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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. Within the project, 6 topics have been prioritized by an expert group, which 
include reproductive health outcomes. 
Objectives: According to the protocol published in 2021, a systematic review and meta-analyses on the adverse 
effects of RF-EMF exposure during pregnancy in offspring of experimental animals were conducted. 
Methods: Three electronic databases (PubMed, Scopus and EMF Portal) were last searched on September 8 or 17, 
2022. Based on predefined selection criteria, the obtained references were screened by two independent re
viewers. Studies were included if they met the following criteria: 1) original, sham controlled experimental study 
on non-human mammals exposed in utero, published in peer-reviewed journals, 2) the experimental RF-EMF 
exposure was within the frequency range 100 kHz–300 GHz, 3) the effects of RF-EMF exposure on fecundity 
(litter size, embryonic/fetal losses), on the offspring health at birth (decrease of weight or length, congenital 
malformations, changes of sex ratio) or on delayed effects (neurocognitive alterations, female infertility or early- 
onset cancer) were studied. Study characteristics and outcome data were extracted by two reviewers. Risk of bias 
(RoB) was assessed using the Office of Health Assessment and Translation (OHAT) guidelines. Study results were 
pooled in a random effects meta-analysis comparing average exposure to no-exposure and in a dose–response 
meta-analysis using all exposure doses, after exclusion of studies that were rated at “high concern” for RoB. 
Subgroup analyses were conducted for species, Specific Absorption Rate (SAR) and temperature increase. The 
certainty of the evidence was assessed using the Grading of Recommendations, Assessment, Development and 
Evaluations (GRADE) approach. 
Results: Eighty-eight papers could be included in this review. Effects on fecundity. The meta-analysis of studies on 
litter size, conducted at a whole-body average SAR of 4.92 W/kg, did not show an effect of RF-EMF exposure (MD 
0.05; 95% CI − 0.21 to 0.30). The meta-analysis of studies on resorbed and dead fetuses, conducted at a whole- 
body average SAR of 20.26 W/kg, showed a significant increase of the incidence in RF-EMF exposed animals (OR 
1.84; 95% CI 1.27 to 2.66). The results were similar in the dose–response analysis. Effects on the offspring health at 
birth. The meta-analysis of studies on fetal weight, conducted at a whole-body average SAR of 9.83 W/kg, showed 
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a small decrease in RF-EMF exposed animals (SMD 0.31; 95% CI 0.15 to 0.48). The meta-analysis of studies on 
fetal length, conducted at a whole-body average SAR of 4.55 W/kg, showed a moderate decrease in length at 
birth (SMD 0.45; 95% CI 0.07 to 0.83). The meta-analysis of studies on the percentage of fetuses with malfor
mations, conducted at a whole-body average SAR of 6.75 W/kg, showed a moderate increase in RF-EMF exposed 
animals (SMD − 0.45; 95% CI − 0.68 to − 0.23). The meta-analysis of studies on the incidence of litters with 
malformed fetuses, conducted at a whole-body average SAR of 16.63 W/kg, showed a statistically significant 
detrimental RF-EMF effect (OR 3.22; 95% CI 1.9 to 5.46). The results were similar in the dose–response analyses. 
Delayed effects on the offspring health. RF-EMF exposure was not associated with detrimental effects on brain 
weight (SMD 0.10; 95% CI − 0.09 to 0.29) and on learning and memory functions (SMD − 0.54; 95% CI − 1.24 to 
0.17). RF-EMF exposure was associated with a large detrimental effect on motor activity functions (SMD 0.79; 
95% CI 0.21 to 1.38) and a moderate detrimental effect on motor and sensory functions (SMD − 0.66; 95% CI 
− 1.18 to − 0.14). RF-EMF exposure was not associated with a decrease of the size of litters conceived by F2 
female offspring (SMD 0.08; 95% CI − 0.39 to 0.55). Notably, meta-analyses of neurobehavioural effects were 
based on few studies, which suffered of lack of independent replication deriving from only few laboratories. 
Discussion: There was high certainty in the evidence for a lack of association of RF-EMF exposure with litter size. 
We attributed a moderate certainty to the evidence of a small detrimental effect on fetal weight. We also 
attributed a moderate certainty to the evidence of a lack of delayed effects on the offspring brain weight. For 
most of the other endpoints assessed by the meta-analyses, detrimental RF-EMF effects were shown, however the 
evidence was attributed a low or very low certainty. The body of evidence had limitations that did not allow an 
assessment of whether RF-EMF may affect pregnancy outcomes at exposure levels below those eliciting a well- 
known adverse heating impact. 
In conclusion, in utero RF-EMF exposure does not have a detrimental effect on fecundity and likely affects 
offspring health at birth, based on the meta-analysis of studies in experimental mammals on litter size and fetal 
weight, respectively. Regarding possible delayed effects of in utero exposure, RF-EMF probably does not affect 
offspring brain weight and may not decrease female offspring fertility; on the other hand, RF-EMF may have a 
detrimental impact on neurobehavioural functions, varying in magnitude for different endpoints, but these last 
findings are very uncertain. 
Further research is needed on the effects at birth and delayed effects with sample sizes adequate for detecting a 
small effect. Future studies should use standardized endpoints for testing prenatal developmental toxicity and 
developmental neurotoxicity (OECD TG 414 and 426), improve the description of the exposure system design 
and exposure conditions, conduct appropriate dosimetry characterization, blind endpoint analysis and include 
several exposure levels to better enable the assessment of a dose-response relationship. 
Protocol registration and publication: The protocol was published in Pacchierotti et al., 2021 and registered in 
PROSPERO CRD42021227746 (https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=227746).   

1. Introduction 

1.1. Rationale 

Radiofrequency electromagnetic fields (RF-EMF) are now employed 
worldwide in a variety of technologies and exposure of human pop
ulations is widespread in both occupational settings and in everyday life. 
National and international human exposure limits to RF-EMF have been 
developed and are periodically revised (ICNIRP 2020). Nevertheless, 
due to the speed of change of emerging technologies and to the research 
and reviews with varying results, public concern about possible adverse 
health effects from RF-EMF has been raised. 

Within an ongoing project aimed at assessing potential health effects 
of exposure to RF-EMF in the general and working population, the World 
Health Organization (WHO) International EMF Project identified six 
priority topics on which to focus: cancer, adverse reproductive out
comes, cognitive impairment, self-reported symptoms, oxidative stress, 
and heat-related effects (Verbeek et al., 2021). On these topics, the WHO 
has commissioned systematic reviews of observational and experimental 
studies to analyse and synthesize the available scientific evidence. 

When considering “adverse reproductive outcomes”, effects on both 
male fertility and pregnancy are considered. We recently published a 
protocol for conducting systematic reviews on these topics based on 
animal studies and studies on human sperm exposed in vitro (Pacchier
otti et al., 2021). A protocol was also published for a systematic review 
of human observational studies on the same topics (Kenny et al., 2022). 
The results of our systematic reviews of experimental studies are pub
lished in two separate papers, the present one focusing on adverse 
pregnancy outcomes and the second one focusing on male fertility (in 
preparation). 

Embryonic and fetal development is a critical stage of life known to 
be extremely sensitive to environmental influences. Adverse effects 

range from developmental delay reflected as weight reduction at birth to 
congenital defects and miscarriage. Low birth weight occurs in 14.6% of 
births (Blencowe et al., 2019). Each year over 3 million children 
worldwide are born with a congenital anomaly with complex and 
multifactorial etiology. Approximately 5% of birth defects are estimated 
to be attributable to environmental factors (Baldacci et al., 2018). 
Moreover, subtler developmental alterations, especially on neuro
cognitive system, may manifest later in life. 

Over the years, several experimental studies have been conducted 
with laboratory animal models, essentially rodents, to investigate RF- 
EMF effects during pregnancy, which confirmed knowledge about the 
detrimental effects of heating on embryonic/fetal development (Ziskin 
and Morrissey 2011). These studies have been previously reviewed 
(AGNIR 2012, Heynick and Merritt 2003, ICNIRP 2020, O’Connor 1999, 
SCENIHR 2015) but, until now, no systematic review was conducted 
according to internationally standardized protocols, including risk of 
bias assessment. 

1.2. Objective 

To overcome the limitations of the current assessment of the scien
tific evidence on the RF-EMF effects on pregnancy and birth outcomes, 
we carried out a systematic review of peer-reviewed literature on these 
topics according to the guidelines of the WHO (WHO 2014) and of the 
National Toxicology Program/Office of Health Assessment and Trans
lation (NTP/OHAT) Handbook (NTP 2015a). In particular, we formu
lated a PECO (Population, Exposure, Comparator, Outcome) statement 
in which the Population of interest corresponded to experimental 
mammals exposed exclusively in utero, the Exposure of interest consisted 
of RF-EMF in the frequency range 100 kHz − 300 GHz, the Comparators 
were animals sham-exposed or exposed to the same temperature in
crease induced by RF-EMF exposure by direct heating, and the Outcomes 
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were reduction of fecundity, adverse effects on the offspring health at 
birth or delayed effects on the offspring health, each one assessed by 
multiple non-redundant endpoints (Fig. 1). 

2. Methods 

The systematic review was conducted according to the protocol 
published in Pacchierotti et al., 2021. Where there were deviations, this 
is mentioned in Section 4.5.2 Deviations from the Protocol. 

2.1. Eligibility criteria 

The eligibility criteria applied to select studies for inclusion in the 
systematic review were those published in the protocol. Studies in which 
the exposure level could only be inferred from assumed exposure con
ditions and not by a measurement or estimate were assessed together 
with all the other studies because it was difficult to set boundaries in a 
continuum of exposure dosimetry reporting quality. This is a slight de
viation from the protocol (see Section 4.5.2). Studies were screened in 
relation to each of the elements of the PECO statement as reported in 
Table 1. 

We considered only original, controlled experimental studies on non- 
human mammals exposed in utero, published in peer-reviewed journals. 
We excluded non-experimental studies (e.g., human epidemiologic or 
other observational studies). 

We excluded papers reporting reviews, opinions, proceedings or 
meeting abstracts. We did not impose any year-of-publication or lan
guage 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 effects. The three databases were last consulted on 

September 8, 2022 (NCBI PubMed and Scopus) or on September 17, 
2022 (EMF Portal). 

2.3. Search strategy 

We interrogated the NCBI PubMed and SCOPUS databases, without 
any limits on year or 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 described in the Supplementary File 5 of Pacchierotti et al., 
2021. Search terms were identified to retrieve all relevant peer-reviewed 
publications of RF-EMF effects on adverse pregnancy outcomes and 
congenital disorders, by reviewing PubMed Medical Subject Heading 
(MeSH) terms associated with relevant papers and testing these and 
other terms chosen by expert judgement 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. 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 Glossary (Supplementary File 5 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 one or more of the inclusion criteria for the PECO elements. In the 
case of disagreement between the reviewers, or when the abstract did 
not report enough information, we passed the paper to the full text 
evaluation phase. 

Two reviewers independently evaluated the full texts of the 

Fig. 1. Schematic presentation of the 3 outcomes considered in the systematic review: reduction of fecundity, adverse effects on the offspring health at birth and 
delayed effects on the offspring health. Each of the 3 outcomes includes multiple endpoints measured by different tests. 
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identified 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. 

In no case was it necessary to contact the authors to decide about 
selection. Non-English language papers were either translated by the 
reviewers or through the use of Google Translate (https://translate.goo 
gle.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 where power density or 
other exposure metrics were reported instead of the whole body average 
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, we re-calculated quantitative results from other 
data reported, to produce a form best suited to a meta-analysis, for 
example, converting standard errors into standard deviations or calcu
lating means and variation parameters from raw data. 

2.6. Data items (outcomes) 

We extracted outcomes considered to be most representative of an 
effect on pregnancy and relevant for human health, following what was 
planned in the protocol. For the selection of outcomes we took into 
account the Organization for the Economic Co-operation and Develop
ment (OECD) Test Guidelines on prenatal developmental toxicity and 
developmental neurotoxicity studies (OECD TG 414 and 426). 

We organized extracted data into three outcome categories, each one 

including multiple endpoints. The names for the outcomes and end
points are slightly different from those used in the protocol because we 
wanted to use a terminology that better reflected the items actually 
reported in the literature, as detailed in Supplementary File 1. 

Reduction of fecundity. This category included: measurements of pre- 
implantation losses, expressed as percentage or number of losses or as 
number of implants recorded right after the end of the implantation 
process; decrease of litter size or increased incidence of resorbed or dead 
fetuses measured just before or within 3 days after birth. 

Adverse effects on the offspring health at birth. This category included 
reduction of fetal/pup weight or fetal/pup length, increase of external, 
visceral and skeletal malformations, ano-genital distance, change of sex 
ratio. Data on sex ratio were treated as a binary variable extracting odds 
ratio for the number of males as the effect size for the meta-analysis. 

Delayed effects on the offspring health. This category included mea
surements of effects that became evident later in life after in utero 
exposure, in particular neurobehavioural alterations, effects on the fe
male reproductive system and early-onset cancer. Among the possible 
markers of neurobehavioural alterations, data were extracted on 
learning and memory, motor activity or motor and sensory ability tests, 
behavioural ontogeny, brain weight and central nervous system histo
pathology. The age of first surface or air righting was considered the 
most representative biomarker of behavioural ontogeny alterations and 
synthesized in a meta-analysis. Reduction of the oocyte pool or of the 
litter size was considered evidence of effects on the female reproductive 
system, using the latter data for the meta-analysis. 

While specific indications on which data to extract were provided in 
the protocol (Supplementary File 2 of Pacchierotti et al., 2021), in some 
cases it had not been possible to foresee the type of data reported in the 
papers and additional decisions, listed in Supplementary File 2, were 
taken before inspecting the results. 

For the synthesis of results, primary outcomes considered were those 
measured by endpoints assessed at birth because of the social burden of 
perinatal deaths and congenital malformations in humans, and because 
the connection between prenatal exposure and adverse birth effects is 
closer than for delayed effects. 

Table 1 
Eligibility criteria.  

