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Preface 

Germany began rolling out fifth-generation mobile networks (5G) in 2019. This is the next 

logical step in the development of the 2G, 3G and 4G digital cellular mobile communication 

systems, which all operate by transmitting radiofrequency electromagnetic fields. The 5G 

wireless standard offers new capabilities beyond voice communication and broadband data 

transmission. It is therefore regarded as a core technology for the digitalisation of industry, 

automated and networked transport systems, the Internet of Things and many other 

technological developments. 

In view of the rollout of 5G mobile technology, the SSK was commissioned by the Federal 

Ministry for the Environment, Nature Conservation, and Nuclear Safety in April 2019 to review 

whether the assessment of the current state of knowledge on the biological effects of mobile 

communication systems published by the SSK in 2011 is still valid or needs to be updated to 

include new research findings on health effects of radiofrequency electromagnetic fields 

published in the last ten years. 

To perform this review, the Commission on Radiological Protection formed a working group 

to assist the Committee on Non-Ionising Radiation, which consisted of the following members: 

− Dr Christian Bornkessel, Technische Universität Ilmenau 

− Prof. Heidi Danker-Hopfe, Charité – Universitätsmedizin Berlin 

− Dr Thomas Kleine-Ostmann, Physikalisch-Technische Bundesanstalt, Braunschweig 

− Prof. Mats-Olof Mattsson, SciProof International; Strömstad Akademi (S) 

− Prof. Martin Röösli, Swiss Tropical and Public Health Institute, Basel (CH) 
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Summary 

The Federal Ministry for the Environment, Nature Conservation and Nuclear Safety tasked the 

Commission on Radiological Protection (SSK) with determining whether the principles used to 

set the national limits for exposure levels to radiofrequency electromagnetic fields (base stations 

and mobile devices) are still valid in their entirety in light of the current state of research. The 

assessment was prompted by the launch of the 5G mobile network rollout in Germany in 2019.  

This document only addresses the biological and health aspects of radiofrequency electromag-

netic fields (RF-EMF) in the frequency range up to around 7 GHz (FR1), which is already 

intensively used for mobile communication. The systems in the 5G networks currently being 

installed throughout Germany also use this range. Additionally, specific technical aspects of 

the new 5G technology are considered along with their impact on the expected RF-EMF 

exposure levels. Public exposure is also assessed. 5G applications in the millimetre-wave range 

above 20 GHz (FR2), which will be used more intensively in mobile communication for the 

first time in future, will be evaluated in a separate statement by the SSK. 

The first part of the statement (part I, sections 0 to 5) outlines important technical aspects of 5G 

mobile communication systems relevant to EMF exposure levels and discusses some issues 

related to minimising exposure, standardisation and the current laws regulating protection from 

exposure to RF-EMF. In the second part (part II, sections 1 to 6), the state of research into the 

biological and health effects of radiofrequency fields in the FR1 frequency range is updated. 

The SSK summarises its position on the technical aspects of 5G technology (part I, sections 0 

to 5 of this document) as follows: 

− There are no fundamental differences in the frequency range and signal structure 

between the transmission systems of the 5G networks currently being deployed in 

Germany (FR1 frequency range) and those of the LTE wireless communication standard 

(4G). Nor were significant differences found in the RF-EMF exposure levels generated 

by mobile user devices compared to the 4G standard. 

− An increase in RF-EMF exposure levels from mobile base stations is to be expected 

wherever coverage is currently considered unsatisfactory or capacity bottlenecks occur. 

However, it must be kept in mind that because the awarding of licences for radio 

frequencies is not limited to a specific technology, a resulting increase in exposure levels 

would generally also be expected if the network were rolled out with a technology other 

than 5G. 

− Beamforming techniques for 5G base station antennas, which have so far only been used 

in the frequency range of around 3.6 GHz, can lead to a local increase in the maximum 

possible exposure at locations that are found in the coverage area of a currently formed 

antenna beam. At the same time, RF-EMF exposure levels at the locations “left out” of 

the antenna beam will decrease. For the first time, the beamforming technique ensures 

that the radiofrequency fields generated by the base station, and thus also the exposure 

level, mainly occur in the 5G cell at locations where they are also needed for 

communication. 

− Even with 5G mobile technology, a user’s total individual exposure is not primarily 

dominated by the base stations, but usually from his or her own mobile device. When 

mobile coverage is improved, the transmission power of mobile user devices is reduced, 

thereby effectively reducing total individual exposure. 

