sion and publication bias. Depending on which criteria for which do
mains were met, we downgraded the certainty of the evidence to 
moderate, low, or very low according to the Supplementary File 11 of 
Pacchierotti et al., 2021. The only upgrading factor considered was 
consistency among animal species. Although we explored dose–response 
relationships, we did not apply evidence of a dose dependent effect as a 
further upgrading factor, because assessment of dose dependency was 
not considered by the PECO question and GRADE evidence profiling 
already started from high certainty, as indicated for experimental ani
mal studies. 

We ranked the endpoints according to a scale from 1 (the lowest 
importance) to 10 (the highest importance) in relation to the ultimate 
human relevant outcome as proposed by Guyatt et al. (2011) and we 
considered the ranking in the assessment of the indirectness domain. 
This was an operational elaboration of what expressed in the protocol 
regarding the importance attributed to the various outcomes. 

3. Results 

3.1. Study selection 

Figs. 2 and 3 show the flow diagrams for animal and human sperm in 
vitro studies, respectively, from the initially retrieved references to the 
finally included papers, as per the PRISMA 2020 template (Page et al., 
2021). 

We retrieved a total of 1335 different papers reporting animal 
studies. Title/abstract selection reduced this number to 323. Despite our 
search of electronic databases and attempts to contact the authors, we 
could not retrieve 20 papers and could not appropriately translate 11. 
Full text selection further reduced the database to a total of 117 included 
papers. 

We retrieved a total of 869 different papers reporting studies on 
human sperm exposed in vitro. After title/abstract and full text selection, 
the database included 10 studies. 
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3.2. Excluded studies 

After reading the full text, 175 papers on animal studies were 
excluded. They are listed in Supplementary File 1a with a justification of 
the exclusion rationale together with those not retrieved or not trans
lated. Over 45 % of the animal studies were excluded because essential 
information was missing regarding exposure set-up and/or dosimetry, e. 
g., details on how the exposure system output was established and 
maintained or exposure frequency. A further 27 % of the studies were 
excluded because outcome data were deemed out-of-scope or invalid. 
For instance, genotoxic effects in testicular cells and effects on hormones 
other than testosterone were considered out-of-scope because they are 
too weakly linked with male infertility. We considered invalid methods 
those which were insufficiently described, insufficiently validated or 
improperly applied. Examples were non-standardized cellular and mo
lecular markers of stress in testicular cells, improperly applied flow 
cytometric analysis of the haploid testicular cell population, or testicular 
histomorphometry assessment in an insufficient number of seminiferous 
tubule sections. Other papers were excluded because the experimental 
design was invalid for the scope of the systematic review, e.g., when 
non-experimentally controlled environmental exposure was investi
gated or when both males and females of a mating pair were exposed, 
which did not allow sorting out of specific effects on the male repro
ductive system. 

Regarding studies on human sperm in vitro, we excluded 33 papers 

after reading the full text (Supplementary File 1b). Most papers were 
excluded because they did not report peer-reviewed original results. 
Other papers could not be included in the systematic review because 
exposure conditions and/or dosimetry were insufficiently reported or 
because the exposure conditions did not provide a sufficient exposure 
contrast between RF-EMF exposed and sham-exposed samples. 

3.3. Study characteristics 

Tables 4a and 4b list the included papers on animal and human 
sperm in vitro studies, respectively. In these tables, characteristics of the 
studies regarding populations, exposure and outcomes are presented. In 
particular, the tables report information on the animal species or the 
fertility status of the sample donors, the average sample size, the 
exposed life-stage of the animals or the donor age, the RF-EMF fre
quency and level(s) tested and the duration of exposure. Table 4a also 
shows which papers investigated exposure to EMP. Additionally, a very 
brief description of the main results in scope for the systematic review is 
reported, based on the authors’ interpretation and discussion, together 
with the evidence or not of a temperature increase in the exposed ani
mals/samples, when determined. The tables also show whether the data 
were entered into the meta-analyses or not. A few results could not be 
synthesized in the form of meta-analysis because actual data were not 
reported and could not be retrieved even after contacting the authors. 
Other results were extracted from some papers but were not entered into 

Fig. 2. Flow chart of the paper selection process for experimental animal studies according to the template proposed by PRISMA 2020. From: 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. htt 
ps://doi.org/10.1136/bmj.n71. 
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a meta-analysis because they were considered a less relevant measure of 
the outcome or pertained to endpoints assessed in one paper only. 
Nevertheless, all these results have been synthesized in a narrative way. 

The papers reporting animal studies were published between 1962 
and 2022 while the papers on human sperm in vitro were published 
between 1980 and 2016. 

Population 
Seventy-six papers reported studies in rats, 38 in mice, 1 in hamsters, 

1 in guinea pigs and 1 in rabbits. In the majority of studies, animals were 
exposed only during adulthood, in 14 studies animals were exposed 
totally or partially before birth and in 15 studies animals were exposed 
totally or partially before puberty. 

Almost all studies on human sperm exposed in vitro tested RF-EMF 
effects on samples collected from fertile donors, in 3 papers results 
were reported on samples from subfertile donors. 

Exposure 
Only 5 papers on experimental animals investigated frequencies 

equal to or higher than 6000 MHz. Ninety-seven percent of studies were 
conducted in the 100 MHz – 10 GHz frequency range and 81 % clustered 
around the interval 900–2450 MHz, the frequencies used in mobile 
phone communication or wi-fi systems. Only 17 out of 117 papers 
investigated effects at more than 1 exposure level. The levels of exposure 
were expressed as SAR for all but a few papers. The SAR values were 
either reported by the authors or calculated based on the exposure 
characteristics and other available dosimetric information. They 

corresponded always to whole-body average (WBA) values, including 
the few cases of local exposure. There is no clear relationship between 
testes temperature and WBA-SAR. Exposure location (e.g., focussed on 
testis), frequency, duration of exposure and ambient temperature could 
all influence the temperature in testes, so WBA-SAR is to be regarded as a 
proxy to the exposure level to the target tissue and not an indicator of 
testis temperature. Exposure levels ranged between 0.000012 and 184 
W/kg, with the oldest studies mainly interested in the hyperthermic RF- 
EMF effect induced at very high SAR levels. The exposure duration was 
also highly variable, spanning from 1 day to 1 year. Seven papers 
explored exposure to EMP. 

Eight of the 10 papers on human sperm in vitro investigated the ef
fects of frequencies applied in mobile phone communications. In most 
studies the exposure time was short, between 1 and a few hours, while 1 
study exposed sperm for 16 h. Only 1 paper aimed at exploring the dose 
effect relationship. 

Comparators 
All the studies in experimental animals used as the comparator a 

sham-exposed group of animals. Similarly, all studies on human sperm 
used as the comparator a sham-exposed sample, which in all but one 
study was an aliquot of the same semen sample used for RF-EMF 
exposure. 

No study included animals or sperm samples exposed to direct 
heating at a temperature comparable to that induced by RF-EMF. 

Outcomes 

Fig. 3. Flow chart of the paper selection process for human sperm in vitro studies according to the template proposed by PRISMA 2020. From: 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. htt 
ps://doi.org/10.1136/bmj.n71. 
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Table 4a 
List of included papers on male fertility studies in experimental animals with main study characteristics.   

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

1. Aitken et al., 
2005 

Mouse 
(5)  

AP 900 0.09 12:00/7     No effect on sperm quality. 
No effect on testis and 
epididymis weight. Evidence 
of DNA damage in 
epididymal sperm by not 
internationally validated 
biomarkers. 

2. Akdaǧ et al., 
1999 

Rat 
(10) 

AP 9450/CW 1.8 1:00/13, 
26, 39, 52  

X X  About 1 ◦C temperature 
increase in some but not all 
exposed groups. Effect on 
sperm quality starting from 
26 exposure days. Effect on 
testis weight only after 26 
exposure days. Some 
qualitative evidence of 
histopathological effect in 
testis and epididymis. 

3. Almášiová 
et al., 2017 

Rat 
(10) 

AP 2450/M 0.5* 3:00/21  X   No temperature increase. No 
effect on sperm motility. 
Some qualitative evidence of 
histopathological effect in 
testis 

4. Almášiová 
et al., 2021 

Rat 
(6) 

PN 2450/M 1.82 2:00/21   X  Effect on testis 
histomorphometry. Some 
qualitative evidence of 
histopathological effect in 
testis. Some evidence of 
oxidative stress in testis 
considered out-of-scope for 
the systematic review aims. 

5. Andrašková 
et al., 2021 

Rat 
(6) 

PN 2450/M 1.73 2:00/21   X  Decrease of seminiferous 
tubule diameter. Descriptive 
epididymis histopathology 
suggestive of an effect. 

6. Atasoy et al., 
2013 

Rat 
(5) 

AP 2437 0.091 24:00/ 
140   

X  Histopathological effect in 
testis. Some evidence of 
oxidative stress in testis 
considered out-of-scope for 
the systematic review aims. 

7. Azimzadeh 
et al., 2019 

Rat 
(10) 

AP 900 0.332 2:00, 
4:00/30    

X Decrease of testis 
testosterone level. Changes 
in testis cytokine level 
considered out-of-scope for 
the systematic review aims. 

8. Beechey et al., 
1986 

Mouse 
(4) 

AP 2450/M 0.05, 5, 20 0:30/12  X X  3 ◦C temperature increase at 
20 W/kg. Small increase of 
sperm count. No effect on 
sperm morphology. No effect 
on testis weight. No effects 
on chromosomal aberrations 
in spermatocytes considered 
out-of-scope for the 
systematic review aims. 

9. Berman et al., 
1980 

Rat 
(12) 

AP, PN +
BP + AP 

2450/CW 1.35, 2, 
5.6 

4:00, 
5:00/5, 
20, 106 

X X X  4.5 ◦C temperature increase 
at 5.6 W/kg. Decrease of 
litter size only after 20 days 
of exposure of adult animal 
to the highest level. No effect 
on sperm count and viability. 
No effect on testis weight. 

10. Bilgici et al., 
2018 

Rat 
(11) 

AP 2450/CW 0.023 1:00/30   X  Effect on testis 
histopathology. No change 
in testis cytokine level 
considered out-of-scope for 
the systematic review aims. 

(continued on next page) 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

11. Cairnie and 
Harding, 1981 

Mouse 
(5) 

AP 2450/CW 13*, 14*, 
18* 

1:00, 
2:00, 
4:00, 
8:00, 

16:00/1, 
2, 4, 8, 30  

X X  No temperature increase. No 
effect on sperm quality or 
testis cell viability. 

12. Cao et al., 2005 Mouse 
(10) 

AP 947/CW 0.2*, 0.4* 2:00/35   X  No effect on testis or 
epididymis weight. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

13. Çetkin et al., 
2017 

Rat 
(8) 

AP 900/M 0.96 2:00/70   X X No temperature increase. 
Effect on testis weight, 
seminiferous tubule 
diameter and 
histopathology. No effect on 
serum testosterone. 

14. Chaturvedi 
et al., 2011 

Mouse 
(5) 

AP 2450/CW 0.036 2:00/30  X   No effect on sperm quality. 

15. Chen et al., 
2014 

Mouse 
(5) 

AP 1800/CW 0.222 2:00/32   X X Variabile effects on testicular 
sperm count and serum 
testosterone as a function of 
exposure time during the 
day. 

16. Cobb et al., 
2000 

Rat 
(4) 

PN EMP 0.045 0:02/16 X    No temperature increase. 
Decrease of % mated females 
and no difference in % fertile 
matings and litter size. 

17. Dasdag et al., 
2003 

Rat 
(8) 

AP 900/M 0.52 0:20/30  X X  No temperature increase. No 
effect on sperm count and 
morphology. No effect on 
testis histopathology. 

18. Dasdag et al., 
2008 

Rat 
(10) 

AP 900/M 0.32 2:00/305   X  No increase of apoptosis in 
testis. 

19. Dasdag et al., 
1999 

Rat 
(6) 

AP 900/M 0.141 0:03/30  X   0.2 ◦C temperature increase. 
No effect on sperm count and 
morphology. Evidence of 
effect on testis 
histopathology of 
insufficient quality to be 
considered for the systematic 
review. 

20. Dasdag et al., 
2015 

Rat 
(8) 

AP 2400/CW 0.002 24:00/ 
365  

X X  No effect on sperm quality. 
No effect on testis weight 
and histopathology; 
decrease of seminiferous 
tubule diameter. 

21. Delavarifar 
et al., 2020 

Mouse 
(6) 

AP 2400/M 0.092 2:00/4  X X  Increase of sperm count; no 
effect on sperm viability and 
motility. No effect on 
seminiferous tubule 
diameter. 

22. Dong et al., 
2021 

Mouse 
(10) 

AP EMP 50, 100, 
300 W/m2 

0:30/1  X   Temperature increase 
between 0.2 and 0.5 ◦C as a 
function of exposure level. 
Effect on sperm motility at 
the two highest exposure 
levels. No effect on serum 
testosterone. 

23. Er et al., 2022 Rat 
(6) 

AP 2100/CW 1.159 2:00/5, 50   X  No temperature increase. 
Increase of apoptosis in testis 
after 5 but not 50 exposure 
days. Descriptive testis 
histopathology suggesting 
lack of effect. 

(continued on next page) 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

24. Erdemli et al., 
2017 

Rat 
(6) 

AP 2100/CW 0.36 0:30/24, 
48   

X  No temperature increase. No 
effect on epididymis weight. 
Descriptive epididymis 
histopathology suggestive of 
an effect. 

25. Fahim et al., 
1975 

Rat 
(10) 

AP 2450 30 at 100 
% power, 

other 
groups at 

20 % 
power 

0:01, 
0:05, 

0:15/1    

X Testis temperature increased 
up to 65 ◦C. No changes of 
sex organ weights (testis, 
epididymis, prostate, and 
seminal vesicle). No effect on 
serum testosterone. Effect on 
spermatogenesis and fertility 
as a function of duration and 
intensity of exposure up to 
total sterility. 

26. Forgács et al., 
2006 

Mouse 
(54) 

AP 1800/M 0.02 2:00/10    X Increase of serum 
testosterone. Descriptive 
testis histopathology 
suggesting lack of effect. 