PECO Inclusion criteria Exclusion criteria 

Population  - Experimental mammals exposed exclusively in utero  - Non-mammalian species  
- Experimental mammals not exposed in utero 

Exposure  - 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  
- Ultrasound  
- 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 
(Pacchierotti et al., 2021)  

- Experimentally controlled co-exposure to RF-EMF and other chemical or 
physical agents (typically aimed at testing combined effects)  

- 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  - Sham-exposed controls  
- Temperature controls  

- Historical controls (if a study included both historical and matched controls, 
the study was included considering only the latter as the comparator)  

- Animals not handled as the animals of the exposed groups with particular 
reference to possible restraint conditions, anesthesia and stressing 
manipulations (as specified in the protocol) 

Outcomes  - Reduction of fecundity (pre-implantation losses; resorbed/dead fetuses; 
decrease of litter size)  

- Adverse effects on the offspring health at birth (decrease of fetal weight or 
length; increase of malformations; changes of sex ratio)  

- Delayed effects on the offspring health (brain weight and neuropathology; 
alteration of behavioural ontogeny landmarks; adverse effects on learning and 
memory, motor activity or motor and sensory functions; early-onset cancer; 
female fertility impairment)  

- Outcomes measured by methods deemed invalid as insufficiently described, 
insufficiently validated or improperly applied (as specified in the protocol)  

- Qualitative evidence of alterations in fetuses, pups or adult progeny  
- Molecular alterations in the progeny that are not causally linked to human 

pathologies  
- Effects in adult progeny for which there is not a solid knowledge regarding 

their possible developmental origin  
- Delayed effects at cellular or tissue levels in organs other than brain or ovary  
- Delayed effects when part of exposure occurred after birth  
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2.7. Data items (other variables) 

In addition to outcome data, we also extracted information relating 
to the populations of experimental animals and the exposure conditions. 
In particular, the species, strain, age, number of animals (dams and 
offspring) were recorded. Age of dams at exposure and of pups at 
analysis were considered to assess the comparability of animal charac
teristics between comparator and exposed groups. Several variables 
were extracted to characterize exposure conditions and to assess the risk 
of bias: frequency, modulation, exposure system, exposure level, expo
sure duration, animal temperature, and period of gestation during which 
the exposure occurred. 

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 whole body average SAR were not reported, a SAR esti
mate was calculated based on other dosimetric information and bio
physical assumptions. Randomization of animals to study groups, 
allocation concealment and blinding during exposure and/or outcome 
assessment, sham exposure conditions and statistical methods applied 
were considered as elements in the risk of bias assessment. 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). 

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. Supplementary File 3 summarizes the questions within each 
domain. Questions were based on those proposed in the OHAT hand
book (NTP 2015a, b); 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 exposure conditions. A custom
ized 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. 

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 the 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. 

2.9. Effect measures 

Original results were expressed as continuous or binary variables. 
When the same results were expressed in both ways, we extracted the 
continuous variable. We also tried to transform original binary data into 
continuous variables, but often this was not possible because of a lack of 
information. When possible, we transformed original data into the most 

common metrics but, in many cases, this was not possible because of 
lack of data. 

For continuous variables, a Mean Difference (MD) was calculated. 
Standardized Mean Differences (SMD), calculated as MD/pooled SD, 
were used for data that used different metrics (percentages or numbers) 
to measure the same endpoint, or when the scale of measures was ex
pected to widely differ, e.g., in the case of mouse or rat weight and 
length. For binary variables, we calculated Odds Ratios (OR) instead of 
Risk Ratios as initially planned in the protocol (see Section 4.5.2). 

Whenever results were not clearly reported as litter means and 
considering that the experimental unit in adverse pregnancy studies is 
the individual dam, we adjusted them for litter clustering by applying an 
intracluster correction (ICC) factor of 0.2 in the design effect formula 
provided by Golub and Sobin (2020). Unfortunately, in many studies 
reporting delayed effects in the offspring, the number of dams was un
available and we preferred not to introduce further assumptions and did 
not adjust data for litter clustering. This could have introduced a bias 
towards the detection of an RF-EMF effect, however, in the case of 
delayed effects, litter clustering is expected to have a small influence on 
the results and the bias should only have a minor impact on data 
synthesis. 

2.10. Synthesis methods 

All included papers were organized in a tabular form by the first 
author surname in alphabetical order. Several papers compared the ef
fect of different exposures or exposure levels also to different sham 
exposed groups. Each of the exposure-sham combinations was consid
ered as a separate study. Studies that were homogenous with regard to 
the PECO elements were synthesized. In particular, we made syntheses 
of results for 14 different endpoints belonging to the 3 outcomes as 
shown in Table 2. 

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 
formulas provided in the paragraph 6.5.2.10 of the Cochrane Handbook 
(Higgins et al., 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 used because the under
lying effect size was expected to differ between studies due to the 
explorative nature and diversity of 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. 

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”. In 
order to assess possible RF-EMF impact upon the most robust data, we 
conducted all further analysis and assessed the certainty of evidence 
only for studies rated at “low or some concern” (see Section 4.5.2). 

To explore possible causes of heterogeneity, we conducted sub-group 
analyses according to animal species, exposure levels (SAR less than 0.1, 
0.1 ≤ SAR less than 5, SAR ≥ 5 W/kg) and measurements of animal core 
temperature increase below or above 1 ◦C. We limited the subgroup 
analysis to these 3 variables, because they were considered the most 
likely to affect a possible association 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 
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when all the subgroups included at least 3 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 whole body 
average 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 infor
mation criterion (AIC) of the models. Finally, we visualised the summary 
estimate of the linear and the non-linear model together with the indi
vidual study dose–response curves in one graph based on the best linear 

unbiased prediction. 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 

Table 2 
List of endpoints for which the results have been synthesized by separate meta-analyses or narrative syntheses.    

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

Endpoint Metrics N◦ papers 
(N◦

studies)1 

Effect size measure N◦ papers 

Reduction of fecundity 
Pre-implantation loss Pregnancy rate   1 

Mean number of implantation sites 1 (2) SMD 1 
Mean losses per litter (%) 1 (2) 1 
Mean number of losses per litter 1 (3)  

Litter size Mean number of fetuses/pups per litter 29 (47) MD 8 
Resorbed or dead fetuses Total number of resorbed or dead fetuses 16 (76) OR after adjustment for intra-litter 

clustering, when necessary 
2 

Adverse effects on the offspring health at birth 
Fetal weight Mean weight per litter (g) 44 (104) SMD after adjustment for intra-litter 

clustering, when necessary 
8 

Fetal length Mean length per litter (mm) 10 (32) SMD after adjustment for intra-litter 
clustering, when necessary 

1 

Fetal malformations2 Mean number of malformations per litter 9 (13) SMD 5 
Mean malformed fetuses per litter (%) 6 (36) 

Litters with malformed 
fetuses2 

Number of litters with malformed fetuses 3 (30) OR after adjustment for intra-litter 
clustering, when necessary  Number of fetuses with malformations 11 (50) 

Sex ratio Total number of males 10 (27) OR after adjustment for intra-litter 
clustering, when necessary 

2 

Delayed effects on the offspring health 
Brain pathology Mean brain weight (g) 8 (13) SMD  

Mean total number of Purkinje cells   1 
Mean number of Purkinje cells per mm2  2 
Mean hippocampal neuronal cell density (cells/ 
optical field)  

1 

Mean number of pyramidal neurons in hippocampus  2 
Mean spinal cord motor neuron number  1 

Behavioural ontogeny Mean post-natal day of first righting 4 (4) MD 2 
Learning and memory 

functions 
Maze test - mean escape latency time (sec) 9 (14) SMD 1 
Standard object recognition memory test - mean 
preference (%)   

1 

Passive avoidance learning and memory test - mean 
time (sec)  

3 

Conditioned avoidance response test - mean number 
of successful avoidances  

1 

Food reinforcement learning test - mean efficiency 
(%)  

1 

Maze test - mean number of total probe activities  1 
Lashley water maze test - mean number of errors  1 
Y maze test - mean number of shocks to reach 
performance  

1 

Fear memory test - mean freezing time (%)  1 
Motor activity functions Mean time of endurance (sec) 7 (13) SMD  

Open field test - mean distance (cm)   4 
Open field test - mean number of crossed areas  5 
Open field test - mean crossed areas in last with 
respect to first trial (%)  

1 

Locomotor activity - mean exploring time (%)  2 
Motor and sensory 

functions 
Mean startle magnitude (arbitrary units) 2 (4) SMD  

Female infertility Mean female offspring litter size 4 (5) SMD  
Mean number of follicles   2 

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 

analyzed in the results synthesis because when multiple exposure groups shared the same comparator, their data were averaged and considered as one study only. 
2 The term “malformed fetuses” includes fetuses carrying any type of major external, skeletal or visceral malformation. 
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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. Certainty assessment 

The Grading of Recommendations, Assessment, Development and 
Evaluations (GRADE) 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). We considered five domains: limitations in 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. 

In analogy to the rating of importance of outcomes as described by 

Guyatt et al. (2011), we added a column to the GRADE evidence profile 
to report the level of importance we attributed to each endpoint in 
relation to the ultimate human relevant outcome. We used a scale from 1 
(the lowest importance) to 10 (the highest importance) to assign a score 
to each endpoint. We used these scores for the assessment of the indi
rectness domain. For example, we attributed less importance to an 
alteration of the expected 1:1 sex ratio and more importance to em
bryonic/fetal death leading to decreased litter size in rodents and a 
higher probability of spontaneous abortions in humans, as the latter has 
a clearly more severe impact on human health than the former. Simi
larly, we attributed a slightly higher importance to an irreversible 
congenital malformation than to a symptom of developmental delay, 
such as reduced fetal weight of fetal length. 

3. Results 

3.1. Study selection 

Fig. 2 shows the flow diagram from the initially retrieved references 
to the finally included papers, as per the PRISMA 2020 template (Page 
et al., 2021). After exclusion of duplicate records and of papers deemed 
not eligible based on title/abstract, a total of 236 papers remained for 
full-text assessment; we could not retrieve 11 papers and were unable to 
translate 10 papers. Of the remaining 215 papers, we excluded 127 after 
reading the full text. Therefore, the systematic review is based on a total 
of 88 papers. 

3.2. Excluded studies 

A list of the excluded papers is reported in Supplementary File 4 with 
a justification of the exclusion rationale. Most studies were excluded 
because of invalid or out-of-scope outcome assessment data. Examples 
were studies assessing effects in post-weaning offspring in organs un
related to neurobehavioural effects, studies assessing effects on placenta 

Fig. 2. Flow chart of the paper selection process according to the template proposed by PRISMA 2020.  
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only, or studies applying methods deemed invalid. Methods were 
considered invalid if insufficiently described, insufficiently validated or 
improperly applied (e.g., generic description of results without statisti
cal support or immunohistochemical detection of cellular and molecular 
markers of stress). Several other studies were excluded because of out- 
of-scope experimental design, meaning that exposure was not or not 
only during pregnancy, that animals were co-exposed to RF-EMF and 
other beneficial or detrimental agents, or that animals were environ
mentally exposed under uncontrolled conditions. The same file also in
cludes the references of the studies that could not be retrieved or 
translated, which had not been foreseen at the protocol stage. 

3.3. Study characteristics 

All papers that met the inclusion criteria were reported in tabular 
form (Table 3). In this table, characteristics of the studies regarding 
populations, exposure and outcomes are presented. Additionally, a very 
brief description of the main results in scope for the systematic review is 
reported, based on the authors’ interpretation and discussion. We also 
summarised temperature increase in the exposed animals, when deter
mined. The table also shows the specific outcomes investigated and 
whether the data were entered into the meta-analyses. 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. In some other cases, we extracted the results, but we did not 
enter them into a meta-analysis because we preferred not to increase the 
heterogeneity among study results by pooling very different types of 
tests. For the meta-analysis we selected the best standardized and most 
often reported test for measuring each endpoint. When this choice had 
not been specified at the protocol stage, we took the decision before 
inspecting the study results as detailed in Supplementary File 2. Finally, 
the results reported by Cobb et al. (2000) were not entered into a meta- 
analysis because they were the only results on the effects of electro
magnetic pulses. Nevertheless, all these results have been synthesized in 
a narrative way. 

3.3.1. Population 
Of the 88 included papers, 65 reported results in rats, 20 in mice and 

3 papers reported studies in other species. The average size of the 
experimental dam groups ranged between 3 and 82 with a median of 10. 

3.3.2. Exposure 
Eighty-six papers reported studies that included the organogenesis 

phase in the exposure window and 40 of them exposed all 3 phases of 
pregnancy: pre-implantation, organogenesis and late gestation. Of the 
included papers, 81 tested frequencies below 6000 MHz, 6 tested fre
quencies of 6000 MHz or higher and 1 reported results obtained with 
electromagnetic pulses. Forty-five percent of studies in which the in
formation was reported applied modulated signals. A quarter of the 
papers tested more than one exposure level; the range of whole body 
average SAR values was extremely wide, between 0.00011 and 115 W/ 
kg. Similarly, the duration of exposure ranged from a few minutes for 
just 1 day at a high exposure level to 24 h per day for the duration of 
gestation. In about half of the papers, animal temperature was measured 
and reported, with half of these recording a dam core body temperature 
increase equal to or higher than 1 ◦C. 

3.3.3. Comparators 
All papers included a control group that was considered sufficiently 

sham-exposed to be used as a comparator for the RF-EMF exposed ani
mals. No study included a control group of animals exposed only to a 
direct temperature increase strictly comparable to that induced by RF- 
EMF. 

3.3.4. Outcomes 
Reduction of fecundity. Six papers investigated the possibility of an 

increase of pre-implantation losses. In one paper, the effect was assessed 
by the total number of implants measured right after the end of the 
implantation period (Alchalabi et al., 2016). In another paper, the effect 
of pre-implantation exposure was assessed by the pregnancy rate 
(Nawrot et al., 1985). Other papers reported results on the number or 
percentage of losses in relation to the number of corpora lutea (Berman 
et al., 1992, Lary et al., 1982, Tofani et al., 1986) or simply stated no 
impact on implantation without details on the assessment method (Lee 
et al., 2009). Three of the 6 papers reported data that were suitable for 
use in meta-analysis. Results on litter size and incidence of resorbed/ 
dead fetuses were reported in 37 and 18 papers, respectively. 

Adverse effects on the offspring health at birth. Several different end
points contributed to the evaluation of offspring health at birth. In
dicators of a deterioration of offspring health were: a decrease of fetal/ 
pup weight (52 papers) or length (11 papers); an increase of external or 
internal (visceral or skeletal) malformations (34 papers); a deviation 
from the expected sex ratio (12 papers). As can be seen from Table 3, 
most of the papers reported results on these endpoints in a form suitable 
for meta-analysis. No study was retrieved on ano-genital distance. 