− Germany’s legislation for the protection of the general public from exposure to radio-

frequency fields in the 26th Ordinance Implementing the Federal Immission Control 
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Act (Ordinance on Electromagnetic Fields – 26th BImSchV) (BImSchV 2013) in 

conjunction with the Ordinance on the Verification Procedure for the Limitation of 

Electromagnetic Fields (Verordnung über das Nachweisverfahren zur Begrenzung elek-

tromagnetischer Felder - BEMFV) (BEMFV 2002) is basically suitable for ensuring the 

safety of individuals in the vicinity of 5G base stations currently being installed. The 

same applies to legislation regulating product safety for mobile user devices. 

− If the aim is to minimise exposure to RF-EMF from mobile networks, it appears more 

efficient to upgrade older mobile communication systems (GSM, UMTS, LTE) to the 

5G standard, which would then result in significantly lower power of the “always-on” 

signals continuously transmitted to the cell (i.e. regardless of the capacity currently 

being used by the system), than to minimise the number of systems by allowing the base 

stations to also accept all subscribers of other network operators (national roaming). 

− With 5G, the software-controlled power control of base stations becomes even more 

important compared to control by hardware. This is why standardisation of mobile 

communication systems should include aspects of and solutions for monitoring system 

parameters with software or for the measurement of RF-EMF exposure levels from the 

relevant mobile base stations at an early stage. This could make interfaces for 

monitoring system parameters available to enforcement authorities or, for example, 

manufacturers could start developing suitable measuring instruments and procedures 

earlier on in the process. 

The SSK’s position on the state of research into the biological and health effects of radiofre-

quency fields in the FR1 frequency range (part II, sections 1to 6) is as follows: 

− Based on the current state of research into the biological effects of RF-EMF exposure 

for the FR1 frequency ranges, which are currently used for 2G, 3G and 4G, and increa-

singly for 5G mobile technology in future, it can be concluded that at present there are 

no reliable indications of health risks for individual exposure levels below the national 

limits set for base stations and mobile devices in Germany. 

− This leads us to conclude that, also given the current state of research, the limits for 

exposure levels to RF-EMF in force in Germany as well as product safety requirements 

are sufficient to ensure protection. 

− Our conclusions are generally consistent with the findings of other international expert 

panels that have carried out comparable assessments over the last ten years or so. 

− Although short-term biological effects have been reported in individual cases under 

experimental conditions for exposure within the limits, no acute or long-term health 

effects are associated with this exposure based on current knowledge. This kind of 

exposure can occur in everyday life, mainly when using mobile phones, but is very 

unlikely in the vicinity of base stations.  

The aspects discussed in this statement give rise to the following particularly relevant issues 

where the available data still appears to be inadequate. These issues should be addressed in 

future research projects (see also part I, section 5 and part II, sections 6 and 7): 

− Establishment of a database with robust data on the average and maximum RF-EMF 

exposure levels generated by 5G as well as on public exposure levels.  

− Studies on the function and reliability of the procedures for adaptive power control in 

5G systems with beamforming antennas (power lock) including an analysis of the 

introduction of verification procedures for the safe operation of power lock. 
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− Future mobile technologies (e.g. 6G) should be developed with support from research 

projects at an early stage that look at possible changes in exposure levels brought about 

by the new technologies. In addition, procedures for determining the exposure levels to 

radiofrequency fields by these new systems must be developed and tested early on. 

− There are also unanswered questions in dosimetry related to the energy absorbed by 

biological tissue, especially with simultaneous exposure from multiple sources, and to 

new types of exposure that may arise when the technology is used in new ways.  

− In general, the question of whether the signal characteristics (e.g. modulation) 

contribute to biological effects or whether only the energy absorbed is decisive has not 

yet been definitively clarified. While this question is difficult to answer in epidemio-

logical studies due to the high number of RF-EMF sources in everyday life, it can be 

systematically investigated in experimental approaches.  

− The underlying cellular molecular mechanisms for biological effects, even if they do 

not necessarily have a negative impact on health when exposure falls within the limits, 

such as influences on the oxidative balance or the gender- and age-specific effects on 

the electroencephalographic (EEG), have not yet been conclusively clarified. At least in 

the case of certain effects (e.g. carcinogenicity, genotoxicity), further research is needed 

to clarify outstanding issues, such as the significance of minor temperature changes or 

possible differences in individual sensitivity. 

