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Abstract

Background 

More than ten years ago, the World Health Organization’s (WHO) International Agency for 
Research on Cancer (IARC) published a monograph concluding there was limited evidence in 
experimental animals for carcinogenicity of Radio Frequency Electromagnetic Field (RF EMF). 

Objective 

The objective of this review was to systematically evaluate the effects of RF EMF exposure on 
cancer in experimental animals. 

Methods 

Eligibility criteria: Based on pre-established Populations, Exposures, Comparators, Outcomes, and 
Study Type (PECOS) criteria, studies in experimental animals of the following study types were 
included: chronic cancer bioassays, initiation-(co-)promotion studies, and studies with tumor-prone 
animals. 

Information sources: MEDLINE (PubMed), Science Citation Index Expanded and Emerging 
Sources Citation Index (Web of Science), and the EMF Portal. 
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Data abstraction and synthesis: Data are publicly available online as interactive visuals with 
downloadable metadata. We adapted the risk-of-bias (RoB) tool developed by Office of Health 
Assessment and Translation (OHAT) to include considerations pertinent to the evaluation of RF 
EMF exposure and cancer bioassays. Study sensitivity was assessed with a tool adopted from the 
Report on Carcinogens (RoC). We synthesized studies using a narrative approach. Effect size 
was calculated as the 1% Bayesian Average benchmark dose (BMD) of a respective study when 
dose-response or a trend was identified (see BMDAnalysisSupplementaryMaterial) (Supplement 
1). 

Evidence Assessment: Certainty of the evidence (CoE) was assessed using the Grading of 
Recommendations, Assessment, Developing and Evaluations (GRADE) approach, as refined by 
OHAT. Evidence from chronic cancer bioassays was considered the most directly applicable to 
evaluation of carcinogenicity.  

Results

We included 52 studies with 20 chronic bioassays No studies were excluded based on risk of bias 
concerns. Studies were not considered suitable for meta-analysis due to heterogeneity in study 
design, species, strain, sex, exposure characteristics, and cancer outcome. No or minimal 
evidence of RF EMF exposure-related cancer outcomes was found in most systems or organs in 
any study (these included gastrointestinal/digestive, kidney, mammary gland, urinary, endocrine, 
musculoskeletal, reproductive, and auditory). 

For lymphoma (18 studies), with 6 chronic bioassays (1,120 mice, 1,780 rats) inconsistency 
between two chronic bioassays was not plausibly explainable, and the CoE for lymphoma was 
rated ‘moderate’. 

For brain tumors (20 studies), including 5 chronic bioassays (1,902 mice, 6,011 rats), an increase 
in glial cell-derived neoplasms was reported in two chronic bioassays in male rats. The CoE for an 
increased risk in glioma was judged as high. The BMD analysis was statistically significant for only 
one study and the BMD was 4.25 (95% CI 2.70, 10.24).

For neoplasms of the heart (4 chronic bioassays with 6 experiments), 3 studies were performed in 
rats (~2,165 animals), and 1 in mice (~720 animals). Based on 2 bioassays, statistically significant 
increases in malignant schwannomas was judged as high CoE for an increase in heart 
schwannomas in male rats. The BMDs from the two positive studies were 1.92 (95%CI 0.71, 4.15) 
and 0.177 (95%CI 0.125, 0.241), respectively.

Twelve studies reported neoplasms in the adrenal gland (5 chronic bioassays). The CoE for an 
increased risk in pheochromocytoma was judged as moderate. None of these findings were dose-
dependent when compared to the sham controls. 

Sixteen studies investigated tumors of the liver with 5 of these being chronic bioassays. The CoE 
was evaluated as moderate for hepatoblastomas. 

For neoplasms of the lung (3 chronic bioassays), 8 studies were conducted in rats (~1,296 
animals) and 23 studies in mice (~2,800 animals). In one chronic bioassay, a statistically 
significant positive trend was reported for bronchoalveolar adenoma or carcinoma (combined), 
which was rated as moderate CoE for an increase in lung neoplasms with some evidence from 2 
initiation-(co-)promotion studies. 

Discussion

Meta-analysis was considered inappropriate due to the heterogeneity in study methods. The 
GRADE/OHAT CoE framework has not been frequently applied to animal studies and experience 
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to date suggests refinements are needed. We deferred to standard methods in environmental 
health where CoE is framed in the context of strength of the evidence providing positive support 
for carcinogenicity. High CoE can be interpreted as the true effect is highly likely to be reflected in 
the apparent relationship. Moderate CoE indicates the true effect may be reflected in the apparent 
relationship. Cancer bioassays conducted in experimental animals are commonly used to identify 
potential human carcinogens. We note that the two tumor types with high CoE in animals in this 
systematic review are the same as those identified with limited evidence in humans by the IARC 
Working Group. However, even in cases where the animal evidence demonstrates high CoE, the 
extrapolation of risk from cancer bioassays to humans is particularly complex for RF EMF. 
Without a better understanding of the mechanism of the carcinogenicity of RF-EMF, the choice of 
exposure metric for risk extrapolation (whole body versus localized), intensity or cumulative 
exposure, whether or not a monotonic dose-response holds for carcinogenic effects, and whether 
SAR is the appropriate dose metric for adverse effects induced by RF-EMF may be critical. 

Other 

This review was partially funded by the WHO radioprotection programme.  

The protocol for this review was registered in Prospero reg. no. CRD42021265563 and published 
in Environment International 2022 (Mevissen et al. 2022). 

Keywords: Radiofrequency electromagnetic fields; Carcinogenicity; Bioassay; Animal studies; Carcinogenesis, 
toxicity, systematic review; Radiofrequency exposure

1. Introduction

1.1. Rationale

The use of radiofrequency electromagnetic fields (RF EMF; frequencies 100 kHz to 300 
GHz) has steadily increased in a variety of fields including telecommunications, medicine, 
industry, domestic appliances, security, and navigation. Environmental and occupational exposure 
to RF EMF is expected to increase further, especially in telecommunications with the roll-out of 5G 
added new frequencies. 

Public concern has been raised as to whether exposure to RF EMF associated with 
these new technologies might pose a health risk for humans. Experimental animal and 
epidemiological research have been conducted to investigate if RF EMF exposure is 
carcinogenic. In a first evaluation of the potential carcinogenicity, in 2011 IARC evaluated 
RF EMF as possibly carcinogenic to humans, based on limited evidence of 
carcinogenicity in humans and in animals (IARC 2013). Specifically, the latter is relevant 
here and defined in the Preamble as “The data suggest a carcinogenic effect but are 
limited for making a definitive evaluation because, e.g. (b) there are unresolved questions 
regarding the adequacy of the design, conduct or interpretation of the studies...” (IARC 
2019). Since this evaluation, many new studies involving cancer in humans, cancer in 
experimental animals, and mechanistic data have been published and a re-evaluation has 
also been identified as a high priority by an international Advisory Group to the IARC 
Monographs program (IARC 2019). In order to assess potential adverse health outcomes 
of RF EMF, an updated assessment is crucial to support decision makers and to inform 
the general public.

1.1. Objective
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This systematic review relates to carcinogenicity of RF EMF in animals, and it is part of the 
project launched by the World Health Organization (WHO) to assess potential adverse health 
effects of exposure to RF EMF in the general and the working population. The topic, ‘animal 
cancer’ is one of the six major topics identified in a broad international survey amongst RF experts 
to prioritize potential adverse health outcomes from exposure to these fields (Verbeek et al. 
2021). In this review, we addressed the questions of whether RF EMF exposure leads to an 
increased incidence of cancer in experimental animals when compared to sham exposure/no 
exposure or lower exposure and whether there is an exposure-dependent and/or time-dependent 
relation between the exposure and the outcome (dose-response). 

2. Methods

The methods used to conduct this analysis are briefly described below and presented in 
more detail in the study protocol (Mevissen et al. 2022), which has been updated to include 
amendments (Annex 1). The amendments were primarily to clarify analyses methods or 
presentation of information and were not considered by the authors to materially impact overall 
conclusions when compared to usage of the original study protocol. A tabular summary of the 
changes is included in Annex 1.

1.1. Eligibility criteria

A Population, Exposure, Comparator, Outcome, Study Type (PECOS) statement was 
developed to focus the research question(s), identify search terms, and develop 
inclusion/exclusion criteria used during screening. The PECOS statement was based on 
addressing the following questions:

1) Among laboratory animals, does exposure to RF EMF increase the risk of cancer compared 
to sham, no exposure or lower exposure in experimental studies, and to assess if there is an 
exposure-dependent and/or time-dependent relation between the exposure and the outcome?

2) Is there an exposure/dose response between the exposure and the outcome?

Eligibility criteria are summarized in Table 1, presented according to the PECOS elements. The 
protocol presents elaborations on eligibility criteria (Mevissen et al. 2022).

2.2. Information sources and search strategy

The literature search focused on exposure condition (microwaves, high frequency fields, radio 
waves, radio frequency fields, mobile phones, GSM, CDMA, Universal Mobile Telecommunications 
Service/UMTS), cancer, and animal studies. As described in the protocol (Mevissen et al. 2022), the search 
strategy was designed via text analysis of key studies identified by the team. Search terms consist of 
controlled vocabulary (e.g. MeSH) and free text for the following main concepts: electromagnetic fields, 
cancer, and animal studies. An animal studies search filter by The National Toxicology Program (NTP) is 
adapted and applied to the search strategies. 

An information specialist (TR) used the inputs to develop search strategies using subject headings 
and free text terms approaches tailored for each of the databases presented below because each 
database has its own search architecture. Developing the search strings was iterative with 
refinements made by the team (MM, KAT, KS) during the early stages to confirm that key 
references were being retrieved. Animal studies were identified by using a NTP RoC search string 
that was adapted and applied to the current project 
(https://ntp.niehs.nih.gov/ntp/roc/handbook/rochandbookappendix_508.pdf). No language or 
publication date restrictions were applied. Full details of the search strategy for each database are 
presented in Annex 1 in the protocol (Mevissen et al. 2022). 
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The databases listed below were initially searched by an information specialist (TR) 
followed by team members (MM, KS, KAT) in October 2021 and last updated in July 2023, 

• MEDLINE via PubMed (https://pubmed.ncbi.nlm.nih.gov/)
• Science Citation Index Expanded and Emerging Sources Citation Index via Web of Science 

(https://clarivate.com/webofscienceup/solutions/web-of-science/)
• EMF Portal (https://www.emf-portal.org/) 

In addition to the database searches, reference lists of the eligible publications were 
checked to identify studies not captured by the database searches. Citation searches of the 
included studies were performed via the Citation Chaser tool 
https://estech.shinyapps.io/citationchaser/

2.2. Screening and Selection Processes

The records retrieved from the literature searches were imported to Endnote® 20 for 
deduplication. The remaining records were imported to DistillerSR 
(https://www.evidencepartners.com/products/distillersr-systematic-review-software). Title / 
Abstract (TIAB) and full-text screening was conducted by two independent reviewers at each level 
(MM, AD, KS for TIAB, and MM and KAT for full-text screening) and any screening conflicts were 
resolved by discussion between the primary screeners with consultation by a third reviewer (KS 
and AD), if needed. The records were screened for eligibility in sequence by title and abstract, and 
then full text review. For citations with no abstract, articles were initially screened based on the 
following: title relevance (title should indicate clear relevance), and page length (articles two pages 
in length or less are assumed to be conference reports, editorials, or letters). Eligibility status of 
non-English studies was assessed using the same approach with online translation tools or 
engagement with a native speaker used to facilitate screening.

Full-text records were sought for studies screened as meeting the PECOS criteria or 
'unclear' based on the TIAB screening. Rationales for excluding studies were documented, e.g., 
study did not meet one or more of the PECOS criteria, full-text not available. References that were 
not able to be procured within 45 days of attempt were considered to be unavailable. For multiple 
publications using the same or overlapping data, all publications were included, with one selected 
for use as the primary study; the others were considered as secondary publications. For animal 
studies, the primary publication was typically chosen based on the longest duration of exposure, 
or with the outcome(s) most informative to the PECOS.

The screening decisions were then imported into EPA’s version of Health Assessment 
Workspace Collaborative (HAWC, https://hawcproject.org/), a free and open-source web-based 
software application designed to manage and facilitate the process of conducting systematic 
literature assessments. Screening results are summarized in a study flow diagram (Page et al. 
2021) and interactive HAWC literature trees.

2.2. Data Collection Process and Data Items

Data collection (summarizing study methods and results) for studies that met the PECOS 
criteria after full-text review was performed in HAWC using structured forms. Method information 
collected included study characteristics (e.g., study design), animal model, strain, sub-strain and 
sex, description of exposure (type and levels), methods for how cancer outcomes were assessed, 
and statistical methods. Data on cancer outcomes (e.g., number of animals with tumor, system, 
tissue or organ name, neoplastic or non-neoplastic, name of tumor based on histopathology / 
dose / group) were extracted for each endpoint. For dichotomous variables, values necessary to 
calculate the effect measures were extracted (e.g., number of events and number of 
animals/replicates in either the experimental or control group); for repeated measurements of 
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dichotomous outcomes, number of animals and means or medians with standard deviations/errors 
were extracted for each experimental group. 

Data collection was done by two members of the team (AD and MM) and the entries were 
mutually verified for the outcomes displayed in figures or tables. Discrepancies during data 
collection were discussed by extractors and another team member (KAT, KS) was involved if no 
agreement could be reached. Data collection information can be downloaded from HAWC as 
Excel files at https://hawcproject.org/assessment/1170/ (see 'Downloads'). 

2.2. Risk of Bias and Sensitivity Assessment

Study evaluation focused on identifying potential sources of bias (factors that could 
systematically affect the magnitude or direction of an effect) or insensitivity (factors that limit the 
ability of a study to detect a true effect). Signaling/prompting questions and explanatory 
instructions can be found in the protocol (Mevissen et al. 2022); see Supplementary Data 3) as 
well as in the HAWC project for this assessment (https://hawcproject.org/rob/assessment/1170/; 
see the 'Risk of bias and sensitivity' module). 

The risk of bias (RoB) assessment was conducted using a tool developed by the NTP 
Office of Health Assessment and Translation (OHAT) (National Toxicology Program 2015b; 
2019a; National Toxicology Program 2019b). In brief, RoB judgements were reached for the 
following RoB domains: 1. selection bias, 2. performance bias, 3. detection bias, 4. 
attrition/exclusion bias, 5. selective reporting, and 6. other sources of bias. Domain judgements 
used a four-point scale of 'definitely high', 'probably high', 'probably low', or 'definitely low' RoB. 
Corresponding authors were asked for missing data, particularly when the information could 
address major study limitations identified during RoB assessment. In addition to RoB, study 
sensitivity was assessed separately using methods utilized by the NTP Report on Carcinogens 
(RoC) (National Toxicology Program 2015b). Sensitivity considerations are related to study design 
(namely animal model), statistical power, exposure duration/contrast, and observation period with 
respect to adequacy to detect a neoplasia. Sensitivity judgements were characterized as 'no, 
some, major or critical concerns'. The findings are used to conduct sensitivity analyses, e.g., 
helpful to assess potential inconsistency across studies.

At least two reviewers [AD, MM, KS, JMN, JW, AKS, AW] independently evaluated each 
study using structured web-forms housed within HAWC 
(https://hawcproject.org/assessment/1170/). The questions related to the dosimetry domain were 
always evaluated by at least one expert in the field (AW, JMN), including such issues as 
consistency of reported exposure parameters, exposure system design and the assessment of 
possibile temperature rise in experimental animals. The questions regarding ‘Sensitivity’ were 
evaluated by two experts (KS, MM). Differences between reviewers were resolved by discussions 
or by consulting additional reviewers. 

2.2.2. Reporting Results of Bias and Sensitivity Assessments

Results are displayed using a 'heatmap' format with judgements for RoB and sensitivity 
presented separately. When accessed in HAWC, these heatmaps are interactive with 'click to see' 
capabilities to see the underlying rationales for judgements. Judgements (and underlying 
rationales) are also available for download in HAWC. We used a tier system for the evaluation of 
RoB and study sensitivity. Variation in study tiers can be used to probe patterns of findings across 
studies.

2.2. Effect Measures

Eligible studies have to provide an effect measure or sufficient data to calculate an effect estimate; 
the type of effect measure will not influence the decision to include or exclude studies. 
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For qualitative syntheses of results, the exposure leading to an increase in the outcome was 
assessed if a statistically significant difference between any of the exposed groups and the no-
exposure control condition or a statistically significant dose-response relationship across the 
exposure levels. To assess if there was a statistically significant dose-response in the effects of 
the exposure per exposure level, we relied on published trend tests or calculated appropriate 
trend statistics. 

Effect sizes were judged with respect to the direction of the outcome (e.g., increased, or 
decreased incidence in cancer for the respective tumor type) and the lowest dose (SAR level) 
where an increase in cancer incidence occurred. We also noted the exposure duration at which a 
statistically significant increase in the tumor incidence was observed. This assessment was 
primarily based on chronic cancer bioassays. 

For the determination of the effect size, several considerations (such as the background incidence 
for a given neoplasm and the increase of the tumor incidence by exposure level are critical. Our 
original protocol indicated effects sizes would be presented as relative risk to help make methods 
consistent with the analysis of human evidence. However, deriving a relative risk for animal 
cancer bioassays has critical shortcomings most important being that variation in the background 
tumor rates across different animal species and strains makes it inappropriate to quantitatively 
extrapolate a relative risk from an animal bioassay to humans. For example, if one bioassay has 
no response in the control group (0% with tumors) and another has 5% and both have an 
additional risk of 5% at 1 SAR, then even though they have equal additional risk, the relative risk 
of 1 SAR versus control in the first study is infinite and the other is 2.0 suggesting a bigger effect 
in the first bioassay. However, this finding is driven entirely by the control response and not the 
effect of the RF-EMF. Therefore, we adjusted our effect size presentation to be similar to the 
metric used in cancer risk assessment (Annex 1). Specifically, effect size was based on the 
benchmark dose (BMD) of a respective study where dose-response or a statistically significant 
trend was identified for an outcome. 

A BMD is defined as a dose or concentration that produces a predetermined change in the response rate of 
an adverse effect. The analysis uses Benchmark Dose Tools (BMDS) online (see 
BMDAnalysisSupplementaryMaterial (Supplement 1). In each case, the analysis used the default 
settings provided by the US EPA in BMDS but the benchmark response (BMR) was changed to 
0.01 (1% BMD is the exposure in SAR that is estimated to result in a 1% extra risk where extra 
risk is defined as 

𝑅(𝐵𝑀𝐷) 𝑅(𝐶)
1 𝑅(𝐶)  where R(BMD) is the tumor incidence response at the BMD and 

R(C) is the tumor incidence response in the control group). A BMR of 1% was used because 5% 
and 10% are above the response ranges for the data sets and this would constitute an 
extrapolation upward rather than an interpolation in the range of the data. 

There are many different models that could be used to analyze the benchmark dose such as a 
Weibull model, logistic model or multistage model (see BMDAnalysisSupplementaryMaterial) 
(Supplement 1). Using the individual models can result in highly different BMD values. Most 
applications of the BMD either choose one of these models to present their results or present 
some sort of average value across multiple models to avoid dependence upon a single model. In 
this analysis, the Bayesian Average as calculated in BMDS was used for the primary comparison 
across studies. For completeness, the 1% BMD for the individual model with the best fit as 
recommended by the EPA software is also presented in the appendix. 

The output of the analysis is the Bayesian Average BMD 1% and the 95% lower and upper 
confidence bounds (BMDL, BMDU). We chose to present the BMD01 in the text and provide all 
the details for all of the analyses in the Supplement 1 to allow the interested reader to see what 
alternatives would be. The BMD is not provided in cases where the modeling failed and/or was 
questionable. In general, BMD modelling failed when there was no apparent dose-response either 
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due to a minimal or zero added risk or a pattern of dose-response that did not conform with any 
model.

2.2. Data Display and Evidence Synthesis

Studies were first grouped according to the broad organ system, i.e., auditory, brain, 
cardiovascular, endocrine, gastrointestinal, heart, immune, kidney, liver, lymphoma, mammary, 
musculoskeletal, pituitary, reproductive, respiratory, skin, urinary). For each organ system, 
exposure response arrays were developed to qualitatively show the direction of effect at a given 
exposure or dose-level (null, statistically significant increase, statistically significant decrease, 
statistically significant dose-response relationship or trend). Subsequent analyses were prioritized 
to focus on specific organ systems where at least one study was reporting a statistically significant 
harmful effect of RF EMF exposure. For outcome groups where no study showed an increase in 
cancer related outcomes (such as malignant neoplasms, preneoplastic lesions or a combination of 
benign and malignant lesions compared to no or sham exposure), we did not further analyse the 
data but provided a description of the studies. This was the case for gastrointestinal/digestive, 
kidney, mammary gland, urinary, endocrine, musculoskeletal, reproductive, and auditory system. 
In HAWC, visuals related to these studies are available (Table 13).