Delayed effects on the offspring health. None of the included papers 
addressed carcinogenic effects in the offspring exposed in utero. Thirty- 
three papers dealt with delayed effects, either on neurocognitive 
development or on the female reproductive system. Delayed effects were 
assessed as early as 7 days after birth up to over 100 days of age, with 
most studies concentrating on the period between 30 and 60 days of age. 
Eight papers reported measurements of brain weight. In addition, 7 
papers contained data on cellular density in organs of the central ner
vous system. Six papers contained data on changes in the onset of 
developmental landmarks like age of surface righting, which is part of 
the labyrinthine righting reflex. In 21 papers, neurobehavioural func
tional impairment was assessed by a variety of tests. These were grouped 
into 3 main categories: tests measuring learning and memory capacities 
(18 papers), tests measuring motor activity (18 papers) and tests 
measuring motor and sensory functions (2 papers). Six papers reported 
data on the fertility of the female offspring, either by the number of 
ovarian follicles (2 papers) or by functional tests (4 papers). Possible RF- 
EMF impact on male fertility after prenatal exposure is reviewed in a 
separate paper. 

Table 2 shows for each endpoint and outcome the number of papers 
and studies, the metrics in which the results were expressed, and the 
effect size measures used for the synthesis of results by meta-analysis. 

3.4. Risk of bias in studies 

Supplementary File 5(a-n) shows, for each endpoint, the heatmaps of 
the consensus scores assigned to each RoB question together with the 
overall level of concern; the relative justifications are reported in Sup
plementary File 6. In these Supplementary Files each entry within a 
given endpoint might include multiple comparisons between sham and 
exposed groups. 

3.4.1. Reduction of fecundity 

3.4.1.1. Pre-implantation loss. Four studies were classified at “some 
concern”, 2 studies were classified at “high concern”. The main reasons 
for concern were limited confidence in the outcome assessment and lack 
of blinding during experiment performance, and, for the “high concern” 
studies, insufficient exposure characterization and/or inadequate 
assessment of temperature issues. 

3.4.1.2. Litter size. Twenty-four studies were classified at “some 
concern”, 11 studies were classified at “high concern” and 3 studies were 
classified at “low concern”. The main reasons for “some concern” were 
limited confidence in the outcome assessment and lack of blinding 
during experiment performance. The main reasons for “high concern” 
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Table 3 
List of included papers with main study characteristics.   

Reference Population Exposure Outcome    

Species 
(Average 
group size) 

Stage of prenatal 
development during 
exposure: 
pre-implantation (PI), 
organogenesis (O), late 
gestation (LG) 

Frequency 
(MHz)/ 
Modulation 
(M, CW) or EMP 

Average level(s) 
W/kg 

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

Fecundity Health at 
birth 

Delayed 
effects 

Summary of paper results  

Aït-Aïssa et al., 2012 Rat 
(10) 

O + LG 2450/M 0.08, 0.4, 4 2:00/11 X   No effect on litter size and pup weight.  

Albert et al., 1981 Rat 
(3/3) 

LG 2450/CW 2 21:00/5    Decrease of Purkinje cell number 40 days after birth. Pups as the 
experimental unit.  

Alchalabi et al., 
2016 

Rat 
(10) 

PI, PI + O + LG 1800/M 0.048 1:00, 2:00/7, 20 X X  Decrease of implantation sites after the longest daily exposure during 
preimplantation stage. Decrease of litter size and fetal weight after the 
whole gestation exposure.  

Alchalabi et al., 
2017 

Rat 
(20) 

PI + O + LG 1800/M 0.974 1:00, 2:00/20    Variable effects on skeletal development and malformations.  

Aldad et al., 2012 Rat 
(37/77) 

PI + O 800–1900 1.6 24:00/17    At PND 56–112 impairment of memory by standard object recognition test. 
Effect observed also in tests measuring hyperactivity and anxiety but not in 
test measuring fear. Pups as the experimental unit.  

Anderson et al., 
2004 

Rat 
(25) 

LG 1620/M 0.06 2:00/3    No effect on litter size.  

Azimzadeh and 
Jelodar, 2020 

Rat 
(7/NR) 

PI + O + LG 900/CW 0.035 4:00/21    At PND 45 effect on learning and memory by passive avoidance test.  

Bas et al., 2013 Rat 
(3/6) 

O + LG 900/CW 0.01* 1:00/9   X At PND 32 no effect on brain weight; decrease of hippocampus pyramidal 
cell number. Pups as the experimental unit.  

Berman et al., 1978 Mouse 
(82) 

PI + O, O 2450/CW 2, 7, 8.1, 22.2* 1:40/10, 17 X X  0.1 ◦C temperature increase at the highest exposure level, no increase at the 
other exposure levels. No effect on litter size; decrease of fetal weight at the 
highest exposure level; increase of % litters with external malformations at 
the lowest exposure level.  

Berman et al., 1981 Rat 
(65) 

O 2450/CW 4.2 1:40/10 X X  2 ◦C temperature increase. No effect on litter size and on fetal weight; no 
effect on external, visceral or skeletal anomalies or variations.  

Berman et al., 1982a Mouse 
(15) 

O 2450/CW 16.5 1:40/12 X X  0.1 ◦C temperature increase. No effect on litter size; decrease of fetal 
weight; delay of sternal ossification.  

Berman et al., 1982b Hamster 
(44) 

O 2450/CW 6, 9 1:40/9 X X  0.4 and 1.6 ◦C temperature increase at the 2 exposure levels. No effect on 
litter size; decrease of fetal weight, increase of fetal resorptions and delay of 
sternal ossification at the highest exposure level. No effect on internal or 
external anomalies.  

Berman et al., 1984a Rat 
(21) 

O 2450/CW 6 1:40/10 X X  2 ◦C temperature increase. No effect on litter size; decrease of fetal weight; 
delay of sternal ossification.  

Berman et al., 1984b Mouse 
(20, 10/10) 

O 2450/CW 16.5 1:40/12  X X 0.1 ◦C temperature increase. Decrease of pup weight. At PND 10–17 
decrease of brain weight.  

Berman et al., 1992 Rat 
(32) 

PI + O + LG 970/CW 0.07, 2.4, 4.8 22:00/19 X X  Temperature not measured, but highest exposure level considered likely 
hyperthermal. No effect on preimplantation loss. No effect on litter size; 
decrease of fetal weight at the highest exposure level; no effect on sternal 
ossification.  

Bornhausen and 
Scheingraber, 2000 

Rat 
(12, 10/10) 

PI + O + LG 900/M 0.046 24:00/20    No effect on litter size. At PND 80 no evidence of cognitive impairment by 
food reinforcement learning test, pups as the experimental unit.  

Brown-Woodman 
and Hadley, 1988a 

Rat 
(4) 

O 27.12/CW 11.2 0:01, 0:02, 0:03, 0:05, 
0:10, 0:15, 0:18, 0:20, 
0:25, 0:30, 0:50, 1:00/1 

X X  2.5–5 ◦C temperature increase in the various exposed groups. Effects on 
fetal weight, embryolethality and malformations, increasing with the 
temperature elevation and increasing exposure time.  

Brown-Woodman 
and Hadley, 1988b 

Rat 
(7) 

O 27.12/M 2.8, 3, 4.2, 4.3, 
5.2, 5.6* 

0:30, 0:45, 1:00/1 X X  0.4–1.3 ◦C temperature increase in the various exposed groups. 
Embryolethal effects depending on the exposure duration and pulse 
repetition frequency; no effect on fetal weight and fetal malformations.  

Calis et al., 2019 Rat 
(NR/4) 

PI + O + LG 2100 0.23 1:00/21    At PND 42 in female offspring decrease of primordial and secondary follicle 
numbers. 

(continued on next page) 
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Table 3 (continued )  

Reference Population Exposure Outcome    

Species 
(Average 
group size) 

Stage of prenatal 
development during 
exposure: 
pre-implantation (PI), 
organogenesis (O), late 
gestation (LG) 

Frequency 
(MHz)/ 
Modulation 
(M, CW) or EMP 

Average level(s) 
W/kg 

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

Fecundity Health at 
birth 

Delayed 
effects 

Summary of paper results  

Chazan et al., 1983 Mouse 
(38) 

PI + O + LG 2450/CW 0.5, 2* 2:00/18 X   Increased embryolethality at the highest esposure level.  

Chernovetz et al., 
1975 

Mouse 
(5, 12/12) 

O 2450/M 38 0:10/1 X X  2 ◦C temperature increase. No effect on litter size and malformations. At 
PND 38 no effect on learning by Lashley water maze test, pups as the 
experimental unit.  

Chernovetz et al., 
1977 

Rat 
(15) 

O 2450/M 31 0:20/1 X X  3.4 ◦C temperature increase. Decrease of fetal weight; increase of 
resorptions with respect to both sham controls and infrared temperature 
controls.  

Chiang 1988 Mouse 
(10, 10/21) 

PI + O + LG 3000/M 3.25 5:00/20   X No temperature increase. No effect on pup weight at PND 3. At PND 21 no 
effect on surface righting, learning and memory by maze test and motor 
activity by forelimb hanging test, pups as the experimental unit.  

Cobb et al., 2000 Rat 
(6, 6/36) 

PI + O + LG EMP 0.045 0:02/16    No effect on litter size¸ fetal weight and sex ratio. No effect on air righting, 
locomotor activity and spatial learning by water maze test.  

Dasdag et al., 2000 Rat 
(12) 

PI + O + LG 890–915/M 0.155 0:03/20  X  0.317 ◦C temperature increase. No effect on litter size. Decrease of fetal 
weight with pup as the experimental unit.  

DastAmooz et al., 
2018 

Rat 
(NR/6) 

PI + O + LG 2450/M 0.23 6:00/24   X At PND 56 effect on learning but not on memory by Morris water maze test; 
no effect on locomotor activity by open field test; pup as the experimental 
unit.  

Erdem Koç et al., 
2016 

Rat 
(3/6) 

PI + O + LG 900/M 2 1:00/21    At PND 28 decrease of hippocampus pyramidal cell number, pup as the 
experimental unit.  

Ferreira et al., 2006 Rat 
(5) 

PI + O + LG 834/M 0.89 8:30/21 X   No effect on litter size.  

Galvin et al., 1983 Rat 
(20) 

PI + O + LG 2450/CW 2.7 3:00/17  X  No temperature increase. No effect on pup weight, pup as the experimental 
unit.  

Galvin et al., 1986 Rat 
(10, NR/ 
15) 

PI + O + LG 2450/CW 2 3:00/16 X X X No effect on litter size and on pup weight with pup as the experimental unit. 
At PND 30 effect on swim endurance in males and in females in 1 out of 2 
experiments; by the same test, no effect at PND 100; effects on motor and 
sensory outcomes by airpuff startle response in female but not in males; pup 
as the experimental unit.  

Guler et al., 2010 Rabbit 
(9) 

O + LG 1800/M 0.008* 0:15/8  X  No effect on pup weight.  

Haghani et al., 2013 Rat 
(10, 10/10) 

PI + O + LG 900/M 0.7 6:00/21 X  X No temperature increase. No effect on litter size. On PND 30–32 no effect on 
motor activity by rotarod performance, wire grip and open field tests; pup 
as the experimental unit.  

Ikinci et al., 2013 Rat 
(3/12) 

O + LG 900 0.4* 1:00/9   X At PND 30 effect on learning and memory by radial arm maze test and 
passive avoidance test; pup as the experimental unit.  

Inaloz et al., 1997 Rat 
(8) 

PI + O + LG 2450/CW 1.9, 3.9 0:15, 0:30/21 X X  1 ◦C temperature increase. No effects on litter size, fetal weight and fetal 
length.  

Inouye et al., 1983 Rat 
(6) 

PI + O + LG 2450/CW 1.76 3:00/18  X  No effect on pup weight and incidence of malformations; no major effect on 
sex ratio.  

Jensh et al., 1982a Rat 
(7, 7/36) 

PI + O + LG 915 3.5* 8:00/14 X X X No temperature increase. No effect on litter size; increase of pup weight; no 
effect on malformations. Anticipation of surface righting; at PND 60–90 no 
effect on learning by water maze test; no effect on motor activity by open 
field and forelimb hanging tests; no effecto on brain weight; no effect on 
female fertility by F2 litter size; pup as the experimental unit.  

Jensh et al., 1982b Rat 
(7) 

PI + O + LG 915 3.5* 8:00/14 X X  No temperature increase. No effect on litter size; no effect on fetal weight 
and malformations.  

Jensh et al., 1983a Rat 
(7) 

PI + O + LG 2450/CW 4.4* 8:00/14 X X  No temperature increase. No effect on litter size; decrease of fetal weight; 
no effect on malformations. 

(continued on next page) 
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Table 3 (continued )  

Reference Population Exposure Outcome    

Species 
(Average 
group size) 

Stage of prenatal 
development during 
exposure: 
pre-implantation (PI), 
organogenesis (O), late 
gestation (LG) 

Frequency 
(MHz)/ 
Modulation 
(M, CW) or EMP 

Average level(s) 
W/kg 

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

Fecundity Health at 
birth 

Delayed 
effects 

Summary of paper results  

Jensh et al., 1983b Rat 
(8, 8/35) 

PI + O + LG 2450/CW 4.4* 8:00/14  X X No temperature increase. Increase of pup weight; no effect on 
malformations. No effect on surface righting. At PND 60–90 no effect on 
learning and memory by shuttle box test; no effect on learning by water 
maze test; no effect on motor activity by open field and forelimb hanging 
tests; no effect on brain weight; increase of female fertility by F2 litter size; 
pup as the experimental unit.  

Jensh 1984a Rat 
(10, 8/29) 

PI + O + LG 6000 7.28 8:00/14 X X X No temperature increase. No effect on litter size; decrease of pup weight; no 
effect on malformations. No effect on surface righting; at PND 60 no effect 
on learning by water maze test; no effect on motor activity by open field and 
forelimb hanging tests; no effect on brain weight; no effect on female 
fertility by F2 litter size; pup as the experimental unit.  

Jensh 1984b Rat 
(9) 

PI + O + LG 6000 7.28 8:00/14 X X  No temperature increase. No effect on litter size and malformations; 
decrease of fetal weight.  

Kaplan et al., 1982 Squirrel 
monkey 
(10, 6/4) 

O + LG 2450/M 0.034, 0.34, 3.4 3:00/35–95    No effect on litter size. No effect on locomotor activity at 6–8 weeks of age.  

Keles and Sut, 2021 Rat 
(NR/6) 

O + LG 900 0.01* 1:00/9    At PND 32 decrease of spinal cord motor neuron number; pup as the 
experimental unit.  

Kubinyi et al., 1996 Mouse 
(21, NR/ 
236) 

PI + O + LG 2450/M 4.23 1:40/19  X X No effect on pup weight. At PND 24 no effect on brain weight; pup as the 
experimental unit.  