27. Gao et al., 2016 Rat 
(10) 

AP 900 0.15* 2:00, 
4:00/30   

X  Increase of apoptosis in 
testis. Descriptive testis 
histopathology suggestive of 
an effect. 

28 Gautam et al., 
2021 

Rat 
(6) 

AP 2115/M 0.159 2:00/45  X X  No effect on sperm count, 
motility and morphology. 
Effect on sperm viability. No 
effect on testis weight and 
seminiferous tubule 
diameter. Descriptive testis 
histopathology suggestive of 
an effect. 

29. Gautam et al., 
2019 

Rat 
(8) 

AP 1915/M 0.26 2:00/45  X X  No effect on sperm count and 
morphology. Effect on sperm 
viability. Effect on testis 
weight. Descriptive testis 
histopathology suggestive of 
an effect. 

30. Ghanbari et al., 
2013 

Rat 
(7) 

AP 915/M 0.6* 6:00/14, 
21  

X    No effect on sperm count and 
morphology; effect on sperm 
viability and motility. 

31. Goud et al., 
1982 

Mouse 
(16) 

AP 2450/CW 85* 0:01/1 X X   Effect on sperm morphology. 
Decrease of male fertility; 
increase of pre- and post- 
implantation losses. 

32. Guo et al., 2019 Rat 
(12) 

AP 220/M 0.03 1:00/30  X X X <0.5 ◦C temperature 
increase. No effect on sperm 
morphology; effect on sperm 
count and viability. No effect 
on testis weight and 
histomorphometry; increase 
of apoptosis in testis. 
Decrease of testis 
testosterone. Descriptive 
testis histopathology 
suggesting lack of effect. 

33. Gur et al., 2021 Rat 
(8) 

BP 900 0.01 1:00/26   X  No effect on testis 
histomorphometry and 
apoptosis. Descriptive testis 
histopathology suggesting 
lack of effect. 

34. Hanci et al., 
2018 

Rat 
(8) 

BP + AP 900/CW 0.007 1:00/39   X  Effect on testis weight, 
histomorphometry and 
histopathology; increase of 
apoptosis in testis. 

(continued on next page) 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

35. Hanci et al., 
2013 

Rat 
(10) 

PN 900/CW 0.01* 1:00/9   X  No effect on testis weight; 
increase of apoptosis in 
testis. Descriptive testis 
histopathology suggestive of 
an effect. 

36. Houston et al., 
2019 

Mouse 
(6) 

AP 905 2.2 12:00/7, 
21, 35  

X   No effect on in vitro 
fertilization. Effect on sperm 
viability and motility. 
Increase of DNA damage and 
oxidative stress in sperm. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

37. Huai and Min, 
1984 

Mouse 
(7) 

AP 2450/CW 9.5, 15 0:30/1  X   Temperature increase as a 
function of exposure level. 
Effect on sperm morphology 
at the high exposure level. 

38. Imai et al., 
2011 

Rat 
(24) 

BP + AP 1950/M 0.08, 0.4 5:00/35  X X  No effect on sperm quality. 
No effect on testis weight; 
increase of testicular sperm 
number. Descriptive testis 
histopathology suggesting 
lack of effect. 

39. Jensh, 1984 Rat 
(15) 

PN 6000 7.28 8:00/13 X  X  No temperature increase. No 
effect on litter size. No effect 
on testis weight. 

40. Jensh et al., 
1982 

Rat 
(15) 

PN 915/CW 3.5* 8:00/14 X  X  No temperature increase. No 
effect on litter size. No effect 
on testis weight. 

41. Jensh et al., 
1983 

Rat 
(17) 

PN 2450/CW 4* 8:00/14 X  X  No temperature increase. No 
effect on litter size. No effect 
on testis weight. 

42. Jin et al., 2013 Rat 
(20) 

AP 849, 849 +
1950/M 

4 0:45/20, 
40    

X No effect on serum 
testosterone. No effect on 
other serum hormones out of 
scope for the systematic 
review aims. 

43. Johnson et al., 
1984 

Rat 
(14) 

AP 1300/M 6.3 6:00/9   X  1.5 ◦C temperature increase. 
No effect on testis weight 
and daily sperm production. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

44. Jonwal et al., 
2018 

Mouse 
(8) 

AP 2450/CW 0.09 2:00/30    X Decrease of serum 
testosterone. Descriptive 
testis histopathology 
suggestive of an effect. 

45. Kesari and 
Behari, 2012 

Rat 
(6) 

AP 900/M 0.9 2:00/45    X Decrease of serum 
testosterone. 

46. Khillare and 
Behari, 1998 

Rat 
(9) 

AP 200/M 1.82 2:00/32 X X  X Decrease of mating rate and 
litter size. Effect on sperm 
count and motility. No effect 
on serum testosterone. 
Descriptive testis 
histopathology suggestive of 
an effect. 

47. Kim et al., 2007 Rat 
(10) 

BP + AP 2450 1.4 1:00, 
2:00/56  

X X X 1 ◦C temperature increase. 
No effect on sperm count. No 
effect on testis weight, 
histomorphometry and 
histopathology. Increase of 
serum testosterone after 2 h 
exposure. 

48. Kismali et al., 
2009 

Guinea 
pig 
(6) 

AP NR 0.81 0:20/7    X No effect on serum 
testosterone. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

49. Kowalczuk 
et al., 1983 

Mouse 
(5) 

AP 2450 43.6 0:30/1  X   8 ◦C temperature increase. 
Effect on sperm count. Effect 
on sperm morphology after 
exposure of meiotic and 
postmeiotic stages. 

50. Kumar et al., 
2013 

Rat 
(6) 

AP 10000/CW 0.014 2:00/45  X X X Increase of sperm DNA 
damage; suggestive evidence 
of increase of apoptosis in 
sperm. Effect on testis 
weight and 
histomorphometry. Decrease 
of serum testosterone. 

51. Kumar et al., 
2011 

Rat 
(3) 

AP 2450/M 0.014 2:00/60    X Decrease of serum 
testosterone. Suggestive 
evidence of increase of 
apoptosis in sperm. 

52. Kumar et al., 
2014 

Rat 
(6) 

AP 1910/M 0.15 2:00/60  X X  Effect on sperm count. 
Increase of sperm DNA 
damage. Effect on testis 
weight and 
histomorphometry. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

53. L’Abbate et al., 
1982 

Rabbit 
(7) 

AP 100 3* 8:00/90   X  Suggestive evidence of a 
decrease of seminiferous 
tubule diameter. Descriptive 
testis histopathology 
suggestive of an effect. 

54. Lebovitz and 
Johnson, 1983 

Rat 
(4) 

AP 1300/M 6.6 6:00/9  X X  2 ◦C temperature increase. 
No effect on sperm count and 
morphology. No effect on 
testis weight and daily sperm 
production. 

55. Lebovitz and 
Johnson 1987a 

Rat 
(4) 

AP 1300/CW 9 8:00/1  X X  3 ◦C temperature increase. 
Effect on sperm count after 
exposure of late meiotic 
stages. No effect on testis 
weight and daily sperm 
production. 

56. Lebovitz et al., 
1987b 

Rat 
(5) 

AP 1300/M 4.2, 7.7, 
8.5 

1:30/1  X X  Temperature increase 
between 1 and 4 ◦C as a 
function of exposure level. 
Effect on sperm count after 
exposure of meiotic and 
postmeiotic stages to the 
highest level. Variable 
effects on testis weight and 
daily sperm production as a 
function of post-exposure 
time. 

57. Lee et al., 2012 Rat 
(20) 

BP + AP 848.5 +
1950/M 

4 0:45/60  X X X 0.4 ◦C temperature increase. 
No effect on sperm count and 
morphology. No effect on 
testis weight and apoptosis. 
No effect on serum 
testosterone. Descriptive 
testis histopathology 
suggesting lack of effect. 

58. Lee et al., 2010 Rat 
(20) 

BP + AP 848.5/M 2 1:30/60  X X  No temperature increase. No 
effect on sperm count. No 
effect on testis weight, 
histomorphometry and 
apoptosis. Descriptive testis 
histopathology suggesting 
lack of effect. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

59. Lee et al., 2005 Mouse 
(3) 

AP 848.5, 
1763/M 

0.4 1:30/20, 
40, 50     

Suggestion of lack of effect 
on testis histopathology and 
apoptosis. 

60. Lerchl et al., 
2008 

Hamster 
(120) 

AP 383, 900, 
1800/M 

0.08 24:00/60     No effect on testis weight. 

61. Li et al., 2017 Mouse 
(10) 

AP EMP NR /14 X X X X 0.2 ◦C temperature increase. 
Effect on number of pregnant 
females after exposure of 
early and middle postmeiotic 
stages. No effect on litter 
size. No effect on sperm 
count and morphology. No 
effect on testis weight. Effect 
on seminiferous tubule 
diameter. Increase of serum 
testosterone. 

62. Liu et al., 2015 Rat 
(24) 

AP 900/M 0.66 2:00/50  X   Effect on sperm count; no 
effect on sperm morphology. 
Increased apoptotic sperm 
percentage. 

63. Luo et al., 2013 Mouse 
(8) 

AP EMP NR /1     Increase of testis apoptosis at 
the highest exposure level. 
Descriptive testis 
histopathology suggestive of 
a dose dependent effect. 

64. Ma et al., 2015 Rat 
(10) 

AP 900 0.1 4:00/18   X  Increase of testis apoptosis. 
Descriptive testis 
histopathology suggestive of 
an effect. 

65. Ma et al., 2014 Rat 
(6) 

AP 900/CW 0.12* 4:00/16 X    Effect on number of pregnant 
females. No effect on litter 
size. 

66. Meena et al., 
2014 

Rat 
(6) 

AP 2450/M 0.14 2:00/45   X X Effect on testis weight. 
Decrease of testis 
testosterone. Descriptive 
testis histopathology 
suggestive of an effect. 

67. Miao et al., 
2017 

Mouse 
(6) 

BP + AP EMP NR /20  X X  Effect on sperm count and 
morphology. Effect on testis 
weight at late recovery 
times. Decrease of 
seminiferous tubule 
diameter at early recovery 
times. Effect on testis 
apoptosis variable at 
different recovery times. 

68. Odaci and 
Ozyilmaz, 2015 

Rat 
(8) 

AP 900 0.025 1:00/30   X  No effect on testis weight; 
decrease of seminiferous 
tubule diameter; increase of 
testis apoptosis; worsening 
of histopathology scores. 

69. Odacı et al., 
2016 

Rat 
(9) 

PN 900 0.025 1:00/9  X X  Effect on sperm count, 
motility and viability. 
Decrease of testis weight and 
seminiferous tubule 
diameter; increase of testis 
apoptosis. Descriptive testis 
histopathology suggestive of 
an effect. 

70. Oh et al., 2018 Rat 
(4) 

BP + AP 2104/CW 3 6:00, 
18:00/28  

X X  No temperature increase. 
Effect on sperm count after 
the longest exposure at the 
shortest distance. No effect 
on testis weight; worsening 
of the histopathological 
score after the longest 
exposure at the shortest 
distance. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

71. Oksay et al., 
2014 

Rat 
(8) 

AP 2450/M 0.143 1:00/30   X  No effect on testis weight. 

72. Ozguner et al., 
2005 

Rat 
(10) 

AP 900/CW 0.35* 0:30/20   X X No effect on testis weight 
and histopathology; effect on 
histomorphometry. Decrease 
of serum testosterone. 

73. Ozlem Nisbet 
et al., 2012 

Rat 
(11) 

BP + AP 900, 1800/ 
CW 

0.000012, 
0.002 

2:00/90  X  X No effect on sperm count; 
improvement of sperm 
forward motility; decrease of 
sperm abnormal morphology 
at 900 MHz. Worsening of 
histopatological score at 
1800 MHz. Increase of serum 
testosterone. 

74. Pandey and 
Giri, 2018 

Mouse 
(5) 

AP 902.4/M 0.029 6:00/35  X X  Effect on sperm count and 
morphology. Decrease of 
haploid cells in testis. 
Descriptive testis 
histopathology suggestive of 
an effect. 

75. Pandey et al., 
2017 

Mouse 
(5) 

AP 902.4/M 0.029 4:00, 
8:00/35  

X X  Effect on sperm number at 
the longest daily exposure; 
increase of percent abnormal 
sperm. Decrease of testis 
weight. Descriptive testis 
histopathology suggestive of 
an effect. 

76 Pardhiya et al., 
2022 

Rat 
(6) 

AP 2002/CW 1.2 2:00/48  X X X Effect on sperm number, 
viability and morphology. 
Decrease of testis weight; no 
effect on testis 
histomorphometry. Decrease 
of serum testosterone. 

77. Pedrosa et al., 
2021 

Rat 
(8) 

AP 27.12 NR 0:15/15, 
30, 60   

X X No effect on testis weight 
and histomorphometry; 
increased daily sperm 
production at the shortest 
exposure. No effect on serum 
testosterone. Descriptive 
testis histopathology 
suggesting lack of effect 
except for some effects on 
Leydig cells. 

78. Poulletier de 
Gannes et al., 
2013 

Rat 
(12) 

AP 2450/M 0.08, 4 1:00/36   X  No effect on testis weight. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

79. Prausnitz and 
Susskind, 1962 

Mouse 
(40) 

AP 9300/M 1000 W/ 
m2 

0.05/295     3.3 ◦C temperature increase. 
Comments on testis weight 
and descriptive testis 
histopathology suggestive of 
an effect. 

80. Qin et al., 2018 Mouse 
(6) 

AP 1800/CW 0.055 1:00, 
2:00/32    

X Decrease of testis 
testosterone. 

81. Qin et al., 2014 Rat 
(6) 

AP 1800/CW 0.041 2:00/32  X X X Variable effects on sperm 
motility as a function of 
exposure time during the 
day. Effect on daily sperm 
production. Variable effects 
on testis testosterone as a 
function of exposure time 
during the day. 