For outcome groups where at least one exposure group in one study or experiment 
showed an increase in cancer outcomes compared to no exposure or if there was a significant 
trend in outcome over exposure groups, we assessed that there was an effect of the exposure, 
regardless of null outcomes in other studies. As stated in the study protocol, relevant endpoints for 
cancer outcomes include tumor incidence and prevalence, tumor type, different stages of 
carcinogenesis including preneoplastic lesions, number of benign and malignant tumors per 
animal, and survival of the animals (IARC 2019). These endpoints depend on the experimental 
model (chronic bioassay over about 2 years, initiation-(co-)promotion and tumor co-
carcinogenesis studies, tumor-prone animal models, implanted tumor cells), species and strain as 
well as sex and tumor type (IARC 2019).

Among study types, the long-term carcinogenicity studies (chronic bioassay) are the most 
informative because they are considered to provide the most direct evidence with respect to 
extrapolating to humans (Annex 1). initiation-(co-)promotion studies, co-carcinogenesis studies, 
studies in tumor-prone animals, and implantation (cancer cells) studies can provide supportive 
information. In cancer hazard assessment, these study designs are typically considered less 
generalizable to humans (e.g., the IARC Monographs program and the U.S. Report on 
Carcinogens). For example, initiation-(co-)promotion studies are targeted to an organ system, and 
the outcome depends on the initiator and/or promotor used in a specific animal species and strain, 
dose, and the length of the experiment. These studies are also shorter in length than a chronic 
bioassay (several months versus 2 years). Hence, not all initiation- (co-)promotion studies 
targeting the same organ are expected to have a similar outcome as other initiation-(co-
)promotion studies and compared to a chronic cancer bioassay. Therefore, initiation- (co-
)promotion studies with no effect compared to sham-exposed controls are not typically interpreted 
as negating chronic cancer bioassay studies with an increase in cancer. Studies in tumor-sensitive 
animals can also help screen potential carcinogens for specific tumor sites. Initiation-(co-
)promotion- studies or studies with tumor-prone mice provide information about joint effects and 
can include single agent study arms of long-term duration. These study types can provide 
supportive evidence of an effect of the exposure of interest on a predetermined cancer type in 
specific organs or systems using either chemicals, or certain forms of radiation as initiators, 
promotors or co-carcinogens or using knock-in or knock-out mice. For reasons mentioned above, 
the tumor concordance analysis between experimental animals and humans also used this 
approach of relying on chronic cancer bioassays (Baan et al. 2019; Krewski et al. 2019). 
Therefore, we implemented the following amendment to the protocol: for cancer hazard 
identification, evidence from chronic cancer bioassays (around 2 years) in animals is necessary 
for concluding on 'high certainty’ CoE because it is the most direct evidence for identifying 
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potential human carcinogens (IARC 2019; National Toxicology Program 2015a). If evidence was 
only based on results from other study types, e.g., initiation-promotion studies, initiation-(co-
)promotion studies, at maximum moderate CoE could be reached. 

2.2.2. Data presentation

We then analysed for which tumor types the risk was increased, and we assessed the 
certainty of the evidence. This was the case for the following outcomes: lymphoma, brain, heart, 
liver, and adrenal gland. For lymphoma, we grouped all tumors as lymphoma. For brain, we 
grouped outcomes according to site of origin as derived from glial or other cells - according to the 
2021 WHO classification of central nervous system (CNS) tumors (Louis et al. 2021). 

For lymphoma, brain, heart, adrenal gland and liver cancer outcomes, figures presenting 
exposure arrays, presenting the outcome by dose (SAR level), and the tumor incidence per 
treatment group or controls, were developed in HAWC to evaluate the CoE considerations (e.g., 
RoB across studies, consistency, dose-response, magnitude of effect). In these figures studies 
were categorized according to the specific outcome type or site of origin of the carcinogenic 
outcomes (e.g., lymphoma, glial cell derived brain neoplasms, malignant neoplasms other than 
glial cell derived). Outcomes were further organized as neoplastic lesions, namely benign or 
malignant tumors, a combination of both when appropriate, and pre-neoplastic lesions. 
Furthermore, the respective outcomes were organized by species and sex, and both were ordered 
by study type, namely chronic bioassay, initiation-(co-)promotion studies, and studies in tumor-
prone animals. Separate conclusions were assessed for different phone bands [Global System for 
Mobile communication (GSM) versus Code-Division Multiple Access (CDMA)] or different regions 
of the electromagnetic field (i.e., near-field versus far-field) or the pattern of exposure, namely 
continuous versus pulsed exposure. CoE conclusions are expressed at the organ system level 
with elaboration on which specific outcomes were most informing the conclusion. 

2.2. Certainty Assessment

We used the Grading of Recommendations Assessment, Development and Evaluation 
(GRADE) certainty of the evidence (CoE) framework (Morgan et al. 2016) and systematic review 
methodology developed by the National Toxicology Program (NTP) for use in developing non-
cancer and cancer assessments of environmental agents (National Toxicology Program 2015a; b; 
2019a). The term certainty of the evidence is equivalent with the term confidence of the evidence 
used by OHAT. In addition to the systematic review resources listed above, methods used by the 
NTP Report on Carcinogens (RoC), IARC (IARC 2019), and the Organization for Economic Co-
operation and Development (OECD) (OECD 2009; 2012; 2014; 2018) on the analysis of animal 
cancer bioassays were utilized to inform expert judgements that underpinned evidence synthesis 
and CoE conclusions. 

The GRADE CoE framework as described in the OHAT Handbook (2019) (National 
Toxicology Program 2019a) was used, with adaption to the subject matter on RF EMF exposure 
and cancer in experimental animals as described in the study protocol in Annex 4 (Mevissen et al. 
2022). 

As shown in Figure 1, the initial rating of the CoE experimental studies in laboratory animal 
studies started at high CoE. Subsequently, downgrading or upgrading factors were considered 
and may change the initial CoE. Five factors for a body of evidence were used to determine if the 
initial certainty rating should be downgraded: (1) RoB, (2) indirectness, (3) unexplained 
inconsistency, (4) imprecision, and (5) publication bias. Five properties for a body of evidence 
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were used to determine if the initial certainty rating should be upgraded: (1) large magnitude of 
effect, (2) dose response, (3) residual confounding (e.g., studies report an effect and residual 
confounding is toward the null), (4) consistency across study designs and experimental model 
systems, and (5) other, such as specificity of the association in cases where the effect is rare. For 
cancer hazard identification, evidence from chronic cancer bioassays (around 2 years) in animals 
is prioritized over other study types, e.g., initiation-(co-)promotion studies, particularly for 
concluding on 'High CoE'. The OHAT certainty assessment findings were presented in tabular 
format in a narrative way, including conclusions regarding direction and magnitude of effect(s).

The OHAT method is based on GRADE, which has been developed for evidence synthesis 
of human evidence, and the application to animal data is still in the early stages (National 
Toxicology Program 2019b). Experience to date suggest that method refinement and clarification 
is needed (Hooijmans et al. 2018). In scenarios where the application of GRADE/OHAT was 
unclear we deferred to methods of evidence synthesis used in environmental health developed by 
organizations where the approaches are widely accepted and have undergone peer review (EPA 
2022; National Toxicology Program 2015a). More specifically, this occurred when trying to 
characterize scenarios where we evaluated the experiments as well-conducted (Tier 1) but too 
heterogeneous with respect to study design to be combined in a meta-analysis. In our narrative 
synthesis, we acknowledge the inconsistent findings did not feel it appropriate to downgrade 
because the inconsistency was very plausibility explainable by heterogeneity in study design (e.g., 
species, age at exposure, nature and/or exposure characteristics, e.g., CDMA versus GSM). 
When all studies are Tier 1 with respect to RoB, any inconsistent findings are quite plausibly due 
to differences in study design, and there are no concerns for study sensitivity in the null studies, it 
is challenging to determine which conclusion to advance when framing CoE, i.e., evidence for 
carcinogenicity or null. In these cases, we deferred to methods of evidence synthesis widely used 
in environmental health where CoE is framed in the context of the studies reporting positive 
evidence of carcinogenicity (EPA 2005; National Toxicology Program 2019b). 

3. Results

3.1. Study selection

The database searches were first performed on October 14th, 2021, with no language or 
publication date restrictions, and were last updated in January 2023. The flow of studies during 
the screening process is summarized in Figure 1, using a recommended format (Page et al. 
2021). 

A total of 4,350 records were retrieved from database resources prior to deduplication and 
1,255 duplicates were detected. A total of 3,095 records were screened at the TIAB level with 
3,002 records excluded and 93 records sought for full text retrieval. During full text screening, a 
total of 41 were excluded: 39 for not meeting one or more PECOS criteria, one for not having 
original data, and one reported the same data as presented in an included study. After full text 
screening, 52 studies were determined eligible. An interactive visualization summarizing the study 
flow and providing access to citation content is presented in Figure 2 and available for exploration 
in HAWC (Visualization | Literature review | EMF (Animal Toxicology) (2022) | HAWC 
(hawcproject.org).

2.2. Study Characteristics of Included Studies 

Of the 52 animal cancer studies, there were 10 two-year chronic cancer bioassays 
(Anderson et al. 2004; Chou et al. 1992; de Seze et al. 2020; Falcioni et al. 2018; Jin et al. 2011; 
La Regina et al. 2003; National Toxicology Program 2018a; b; Smith et al. 2007; Tillmann et al. 
2007), 24 initiation-(co-)promotion studies (Adey et al. 2000; Adey et al. 1999; Anane et al. 2003; 
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Bartsch et al. 2002; Chagnaud et al. 1999; Heikkinen et al. 2006; Heikkinen et al. 2003; Heikkinen 
et al. 2001; Hruby et al. 2008; Huang et al. 2005; Imaida et al. 2001; Imaida et al. 1998a; Imaida 
et al. 1998b; Lerchl et al. 2015; Mason et al. 2001; Shirai et al. 2007; Shirai et al. 2005; 
Szmigielski et al. 1982; Szudzinski et al. 1982; Tillmann et al. 2010; Wu et al. 1994; Yu et al. 
2006; Zook and Simmens 2001; 2006) and 18 experiments in tumor-prone animals (Bellossi et al. 
2000; Frei et al. 1998a; Frei et al. 1998b; Higashikubo et al. 1999; Jauchem et al. 2001; Lee et al. 
2011; Oberto et al. 2007; Ouadah et al. 2018; Paulraj and Behari 2011; Preskorn et al. 1978; 
Repacholi et al. 1997; Salford et al. 1997; Salford et al. 1993; Saran et al. 2007; Sommer et al. 
2007; Sommer et al. 2004; Toler et al. 1997; Utteridge et al. 2002). Of these, 26 studies were 
performed on rats, and of these 8 were in chronic bioassays, 14 initiation-(co)-promotion and 4 in 
tumor prone animals. In 23 studies animals were adults when exposed and in 3 studies juvenile 
animals were exposed. 

Exposure time varied from 6 hours and 5 days in (Saran et al. 2007) to 7 days/week, 9 
hours and 10 minutes/day (10 minutes ON and 10 minutes OFF) for 108 weeks (National 
Toxicology Program 2018a) in study. On average animals of chronic cancer bioassays were 
exposed for 104 weeks. Exposure frequency was 1900 MHz in 1 (GSM), 3 (CDMA), 3 (UMTS) 
studies, 1747 MHz in 2 studies, 1439 GHz TDMA in 2 studies, 898 to 929 MHz in 11 (GSM), 5 
(RF), 1 (MW), 1 (pulsed), 1 time-divisions multiple access (TDMA); 835 to 847.74 MHz in 2 phase-
modulated continuous wave (PMCW), 2 (pulsed), 5 (CDMA), 1 (TDMA); 130 GHz in 1 study; 2.45 
GHz in 7 studies; 1.6 to 1.8 GHz in 4 studies; 1.95 GHz in 1 (CDMA) study; 94 MHz in 1 study; 60 
GHz in 1 study; 1 kHz in 2 studies. 

The most commonly assessed sites across studies were the brain, liver, adrenal gland, 
skin, thyroid, pituitary, mammary, uterus, ovary, lung, pancreas, heart, and kidney. Cancer 
outcomes of the brain were reported in 20 studies, of the liver in 16 studies, of the adrenal gland in 
12 studies, of the heart in 4 studies, of the skin in 10 studies, of the auditory system in 1 study, of 
the endocrine system in 12 studies, of the gastrointestinal system in 4 studies, of the immune 
system in 13 studies, of the kidney in 10 studies, of the mammary system in 11 studies, of the 
musculoskeletal system in 5 studies, of the pituitary gland in 8 studies, of the reproductive system 
in 17 studies, of the respiratory system in 13 studies, and of the urinary system in 10 studies. 

Eligible studies were dated from 1978 to 2020. 

2.2. Risk of Bias and Sensitivity Analysis Across All Studies

2.2.2. Risk of Bias in studies

RoB judgements for the 52 included studies are presented in Figures 3A (for chronic 
bioassay studies), 3B (for initiation-(co)-promotion studies), 3C (for studies with tumor-prone 
mice). 45 studies were considered definitely or probably low RoB in most domains. Notable 
exceptions were seven studies (Bartsch et al. 2002; Bellossi et al. 2000; Chagnaud et al. 1999; de 
Seze et al. 2020; Salford et al. 1993; Zook and Simmens 2001) which had significant limitations in 
at least half of the domains with all of these besides one (de Seze et al. 2020) rated as ‘probably 
high’ RoB. Among the other studies, when limitations were identified, they were most commonly 
present in domains for randomization, blinding (during the study), and results presentation. 
Considerations on possible temperature rise in relation to RF EMF exposure metrics are given in 
Annex 2.

With respect to study sensitivity (Figure 4), six studies with major or critical sensitivity 
concerns overlapped with studies noted above that had significant RoB limitations (Bellossi et al. 
2000; Chagnaud et al. 1999; de Seze et al. 2020) or were considered probably high RoB in at 
least three domains (Paulraj and Behari 2011; Salford et al. 1997; Szmigielski et al. 1982). Across 
the entire evidence base, the sensitivity domains, where concerns were most often noted, 
included endpoint specificity, and sensitivity and exposure contrast. According to the sensitivity 
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considerations outlined in the protocol, initiation-(co-)promotion studies on skin or breast cancer 
model using an initiator and/or promotor, e.g., 7,12-dimethylbenz(a)anthracene (DMBA), have a 
reduced sensitivity because cancers other than skin or mammary cancer, respectively, cannot be 
found (Anane et al. 2003; Bartsch et al. 2002; Imaida et al. 2001). 

2.2. Prioritizing Outcomes for Analysis

No or minimal evidence of RF EMF exposure-related cancer outcomes was found in 
most systems organs when compared to the respective controls or dose-response effects in 
any study regardless of the study type (these included gastrointestinal/digestive, kidney, 
mammary gland, urinary, endocrine, musculoskeletal, reproductive, and auditory). A brief 
description of the evidence for each of these systems is summarized in supplemental Table 
S1 long with access to supplemental data figures and RoB/sensitivity judgements. These 
systems and organs were not advanced to full certainty assessment. 

The most detailed analyses were prioritized for outcomes where at least one study 
reported exposure-related effects: lymphoma, brain, heart (malignant schwannomas and 
related lesions), adrenal gland, and liver. 

2.2. Lymphoma

2.2.2. Characteristics of included studies for lymphoma-related carcinogenicity

Seventeen publications reported assessment of lymphomas (Anderson et al. 2004; 
Chou et al. 1992; Frei et al. 1998a; Heikkinen et al. 2006; Heikkinen et al. 2001; La Regina 
et al. 2003; Lee et al. 2011; Lerchl et al. 2015; National Toxicology Program 2018a; b; 
Oberto et al. 2007; Repacholi et al. 1997; Sommer et al. 2007; Sommer et al. 2004; Tillmann 
et al. 2007; Tillmann et al. 2010; Utteridge et al. 2002) (Figure 5). Among these publications, 
there were 12 studies in mice (~4,500 animals) and five in rats (~2,000 animals). Six 
publications included chronic bioassays (Anderson et al. 2004; Chou et al. 1992; La Regina 
et al. 2003; National Toxicology Program 2018a; b; Tillmann et al. 2007), 4 included 
initiation-(co)-promotion studies (Heikkinen et al. 2006; Heikkinen et al. 2001; Lerchl et al. 
2015; Tillmann et al. 2010), and 7 studies were done in tumor-prone mice (Frei et al. 1998a; 
Lee et al. 2011; Oberto et al. 2007; Repacholi et al. 1997; Sommer et al. 2007; Sommer et 
al. 2004; Utteridge et al. 2002). Sommer et al. did not report findings in a numerical way and 
could not be reported in the table (Sommer et al. 2007). Figure 5 is a thumbnail image of an 
interactive graphic in HAWC. The graphic presents the included studies and endpoints 
assessed across studies (Panel A) and summarizes study characteristics for the included 
studies (Panel B). Additional details on the studies can be accessed through the interactive 
dashboard as well as download of the underlying data in tabular format using the ‘Actions’ 
option. 
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This is a thumbnail image of an interactive dashboard available on HAWC that is filterable by 
citation, health system, species, strain, and frequency. Panel A Numbers in the heatmap 
represent the number of studies that investigated a health system within a study design. If a 
study evaluated multiple health outcomes or presented several experiments, it is shown here 
multiple times. Panel B provides additional experimental detail about the studies, including 
exposure characteristics. The table in the Panel B is only a partial representation of the full 
table available in HAWC. 

2.2.2. Risk of bias and sensitivity considerations for lymphoma-related 
carcinogenicity

There were no significant concerns for RoB in studies assessing lymphomas from 
chronic bioassays (Figure 6) or initiation-(co)-promotion studies (Supplementary Figure 
S1A). The studies by Repacholi et al., and Sommer et al., had major concerns in domains 
for temperature monitoring, complete outcome data (Supplementary Figure S1B) (Repacholi 
et al. 1997), blinding during the study and presentation of the results (Sommer et al. 2004). 
Considerations on possible temperature rise in relation to RF exposure metrics are given in 
Annex 2. Three studies had major sensitivity concerns (Supplementary Figure S1C) related 
to the exposure contrast (Chou et al. 1992; Heikkinen et al. 2006) or endpoint sensitivity and 
specificity (Oberto et al. 2007). Among the chronic cancer bioassays that reported on 
lymphoma, the NTP studies, and the Tillmann study published in 2007, had only minor 
concerns in all domains and are therefore considered the most informative studies. 

A high RoB was noted for four studies based on a lack of blinding among initiation-
(co)-promotion studies (Supplementary Figure S1A) (Heikkinen et al. 2006; Heikkinen et al. 
2001) and among studies with tumor-prone mice Supplementary Figure S1B (Frei et al. 
1998a; Sommer et al. 2007), and the inadequate presentation of the results (Sommer et al. 
2007). 

2.2.2. Summary of the evidence for lymphoma-related carcinogenicity

****Figure 7 and Supplementary Figures S1D, S1E present exposure response 
arrays of lymphoma findings across the 17 studies where data were extracted to summarize 
exposure-specific level effects sorted by species and sex separated by dashed lines. Figure 
7A displays the findings for chronic bioassays, Supplementary Figure S1D for initiation-(co-
)promotion studies and Supplementary Figure S1E shows the findings across used SAR 
values for studies in tumor-prone mice. Figure 8 and Supplementary Figures S1F, S1G 
present the effect size of lymphoma findings. They present the exposure arrays to 
summarize exposure-related effects, and effect size, namely tumor incidence data to allow 
for analyses of factors such as exposure gradient, magnitude of effect, and a deeper 
consideration of consistency (or inconsistency) compared to what can be accomplished by 
focusing on statistical significance. In this case, the Bayesian Average 1% BMD was not 
calculated because there was no dose-response or trend for an increase or decrease in 
lymphomas. 

Overall, there was considerable heterogeneity in the cancer models used to assess 
lymphoma which made it challenging to understand any apparent inconsistency in findings. 
Two studies provided data indicating an increase in the incidence of lymphoma with one 
being a well-conducted NTP chronic bioassay in female mice (National Toxicology Program 
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2018a), and the other an experiment using a transgenic mouse model with significant 
concern for how lymphoma incidence was assessed (Repacholi et al. 1997). No effect on 
lymphoma or a dose-response relationship was reported for male mice or rats regardless of 
the study type used. 

2.2.2.2. Effects of RF EMF in chronic bioassays

2.2.2.2.2. Mice

All neoplasms found are considered neoplastic, and lymphoma can be considered a 
malignant disease. Benign lymphomas are referred to as either pseudo-lymphomas or 
benign lymphoid hyperplasias. None of benign lymphomas were reported, therefore, the 
following data describe malignant lymphomas. 