Lary et al., 1982 Rat 
(22) 

PI, O 27.12/CW 11.1–12.5 0:26–0:32/1 X X  4.4 ◦C temperature increase. No effect on pre-implantation loss. Increase of 
dead or resorbed fetuses after exposure of gestation day 7 or 9. Decrease of 
fetal weight after exposure of organogenesis stage but not after exposure of 
pre-implantation stage; decrease of fetal length; increase of external, 
visceral and skeletal malformations mainly after exposure of organogenesis 
stage. No effect on sex ratio.  

Lary et al., 1983a Rat 
(33) 

O 100/CW 0.41 6:40/6  X  No temperature increase. No effect on fetal weight or length; no effect on 
skeletal malformations; no effect on sex ratio.  

Lary et al., 1983b Rat 
(23) 

O 27.12/CW 10.8 0:18, 0:23, 0:38, 2:18/1 X X  2.9–3.9 ◦C temperature increase as a function of exposure duration. 
Teratogenic and embryotoxic effects increasing as a function of 
temperature increase and exposure duration.  

Lary et al., 1986 Rat 
(21) 

O 27.12/CW 10.8 0:10, 0:17, 0:24, 0:31, 
0:40/1 

X X  2.6, 3, 3.6, 4 or 4.5 ◦C temperature increase. Increase of embryotoxicity and 
teratogenicity starting at 3.6 ◦C temperature increase. No effect on sex 
ratio.  

Lee et al., 2009 Mouse 
(17) 

PI + O 848.5, 848.5 +
1950/M 

2, 4 1:30/17 X X  No temperature increase. No effect on implantation. No effect on litter size, 
fetal weight, fetal length, malformations and sex ratio.  

Li et al., 2020 Rat 
(4, 4/18) 

PI + O + LG 1800, 2400, 
1800 + 2400 

0.02, 0.2, 0.4* 12:00/21  X X Some effects on pup weight but no on pup length. At PND 21 no major effect 
on learning and memory by Y-maze test; at PND 49 no major effect on 
motor activity by open field test; pups as the experimental unit.  

Marcickiewicz et al., 
1986 

Mouse 
(40) 

PI + O + LG 2450/CW 4.5, 17* 2:00/18 X X  1.5–2 ◦C temperature increase at the highest exposure level. Increase of 
embryotoxicity at the highest exposure level. Decrease of fetal weight, no 
effect on malformations; fetuses as the experimental units.  

Merritt et al., 1984 Rat 
(10) 

PI + O + LG 2450/M 0.4 24:00/17 X X  No effect on litter size and fetal weight.  

Nawrot et al., 1981 Mouse 
(20) 

PI + O, O 2450/CW 6.7, 28.14, 40.2 8:00/6, 10, 15 X X  1 and 2.5 ◦C temperature increase at the 2 higher exposure levels. Decrease 
of implantation sites per litter and fetal weight after exposure of the pre- 
implantation phase at the highest level; increase of malformations after 
exposure during the organogenesis phase at the highest level. Fetuses as the 

(continued on next page) 
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Table 3 (continued )  

Reference Population Exposure Outcome    

Species 
(Average 
group size) 

Stage of prenatal 
development during 
exposure: 
pre-implantation (PI), 
organogenesis (O), late 
gestation (LG) 

Frequency 
(MHz)/ 
Modulation 
(M, CW) or EMP 

Average level(s) 
W/kg 

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

Fecundity Health at 
birth 

Delayed 
effects 

Summary of paper results 

experimental unit. The study also includes a direct heating temperature 
comparator.  

Nawrot et al., 1985 Mouse 
(22) 

PI + O, O 2450/CW 40.2 8:00/6, 10 X X  2.3 ◦C temperature increase. Decrease of pregnancy rate and decrease of 
fetal weight after exposure during pre-implantation phase; no increase of 
embryolethality in pregnant dams; no effect on external, visceral and 
skeletal malformations. Fetuses as the experimental unit. The study also 
includes a direct heating temperature comparator.  

Nelson et al., 1991 Rat 
(22) 

O 10/CW Variable 0:30/1 X X  One exposure level at 3.7 ◦C temperature increase achieved varying SAR 
between 0.8 and 6.6 W/kg. No effect on litter size and on fetal weight; 
increase of malformations; no effect on sex ratio.  

Nelson et al., 1994 Rat 
(6) 

O 10/CW Variable 0:30, 0:40, 0:50, 1:00/1    Exposure level at 4 ◦C temperature increase achieved varying SAR between 
0.8 and 6.6 W/kg. Increased incidence of resorptions more evident after 
exposure of gestation day 9 than of gestation day 13; decrease of fetal 
weight; effects on external, skeletal and visceral malformations.  

Nelson et al., 1997a Rat 
(10) 

O 10/CW Variable Variable/1    Three exposure levels at temperature increase of 0.5 ◦C (for 0:20, 2:20, 4:20 
or 6:20), 1.5 ◦C (for 0:20, 1:20, 2:20, 3:20 or 4:20) or 2.5 ◦C (for 0:20 or 
1:20) achieved by varying SAR between 0.8 and 7.9 W/kg. Increase of 
malformations as a function of exposure duration at 1.5 ◦C temperature 
increase.  

Nelson et al., 1997b Rat 
(10) 

O 10/CW Variable 0:40/1  X  One exposure level at 4 ◦C temperature increase achieved varying SAR 
between 0.8 and 6.6 W/kg. Increase of external malformations.  

Nelson et al., 1999 Rat 
(10) 

O 10/CW Variable 1:20/1 X X  One exposure level at 3 ◦C temperature increase achieved varying SAR 
between 0.8 and 7.9 W/kg. Increased incidence of resorptions and 
malformations; no effect on fetal weight; fetuses as the experimental unit.  

Nelson et al., 2001 Rat 
(10) 

O 10/CW Variable 1:20/1    One exposure level at 3 ◦C temperature increase achieved varying SAR 
between 0.8 and 7.9 W/kg. Increased incidence of resorptions and 
malformations; no effect on fetal weight; fetuses as the experimental unit.  

O’Connor 1988 Rat 
(4, 4/NR) 

PI + O + LG 2450/CW 270–310 W/m2 6:00/19    2 ◦C temperature increase. Suggestion of a decrease of litter size. No effect 
on righting; at PND 36 no effect on motor activity by open field test.  

Odaci et al., 2013 Rat 
(3/11) 

O + LG 900 0.01* 1:00/9   X At PND 26 effect on motor activity by rotarod test but not by open field test. 
Pups as the experimental unit.  

Odaci et al., 2016 Rat 
(3/6) 

O + LG 900/CW 0.01 1:00/9   X At PND 32 no effect on cerebellum weight; decrease of Purkinje cell 
number. Pups as the experimental unit.  

Ogawa et al., 2009 Rat 
(20) 

O 1950/M <0.2, 0.2 1:30/11 X X  No effect on litter size, fetal weight, external, visceral and skeletal 
malformations, sex ratio.  

Petitdant et al., 2018 Rat 
(8, 8/8) 

PI + O + LG 900/M 0.7, 2.6 0:45/19   X No effect on litter size and pup weight. At PND 36 no effect on learning and 
memory by freeze post-conditioning test; no effect on motor and sensory 
functions by acoustic startle test. Effect on motor activity by the open field 
test at the highest exposure level in adolescent but not in adult offspring. 
Pups as the experimental unit.  

Poulletier de Gannes 
et al., 2012 

Rat 
(14) 

PI + O + LG 2450 0.08, 0.4, 4 2:00/17 X X  No effect on litter size, malformations and sex ratio.  

Razavinasab et al., 
2016 

Rat 
(NR/5) 

PI + O + LG 900/M 0.6 6:00/21   X No temperature increase. At PND 30 effect on learning and memory by 
water maze and passive avoidance tests. Pups as the experimental unit.  

Rifat et al., 2016 Mouse 
(NR) 

O + LG, PI + O + LG 10000 0.179 2:00/8, 20    No effect on litter size and pup length, decrease of pup weight.  

Rugh and 
McManaway 1976 

Mouse 
(28) 

O 2450/CW 47, 85, 87* 0:04/1 X X  1.5 ◦C temperature increase in the group exposed to 85 W/kg only. 
Embryotoxic and teratogenic effects lower in anesthetized than in non- 
anesthetized animals. 

(continued on next page) 
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Table 3 (continued )  

Reference Population Exposure Outcome    

Species 
(Average 
group size) 

Stage of prenatal 
development during 
exposure: 
pre-implantation (PI), 
organogenesis (O), late 
gestation (LG) 

Frequency 
(MHz)/ 
Modulation 
(M, CW) or EMP 

Average level(s) 
W/kg 

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

Fecundity Health at 
birth 

Delayed 
effects 

Summary of paper results  

Rugh and 
McManaway 1977 

Mouse 
(11) 

PI, O 2450/CW 99.12–114.6 0:04/1 X X  Effects on embryolethality and teratogenicity after exposure at some but 
not other days of gestation. Fetuses as the experimental unit.  

Rugh and 
McManaway 1978 

Mouse 
(NR/31) 

O 2450/CW 106.33, 109.87 0:04/1   X About 3 ◦C temperature increase. No effect on female offspring fertility. 
Pups as the experimental unit.  

Sambucci et al., 
2010 

Mouse 
(11) 

PI + O + LG 2462/M 4 2:00/14 X X  Adjustment of TEM cell temperature to counteract animal temperature 
increase. No effect on litter size and pup weight.  

Sangun et al., 2015 Rat 
(4) 

PI + O + LG 2450/M 0.143 1:00/21  X  No effect on pup weight.  

Schmidt et al., 1984 Rat 
(20) 

PI + O + LG 2450/M 0.4 24:00/17 X X  No effect on resorptions, fetal weight and fetal length. No effect on external 
and skeletal malformations.  

Sharma et al., 2017 Mouse 
(6, 6/6) 

O + LG, PI + O + LG 10000 0.179 2:00/9, 20 X X X No effect on litter size and pup length; decrease of pup weight. At PND 21 
decrease of brain weight after exposure during whole gestation; decreased 
number of Purkinje cells under all exposure conditions; pups as the 
experimental unit.  

Shibkova et al., 2015 Mouse 
(16) 

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

Shirai et al., 2014 Rat 
(8) 

O + LG 2140/M 0.037, 0.11 20:00/16 X X  No effect on litter size, malformations, sex ratio.  

Shirai et al., 2017 Rat 
(12) 

O + LG Multiples, range: 
870-5180/M 

0.087, 0.433 20:00/16    No effect on litter size, malformations, sex ratio.  

Smialowicz et al., 
1981 

Rat 
(20) 

O + LG 100/CW 2.02 4:00/16  X  No effect on pup weight.  

Smialowicz et al., 
1982 

Rat 
(6) 

O + LG 425/CW 4.7 4:00/10  X  No temperature increase. No effect on pup weight.  

Stasinopoulou et al., 
2016 

Rat 
(15, NR/9) 

PI + O + LG 1900/M 0.018 12:00/21 X X  No effect on litter size, pup weight, pup length. At PND 21 decreased 
hippocampal neuron density; pups as the experimental unit.  

Takahashi et al., 
2010 

Rat 
(12) 

O + LG 2140 0.029, 0.068 20:00/15 X X  No effect on litter size, malformations and sex ratio.  

Tofani et al., 1986 Rat 
(16) 

PI + O, PI + O + LG 27.12 0.00011 24:00/7, 21 X X  No temperature increase. No effect on pre-implantation loss rate. After 
whole gestation exposure increase of post implantation losses, no effect on 
external malformations, increase of visceral and skeletal malformations.  

Türedi et al., 2016 Rat 
(3/6) 

O + LG 900/CW 0.01 1:00/9    At PND 34 decrease of primordial follicle number in female offspring. Pups 
as the experimental unit.  

Wang et al., 2018 Rat 
(6) 

PI + O 850–1900/M 1.6 6:00, 24:00/17 X X  No effect on litter size and on pup weight.  

Wyde et al., 2018 Rat 
(5) 

O 900/M 10, 12 9:10/6    About 1 and 2 ◦C temperature increase at 10 and 12 W/kg, respectively. No 
effect on the number of live fetuses and fetal weight; increased number of 
resorptions at the highest exposure level when modulated by GSM signal 
but not by CDMA signal.  

Zhang et al., 2015 Mouse 
(NR/10) 

PI + O + LG 9417 2 12:00/16   X At PND 35 no effect on motor activity by open field test; effect on males but 
not on females on learning and memory by water maze test. Pups as the 
experimental unit.  

Zhao et al., 2005 Mouse 
(24/144) 

O 37400, 42200, 
53000, 60000/ 
CW 

0.45, 1.35, 
2.25, 3.6 

2:00/10    No temperature increase. At PND 60 effect on learning and memory by Y- 
maze test generally more evident at higher exposure levels. Pups as the 
experimental unit. 

When data were entered into a meta-analysis this is marked by X. For studies on delayed effects, both average number of dams and average number of pups per experimental group have been reported as (N dams/N pups). 
When data were statistically analysed clearly considering fetuses/pups as the experimental unit this has been remarked. Information on modulation is not reported when it was not clearly provided in the paper. Exposure 
level(s) are expressed in SAR unless this data was not provided in the paper or calculated on the basis of other information, in which case PD values are reported if provided. 
Abbreviations: CW: continuous wave unmodulated signal; EMP: electromagnetic pulses; LG: late gestation; M: modulated signal; NR: not reported; O: organogenesis; PI: pre-implantation; PND: post-natal day. 

* SAR calculated for 1 or more of the exposed groups from different original exposure metrics. 
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were insufficient exposure characterization, inadequate assessment of 
temperature issues, and/or the small size of the experimental groups 
considered in the “other potential threats to internal validity”. 

3.4.1.3. Resorbed or dead fetuses. Fifteen studies were classified at 
“some concern” and 3 studies were classified at “high concern”. The 
main reasons for “some concern” were limited confidence in the 
outcome assessment and lack of blinding during experiment perfor
mance. The reason for “high concern” was the small size of the experi
mental groups considered in the “other potential threats to internal 
validity”. 

3.4.2. Adverse effects on the offspring health at birth 

3.4.2.1. Fetal weight. Thirty-eight studies were classified at “some 
concern”, 13 studies were classified at “high concern” and 1 study was 
classified at “low concern”. The main reasons for “some concern” were 
limited confidence in the outcome assessment and lack of blinding 
during experiment performance. The main reasons for “high concern” 
were insufficient exposure characterization, inadequate assessment of 
temperature issues, and/or the small size of the experimental groups 
considered in the “other potential threats to internal validity”. 