82. Qin et al., 2012 Rat 
(6) 

AP 1800/CW 0.576 2:00/32    X Variable effects on serum 
testosterone as a function of 
exposure time during the day 
and blood sampling daytime. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

83. Qin et al., 2021 Mouse 
(9) 

BP + AP 1800/CW 0.5 2:00/21   X X Variable effects on testis 
weight as a function of 
exposure time during the 
day. Decrease of daily sperm 
production. Variable effects 
on testis testosterone as a 
function of exposure time 
during the day. 

84. Ren et al., 2020 Rat 
(10) 

AP 900/CW 3.7 W/m2 4:00, 
8:00/15   

X  No effect on testis weight. 

85. Ren et al., 2002 Mouse 
(NR) 

AP 2450 100 W/m2 0:30, 
1:00, 

1:30/6, 
12, 18     

No effect on sperm count; 
effects on sperm 
morphology. No effect on 
testis weight. 

86. Ribeiro et al., 
2007 

Rat 
(8) 

BP + AP 1840/M 0.001* 1:00/77  X X X No temperature increase. No 
effect on sperm count. No 
effect on testis weight and 
histomorphometry. No effect 
on serum testosterone. 
Descriptive testis 
histopathology suggesting 
lack of effect. 

87. Rugh and 
McManaway, 
1978 

Mouse 
(20) 

PN, AP 2450/CW 104.53, 
106.25, 
106.33, 
109.87, 
156.62, 
183.89 

0:02, 
0:04/1 

X    2–4 ◦C temperature increase. 
No effect on litter size. 

88. Saunders et al., 
1983 

Mouse 
(21) 

AP 2450 43.4 0:30/1 X    7.4 ◦C temperature increase 
over anesthetized control. 
Decrease of pregnancy rate 
mainly after exposure of 
meiotic and pre-meiotic 
stages. Effect on pre- but not 
on post-implantation 
survival. 

89. Saunders and 
Kowalczuk 
1981a 

Mouse 
(4) 

AP 2450/CW 18, 29.5, 
36.7, 45.7, 
57.3, 74.7 

0:30/1  X X  Temperature increase from 
2.7 to 9.6 ◦C as a function of 
the exposure level. Some 
decrease of sperm number. 
Dose dependent decrease of 
testis spermatids. 
Descriptive testis 
histopathology suggestive of 
an effect. 

90. Saunders and 
Kowalczuk 
1981b 

Mouse 
(4) 

AP 2450/M 7, 17, 33, 
50, 66 

0:05, 
0:15, 
0:45, 
2:15, 

4:20/1  

X X  No temperature increase at 
the lowest exposure level, 
then increase from 1.5 to 4.5 
◦C as a function of the 
exposure level and duration. 
No effect on sperm count. No 
effect on the number of testis 
spermatids. Descriptive 
testis histopathology 
suggesting lack of effect. 

91. Saunders et al., 
1988 

Mouse 
(10) 

AP 2450/CW 5 6:00/20 X  X  0.18 ◦C temperature 
increase. No effect on 
pregnancy rate, pre- 
implantation and post- 
implantation losses. No 
effect on testis weight. 

92. Saygin et al., 
2016 

Rat 
(12) 

AP 2450/M 3.21 3:00/30    X No effect on testis 
testosterone. Descriptive 
testis histopathology 
suggestive of an effect. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

93. Saygin et al., 
2011 

Rat 
(6) 

AP 2450/M 3.21 1:00/28   X  No effect on testis 
histomorphometry. 
Worsening of testis 
histopathology score. 

94. Saygin et al., 
2015 

Rat 
(6) 

AP 2450/M 3.21 1:00/28     Increase of apoptosis in 
testis. 

95. Sepehrimanesh 
et al., 2014 

Rat 
(5) 

AP 900/CW 0.7 1:00, 
2:00, 

4:00/30    

X No effect on serum 
testosterone. 

96. Shahin et al., 
2019 

Rat 
(8) 

AP 900 1.075 2:00/56  X X X Effect on sperm count, 
motility and morphology. No 
effect on testis 
histomorphometry; increase 
of testis apoptosis. Decrease 
of serum testosterone. 
Descriptive testis 
histopathology suggestive of 
an effect. 

97. Shahin et al., 
2014 

Mouse 
(15) 

AP 2450/CW 0.018 2:00/30  X   No temperature increase. 
Effect on sperm count and 
viability. Decrease of serum 
testosterone. Descriptive 
testis histopathology 
suggestive of an effect. 

98. Shahin et al., 
2018a 

Mouse 
(10) 

AP 2450/CW 0.015 2:00/15, 
30, 60  

X X X No temperature increase. 
Effect on sperm count and 
viability. Effect on testis 
histomorphometry; increase 
of testis apoptosis. Decrease 
of serum testosterone. 
Descriptive testis 
histopathology suggestive of 
an effect. 

99. Shibkova et al., 
2015 

Mouse 
(5) 

AP 925/M 0.4* 0:10/5 X    No effect on litter size. 

100. Shirai et al., 
2014 

Rat 
(15) 

PN + BP 2140/M 0.065, 
0.195 

20:00/58 X  X  No effect on successful 
copulation rate. No effect on 
testis weight. 

101. Shirai et al., 
2017 

Rat 
(12) 

PN + BP multiple 
frequencies/ 

M 

0.08, 
0.402 

20:00/58 X    No effect on successful 
copulation rate. No effect on 
testis weight. 

102. Šimaiová et al., 
2019 

Rat 
(6) 

BP 2450/M 0.6* 2:00/21   X  Effect on testis 
histomorphometry. Increase 
of testis apoptosis when 
exposure started at PND 21 
but not when exposure 
started at PND 14. 
Descriptive testis 
histopathology suggestive of 
an effect. 

103. Smialowicz 
et al., 1981 

Rat 
(20) 

PN + BP +
AP 

100/CW 2.59 4:00/106 X    No effect on pregnancy rate 
and litter size. 

104. Sommer et al., 
2009 

Mouse 
(31) 

AP 1966/M 0.101, 
0.504, 
1.642 

24:00/80   X  No effect on testis and 
epididymis weight; no effect 
on number of testis 
spermatids. 

105. Takahashi 
et al., 2010 

Rat 
(11) 

PN + BP 2140/M 0.051, 
0.119 

20:00/35 X    No effect on successful 
copulation rate. No effect on 
testis weight. 
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Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
(s) Hours 
per day 
/N◦ of 
days 

Fertility Semen 
quality 

Organ 
toxicity 

Hormonal 
effects 

106. Tang et al., 
2022 

Mouse 
(5) 

AP 34,500 5* 2:00/28, 
35, 42, 49, 

56, 63  

X X  No temperature increase. 
Effect on sperm count only 
after the longest exposure. 
Effect on sperm morphology 
except for the shortest 
exposure duration. Effect on 
sperm motility after the 
longest exposure times. 
Decrease of seminiferous 
tubule diameter, worsening 
of histopathological score 
and increase of testis 
apoptosis after the longest 
exposure times. 

107. Tas et al., 2014 Rat 
(7) 

AP 900/M 0.04 3:00/365  X X  No effect on sperm number 
and motility. Decrease of % 
morphologically abnormal 
sperm. No effect on testis 
weight and 
histomorphometry; 
worsening of testis 
histopathological score. 

108. Trosic et al., 
2013 

Rat 
(9) 

AP 915/M 0.6 1:00/14  X X  No temperature increase. No 
effect on sperm count, 
motility and morphology. No 
effect on testis weight and 
histopathological score. 

109. Tumkaya et al., 
2016 

Rat 
(6) 

AP 900/M 0.48 1:00/45   X  No effect on testis weight 
and apoptosis. Descriptive 
testis histopathology 
suggesting lack of effect. 

110. Wang et al., 
2003 

Mouse 
(6) 

AP EMP NR 0:02/1    X Decrease of serum 
testosterone at all exposure 
levels. 

111. Xu et al., 2020 Mouse 
(7) 

AP 1800 0.299 2:00/7  X X  Effect on sperm motility and 
morphology. No effect on 
daily sperm production. 

112. Xue et al., 2022 Rat 
(9) 

AP 5800/CW 1.15 1:00/30  X X X Less than 1 ◦C temperature 
increase. No effect on sperm 
count and morphology. No 
effect on testis weight. No 
effect on serum testosterone 
level. 

113. Yahyazadeh 
and 
Altunkaynak, 
2019 

Rat 
(6) 

AP 900/M 2 1:00/28  X X X Effect on sperm morphology. 
Effect on testis weight. 
Decrease of serum 
testosterone. Descriptive 
testis histopathology 
suggestive of an effect. 

114. Yan et al., 2022 Mouse 
(6) 

AP 2000/CW 0.31 3:00/98 X X   No effect on fecundity. No 
effect on sperm count. No 
effect on sperm apoptosis. 
No effect on testis apoptosis. 

115. Yu et al., 2020 Rat 
(15) 

AP 2605 1.05 0:36/50, 
100, 150 

X X X  No temperature increase. No 
effect on successful 
copulation rate and litter 
size. Effect on sperm quality 
at the longest exposure 
durations. Effect on testis 
histomorphometry and 
worsening of the 
histopathological score after 
the longest exposure 
duration. 
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Experimental animal studies 
We considered 4 different outcomes as relevant for assessing animal 

male fertility potential: i) decrease of fertility, ii) effects on semen 
quality assessed by WHO recommended parameters or other bio
markers, iii) reproductive organ toxicity, iv) hormonal effects assessed 

by testosterone level. Many papers reported results on more than one 
outcome. 

i) Decrease of fertility 
Twenty-one papers reported results of tests directly assessing male 

fertility. Endpoints diagnostic of male fertility were the rate of infertile 

Table 4a (continued )  

Reference Population Exposure Outcome Summary of paper results 

Species 
(Average 

group 
size) 

Stage of 
development 

during 
exposure: 
pre-natal 

(PN), before 
puberty 

(BP), after 
puberty (AP) 

Frequency 
(MHz)/ 

Modulation 
(M, CW) or 

EMP 

Level(s) 
W/kg 

Duration 
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per day 
/N◦ of 
days 

Fertility Semen 
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Organ 
toxicity 

Hormonal 
effects 

116. Zeng et al., 
2011 

Rat 
(7) 

AP EMP 0.03 0:43, 
1:40, 

2:13/1  

X   No temperature increase. No 
effect on sperm count, 
motility and morphology. 
Erratic effects on serum 
testosterone under the 
various exposure conditions. 

117. Zhu et al., 2015 Mouse 
(10) 

AP 900/CW 0.731 4:00/15 X  X  No temperature increase. No 
effect on the number of 
pregnant females. No effect 
on testis weight. 

When data were entered into a meta-analysis this is marked by X. Information on modulation is not reported when it was ambiguously provided in the paper. Exposure 
level(s) are expressed in SAR unless this data was ambiguously provided in the paper or calculated on the basis of other information, in which case PD values are 
reported if provided. 
Abbreviations: AP: after puberty; BP: before puberty; CW: continuous wave unmodulated signal; EMP: electromagnetic pulses; M: modulated signal; NR: not reported; 
PD: power density; PN: pre-natal; PND: post-natal day. 

* SAR calculated for 1 or more of the exposed groups from different original exposure metrics. 

Table 4b 
List of included papers on male fertility studies in in vitro exposed human sperm with main study characteristics.  

N Reference Population Exposure Outcome Summary of paper results 

Donor fertility 
status (number 

of donors) 

Mean 
donor 

age (y) 

Frequency 
(MHz)/ 

Modulation (M, 
CW) 

Level(s) W/ 
kg 

Duration(s) 
Hours per 

day 

Semen 
quality 

1 Agarwal et al., 
2009 

F, SF 
(23, 9) 

NR 850/CW 0.01–0.4 W/ 
m2 

1:00 X Effect on viability and motility in sperm of healthy 
donors and no effect in sperm of subfertile donors. No 
effect on sperm DNA damage. 

2 Avendaño 
et al., 2012 

F 
(29) 

34.1 2400/CW 0.00003 4:00 X No temperature increase. No effect on sperm 
viability; decrease of sperm motility. Increase of 
sperm DNA damage. 

3 De Iuliis et al., 
2009 

F 
(4) 

24.1 1800/CW 0.4, 1, 2.8, 
4.3, 10.1, 

27.5 

16:00 X < 0.4 ◦C temperature increase. Dose-dependent 
effects on sperm viability and motility. Dose- 
dependent effect on oxidative DNA damage and DNA 
fragmentation. 

4 Falzone et al., 
2011 

F 
(12) 

23 900/M 2 1:00 X No temperature increase. Decrease of sperm head 
area. Decrease of number of sperm binding to 
oocytes. 

5 Falzone et al., 
2008 

F 
(12) 

23 900/M 2, 5.7 1:00 X No temperature increase. No effect on motility. 

6 Falzone et al., 
2010 

F 
(12) 

23 900/M 2, 5.7 1:00 X No temperature increase. No effects on DNA 
fragmentation, apoptosis, oxidative stress. 

7 Makler et al., 
1980 

F, SF 
(8, 5) 

NR 27 NR 0:30  No information on power density or SAR values; 
exposure level expressed as 0.6 V/m. No temperature 
increase. Decrease of sperm motility for both fertile 
and subfertile donor samples. 

8 Nakatani- 
Enomoto et al., 
2016 

F 
(25) 

23.6 1950/M 2, 6 1:00 X No temperature increase. No effect on sperm 
motility. No effect on oxidative DNA damage. 

9 Veerachari and 
Vasan, 2012 

F 
(20) 

NR 900/M 0.01–0.4 W/ 
m2 

1:00 X Effects on sperm motility and viability. Effect on DNA 
fragmentation. 

10 Wang et al., 
2015 

SF 
(97) 

31.2 1950 3 3:00 X Effects on sperm viability and motility; no effect on 
sperm morphology. 