One study provided evidence of effects on lymphomas in female mice but not in male 
mice, namely an increase in the incidence (National Toxicology Program 2018a). In the 
chronic bioassay performed by the NTP study (GSM-modulated RF EMF at 2.5, 5 or 10 
W/kg 9 hours/day, seven days/week for 106 (males) or 108 (females) weeks), statistically 
significant increases in malignant lymphomas were found in the lowest and medium 
exposure groups in female B6C3F1/N mice. However, the trend test performed by the 
authors was not statistically significant, and the incidence of malignant lymphoma in the 
sham controls was significantly lower compared to the respective historic controls (National 
Toxicology Program 2018a). In the CDMA-modulated RF EMF experiment, significant 
increases in malignant lymphomas were observed in the lowest exposure group for female 
mice, but again, the number of lymphomas in the sham controls was lower than those in the 
respective historic controls (National Toxicology Program 2018a). No effect of RF EMF 
compared to the sham controls was reported for GSM-exposed female mice (National 
Toxicology Program 2018a). 

No evidence for a statistically significant increase in lymphomas was found in a 
chronic bioassay (2 years) in male or female B6C3F1 mice exposed to 902 MHz (GSM) or 
1747 MHz (DCS) for 2 hours per day, 5 days per week (Tillmann et al. 2007). In mice 
exposed to 1747 MHz (DCS), a statistically non-significant increase in lymphomas is 
reported, particularly at the lowest exposure group, and less in the two higher exposure 
groups. 

2.2.2.2.2. Rats

In the NTP study performed in rats with the exposure starting on gestational day 
(GD) 5, no effect on lymphomas was found at any modulation or SAR level investigated in 
rats of both sexes (National Toxicology Program 2018b). Other chronic bioassays using 
unmodified rodent strains did not detect effects on lymphomas. Briefly, in male Sprague 
Dawley rats exposed at 2,450 MHz pulsed (8 Hz) for 25 months, no effect on lymphomas 
was found (Chou et al. 1992), but this study had critical sensitivity concerns. Anderson et al. 
reported no effects on lymphomas in female or male Fischer 344 rats after long-term 
exposure of 1.6 GHz at SAR levels (brain) of 1.6 and 0.16 W/kg (Anderson et al. 2004). 
Another study in Fischer 344 rats of either sex also reported no increase in malignant 
lymphomas at an exposure of 836 and 848 MHz at 1.3 W/kg (La Regina et al. 2003). 

2.2.2.2. Effects of RF EMF in initiation-(co-)promotion studies

Four of the initiation-(co)-promotion studies studied effects of RF EMF on lymphomas 
(Heikkinen et al. 2006; Heikkinen et al. 2001; Lerchl et al. 2015; Tillmann et al. 2010). 
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2.2.2.2.2. Mice

No effects were observed in Heikkinen et al., 2001, who used an initiation-(co)- 
promotion model in female mice with additional exposure to X-ray (initiation, 4-6 MV, three 
weekly exposures of 1.333 Gy) followed by exposure to frequency-modulated 
radiofrequency at 902.5 MHz (Heikkinen et al. 2001). In another initiation-(co)-promotion 
study, no effect of UMTS exposure for 24 months was found in B6C3F1mice of both sexes 
(Tillmann et al. 2010). The study by Lerchl et al., designed as a replication study of Tillmann 
et al., 2010, indicated a significant increase in lymphomas in mice of both sexes at 0.4 W/kg 
(24% incidence in RF EMF group versus 9% in sham controls) with the effect not being 
dose-dependent (Lerchl et al. 2015). 

2.2.2.2.2. Rats

Only one study was performed in rats. In this study by Heikkinen (Heikkinen et al. 
2006), a co-carcinogenesis model was used, and no effect on lymphomas or related 
preneoplastic lesions was found in female rats exposed for 104 weeks to 900 MHz, 0.3 W/kg 
(Heikkinen et al. 2006). 

2.2.2.2. Effects of RF EMF exposure on lymphoma in tumor-prone animals

2.2.2.2.2. Mice

Three studies were performed using the Eµ-pim1 transgenic mouse model system is 
susceptible to develop lymphomas. Across these three studies, mice were exposed to 900 
MHz, GSM or CDMA, at different SAR levels for up to 18 months, 30 minutes twice a day in 
a restrained Ferris wheel exposure setup, except for the Repacholi study. 

Only one of the studies in mouse models reported a statistically significant effect on 
lymphomas (Repacholi et al. 1997). With respect to the positive finding in Eµ-pim1 
transgenic mice (Repacholi et al. 1997), there were important study design differences with 
other studies using this strain (Oberto et al. 2007; Utteridge et al. 2002), most notably in the 
data acquisition and analysis methods (Detection and Attrition domains) used by Repacholi 
et al. that reduces confidence in this study. In the Repacholi study, the authors presented a 
significant increase in the lymphoma incidence of all lymphomas and lymphoblastic 
lymphomas in female mice exposed to 1.4 W/kg (SAR ranging from 0.13-1.4 W/kg), 900 
MHz GSM with a pulse repetition frequency of 2017 Hz and a pulse width of 0.6 milliseconds 
(Repacholi et al. 1997). However, there was also a difference in death before study 
termination (18 months) of 70/101 and 44/100, in treated and control animals, respectively. 
The numbers used in the statistical analysis stem from data of animals that died during the 
course of the study, whereas histopathological examinations at the end of the study of 
animals that survived, was not performed. This limits the interpretation of the data and is 
reflected in the RoB in the presentation of the data in the completeness of the outcome data 
domain, but the direction of bias (away or toward the null) is not obvious. These concerns do 
not apply to the assessment of lymphoma mortality, and if lymphomas in mice quickly results 
in moribund mice any bias would be small in magnitude for incident lymphomas. 

In the study by Utteridge et al., which sought to replicate the Repacholi study, 4 SAR 
levels (0.25, 1, 2, 4 W/kg) were used with about the same number of animals per group and 
a similar exposure (Utteridge et al. 2002). No exposure-related differences in body weight or 
survival were noted. The outcome showed no increase in lymphomas. Despite the longer 
study duration of 108 weeks, a direct comparison between the studies by Repacholi and 
Utteridge is difficult to make since most mice in the latter study developed lymphomas only 
by study termination. A third study by Oberto et al. (Oberto et al. 2007) using the same 
exposure system as Utteridge et al., and an exposure for 18 months total to 900 MHz at 3 



16

whole body SAR levels, observed statistically non-significant increases in lymphomas in 
female mice. In the Utteridge study, the background tumor incidence was higher in the Pim1 
transgenic mice (74.2%), and therefore, it makes it less likely to detect any effect of RF EMF. 
In addition, the positive control (ethylnitrosurea (ENU) resulted in a lower tumor incidence 
when compared to the control animal, which indicates differences in the Pim1 strain used 
(Goldstein et al. 2003). In contrast to the Repacholi study, the sham controls in Oberto et al. 
(Oberto et al. 2007) had a lower lymphoma incidence (12% versus 22%) at study 
termination. In addition to the differences in data acquisition and analysis, we considered 
whether the unexplained inconsistency across these three studies using the same model 
system might stem from differences in the magnitude of the SAR levels. Repacholi et al. 
exposed the mice at an average SAR of approximately 1.4 W/kg (one SAR level/dose), 
whereas Utteridge et al., used 4 SAR/dose levels of a different magnitude, namely 0.25, 1, 2, 
and 4 W/kg, and Oberto et al., used 3 SAR/dose levels of 0.5, 1.5, and 4 W/kg (Oberto et al. 
2007; Repacholi et al. 1997; Utteridge et al. 2002). However, the exposure level used in 
Repacholi et al. (1.4 W/kg) falls within the ranges tested by the other studies. Even though 
the SAR/dose levels were different, they were considered similar enough to assume that a 
difference in lymphoma development could have been found. In summary, the studies 
performed in tumor-prone mice on lymphomas give mixed results. The initial increase in the 
incidence of lymphomas in Eμ-pim1 transgenic mice by (Repacholi et al. 1997) was not seen 
in the two subsequent studies (Oberto et al. 2007; Utteridge et al. 2002) which did not have 
the data acquisition concerns, but the differences in the strain, leading to higher lymphoma 
incidences and other methodological differences make it difficult to compare the studies. 

Other studies of rodent models used AKR/J or C3H/HeJ mice. No increase in 
lymphomas was reported by Lee and colleagues (Lee et al. 2011) in tumor-prone AKR/J 
mice with whole body exposures when compared to sham control animals. Two additional 
studies (Sommer et al. 2007; Sommer et al. 2004) using AKR/j mice that rapidly develop 
hematopoietic tumors, including lymphoblastic lymphomas, did not find significant 
differences in survival before study termination or the incidence of lymphomas (Sommer et 
al. 2007; Sommer et al. 2004). Data from Sommer et al. are not presented in Figures 7 and 8 
because they are only presented as visuals in the publication (Sommer et al. 2007). AKR/j 
mice were also used by Lee et al. (Lee et al. 2011), with an RF EMF exposure for 42 weeks 
using CDMA and wideband CDMA (WCDMA). In this study CDMA or WCDMA exposure did 
not increase the incidence in lymphomas when compared to the respective controls (Lee et 
al. 2011). The study by Frei et al. did not indicate effects on lymphomas in C3H/HeJ  mice 
exposed to 2450 MHz, at a SAR level of 0.3 W/kg when compared to sham-controls (Frei et 
al. 1998a). 

2.2. Certainty Assessment for lymphoma-related carcinogenicity

The initial rating for the certainty for an increased incidence of lymphoma in all systems was 
set to high because all studies involved controlled exposure, exposures occurred prior to 
outcome, outcomes were measured in individual animals, and a concurrent sham-exposed 
group was used (Mevissen et al. 2022). 

Among the 5 chronic cancer bioassays, key features of study design varied considerably 
(i.e., species, strain, sex, and exposure characteristics) (Table 2). A meta-analysis was not 
conducted due to variation in study design across the experiments which included 5 chronic 
bioassays, 4 initiation-(co-)promotion studies, and 7 studies in tumor-prone animals. The 
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Tillmann experiment with exposure to 902 MHz (GSM) had some concerns because of the 
unusually high (>70%) lymphoma incidence, which may have masked a possible increase in 
tumor incidence after Rf EMF exposure. However, the obtained differences could be 
explained by different exposure types, namely restrained versus non-restrained (ferris wheel 
versus freely moving animals, different frequencies used, and fragmentation of the dose (1 
hour versus 2-times 30 min/day). The Tillmann experiment with exposure to 1747 MHz 
(DCS) reported higher incidences in exposed mice, particularly in the lowest exposure group 
(National Toxicology Program 2018a; Tillmann et al. 2007). The one positive study in tumor-
prone mice reporting an increase in lymphoma had several RoB concerns (Repacholi et al. 
1997). Further, the small number of studies precluded meaningful subgroup analyses. A 
narrative description of the evidence was considered based on the findings from the 6 
chronic bioassays because this is the most direct study design for assessing carcinogenicity. 
No factors that potentially increase certainty were utilized. Thus, the overall certainty was 
rated moderate. No BMD was calculated for any of the studies due to lack of clear 
monotonic dose response. 

2.2.2. Consideration of Factors potentially decreasing certainty 

• Unexplained inconsistency: Two studies in mice provided some evidence for an effect 
(National Toxicology Program 2018a; Repacholi et al. 1997), while the others did not 
(Chou et al. 1992; Heikkinen et al. 2006; Oberto et al. 2007; Tillmann et al. 2007). 
The inconsistency of results between the chronic cancer bioassays (NTP 2018a; 
Tillmann et al 2007) might be explained by different exposure/sham-exposure with or 
without restraint, different frequencies, and fragmentation of the dose or no 
fragmentation.

• However, there is unexplained inconsistency within the positive study (NTP 2018a) 
given that there are only pairwise statistically significant increases, particularly at 
lower doses. While a positive dose–response would be an upgrading factor, we 
conclude that the pattern of increased tumors only at lower doses supports our 
conclusion of “unexplained inconsistencies”. Differences in study methods between 
the Repacholi study (Repacholi et al. 1997) and the other studies using Eµ-pim1 
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transgenic mice (Oberto et al. 2007; Utteridge et al. 2002) that could potentially 
explain the different findings were discussed above. 

• Indirectness: Downgrading for indirectness was not applied. The assessment of 
lymphoma in these studies was considered direct, with respect to the animal PECOS. 
Strong evidence on cancer in experimental animals is relevant to the identification of 
a carcinogenic hazard to humans (Baan et al. 2019). The NTP study with mice utilized 
a traditional rodent model, widely used in chronic cancer bioassays. The studies in 
tumor-prone model systems are considered appropriate for assessment of lymphoma 
in rodents (Kohnken et al. 2017). Regarding the PECOS for human relevance, there is 
no a priori compelling mechanistic or other biological evidence to suggest animal 
models are not reasonable for predicting potential effects in humans. Further, in 
additional analyses of the tumor site concordance between experimental animals and 
humans, Krewski et al. compared agent-specific concordance between (groups of) 
cancer sites with sufficient evidence in humans and in animals (the latter required 
replication of positive results at the same specific site in at least two animal 
experiments). The overlap for lymphoid and haematopoietic tissues was 58%. It has to 
be noted that this estimate is expected to underestimate concordance (Krewski et al. 
2019). 

• Publication bias: No downgrade was applied for publication bias.

2.2.2. Consideration of Factors potentially increasing certainty

• None identified.

2.2. Brain 

2.2.2. Characteristics of included studies for brain-related carcinogenicity

Twenty publications reported an assessment of brain neoplasms after RF EMF 
exposure (Adey et al. 2000; Adey et al. 1999; Anderson et al. 2004; Falcioni et al. 2018; 
Heikkinen et al. 2006; Heikkinen et al. 2001; La Regina et al. 2003; Lerchl et al. 2015; 
National Toxicology Program 2018a; b; Ouadah et al. 2018; Salford et al. 1997; Salford et al. 
1993; Saran et al. 2007; Shirai et al. 2007; Shirai et al. 2005; Sommer et al. 2004; Tillmann 
et al. 2010; Zook and Simmens 2001; 2006) (Figure 9). Six studies were conducted in mice 
(1,902 animals), 13 studies in rats (6,011 animals). Five studies were chronic bioassays 
(Anderson et al. 2004; Falcioni et al. 2018; La Regina et al. 2003; National Toxicology 
Program 2018a; b), 10 used models of cancer promotion/co-promotion (Adey et al. 2000; 
Adey et al. 1999; Heikkinen et al. 2006; Heikkinen et al. 2001; Lerchl et al. 2015; Shirai et al. 
2007; Shirai et al. 2005; Tillmann et al. 2010; Zook and Simmens 2001; 2006), and 5 studies 
used tumor-prone animals (Ouadah et al. 2018; Salford et al. 1997; Salford et al. 1993; 
Saran et al. 2007; Sommer et al. 2004). 

****Figure 9 is a thumbnail image of an interactive graphic in HAWC. The graphic 
presents the included studies and endpoints assessed across studies (Panel A) and 
summarizes study characteristics for the included studies (Panel B). Additional details on the 
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studies can be accessed through the interactive dashboard as well as download of the 
underlying data in tabular format using the ‘Actions’ option.

2.2.2. Risk of bias and sensitivity considerations for brain-related carcinogenicity

****Figure 10. Five studies (Salford et al. 1997; Salford et al. 1993; Shirai et al. 2007; Zook 
and Simmens 2001) had concerns for RoB in at least 2 domains (Supplementary Figures S2A, S2B). 
The RoB concerns was not considered significant enough to warrant a downgrade across the body of 
evidence. Four studies had major sensitivity concerns (Supplementary Figure S2C), especially 
regarding exposure contrast (Falcioni et al. 2018; Heikkinen et al. 2006; Ouadah et al. 2018; Salford 
et al. 1993). More specifically, the concerns were due to the large uncertainty in the SAR in both the 
high and the low RF EMF exposure groups, which overlap. 

2.2.2. Summary of the evidence for brain-related carcinogenicity

Studies are presented in Figures 11 and 12 and Supplementary Figures S2, starting 
with malignant neoplasms derived from glial cells (Figure 11 for chronic bioassays; 
Supplementary Figures S2D and S2E for initiation-(co-)promotion), followed by other 
malignant neoplasms of the brain (Figure 12 for chronic bioassays; Supplementary Figure 
S2F for initiation-(co-)promotion), and benign neoplasms (Supplementary Figures S2G and 
S2H). Each figure is organized into a part A with exposure response arrays to summarize 
exposure-specific effects for the respective neoplasms, and evidence dose-response data in 
part B. The Bayesian Average 1% BMD was calculated when dose-response or a trend for 
an increase or decrease in the outcome was estimated from the data. 
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2.2.2.2. Effects of RF EMF on glial cell-derived tumors in chronic bioassays

2.2.2.2.2. Rats

Glial cell-derived neoplasms in female rats were not increased with regard to RF 
EMF exposure when compared to sham controls in the chronic bioassays, but statistically 
significant positive findings (including statistically significant trends) were reported in two 
chronic bioassays both in male rats with minimal concern for RoB (Figure 10) and sensitivity 
(Figure S2C) (Anderson et al. 2004; National Toxicology Program 2018b). In male Sprague 
Dawley rats exposed to GSM-modulated RF EMF (National Toxicology Program 2018b), 
malignant glioma and glia cell hyperplasia were reported in all exposed groups, whereas no 
lesions were found in their respective sham controls. This effect was not dose-dependent. In 
male rats, for CDMA, a statistically significant increase in glioma was calculated at an 
exposure of 6 W/kg (National Toxicology Program 2018b). Increases in preneoplasic lesions 
did not reach statistical significance, namely glial cell hyperplasia occurred in 1.5 and 6 W/kg 
(CDMA) males and 3 and 6 W/kg (CDMA) females. A significant trend (p<0.01) for a dose-
dependent increase in oligodendrogliomas was calculated by our team in male Fischer 344 
rats in the study by Anderson et al. at SAR levels of 0.16 (1.1%) and 1.6 W/kg (2.2%) using 
the Cochran Armitage (exact) test with historical controls (Anderson et al. 2004) While not 
significant, the study by Falcioni had major concerns for sensitivity, but showed an increase 
in malignant tumors in glial cells in female Sprague Dawley rats at much lower SAR levels 
(0.003, 0.03, 0.1 W/kg) (Falcioni et al. 2018). One other chronic bioassay performed in rats 
with minimal concern for RoB and sensitivity did not report positive findings in male rats (La 
Regina et al. 2003).

2.2.2.2.2. Mice

One chronic bioassay was performed in female and male mice, and no effects on glial cell-
derived tumors was found after RF-EMF exposure regardless of the sex or the exposure pattern used 
(National Toxicology Program 2018a). 

2.2.2.2. Effects of RF EMF on malignant tumors other than glial cell-derived tumors in 
chronic bioassays

2.2.2.2.2. Rats and mice

Regardless of the study type, no significant increases in malignant neoplasms other 
than glial cell-derived neoplasms were found in mice and rats of both sexes compared to the 
sham controls (Figure 12) (Adey et al. 2000; Adey et al. 1999; Anderson et al. 2004; Chou et 
al. 1992; Falcioni et al. 2018; Heikkinen et al. 2006; Heikkinen et al. 2001; National 
Toxicology Program 2018b; Saran et al. 2007; Shirai et al. 2007; Shirai et al. 2005; Zook and 
Simmens 2001; 2006). 

In female rats, male rats, rats of both sexes combined, and mice of both sexes 
combined, no significant increases in benign neoplasms were found compared to sham-
exposed controls regardless of the study type (Falcioni et al. 2018; Heikkinen et al. 2006; 
Tillmann et al. 2010). 

2.2.2.2. Effects of RF EMF on brain tumors in initiation tumor-(co-)promotion studies

2.2.2.2.2. Rats and mice

None of the 10 initiation-(co)-promotion studies, regardless of the species and sex 
resulted in RF EMF-related statistically significant differences in brain neoplasms (Figures 
S2D-S2E) (Adey et al. 2000; Adey et al. 1999; Heikkinen et al. 2006; Heikkinen et al. 2001; 
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Lerchl et al. 2015; Shirai et al. 2007; Shirai et al. 2005; Tillmann et al. 2010; Zook and 
Simmens 2001; 2006). 

2.2.2.2. Effects of RF EMF on benign tumors in any study type

2.2.2.2.2. Rats and mice

No effects of RF EMF on benign tumors compared to the respective controls was 
found in any of the studies evaluated. In female rats, male rats, rats of both sexes combined, 
and mice of both sexes combined, no significant increases in benign neoplasms were found 
compared to sham-exposed controls regardless of the study type (Falcioni et al. 2018; 
Heikkinen et al. 2006; Tillmann et al. 2010). 