− There is relatively little good quality epidemiological data on long-term effects. Large 

prospective cohort studies, such as the ongoing COSMOS study (Schüz et al. 2011), are 

suitable for investigating a range of possible effects on health, behaviour and quality of 

life resulting from different types of exposure in everyday life and will also be important 

in the future (e.g. on the long-term effects of mobile phone use).  

− With a view to the planned use of millimetre waves (5G FR2 or 6G), it would be 

advisable to step up experimental research in this frequency range as well.   
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Introduction 

In view of the rollout of fifth-generation (5G) mobile networks, the SSK was commissioned by 

the Federal Ministry for the Environment, Nature Conservation, and Nuclear Safety in April 

2019 to review whether the assessment of the current state of knowledge on the biological 

effects of mobile communication systems published by the SSK in 2011 is still valid or needs 

to be updated to include new research findings on health effects of RF-EMF published in the 

last ten years. The BMU specifically asked for: 

− Guidance and recommendations that the SSK thinks should be taken into account in the 

rollout of 5G in Germany, in particular to minimise public exposure 

− Suggestions for how to incorporate protection from exposure to electromagnetic fields 

into all development phases of a wireless technology 

− An evaluation of the research needed to accompany 5G rollout 

The BMU also asked for more details on the effect of antennas with electronic beamforming 

and software-controlled power limitation (known as adaptive antennas) used for the first time 

in 5G base stations and the resulting special aspects of exposure level assessment. 

After reviewing the results of the German Mobile Telecommunication Research Programme 

(DMF), the SSK concluded in its 2011 statement (“Biological Effects of Mobile Phone Use – 

An Overview –”; SSK 2011) that even the latest research findings at that time did not provide 

any new evidence of health effects caused by exposure to RF-EMF from mobile communication 

systems, meaning that the existing limits in force to ensure protection do not need to be changed. 

However, the statement also indicated that the overall problem of the biological and medical 

effects of the radiofrequency fields from mobile networks could not be definitively clarified, 

but that there was still a need for further research. In addition, it was determined that due to the 

ongoing dynamic development of new mobile technologies and the use of new frequencies and 

transmission methods, it would be advisable to conduct accompanying research, exposure level 

monitoring and exposure assessments. 

This recommendation is addressed in this statement. As fifth-generation mobile communication 

technology is rolled out, this statement aims to update the state of research into the biological 

and health effects of radiofrequency fields in the frequency ranges relevant to mobile 

communication. In addition, it provides insight into the technical innovations that will be used 

for the first time in 5G mobile networks (e.g. adaptive antennas) and discusses issues related to 

the absolute level of exposure and possible ways of minimising this exposure. 

5G mobile technology and fields of application can vary considerably. Germany has already 

started to upgrade its existing mobile networks with fifth-generation systems. At present, 

systems are being used that are very similar to conventional fourth-generation systems (LTE) 

in terms of their technical parameters and operating frequency range. 

In the future, however, technical standardisation also envisages new types of applications for 

5G mobile technology, with the development of frequency ranges above about 20 GHz (called 

the “millimetre wave range”), which have hardly been used in mobile communication systems 

to date. 

At the time the working group was set up, it decided that two separate statements would be 

created to reflect these clearly different development fields for 5G technology. This document 

only addresses the technical, biological and health aspects of 5G mobile communication syst-

ems in the frequency range up to around 7 GHz (FR1), which is already extensively used for 

mobile networks. A separate statement will cover the assessment of 5G technology for the 

millimetre wave range (FR2), which will be used more intensively for the first time in the future. 
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The first part of the statement (part I, sections 1 to 5) outlines important technical aspects of 5G 

mobile communication systems relevant to EMF exposure levels and discusses some issues 

related to minimising exposure, standardisation and the current laws regulating protection from 

exposure to RF-EMF. In the second part (part II, sections 1 to 7, the state of research into the 

biological and health effects of radiofrequency fields from mobile networks in the FR1 

frequency range is updated. 

The effects of RF-EMF from mobile communications on electrically or electronically operated 

implants (e.g. pacemakers, defibrillators) are not covered in this statement since questions in 

this field are part of the (technical) field of operational safety of electrical and electronic devices 

in electromagnetic fields or generally of electromagnetic compatibility (EMC) of systems and 

devices. The Commission on Radiological Protection is of the opinion that this complex issue 

should be considered from the perspective of electromagnetic compatibility (EMC) as part of 

the technical standardisation of electrically or electronically operated implants.  