When data were entered into a meta-analysis this is marked by X. Information on modulation is not reported when it was not unambiguously provided in the paper. 
Exposure level(s) are expressed in SAR unless this data was not unambiguously provided in the paper, in which case PD values are reported if provided. 
Abbreviations: CW: continuous wave unmodulated signal; F: fertile donors; M: modulated signal; NR: not reported; SF: sub-fertile donors. 
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males (4 papers), the incidence of nonpregnant females over paired fe
males (11 papers), the litter size (16 papers) or in vitro fertilization and 
embryonic development (1 paper). With the exception of in vitro em
bryonic development that was investigated in 1 study only, we included 
all the other papers in meta-analyses. 

ii) Effects on semen quality 
Fifty-five papers contained data on one or more parameters of sperm 

quality defined by WHO guidelines for andrological analyses. In 
particular, sperm count was reported in 47 papers, frequency of 
morphologically abnormal sperm was reported in 33 papers and 26 
papers contained data on sperm vitality. In 5 papers sperm quality was 
assessed by DNA/chromatin alterations. Almost all the papers reported 
data in a form suitable for a meta-analysis. 

iii) Reproductive organ toxicity 
Eighty-six papers reported data on one or more toxicity biomarkers 

detected in testis or epididymis. Fifty-six papers reported data on testis 
or epididymis weight (data on epididymis weight were reported in 
further papers, but they were considered redundant when sperm count 
was also reported). Thirty papers reported data on testis histo
morphometry, mainly as seminiferous tubule diameter. Seventeen pa
pers reported semi-quantitative data on testis histopathology, mainly 
expressed by Johnsen’s score (no data on epididymis histopathology 
were retrieved). Twenty-two papers contained data on testicular cell 
death. Fourteen papers reported data on the measured or estimated 
testicular sperm production. 

iv) Hormonal effects 
The level of testosterone was chosen as the most meaningful 

biomarker of possible hormonal RF-EMF effects. Testosterone was 
measured in either testis (6 papers) or serum (30 papers). Both end
points were considered reliable estimates of the hormone synthesis and 
secretion. 

Studies on human sperm in vitro 
As with experimental animal studies, WHO sperm quality parameters 

and sperm DNA/chromatin alterations were considered reliable in
dicators of semen quality for human sperm in vitro studies. 

Two papers reported data on percentage of morphologically 
abnormal sperm, 8 papers reported data on frequency of immotile or 
dead sperm and 6 papers reported data on sperm DNA/chromatin 
alterations. 

Table 3 lists the endpoints considered for each outcome, showing the 
number of papers and studies for each of them, the metrics in which the 
results were expressed, and the effect size measures used for the syn
thesis of results by meta-analysis. 

3.4. Risk of bias in studies 

Supplementary Files 2a and 2b show, for animal and human sperm in 
vitro studies, respectively, the heatmaps of the consensus scores assigned 
to each RoB question together with the overall level of concern. These 
files are organised in different sheets corresponding to specific endpoints 
and each line is relative to a specific study that might include multiple 
comparisons between sham and exposed groups. The justifications of the 
assigned scores are reported in Supplementary Files 3a and 3b. Irre
spectively of the analysed endpoint, the main reasons for concern for 
animal studies were related to the lack of blinding during experiment 
performance, the poor exposure dosimetry and characterization and the 
low confidence in the outcome assessment, mostly due to the lack of 
blinding during the analysis of endpoints. For human sperm in vitro 
studies, the main reasons for concern were lack of blinding during 
experimental performance and/or during outcome assessment (except 
in those few cases in which automated methods of analysis were 
applied) and poor exposure characterization. In general, very few 
studies were classified at “low concern”. 

3.5. Effects of the exposure 

3.5.1. Results of individual studies 
Results of individual studies are reported in Supplementary Files 4a 

and 4b, along with experimental design and exposure conditions applied 
in each of them. 

3.5.2. Results of the syntheses 

3.5.2.1. Decrease of fertility. Few studies directly assessed male fertility 
by the number of males that did not get at least one female pregnant 
after mating (rate of infertile males), the number of nonpregnant fe
males over total number of paired females, or the size of the litters sired 
by experimental males. 

Rate of infertile males 
The pooled effect size of 4 studies that evaluated fertility by the 

frequency of males that did not get at least 1 female pregnant after 
mating yielded an OR value of 1.38 (95 % CI 0.32 to 5.94), showing no 
association of exposure with this effect (Fig. 4). All these studies were 
rated at “low or some concern” RoB level. The average SAR tested in 
these studies was 0.38 W/kg (SD 0.45, 0.09–1.05 min–max). Due to the 
paucity of studies, no subgroup and dose–response analyses were done. 

Number of nonpregnant females over paired females 
Nineteen studies, rated at “low or some concern” RoB level, evalu

ated male fertility by the number of nonpregnant females over the 
number of paired females. The pooled OR value of these studies was 2.39 
(95 % CI 1.52 to 3.74), suggesting an RF-EMF exposure-associated 
decrease of male fertility (Fig. 5). The average SAR tested in these 
studies was 23.87 W/kg (SD 21.19, 0.12–43.4 min–max). Three further 
studies rated at “high concern” RoB level yielded an OR value of 2.69 
(95 % CI 1.62 to 4.45). 

Number of nonpregnant females over paired females: Subgroup analysis 
No significant difference was observed between the studies per

formed on mice and the studies performed on rats. Similarly, no sig
nificant difference was observed between the studies testing SAR 
between 0.1 and 5 W/kg and the studies testing SAR over 5 W/kg, 
although only the latter yielded a statistically significant pooled OR 
value. Differences in levels of animal temperature increase among the 
studies could not be used to explore sources of result heterogeneity 
because the group of studies in which less than 1 ◦C temperature in
crease was measured included only 2 studies (Supplementary File 5). 

Number of nonpregnant females over paired females: Dose response 
analysis 

The linear fitting of the dose response relationship showed a small 
but statistically significant increase of the OR of 0.03 per unit W/kg 
increase. The cubic spline model did not seem to fit the data better than 
the linear model (Supplementary File 6). 

Litter size 
The pooled SMD of 0.04 (95 % CI − 0.15 to 0.23) for the 16 studies at 

“low or some concern” RoB level showed that there was not a statisti
cally significant decrease of litter size after RF-EMF exposure. The 
average SAR tested in these studies was 24.22 W/kg (SD 46.89, 
0.12–141.4 min–max). Four further studies rated at “high concern” RoB 
level yielded an SMD value of 4.15 (95 % CI − 1.02 to 9.31) (Fig. 6). 

Litter size: Subgroup analysis 
Heterogeneity among individual study results could not be explained 

by subgroup analyses according to experimental animal species, SAR or 
animal temperature increase, since test of group differences never pro
duced a significant result (Supplementary File 5). 

Litter size: Dose response analysis 
The dose–response analysis confirmed a lack of association of RF- 

EMF exposure with decrease of the litter sired by the experimental 
males (Supplementary File 6). 

Further studies on male reproductive performance not included in the 
meta-analysis 
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In the study by Houston et al. (2019), the fertility of experimental 
mice exposed for 35 days to 2.2 W/kg was assessed by in vitro fertil
ization of oocytes with their sperm and measurement of the percentage 
of fertilized oocytes and blastocyst development, without any evidence 
of RF-EMF associated effect. 

3.5.2.1.1. Effects on fertility after EMP exposure. All results on EMP 
exposure studies are shown in Supplementary File 7. 

The pooled OR for the incidence of nonpregnant females for 5 studies 
rated at “low or some concern” RoB level was 0.89 (95 % CI 0.38 to 2.1) 
showing no impact of EMP exposure for this endpoint. No study was 
rated at “high concern” RoB level. All studies, from a single paper, were 
conducted in mice at the same SAR associated to a temperature increase 
lower than 1 ◦C. 

The pooled SMD for litter size for 5 studies rated at “low or some 
concern” RoB level was − 0.38 (95 % CI − 0.91 to 0.15) showing no 
impact of EMP exposure for this endpoint. All studies, from a single 
paper, were conducted in mice at the same exposure level associated to a 
temperature increase lower than 1 ◦C. The only study rated at “high 
concern” RoB level had an SMD of 0.5 (95 % CI − 0.91 to 1.91). 

In addition to studies contributing to the meta-analysis, Cobb et al. 
(2000) reported a significant decrease of mated females and a non- 
significant decrease of fertile matings after prenatal EMP exposure of 
male rats to 0.045 W/kg without animal temperature increase. 

3.5.2.2. Effects on semen quality 
3.5.2.2.1. Experimental animal studies. Sperm count 
Eighty-seven studies assessed RF-EMF effects by the number or 

concentration of sperm collected from animal epididymis. The individ
ual study results were expressed by a variety of metrics; in some cases, 
information on dilution factors was missing and sometimes it was un
clear if figures referred to 1 or 2 epididymides. Notwithstanding this 
study limitation, we decided to include all studies that clearly applied 
the same metrics to the comparator and the exposed groups. However, 
this choice produced a large variability of results and made it necessary 

to use SMD as the pooled effect size. Pooled SMD values of 0.74 (95 % CI 
0.51 to 0.98, 80 studies) and 0.54 (95 % CI − 0.06 to 1.15, 7 studies) 
were obtained for studies rated at “low or some concern” and “high 
concern”, respectively. The meta-analysis of the former group of studies 
showed a statistically significant decrease of sperm quantity in RF-EMF 
exposed animals (Fig. 7). The average SAR tested in these studies was 
12.2 W/kg (SD 16.03, 0.001–43.6 min–max). 

Sperm count: subgroup analysis 
Heterogeneity among individual study results could not be explained 

by subgroup analyses according to experimental animal species, SAR or 
animal temperature increase, since test of group differences never pro
duced a significant result (Supplementary File 5). 

Sperm count: dose response analysis 
Neither the linear nor the cubic spline curves fit the individual study 

results satisfactorily with AIC values of 846 and 758, respectively 
(Supplementary File 6). 

Sperm morphology 
The meta-analysis of 65 studies measuring the percentage of 

morphologically abnormal sperm, which were rated at “low or some 
concern” RoB level, yielded a statistically significant MD of − 0.94 (95 % 
CI − 1.28 to − 0.59). Considering an average percentage of abnormal 
sperm in the comparator group of 7.7 % and the extremely large vari
ability of this parameter among individual studies, from 0 to 24.6 %, a 
less than 1 % increase of the spontaneous percentage seems a modest 
effect. The average SAR tested in these studies was 13.59 W/kg (SD 
14.52, 0.001–43.6 min–max). Five further studies rated at “high 
concern” RoB level had a pooled MD of − 5.62 (95 % CI − 8.75 to − 2.50) 
(Fig. 8). 

Sperm morphology: subgroup analysis 
The subgroup analyses by animal species, SAR and animal temper

ature increase showed statistically significant results for the test of group 
differences, showing that these independent variables could partly 
explain the variability among the individual study results (Supplemen
tary File 5). 

Fig. 4. Forest plot of experimental animal studies on the rate of infertile males categorised by the RoB level of concern. The bottom lines report the results and 
statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to match a single 
comparator group. 
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Fig. 5. Forest plot of experimental animal studies on the incidence of nonpregnant females, categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included studies. Progressive numbers after a reference indicate different studies reported in 
the same paper. 
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Sperm morphology: dose response analysis 
Both the linear and the cubic spline curves suggested a dose- 

dependent increase of the percentage of morphologically abnormal 
sperm, but the high AIC values (693 and 535, respectively) indicated 
that both models fit the data poorly (Supplementary File 6). 

Sperm vitality 
Thirty-eight studies assessed semen quality by measuring sperm vi

tality as a percentage of either immotile or dead sperm. The pooled MD 
in the 32 studies rated at “low or some concern” RoB level was − 10.83 
(95 % CI − 15.20 to − 6.47), showing a significant decrease of sperm 

Fig. 6. Forest plot of studies on the size of litters sired by experimental males, categorised as “low or some concern” or “high concern” for RoB. The bottom lines 
report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to 
match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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vitality in RF-EMF exposed animals. This increase of immotile/dead 
sperm should be regarded in relation to a spontaneous incidence of 
about 32 % averaged across largely variable individual studies from 8 to 
53 %. The average SAR tested in these studies was 1.5 W/kg (SD 1.87, 
0.001–5.0 min–max). The MD value in the 6 “high concern” RoB studies 
was − 18.74 (95 % CI − 29.33 to − 8.16) (Fig. 9). 

Sperm vitality: subgroup analysis 
Heterogeneity among individual study results could not be explained 

by subgroup analyses according to experimental animal species or SAR 
since in both cases test of group differences did not show a significant 
result. No subgroup analysis could be conducted by animal temperature 
increase because all studies in which temperature was measured showed 
an increase of less than 1 ◦C (Supplementary File 5). 

Sperm vitality: dose response analysis 
The linear and the cubic spline curves showed significant coefficients 

suggesting a dose dependent effect, but both analyses fitted the data 
poorly, with AIC values of 441 and 389, respectively (Supplementary 
File 6). 

Sperm DNA/chromatin alterations 
Few studies assessed possible effects on semen quality by markers 

other than those routinely used in human andrological studies. These 
markers might have an impact on the sperm fertilising capacity but have 
not yet been standardized and could be considered a more indirect ev
idence of semen quality deterioration. They are essentially markers of 
sperm DNA/chromatin alterations. We conducted an overall meta- 
analysis of studies using these markers by SMD as the pooled effect size 
(Fig. 10). Six studies rated at “low or some concern” RoB level yielded an 
SMD of − 1.92 (95 % CI − 2.78 to − 1.05), showing an adverse effect of 
RF-EMF exposure on these markers. The average SAR tested in these 
studies was 1.59 W/kg (SD 0.92, 0.15–2.2 min–max). One further study 
rated at “high concern” RoB level had an SMD of − 1.45 (95 % CI − 2.72 
to − 0.18). 

No subgroup analysis could be conducted because only 2 studies 
were carried out in a species different from mice, all studies tested a SAR 
comprised between 1 and 5 W/kg and no study reported animal tem
perature measurement (Supplementary File 5). 

Due to the paucity of studies and the variety of markers no dose 
response relationship was explored. 