In summary, two chronic bioassays in male rats an increase in glia cell-derived 
tumors with one being statistically significant by trend at 6 W/kg CDMA was observed 
(National Toxicology Program 2018b), and the other one being significant by trend test when 
combining the data with the respective historical controls (Anderson et al. 2004). A non-
statistically significant increase in malignant glia cell tumors was reported in the study by 
Falcioni for female rats (Falcioni et al. 2018). With respect to other types of brain neoplasms, 
the no RF EMF-related statistically significant findings were found in the NTP study in mice 
(National Toxicology Program 2018a). 

2.2.2. Certainty assessment for brain-related carcinogenicity

The initial rating for the certainty was high because it involved controlled exposure, 
exposures occurred prior to outcome, outcomes were measured in individual animals, and a 
concurrent sham-exposed group was used. The evidence was rated as high (no factors 
decreasing the certainty and/or dose-response increasing the certainty). A meta-analysis 
was not conducted due to heterogeneity in the study design across the experiments, which 
included 5 chronic cancer bioassays. Among the 5 chronic cancer bioassays, key features of 
study design varied considerably (i.e., species, strain, sex, and exposure characteristics) 
(Table 4). Further, the small number of studies precluded meaningful subgroup analyses. A 
narrative description of the evidence was considered based on the findings from the chronic 
cancer bioassays because this is the most direct study design for assessing carcinogenicity. 
The BMD provides data on the increase in the risk per dose unit (SAR in W/kg) for one study 
on brain glioma in male rats (National Toxicology Program 2018b) (Table 5). 

2.2.2.2. Factors potentially decreasing certainty

• RoB: No downgrade was applied because all five chronic cancer bioassays were 
rated as definitively or probably low RoB across all domains and considered Tier 1.

• Unexplained inconsistency: Downgrading was not proposed because glial cell-derived 
neoplasms were also found in the NTP study in male rats exposed to GSM, starting on 
GD5,with experimental conditions very similar to the CDMA exposed rats. Even 
though these findings were not statistically significant, no glioma were found in the 
sham-exposed group (Figure 11B). It might be expected that the frequency 
modulation for GSM or CDMA does not result in different cancer outcomes, but the 
difference in modulation of GSM and the CDMA may explain the different outcomes. 
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Heterogeneity in study designs (such as species, strain, sex and exposure 
characteristics might explain some of the apparent inconsistency across the chronic 
bioassays. While not significant, the study by Falcioni et al. showed an increase in 
malignant tumors in glial cells of female Sprague Dawley rats at much lower SAR 
levels. Of note, the sensitivity domain ‘exposure contrast’ was rated as having ‘major 
concerns’ (Falcioni et al. 2018). 

• Indirectness: Downgrading for indirectness was not applied. Strong evidence on 
cancer in experimental animals is relevant to the identification of a carcinogenic 
hazard to humans (Baan et al. 2019). The assessment of brain gliomas in chronic 
cancer bioassays was considered direct with respect to the PECOS for animal model 
relevance. There was no downgrade for indirectness regarding the PECOS for human 
relevance, numbers for brain neoplasms and how they are related to the human brain 
cancers (Krewski et al. 2019). In the absence of information to the contrary, results 
from chronic cancer bioassays are typically presumed relevant to humans (Mevissen 
et al. 2022; National Toxicology Program 2019a). 

• Imprecision: as in preclinical animal studies (Hooijmans et al. 2018), the direction of 
effect in animal toxicology studies is generally considered more important than the 
exact magnitude of the effect. The concept of statistical power (as a pre-study concept 
related to the post-study concept of precision) generally takes into account size of 
study population, prevalence of exposure, significance level, and desired power for an 
anticipated effect size. These determinants of study power are all defined in GLP 
cancer bioassay guidelines and have been adhered to in the two studies with an 
increased incidence in cancer, therefore there is no reason for downgrading the 
certainty for imprecision. 

• Publication bias: No downgrade was applied for publication bias.

2.2.2.2. Factors potentially increasing certainty

• Dose-response: Several team members applied this upgrade factor. The calculation 
of the BMD for the NTP study resulted in a statistically significant increase of glial cell 
derived neoplasms per increment of exposure. 

2.2. Heart 

2.2.2. Characteristics of included studies for heart-related carcinogenicity

Four publications reported experiments that assessed heart lesions including predominantly 
malignant schwannomas and related lesions (Falcioni et al. 2018; Heikkinen et al. 2006; National 
Toxicology Program 2018a; b). Three studies were chronic cancer bioassays (National Toxicology 
Program 2018a; b) or natural life span (Falcioni et al. 2018), and one initiation-(co-)promotion study 
(Heikkinen et al. 2006). Among these, 3 studies were conducted in rats (2,365 animals), mostly in 
Sprague Dawley rats (Falcioni et al. 2018; National Toxicology Program 2018b) with one study using 
Wistar rats (Heikkinen et al. 2006), and one study was conducted in mice (720 animals) with two 
experiments, one in males and one in females (National Toxicology Program 2018a). 

****Figure 13 is a thumbnail image of an interactive graphic in HAWC. The graphic presents 
the included studies and endpoints assessed across studies (Panel A) and summarizes study 
characteristics for the included studies (Panel B). Additional details on the studies can be accessed 
through the interactive dashboard as well as download of the underlying data in tabular format using 
the ‘Actions’ option. 
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This is a thumbnail image of an interactive dashboard available on HAWC that is filterable by 
citation, physiological or organ system, species, strain, and frequency. Panel A Numbers in 
the heatmap represent the number of studies that investigated a health system within a 
study design. If a study evaluated multiple health outcomes/endpoints or presented several 
experiments, it is shown here multiple times. Panel B provides additional experimental detail 
about the studies, including exposure characteristics. The table in the Panel B is only a 
partial representation of the full table available in HAWC. 

2.2.2. Risk of bias and sensitivity considerations for heart-related carcinogenicity

There were no significant concerns for RoB in the chronic bioassay studies as shown in 
Figure 14 (Falcioni et al. 2018; National Toxicology Program 2018a; b). The only domain judgement 
of concern was an apparent lack of blinding of researchers in one study (Heikkinen et al. 2006) 
(Supplementary Figure S3A). Thus, all studies were considered Tier 1, and no sensitivity analyses 
were conducted based on RoB. Two studies had major sensitivity concerns regarding exposure 
contrast (Supplementary Figure S3B) (Falcioni et al. 2018; Heikkinen et al. 2006). More specifically, 
the concerns were due to the large uncertainty in the SAR in both the high and the low RF EMF 
exposure groups, which overlap. 

2.2.2. Summary of the evidence for heart-related carcinogenicity

****Figure 15A presents an exposure response array of malignant neoplasms of the heart 
across the five experiments (presented in four studies) to summarize exposure-specific effects. This 
figure provides a graphical overview of findings across the studies, with respect to whether there was 
no effect (null), a statistically significant increase or decrease in incidence, or a statistically significant 
trend. The Bayesian Average 1% BMD was calculated when dose-response or a trend for an increase 
or decrease in the outcome was found. Evidence of dose response is presented in Figure 15B, which 
represents a thumbnail image of an interactive graphic in HAWC where study details are presented 
with the results. Supplementary Figure S3C displays the respective data for benign neoplasms and 
Supplementary Figure S3D shows preneoplastic lesions. 

2.2.2.2. Effects of RF EMF on heart schwannoma in chronic bioassays

2.2.2.2.2. Rats

The studies by NTP (National Toxicology Program 2018b) and the Ramazzini Institute 
(Falcioni et al. 2018) provided evidence for an exposure-related effect, namely an increase in the 
tumor incidence of malignant heart schwannomas in male rats when compared to the sham-controlled 
animals. 

In the CDMA experiment (National Toxicology Program 2018b), malignant heart 
schwannomas were found in all exposed male rat groups with the effect being SAR/dose-dependent, 
and the incidence in the 6 W/kg group was significantly increased, and a significant trend for dose-
response was calculated by the authors. Malignant schwannomas were not found in the respective 
sham controls. A statistically significant increase in the incidence of endocardial Schwann cell 
hyperplasia was also found in the 6 W/kg group in male rats. Interpretation of these findings was not 
complicated by effects on body weight or clinical indications of toxicity as mean body weights of 
exposed groups of both sexes were similar to those of the sham controls, and no exposure-related 
clinical observations were found. With respect to historical controls, malignant schwannoma 
incidences exceed the number of these tumor types in historical controls in the NTP study (National 
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Toxicology Program 2018b). The survival at the end of the 2-year study was significantly greater in 
the male RF EMF exposed groups due to a chronic progressive nephropathy in the kidney of the 
sham control male rats. However, the statistical analysis for heart lesions was adjusted for the 
difference in survival. No effect was found in female in both the CDMA and the GSM experiment. In 
male rats in the GSM experiment, malignant heart schwannomas were found in all three dose/SAR 
groups with the highest incidence at the highest SAR values (6 W/kg) of 5.6%, but the increase was 
not statistically significant (Figure 15B) (National Toxicology Program 2018b). 

The chronic bioassay performed by Falcioni et al. showed a statistically significant increase in 
malignant heart schwannomas in male rats at the highest SAR levels of 0.1 W/kg with pairwise testing 
when compared to sham-exposed rats (Falcioni et al. 2018). The SAR levels used were much lower 
(0.001, 0.03, and 0.1 W/kg) compared to those used in the NTP study (1.5, 3, and 6 W/kg). In 
addition, possible differences, especially the 10-fold difference in the BMD or heart schwannomas, 
between the Falcioni study and the NTP study in male rats might also be related to the different start 
of the exposure (GD5 in the NTP study), daily exposure times, namely 19 hours/day and 8 hours/day, 
respectively. Non-significant increases in Schwann cell hyperplasia were found at the high exposure 
for both males and females. Of note, the study by Falcioni et al (2018) was rated as ‘major 
concerns’ for the sensitivity domain of ‘exposure contrast’ where the relatively low exposure 
levels may preclude detection of an increased risk.

2.2.2.2.2. Mice

One chronic bioassay performed in mice, showed no effect of RF EMF on heart neoplasms or 
a dose-related effect regardless of the sex used (National Toxicology Program 2018a). 

2.2.2.2. Effects of RF EMF on neoplastic lesions in initiation-(co-)promotion studies

2.2.2.2.2. Rats

The study by Heikkinen et al., an initiation (co)-promotion study, did not show effects on 
neoplasms or neoplastic lesions of the heart (Heikkinen et al. 2006). 

2.2.2.2.2. Mice

No initiation-(co-)promotion studies were performed in mice. 

2.2.2.2. Effects of RF EMF on benign tumors or preneoplastic of the heart

2.2.2.2.2. Rats and mice

No effects of RF EMF were found for benign tumors (Supplementary Figure S3C) or 
preneoplastic lesions (Supplementary Figure S3D) of the heart when compared to sham-exposed 
animals in any of the studies evaluated. 

2.2.2. Certainty assessment for heart-related carcinogenicity

All experimental studies in nature resulting in an initial rating for the certainty in the 
animal studies as high (Mevissen et al. 2022). Certainty was not downgraded for any factor 
(Table 7). A meta-analysis was not conducted due to variation in study design across the 
experiments, which included 3 chronic bioassays and one initiation-(co-)promotion study. 
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Even among the 3 chronic bioassays, key features of study design varied considerably (i.e., 
species, SAR modulation/frequency/exposure levels, exposure duration per day, and 
presence or absence of in utero exposure) (Table 6). Further, the small number of studies 
precluded meaningful subgroup analyses. A narrative description of the evidence was 
considered based on the findings from the 3 chronic cancer bioassays because this is the 
most direct study design for assessing carcinogenicity (Falcioni et al. 2018; National 
Toxicology Program 2018b). The BMD provides data on the increase in the risk per dose 
unit (SAR in W/kg) for both studies (Table 7).

2.2.2.2. Consideration of Factors potentially decreasing certainty

• RoB: No downgrade was applied because studies were all Tier 1 with definitively or 
probably low RoB judgements across the vast majority of domains. 

• Unexplained inconsistency: No downgrade was applied for unexplained inconsistency 
because study designs are quite heterogeneous, which is why the data were not 
considered suitable for meta-analysis. That said, there was consistency in findings from 
the chronic bioassays for increased heart schwannoma incidence in male Sprague 
Dawley rats, whereas no significant increases were found in female rats or mice 
of both sexes. The apparent inconsistency in findings was considered to be plausibly 
explainable and may represent a potential susceptibility based on species and 
sex. 

• Indirectness: There was no downgrade for indirectness because findings were 
based on chronic cancer bioassays. Regarding human relevance, systematic 
analyses of animal heart neoplasms and how they relate to the human heart 
cancers are not available (Krewski et al. 2019). However, in the absence of 
strong evidence that the tumors in animals are induced by a mechanism that 
cannot operate in humans, results from chronic cancer bioassays are typically 
presumed relevant to humans (Mevissen et al. 2022; National Toxicology 
Program 2019a). 

• Imprecision: As in preclinical animal studies (Hooijmans et al. 2018), the 
direction of effect in animal toxicology studies is generally considered more 
important than the exact magnitude of the effect. The concept of statistical 
power (as a pre-study concept related to the post-study concept of precision) 
generally takes into account size of study population, prevalence of exposure, 
significance level, and desired power for an anticipated effect size. These 
determinants of study power are all defined in GLP cancer bioassay guidelines 
and have been adhered to in the two studies with an increased incidence in 
cancer as 50 animals per treatment arm are considered standard for chronic 
cancer bioassay.

• Publication bias: No downgrade was applied for publication bias.

2.2.2.2. Consideration of factors potentially increasing certainty

No factors for increasing certainty were applied because the initial certainty was high and 
there were no downgrades. However, below we summarize the upgrade factors described in 
our protocol, noting instances when they seemed applicable.  

• Dose response: The NTP study reported a statistically significant monotonic positive 
trend across all tested dose/SAR levels in male rats. Further, Falcioni et al reported a 
pair-wise statistically significant increase at the highest dose/SAR level. 
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• Rare outcomes: Malignant schwannoma is a rare tumor in rodents. We note that 
even if we had applied a downgrade factor, we would have upgraded because of the 
rarity of the tumor types. 

2.2. Adrenal gland 

2.2.2. Characteristics of included studies for adrenal gland-related carcinogenicity

Fifteen experiments presented in 12 publications assessed tumors of the adrenal 
gland (Chou et al. 1992; Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen 
et al. 2001; Jauchem et al. 2001; La Regina et al. 2003; National Toxicology Program 2018a; 
b; Oberto et al. 2007; Tillmann et al. 2007; Toler et al. 1997) (19). Five publications report 
chronic cancer bioassays (Chou et al. 1992; La Regina et al. 2003; National Toxicology 
Program 2018a; b; Tillmann et al. 2007), two publications report initiation-(co-)promotion 
studies (Heikkinen et al. 2006; Heikkinen et al. 2001), and five studies on tumor-prone mice 
(Frei et al. 1998a; Frei et al. 1998b; Jauchem et al. 2001; Oberto et al. 2007; Toler et al. 
1997). Among these studies a total of 1,456 rats and 2,207 mice were used.

****Figure 16 is a thumbnail image of an interactive graphic in HAWC. The graphic 
presents the included studies and endpoints assessed across studies (Panel A) and 
summarizes study characteristics for the included studies (Panel B). Additional details on the 
studies can be accessed through the interactive dashboard as well as download of the 
underlying data in tabular format using the ‘Actions’ option.

This is a thumbnail image of an interactive dashboard available on HAWC that is filterable by 
citation, health system, species, strain, and frequency. Panel A Numbers in the heatmap 
represent the number of studies that investigated a health system within a study design. If a 
study evaluated multiple health outcomes or presented several experiments, it is shown here 
multiple times. Panel B provides additional experimental detail about the studies, including 
exposure characteristics. The table in the Panel B is only a partial representation of the full 
table available in HAWC. 

2.2.2. Risk of bias and sensitivity considerations for adrenal gland-related carcinogenicity

Overall, there were no significant concerns for RoB in chronic bioassays (Figure 17), 
Initiation- (co)-promotion (Supplementary Figure S4A), tumor-prone (Supplementary Figure 
S4B) and all were considered Tier 1. Four studies had major sensitivity concerns 
(Supplementary Figure S4C), especially regarding exposure contrast (Chou et al. 1992; 
Heikkinen et al. 2006; Jauchem et al. 2001) that are either due to a wide and overlapping 
range of SAR levels (Heikkinen et al. 2006; Jauchem et al. 2001), or very low SAR levels 
that were close to background levels (Jauchem et al. 2001). One study had major sensitivity 
concerns related to endpoint sensitivity and specificity (Oberto et al. 2007). 

2.2.2. Summary of the evidence for adrenal gland-related carcinogenicity

****Figure 18A presents an exposure response array of malignant or combined (benign and 
malignant) pheochromocytoma of the adrenal gland presented in 4 publications to summarize 
exposure-specific effects. This figure provides a graphical overview of findings across the studies, 
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with respect to whether there was no effect (null), a statistically significant increase or decrease in 
incidence, or a statistically significant trend. Evidence of dose response for malignant or combined 
(benign and malignant) pheochromocytomas is presented in Figure 18B, which represents a 
thumbnail image of an interactive graphic in HAWC where study details can be easily read. The 1% 
Bayesian Average BMD was not calculated because there was no dose-response or trend for an 
increase or decrease in pheochromocytoma. 

2.2.2.2. Effects of RF EMF on tumors of the adrenal gland, pheochromocytomas

2.2.2.2.2. Rats and mice

Some evidence for RF EMF-related effects were provided for pheochromocytomas in 
the NTP rat study (National Toxicology Program 2018b). More specifically, 
pheochromocytomas (benign, or combined) were increased in the F1 generation male 
Sprague Dawley rats exposed to 900 MHz (GSM) at SAR levels of 1.5 and 3 W/kg, but no 
dose-dependent effect was observed (Figures 18 A and 18B). In female Sprague Dawley 
rats exposed to 900 MHz (CDMA), an increase in benign pheochromocytomas was 
observed at a SAR level of 1.5 W/kg (Supplementary Figure S4F), and an increase in 
benign, malignant, or complex pheochromocytomas was observed at 1.5 W/kg when 
compared to the respective sham controls (Figure 18B). None of these findings were dose-
dependent (Figure 18B). Statistically significant decreases in pheochromocytomas in female 
mice were found in the initiation-(co-)promotion study by Heikkinen et al. at the highest dose 
of either 0.35 or 1.5 W/kg in the two experiments where ionizing radiation has been used for 
tumor initiation (Heikkinen et al. 2001) (Supplementary Figures S4D, S4E). 

Single pheochromocytomas, benign and malignant, were provided in the NTP mouse 
report (National Toxicology Program 2018a) in male and female mice. However, the effects 
were not statisticall significant in any of the dose/SAR groups investigated (Figure 18B, 
Supplementary Figures S4F, S4G). 

2.2.2.2. Effects of RF EMF on other malignant tumors than pheochromocytomas of the 
adrenal gland

2.2.2.2.2. Rats and mice

Results for malignant adrenal tumors besides pheochromocytomas were null 
regardless of the species, sex or study type. Effects of RF EMF on other benign tumors than 
pheochromocytomas and preneoplastic lesions of the adrenal gland were not found. 

2.2.2.2.2. Rats and mice

No effects of RF EMF were found for benign neoplasms besides 
pheochromocytomas of the adrenal gland in any species, sex or study type as illustrated in 
Supplementary Figure S4H. 

With respect to increases in preneoplastic lesions, in the F1 generation, female 
Sprague Dawley rats exposed to 900 MHz (GSM), adrenal cortex hyperplasia was reported 
at 3 and 6 W/kg, adrenal cortex vacuolization at 6 W/kg, and a trend for an increase in 
hyperplasia of the adrenal medulla (National Toxicology Program 2018a) (Supplementary 
Figure S4I, S4J). However, the effects were not dose-dependent. An increase in adrenal 
hypertrophy was also seen in the F1 generation of male Sprague Dawley in the 900 MHz 
(GSM) study at 6 W/kg. 
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Certainty assessment for adrenal gland-related carcinogenicity

The initial rating for the certainty in the animal studies was high. Certainty was 
downgraded by one level for unexplained inconsistency (Table 9). A meta-analysis was not 
conducted due to variation in study design across the experiments, which included 5 chronic 
bioassays, two one initiation-(co-)promotion studies and 5 studies in tumor-prone mice. Even 
among the 5 chronic bioassays, key features of study design varied considerably (i.e., 
species, SAR modulation/frequency/exposure levels, and presence or absence of in utero 
exposure) (Table 8). Further, the small number of studies precluded meaningful subgroup 
analyses. A narrative description of the evidence was considered based on the findings from 
the 5 chronic bioassays because this is the most direct study design for assessing 
carcinogenicity. No BMD was calculated for any of the studies for pheochromocytoma 
because due to lack of clear monotonic dose response. 