3.4.2.2. Fetal length. Eight studies were classified at “some concern” 
and 3 studies were classified at “high concern”. The main reasons for 
“some concern” were limited confidence in the outcome assessment and 
lack of blinding during experiment performance. The main reasons for 
“high concern” were insufficient exposure characterization, and/or the 
small size of the experimental groups considered in the “other potential 
threats to internal validity”. 

3.4.2.3. Fetal malformations. Twelve studies were classified at “some 
concern”, 7 studies were classified at “high concern” and 1 study was 
classified at “low concern”. The main reasons for “some concern” were 
limited confidence in the outcome assessment and lack of blinding 
during experiment performance. The main reasons for “high concern” 
were insufficient exposure characterization, inadequate assessment of 
temperature issues, the small size of the experimental groups considered 
in the “other potential threats to internal validity” and/or inadequate 
comparators. 

3.4.2.4. Litters with malformed fetuses. Twelve studies were classified at 
“some concern” and 2 studies were classified at “high concern”. The 
main reasons for “some concern” were limited confidence in the 
outcome assessment and lack of blinding during experiment perfor
mance. The main reason for “high concern” was the small size of the 
experimental groups considered in the “other potential threats to in
ternal validity”. 

3.4.2.5. Sex ratio. Eleven studies were classified at “some concern” and 
1 study was classified at “low concern”. The main reasons for concern 
were limited confidence in the outcome assessment and lack of blinding 
during experiment performance. 

3.4.3. Delayed effects on the offspring health 

3.4.3.1. Brain pathology. Nine studies were classified at “some concern” 
and 3 studies were classified at “high concern”. The main reasons for 
“some concern” were limited confidence in the outcome assessment and 
lack of blinding during experiment performance. The reasons for “high 
concern” were inadequate comparators, insufficient exposure charac
terization and/or the small size of the experimental groups considered in 
the “other potential threats to internal validity”. 

3.4.3.2. Behavioural ontogeny. All 6 studies were classified at “high 

concern” because of lack of confidence in outcome assessment. 

3.4.3.3. Learning and memory functions. Two studies were classified at 
“some concern” and 14 studies were classified at “high concern”. The 
main reasons for “some concern” were lack of randomization or insuf
ficient exposure characterization and inadequate assessment of tem
perature issues. The reasons for “high concern” were lack of confidence 
in outcome assessment, insufficient exposure characterization, inade
quate comparators and/or the small size of the experimental groups 
considered in the “other potential threats to internal validity”. 

3.4.3.4. Motor activity functions. Three studies were classified at “some 
concern” and 11 studies were classified at “high concern”. The main 
reasons for “some concern” were lack of blinding during experiment 
performance and/or lack of randomization. The reasons for “high 
concern” were lack of confidence in outcome assessment, insufficient 
exposure characterization and/or the small size of the experimental 
groups considered in the “other potential threats to internal validity”. 

3.4.3.5. Motor and sensory functions. One study was classified at “some 
concern” because of lack of blinding during the experiment performance 
and lack of randomization. One study was classified at “high concern” 
because of lack of confidence in outcome assessment. 

3.4.3.6. Female infertility. Five studies were classified at “some 
concern” and 1 study was classified at “high concern”. The main reasons 
for “some concern” were lack of blinding during experiment perfor
mance and limited confidence in the outcome assessment. The reason for 
“high concern” was the small size of the experimental groups considered 
in the “other potential threats to internal validity”. 

In general, the highest confidence in exposure characterization 
appeared to correlate with studies with the largest sample sizes: the 31 
studies with “definitely low RoB” for exposure had a mean sample size of 
64 (SD = 52), while the 11 studies with “definitely high RoB” for 
exposure had a mean sample size of 31 (SD = 23), which gives a mean 
difference of 33 (95% CI 1 to 65). 

3.5. Effects of the exposure 

3.5.1. Results of individual studies 
Results of individual studies are reported in Supplementary File 7(a- 

e), along with experimental design and exposure conditions applied in 
each of them. 

3.5.2. Results of the syntheses 

3.5.2.1. Reduction of fecundity 
3.5.2.1.1. Pre-implantation loss. A total of 5 studies reported data on 

pre-implantation loss. The only one rated at “low or some concern” RoB 
level yielded an SMD of − 0.31 (95% CI − 0.88 to 0.26) showing no 
impact of RF-EMF exposure on this endpoint. The pooled SMD of the 
other 4 studies rated at “high concern” RoB level was − 0.36 (95% CI 
− 0.73 to 0.00) (Fig. 3). Since only one study was rated at “some 
concern” RoB level neither subgroup nor dose-response analysis were 
performed. 

3.5.2.1.2. Pre-implantation loss: Other studies not included in the meta- 
analysis. Three studies, evaluated at “some concern” RoB level, could 
not be included in the meta-analysis, because data on variation param
eters were not provided (Lary et al., 1982, Lee et al., 2009) or because 
the effect was only expressed by pregnancy rate (Nawrot et al., 1985). 
Two of them showed no effect on pre-implantation loss after exposure 
levels of 2 or 4 W/kg for 90 min/day for 17 days without a substantial 
animal core temperature increase (Lee et al., 2009) or 12 W/kg for about 
30 min for 1 day with about a 4 ◦C core temperature increase (Lary et al., 
1982). The third study (Nawrot et al., 1985) showed a significant 
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decrease in pregnancy rate after exposure to 40.2 W/kg for 480 min/day 
for 6 days and a 2.3 ◦C core temperature increase. 

3.5.2.1.3. Litter size. A total of 36 studies reported data on litter size. 
The median litter size in the sham control groups across all 36 studies 
was 10.9 pups. In the 24 studies with “low or some concern” for overall 
study RoB, the mean difference between litter sizes in the sham-exposed 
and RF-EMF exposed groups was small and not statistically significant 
(MD 0.05 pup/litter, 95% CI –0.21 to 0.30). These studies were con
ducted at an average exposure level of 4.92 W/kg (SD 5.39, 0.02–22.2 
min–max), with 42% testing a whole body average SAR equal to or 
higher than 5 W/kg. The pooled MD of studies at “high concern” RoB 
level was 0.77 (95% CI 0.15 to 1.39; 12 studies) (Fig. 4). 

3.5.2.1.4. Litter size: Subgroup analysis. We could not use subgroup 
analyses by SAR and animal species for exploring causes of result het
erogeneity because, in both cases, some of the subgroups included less 
than 3 studies. Subgrouping the studies by dam core temperature in
crease partly explained their heterogeneity. The mean difference of the 4 
studies in which the dam core temperature increased over 1 ◦C (2 ◦C 
average increase; MD 0.99 pup/litter, 95% CI 0.36 to 1.62) was signif
icantly different from the mean difference of the 9 studies in which this 
increase was not observed (MD –0.33 pup/litter, 95% CI –0.79 to 0.14) 
(Supplementary File 8). 

3.5.2.1.5. Litter size: Dose-response analysis. The dose–response 
analysis, with a linear model fit, did not reveal a significant effect on 
litter size with each increase in exposure of 1 W/kg (MD 0.001 pup/ 
litter, 95% CI –0.04 to 0.04; 24 studies, 31 observations). Based on the 
AIC there was no indication that a non-linear relation with cubic splines 
would better fit the data (Supplementary File 9). 

3.5.2.1.6. Litter size: Other studies not included in the meta-analysis. 
Eight papers reporting results that could not be included in the meta- 
analysis were classified at “low concern” (1 paper), “some concern” (6 
papers) or “high concern” (1 paper) for overall study RoB. In agreement 
with the result of the meta-analysis, studies from these papers did not 
show an effect of RF-EMF exposure on litter size at a range of exposure 
levels from 0.034 to 12 W/kg (Anderson et al., 2004, Bornhausen and 

Scheingraber 2000, Dasdag et al., 2000, Kaplan et al., 1982, Petitdant 
et al., 2018, Rifat et al., 2016, Shirai et al., 2017, Wyde et al., 2018). No 
effect on litter size was reported in the study by Cobb et al., 2000 where 
the effects of EMP were tested. 

3.5.2.1.7. Resorbed or dead fetuses. A total of 27 studies reported 
data on the incidence of resorbed or dead fetuses. No study was rated at 
“low concern” RoB level. Studies classified at “some concern” for overall 
study RoB had an OR of 1.84 (95% CI 1.27 to 2.66; 21 studies), showing 
a statistically significant increase of resorbed or dead fetuses in the RF- 
EMF exposed animals. These studies were conducted at an average 
exposure level of 20.26 W/kg (SD 24.52, 0.0001–107.28 min–max), 
with 81% testing a whole body average SAR equal to or higher than 5 W/ 
kg. Studies rated at “high concern” RoB level had an OR of 1.71 (95% CI 
0.65 to 4.46; 6 studies) (Fig. 5). 

3.5.2.1.8. Resorbed or dead fetuses: Subgroup analysis. Comparison 
of studies according to the animal species showed a borderline signifi
cant difference (p less than 0.07). We could not use the subgrouping by 
SAR for investigating causes of result heterogeneity because the group at 
the lowest SAR included only 1 study. Subgrouping studies by whether 
animal core temperature increased or not, did not show a significant 
difference between the 4 studies in which less than 1 ◦C increase was 
induced (OR 2.17, 95% CI 0.39 to 12.03) and the 14 studies in which the 
temperature of the exposed dams increased by over 1 ◦C (3 ◦C average 
increase; OR 1.59, 95% CI 1.15 to 2.19) (Supplementary File 8). 

3.5.2.1.9. Resorbed or dead fetuses: Dose-response analysis. The 
linear fitting of the dose-response relationship showed a small but sta
tistically 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 9). 

3.5.2.1.10. Resorbed or dead fetuses: Other studies not included in the 
meta-analysis. Two studies, rated at “some concern” for overall study 
RoB were not entered into the meta-analysis because data on variation 
parameters were not reported (Nelson et al., 2001), or data could not be 
extracted from the figures (Nelson et al., 1994). In agreement with the 
result of the meta-analysis, these studies showed an increased number of 

Fig. 3. Forest plot of studies on pre-implantation loss categorised as “low or some concern” or “high concern” for RoB. Tofani 1986 expressed the endpoint by the 
mean % losses per litter; Alchalabi 2016 expressed the endpoint by the mean number of implantation sites per litter; the 3 studies by Berman 1980 expressed the 
endpoint by the mean number of losses per litter. 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. 4. Forest plot of studies on litter size categorised as “low or some concern” or “high concern” for RoB. The endpoint is expressed by the mean number of fetuses/ 
pups per litter. 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. 5. Forest plot of studies on the incidence of resorbed or dead fetuses categorised as “low or some concern” or “high concern” for RoB. The endpoint is expressed 
by the number of resorbed or dead fetuses considered as “cases” (N c) vs the number of live fetuses (N non-c), after adjustment for intra-litter clustering. 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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resorptions after high level RF-EMF exposures where core temperature 
increases of 3–4 ◦C were observed (Nelson et al., 1994, 2001). 

3.5.2.2. Adverse effects on the offspring health at birth 
3.5.2.2.1. Fetal weight. Fig. 6 shows the forest plot of data on fetal 

weight categorized as “low or some concern” or “high concern” for RoB. 
Forty-eight studies rated as “low or some concern” had an SMD of 0.31 
(95% CI 0.15 to 0.48) showing a small but statistically significant 
decrease of fetal weight in the RF-EMF exposed animals. These studies 
were conducted at an average exposure level of 9.83 W/kg (SD 11.85, 

Fig. 6. Forest plot of studies on fetal weight categorised as “low or 
some concern” or “high concern” for RoB. The endpoint is expressed 
by the mean fetal weight in grams. SMD was used as the effect size 
measure because studies used various species that differed appre
ciably in weight. 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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0.0001–40.2 min–max), with 54% testing a whole body average SAR 
equal to or higher than 5 W/kg. Fourteen studies rated at “high concern” 
RoB level had an SMD of 0.52 (95% CI 0.06 to 0.98). 

3.5.2.2.2. Fetal weight: Subgroup analysis. Subgroup analysis ac
cording to animal species could not be used for investigating causes of 
result heterogeneity because of a paucity of studies for some species. 
After subgrouping by SAR, significantly different SMD values of − 0.57 
(95% CI − 1.38 to 0.24, 5 studies), 0.07 (95% CI − 0.15 to 0.29, 17 
studies) and 0.51 (95% CI 0.31 to 0.72, 26 studies) were observed at 
whole body average SARs of less than 0.1, 0.1–5 and ≥ 5 W/kg, 
respectively. Subgrouping studies by whether animal core temperature 
increased or not, did not show significant differences between studies in 
which less than 1 ◦C increase was induced (SMD 0.36, 95% CI 0.11 to 
0.60, 18 studies) and studies in which over 1 ◦C increase was induced 
(SMD 0.57, 95% CI 0.28 to 0.86, 16 studies) (Supplementary File 8). 

3.5.2.2.3. Fetal weight: Dose response analysis. According to the dose 
response analysis with the linear model, there would be an increase in 
SMD of 0.015 with every unit increase of W/kg, which indicates a 
decrease of body weight in the RF-EMF exposed fetuses. According to the 
decrease of the AIC, the cubic spline analysis fitted the observed data 
better indicating a supralinear effect until about 7 W/kg (Supplementary 
File 9). 

3.5.2.2.4. Fetal weight: Other studies not included in the meta-ana
lysis. Seven papers reported on fetal weight assessment but did not 
provide data to be included in the meta-analysis or lacked essential in
formation; six of them were classified at “some concern” and one at 
“high concern” for overall study RoB. Five of these papers did not 
observe a statistically significant fetal weight decrease in the RF-EMF 
exposed animals in spite of exposure at whole body average SAR as 
high as 7.9 W/kg and a dam core temperature increase as high as 3 ◦C 
(Chiang 1988, Nelson et al., 1999, 2001, Petitdant et al., 2018, Wyde 
et al., 2018). Two papers reported a significant decrease of fetal weight 
after a whole body average exposure to 6.6 W/kg RF-EMF that was 
associated with a dam core temperature increase of 4 ◦C (Nelson et al., 
1994) or an exposure to 0.179 W/kg without a dam core temperature 
assessment (Rifat et al., 2016). In the paper by Cobb et al. (2000), effects 
of EMP were tested and no evidence of fetal weight decrease was 
reported. 

3.5.2.2.5. Fetal length. A total of 15 studies reported data on fetal 
length. Thirteen studies rated as “some concern” for overall study RoB 
had a pooled SMD of 0.45 (95% CI 0.07 to 0.83), showing a small but 
statistically significant decrease of fetal length in RF-EMF exposed ani
mals. These studies were conducted at an average exposure level of 4.55 
W/kg (SD 5.35, 0.018–11.97 min–max), with 38% testing a whole body 

Fig. 7. Forest plot of studies on fetal length categorised as “low or some concern” or “high concern” for RoB. The endpoint is expressed by the mean fetal length in 
millimeters. SMD was used as the effect size measure because studies used various species that differed appreciably in length. 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. 