Further studies on semen quality not included in the meta-analysis 
In the studies described by Aitken et al. (2005), no evidence of RF- 

EMF effects was reported on sperm count, percentage of abnormal 
sperm and sperm vitality after a 900 MHz, 12 h/day, 7 days, 0.09 W/kg 
exposure of adult mice. The study by Pardhiya et al. (2022) on sperm 
morphological abnormalities reported an adverse effect of a 2002 MHz, 
2 h/day, 48 days, 1.2 W/kg exposure of adult rats. Ren et al. (2002) 
reported an adverse effect of RF-EMF on sperm morphology but not on 
sperm number after exposure of adult mice to 2450 MHz, 100 W/m2 for 
30, 60 or 90 min/day for 6–18 days. No effect on sperm count was re
ported by Yan et al. (2022) after exposure of adult mice to 2000 MHz, 
0.31 W/kg, 3 h/day for 98 days. All these results could not be included in 
the meta-analyses because of insufficient data reporting. 

3.5.2.2.2. Human sperm in vitro studies. Morphology 
There were only 2 studies assessing human sperm morphology after 

in vitro RF-EMF exposure. One, at “some concern” RoB level, measured 
sperm head area showing a detrimental RF-EMF effect by an SMD of 
6.04 (95 % CI 4.48 to 7.60). Another one, rated at “high concern” RoB 
level because of poor confidence in outcome assessment, reported a non- 
significant increase of the percentage of morphologically abnormal 
sperm (SMD − 0.14, 95 % CI − 0.42 to 0.14). 

Vitality 
Twenty-four studies measured sperm vitality as percentage of either 

immotile or dead sperm. The pooled MD in the 23 studies rated at “low 
or some concern” RoB level was − 1.37 (95 % CI − 2.46 to − 0.28), 
showing a significant decrease of sperm vitality in RF-EMF exposed 
samples (Fig. 11). This increase of immotile/dead sperm should be 
regarded in relation to a spontaneous incidence of about 30 % averaged 

Fig. 7. Forest plot of experimental animal studies on sperm count categorised 
as “low or some concern” or “high concern” for RoB. The bottom lines report 
the results and statistics of the meta-analysis for all included studies. Asterisks 
mark studies in which data from multiple exposure groups were combined to 
match a single comparator group. Progressive numbers after a reference indi
cate different studies reported in the same paper. 
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across largely variable individual studies from about 5 to 55 %. The 
study rated at “high concern” for RoB reported an MD of − 9.08, 95 % CI 
− 13.84 to − 4.32. No subgroup analysis could be performed because, for 
the fertility status of donors and the SAR tested, some of the groups 
included less than 3 studies (Supplementary File 5), and for temperature 
increase all studies in which the parameter was measured reported less 
than 1 ◦C increase (data not shown). 

Sperm vitality: dose response analysis 
Neither the linear nor the cubic spline dose response curves fitted the 

data satisfactorily yielding high AIC values and not significant co
efficients (Supplementary File 6). 

Sperm DNA/chromatin alterations 
Thirteen studies, all at “low or some concern” for RoB, measured 

sperm DNA/chromatin alterations showing a pooled SMD of − 0.17 (95 
% CI − 0.48 to 0.13) suggesting the absence of RF-EMF effect on this 
endpoint (Fig. 12). No subgroup analysis could be performed because, 
for the fertility status of donors and the SAR tested, some of the groups 
included less than 3 studies (Supplementary File 5), and for temperature 
increase all studies in which the endpoint was measured reported less 
than 1 ◦C increase (data not shown). 

Sperm DNA/chromatin alterations: dose response analysis 
Both the linear and the cubic spline dose response curves seem to fit 

the data with AIC values of 53.97 and 50.09, respectively, and signifi
cant coefficients (Supplementary File 6). 

In vitro human sperm studies not included in the meta-analysis 
Makler et al. (1980) tested the effects of 30 min exposure to 27 MHz, 

0.6 V/m electric field strength on 8 samples from fertile donors and 5 
samples from subfertile donors, reporting a decrease of sperm motility in 
exposed samples, in spite of no temperature increase. 

3.5.2.2.3. Effects on semen quality after EMP exposure. All results on 
EMP exposure studies are shown in Supplementary File 7. 

Relative to sperm count, pooled SMD values of 0.23 (95 % CI − 0.09 
to 0.56, 10 studies) and 0.02 (95 % CI − 0.75 to 0.8, 1 study) were ob
tained for studies rated at “low or some concern” and “high concern”, 
respectively, showing no detrimental impact of EMP exposure on this 
endpoint. All studies at “low or some concern” for RoB, published in 2 
papers, were conducted in mice; when animal temperature was 
measured, an increase lower than 1 ◦C was detected. 

Relative to sperm morphology, the pooled MD value for 10 studies 
rated at “low or some concern” for RoB was − 0.4 (95 % CI − 0.57 to 
− 0.23), showing an increase of morphologically abnormal sperm in EMP 
exposed animals. The MD of 1 study rated at “high concern” was − 0.53 
(95 % CI − 3.2 to 2.14). All studies at “low or some concern” for RoB, 
published in 2 papers, were conducted in mice; when animal tempera
ture was measured, an increase lower than 1 ◦C was detected. 

Relative to sperm vitality, pooled SMD values of − 2.5 (95 % CI − 7.89 
to 2.9, 2 studies) and − 5 (95 % CI − 30.57 to 20.57, 1 study) were ob
tained for studies rated at “low or some concern” and “high concern”, 
respectively, showing no detrimental impact of EMP exposure on this 
endpoint. The studies at “low or some concern for RoB were conducted 
in mice under the same exposure conditions associated to an animal 
temperature increase of less than 1 ◦C. 

3.5.2.3. Reproductive organ toxicity. Several different biomarkers of 
toxic effects, commonly applied in experimental reproductive toxicity 
studies, were reported in the various papers. They included measure
ment of testis or epididymis weight, histological measurement of semi
niferous tubule diameter, Johnsen’s score as a synthetic marker of 
histopathological alterations, testicular cell death or assessment of 
testicular sperm production. 

Testis or epididymis weight 
Sixty-eight studies reported data on testis or epididymis weight. The 

SMD value of the 55 studies rated at “low or some concern” RoB level 
was 0.29 (95 % CI 0.10 to 0.47), showing a small but significant decrease 
of weight in RF-EMF exposed animals. The average SAR tested in these 

Fig. 8. Forest plot of experimental animal studies on the percentage of 
morphologically abnormal sperm, categorised as “low or some concern” or 
“high concern” for RoB. The bottom lines report the results and statistics of the 
meta-analysis for all included studies. Asterisks mark studies in which data from 
multiple exposure groups were combined to match a single comparator group. 
Progressive numbers after a reference indicate different studies reported in the 
same paper. 
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Fig. 9. Forest plot of experimental animal studies on the percentage of dead or immotile sperm, categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were 
combined to match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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studies was 3.62 W/kg (SD 3.3, 0.002–5.0 min–max). The SMD value for 
the 13 studies rated at “high concern” RoB level was 0.42 (95 % CI 
− 0.03 to 0.87) (Fig. 13). 

Testis or epididymis weight: subgroup analysis 
Heterogeneity among individual study results could not be explained 

by subgroup analyses according to experimental animal species, SAR or 
animal temperature increase, since test of group differences never pro
duced a significant result (Supplementary File 5). 

Testis or epididymis weight: dose response analysis 
The linear fitting of results showed a dose-dependent decrease of 

testis or epididymis weight, but the slope of the curve was not statisti
cally significant. The cubic spline curve, with a similar AIC, suggested a 
change in the direction of the dose–effect relationship at about 5 W/kg 
with statistically significant slopes in the two portions of the curve 
(Supplementary File 6). 

Testis histomorphometry 
Forty-one studies reported data on testis histomorphometry. The 

pooled SMD value of the 24 studies rated at “low or some concern” RoB 
level was 0.90 (95 % CI 0.32 to 1.49), showing an association between 
exposure to RF-EMF and a decrease of tubule diameter. The average SAR 
tested in these studies was 2.5 W/kg (SD 2.18, 0.002–5.0 min–max). 
Seventeen studies rated at “high concern” RoB level yielded an SMD 
value of 0.84 (95 % CI 0.27 to 1.40) (Fig. 14). 

Testis histomorphometry: subgroup analysis 
Heterogeneity among individual studies could not be explained by 

SAR level. No subgroup analysis could be performed by species or ani
mal core temperature increase because some of the groups included less 
than 3 studies (Supplementary File 5). 

Testis histomorphometry: dose response analysis 
The linear fitting showed a dose-dependent decrease of testicular 

tubules diameter. The cubic spline curve did not improve the fitting. 
Testis or epididymis histology 
Twenty-four studies reported data on Johnsen’s score, as an indica

tor of testis histopathology. The pooled MD value of the 17 studies rated 
at “low or some concern” RoB level was 0.69 (95 % CI 0.45 to 0.92), 
showing a small but statistically significant decrease of the Johnsen’s 
score reflecting an association between exposure to RF-EMF and testis 
histological alterations. The average SAR tested in these studies was 
2.95 W/kg (SD 2.35, 0.002–5.0 min–max). Seven studies rated at “high 
concern” RoB level yielded an MD value of 0.59 (95 % CI 0.17 to 1.01) 
(Fig. 15). 

Testis or epididymis histology: subgroup analysis 
Heterogeneity among individual studies could be partially explained 

by differences in species but not by SAR. Of note, all the data in mice 
were obtained at a SAR higher than 5 W/kg and were produced in one 
laboratory. All but 1 study measured a temperature increase lower than 
1 ◦C thus subgrouping by temperature increase could not be exploited to 
explore sources of heterogeneity (Supplementary File 5). 

Testis or epididymis histology: dose response analysis 
The linear fitting of results showed a dose-dependent decrease of 

Fig. 10. Forest plot of experimental animal studies on sperm DNA/chromatin alterations, categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included studies. Progressive numbers after a reference indicate different studies reported in 
the same paper. 
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Fig. 11. Forest plot of in vitro studies on the percentage of dead or immotile human sperm, categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were 
combined to match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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Johnsen’s score. The cubic spline curve, with a similar AIC, suggested a 
change in the dose–effect relationship at about 2 W/kg, SAR at which 
the curve seems to reach a plateau (Supplementary File 6). 

Testicular cell death 
Thirty-one studies reported data on the level of dead or apoptotic 

testicular cells. The pooled SMD value of the 23 studies rated at “low or 
some concern” RoB level was − 1.18 (95 % CI − 1.82 to − 0.54), showing 
a statistically significant increase of dead or apoptotic testicular cells in 
RF-EMF exposed animals. The average SAR tested in these studies was 
6.51 W/kg (SD 5.87, 0.007–18.0 min–max). Eight studies rated at “high 
concern” RoB level yielded an SMD value of − 5.33 (95 % CI − 7.62 to 
− 3.04) (Fig. 16). 

Testicular cell death: subgroup analysis 
Heterogeneity among individual studies could be partially explained 

by differences in SAR levels. Test of group differences did not show 
differences among species. All studies reported animal temperature in
creases lower than 1 ◦C (Supplementary File 5). 

Testicular cell death: dose response analysis 
The slope of the linear fitting of results was not statistically signifi

cant. The cubic spline curve, with an AIC of 198, showed a complex dose 
response relationship suggesting a change in the direction of the dose
–effect relationship at about 5 W/kg (Supplementary File 6). 

Testicular sperm production 
Forty studies reported data on testicular sperm production. The 

pooled SMD value of the 36 studies rated at “low or some concern” RoB 
level was 0.87 (95 % CI 0.51 to 1.22), showing a statistically significant 
decrease of sperm production in RF-EMF exposed animals. The average 
SAR tested in these studies was 5.79 W/kg (SD 9.05, 0.03–43.65 min
–max). Four studies rated at “high concern” RoB level yielded an SMD 
value of − 0.26 (95 % CI − 1.19 to 0.67) (Fig. 17). 

Testicular sperm production: subgroup analysis 
Heterogeneity among individual studies could be partially explained 

by differences in animal species and in SAR. All studies in which animal 
temperature was measured reported an increase above 1 ◦C (Supple
mentary File 5). 

Testicular sperm production: dose response analysis 
The very high AIC values of both linear and cubic spline fittings, 

associated to not statistically significant coefficients, did not shed light 
on the shape of the dose effect relationship (Supplementary File 6). 

Further studies on toxic effects on reproductive organs not included in the 
meta-analysis 

Several studies reported no effects on testis or epididymis weight 
under a variety of exposure conditions. The study by Aitken et al. (2005) 
exposed adult mice to 900 MHz, 0.09 W/kg, 12 h/day for seven days. 
Fahim et al. (1975) exposed adult rats to 2450 MHz, at an exposure level 
inducing a temperature increase in the testis up to 65 ◦C for a few mi
nutes. Lerchl et al. (2008) exposed adult hamsters to 0.08 W/kg of 
different radiofrequencies for 24 h/day for 60 days. Ren et al. (2002) 

Fig. 12. Forest plot of human sperm in vitro studies on DNA/chromatin alterations, categorised as “low or some concern” or “high concern” for RoB. The bottom lines 
report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to 
match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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exposed adult mice to 2450 MHz, 100 W/m2, for variable times, be
tween 0.5 and 1.5 h/day for 6–18 days. Shirai et al. (2017) exposed rats 
in the pre-natal and pre-puberal periods to multiple frequencies, 0.08 or 
0.402 W/kg, 20 h/day for 58 days. Takahashi et al. (2010) exposed rats 
in the pre-natal and pre-puberal periods to 2140 MHz, 0.051 or 0.119 
W/kg, 20 h/day for 35 days. A detrimental effect on testis weight was 
suggested by Prausnitz and Susskind (1962) after exposure of mice to 
9300 MHz, high power density leading to a 3.3 ◦C body temperature 
increase for 5 min/day for 295 days. In the same study some histo
pathological effects on testis were also reported. Effects on testis histo
pathology were reported by Ozlem Nisbet et al. (2012) after exposure of 
rats from adolescence to adulthood to 900 or 1800 MHz, SAR equal to or 
lower than 0.002 W/kg, 2 h/day for 90 days. Lee et al. (2005) reported 
no effects on testis histopathology and number of testicular dead cells 
after RF-EMF exposure of mice to various radiofrequencies, 0.4 W/kg, 
1.5 h/day for 20, 40 or 50 days. No effect on testicular cell apoptosis was 
observed by Yan et al. (2022) after exposure of mice to 2000 MHz, 0.31 
W/kg, 3 h/day for 28 days. Finally, Saygin et al. (2015) reported an 
increase of testicular cell apoptosis after exposure of rats to 2450 MHz, 
3.21 W/kg, 1 h/day for 28 days. All these results could not be included in 
the meta-analyses because of insufficient data reporting. 