2.2.2.2. Consideration of Factors potentially decreasing certainty

• Risk of bias: No downgrade was applied because studies were all Tier 1 with 
definitely or probably low risk of bias judgements across the vast majority of domains. 

Certainty was downgraded one level because the positive findings were reported only at 
low or low and medium-level of exposure in two experiments: F1 generation male rats 
(pheochromocytomas regardless of being benign or malignant or a combination at 900 
MHz GSM SAR levels of 1.5 and 3 W/kg), and female Sprague Dawley (benign 
pheochromocytomas at a 900 MHz CDMA SAR level of 3 W/kg) and (National 
Toxicology Program 2018b). This may raise concern about the biological plausibility of 
these findings.

• Unexplained inconsistency: (National Toxicology Program 2018b)Certainty was not 
further downgraded for unexplained inconsistency even though there was some 
inconsistency in the results across the 15 experiments which may be related to 
heterogeneity of the study design (the animal model, species, strain, exposure 
conditions). Most notably, the exposure with effects in pheochromocytomas was 
found in the NTP rat study at developmental exposure (National Toxicology Program 
2018b). Furthermore, the animals were allowed to roam freely in their cages in the 
NTP study as well as in the Chou study (Chou et al. 1992; National Toxicology 
Program 2018b), whereas all other studies used a Ferris wheel setup where animals 
were contained within narrow tubes during exposure. The NTP study used SAR 
levels up to 6 W/kg (National Toxicology Program 2018b). With the exception of the 
NTP rat studies, most studies reported no statistically significant increases in 
pheochromocytoma and related lesions in the adrenal gland. In the tumor-prone 
animals as well as in all other mouse studies, there were no statistically significant 
increases, and no dose-dependent trends were found in any of the studies. It is 
important to note that there were considerable differences in in the exposure 
conditions and exposure onset used in the NTP study compared to all other studies. 
Besides the NTP study, three other studies were performed in rats (Chou et al. 1992; 
Heikkinen et al. 2006; La Regina et al. 2003). One also used male Sprague Dawley 
rats, but the exposure characteristics were different regarding frequency and SAR 
level (2.45 GHz, SAR: 0.15 to 0.4 W/kg, depending on the weight of the animals 
(Chou et al. 1992), the other study was done in female Wistar rats, but the SAR 
levels used were substantially lower (900 MHz, SAR: 0.3, 0.9 W/kg) (Heikkinen et al. 
2006) compared to the NTP study (Heikkinen et al. 2006). Furthermore, the quality of 
the studies had some limitations (see RoB and sensitivity). Altogether, the fact that 
the NTP study (National Toxicology Program 2018b) describes positive findings in 
adrenal pheochromocytomas and related histopathologic lesions in male Sprague 
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Dawley rats at developmental, even though not dose-dependent, supports the 
certainty evaluation of this finding. 

• Indirectness: Regarding directness to the animal PECOS, no downgrade was applied 
for indirectness because findings were based on chronic cancer bioassays. Strong 
evidence on cancer in experimental animals is relevant to the identification of a 
carcinogenic hazard to humans (IARC SP165). Regarding the PECOS for human 
relevance, there is no a priori mechanistic or other biological evidence to suggest 
animal models are not reasonable for predicting potential cancer effects in humans 
for the tumor types considered in this analysis. Further, in additional analyses of the 
tumor site concordance between experimental animals and humans, Krewski et al. 
compared agent-specific concordance between (groups of) cancer sites with 
sufficient evidence in humans and in animals (the latter required replication of 
positive results at the same specific site in at least two animal experiments). The 
overlap for endocrine tumors was 100%, albeit based on only two agents (Krewski et 
al. 2019). That stated, in most hazard characterization frameworks, tumor site 
concordance between animal models and humans is not required to identify an 
exposure as a potential carcinogen. When present, tumor site concordance can 
increase confidence in the findings, particularly for human risk assessment. 

• Imprecision: As in preclinical animal studies (Hooijmans et al. 2018), the direction of 
effect in animal toxicology studies is generally considered more important than the 
exact magnitude of the effect. The concept of statistical power (as a pre-study 
concept related to the post-study concept of precision) generally takes into account 
size of study population, prevalence of exposure, significance level, and desired 
power for an anticipated effect size. These determinants of study power are all 
defined in GLP cancer bioassay guidelines and have been adhered to in the two 
studies with an increased incidence in cancer. Therefore, there is no reason for 
downgrading the certainty for imprecision. 

• Publication bias: No downgrade was applied for publication bias.

2.2.2.2. Consideration of Factors potentially increasing certainty

No upgrade factors were applied. The non-neoplastic data provided additional data on 
occurrence of abnormal cell growth and cell populations in the NTP GSM rat experiment 
where a pheochromocytoma response was observed, supporting plausibility of a RF EMF 
effect on adrenal tissue as tested. However, the certainty of evidence was not upgraded due 
to substantial inconsistency between the NTP study results compared to all other studies 
and the lack of a dose response (extending to high doses) in the NTP study. 

2.2. Liver

2.2.2. Characteristics of included studies for liver-related carcinogenicity

Twenty-six experiments presented in 16 publications assessed neoplastic lesions, 
and related histopathologic abnormalities in liver, and in 14 of these studies, specific tumor 
types were reported (Chou et al. 1992; Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 
2006; Heikkinen et al. 2001; Imaida et al. 1998a; Imaida et al. 1998b; Jauchem et al. 2001; 
La Regina et al. 2003; Lerchl et al. 2015; National Toxicology Program 2018a; b; Oberto et 
al. 2007; Tillmann et al. 2007; Tillmann et al. 2010; Toler et al. 1997). Among these 26 
experiments, 10 were conducted in mice (3,201 animals), and 6 in rats (1,483 animals). The 
16 publications include 5 chronic cancer bioassays (Chou et al. 1992; La Regina et al. 2003; 
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National Toxicology Program 2018a; b; Tillmann et al. 2007), 6 initiation(co-)promotion 
studies (Heikkinen et al. 2006; Heikkinen et al. 2001; Imaida et al. 1998a; Imaida et al. 
1998b; Lerchl et al. 2015; Tillmann et al. 2010), and 5 studies with tumor-prone mice (Frei et 
al. 1998a; Frei et al. 1998b; Jauchem et al. 2001; Oberto et al. 2007; Toler et al. 1997). 

****Figure 19 is a thumbnail image of an interactive graphic in HAWC. The graphic 
presents the included studies and endpoints assessed across studies (Panel A) and 
summarizes study characteristics for the included studies (Panel B). Additional details on the 
studies can be accessed through the interactive dashboard as well as download of the 
underlying data in tabular format using the ‘Actions’ option. 

2.2.2. Risk of bias and sensitivity considerations

There were some concerns for RoB in some studies (Figure 20 and Supplementary 
Figures S5A, S5B). Six studies had limitations regarding the blinding during the study (Frei 
et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen et al. 2001; Imaida et al. 
1998a; Jauchem et al. 2001), and one study had major limitations regarding randomization 
(Lerchl et al. 2015). Two studies (Imaida et al. 1998a; Imaida et al. 1998b) have high RoB in 
the temperature domain. Thus, these two studies were considered Tier 2, whereas the other 
studies were considered Tier 1. Four studies had major sensitivity issues regarding exposure 
contrast (Chou et al. 1992; Heikkinen et al. 2006; Imaida et al. 1998b; Jauchem et al. 2001) 
(Supplementary Figure S5C). 

2.2.2. Summary of the evidence for liver-related carcinogenicity

****Figure 21 presents an exposure response array of malignant neoplasms of the 
liver across studies to summarize exposure-specific level effects. This figure presents a 
graphical overview of the findings across studies with respect to whether there was no effect 
(null), a statistically significant increase of decrease in incidence, or a statistically significant 
trend.  Data on combined carcinomas and adenomas was typically not presented (and could 
not be calculated) in the available studies. Only one study presented the incidence of both 
tumor types separately (National Toxicology Program 2018a). The NTP study reported a 
statistically non-significant increase of liver adenomas and carcinomas (combined) at mid-
level dose in male rats for the CDMA exposure. The 1% Bayesian BMD was not calculated 
because there was no dose-response or trend for an increase or decrease in liver 
neoplasms.

2.2.2.2. Effects of RF EMF on other malignant tumors of the liver in chronic bioassays

2.2.2.2.2. Mice

In the chronic bioassays, the only increased malignant neoplastic finding was for liver 
hepatoblastoma in male B6C3F1/N mice exposed to 1900 MHz CDMA at a SAR level of 5 
W/kg (National Toxicology Program 2018a) (Figures 21 and 22). However, this finding did 
not display evidence for dose-response. In the same study, a statistically significant 
decrease in hepatocellular carcinoma was found in male mice at a SAR level of 2.5 W/kg 
compared to sham exposure. 



31

No effects on malignant liver tumors were found in the other 3 chronic cancer 
bioassays in mice when compared to the sham controls with the tumor types in the study by 
La Regina and colleagues not being mentioned (Chou et al. 1992; La Regina et al. 2003; 
Tillmann et al. 2007). No increases in combined carcinomas and adenomas were observed 
in any study, although the number of studies reporting this information was small (National 
Toxicology Program 2018a). 

2.2.2.2.2. Rats

In the one chronic cancer bioassay (CDMA) performed in male Sprague Dawley rats. 
In male rats, there were increased incidences of hepatocellular adenoma in the 1.5 and 3 
W/kg groups compared to sham controls. There were also hepatocellular carcinomas, one 
each in the 3 and 6 W/kg groups (Figure 22). The incidences of hepatocellular adenoma or 
carcinoma (combined) were not statistically significant (CDMA). In 6 W/kg females, there 
was a decreased incidence of hepatocellular adenoma with a significant negative trend 
(National Toxicology Program 2018a). 

2.2.2.2. Effects of RF EMF on malignant tumors of the liver in initiation-(co-)promotion 
studies

2.2.2.2.2. Mice

In the tumor initiation-(co-)promotion studies, Lerchl et al. 2015 reported a significant 
increase in malignant liver carcinomas in mice at 0.04, 0.4 and 2 W/kg in a mixed group of 
male and female mice with the effect not being dose-dependent (Lerchl et al. 2015) 
(Supplementary Figure S5D). In the Tillman 2010 initiation-(co-)promotion study with male 
and female mice, a difference in liver carcinomas was only found when ENU-treated mice 
were compared to cage controls, and a combined exposure with RF EMF and ENU resulted 
in a significant increase in tumor incidence of liver carcinomas at 0.58 W/kg but not at 2 
W/kg (Supplementary Figure S5D) (Tillmann et al. 2010). 

2.2.2.2.2. Rats

Heikkinen and colleagues reported no effects of RF EMF in female rats when compared to 
sham-exposed animals (Supplementary Figure S5D) (Heikkinen et al. 2006). 

2.2.2.2. Effects of RF EMF on malignant tumors of the liver in tumor-prone mice

No effects of RF EMF on malignant neoplasms were observed in tumor-prone mice 
of either sex (Supplementary Figure S5E) (Frei et al. 1998a; Frei et al. 1998b; Oberto et al. 
2007; Toler et al. 1997). In the studies performed in tumor-prone mice, a significant trend 
was found in liver vascular tumors (considered a malignant neoplasm) in one study in male 
tumor-prone (for lymphomas) with the effect being statistically significant at the highest 
SAR/dose level of 4 W/kg (Oberto et al. 2007) (Supplementary Figure S5E). 

2.2.2.2. Effects of RF EMF on benign tumors 

2.2.2.2.2. Mice

RF EMF did not have compelling effects on benign liver tumors in mice regardless of 
the sex and the study type (Supplementary Figure S5F). The histopathological findings for 
the liver showed some effects (both increases and decreases) in hepatocellular benign 
neoplasms in three studies in mice, namely two chronic bioassays (National Toxicology 
Program 2018a; Tillmann et al. 2007) (Supplementary Figure S5F). With respect to benign 
neoplastic findings, a trend for a significant and dose-dependent decrease in benign liver 
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adenomas was found in the study of Tillmann et al. for male mice regardless of the 
frequency (900 MHz or 1747 MHz, DCS) (Supplementary Figure S5F) (Tillmann et al. 2007). 
In both NTP experiments with mice, some hepatocellular adenomas were increased, but no 
dose-response was found (Supplementary Figure S5F) (National Toxicology Program 
2018a). No effect of RF EMF was found in initiation-(co-)promotion or tumor-prone mice 
(Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen et al. 2001; Lerchl et al. 
2015; Oberto et al. 2007; Tillmann et al. 2010; Toler et al. 1997). 

2.2.2.2.2. Rats

No effects of RF EMF exposure on benign tumors were found in rats when compared 
to sham-controls. In the chronic cancer bioassays, the only preneoplastic lesion observed 
was for mixed foci in male Sprague-Dawley rats exposed to 900 MHz CDMA at a SAR level 
of 3 W/kg (Supplementary Figure S5G). However, this finding did not display evidence of 
dose-response gradient. Foci of cellular alteration, with a statistically significant positive 
trend were found in one study in female Wistar rats using an initiation-(co-)promotion model 
(Heikkinen et al. 2006). 
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2.2.2. Certainty assessment for liver-related carcinogenicity

The initial rating for the certainty in the animal studies was set to high. The evidence 
was downgraded by one level because a statistically significant increase in hepatoblastomas 
was only reported in one chronic cancer bioassay. No downgrade for directness was utilized 
and the rationale for this is provided below. No factors that potentially increase certainty 
were utilized. Thus, the overall certainty was considered moderate (Table 11). 

Sixteen studies investigated tumors of the liver with 5 of these being chronic cancer 
bioassays, 6 initiation-(co-)promotion studies and 5 studies in tumor-prone mice. Overall, a 
total of 1,483 rats and 3,201 mice was used. None of the findings was dose-dependent. A 
meta-analysis was not conducted due to variation in study design across the experiments. 
Even among the chronic cancer bioassays, key features of study design varied considerably 
(i.e., species, SAR modulation/frequency/exposure levels, and presence or absence of in 
utero exposure) (Table 10). Further, the small number of studies precluded meaningful 
subgroup analyses. A narrative description of the evidence was considered based on the 
findings from the 5 chronic bioassays because this is the most direct study design for 
assessing carcinogenicity (Falcioni et al. 2018; National Toxicology Program 2018b). The 
CoE was evaluated as moderate for hepatoblastomas due to a downgrade by one level 
because of unexplained inconsistency, and absence of factors increasing confidence. The 
BMD was not calculated for hepatoblastomas and hepatocellular carcinomas due to the lack 
of a monotonous dose-response. 

2.2.2.2. Consideration of Factors potentially decreasing certainty

• Risk of bias: No downgrade was applied because studies were all Tier 1 or Tier 2 with 
definitely or probably low risk of bias judgments across the vast majority of domains. 

• Unexplained inconsistency: Certainty was downgraded for unexplained inconsistency in 
hepatoblastoma findings. A statistically significant increase in hepatoblastomas was 
observed in male B6C3F1/N mice exposed to 1900 MHz CDMA at a SAR level of 5 
W/kg(National Toxicology Program 2018a). However, the effect was only observed in a 
middle dose. No effects were found male mice in the GSM experiment. Besides the 
NTP study in male mice, there is no support for an increased risk of hepatoblastomas 
from a second study. Similarly for hepatocellular adenomas and/or carcinomas the 
inconsistency cannot be easily explained. 

• Indirectness: Regarding directness to the animal PECOS, no downgrade was applied. 
The studies in tumor-prone animals or using an initiation-(co-)promotion design are 
considered appropriate models for assessment of liver carcinogenicity in rodents. 

• Publication bias: No downgrade was applied for publication bias. 

2.2.2.2. Consideration of Factors potentially increasing certainty

• None applied

2.2. Lung
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2.2.2. Characteristics of included studies for lung-related carcinogenicity

Eleven publications reported neoplastic lesions and related histopathology findings of 
the lung (Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen et al. 2001; 
Jauchem et al. 2001; Lerchl et al. 2015; National Toxicology Program 2018a; Oberto et al. 
2007; Sommer et al. 2004; Tillmann et al. 2007; Tillmann et al. 2010). 

Among these publications, 23 studies were conducted in mice (2,800), and 8 in rats 
(1,296). The 11publications include 2 chronic bioassays (National Toxicology Program 
2018a; Tillmann et al. 2007), 4 initiation-promotion studies (Heikkinen et al. 2006; Heikkinen 
et al. 2001; Lerchl et al. 2015; Tillmann et al. 2010), and 5 studies in tumor-prone mice (Frei 
et al. 1998a; Frei et al. 1998b; Jauchem et al. 2001; Oberto et al. 2007; Sommer et al. 2004). 
In addition, there were 3 more bioassays, where only premalignant lesions, or metastases 
from other neoplasias occurred in the lung (Chou et al. 1992; La Regina et al. 2003; National 
Toxicology Program 2018b) or neoplasms were only given for one dose/SAR (National 
Toxicology Program 2018b). These studies are included in the overview figure (Figure 23). 

2.2.2. Risk of bias and sensitivity considerations

There were no concerns for RoB in the 2 chronic bioassays (Figure 24), some 
concern in one domain in the initiation-promotion studies (Supplementary Figure S6A) and 
some concern in one domain in 4 studies with tumor-prone mice, S6B). Six studies had 
major limitations regarding the blinding during the study (Frei et al. 1998a; Frei et al. 1998b; 
Heikkinen et al. 2006; Heikkinen et al. 2001; Jauchem et al. 2001; Oberto et al. 2007; 
Sommer et al. 2004), and one study had major limitations regarding randomization (Lerchl et 
al. 2015). All studies were considered Tier 1. 

No significant sensitivity concerns were identified in the chronic bioassays 
(Supplementary Figure S6C). Two other studies had major sensitivity issues regarding 
exposure contrast (Heikkinen et al. 2006; Jauchem et al. 2001) (Supplementary Figures 
S6D, S6E). 

2.2.2. Summary of the evidence for lung-related carcinogenicity

****Figure 25 presents the exposure response array of malignant neoplasms of the 
lung across studies to summarize exposure-specific effects. This figure presents a graphical 
overview of the findings across studies with respect to whether there was no effect (null), a 
statistically significant increase or decrease in incidence, or a statistically significant trend. 
One study presented the incidence of bronchioalveolar adenoma or carcinoma (combined) 
and both tumor types separately (National Toxicology Program 2018a). The NTP study 
reported a statistically significant positive trend of both bronchioalveolar adenoma or 
carcinoma (combined) for the GSM exposure in male mice. A dose-dependent not 
statistically significant increase in carcinoma was found (National Toxicology Program 
2018a). In two initiation-promotion studies (Lerchl et al. 2015; Tillmann et al. 2010) with 
mice, performed in a similar way but different mouse strains and slightly different SAR levels, 
significant increases in bronchioalveolar adenoma and also for carcinoma at the middle 
dose/SAR level of 0.58 W/kg were found in male and female B63F1 mice (combined) at 
1966 MHz UMTS at chronic exposure for 24 months (Tillmann et al. 2010). Statistically 
significant increases in bronchioalveolar adenoma in male CH3/HeNCrl mice and female 
C57Bi/6N mice (combined) for 72  weeks at 1966 MHz, were found in all doses/SAR levels 
(Lerchl et al. 2015). 
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2.2.2.2. Effects of RF EMF on neoplastic lesions of the lung in chronic bioassays

2.2.2.2.2. Mice and rats

In mice, bronchioalveolar adenomas and carcinomas as well as the combination of 
both neoplasms were demonstrated in the other experiments in the two bioassays for male 
and female mice (CDMA, GSM), but, besides the statistically significant positive trend in 
adenomas or carcinomas (combined) in male mice at GSM exposure (National Toxicology 
Program 2018a), the findings were not statistically significant, nor was a trend for dose-
response reported (Figures 25 and 26). The tumor incidence for all tumors found was lower 
in female mice when compared to male mice in the NTP study (National Toxicology Program 
2018a), and the same holds true for the Tillmann study, except for bronchoalveolar 
adenomas (Tillmann et al. 2010). 

In rats, occasional findings of lung neoplasms were reported in the NTP study, but 
only at certain SAR levels. 

2.2.2.2. Effects of RF EMF on neoplastic lesions in the initiation-(co)promotion studies

2.2.2.2.2. Mice and rats

As stated above, in B63F1mice (combined males and females) exposed at 1966 
MHz for 24 months (20 hours/day), statistically significant increases were found in 
bronchoalveolar adenomas and carcinomas (combined) at the middle dose, a SAR level of 
0.5 W/kg (Tillmann et al. 2010). In a study with a similar design, statistically significant 
increases in bronchioalveolar adenoma in male CH3/HeNCrl mice and female C57Bi/6N 
mice (combined) for 72 weeks at 1966 MHz, were found at all doses/SAR levels (Lerchl et 
al. 2015) (Supplementary Figures S6F and S6G). 