E. Cordelli et al.                                                                                                                                                                                                                                 



Environment International 180 (2023) 108178

20

average SAR equal to or higher than 5 W/kg. Studies rated at “high 
concern” RoB level had a pooled SMD of 1.35 (95% CI − 1.06 to 3.75; 2 
studies) (Fig. 7). 

3.5.2.2.6. Fetal length: Subgroup analysis. Subgrouping by animal 
species did not show a significant difference between studies in mice and 
rats. Categorization of studies by exposure level showed a significant 
heterogeneity among groups. SMD values of − 0.58 (95% CI − 2.40 to 

1.24, 3 studies), 0.05 (95% CI − 0.24 to 0.34, 5 studies) and 0.92 (95% CI 
0.47 to 1.37, 5 studies) were calculated for whole body average SARs 
below 0.1 W/kg, between 0.1 and 5 W/kg and above 5 W/kg subgroups, 
respectively. There was a significant difference between the pooled ef
fect size of studies in which a temperature increase of less than 1 ◦C was 
reported (SMD 0.06, 95% CI − 0.38 to 0.51, 3 studies) and the pooled 
effect size of studies in which a temperature increase equal to or higher 

Fig. 8. Forest plot of studies on fetal malformations categorised as “low or some concern” or “high concern” for RoB. In some studies the endpoint is expressed by the 
mean number of malformations per litter, while in other studies the endpoint is expressed by the mean percentage of malformed fetuses per litter. 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 studies on the incidence of litters with malformed fetuses categorised as “low or some concern” or “high concern” for RoB. In some studies the 
endpoint is expressed by the number of litters with at least one malformed fetus, as “cases” (N c) vs the number of litters without any malformed fetus (N non-c), 
while in other studies the endpoint is expressed by the number of malformed fetuses as “cases” (N c) vs the number of normal fetuses (N non-c). Numbers were 
adjusted for intra-litter clustering. 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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than 1 ◦C was reported (SMD 0.92, 95% CI 0.47 to 1.37, 5 studies) 
(Supplementary File 8). 

3.5.2.2.7. Fetal length: Dose-response analysis. The linear fitting 
showed a small but significant increase of the SMD of 0.03 for every W/ 
kg unit increase, which indicates a decrease of body length in the RF- 
EMF exposed fetuses. The higher AIC value of the cubic spline fitting 
with respect to the linear one did not support a supralinear dose- 
response relationship (Supplementary File 9). 

3.5.2.2.8. Fetal length: Other studies not included in the meta-analysis. 
The study described in Rifat et al. (2016), rated at “high concern” for 
overall study RoB, did not report evidence of an RF-EMF effect on fetal 
length after exposure to 0.179 W/kg. 

3.5.2.2.9. Fetal malformations (continuous data). Twenty-two 
studies reported data on fetal malformations as a continuous variable. 
The meta-analysis of studies rated as “low or some concern” showed an 
SMD value of − 0.45 (95% CI − 0.68 to − 0.23, 13 studies), showing a 
small but statistically significant increase of malformed fetuses in RF- 
EMF exposed animals. These studies were conducted at an average 
exposure level of 6.75 W/kg (SD 4.65, 0.048–10.8 min–max), with 69% 
testing a whole body average SAR equal to or higher than 5 W/kg. 
Studies rated at “high concern” RoB level had an SMD of − 0.19 (95% CI 
− 0.57 to 0.19; 9 studies) (Fig. 8). 

3.5.2.2.10. Fetal malformations: Subgroup analysis. All studies clas
sified as “low concern” or “some concern” RoB were performed in rats. 
The subgroup analyses by SAR and animal temperature increase could 
not be used to investigate causes of result heterogeneity because, in both 
cases, some of the subgroups included less than 3 studies (Supplemen
tary File 8). 

3.5.2.2.11. Fetal malformations: Dose-response analysis. The linear 
fitting showed a significant decrease of the SMD of − 1.34 for every W/ 
kg unit increase, which indicates an increase of malformations in the RF- 
EMF exposed fetuses. The similar AIC values between the linear and the 
cubic spline fittings do not suggest a supralinear model for the dose- 
response relationship (Supplementary File 9). 

3.5.2.2.12. Litters with malformed fetuses (binary data). Some studies 
recorded malformation data as the number of litters with one or more 
malformed fetuses while other studies reported malformation data as 
the number of malformed fetuses over the total number of fetuses ana
lysed. For a comprehensive meta-analysis, the latter set of data was 
adjusted for litter clustering and assimilated into the first set of data. 
Fig. 9 shows the forest plot of data categorized as “low or some concern” 
or “high concern” for RoB. The 28 studies rated at “some concern” for 
overall study RoB yielded an OR of 3.22 (95% CI 1.90 to 5.46), showing 
a significant increase of litters with malformed fetuses in the RF-EMF 
exposed animals, in spite of a large variability of individual study ORs 
from 0.35 to 169.13. These studies were conducted at an average 
exposure level of 16.63 W/kg (SD 20.96, 0.0001–107.28 min–max), 
with 86% testing a whole body average SAR equal to or higher than 5 W/ 
kg. Studies rated at “high concern” RoB level had an OR of 8.68 (95% CI 
0.62 to 121.49; 2 studies). 

3.5.2.2.13. Litters with malformed fetuses: Subgroup analysis. Based 
on the number of studies in each subgroup, subgrouping by dam core 
temperature increase was the only analysis that could be conducted. OR 
values in studies where a temperature increase below or above 1 ◦C was 
detected were 2.01 (95% CI 0.96 to 4.21; 6 studies) and 4.53 (95% CI 
2.08 to 9.85; 19 studies), respectively, but were not significantly 

Fig. 10. Forest plot of studies on sex ratio categorised as “low or some concern” or “high concern” for RoB. The endpoint is expressed by the number of males as 
“cases” (N M) vs the number of females (N F), after adjustment for intra-litter clustering. 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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different (Supplementary File 8). 
3.5.2.2.14. Litters with malformed fetuses: Dose-response analysis. 

The linear and the cubic spline dose–response curves had similar AIC 
values (250.66 and 240.5, respectively). The linear fitting showed a 
small but significant increase of the OR for every W/kg unit increase 
indicative of increase of the incidence of litters with malformed fetuses 
in the RF-EMF exposed dams (Supplementary File 9). 

3.5.2.2.15. Fetal malformations: Other studies not included in the meta- 
analyses. Eight studies described results that could not be included in 
the meta-analyses. The studies by Shirai et al. (2017), Berman et al. 
(1981, 1984a) and Lee et al. (2009) (rated at “some concern” for overall 
study RoB) reported no RF-EMF effect on fetal malformations up to 
exposure levels inducing a 2 ◦C animal core temperature increase. 
Nelson et al. (1994, 1997a, 2001) (rated at “some concern” for overall 
study RoB) reported an effect on fetal malformations at an RF-EMF 
exposure level that induced a dam core temperature increase above 
1.5 ◦C. Alchalabi et al. (2017) (rated at “high concern” for overall study 
RoB) reported variable effects on skeletal development and malforma
tions at a whole body average SAR exposure level of 0.974 W/kg. 

3.5.2.2.16. Sex ratio. The meta-analysis of 13 studies, all rated as 

“low or some concern” yielded an OR of 1.08 (95% CI 0.92 to 1.28), 
showing no effect of RF-EMF on this endpoint (Fig. 10). These studies 
were conducted at an average exposure level of 4.29 W/kg (SD 5.093, 
0.0001–10.8 min–max), with 31% testing a whole body average SAR 
equal to or higher than 5 W/kg. 

3.5.2.2.17. Sex ratio: Subgroup analysis. There was no difference 
among subgroups either by SAR level or animal temperature increase. 
Subgrouping by animal species could not be used because there were too 
few studies in mice (Supplementary File 8). 

3.5.2.2.18. Sex ratio: Dose-response analysis. No dose–response 
relationship analysis was conducted because no individual study tested 
more than one exposure level. 

3.5.2.2.19. Sex ratio: Other studies not included in the meta-analysis. 
The study by Shirai et al. (2017) (“some concern” for overall study RoB) 
did not report data suitable for inclusion in the meta-analysis. Similar to 
the meta-analysis result, no effects were observed in this study after SAR 
exposure levels of 0.087 and 0.433 W/kg for 20 h/day for 16 days. The 
study by Cobb et al. (2000) that tested EMP did not detect an effect of 
exposure. 

Fig. 11. Forest plot of studies on offspring brain weight categorised as “low or some concern” or “high concern” for RoB. The endpoint is expressed by brain weight in 
grams. SMD was used as the effect size measure because studies used various species that differed appreciably in brain weight. 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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3.5.2.3. Delayed effects on the offspring health 
3.5.2.3.1. Brain pathology. The weight of the brain or the cere

bellum was considered the most representative marker of a possible RF- 

EMF impact on the central nervous system. These data were reported in 
a total of 13 studies. Twelve studies rated at “some concern” for RoB 
yielded an SMD of 0.10 (95% CI − 0.09 to 0.29), showing no effects of 

Fig. 13. Forest plot of studies on maze escape latency time, as learning and memory function biomarker, categorised as “low or some concern” or “high concern” for 
RoB. The endpoint is expressed by seconds needed to find an escape in a maze test. Since different types of mazes were tested, SMD was used as the effect size 
measure. 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. 

Fig. 12. Forest plot of studies on age of first righting, as behavioural ontogeny biomarker, all at “high concern” for RoB. The endpoint is expressed by the post-natal 
day of first righting. The bottom lines report the results and statistics of the meta-analysis for all included studies. 
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RF-EMF exposure on this endpoint. The study rated at “high concern” 
RoB level had an SMD of − 0.95 (95% CI − 2.20 to 0.3) (Fig. 11). 

No dose–response relationship analysis was conducted because no 
individual study tested more than one exposure level. 

3.5.2.3.2. Brain pathology: Subgroup analysis. There was no statisti
cally significant difference between the studies carried out in rats and 
mice. No subgroup analysis was conducted for SAR because some groups 
included less than 3 studies. All studies in which animal core tempera
ture was measured reported an increase of less than 1 ◦C (Supplementary 
File 8). 

3.5.2.3.3. Brain pathology: Other studies not included in the meta- 
analysis. In addition to brain or cerebellum weight, 7 papers reported 
data on the number or density of neural cells in specific portions of the 
central nervous system (Albert et al., 1981, Bas et al., 2013, Erdem Koç 
et al., 2016, Keles and Sut, 2021, Odaci et al., 2016, Sharma et al., 2017, 
Stasinopoulou et al., 2016). Four studies were classified at “some 
concern” and 3 at “high concern” for overall study RoB. All these papers 
reported a significant decrease in cell number or cell density at whole 
body average SARs ranging between 0.01 and 2 W/kg. When organ 
weight was also measured, two papers reported no impact on brain (Bas 
et al., 2013) or on cerebellum (Odaci et al., 2016), while 1 paper 
(Sharma et al., 2017) reported a decrease of brain weight. Considering 
the difference in the methods used to assess brain pathology, the 

difference between the results of the meta-analysis on brain weight and 
the results of the studies measuring neuronal cell numbers is not a 
surprise. 

3.5.2.3.4. Behavioural ontogeny. All the 4 studies on the age of first 
righting included in the meta-analysis were rated at “high concern” RoB 
level and yielded an MD of 0.36 (95% CI − 0.61 to 1.32) (Fig. 12). For 
this reason, no further subgrouping was conducted, and this set of data 
was not included in the assessment of the body of evidence. 

3.5.2.3.5. Behavioural ontogeny: Other studies not included in the 
meta-analysis. The study by O’Connor (1988), in which animals were 
exposed for 6 h per day during the whole gestation to a power density of 
about 300 W/m2, did not observe an RF-EMF impact on this marker. 
Similarly, no effect on air righting was reported by Cobb et al. (2000) 
after testing EMP. 

3.5.2.3.6. Learning and memory functions. The escape latency time 
from a maze was considered the most representative biomarker of 
learning and memory functions. Fig. 13 shows the forest plot of data 
categorized as “low or some concern” or “high concern” for RoB. The 2 
studies classified at “some concern” for RoB did not show a significant 
impact of RF-EMF exposure (SMD − 0.54, 95% CI − 1.24 to 0.17). No 
subgrouping analysis was applied to these studies, and no dose–response 
fitting was explored since the 2 studies tested the same exposure level. 
Studies rated at “high concern” RoB level had an SMD of − 0.57 (95% CI 

Fig. 14. Forest plot of studies on endurance time, as motor activity function biomarker, categorised as “low or some concern” or “high concern” for RoB. The 
endpoint is expressed by the time of endurance in seconds in motor activity tests. Since different types of tests were applied, SMD was used as the effect size measure. 
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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− 1.00 to − 0.14; 9 studies). 
3.5.2.3.7. Learning and memory functions: Other studies not included 

in the meta-analysis. In addition to the studies that assessed the escape 
latency time, other studies applied a variety of behavioural markers 
reflecting learning and memory functions, with inconsistent results. The 
performance in a standard object recognition memory test was applied 

by Aldad et al. (2012) (“high concern” for RoB) who detected an 
impairment of the memory function after 24 h per day exposure to 1.6 
W/kg. The passive avoidance learning and memory test was applied by 
Azimzadeh and Jelodar (2020), Ikinci et al. (2013) and Razavinasab 
et al. (2016) (“high concern” for RoB in all 3 papers). The 3 papers re
ported an RF-EMF effect on this behavioural marker after exposure to 

Fig. 15. Forest plot of studies on magnitude of startle to stimulus, a motor and sensory function biomarker, categorised as “low or some concern” or “high concern” 
for RoB. The endpoint is expressed in arbitrary units. 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. 