3.5.2.3.1. Effects on reproductive organ toxicity after EMP exposure. 
All results on EMP exposure studies are shown in Supplementary File 7. 

Relative to testis or epididymis weight, the pooled SMD value of 10 
studies rated at “low or some concern” RoB level was 0.16 (95 % CI 
− 0.14 to 0.45), showing no impact of EMP exposure. There was no study 
rated at “high concern” for RoB. All studies, published in 2 papers, were 
conducted in mice; when animal temperature was measured, an increase 
less than 1 ◦C was detected. 

Relative to testis histomorphometry, the pooled MD value of 10 
studies rated at “low or some concern” RoB level was 0.66 (95 % CI 0.33 
to 0.99), showing a small reduction of the seminiferous tubule diameter 
in the exposed animals. There was no study rated at “high concern” for 
RoB. All studies, published in 2 papers, were conducted in mice; when 
animal temperature was measured, an increase less than 1 ◦C was 
detected. 

Relative to testicular cell death, the pooled SMD value of 5 studies 
rated at “low or some concern” RoB level was − 0.05 (95 % CI − 0.9 to 
0.8), showing no impact of EMP exposure. There was no study rated at 
“high concern” for RoB. All studies, published in a single paper, were 
conducted in mice under the same exposure conditions. 

In addition to studies contributing to the meta-analyses, Luo et al. 
(2013) reported a significant increase of testicular apoptotic cells after 
exposure of adult mice to 200 kV/m EMP at the highest number of pulses 
tested. 

3.5.2.4. Hormonal effects. Testosterone level 
Forty studies reported data on testosterone level in either serum or 

testis. The pooled SMD value of the 29 studies rated at “low or some 
concern” RoB level was 0.87 (95 % CI 0.43 to 1.30), showing a statis
tically significant decrease of testosterone level in RF-EMF exposed an
imals. The average SAR tested in these studies was 0.9 W/kg (SD 1.31, 
0.001–4.0 min–max). Eleven studies rated at “high concern” RoB level 
yielded an SMD value of 0.50 (95 % CI − 0.22 to 1.23 (Fig. 18). 

Testosterone level: Subgroup analysis 
Differences in animal species and SAR could not explain variations in 

individual study results. No subgroup analysis could be conducted for 
animal core temperature increase because there were not enough studies 
in the subgroups (Supplementary File 5). 

Testosterone level: Dose response analysis 
The linear curve, with an AIC value of 199, showed a significant 

decrease of testosterone level with an increase of the exposure level with 
a coefficient of 1.45. Statistically significant coefficients of the cubic 
spline fitting seemed to describe the shape of the dose effect relationship 
with better fitting (AIC = 149) (Supplementary File 6), suggesting a non- 

Fig. 13. Forest plot of experimental animal studies on testis or epididymis 
weight, categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included 
studies. Asterisks mark studies in which data from multiple exposure groups 
were combined to match a single comparator group. Progressive numbers after 
a reference indicate different studies reported in the same paper. 
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Fig. 14. Forest plot of experimental animal studies on testis histomorphometry, categorised as “low or some concern” or “high concern” for RoB. The bottom lines 
report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to 
match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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linear relationship with a decrease of testosterone at low exposure 
levels, followed by an increase at higher SAR, especially above 8 W/kg. 

Further studies on testosterone level not included in the meta-analysis 
Shahin et al. (2014) reported a decrease of serum testosterone level 

after exposure of mice to 2450 MHz, 0.018 W/kg, 2 h/day for 30 days. 
3.5.2.4.1. Hormonal effects after EMP exposure. All results on EMP 

exposure studies are shown in Supplementary File 7. 
Relative to testosterone level, the pooled SMD value of 6 studies 

rated at “low or some concern” RoB level was − 1.74 (95 % CI − 3.92 to 
0.43), showing no impact of EMP exposure. There was no study rated at 
“high concern” for RoB. All studies, published in 2 papers, were con
ducted in mice; when animal temperature was measured, an increase 

Fig. 15. Forest plot of experimental animal studies on testis histopathology (Johnsen score), categorised as “low or some concern” or “high concern” for RoB. The 
bottom lines report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were 
combined to match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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Fig. 16. Forest plot of experimental animal studies on testicular cell death, categorised as “low or some concern” or “high concern” for RoB. The bottom lines report 
the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to match a 
single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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Fig. 17. Forest plot of experimental animal studies on testicular sperm production, categorised as “low or some concern” or “high concern” for RoB. The bottom lines 
report the results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to 
match a single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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less than 1 ◦C was detected. 
In addition to the studies contributing to the meta-analysis, no effect 

on serum testosterone level was described by Dong et al. (2021) after 
EMP exposure of mice to 50–300 W/m2 for 30 min, and erratic varia
tions of serum testosterone levels were described by Zeng et al. (2011) 

after EMP exposure of adult rats to 0.03 W/kg for 43–133 min. 

3.6. Reporting bias assessment 

Based on the funnel plots and the corresponding Egger’s tests, the 

Fig. 18. Forest plot of experimental animal studies on testosterone level, categorised as “low or some concern” or “high concern” for RoB. The bottom lines report the 
results and statistics of the meta-analysis for all included studies. Asterisks mark studies in which data from multiple exposure groups were combined to match a 
single comparator group. Progressive numbers after a reference indicate different studies reported in the same paper. 
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study datasets indicated a reporting bias for all endpoints, with the 
exception of experimental animal studies on rate of pregnancies, litter 
size and testicular sperm production, and of in vitro experimental studies 
on sperm DNA/chromatin alterations (Supplementary File 8). Few 
studies were retrieved on EMP exposure and for many endpoints there 
were less than 10 studies so the Egger’s test was not done to support 
visual inspection of funnel plots. When it was conducted, evidence of 
reporting bias assessment was shown for sperm morphology and testis or 
epididymis weight, while such evidence was not shown for sperm count 
and testis histomorphometry (Supplementary File 7). 

3.7. Results of additional unplanned analyses 

The comparison between the pooled effect size of the 29 studies on 
sperm morphology considered less reliable for outcome assessment and 
the pooled effect size of the 36 studies on sperm morphology considered 
more reliable for outcome assessment showed that the former was about 
twice as high as the latter (-4.7 vs − 2.6). This difference could even be 
greater, considering that the average exposure level in the former was 
about 10 times lower than that in the latter (2.9 W/kg vs 22.2 W/kg). 

The comparison between the pooled effect size of the 14 studies on 
testicular cell death considered less reliable for outcome assessment and 
the pooled effect size of the 9 studies on testicular cell death considered 
more reliable for outcome assessment showed that the average SMD for 
the former was − 4.38 and that of the latter was 0.2. 

Similarly, in the case of studies on testicular sperm production, with 
21 and 15 studies of worse and better quality, respectively, the average 
SMD for the former was 1.57 and that of the latter was 0.56. 

3.8. Certainty assessment 

Findings have been evaluated according to a GRADE approach as 
shown in Table 5 and, for EMP exposure, in Table 6. 

Effects on fertility 
The OR for infertile males, spanning from 0.32 to 5.94, is consistent 

with null. We downrated the certainty to very low, for RoB by one level, 
all studies being at “some concern”, and for imprecision by 2 levels, due 
to the width of the 95 % CI of the pooled effect size crossing the null 
hypothesis and the limited number of studies. 

The SMD for litter size is similarly consistent with no effect, spanning 
from − 0.15 to 0.23. We downrated the certainty to moderate, for RoB by 
one level, all but one study being at “some concern”. We did not 
downgrade for publication bias because of the pooled effect size 
consistent with null, the inspection of the funnel plot and the borderline 
statistical significance of the Egger’s test. Despite the pooled effect sizes 
of studies in different species were not significantly different, the result 
was not upgraded for consistency across species because the p value was 
borderline significant. 

The OR for nonpregnant females, spanning from 1.52 to 3.74, is 
consistent with a detrimental effect of exposure. We downrated the 
certainty for RoB by one level, all but one study being at “some concern”, 
and for inconsistency by one level due to the variability among indi
vidual studies (I2 = 60 %) not explained by subgroup analysis. We 
upgraded the certainty to moderate for consistency among species. 

Effects on semen quality 
Effects on semen quality were evaluated by both experimental ani

mal studies and studies on human sperm exposed in vitro. In animal 
experiments, the SMD for sperm count, spanning from 0.51 to 0.98, is 
consistent with a detrimental effect of RF-EMF exposure. We downrated 
the certainty for RoB by one level, most studies being at “some concern”, 
for inconsistency by one level due the variability among individual 
studies (I2 = 71 %) not explained by subgroup analysis, and for publi
cation bias by one level after inspection of the funnel plot and the sig
nificance of Egger’s test. We upgraded the certainty to low for 
consistency among species. 

The MD for sperm morphology, spanning from − 1.28 to − 0.59, is 

consistent with a detrimental effect of RF-EMF exposure. We downrated 
the certainty to very low, for RoB by one level, most studies being at 
“some concern”, for inconsistency by one level due to the variability 
among individual studies (I2 = 90 %) partly explained by subgroup 
analysis, and for publication bias by one level after inspection of the 
funnel plot and the significance of Egger’s test. 

The MD for sperm vitality, spanning from − 15.2 to − 6.47, is 
consistent with a detrimental effect of RF-EMF exposure. We downrated 
the certainty for RoB by one level, most studies being at “some concern”, 
for inconsistency by two levels due to the variability among individual 
studies (I2 = 96 %) not explained by subgroup analysis, and for publi
cation bias by one level after inspection of the funnel plot and the sig
nificance of Egger’s test. We upgraded the certainty for consistency 
among species. As a whole, the certainty was very low. 

The SMD for sperm DNA/chromatin alterations, spanning from 
− 2.78 to − 1.05, is consistent with a detrimental effect of RF-EMF 
exposure. We downrated the certainty to very low, for RoB by one 
level, all studies being at “some concern”, for inconsistency by one level 
due to the variability among individual studies (I2 = 66 %) not explained 
by subgroup analysis, and for indirectness by one level, this endpoint 
being weakly linked with male infertility by adverse outcome pathways. 

In studies on human sperm exposed in vitro, only one study not rated 
at “high concern” RoB level reported data on sperm morphology. The 
MD for sperm vitality, spanning from − 2.46 to − 0.28, is consistent with 
a detrimental effect of RF-EMF exposure. We downrated the certainty to 
very low, for RoB by one level, most studies being at “some concern”, for 
inconsistency by one level due to the variability among individual 
studies (I2 = 65 %) not explained by subgroup analysis, for indirectness 
by one level, because we considered all in vitro studies to assess indi
rectly the impact of RF-EMF exposure on men, and for publication bias 
by one level after inspection of the funnel plot and the significance of 
Egger’s test. 

The SMD for sperm DNA/chromatin alterations, spanning from 
− 0.48 to 0.13, is consistent with null. We downrated the certainty to 
very low, for RoB by one level, most studies being at “some concern”, for 
inconsistency by one level, due to the variability among individual 
studies (I2 = 53 %) not explained by subgroup analysis, for indirectness 
by two levels, one because the endpoint is weakly linked with male 
infertility by adverse outcome pathways and one because we considered 
all in vitro studies to assess indirectly the impact of RF-EMF exposure on 
men. 

Reproductive organ toxicity 
The SMD for testis or epididymis weight, spanning from 0.10 to 0.47, 

is consistent with a detrimental effect of RF-EMF exposure. We down
rated the certainty for RoB by one level, most studies being at “some 
concern”, for inconsistency by one level, due to the variability among 
individual studies (I2 = 44 %) not explained by subgroup analysis, for 
indirectness by one level, because testis weight decrease in experimental 
rodents is considered weakly predictive of human male infertility, and 
for publication bias by one level after inspection of the funnel plot and 
the significance of Egger’s test. We upgraded the certainty for consis
tency among species. As a whole the certainty was very low. 

The SMD for testis histomorphometry, namely seminiferous tubule 
diameter, spanning from 0.32 to 1.49, is consistent with a detrimental 
effect of RF-EMF exposure. We downrated the certainty to very low, for 
RoB by one level, most studies being at “some concern”, for inconsis
tency by two levels, due to the variability among individual studies (I2 =

84 %) not explained by subgroup analysis, for indirectness by one level, 
because decrease of seminiferous tubule diameter in experimental ro
dents is considered weakly predictive of human male infertility, and for 
publication bias by one level after inspection of the funnel plot and the 
significance of Egger’s test. 

The MD for testis histopathology measured by Johnsen’s score, 
spanning from 0.45 to 0.92, is consistent with a detrimental effect of RF- 
EMF exposure. We downrated the certainty to very low, for RoB by one 
level, most studies being at “some concern”, for inconsistency by two 
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Table 5 
GRADE Evidence Profile.  