In another study in female CBA/S mice, exposed for 1.5 hours/day, 5 days/week for 
78 weeks at 902 MHz GSM or continuous exposure, no significant increases in lung 
neoplastic lesions were reported (Heikkinen et al. 2001). Similar to the NTP study in rats, 
only very few lung tumors were found in female Wistar rats, and GSM exposure did not 
affect the tumor incidence of any of lung neoplastic lesions (Heikkinen et al. 2006). 

2.2.2.2. Effects of RF EMF on neoplastic lesions of the lung in studies with tumor-prone mice

No effects of RF EMF on malignant or benign neoplasms were observed in tumor-
prone mice of either sex (Supplementary Figures S6H and S6I) (Frei et al. 1998a; Frei et al. 
1998b; Oberto et al. 2007). In the study by Oberto et al., an increase in bronchoalveolar 
adenomas was found at the highest dose of 4 W/kg in male pim1 mice exposed for 1 
hour/day, 5 days/week for 18 months at a 217 Hz pulsed 900 MHz TF EMF (Oberto et al. 
2007) (Supplementary Figures S6H and S6I). The studies by Frei et al. used female 
C3H/HeJ mice that were exposed at 2.54 GHz for 20 hours/day for 18 months and a SAR of 
0.3 W/kg, and no differences in lung tumors were obtained when sham and RF EMD-
exposed mice were compared (Frei et al. 1998a; Frei et al. 1998b). 

2.2.2. Certainty assessment for lung-related carcinogenicity

The initial rating for the certainty in the animal studies was set to high. The evidence 
was downgraded by one level for unexplained inconsistency in bronchioalveolar adenoma 
and carcinoma findings in one cancer bioassay (National Toxicology Program 2018a). No 
downgrade for directness was utilized and the rationale for this is provided below. No factors 
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that potentially increase certainty were utilized. Thus, the overall certainty was considered 
moderate (Table 11). 

Sixteen studies investigated tumors of the lung with 2 of these studies who reported 
lung neoplasias are chronic cancer bioassays, 4 initiation-(co-)promotion studies and 5 
studies in tumor-prone mice. In these studies, a total of 1,296 rats and 2,800 mice was used. 
A statistically significant positive trend was found in one chronic bioassay in bronchoalveolar 
adenomas or carcinomas (combined). None of the direct pairwise comparisons was 
statistically significant (National Toxicology Program 2018a). A meta-analysis was not 
conducted due to variation in study design across the experiments. Even among the chronic 
cancer bioassays, key features of study design varied considerably (i.e., species, SAR 
modulation/frequency/exposure levels) (Table 12). Further, the small number of studies 
precluded meaningful subgroup analyses. A narrative description of the evidence was 
considered based on the findings from the 2 chronic bioassays because this is the most 
direct study design for assessing carcinogenicity (National Toxicology Program 2018a; 
Tillmann et al. 2007). The CoE was evaluated as moderate for lung neoplasms due to a 
downgrade by one level because of unexplained inconsistency, and absence of factors 
increasing confidence. The BMD was calculated for bronchioalveolar adenomas or 
carcinomas (combined) (0.729, CI low 0.197), and bronchioalveolar carcinomas (2.324, 95% 
CI 0.497, 24.318). 

2.2.2.2. Consideration of Factors potentially decreasing certainty

• Risk of bias: No downgrade was applied because studies were all Tier 1 with definitively 
or probably low risk of bias judgments across the vast majority of domains. The chronic 
bioassays (National Toxicology Program 2018a; Tillmann et al. 2007) had no limitations 
in RoB or study sensitivity. 

• Unexplained inconsistency: Certainty was downgraded for unexplained inconsistency in 
bronchioalveolar adenoma and carcinoma findings. A statistically significant positive 
trend was found for bronchioalveolar adenomas or carcinomas (combined) observed in 
male B6C3F1/N mice exposed to 1900 MHz GSM (National Toxicology Program 
2018a). None of the direct comparisons per SAR level (2.5, 5, and 10 w/kg) were 
statistically significant. No effects were found male mice in the CDMA experiment, and 
no effects were reported in female mice (National Toxicology Program 2018a). Besides 
the NTP study at GSM exposure in male mice, there is some support for an increased 
risk of adenomas (Lerchl et al. 2015; Tillmann et al. 2010) and carcinomas (Tillmann et 
al. 2010) in initiation-promotion(-co)promotion studies. The inconsistency for these 
neoplasms cannot be easily explained because both studies followed a similar design. 
However, there are differences in the mouse strains and the SAR levels. 

• Indirectness: Regarding directness to the animal PECOS, no downgrade was applied. 
The initiation-(co-)promotion design is considered appropriate model for assessment of 
lung carcinogenicity in rodents. 

• Publication bias: No downgrade was applied for publication bias. 

2.2.2.2. Consideration of Factors potentially increasing certainty

• None applied
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3. Discussion

The work in this publication represents a systematic review of the carcinogenic effects 
of radiofrequency exposure in laboratory animals in manuscripts published until 2022. A 
summary of the confidence judgments for each of the main types of cancer evaluated 
(lymphoma, brain, heart, adrenal gland,liver, and lung) are summarized in Table 13. High 
CoE can be interpreted as the true relationship is highly likely to be reflected in the apparent 
relationship. Moderate CoE indicates the true relationship may be reflected in the apparent 
relationship. 

2.2. Summary of Findings

A total of 52 animal cancer bioassays, namely, chronic cancer bioassays, initiation-(co-) 
promotion studies, and studies in tumor-prone mice were eligible and evaluated according to 
the protocol (Mevissen et al. 2022). Of these, chronic rodent bioassays are generally 
considered the most informative study design for detecting chemical carcinogens, 
recognizing that factors such as how animals are exposed, sex, species, strain, stubstrain, 
background rates and variability in spontaneous tumors can all affect specific study 
outcomes (Bannasch et al. 1986; Della Porta and Dragani 1990). Besides different study 
designs, a variety of different animal models, exposure metrics, duration periods of 
exposure, and other parameters were reviewed. Chronic rodent bioassays have reached a 
high standard of performance for detection of chemical carcinogens. Nevertheless, different 
öis, length of the testing, selection and use of strains, especially variability of spontaneous 
tumors, affect the outcome (Bannasch et al. 1986; Della Porta and Dragani 1990). Overall, 
the evidence base is very heterogeneous and does not support reaching strong conclusions 
on the impact of specific study design variables, including radiation type, species, strain as 
potential sources of variation in results across studies. To help address the focused question 
on radiation type specific effects, supplementary Figures (S7, S8, S9, S10, S11, S12) were 
developed for tumor sites where multiple forms of radiation were administered across 
studies (or study arms in the same publication), and some evidence of carcinogenicity was 
observed in at least one study (or study arm). For high CoE, two positive long-term 
bioassays (for 2 sites, heart (heart schwannoma) and brain (glioma)) with the positive 
studies differing in several regards (animal model, radiation type, dosage) were identified. 
For lung adenomas or carcinomas (combined), one chronic bioassay showed a significant 
positive trend in male mice exposed to GSM (National Toxicology Program 2018a). No 
pairwise comparisons were statistically significant at any SAR level investigated in that 
study. Two initiation-(co-)promotion studies with a similar design gave some evidence for an 
increase in bronchoalveolar adenomas and/or carcinomas in mice of both sexes (combined) 
(Lerchl et al. 2015; Tillmann et al. 2010). 

The team concluded there was high CoE for an increased incidence of malignant 
schwannomas of the heart based mainly on results from two chronic bioassays in male rats. 
With respect to the magnitude of the effect, a significant trend for an increase in endocardial 
malignant schwannomas in male Sprague Dawley rats was observed in one study with a 
statistically significant trend in malignant schwannomas across the dose range of a whole 
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body average SAR from 1.5 W/kg to 6 W/kg given over 106 weeks and the increase also 
being statistically significant at 6 W/kg (National Toxicology Program 2018b). In a second 
study, an increased incidence in total schwannoma of the heart in male Sprague Dawley rats 
was observed at 0.1 W/kg (whole body average SAR) given over life span (Falcioni et al. 
2018). Sex differences in these rare tumors, namely schwannoma in Sprague Dawley rats 
have been reported in historic controls with an incidence of 0.7 in males rats and 0.1 in 
female rats (Kumar A. 2024). Regarding the directness of the PECOS of the animal model to 
the evidence in humans, heart schwannomas are rare tumors in humans. However, 
neoplasms derived from Schwann cells can basically occur at any place in the body where 
nerve sheaths exists. Schwannomas are the most common neoplasms of the peripheral 
nerve sheath, which also include neurofibromas, perineurinomas, granular cell tumors and 
malignant peripheral nerve sheath tumors. A vestibular schwannoma is also known as an 
acoustic neuroma or acoustic neurinoma, a neoplasm for which some epidemiological 
studies have reported associations for increased risks in humans (Cardis et al. 2010; Hardell 
et al. 2002; Hardell et al. 2003; IARC 2013; Pettersson et al. 2014). 

The evaluation of neoplastic tumors in the brain was rated moderate to high CoE for 
an increased incidence of glial cell-derived tumors at whole body average SAR at 6 W/kg 
over 106 weeks, based mainly on the NTP study (National Toxicology Program 2018b). In 
the study by Anderson et al. (2004), in a post publication analysis, an increase in 
oligodendrogliomas with a statistically significant trend across the dose range of 0.16 W/kg 
to 1.6 W/kg (whole body average SAR) given for 2 hours/day over 5 days/week over 100 
weeks was observed when compared to historical controls (Anderson et al. 2004). Further, 
results reported by Falcioni (Falcioni et al. 2018) in another rat strain (male Fischer 344 
rats), even though of borderline statistical significance support this evaluation. A moderate 
certainty for an increased incidence of neoplastic tumors was also found for the adrenal 
gland, namely pheochromocytoma at a whole-body average SAR level of 1.5 W/kg. 
Moderate CoE was concluded for an increased incidence of hepatoblastoma at a whole-
body average SAR of 5 W/kg given over 106 weeks. We also concluded that the CoE for an 
increased incidence of lymphoma was moderate at a whole-body average SAR of 2.5 W/kg 
given for 108 weeks in mice. The evaluation of neoplastic tumors in the lung was rated 
moderate CoE for an increased positive trend for the incidence of bronchoalveolar adenoma 
and carcinoma (SAR: 2.5-10 W/kg) (National Toxicology Program 2018a) with some support 
of significant increases in one or both tumor types from two initiation-(co-)promotion studies 
(Lerchl et al. 2015; Tillmann et al. 2010). 

For other cancer sites, this systematic review provides little evidence that RF EMF 
exposure causes cancer of the following systems, gastrointestinal/digestive, kidney, 
mammary gland, urinary, endocrine, musculoskeletal, reproductive, and auditory as shown 
in Supplementary Table 1. 

2.2. Comparison with other studies

In 2011, the IARC Monograph Program performed an evaluation on RF EMF and a 
Working Group classified RF EMF as 'possibly carcinogenic to humans' (Class 2B) based 
upon limited evidence of carcinogenicity in humans and experimental animals (IARC 2013). 
Our analysis found additional support for evidence of carcinogenicity in animals based on 
studies published since the IARC review, in particular (Falcioni et al. 2018; National 
Toxicology Program 2018b). 

In contrast to the recent systematic review by Pinto et al. (2023), who performed a 
meta-analysis for cancers with ≥3 studies we used a narrative approach (Pinto et al. 
2023)because we considered the data too heterogeneous to support a meaningful 
quantitative integration (or subgroup analyses). Pinto et al. (2023) considered the evidence 
for carcinogenicity to be weaker than our judgements. This is perhaps especially true for 
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brain Pinto et al. (2023) also concluded that the limited number of studies for most cancer 
types limits the ability to consider results definitively conclusive. 

2.2. Strengths and limitations of the review process

Most of the studies that support our evaluations with high or moderate CoE were 
published after the IARC Monographs meeting in 2011, and the evidence came primarily 
from two-year rodent bioassays. Overall, the eligible studies were performed within a 
timeframe of about 40 years. Overarching limitations to the evidence are mostly based on 
the heterogeneity in the study designs including different species and strains, study length, 
and different exposure conditions and levels. Therefore, consistency was difficult to 
evaluate. Due to the heterogeneity, per our protocol, a quantitative meta-analysis was not 
considered appropriate due to the small number of studies with sufficiently similar 
experimental design. 

One challenge we faced was characterizing the magnitude of the effect size in a 
manner that could be considered analogous to presentation of relative risk estimates used to 
summarize findings from epidemiological studies (see Amendments). Ultimately, the 
direction of the effect was described, and the lowest SAR level at which an increase in 
cancer incidence occurred was noted. The 1% Bayesian Average BMDs were calculated 
when dose-response effects were identified. These BMDs may inform future health 
assessments that may be based on evidence from animal cancer bioassays, without making 
any assumptions regarding interspecies extrapolations with respect to incidence of 
carcinogenic findings. 

While not limitations of the review per se, we did have some observations on our 
experience with the OHAT framework, which uses GRADE as it’s foundation with some 
adjustments specifically to animal evidence (National Toxicology Program 2019a). With 
respect to use of the OHAT RoB tool, some of the RoB elements used for human clinical trial 
studies seemed contrived when applied to animal cancer bioassay studies. In particular, the 
assessment of whether research personnel allocating animals could not foresee which 
administered dose or exposure level is going to be assigned at the start of a study ('blinding 
before the study'). Raters generally considered not blinding at this step not likely to be a 
significant source of bias for animal studies. In addition, ideally RoB analyses include 
information on the predicted direction and magnitude of the potential bias. 

Certain systematic review frameworks in environmental health introduce the 
additional assessment of study sensitivity or informativeness, which can identify study 
limitations that fall outside of RoB (IARC, RoC, IRIS). To assess study sensitivity for this 
systematic review, we adapted the tool from the RoC covering four domains, such as 
endpoint sensitivity of certain study design or exposure contrasts. We found the assessment 
of study sensitivity worthwhile as a complement to the RoB analysis, although we did not 
identify many chronic cancer bioassays studies with significant sensitivity concerns. 

Like Hooijmans et al. (2018), our expedience indicates that additional method 
refinements and clarifications are needed when using GRADE-based approaches for 
reaching CoE conclusions from animal evidence (Hooijmans et al. 2018). Similar to 
Hooijmans et al. (2018), we separated considerations of directness into two levels. One level 
was consideration of directness with respect to the animal evidence (e.g., we considered 
chronic cancer bioassays to be more direct than inhiation/promotion studies). The other level 
was directness to the animal evidence to humans. Here we considered animal studies as 
relevant to the identification of a carcinogenic hazard to humans.

In our assessment, we experienced challenges given the diversity of the evidence base. 
This impacted judgments on whether to conduct a meta-analysis as well as judgements on 
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unexplained inconsistency and precision. Compared to experimental human evidence, a 
greater degree of heterogeneity in response may be expected animal evidence given the 
wide range of model systems and exposure paradigms used. For example, a high degree of 
consistency in findings from various inbred strains, outbred strains, and tumor-prone (and 
other modified) models would not necessarily be expected (Vesterinen et al. 2014). Thus, 
plausible reasons for inconsistency were present and we seldomly downgraded for 
unexplained inconsistency. We note that the OHAT refinement to GRADE allows for 
consistency across model systems to be used as an upgrade factor. Another issue we 
identified is the transparent consideration of supportive evidence into the structured 
framework, e.g., preneoplastic histopathology findings such as hyperplasia. The 
OHAT/GRADE upgrade factor of impact of residual confounding is typically contextualized 
as being applicable to epidemiological evidence. We did not utilize this factor in our analyses 
and are unaware of its use in other assessments of animal evidence using OHAT/GRADE. 
Thus, the applicability and how to operationalize this consideration to animal evidence 
should be considered as part of future method refinement. Worth noting is the existence a 
project group focused on analysis of animal evidence operating under the auspices of the 
GRADE Working Group (https://www.gradeworkinggroup.org, see “Groups and projects”). 
The goal of this project group is to advance and clarify methodology for applying GRADE to 
animal evidence.

The grading of the evidence as performed here in the context of the adapted GRADE 
and OHAT frameworks assessed the level of evidence by cancer site and did not develop an 
overall carcinogenicity conclusion. In contrast cancer hazard identifications as conducted by 
well-established national and international programs (e.g., U.S. RoC, IARC) synthesize the 
evidence and the resulting evaluation across all tumor sites. Typically, only a very few high-
quality chronic cancer bioassays are available for any given agent, tested according to GLP 
guidelines at high levels of exposure to maximize the informativeness of the studies while 
avoiding toxicity and related threats to validity. Together, the evaluation framework applied 
here and the relatively low levels of exposure in most RF EMF cancer bioassays might result 
in a potential underestimation of a potential cancer hazard when compared with well-
established programs. 

2.2. Implications of the results for practice, policy, and future research

The results of this systematic review provide high or moderate CoE for several 
cancer sites relevant to cancer hazard identification for humans. In contrast to some 
uncertainties of translation of SAR/doses and cancer effects to human risk assessment, 
some of the SAR levels where effects were observed are within the magnitude of the whole 
body average SAR that might be experienced in humans. However, the type of exposure 
(whole body versus localized), intensity of exposure and duration of exposure must also be 
considered when translating the effect sizes to cancer risk in humans. 

Strong evidence on cancer in experimental animals is relevant to the identification of 
a carcinogenic hazard to humans (Baan et al. 2019). Regarding the PECOS for human 
relevance, there is no a priori compelling mechanistic or other biological evidence to suggest 
animal models are not reasonable for predicting potential effects in humans. Further, in 
additional analyses of the tumor site concordance between experimental animals and 
humans, Krewski et al. compared agent-specific concordance between (groups of) cancer 
sites with sufficient evidence in humans and in animals (the latter required replication of 
positive results at the same specific site in at least two animal experiments). It has to be 
noted that these estimates are expected to underestimate concordance (Krewski et al. 
2019). When present, tumor site concordance can increase confidence in the findings, 
particularly for human risk assessment. We note that the two tumor types with high CoE in 
animals in this systematic review are the same as those identified with limited evidence in 
humans by the IARC Working Group. Of note, “limited evidence of carcinogenicity in 
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humans” is defined in the Preamble to the IARC Monographs as “a causal interpretation of 
the positive association observed in the body of evidence on exposure to the agent and 
cancer is credible, but chance, bias, or confounding could not be ruled out with reasonable 
confidence."

For heart schwannomas, a significant increase was observed at a whole body 
average SAR of 6 W/kg (CDMA) and a significant SAR-related trend was observed in the 
NTP study. A statistically significant trend for an increase, and a significant increase at the 
highest SAR level was also observed in the Falcioni study where male Sprague Dawley rats 
were exposed to whole body average SAR of 0.001, 0.03 and 0.1 W/kg which is in the range 
of human exposures. Neoplasms derived from Schwann cells can basically occur at any 
location in the body where nerve sheath exist, and these neoplasms are the most common 
tumors of the peripheral nerve sheath. 

Our systematic review is about carcinogenesis in experimental animals. As part of 
this work we identified the whole body average SAR levels where increases in cancer were 
observed, but no thresholds of carcinogenicity could be identified based on the data. 
Mechanistic understanding may help in the animal to human extrapolation of the exposure 
response relationship of RF EMF carcinogenicity and for setting limit values. One of the 
characteristics at higher SAR levels is an increase in body temperature, which has been 
suggested as a potential mechanism of carcinogenicity in animals (Hinchliffe et al. 2021; 
Zhang et al. 1995). While there is no scientific consensus about the relevance of this 
mechanism, and evidence for other mechanisms of the carcinogenicity of RF EMF emerges, 
this systematic review assessed whether RF EMF exposure-induced heating was measured 
in included studies as a domain of our specifically adapted RoB tool. All the informative 
studies on carcinogenicity have been evaluated of being at low RoB because they assessed 
tissue/body heating, but increases in core body temperature cannot be completely excluded. 
Conceptually, some hypothetical temperature effects at SAR levels above 1.5 W/kg and 
related body temperature increases of less than 1°C cannot be ruled out with certainty. In 
addition, oxidative stress has been demonstrated in various studies, even at low SAR levels, 
and permanent increase in oxidative stress may lead to cancer (Schuermann and Mevissen 
2021). Specifically, hereto and within these limits, we propose some additional 
considerations on RF EMF-induced heating and how this compares between experimental 
animals and humans, primarily from the physical exposure perspective (Annex 2). This must, 
however, not be misunderstood as an endorsement of the temperature hypothesis of RF 
EMF carcinogenicity or concerns of potential temperature-related bias of our certainty 
assessments. 