Fig. 16. Forest plot of studies on female offspring fertility, categorised as “low or some concern” for RoB. Rugh 1978 expressed the endpoint by the mean total 
number of pups in a series of subsequent litters, while, in the other studies, the endpoint was expressed by the mean number of pups per litter. 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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whole body average SARs of 0.035, 0.4 and 0.6 W/kg, respectively. 
Jensh et al. (1983b) (“high concern” for RoB) did not detect an effect 
from exposure to 4.4 W/kg for 8 h per day for 14 days when assessed by 
shuttle box conditioned avoidance response test. Bornhausen and 
Scheingraber (2000) (“some concern” for RoB) applied a food rein
forcement learning test in the offspring of dams exposed to 0.046 W/kg, 
24 h per day, during the whole gestation and reported no evidence of 
cognitive impairment. No effect on learning and memory by freeze post- 
conditioning test was reported by Petitdant et al. (2018) (“high concern” 
for RoB) who exposed dams to 0.7 or 2.6 W/kg, 45 min per day, during 
the whole gestation. Finally, 3 papers reported data on the learning and 
memory function of the offspring by their performance in a maze test 
measured by parameters different from the escape latency time. Cher
novetz et al. (1975) (“high concern” for RoB) did not detect RF-EMF 
effects after a short-duration (10 min) exposure on one day at 38 W/ 
kg. Chiang (1988) (“high concern” for RoB) did not detect effects after 
whole gestation exposure to 3.25 W/kg for 5 h/day. Zhao et al. (2005) 
(“high concern” for RoB) tested 4 different frequencies, ranging between 
37200 and 60000 MHz, at 4 different exposure levels up to 3.8 W/kg for 
2 h per day for 10 days with variable effects increasing with the exposure 
level. Similar to the studies included in the meta-analysis, little confi
dence can be given to data from these studies because all but one of them 
were of “high concern” for RoB and due to the inconsistency of results 
across studies. Cobb et al. (2000) (“high concern” for RoB) did not 
observe any effect of EMP exposure on the offspring latency time in a 
water maze test. 

3.5.2.3.8. Motor activity functions. The endurance time in any type 
of motor activity test was considered the most representative biomarker 
of motor activity functions. We included 13 studies in the meta-analysis. 
Fig. 14 shows the forest plot of data categorized as “low or some 
concern” or “high concern” for RoB. The 4 studies classified at “some 
concern” for RoB yielded an SMD of 0.79 (95% CI 0.21 to 1.38), showing 
a decrease of the endurance capacity in the progeny of the RF-EMF 
exposed dams. No subgrouping analysis and no dose–response fitting 
were applied to the 4 studies rated at “some concern” RoB level, since all 
of them came from the same paper and tested the same exposure level in 
the same experimental species. The studies rated at “high concern” RoB 
level had an SMD of − 0.03 (95% CI − 0.3 to 0.24; 9 studies). 

3.5.2.3.9. Motor activity functions: Other studies not included in the 
meta-analysis. Eleven papers, 1 at “some concern” and 10 at “high 
concern” for RoB, reported data using the open field test. Ten did not 
observe an effect of RF-EMF exposure at levels as high as 7.28 W/kg 
(DastAmooz et al., 2018, Haghani et al., 2013, Jensh et al., 1982a, 
1983b, Jensh 1984a, Kaplan et al., 1982, Li et al., 2020, O’Connor 1988, 

Odaci et al., 2013, Zhang et al., 2015). One of these papers used squirrel 
monkeys as the experimental animals (Kaplan et al., 1982) and also 
reported no effect on this endpoint. Only one paper, which tested 0.7 or 
2.6 W/kg exposure for 45 min per day during the whole gestation, re
ported an RF-EMF effect at the highest exposure level, but only when the 
offspring were adolescents. The effect was no longer observed when the 
animals reached adult age (Petitdant et al., 2018). Since most of these 
studies were of “high concern” for RoB, these studies are not very 
informative. No effect of EMP exposure on the offspring open field 
performance was detected by Cobb et al. (2000). 

3.5.2.3.10. Motor and sensory functions. Only 2 papers, including a 
total of 3 studies, analysed motor and sensory functions by magnitude of 
the startle response to stimuli. Fig. 15 shows the forest plot of data 
categorized as “low or some concern” or “high concern” for RoB. The 
pooled effect size of the 2 studies rated at “low or some concern” for RoB 
of − 0.66 (95% CI − 1.18 to − 0.14) indicated a moderate increase of the 
magnitude of the startle response in the RF-EMF exposed animals. The 
study rated at “high concern” RoB level had an SMD of − 0.24 (95% CI 
− 0.99 to − 0.10). 

3.5.2.3.11. Female infertility. Fig. 16 shows the forest plot of data on 
F2 litter size. All studies were rated at “some concern” for RoB and did 
not show an effect of RF-EMF on this parameter (SMD 0.08, 95% CI 
− 0.39 to 0.55; 4 studies). 

3.5.2.3.12. Female infertility: Other studies not included in the meta- 
analysis. In addition to the studies measuring F2 litter size, 2 papers 
reported data about the follicle numbers in the offspring (Calis et al., 
2019, Turedi et al., 2016). One study was rated at “some concern” and 
the other at “high concern” for RoB. Both studies reported significant 
decreases of follicle numbers in animals exposed in utero to a whole body 
average SAR of 0.23 and 0.01 W/kg, respectively. 

3.5.3. Summary of results 
Table 4 summarizes the pooled effect sizes measured for each 

endpoint. The values relative to the group of “low or some concern” 
studies and the group of “high concern” studies are separately reported. 
For some of the most relevant endpoints, like litter size and incidence of 
dead fetuses, it is shown that the pooled effect size of studies at “high 
concern” for RoB is much greater or much more uncertain than the value 
for studies at “low or some concern” for RoB. In other cases, this is not so 
evident, but this may be due to the small number of studies. These ob
servations support the assumption that studies at high risk of bias report 
biased and exaggerated results or are more variable, which reduces the 
robustness of the pooled effect size. These considerations support our 
decision of using only the set of studies at “low or some concern” for RoB 

Table 4 
Summary of pooled effect sizes of “low or some” and “high” concern RoB studies for each specific endpoint.  

Endpoint (effect size measure) Pooled effect sizes of “low or some concern” RoB studies 
(95% CI) (N◦ studies) 

Pooled effect sizes of “high concern” RoB studies 
(95% CI) (N◦ studies) 

Reduction of fecundity 
Pre-implantation loss (SMD) 1 study only − 0.36 (− 0.73 to 0) (4) 
Litter size (MD) 0.05 (− 0.21 to 0.3) (24) 0.77 (0.15 to 1.39) (12) 
N◦ resorbed or dead fetuses (OR) 1.84 (1.27 to 2.66) (21) 1.71 (0.65 to 4.46) (6)    

Adverse effects on the offspring health at birth 
Fetal weight (SMD) 0.31 (0.15 to 0.48) (48) 0.52 (0.06 to 0.98) (14) 
Fetal length (SMD) 0.45 (0.07 to 0.83) (13) 1.35 (− 1.06 to 3.75) (2) 
Fraction of malformed fetuses (SMD) − 0.45 (− 0.68 to − 0.23) (13) − 0.19 (− 0.57 to 0.19) (9) 
N◦ litters with malformed fetuses (OR) 3.22 (1.9 to 5.46) (28) 8.68 (0.62 to 121.49) (2) 
Sex ratio (OR) 1.08 (0.92 to 1.28) (13) No study    

Delayed effects on the offspring health 
Brain pathology (SMD) 0.10 (− 0.09 to 0.29) (12) 1 study only 
Behavioural ontogeny (MD) No study 0.36 (− 0.61 to 1.32) (4) 
Learning and memory functions (SMD) − 0.54 (− 1.24 to 0.17) (2) − 0.57 (− 1.0 to − 0.14) (9) 
Motor activity (SMD) 0.79 (0.21 to 1.38) (4) − 0.03 (− 0.3 to 0.24) (9) 
Motor and sensory functions (SMD) − 0.66 (− 1.18 to − 0.14) (2) 1 study only 
Female offspring fertility (SMD) 0.08 (− 0.39 to 0.55) (4) No study  
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Table 5 
GRADE Evidence Profile.  

Certainty assessment Summary of findings Certainty Importance** 

No of participants Effect 

No of 
studies Design RoB Inconsistency Indirectness Imprecision 

Publication bias 
* 

Consistency across 
species Exposure Comparator Relative(95% CI) Absolute(95% CI)   

Reduction of fecundity 
Pre-implantation loss:  No meta-analysis was done because the database included only one study that was not at “high concern” for RoB 6 

Litter sizea (an MD positive value indicates a detrimental RF-EMF effect) 
24 CES*** -1 0 0 0 0 +1 994 908  MD 0.05 pups(–0.21 to 

0.3) 
High 8 

Resorbed or dead fetusesb 

21 CES*** -1 -1 0 0 0 0 3042 1569 OR 1.84(1.27 to 2.66)  Low 8 

Adverse effects on the offspring health at birth 
Fetal weightc (an SMD positive value indicates a detrimental RF-EMF effect) 

48 CES*** -1 -1 0 0 0 +1 1477 1197 SMD 0.31(0.15 to 
0.48)  

Moderate 7 

Fetal lengthd (an SMD positive value indicates a detrimental RF-EMF effect) 
13 CES*** -1 -1 0 0 0 0 466 235 SMD 0.45(0.07 to 

0.83)  
Low 7 

Fetal malformationse (an SMD negative value indicates a detrimental RF-EMF effect) 
13 CES*** -1 0 0 0 -1 0 712 213 SMD -0.45(-0.68 to 

-0.23)  
Low 8 

Litters with malformed fetusesf 

28 CES*** -1 -1 -1 0 -1 0 2374 1818 OR 3.22(1.90 to 5.46)  Very low 8 

Sex ratiog 

13 CES*** -1 0 -1 0 0 0 1719 948 OR 1.08(0.92 to 1.28)  Low 2 

Delayed effects on the offspring health 
Brain pathologyh (an SMD positive value indicates a detrimental RF-EMF effect) 

12 CES*** -1 0 0 0 0 0 658 587 SMD 0.10(-0.09 to 
0.29)  

Moderate 6 

Behavioural ontogeny: No meta-analysis was done because the database included only studies at “high concern” for RoB 6 

Learning and memory functionsi (an SMD negative value indicates a detrimental RF-EMF effect) 
2 CES*** -1 0 0 -2 -1 0 16 16 SMD -0.54(-1.24 to 

0.17)  
Very low 7 

Motor activity functionsj (an SMD positive value indicates a detrimental RF-EMF effect) 
4 CES*** -1 -1 0 -1 0 0 63 57 SMD 0.79(0.21 to 

1.38)  
Very low 7 

Motor and sensory functionsk (an SMD negative value indicates a detrimental RF-EMF effect) 
2 CES*** -1 0 0 -2 0 0 30 30 SMD -0.66(-1.18 to 

-0.14)  
Very low 7 

Female infertilityl (an SMD positive value indicates a detrimental RF-EMF effect) 
4 CES*** -1 0 0 -1 0 0 69 83 SMD 0.08(-0.39 to 

0.55)  
Low 7 

Explanations of grading. 
a Litter size. Risk of Bias: all but two relevant studies were of “some concern”. 
b Resorbed or dead fetuses. Risk of Bias: all relevant studies were of “some concern”. Inconsistency: wide range of individual study OR values, heterogeneity only partly explained by subgroup analysis for SAR. 

Consistency across species: not upgraded because the heterogeneity in the species subgroups is borderline significant (p = 0.07). 
c Fetal weight. Risk of Bias: all relevant studies but one were of “some concern”. Inconsistency: because I2 is 73% and only subgrouping by SAR explains partially the heterogeneity of individual studies. 
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for the final assessment of the body of evidence. 

3.6. Reporting bias assessment 

Reporting bias was indicated by borderline significant results of the 
Egger’s test in the case of malformations as continuous or binary vari
ables and by visual inspection of the funnel plot and Egger’s test results 
in the case of learning and memory functions (Supplementary File 10). 
There was no evidence of reporting bias for any of the other endpoints. 

4. Discussion 

4.1. Summary of the evidence and interpretation of the results 

Findings have been evaluated according to a GRADE approach as 
shown in Table 5. 

4.1.1. Reduction of fecundity 
For pre-implantation loss, only one study was retrieved at “low or 

some concern” RoB level and, for this reason, this result was not assessed 
by the GRADE approach. There was high certainty evidence that RF-EMF 
does not influence litter size (MD 0.05 pups, 95% CI − 0.21 to 0.3, 24 
studies). There was low certainty evidence that RF-EMF may increase 
the incidence of resorbed or dead fetuses (OR 1.84, 95% CI 1.27 to 2.66, 
21 studies). The inconsistency between the overall results of the meta- 
analyses on litter size and dead fetuses data can be likely explained by 
the ~ 5 times higher whole body average SAR and twice as many studies 
conducted at or above 5 W/kg in the latter set of data. 

The possibility that high RF-EMF exposure levels may reduce 
fecundity is reinforced by the analysis of studies reporting a temperature 
increase in the exposed dams higher than 1 ◦C. Litter size was reduced 
only in the 4 studies measuring an average dam temperature increase of 
2 ◦C (MD 0.99, 95% CI 0.36 to 1.62) and the incidence of resorbed/dead 
fetuses was increased only in the 14 studies measuring an average dam 
temperature increase of 3 ◦C (OR 1.59, 95% CI 1.15 to 2.19). The dos
e–response relationship for the incidence of resorbed/dead fetuses 
supports the results of the meta-analysis with a small but significant 
linear OR increase with increasing RF-EMF exposure level. 

4.1.2. Adverse effects on the offspring health at birth 
The meta-analysis on fetal weight shows a small but significant 

decrease of weight in the exposed offspring (SMD 0.31, 95% CI 0.15 to 
0.48, 48 studies) at a whole body average SAR of 9.83 W/kg. A moderate 
level of certainty was attributed to this evidence. Results on fetal weight 
are consistent with the meta-analysis on fetal length showing a moderate 
detrimental effect on this endpoint (SMD 0.45, 95% CI 0.07 to 0.83, 13 
studies) at a whole body average SAR exposure level of 4.55 W/kg, to 
which a low certainty of evidence was attributed. We synthesized 
studies on the incidence of malformations at birth in two separate meta- 
analyses according to their reporting data as continuous or binary var
iables. The meta-analysis of continuous data showed a moderate detri
mental effect of RF-EMF exposure (SMD − 0.45, 95% CI − 0.68 to − 0.23, 
13 studies) confirmed by the statistically significant OR calculated for 
the binary data (OR 3.22, 95% CI 1.90 to 5.46, 28 studies). We rated the 
certainty of evidence of continuous data as low and that of binary data as 
very low. RF-EMF exposure may not affect sex ratio as shown by the 
pooled effect size of the meta-analysis (OR 1.08, 95% CI 0.92 to 1.28, 13 
studies). We attributed low certainty to this result. 