Certainty assessment Summary of findings Certainty Importance** 

N◦ of participants Effect 

N◦ of studies Design RoB Inconsistency Indirectness Imprecision Publication bias* Consistency across species Exposure Comparator Relative (95 % CI) Absolute 
(95 % CI) 

Decrease of fertility 
Rate of infertile males 
4 (a) − 1 0 0 − 2 NA NA 89 55 OR 1.38 

(0.32 to 5.94)  
Very low 4  

Nonpregnant females over paired females 
19 (a) − 1 − 1 0 0 0 +1 638 549 OR 2.39 

(1.52 to 3.74)  
Moderate 7  

Litter size (an SMD positive value indicates a detrimental RF-EMF effect) 
16 (a) − 1 0 0 0 0 0 268 195 SMD 0.04 

(− 0.15 to 0.23)  
Moderate 8  

In vitro fertilization rate: No meta-analysis was done because the database included only one paper  

Effects on semen quality-experimental animal studies 
Sperm count (an SMD positive value indicates a detrimental RF-EMF effect) 
80 (a) − 1 − 1 0 0 − 1 +1 752 569 SMD 0.74 

(0.51 to 0.98)  
Low 8  

Sperm morphology (an MD negative value indicates a detrimental RF-EMF effect) 
65 (a) − 1 − 1 0 0 − 1 0 567 436  MD − 0.94 

(− 1.28 to − 0.59) 
Very Low 7  

Sperm vitality (an MD negative value indicates a detrimental RF-EMF effect) 
32 (a) − 1 − 2 0 0 − 1 +1 334 265  MD − 10.83 

(− 15.2 to − 6.47) 
Very Low 8  

Sperm DNA/chromatin alterations (an SMD negative value indicates a detrimental RF-EMF effect) 
6 (a) − 1 − 1 − 1 0 0 0 56 55 SMD − 1.92 

(− 2.78 to − 1.05)  
Very Low 4  

Effects on semen quality-studies on human sperm in vitro 
Sperm morphology (an MD negative value indicates a detrimental RF-EMF effect): No meta-analysis was done because the database included only one study that was not at “high concern” for RoB  

Sperm vitality (an MD negative value indicates a detrimental RF-EMF effect) 
23 (b) − 1 − 1 − 1 0 − 1 NA 455 455  MD − 1.37 

(− 2.46 to − 0.28) 
Very Low 8  

Sperm DNA/chromatin alterations (an SMD negative value indicates a detrimental RF-EMF effect) 
13 (b) − 1 − 1 − 2 0 0 NA 215 195 SMD − 0.17 

(− 0.48 to 0.13)  
Very Low 4  

Reproductive organ toxicity 

(continued on next page) 
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Table 5 (continued ) 

Certainty assessment Summary of findings Certainty Importance** 

N◦ of participants Effect 

N◦ of studies Design RoB Inconsistency Indirectness Imprecision Publication bias* Consistency across species Exposure Comparator Relative (95 % CI) Absolute 
(95 % CI) 

Testis-epididymis weight (an SMD positive value indicates a detrimental RF-EMF effect) 
55 (a) − 1 − 1 − 1 0 − 1 +1 725 503 SMD 0.29 

(0.10 to 0.47)  
Very Low 6  

Testis histomorphometry (an SMD positive value indicates a detrimental RF-EMF effect) 
24 (a) − 1 − 2 − 1 0 − 1 0 173 162 SMD 0.90 

(0.32 to 1.49)  
Very Low 2  

Testis or epididymis histology (an MD positive value indicates a detrimental RF-EMF effect) 
17 (a) − 1 − 2 0 0 − 1 0 125 108  MD 0.69 

(0.45 to 0.92) 
Very Low 5  

Testicular cell death (an SMD negative value indicates a detrimental RF-EMF effect) 
23 (a) − 1 − 1 − 1 0 − 1 +1 285 168 SMD − 1.18 

(− 1.82 to − 0.54)  
Very Low 3  

Testicular sperm production (an SMD positive value indicates a detrimental RF-EMF effect) 
36 (a) − 1 − 1 − 1 0 0 0 364 243 SMD 0.87 

(0.51 to 1.22)  
Very Low 4  

Hormonal effects 
Testosterone level (an SMD positive value indicates a detrimental RF-EMF effect) 
29 (a) − 1 − 2 0 0 − 1 +1 462 321 SMD 0.87 

(0.43 to 1.30)  
Very low 6 

NA: Not applicable. 
a Controlled experimental animal studies. 
b Controlled experimental in vitro studies. 
* All studies considered, irrespective of their RoB rating. 
** The importance of each endpoint in relation to human male infertility was rated on a scale 1–10 from the least to the most important. 
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Table 6 
GRADE Evidence Profile – studies on EMP exposure.  

Certainty assessment Summary of findings Certainty Importance** 

N◦ of participants Effect 

N◦ of studies Design RoB Inconsistency Indirectness Imprecision Publication bias* Consistency across species Exposure Comparator Relative (95 % CI) Absolute 
(95 % CI) 

Decrease of fertility 
Nonpregnant females over paired females 

5 (a) − 1 0 0 − 1 NA NA 25 25 OR 0.89 
(0.38 to 2.10)  

Low 7 

Litter size (an SMD positive value indicates a detrimental RF-EMF effect) 
5 (a) − 1 0 0 − 1 NA NA 50 50 SMD − 0.38 

(− 0.91 to 0.15)  
Low 8  

Effects on semen quality-experimental animal studies 
Sperm count (an SMD positive value indicates a detrimental RF-EMF effect) 

10 (a) − 1 0 0 − 1 0 NA 75 75 SMD 0.23 
(− 0.09 to 0.56)  

Low 8  

Sperm morphology (an MD negative value indicates a detrimental RF-EMF effect) 
10 (a) − 1 − 1 0 − 1 − 1 NA 75 75  MD − 0.4 

(− 0.57 to − 0.23) 
Very Low 7  

Sperm vitality (an MD negative value indicates a detrimental RF-EMF effect) 
2 (a) − 1 − 1 0 − 1 NA NA 60 20  MD − 2.5 

(− 7.89 to 2.9) 
Very Low 8  

Reproductive organ toxicity 
Testis-epididymis weight (an SMD positive value indicates a detrimental RF-EMF effect) 

10 (a) − 1 0 − 1 − 1 − 1 NA 90 90 SMD 0.16 
(− 0.14 to 0.45)  

Very Low 6  

Testis histomorphometry (an SMD positive value indicates a detrimental RF-EMF effect) 
10 (a) − 1 0 − 1 − 1 0 NA 75 75 SMD 0.66 

(0.33 to 0.99)  
Very Low 2  

Testicular cell death (an SMD negative value indicates a detrimental RF-EMF effect) 
5 (a) − 1 0 − 1 − 1 NA NA 25 25 SMD − 0.05 

(− 0.9 to 0.8)  
Very Low 3  

Hormonal effects 
Testosterone level (an SMD positive value indicates a detrimental RF-EMF effect) 

6 (a) − 1 − 1 0 − 1 NA NA 158 56 SMD − 1.74 
(− 3.92 to 0.43)  

Very Low 6 

NA: Not applicable. 
a Controlled experimental animal studies. 
* All studies considered, irrespective of their RoB rating. 
** The importance of each endpoint in relation to human male infertility was rated on a scale 1–10 from the least to the most important. 

E. Cordelli et al.                                                                                                                                                                                                                                 



Environment International 185 (2024) 108509

42

levels, due to the variability among individual studies (I2 = 93 %) not 
explained by subgroup analysis, and for publication bias by one level 
after inspection of the funnel plot and the significance of Egger’s test. 

The SMD for testicular cell death, spanning from − 1.82 to − 0.54, is 
consistent with a detrimental effect of RF-EMF exposure. We downrated 
the certainty for RoB by one level, most studies being at “some concern”, 
for inconsistency by one level, due to the variability among individual 
studies (I2 = 86 %) only partly explained by subgroup analysis, for 
indirectness by one level, because testicular cell death in experimental 
rodents is considered weakly predictive of human male infertility, and 
for publication bias by one level after inspection of the funnel plot and 
the significance of Egger’s test. We upgraded the certainty for consis
tency among species. As a whole, the certainty was very low. 

The SMD for testicular sperm production, spanning from 0.51 to 
1.22, is consistent with a detrimental effect of RF-EMF exposure. We 
downrated the certainty to very low, for RoB by one level, most studies 
being at “some concern”, for inconsistency by one level, due to the 
variability among individual studies (I2 = 69 %) only partially explained 
by subgroup analysis, and for indirectness by one level, because testic
ular sperm production in experimental rodents is considered weakly 
predictive of human male infertility. 

Hormonal effects 
The SMD for testosterone level, spanning from 0.43 to 1.30, is 

consistent with a detrimental effect of RF-EMF exposure. We downrated 
the certainty for RoB by one level, most studies being at “some concern”, 
for inconsistency by two levels, due to the variability among individual 
studies (I2 = 86 %) not explained by subgroup analysis, and for publi
cation bias by one level after inspection of the funnel plot and the sig
nificance of Egger’s test. We upgraded the certainty for consistency 
among species. As a whole, the certainty was very low. 

Effects after EMP exposure 
All studies after EMP exposure were conducted in experimental 

animals. 
Effects on fertility 
The OR for nonpregnant females, spanning from 0.38 to 2.10, is 

consistent with null. We downrated the certainty to low, for RoB by one 
level, all studies being at “some concern”, and for imprecision by one 
level, because the 95 % CI crosses the null hypothesis and the sample 
sizes do not reach the Optimal Information Size. 

The SMD for litter size, spanning from − 0.91 to 0.15, is consistent 
with null. We downrated the certainty to low, for RoB by one level, all 
studies being at “some concern”, and for imprecision by one level, 
because the 95 % CI crosses the null hypothesis and the sample sizes do 
not reach the Optimal Information Size. 

Effects on semen quality 
The SMD for sperm count, spanning from − 0.09 to 0.56, is consistent 

with null. We downrated the certainty to low, for RoB by one level, all 
studies being at “some concern”, and for imprecision by one level, 
because the 95 % CI crosses the null hypothesis and the sample sizes do 
not reach the Optimal Information Size. 

The MD for sperm morphology, spanning from − 0.57 to − 0.23, is 
consistent with a detrimental effect of EMP exposure. We downrated the 
certainty to very low, for RoB by one level, all studies being at “some 
concern”, for inconsistency by one level, due to the variability among 
individual studies (I2 = 83 %) not explained by subgroup analysis, for 
imprecision by one level, because the 95 % CI crosses the null hypothesis 
and the sample sizes do not reach the Optimal Information Size, and for 
publication bias after inspection of the funnel plot and the significance 
of Egger’s test. 

The MD for sperm vitality, spanning from − 7.89 to 2.9, is consistent 
with null. We downrated the certainty to very low, for RoB by one level, 
all studies being at “some concern”, for inconsistency by one level, due 
to the variability among individual studies (I2 = 95 %) not explained by 
subgroup analysis, and for imprecision by one level, because the 95 % CI 
crosses the null hypothesis and the sample sizes do not reach the 
Optimal Information Size. 

Reproductive organ toxicity 
The SMD for testis or epididymis weight, spanning from − 0.14 to 

0.45, is consistent with null. We downrated the certainty to very low, for 
RoB by one level, all studies being at “some concern”, for indirectness, 
because testis weight decrease in experimental rodents is considered 
weakly predictive of human male infertility, for imprecision by one 
level, because the 95 % CI crosses the null hypothesis and the sample 
sizes barely reach the Optimal Information Size, and for publication bias 
after inspection of the funnel plot and the significance of Egger’s test. 

The SMD for testis histomorphometry, spanning from 0.33 to 0.99, is 
consistent with a detrimental effect of EMP exposure. We downrated the 
certainty to very low, for RoB by one level, all studies being at “some 
concern”, for indirectness, because decrease of seminiferous tubule 
diameter in experimental rodents is considered weakly predictive of 
human male infertility, and for imprecision by one level, because the 95 
% CI crosses the null hypothesis and the sample sizes barely reach the 
Optimal Information Size. 

The SMD for testicular cell death, spanning from − 0.9 to 0.8, is 
consistent with null. We downrated the certainty to very low, for RoB by 
one level, all studies being at “some concern”, for indirectness, because 
testicular cell death in experimental rodents is considered weakly pre
dictive of human male infertility, and for imprecision by one level, 
because the 95 % CI crosses the null hypothesis and the sample sizes do 
not reach the Optimal Information Size. 

Hormonal effects 
The SMD for testosterone level, spanning from − 3.92 to 0.43, is 

consistent with null. We downrated the certainty to very low, for RoB by 
one level, all studies being at “some concern”, for inconsistency by one 
level, due to the variability among individual studies (I2 = 95 %) not 
explained by subgroup analysis, and for imprecision by one level, 
because the 95 % CI crosses the null hypothesis and the sample sizes do 
not reach the Optimal Information Size. 

4. Discussion 

4.1. Summary of the evidence and interpretation of the results 

From experimental animal studies there is moderate certainty of 
evidence that RF-EMF exposure reduces rate of pregnancy, moderate 
certainty of evidence that exposure does not reduce litter size, and low 
certainty of evidence that exposure lowers sperm count. All other results 
of animal studies and all results on human sperm exposed in vitro have 
very low certainty. We retrieved few independent studies reporting male 
reproductive effects after experimental animal exposure to EMP. For this 
source of exposure, results on pregnancy rate, litter size and sperm 
count, all consistent with null, have a low certainty. All other results 
have a very low certainty. 

It can be asked whether the results of our meta-analyses are consis
tent with the hypothesis that higher exposure levels, especially those 
inducing an hyperthermic effect, are more biologically effective than 
lower exposure levels. The result on the decrease of pregnancy rate is 
consistent with this hypothesis, as shown by the observation that the 
pooled effect size is statistically significant only in the subgroup of 
studies exposed to SAR equal to or higher than 5 W/kg and the statis
tically significant slope of the linear dose–response relationship. On the 
other hand, the results on sperm count do not show an increase of the 
detrimental effect with increasing SAR and all the models of dos
e–response relationship tested fit the data poorly. Also for other end
points (the results of which were rated at very low certainty), a direct 
relationship between the effect and the exposure level is not evident by 
the subgroup and dose–response analyses and, in some cases, even the 
possibility of an inverse relationship is suggested by the data. However, 
this suggestion is not sustained by a solid adverse outcome pathway, 
and, in some cases, it is based only on few independent studies. We 
tested if other variables unequally distributed among the subgroups 
could have a role in increasing the heterogeneity of the observed results 
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and could confound any underlying dose–effect relationship. Indeed, we 
showed that the absence of blinding during outcome assessment could 
strongly influence the results for those endpoints that were not 
measured by automated methods, thus supporting this hypothesis. 