Given the high CoE for the carcinogenicity of RF-EMF-based on studies in 
experimental animals, and also taking into account reduction, replacement, refinement, and 
responsibility (4R) principle, with certain exceptions on frequencies of future networks, 
simple attempts at replication of current studies are not recommended, because they will 
never be full replicates (e.g., due to shifts in inbred rodent strains). Rather, we suggest to 
employ available biospecimens from informative chronic cancer bioassays to investigate 
mechanisms of RF-EMF carcinogenesis to inform inter-species extrapolation, also building 
on the systematic reviews on oxidative stress (Meyer et al. 2024; Schuermann and Mevissen 
2021). 

Frequencies that will be used in current and future 5G networks (3.5 – 60 GHz) are 
anticipated occur long before animal cancer data will be available to affect exposure 
guidelines. Such studies require many years to design, conduct and report which makes it a 
challenge to keep up with technology changes. If such studies are performed, they should 
include intermediate endpoints that may help to identify and disentangle mechanisms of the 
carcinogenicity of RF EMF. For instance, chronic bioassay studies could monitor serum 
stress hormones and ROS levels, heart rate and other metabolic endpoints that may help to 
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identify how organs or systems may be dysregulated from RF EMF exposure and which 
ones may be particularly susceptible to RF EMF. 

The use of 3D models like organoids originating from humans induced pluripotent 
stem cells (iPSC) might also strengthen the mechanistic evidence. These emerging tools are 
focused on a system, tissue or even a tumor and also allow for mechanistic research. 
Regarding the CoE for this up-to-date systematic review, further research on brain tumors 
and related premalignant lesions would be of high of priority as well as research on 
schwannomas. In order to investigate SAR/dose response, different levels of SAR values, 
below and above realistic SAR levels of human exposure would be important for human risk 
assessment. Taking into account the long latency of solid tumors in humans, epidemiological 
studies on forthcoming wireless frequencies and evaluations will only be informative after the 
new technology has been in place for 10, 20 or more years. Despite all necessary efforts to 
refine and reduce studies with animals, chronic cancer bioassays are still the best 
understood tool for cancer hazard identification and risk assessment in scenarios where 
epidemiological studies in humans are likely not yet fully informative and mechanisms of 
carcinogenicity are not yet understood. 

2.2.2. Final conclusions

The findings of this systematic review indicate that there is evidence that RF EMF 
exposure increases the incidence of cancer in experimental animals with the CoE being 
strongest for malignant heart schwannomas and gliomas. 

Despite the high level of certainty that evidence of carcinogenicity in experimental 
animals may predict a carcinogenic hazard to humans, extrapolation of risk from cancer 
bioassays to humans is particularly complex for RF EMF. Without an understanding of the 
mechanism of the carcinogenicity of RF-EMF the choice of exposure metric for risk 
extrapolation (whole body versus localized), intensity or cumulative exposure whether or not 
a monotonic dose-response holds for carcinogenic effects, and whether SAR is the 
appropriate dose metric for adverse effects induced by RF-EMF may be critical. 

Besides the integration of the sensitivity domain adopted from the RoC, more work is 
needed to tailor the GRADE approach to assessing the CoE from animal cancer bioassays 
designed to identifying risks of environmental agents. 

2.2. Other information 

The protocol has been registered at PROSPERO (No. 42021265563). 

2.2. Support

2.2.2. Provide sources of support 

This review was partly funded by the World Health Organization (WHO). WHO 
provided a first draft of the protocol and some methodological support on the implementation 
of the GRADE framework. 

2.2.2. Disclaimer

The views expressed are those of the authors and do not necessarily represent the 
views or policies of the U.S. EPA. Any mention of trade names, products, or services does 
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not imply an endorsement by the U.S. government or the U.S. EPA. The U.S. EPA does not 
endorse any commercial products, services, or enterprises. 

2.2.2. Availability of other material

All the materials are publicly available in HAWC EMF (Animal Toxicology) (2022) | HAWC 
(hawcproject.org). 
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Figure 1. From Initial Confidence by Key Features of Study Design to Confidence in the Body of 
Evidence considering Factor Decreasing and Increasing Confidence (from OHAT, NTP 
2019)(National Toxicology Program 2019b)

Figure 2. PRISMA Study Flow Diagram 

Figure 3A. Risk of Bias Analysis. Risk of bias results for included studies with chronic 
bioassays (see interactive graphic for rating rationales)

Figure 3B. Risk of Bias Analysis. Risk of bias results for included studies with initiation-(co) 
promotion studies (see interactive graphic for rating rationales )

Figure 3C. Risk of Bias Analysis. Risk of bias results for included studies with tumor-prone 
mice (see interactive graphic for rating rationales)

Figure 4A. Sensitivity Analysis. Sensitivity results for included studies with chronic 
bioassays (see interactive graphic for rating rationales)

Figure 4B. Sensitivity Analysis. Sensitivity results for included studies with initiation-(co-
)promotion studies (see interactive graphic for rating rationales)

Figure 4C. Sensitivity Analysis. Sensitivity results for included studies with tumor prone mice (see interactive 
graphic for rating rationales)

Figure 5. Overview of lymphomas reported in included studies

Figure 6. Risk of bias results for studies assessing lymphoma-related carcinogenicity in 
chronic bioassays (see interactive graphic for rating rationales) 
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Figure 7. Lymphoma-related malignant neoplasms from chronic bioassay studies – 
Exposure Array. The dashed lines separate species and sex. For additional details 
see interactive graphic in HAWC. (Anderson et al. 2004; Chou et al. 1992; La Regina 
et al. 2003; National Toxicology Program 2018a; Tillmann et al. 2007)

Figure 8. Summary of malignant neoplasms from chronic bioassays - Effect Size. The dashed lines 
separate species and sex. This is a thumbnail image of an interactive graphic in HAWC. (Anderson et 
al. 2004; Chou et al. 1992; La Regina et al. 2003; National Toxicology Program 2018a; b; Tillmann et 
al. 2007)

Figure 9. Overview of brain carcinogenicity endpoints reported in included studies 
This is a thumbnail image of an interactive dashboard available on HAWC that is filterable by 
citation, health system, species, strain, and frequency. Panel A Numbers in the heatmap 
represent the number of studies that investigated a health system within a study design. If a 
study evaluated multiple health outcomes or presented several experiments, it is shown here 
multiple times. Panel B provides additional experimental detail about the studies, including 
exposure characteristics. The table in the Panel B is only a partial representation of the full 
table available in HAWC.

Figure 10. Risk of bias results for studies assessing brain-related carcinogenicity of chronic 
bioassay studies (see interactive graphic for rating rationales)

Figure 11A. Brain-related carcinogenicity of malignant neoplasms derived from glial cells - Exposure 
Array – of chronic bioassays. The dashed lines separate species and sex.  For additional details see 
interactive graphic in HAWC (Anderson et al. 2004; Falcioni et al. 2018; La Regina et al. 2003; 
National Toxicology Program 2018a; b). Data not shown for studies where data were only presented 
in figures or described qualitatively. 

Figure 11B. Brain-related carcinogenicity of malignant neoplasms derived from glial cells - Effect Size 
– of chronic bioassays. The dashed lines separate species and sex. This is a thumbnail image of an 
interactive graphic in HAWC . Data not shown for studies where data were only presented in figures 
or described qualitatively. 

Figure 12A. Brain-related carcinogenicity of malignant neoplasms other than glia cell neoplasms – 
Exposure array – of chronic bioassays. The dashed lines separate species and sex. For additional 
details see interactive graphic in HAWC (Anderson et al. 2004; Falcioni et al. 2018; La Regina et al. 
2003; National Toxicology Program 2018b). Data not shown for studies where data were only 
presented in figures or described qualitatively. 

Figure 12B. Brain-related carcinogenicity of malignant neoplasms other than those derived from glial 
cells – Effect Size – of chronic bioassays. The dashed lines separate species and sex.  This is a 
thumbnail image of an interactive graphic in HAWC . We added the NTP study with mice even though 
no brain tumors were listed in their tables of mouse tumors in the technical report (National 
Toxicology Program 2018a). Data not shown for studies where data were only presented in figures or 
described qualitatively. 
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Figure 13. Overview of heart carcinogenicity endpoints reported in included studies 

Figure 14. Risk of bias results for chronic bioassay studies assessing heart-related 
carcinogenicity (see Interactive graphic)

Figure 15A. Heart-related carcinogenicity of malignant neoplasms – Exposure Array. For 
additional details see interactive graphic in HAWC. The dashed lines separate species and sex 
(Falcioni et al. 2018; National Toxicology Program 2018a; b); the blue dashed line in the NTP 
2018 rat study at 900 MHz CDMA displays a statistically significant trend.  

Figure 15B. Heart-related carcinogenicity of malignant neoplasms – Effect Size. The dashed lines 
separate species and sex.  This is a thumbnail image of an interactive graphic in HAWC. (Falcioni et 
al. 2018; National Toxicology Program 2018a; b) 

Figure 16. Overview of adrenal gland carcinogenicity endpoints reported in included 
studies

Figure 17. Risk of bias assessment for chronic bioassays on adrenal gland-related carcinogenicity (see 
interactive graphic for rating rationales)

Figure 18A. presents an exposure response array of malignant or combined (benign, malignant) 
pheochromocytomas of the adrenal gland. The dashed lines separate species and sex. For additional 
details see interactive graphic in HAWC. (Chou et al. 1992; La Regina et al. 2003; National 
Toxicology Program 2018a; b; Tillmann et al. 2007)

Figure 18B. presents the effect size (tumor incidence) of malignant or combined (benign, malignant) 
pheochromocytomas of the adrenal gland for chronic bioassay studies. The dashed lines separate 
species and sex. This is a thumbnail image of an interactive graphic in HAWC. 

Figure 19. Overview of liver carcinogenicity endpoints reported in included studies.This is a 
thumbnail image of an interactive dashboard available on HAWC that is filterable by citation, 
health system, species, strain, and frequency. Panel A Numbers in the heatmap represent 
the number of studies that investigated a health system within a study design. If a study 
evaluated multiple health outcomes or presented several experiments, it is shown here 
multiple times. Panel B provides additional experimental detail about the studies, including 
exposure characteristics. The table in the Panel B is only a partial representation of the full 
table available in HAWC. Studies where data are presented on figures only, and data could 
not be extracted are not shown in the figure.

Figure 20. Risk of bias results for chronic bioassay studies assessing liver-related 
carcinogenicity (see interactive graphic for rating rationales). 

Figure 21. presents an exposure response array of malignant neoplasms of the liver across studies 
(chronic bioassays) to summarize exposure-specific effects interactive graphic. The dashed lines 
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separate species, strains and sex. (Chou et al. 1992; National Toxicology Program 2018a; b; Tillmann 
et al. 2007)
Figure 22. presents a thumbnail image of the effect size (tumor incidence) of malignant neoplasms of 
the liver across studies (chronic bioassays). The dashed lines separate species and sex. This is a 
thumbnail image of an interactive graphic in HAWC. The dashed lines separate species, strains and 
sex. 
Figure 23. is a thumbnail image of an interactive graphic in HAWC. The graphic presents the included studies 
and endpoints assessed across studies (Panel A) and summarizes study characteristics for the included studies 
(Panel B). Additional details on the studies can be accessed through the interactive dashboard as well as 
download of the underlying data in tabular format using the ‘Actions’ option. 

Figure 24. Risk of bias results for chronic bioassay studies assessing lung-related 
carcinogenicity (see interactive graphic for rating rationales). 

Figure 25. presents the exposure response array of malignant neoplasms of the lung across studies 
(chronic bioassays) to summarize exposure-specific effects interactive graphic. The dashed lines 
separate species, strains and sex (National Toxicology Program 2018a; Tillmann et al. 2007). 

Figure 26. presents a thumbnail image of the effect size (tumor incidence) of malignant neoplasms of 
the lung across studies (chronic bioassays). The dashed lines separate species and sex.This is a 
thumbnail image of an interactive graphic in HAWC. The dashed lines separate species, strains and 
sex (National Toxicology Program 2018a; Tillmann et al. 2007).

Table 1. PECOS Eligibility Criteria

PECOS 
element Description

Populations Inclusion criteria: Studies conducted with non-human mammalian animal species 
(whole organism), of any life-stage (including preconception, in utero, lactation, 
peripubertal, and adult stages), of any strain, sub-strain and sex including transgenic 
animals (tumor-prone animals). 

Exposures Inclusion criteria: Studies that have applied electric, magnetic or electromagnetic 
fields in the frequency range of 100 kHz to 300 GHz and that reported exposure 
using at least one of the situations listed below. These different situations are to 
accommodate different exposure metrics and exposure types reported in studies, 
allowing an optimal degree of inclusivity whilst at the same time ensuring confidence 
in there being a specified contrast between experimental and control conditions.

• body/tissue/sample internal exposure metrics measured or 
calculated for the particular conditions of the experiment (i.e., specific 
absorption rate or SAR induced electric field strength, internal 
magnetic field strength). 

• body/tissue/sample internal exposure metrics describing superficial 
absorption at frequencies above 6 GHz measured or calculated for the 
particular conditions of the experiment (incident power flux density, 
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PECOS 
element Description

incident energy density, transmitted (absorbed) power flux density, 
transmitted (absorbed) energy.

• body/tissue/sample external exposure metrics [external electric 
field strength (E>1 V/m or E>√10*background level in unshielded 
environment, otherwise no restriction), external magnetic field 
strength (H>2.7 mA/m or H>√10*background level in unshielded 
environment, otherwise no restriction), incident power flux density, 
(mW/m2 (PD>2.5 mW/ m2 or PD>10*background level in unshielded 
environment, otherwise no restriction)].

These exposure metrics had to be measured or calculated at the location of the 
exposed body in the approximate far-field of the field source. In the case where 
no specific background exposure level in the laboratory is reported in the study, 
we will assume a value of 0.25 mW/m2 (corresponding to 0.3 V/m and 0.9 mA/m, 
respectively) as the background exposure level.

• mobile phones or other RF-generating devices as source of exposure 
(without reporting of metrics given above and

• With output controlled by appropriate software or hardware 
operated close to the tissue/sample, provided that the output 
power and the distance to the sample are reported to enable 
inference of the exposure).

• In Global System for Mobile communications (GSM) mode 
with an active call operated close to the body/tissue/sample 
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PECOS 
element Description

Studies involving other exposures, e.g., in animal models where a tumor initiator 
and/or tumor promotor was used, will be included only if they include an 
experimental arm with exposure to RF EMF only. Studies involving co-exposure to a 
tumor initiator, tumor promotor or co-promotor need to provide the dose and timing 
of the administration, as well as the source of the agent. 

Exclusion criteria: Studies with exposure of laboratory animals outside the 
considered frequency range, 100 kHz – 300 GHz, as well as studies without data on 
exposure metrics.

In case a mobile phone was used, and it was not operated in GSM or code division 
multiple access (CDMA) mode and the outcome power was not controlled by hard- 
or software, or no active call was established and maintained through the 
experiment. 

Studies with an exposure duration <10 days for long-term animal cancer bioassays 
including initiation-(co-)promotion studies or less than 1 day in transgenic rodent 
assay with at least one dose-level tested. 

Comparators Inclusion criteria: Studies that have compared exposure to a concurrent control, 
namely a sham-exposed group or a group that has been exposed to a substantially 
lower level of RF EMF or a non-exposed control group (cage control with the 
laboratory environment). Studies with historic controls can also be included, 
especially for rare tumors, under certain conditions (i.e., same sex, same species, 
same strain, same gender, same diet, same laboratory environment, species that 
originates from the same laboratory within a time frame of not more than 5 years). 

Exclusion criteria: Studies without sham-exposed animals or other controls (e.g., 
cage) with the RF EMF exposure in the controls being substantially lower than the 
RF EMF exposure. 

Outcomes Inclusion criteria: Studies that have evaluated the incidence of one or more of the 
following cancer-related endpoints in any organ, tissue or body fluids of the 
laboratory animals: malignant tumors, benign tumors, or combinations of benign and 
malignant tumors, and preneoplastic lesions. Studies must report effect estimate(s) 
or sufficient data to calculate an effect estimate. 

Study Type Inclusion criteria: Long-term carcinogenicity studies, initiation-(co-)promotion studies, 
co-carcinogenesis studies, studies in tumor-prone animals, and implantation (cancer 
cells) studies by all routes of exposure. Medium-term duration tests for 
carcinogenicity on the development of proliferative lesions in a single tissue, e.g., 
foci of alteration in the liver, are also considered. 
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PECOS 
element Description

Exclusion criteria: Therapeutic studies, e.g., electroporation, microthermal 
applications, magnetic resonance tomography were considered out of scope and 
tracked as ineligible.

For further details of exposure inclusion/exclusion criteria see Mevissen et al. 2022 and for 
exposure guidelines for human populations, including metrics, see ICNIRP 2020 and IEEE 
2019 (Safety 2019; Ziegelberger 2020). 

Table 2. Comparison of chronic cancer bioassays reporting lymphoma-related carcinogenicity outcomes

Author/

Year

Specie
s

(Grou
p No.)

Strain Se
x

No 
animal
s per 
group

In utero 
exposur
e

Frequenc
y (MHz)

Modulatio
n

SAR Exposur
e 

whole 
body 
(wb)/loc
al

Duratio
n 
(weeks)

Duration

(h/d, d/w)

Type 
of 
Tumo
r

(b/m)

Anderson, 
2004

Rat F344 F1 M 
+ F

90 N/A 1620 0.16, 
1.6

Local 
(head)

104 2h/d, 5d/w b+m

Chou, 1992 Rat SD M 100 N/A 2450 MW 0.4 wb 100 21.5h/d, 
7d/w

b+m

La Regina, 
2003

Rat F344 M 
+ F

40 N/A 835.62 FDMA 1.3 wb 104 4h/d, 5d/w, b+m

Rat F344 M 
+ F

40 N/A 847.74 CDMA 1.3 wb 104 4h/d, 5d/w, b+m

NTP, 2018 Rat SD M 
+ F

90 GD6 900 GSM 1.5, 3, 
6

wb GD5-
107 

9h10‘‘/d; 
7d/w 
10’ON/10‘OF
F

b+m

Rat SD M 
+ F

90 GD6 900 CDMA 1.5, 3, 
6

wb GD5-
107 

9h10‘‘/d; 
7d/w 
10’ON/10‘OF
F

b+m

Mouse B6C3F1/
N

M 
+ F

90 N/A 1900 GSM 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w 
10’ON/10‘O
FF

b+m

Mouse B6C3F1/
N

M 
+ F

90 N/A 1900 CDMA 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w 
10’ON/10‘O
FF

b+m
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Tillman, 2007 Mouse B6C3F1/
N

M 
+ F

50 N/A 1747 DCS 0.4, 
1.3, 4

wb 104 2h/d, 5d/w b+m

Mouse B6C3F1/
N

M 
+ F

50 N/A 902 GSM 0.4, 
1.3, 4

wb 104 2h/d, 5d/w b+m

Table 3. Certainty Assessment for Lymphoma-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—” 
not detected or applicable, “↑ “if 
sufficient to upgrade certainty
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TIN
G

Mal
ign
ant 
Ly
mp
ho
ma 
(all 
sys
tem
s)

Hig
h (4 
rat, 
12 
mou
se)

-- ↓ -- -- -- -- -- -- -- -- Mo
der
ate 
for 
an 
incr
eas
ed 
inci
den
ce 
of 
lym
pho
ma. 
The 
calc
ulati
ons 
of 
the 
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1% 
BM
D 
wer
e 
not 
stati
stic
ally 
sign
ifica
nt 
for 
any 
of 
the 
stu
dies
.

Citations: Mouse (Frei et al. 1998a; Heikkinen et al. 2006; Heikkinen et al. 2001; Lee et al. 
2011; National Toxicology Program 2018b; Oberto et al. 2007; Repacholi et al. 1997; 
Sommer et al. 2004; Tillmann et al. 2007; Tillmann et al. 2010; Utteridge et al. 2002 Lerchl et 
al., 2015). Rat (Anderson et al. 2004; Chou et al. 1992; La Regina et al. 2003; National 
Toxicology Program 2018b).

Table 4. Comparison of chronic cancer bioassays reporting brain-related carcinogenicity outcomes

Author/

Year

Speci
es

(Gro
up 
No.)