The RF-EMF effect on fetal weight reduction appears to be due to the 
contribution of studies that tested whole body exposure SARs equal to or 
higher than 5 W/kg (SMD 0.51, 95% CI 0.31 to 0.72, 26 studies). 
Similarly, the contribution of studies at the highest tested SARs (SMD 
0.92, 95% CI 0.47 to 1.37, 5 studies) seems to account for the observed 
RF-EMF effect on fetal length. These observations are supported by the 
analysis of the dose–response relationships that showed a dose related 
impact of exposure on both endpoints. However, the possibility that RF- 
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EMF exposure might be associated to a developmental delay deserves 
further investigation as the analysis of studies on fetal length by dam 
core temperature increase shows a temperature related effect, while in 
the case of studies on fetal weight the effects do not correlate with dam 
temperature increase (Supplementary File 8). 

The studies on malformations as continuous or binary variables were 
conducted at whole-body average SARs of 6.75 and 16.63 W/kg, 
respectively. Only the pooled effect sizes of the studies conducted at a 
SAR equal to or higher than 5 W/kg showed a significant effect (SMD 
− 0.66, 95% CI − 0.84 to − 0.48, 9 studies and OR 3.49, 95% CI 1.91 to 
6.39, 24 studies, for continuous and binary data, respectively), sug
gesting a dose-related detrimental impact of RF-EMF exposure. These 
observations are supported by the analysis of the dose–response re
lationships. The analysis of studies on malformations by dam core 
temperature increase supports the evidence of an effect at high exposure 
levels, as shown by the statistically significant pooled effect sizes of the 
subgroups in which a temperature increase higher that 1 ◦C was 
measured (SMD − 0.68, 95% CI − 0.87 to − 0.49, 7 studies and OR 4.53, 
95% CI 2.08 to 9.85, 19 studies, for continuous and binary data, 
respectively). 

The analysis of studies on sex ratio by SAR and dam core temperature 
increase shows that neither variable has a differential impact on this 
endpoint. 

4.1.3. Delayed effects on the offspring health 
RF-EMF exposure during pregnancy probably does not have an effect 

on the offspring brain or cerebellum weight, as shown by the pooled effect 
size of the meta-analysis (SMD 0.10, 95% CI − 0.09 to 0.29, 12 studies). 
We attributed a moderate certainty to this result. RF-EMF exposure 
during pregnancy may have a moderate detrimental effect on learning 
and memory functions as measured by the maze escape latency time of 
the offspring (SMD − 0.54, 95% CI − 1.24 to 0.17, 2 studies). However, we 
attributed a very low certainty to this result. RF-EMF exposure during 
pregnancy may have a large detrimental effect on motor activity func
tions as measured by the endurance time of the offspring in any type of 
test (SMD 0.79, 95% CI 0.21 to 1.38, 4 studies) but, again, we are un
certain of the result. RF-EMF exposure during pregnancy may have a 
moderate to large detrimental effect on motor and sensory functions as 
measured by the magnitude of the startle response of the offspring (SMD 
− 0.66, 95% CI − 1.18 to − 0.14, 2 studies), but we are uncertain of this 
result. For behavioural ontogeny no study was retrieved at “low or some 
concern” RoB level and, for this reason, this endpoint was not assessed by 
the GRADE approach. RF-EMF exposure during pregnancy may not affect 
the F2 litter size (SMD 0.08, 95% CI − 0.39 to 0.55, 4 studies). A low 
certainty was attributed to this result. 

In conclusion, studies on experimental mammals indicate that RF- 
EMF exposure does not have a detrimental effect on fecundity based 
on the high level of certainty for results on litter size. There is a moderate 
certainty that RF-EMF exposure likely affect offspring at birth, based on 
the meta-analysis of studies on fetal weight. There is a moderate cer
tainty that RF-EMF exposure does not have a delayed effect on the 
weight of brain or cerebellum after in utero exposure. On the other hand, 
RF-EMF may have a delayed adverse effect, varying in magnitude on 
neurobehavioural functions, but these findings are very uncertain. 
Finally, our results show that RF-EMF exposure of experimental mam
mals in utero may not have a delayed effect on the fertility of the female 
offspring. 

4.2. Limitations in the evidence 

Although the database of relevant studies was not small, including 88 
papers, 2 main reasons limited the body of evidence suited for a meta- 
analysis or at least a synthetic overview. One reason was the heteroge
neity of the endpoints employed to evaluate RF-EMF effects on preg
nancy, which reduced the number of studies for each meta-analysis. A 
second reason was the quality of the studies. Many studies were scored 

at an overall “some concern” RoB mainly because of poor exposure 
characterization, lack of blinding during performance of the experi
ments or outcome assessment and/or suboptimal animal sample size. In 
some cases, these same reasons led to a “high concern” RoB rating that 
entailed the exclusion of their results from the body of evidence on 
which conclusions were drawn and weighed according to the GRADE 
approach. In general, the quality of studies seemed to reflect the 
research investment, as shown by the association of poor confidence in 
the exposure set-up and dosimetry (“definitely high RoB” for question 
about confidence in exposure characterization) with smaller experi
mental group sizes. 

A large heterogeneity of study characteristics also posed difficulties 
for the review. The evolution of research goals in the literature, from an 
initial interest about RF-EMF thermal effects to the more recent concern 
about mobile phone low level RF-EMF emissions, probably contributed 
to this problem. 

Although 3 studies included animals exposed to direct heating in 
addition to sham exposed and RF-EMF exposed animals (Chernovetz 
et al., 1977; Nawrot et al., 1981, 1985), in no study these animals strictly 
matched to RF-EMF exposed ones for core body temperature increase 
and could be used as a temperature comparator to specifically evaluate 
heat-independent RF-EMF effects. In hindsight, we think this to be very 
difficult to achieve in animal studies and we would not recommend 
investing resources in experiments aimed at this goal. 

A specific limitation of the studies on neurobehavioural effects was 
the small number of those amenable for the meta-analysis which was 
worsened by the lack of independent replication, since in many cases 
they were derived from only a few laboratories. 

No study was retrieved reporting results on ano-genital distance at 
birth or early onset cancer after RF-EMF in utero only exposure. This is a 
limitation of the literature database that should possibly be addressed in 
future research. 

In addition, most papers did not follow a standardized experimental 
design and reporting of results, as recommended by international 
guidelines (OECD TG 414, OECD TG 426) likely because the intent of 
most studies was exploratory research rather than risk assessment. 
Major issues consisted of considering the single pup instead of the litter 
as the experimental unit or not clarifying which one was the case, and 
matching a single sham-exposed comparator group to different exposed 
groups. Finally, the variety of parameters and metrics used to measure 
the same endpoint made it difficult to conduct a meta-analysis and 
forced us to make choices as detailed in Supplementary File 2. 

Finally, publication bias was suspected for evidence related to fetal 
malformations and learning and memory functions. 

4.3. Limitations in the review process 

We could not make a decision about the inclusion of 21 papers out of 
the 236 selected by title/abstract examination because we could not 
retrieve 11 papers and were unable to translate 10 papers. However, 
given the large number of included studies, we doubt that this would 
have influenced our conclusions. 

We decided to base the meta-analysis of delayed pathological effects 
only on the offspring brain upon weight measurement, because we 
considered the count of the cell number in histopathological sections a 
less standardized method. We reviewed the latter data only in a narra
tive way. Similarly, for the meta-analysis of data on learning and 
memory functions in the offspring, we chose to use only maze escape 
latency time, and extracted data only for the most challenging tests. Data 
relative to other markers were presented in a narrative way. Finally, for 
the meta-analysis of data assessing the offspring motor activity perfor
mance, we used only the time of endurance in any of the applied tests 
and narrated papers reporting data using other metrics. 

For the inclusion in the meta-analysis of studies in which a single 
comparator was matched to different exposed groups of animals, we had 
to make a choice between multiple options while avoiding including 
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study participants more than once in the analysis: arbitrarily choosing 
one exposure level to match the single comparator, dividing the number 
of animals of the control group by the number of the exposed groups or 
renouncing to the independency of results among the exposed groups by 
averaging their exposure conditions and responses. We chose the last 
option because, in our opinion, it introduced less bias and we had 
decided to explore the dose–effect relationship through dose–effect 
meta-analysis. 

For the studies that ignored the clustering of effects among pups in 
one litter, the so-called litter effect, and that used the individual pups as 
the experimental unit, we made adjustments to the reported effects. We 
either used a conservative approach referring the mean values and 
variation parameters to the number of dams, as in the case of continuous 
data, or applied an intra-cluster correction factor of 0.2, as in the case of 
binary data. For delayed effects, we could only use pups as the experi
mental unit because the number of dams was not reported in many 
studies. This will have overestimated the precision of the effects in these 
studies. 

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 dam core temperature below or above 1 ◦C, since 
it does not take into account the magnitude, timing or duration of 
temperature increase. Nevertheless, for some of the endpoints, this 
analysis confirmed the hypothesis of the adverse effects of maternal 
heating during pregnancy. Similarly, the choice of subgrouping the 
studies by exposure level in only 3 groups, due to the need to include a 
minimum of 3 studies in each group for the majority of endpoints, may 
have blurred the contribution of studies testing very high exposure 
levels. Nevertheless, the results of the subgroup analysis were consistent 
with the hypothesis of larger effects at SAR levels above 5 W/kg. 

For assessing publication bias, we visually inspected the funnel plots 
of studies followed by statistical evaluation by Egger’s test. 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), as in the case of fetal malformations and 
learning and memory functions. However, considering that no better 
alternatives exist to the Egger’s test, that the certainty of evidence 
attributed to the results on learning and memory functions would not 
change, and that the certainty of evidence to the results on fetal mal
formations would change from “very low” to “low”, we do not think this 
is a major limitation of the systematic review. 

Finally, it cannot be excluded that the pooled effect sizes resulting 
from our meta-analyses were exaggerated in the direction of an RF-EMF 
effect. The comparison of pooled effect sizes between “low or some 
concern” and “high concern” studies (Table 4) shows a higher effect for 
some of the most relevant endpoints in the “high concern” studies. 
Unfortunately, so few studies could be classified as “low concern” that 
such a comparison could not be done between “low” vs “some concern” 
and we were forced to include all these studies in the one category “low 
or some concern” studies. Nevertheless, the trend observed in Table 4 
suggests that the evidence of an RF-EMF effect on pregnancy and birth 
outcomes could be overstated to a certain degree. 

In spite of these limitations, we believe that our results advance the 
state-of-the-art knowledge for a comprehensive assessment of the body 
of evidence available in peer reviewed literature. We aimed at inclu
siveness, not posing limitations to language and year of publication, and 
considered the many facets of adverse pregnancy outcomes. We applied 
an internationally standardized methodology for systematic review and 
meta-analysis, including the OHAT method for risk of bias assessment 
(NTP 2015a, b). 

4.4. Implications for policy and research 

This systematic review of animal studies shows that RF-EMF expo
sure does not affect fecundity and likely has only a small effect on fetal 
weight decrease. However, some studies retrieved by the literature 
search that showed a detrimental effect on the incidence of dead/ 
resorbed fetuses or the increase of malformations at high exposure 
levels, largely exceeding the current human exposure limits, cannot be 
discounted. These studies confirm what is known about the harmful 
effect of heating on fetuses, but they leave largely uncertain the possi
bility of RF-EMF effects at lower exposure levels, closer to relevant 
human exposure levels. Currently, it remains difficult to determine the 
exposure levels at which RF-EMF can start to affect fecundity or 
offspring health at birth. The whole body average SAR values in the 
included experiments are well above the recommended human exposure 
limit values for the general public set by international bodies (ICNIRP 
2020). Actual SAR values experienced by the public in the general 
environment are below, and in most cases, well below, the recom
mended human exposure limit values. The dose effect meta-analyses 
contributed to support the results of the meta-analysis but were not 
supposed to define the shape of the dose–effect relationship or find a 
minimum exposure level at which a clear effect could be discerned. 

For two endpoints planned in the protocol, namely ano-genital dis
tance at birth and early-onset cancer no studies were retrieved. Ano- 
genital distance is a well-known developmental biomarker associated 
with impairment of the reproductive system and exposure to environ
mental carcinogens during pregnancy has been linked with development 
of childhood cancer (Botsivali and Kyrtopoulos, 2019). Hopefully, future 
research will shed light on the impact of RF-EMF exposure on these 
outcomes. 

As a whole, the possible impact of in utero RF-EMF exposure remains 
uncertain due to the severe limitations of some of the studies. In 
particular, during the systematic review, we identified several meth
odological limitations in the studies that should be overcome in future 
studies to improve the quality of the research. Blinding during experi
ment performance and outcome assessment should always be applied to 
minimize bias. More adherence to OECD Test Guideline 414 “Prenatal 
Developmental Toxicity Study” and 426 “Developmental Neurotoxicity 
Study” is recommended together with a more standardized approach for 
reporting results. A large proportion of included studies was rated at 
either “some” or “high concern” for RoB for exposure characterisation or 
temperature rise assessment and some others had to be excluded from 
the systematic review because they did not reach a minimum quality 
standard for these aspects. 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 exposure characterisation concerns can 
be mitigated, for example Kuster and Schönborn (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 conditions. 

In spite of the large number of studies collected, our systematic re
view could only partly answer the PECO question and did not provide 
conclusions certain enough to inform decisions at a regulatory level, but 
it can be considered a solid starting point to direct future research on this 
topic. 

4.5. Registration and protocol 

4.5.1. Protocol registration 
The protocol for the systematic review was published in Pacchierotti 

et al., 2021 and registered in PROSPERO (CRD42021227746, https:// 
www.crd.york.ac.uk/prospero/display_record.php?Reco 
rdID=227746). 
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4.5.2. Deviations from the protocol  

1. Minor changes consisted of a different organization and a slight 
rewording of the outcomes and endpoints as reported in Supple
mentary File 1, in which specific reasons for changes are also shown. 
These changes led to a slight rewording of the PECO question, as 
shown in the same file.  

2. Some specific decisions on which data to extract were taken after the 
publication of the protocol but before inspecting the results (see 
Supplementary File 2).  

3. 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.  

4. 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 quality reporting. In addition, we 
specified the exclusion of studies on exposure to ultrasound.  

5. Among the reasons for exclusion, we added papers not retrieved or 
not translated that had not been foreseen at the protocol stage.  

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

8. Among the factors envisaged in the Protocol, we limited our het
erogeneity analyses to exposure levels and dam core temperature 
increase, because these are the variables most likely affecting RF- 
EMF biological effects, and experimental animal species, because 
inter-species consistency of results was to be considered as an 
upgrading factor for the certainty of evidence. We did not explore 
sources of heterogeneity by differences in tested radiofrequencies 
because only 3 endpoints (with no more than 3 studies each) were 
assessed at frequencies above 6000 MHz. This was the upper range in 
which a different mechanism of biological interaction might be ex
pected because of short penetration depth into superficial tissues (a 
few mm or less). 
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