4.2. Limitations in the evidence 

Of all the papers included in the database of animal studies after the 
title/abstract evaluation, about 60 % had to be excluded for different 
reasons, with poor exposure characterization accounting for about 45 % 
of them. The experimental designs of the included studies were very 
variable for stage, duration and level of exposure and this probably 
contributed to the inconsistency of results and the limited certainty 
attributed to the body of evidence. In addition, several different end
points were investigated in the studies to assess male fertility, which 
reduced the study database in each specific meta-analysis. Moreover, 
few studies directly assessed experimental male reproductive perfor
mance (this would have required a very large number of animals) and 
the large majority used surrogate markers for it. As shown by the RoB 
assessment, in most studies the endpoint was not measured according to 
rigorous principles and recommended guidelines, including blinding of 
experimental conditions, which is especially critical for semen quality, 
histomorphometric and histopathological parameters when not 
measured by automated methods. Very few papers reported data of 
experiments aimed at assessing the shape of dose response relationships 
or comparing low, non-thermal vs high exposure levels, under the same 
experimental conditions. Few papers reported data on a comparator 
group exposed to direct heating for specifically assessing the possibility 
of a non-thermal mechanism of action (Lebovitz et al., 1987b, Saunders 
and Kowalczuk, 1981a,b), but since temperature increase was not 
strictly comparable to that induced by RF-EMF exposure, we did not use 
the data as further comparator additional to the sham controls. For 
almost all the endpoints considered, evidence of reporting publication 
bias was shown by funnel plots and Egger’s tests. Very few studies were 
retrieved on human sperm exposed in vitro. Furthermore, these studies 
are of limited relevance for predicting the impact of RF-EMF exposure on 
human male fertility because they expose only the very late stage of 
germ cell development, disregarding the possible impact of exposure on 
earlier spermatogenesis stages and mechanisms of regulation. While the 
SR looked for evidence across the 0.1 MHz – 300 GHz frequency range, 
97 % of studies were conducted in the 100 MHz – 10 GHz frequency 
range and 81 % clustered around the interval 900–2450 MHz, the fre
quencies applied in telecommunications. Few studies were retrieved on 
exposure to EMP, a limitation worsened by the lack of independent 
replication, since often they derived from only few laboratories. 

4.3. Limitations in the review process 

Relative to animal studies, we could not make a decision about the 
inclusion of 31 papers out of the 323 selected by title/abstract exami
nation either because we could not retrieve 20 of them in spite of our 
extensive searching of electronic databases and attempts to contact the 
authors or were unable to translate 11 of them. Relative to human sperm 
in vitro studies, we were unable to translate 1 paper out of the 44 
included after title/abstract selection. 

For inclusion in the meta-analysis of studies in which a single 
comparator was matched to different exposed experimental groups, we 
averaged the exposure conditions and responses, renouncing to the 
independency of results among the exposed groups. 

For most endpoints, SMD, instead of MD, was used as the effect size, 
due to the variety of metrics by which the endpoints were measured in 
the different papers and our aims of synthesis and inclusiveness. 

We acknowledge limitations in our subgroup analyses. In particular, 
the choice of conducting subgroup analysis to investigate sources of 
heterogeneity among the studies even when the subgroups were small 
(N = 3 studies) induces the risk of false negative outcomes. However, for 

the interpretation of results we relied upon the statistical significance of 
the between-group difference, which takes into account the group size. 
In addition, we acknowledge the limitation of subgrouping the studies 
showing an increase of animal temperature below or above 1 ◦C, since it 
does not take into account the magnitude, timing or duration of tem
perature increase. Furthermore, in most cases the authors measured 
rectal body temperature rather than testicular temperature, thus the 
distinction between studies above and below a 1 ◦C temperature in
crease may not be accurate for the target tissue (depending on the 
exposure system design). Indeed, studies in experimental mice have 
shown that similar testicular damage can be induced by 12 h exposure to 
36 ◦C ambient temperature as well to 30 min exposure to over 40 ◦C 
localised scrotal heating (Paul et al., 2008). 

Similarly, the choice of subgrouping the studies by exposure level in 
3 groups only, due to the need to include a reasonable number of studies 
in each group, may have blurred the contribution of studies testing very 
high exposure levels. 

Regarding the assessment of publication bias, we acknowledge the 
limits of the Egger’s test and the possibility of false positive results when 
drawing funnel plots with large SMD effect sizes (Zwetsloot et al., 2017). 
However, considering that no better alternatives exist to the Egger’s test, 
we think that our approach is still an acceptable approximation to the 
assessment of this important source of bias. 

4.4. Implications for policy and research 

In conclusion, our systematic review and meta-analyses indicate a 
possible detrimental effect of RF-EMF exposure on pregnancy rate and 
sperm count in experimental mammals, whereas the meta-analysis of 
data on litter size was consistent with null. 

Although sperm count is not a functional indicator of male fertility, it 
is a well-standardised analysis routinely applied in clinical andrology. 
RF-EMF emitting devices are widely applied and epidemiological sur
veys seem to indicate that, in Western countries, male fertility potential 
is declining (Auger et al., 2022, Boulicault et al., 2022, Levine et al., 
2017). For these reasons the results of our meta-analyses should not be 
overlooked at a policy level. 

It was beyond the scope of our systematic review to determine the 
shape of the dose–response relationship or to identify a minimum 
effective exposure level. For these reasons, we cannot provide sugges
tions to confirm or reconsider current human exposure limits. Never
theless, it is of note that most studies on male fertility, semen quality and 
reproductive organ toxicity investigated exposure levels which were 
rather high with respect to those relevant for human populations: 75–80 
% tested exposure levels above 0.4 W/kg (ICNIRP basic restriction for 
workers) and 46–53 % tested exposure levels above 4 W/kg (ICNIRP 
health effect level) (ICNIRP, 2020). Thus, it is not known the extent to 
which the conclusions of the SR meta-analysis can be applied to human 
exposure levels. Similarly, it is unknown how much our conclusion can 
be extrapolated to frequencies below 100 MHz and above 10000 MHz, 
for which only very few studies were retrieved. 

During the systematic review, we identified several methodological 
limitations in the studies that should be overcome to improve the quality 
of future research. In particular, blinding during experiment perfor
mance and outcome assessment should always be applied to minimize 
bias, an adequate number of cytological or histological preparations 
should be analysed, automated methods of analysis should be applied 
whenever possible, a more standardized and complete reporting of 
technical methods and results should be adopted. Many studies had to be 
excluded from the systematic review because of insufficient exposure 
characterization and a large proportion of included studies were rated at 
either ‘some’ or ‘high concern’ for RoB for similar reasons. We would 
recommend that future studies bear the reasons for exclusion or RoB 
concerns in mind in study design and implementation. There are several 
papers in the research literature with recommendations on how expo
sure characterisation concerns can be mitigated, for example Kuster and 
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Schonborn (2000). Finally, studies investigating not just a single level 
but several exposure levels, spanning from low levels comparable to 
human exposure to higher levels where mild hyperthermic effects could 
be expected, should be conducted under the same experimental condi
tions and target tissue temperature monitoring should be employed. 

As a final suggestion for future research, we consider it a priority to 
obtain a scientifically solid database of possible RF-EMF effects on the 
best predictive surrogate markers of male infertility in experimental 
rodents. Based on the results of this research, the possibility of testing 
directly the RF-EMF impact on male reproductive performance could be 
considered. In view of the limitations of the approach applying in vitro 
exposure of human sperm, we do not recommend further studies of this 
kind. Conversely, we suggest exploiting semen quality analysis in human 
biomonitoring investigations of RF-EMF exposed populations. 

4.5. Registration and protocol 

4.5.1. Protocol registration 
Protocols for the systematic reviews of animal studies and of human 

sperm in vitro studies were published in (Pacchierotti et al., 2021).The 
former was also registered in PROSPERO (CRD42021227729 http 
s://www.crd.york.ac.uk/prospero/display_record.php?RecordID =

227729) and the latter in Open Science Framework (OSF Registration 
DOI https://doi.org/10.17605/OSF.IO/7MUS3). 

4.5.2. Deviations from the protocol 
In the course of the systematic review, a few amendments to the 

protocols were made.  

1. Minor changes consisted of a different organization and a slight 
rewording of outcomes and endpoints as reported in Table 2, in 
which specific reasons for changes are also shown.  

2. To base the assessment of possible RF-EMF exposure impact on the 
most solid set of data, we excluded studies at “high concern” for RoB 
from the summary of findings assessed for the certainty of evidence 
by the GRADE approach, even if this had not been explicitly stated in 
the protocol.  

3. In relation to exposure eligibility criteria, the protocol specified that 
studies in which exposure level from mobile phones or other RF-EMF 
generating devices was not measured or estimated by reliable 
methods, but simply inferred from assumed exposure conditions 
from the RF-generating device type, were to be assessed as a separate 
group. We preferred to assess this group together with the other 
studies and rate the confidence in the exposure characterization by 
the RoB assessment, because it was difficult to set boundaries in a 
continuum of exposure dosimetry reporting. In addition, we speci
fied the exclusion of studies on exposure to ultrasound.  

4. In relation to study design eligibility criteria, we excluded studies of 
exposure of both males and females of a mating pair because it made 
impossible sorting out specific effects on male fertility.  

5. Another exclusion criterium unforeseen at protocol stage was paper 
retraction.  

6. For binary outcomes, we used Odds Ratio instead of Relative Risk as 
the effect size measure because it was more easily tractable by the 
applied data analysis software.  

7. For parameters of statistical heterogeneity of results, we calculated I2 

and τ2 but not prediction intervals because we deemed that the 
former were sufficient indicators of heterogeneity.  

8. Information regarding conflict-of-interest declarations and funding 
sources were not analysed since, in the vast majority of papers, 
public funding and absence of conflict of interest were declared. 

9. Among the factors envisaged in the Protocol, we limited our het
erogeneity analyses for in vivo studies to exposure levels and animal 
temperature increase, because these are the variables most likely 
affecting RF-EMF biological effects, and experimental animal spe
cies, because inter-species consistency of results was to be considered 

as an upgrading factor for the certainty of evidence. For in vitro 
studies, possible explored sources of heterogeneity were exposure 
levels and fertility status of sample donors. We did not explore 
sources of heterogeneity by differences in tested radiofrequencies 
because only 5 papers on animal studies and no paper on human 
sperm in vitro studies assessed effects at frequencies above 6000 
MHz. This was the upper range in which a different mechanism of 
biological interaction might be expected because of short penetration 
depth into superficial tissues (a few mm or less). We did not explore 
the exposed male reproductive system stage of development 
(differentiating, pre-natal, pre-puberal and post-puberal exposures) 
because the large majority of in vivo studies were conducted in post- 
puberal animals. 
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Martončíková, M., Račeková, E., Almášiová, V., 2021. The potential adverse effect of 
2.45 GHz microwave radiation on the testes of prenatally exposed peripubertal male 
rats. Histol Histopathol 18402. https://doi.org/10.14670/hh-18-402. 

Atasoy, H.I., Gunal, M.Y., Atasoy, P., Elgun, S., Bugdayci, G., 2013. 
Immunohistopathologic demonstration of deleterious effects on growing rat testes of 
radiofrequency waves emitted from conventional Wi-Fi devices. J Pediatr Urol 9 (2), 
223–229. https://doi.org/10.1016/j.jpurol.2012.02.015. 

Auger, J., Eustache, F., Chevrier, C., Jégou, B., 2022. Spatiotemporal trends in human 
semen quality. Nat Rev Urol 19, 597–626. https://doi.org/10.1038/s41585-022- 
00626-w. 

Avendaño, C., Mata, A., Sanchez Sarmiento, C.A., Doncel, G.F., 2012. Use of laptop 
computers connected to internet through Wi-Fi decreases human sperm motility and 
increases sperm DNA fragmentation. Fertil Steril 97 (1), 39–45.e32. https://doi.org/ 
10.1016/j.fertnstert.2011.10.012. 

Azimzadeh, M., Jelodar, G., 2019. Alteration of testicular regulatory and functional 
molecules following long-time exposure to 900 MHz RFW emitted from BTS. 
Andrologia 51 (9), e13372. 

Beechey, C.V., Brooker, D., Kowalczuk, C.I., Saunders, R.D., Searle, A.G., 1986. 
Cytogenetic effects of microwave irradiation on male germ cells of the mouse. Int J 
Radiat Biol Relat Stud Phys Chem Med 50 (5), 909–918. https://doi.org/10.1080/ 
09553008614551321. 

Berman, E., Carter, H.B., House, D., 1980. Tests of mutagenesis and reproduction in male 
rats exposed to 2,450-MHz (CW) microwaves. Bioelectromagnetics 1 (1), 65–76. 
https://doi.org/10.1002/bem.2250010107. 

Bilgici, B., Gun, S., Avci, B., Akar, A., Engiz, K.B., 2018. What is adverse effect of wireless 
local area network, using 2.45 GHz, on the reproductive system? Int J Radiat Biol 94 
(11), 1054–1061. https://doi.org/10.1080/09553002.2018.1503430. 

Bodewein, L., Schmiedchen, K., Dechent, D., Stunder, D., Graefrath, D., Winter, L., 
Kraus, T., Driessen, S., 2019. Systematic review on the biological effects of electric, 
magnetic and electromagnetic fields in the intermediate frequency range (300 Hz to 

1 MHz). Environ. Res. 171, 247–259. https://doi.org/10.1016/j. 
envres.2019.01.015. 

Boulicault, M., Perret, M., Galka, J., Borsa, A., Gompers, A., Reiches, M., Richardson, S., 
2022. The future of sperm: a biovariability framework for understanding global 
sperm count trends. Hum Fertil (camb) 25, 888–902. https://doi.org/10.1080/ 
14647273.2021.1917778. 

Cairnie, A.B., Harding, R.K., 1981. Cytological studies in mouse testis irradiated with 
2.45-GHz continuous-wave microwaves. Radiat Res 87 (1), 100–108. 

Cao, D., Zhang, Y., Zhou, C., 2005. Effects of electromagnetic radiation of cellular 
telephone on lactic dehydrogenase-X isozyme of testis. Medical Journal of Wuhan 
University 26 (1), 58–61. 

Çetkin, M., Kızılkan, N., Demirel, C., Bozdağ, Z., Erkılıç, S., Erbağcı, H., 2017. 
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