Strai
n

Se
x

No 
anim
als 
per 
grou
p

In 
utero 
expos
ure

Freque
ncy 
(MHz)

Modula
tion

SA
R

Exposu
re 

whole 
body 
(wb)/l
ocal

Durati
on 
(week
s)

Duration

(h/d, 
d/w)

Typ
e of 
Tum
or

(b/
m)

Anderson, 
2004

Rat F344 
F1

M
+F

90 N/A 1620 0.16, 
1.6

Local 
(head)

104 2h/d, 
5d/w

b+m

Falcioni, 
2018

Rat SD M
+F

409-
811

GD12 1800 GSM 0.001, 
0.03, 
0.1 

wb GD12-
152 

19h/d; 
7d/w

b+m

La Regina, 
2003

Rat F344 M
+F

40 N/A 835.62 FDMA 1.3 wb 104 4h/d, 
5d/w, 

b+m

Rat F344 M
+F

40 N/A 847.74 CDMA 1.3 wb 104 4h/d, 
5d/w

b+m
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NTP, 2018 Rat SD M
+F

90 GD6 900 GSM 1.5, 3, 
6

wb GD5-
107 

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m

Rat SD M
+F

90 GD6 900 CDMA 1.5, 3, 
6

wb GD5-
107 

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m

Mous
e

B6C3F
1/N

M
+F

90 N/A 1900 GSM 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w 
10’ON/10
‘OFF

b+m

Mous
e

B6C3F
1/N

M
+F

90 N/A 1900 CDMA 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w 
10’ON/10
‘OFF

b+m

Table 5. Certainty Assessment for Brain-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—” 
not detected or applicable, “↑ “if 
sufficient to upgrade certainty

INIT
IAL 
CE
RT
AIN
TY 
RA
TIN
G

 (# 
of 

stu
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)

R
i
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k 
o
f 
B
i
a
s
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ine
d 
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on
sis
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ec
tn
es
s
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pr
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P
ub
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on 
Bi
as

L
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g
e 
M
a
g
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tu
d
e

D
o
s
e 
R
e
s
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o
n
s
e

Re
sid
ual 
Co
nf
ou
ndi
ng

Co
nsi
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nc
y 
Ac
ro
ss 
Sp
es/
Mo
del
s

R
ar
e 
O
ut
c
o
m
e
s

FINAL 
CERT
AINTY 
RATIN

G
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B
r
ai
n

Hig
h 
(10 
rat, 
6 
mou
se)

-- -- -- -- -- -- (+) -- -- -- High 
for an 
increa
sed 
incide
nce of 
glioma
s at 6 
W/kg 
(whole 
body 
averag
e 
SAR) 
for 9 
hours 
and 10 
minute
s/day 
over 
106 
weeks 
(Natio
nal 
Toxico
logy 
Progra
m 
2018b
). The 
1% 
BMD 
is 
4.244 
(95% 
CI 
2.70, 
10.24)
. 

Increa
sed 
incide
nce of 
oligod
endro
glioma
s with 
a 
statisti
cally 
signific
ant 
trend 
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observ
ed 
across 
the 
dose 
range 
of 0.16 
W/kg 
to 1.6 
W/kg 
(whole 
body 
averag
e 
SAR) 
given 
for 2 
hours/
day 
over 5 
days/
week 
over 
100 
weeks 
(Ander
son et 
al. 
2004). 

Citations : Mouse (Heikkinen et al. 2001; Lerchl et al. 2015; National Toxicology Program 2018a; Saran et al. 
2007; Sommer et al. 2004; Tillmann et al. 2010) and Rat (Adey et al. 2000; Adey et al. 1999; Anderson et al. 
2004; Falcioni et al. 2018; Heikkinen et al. 2006; National Toxicology Program 2018b; Shirai et al. 2007; Shirai 
et al. 2005; Zook and Simmens 2001; 2006).

Table 6. Comparison of chronic cancer bioassays reporting heart-related carcinogenicity outcomes

Author/

Year

Speci
es

(Gro
up 
No.)

Strai
n

Se
x

No 
anim
als 
per 
grou
p

In 
utero 
expos
ure

Freque
ncy 
(MHz)

Modulat
ion SAR

Exposu
re 

whole 
body 
(wb)/lo
cal

Durati
on 
(week
s)

Duration

(h/d, 
d/w)

Typ
e of 
Tum
or

(b/
m)

Falcioni, 
2018

Rat SD M
+F

409-
811

GD12 1800 DCS 0.001, 
0.03 

wb GD12-
152

19h/d; 
7d/w

b+m

NTP, 
2018

Rat SD M
+F

90 GD6 900 GSM 1.5, 3, 
6

wb GD5-
107

9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m
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Rat SD M
+F

90 GD6 900 CDMA 1.5, 3, 
6

wb GD5-
107

9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m

Mous
e 

B6C3F
1/N

M
+F

90 N/A 1900 DCS 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m

Mous
e 

B6C3F
1/N

M
+F

90 N/A 1900 CDMA 2.5, 5, 
10

wb 107 9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m

Table 7. Certainty Assessment for Heart-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—” 
not detected or applicable, “↑ “if 
sufficient to upgrade certainty

INITI
AL 

CER
TAIN
TY 

RATI
NG

 (# 
of 

stud
ies)

R
is
k 
o
f 
B
ia
s

Unex
plain
ed 
Incon
siste
ncy

Indir
ectn
ess

Impr
ecisi
on

Publ
icati
on 
Bias

Lar
ge 
Mag
nitu
de

Dos
e 
Res
pon
se

Resi
dual 
Conf
ound
ing

Consi
stenc
y 
Acros
s 
Speci
es/Mo
dels

Rar
e 
Out
co
mes

FINA
L 

CER
TAIN
TY 

RATI
NG

H
e
ar
t

High 
(3 
rat, 1 
mou
se)*

-- -- -- -- -- -- + -- -- + High 
for an 
incre
ased 
incide
nce 
of 
malig
nant 
schw
anno
mas 
was 
obser
ved 
with a 
statist
ically 
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signifi
cant 
trend 
acros
s the 
dose 
range 
of 1.5 
W/kg 
to 6 
W/kg 
whole 
body 
avera
ge 
SAR 
for 9 
hours 
and 
10 
minut
es/da
y for 
7 
days/
week 
over 
106 
week
s 
(NTP 
2018
a) 
with a 
1% 
Baye
sian 
Avera
ge 
BMD 
of 
1.918 
(95% 
CI 
0.71, 
4.145
).  

An 
incre
ased 
incide
nce 
of 
total 
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schw
anno
mas 
was 
also 
obser
ved 
with 
statist
ically 
signifi
canc
e at 
the 
highe
st 
dose 
0.1 
W/kg 
(Falci
oni et 
al. 
2018) 
The 
1% 
BMD 
is 
0.177 
(95% 
CI 
0.125
, 
0.241
). 

Citations: mouse (National Toxicology Program 2018a) and rat (Falcioni et al. 2018; Heikkinen et al. 2006; 
National Toxicology Program 2018b).
*No factors for increasing certainty were applied because the initial certainty was high and there were no 
downgrades, but we note that the ‘dose-response’ and the 'rare outcomes' factors would apply as a factors 
increasing the certainty. 

Table 8. Comparison of chronic cancer bioassays reporting adrenal gland-related carcinogenicity outcomes

Author/

Year

Speci
es

(Gro
up 
No.)

Strain Se
x

No 
anim
als 
per 
grou
p

In 
utero 
expos
ure

Freque
ncy 
(MHz)

Modula
tion

SA
R

Exposu
re 

whole 
body 
(wb)/l
ocal

Durati
on 
(week
s)

Duration

(h/d, 
d/w)

Typ
e of 
Tum
or

(b/
m)

Chou, 1992 Rat SD M 100 N/A 2450 MW 0.4 wb 100 21.5h/d, 
7d/w

b+m
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La Regina, 
2003

Rat F344 M 
+ 
F

40 N/A 835.62 FDMA 1.3 wb 104 4h/d, 
5d/w, 

b+m

Rat F344 M 
+ 
F

40 N/A 847.74 CDMA 1.3 wb 104 4h/d, 
5d/w, 

b+m

NTP, 2018 Rat SD M 
+ 
F

90 GD6 900 GSM 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m

Rat SD M 
+ 
F

90 GD6 900 CDMA 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w, 
10’ON/10‘
OFF

b+m

Mous
e 

B6C3F1
/N

M 
+ 
F

90 N/A 1900 GSM 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w, 
10’ON/10
‘OFF

b+m

Mous
e 

B6C3F1
/N

M 
+ 
F

90 N/A 1900 CDMA 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w, 
10’ON/10
‘OFF

b+m

Tillman, 
2007

Mous
e

B6C3F
1/N

M 
+ 
F

50 1747 DCS 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Mous
e

B6C3F
1/N

M 
+ 
F

50 902 GSM 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Table 9. Certainty Assessment for Adrenal Gland-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—
” not detected or applicable, “↑ “if 
sufficient to upgrade certainty
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INIT
IAL 
CE
RT
AIN
TY 
RA
TIN
G

 (# 
of 

stu
die
s)

R
i
s
k 
o
f 
B
i
a
s
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ine
d 
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sis
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cy
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es
s

Im
pr
ec
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o
n

P
u
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at
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n 
Bi
as

L
ar
g
e 
M
a
g
ni
tu
d
e

D
o
s
e 
R
e
s
p
o
n
s
e

Re
si
du
al 
Co
nf
ou
nd
in
g

Co
nsi
ste
ncy 
Acr
oss 
Sp
eci
es/
Mo
del
s

R
ar
e 
O
ut
c
o
m
e
s

FINAL 
CERT
AINTY 
RATIN

G

A
dr
en
al 
Gl
an
d

Hig
h (5 
rat, 
7 
mo
use
)

-- ↓ -- -- -- -- -- -- -- -- Modera
te for 
an 
increas
ed 
inciden
ce of 
malign
ant 
neopla
sms 
(pheoc
hromoc
ytomas
). 

Citations: Mouse (Frei et al. 1998b; Heikkinen et al. 2001; Jauchem et al. 2001; National 
Toxicology Program 2018a; Oberto et al. 2007; Tillmann et al. 2007; Toler et al. 1997) and 
Rat (Chou et al. 1992; Falcioni et al. 2018; Heikkinen et al. 2006; La Regina et al. 2003; 
National Toxicology Program 2018b). 

Table 10. Comparison of chronic cancer bioassays reporting liver-related carcinogenicity outcomes

Author/

Year

Speci
es

(Gro
up 
No.)

Strai
n

Se
x

No 
anim
als 
per 
grou
p

In 
utero 
expos
ure

Freque
ncy 
(MHz)

Modulat
ion

SA
R

Exposu
re 

whole 
body 
(wb)/lo
cal

Durati
on 
(week
s)

Duration

(h/d, 
d/w)

Typ
e of 
Tum
or

(b/
m)

Chou, 1992 Rat SD M 100 N/A 2450 MW 0.4 wb 100 21.5h/d, 
7d/w

b+m
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La Regina, 
2003

Rat F344 M 
+ F

40 N/A 835.62 FDMA 1.3 wb 104 4h/d, 
5d/w, 

b+m

Rat F344 M 
+ F

40 N/A 847.74 CDMA 1.3 wb 104 4h/d, 
5d/w, 

b+m

NTP, 2018 Rat SD M 
+ F

90 GD6 900 GSM 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m

Rat SD M 
+ F

90 GD6 900 CDMA 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m

Mous
e 

B6C3F
1/N

M 
+ F

90 N/A 1900 GSM 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w

10’ON/10‘
OFF

b+m

Mous
e 

B6C3F
1/N

M 
+ F

90 N/A 1900 CDMA 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w

10’ON/10‘
OFF

b+m

Tillmann, 
2007

Mous
e

B6C3F
1/N

M 
+ F

50 1747 DCS 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Mous
e

B6C3F
1/N

M 
+ F

50 902 GSM 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Table 11. Certainty Assessment for Liver-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—” 
not detected or applicable, “↑ “if 
sufficient to upgrade certainty
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INIT
IAL 
CE
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RA
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R
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m
e
s
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L 

CERT
AINT

Y 
RATI
NG

L
iv
e
r

Hig
h (2 
rat, 
14 
mou
se)

-- ↓ -- -- -- -- -- -- -- -- Mode
rate 
for an 
increa
sed 
incide
nce of 
hepat
oblast
omas. 

Citations: Mouse (Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen et al. 
2001; Imaida et al. 1998a; Imaida et al. 1998b; Jauchem et al. 2001; Lerchl et al. 2015; 
National Toxicology Program 2018a; Oberto et al. 2007; Tillmann et al. 2007; Tillmann et al. 
2010; Toler et al. 1997) and Rat (Chou et al. 1992; La Regina et al. 2003; National 
Toxicology Program 2018b). 

Table 12. Comparison of chronic cancer bioassays reporting lung-related carcinogenicity outcomes

Author/

Year

Speci
es

(Gro
up 
No.)

Strai
n

Se
x

No 
anim
als 
per 
grou
p

In 
utero 
expos
ure

Freque
ncy 
(MHz)

Modulat
ion

SA
R

Exposu
re 

whole 
body 
(wb)/lo
cal

Durati
on 
(week
s)

Duration

(h/d, 
d/w)

Type 
of 
Tum
or

(b/
m)

NTP, 2018 Rat SD M 
+ F

90 GD6 900 GSM 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m
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Rat SD M 
+ F

90 GD6 900 CDMA 1.5, 
3, 6

wb GD5-
107

9h10‘‘/d; 
7d/w 
10’ON/10‘
OFF

b+m

NTP, 2018 Mous
e 

B6C3F
1/N

M 
+ F

90 N/A 1900 GSM 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w

10’ON/10‘
OFF

b+m

Mous
e 

B6C3F
1/N

M 
+ F

90 N/A 1900 CDMA 2.5, 
5, 10

wb 107 9h10‘‘/d; 
7d/w

10’ON/10‘
OFF

b+m

Tillmann, 
2007

Mous
e

B6C3F
1/N

M 
+ F

50 1747 DCS 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Mous
e

B6C3F
1/N

M 
+ F

50 902 GSM 0.4, 
1.3, 
4

wb 104 2h/d, 
5d/w

b+m

Table 13. Certainty Assessment for Lung-Related Carcinogenicity

Factors Decreasing Certainty 
“—” if no concerns, “↓“if serious 

concerns to downgrade certainty

Factors Increasing Certainty “—” 
not detected or applicable, “↑ “if 
sufficient to upgrade certainty
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Hig
h (8 
rat, 
23 

-- ↓ -- -- -- -- -- -- -- -- Mode
rate 
for an 
incre
ased 
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mou
se)

incide
nce 
of 
lung 
tumor
s 
(bron
chioal
veola
r 
aden
oma 
or 
carcin
oma) 

BMD
01: 
0.729 
(95% 
CI, 
0.197
)

Citations: Mouse (Frei et al. 1998a; Frei et al. 1998b; Heikkinen et al. 2006; Heikkinen et al. 
2001; Jauchem et al. 2001; Lerchl et al. 2015; National Toxicology Program 2018a; Oberto 
et al. 2007; Sommer et al. 2007; Tillmann et al. 2007; Tillmann et al. 2010) and Rat (Chou et 
al. 1992; La Regina et al. 2003; National Toxicology Program 2018b)

Table 14. Summary of Review Findings

Certainty assessment * 

No of 
experiment

s

Ris
k of 
bias

Unexplained

Inconsistenc
y

Indirectnes
s

Imprecisio
n

Other 
consideration

s

Summary of findings

Certaint
y

Importanc
e of 

Outcome

Lymphoma

7 rat, 16 
mouse

-- ↓ -- -- -- Increased incidence 
of lymphoma was 
observed at 2.5 
W/kg, 1900 MHz 
GSM and CDMA and 
at 5 W/kg, 1900 MHz 
GSM (whole body 
average SAR) for 9 
hours and 10 
minutes/day over 
108 weeks in 
B6C3F1/N female 
mice (National 
Toxicology Program 
2018a). One positive 

Moderate Serious
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study in tumor-prone 
female Pim-1 mice 
reported an increase 
in lymphoma at the 
highest SAR value 
((1.5 W/kg) at 217 
Hz pulsed 900 MHz 
GSM (Repacholi et 
al. 1997). 

Brain Neoplasia

16 rat, 7 
mouse

-- -- -- -- -- Increased incidence 
of gliomas at 6.0 
W/kg (whole body 
average SAR). 900 
MHz CDMA for 9 
hours and 10 
minutes/day over 
106 weeks in male 
SD rats (National 
Toxicology Program 
2018b). Increased 
incidence of 
oligodendrogliomas 
in male F344 rats 
with a statistically 
significant trend 
observed across the 
dose range of 0.16 
W/kg to 1.6 W/kg at 
1.6 GHz (whole body 
average SAR) given 
for 2 hours/day over 
5 days/week over 
100 weeks.

High Serious

Heart Neoplasia

4 rat, 2 
mouse

-- -- -- -- -- Increased incidence 
of malignant 
schwannomas in 
male SD rats was 
observed with a 
statistically 
significant trend 
across the dose 
range of 1.5 W/kg to 
6 W/kg whole body 
average SAR for 9 
hours and 10 
minutes/day, 900 
MHz CDMA for 7 
days/week over 106 
weeks (NTP 2018a). 
An increased 
incidence of total 
schwannomas was 
also observed in 
male SD rats with 
statistically 
significance at the 
highest dose 
0.1W/kg at 900 MHz 
GSM for 2 hours/day 

High Serious
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for 5 weeks (Falcioni 
et al. 2018).

Adrenal Gland Neoplasia

6 rat, 11 
mouse

-- ↓ -- -- -- Increased incidence 
of malignant 
neoplasms 
(pheochromocytoma
s) in female SD rats 
at a 1.5 W/kg whole 
body average SAR, 
900 MHz CDMA and 
male SD rats (F1) at 
1.5 and 3.0 W/kg, 
900 MHz GSM given 
for 9 hours and 10 
minutes/day, 7 
days/week over 
106/7 weeks 
(National Toxicology 
Program 2018b). An 
increase in benign 
pheochromocytoma 
was found in the 
same study female 
SD rats at 900 MHz 
CDMA at 3.0 W/kg, 
and at 1.5 and 3.0 
W/kg in male F1 
generation SD rats at 
900 MHz GSM 
(National Toxicology 
Program 2018b). A 
significant increase 
in hyperplasia was 
found in female rats 
at 3.0 and 6.0 W/kg 
with the trend being 
statistically 
significant (National 
Toxicology Program 
2018b).  

Moderate Serious

Liver Neoplasia

8 rat, 13 
mouse

-- ↓ -- -- -- Increased incidence 
of hepatoblastomas 
and hepatocellular 
carcinoma in male 
B6C3F1/N mice at 
5.0 W/kg and 2.5 
W/kg whole body 
average SAR, 
respectively at 1900 
MHz CDMA given for 
9 hours and 10 
minutes/day for 7 
days/week over 
104/6 weeks 
(National Toxicology 
Program 2018a).

Moderate Serious
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In an initiation-
promotion study, and 
increase in 
hepatocellular 
carcinoma was found 
in male C3H/HeNCrl 
mice, C57Bl/6N 
mice, females 
(combined), at all 
SAR levels 
investigated (0.04, 
0.4 and 2 W/kg), 
exposed to 1966 
MHz UMTS from 
gestation day 12 to 
54 weeks (Lerchl et 
al. 2015). A increase 
in hepatocellular 
carcinoma was also 
found in B6C3F1 
male and female 
(combined) mice at 
0.58 W/kg, 1966 
MHz UMTS exposed 
for 20 hours/day, 7 
days/week and up to 
24 months in an 
initiation-promotion 
study (Tillmann et al. 
2010). In the same 
study, preneoplastic 
lesions, namely 
hepatocellular foci 
were increased at 
the highest SAR 
level (5.8 W/kg). 

Lung 
Neoplasia

8 rat, 13 
mouse

-- ↓ -- -- -- Significant positive 
trend for an 
increased incidence 
of 
alveolar/bronchiolar 
adenomas or 
carcinomas 
(combined) in male 
B6C3F1/N mice at 
1900 MHz GSM 
given for 9 hours and 
10 minutes/day for 7 
days/week over 108 
weeks (National 
Toxicology Program 
2018a). In the 
initiation-promotion 
studies by Tillmann 
(2010) and Lerchl 
(2015), increases in 
lung neoplasms were 
found: 

In male C3H/HeNCrl 
mice, and female 
C57Bl/6N mice 
(combined) an 
increase in 
bronchiolar 
adenomas was found 
at at all SAR levels 

Moderate Serious
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investigated (0.04, 
0.4 and 2 W/kg), 
exposed to 1966 
MHz UMTS from 
gestation day 12 to 
54 weeks (Lerchl et 
al. 2015). A increase 
in bronchoalveolar 
adenoma and 
carcinoma was also 
found in B6C3F1 
male and female 
(combined) mice at 
0.58 W/kg, 1966 
MHz UMTS exposed 
for 20 hours/day, 7 
days/week and up to 
24 months in an 
initiation-promotion 
study (Tillmann et al. 
2010). 

*Upgrade factors are not presented because none were utilized.