Furthermore, this statement only addresses health risks for humans and not risks for their 

environment (flora and fauna). 
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Part I:  
Technical aspects of 5G technology in FR1 
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1 Introduction to the technical aspects of 5G and comparison 
with established mobile communication technologies 

This section covers the main technical aspects of 5G mobile communication technology in the 

most general terms possible. Particular attention is paid to features and characteristics deemed 

relevant in terms of the resulting RF-EMF exposure levels. 

1.1 5G requirements and foreseeable application scenarios 

5G is the next logical step in the development of existing digital cellular mobile communication 

systems (2G, 3G, 4G). The 5G wireless standard offers new capabilities beyond voice 

communication and broadband data transmission. It is therefore regarded as a core technology 

for the digitalisation of industry, automated and networked (autonomous) transport systems, the 

Internet of Things (IoT) and many other technical developments. 

When 2G (also referred to as GSM) was rolled out, it largely covered voice telephony. Over 

time, demand has grown for data transmission via mobile communication networks. 2G (GPRS, 

EDGE) was initially able to meet this demand as it could be used to send SMS and other small 

data quantities. However, as technology continued to evolve, the arrival of smartphones and 

their mobile internet connectivity led to a rapid increase in the need for faster transmission of 

larger data quantities. To keep pace with these developments, 3G (UMTS) and, in particular, 

4G (LTE) mobile communication technology was introduced.  

The current rollout of 5G significantly increases potential data transmission rates, in turn 

enabling data to be sent highly reliably (error-free and uninterrupted) and with minimal latency. 

It also means that a vast number of user devices can be connected with mobile networks 

(Internet of Things). In some areas, such as autonomous and networked driving or industrial 

communication, 5G competes with WLAN-based communications solutions using the IEEE 

802.11 standards (cf. SSK 2019). The following three cornerstones are typically used when 

describing 5G applications: 

− Broadband communication (enhanced mobile broadband, eMBB1) 

− Real-time communication (ultra-reliable and low-latency communications, URLLC)  

− Mass communication (massive machine-type communications, mMTC)  

These three cornerstones can be broken down into more specific applications as shown in the 

triangular graphic below (Figure 1-1).  

Broadband communication has two main applications: mobile internet access offering high 

transmission rates (e.g. video streaming), and broadband internet access for users in areas with 

a poor cable or fibreglass infrastructure. These two applications were launched immediately 

after the commercial 5G rollout in autumn 2019, and expansion is still ongoing. To serve these 

applications in line with user requirements and network load at any given time, the 5G network 

needs to offer transmission rates of several hundred MBit/s to several GBit/s. To this end, 5G 

needs more frequency bandwidth per transmission channel (channel bandwidth) than 2G, 3G 

and 4G, although existing channel bandwidths can be used extremely efficiently and adapted to 

prevailing data traffic volumes. By contrast, there are no particular requirements in terms of 

broadband latency or the number of user devices which can be served simultaneously.  

                                                 

1 The application profile eMBB is used in 5G mobile communication networks where high data transmission 

rates are important. 
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Figure 1-1:  Examples of applications where 5G is set to play a central role, shown as a 

triangle with the three 5G cornerstones. Each application appears relative to the 

5G cornerstone application to which it belongs.  

Real-time communication has very different requirements of the 5G network. One of the 

foreseeable key applications here are automated and networked traffic systems where vehicles 

use mobile networks to communicate with one another (vehicle to vehicle, V2V) and with 

various other systems (vehicle to everything, V2X). Automated industrial processes (e.g. robot 

control) are another use of real-time communication where sensor and control signals are 

transmitted wirelessly via private 5G campus networks rather than having to use costly, 

inflexible cables. In the above instances, only a low amount of data is transmitted per time, but 

transmission must be highly reliable with minimal latency (typically < 1ms). Unlike broadband 

communication, real-time communication requires two things: first, a modified network 

architecture with the necessary server and processing power shifted over to network periphery, 

and second, a highly sophisticated time frame structure for transmission. 

Mass communication could involve scenarios where a network needs to serve tens of 

thousands of user devices within a single cell. Here, the requirements for data rates and latency 

are of secondary importance.  

The range of 5G technology covered by these three cornerstones includes a multitude of 

prospective applications with differing requirements in terms of data transmission bandwidth 

(a measure of maximum possible data transfer rate), latency, reliability, and the number of user 

devices to be served (Figure 1-1). In addition, network slicing (a term used to describe highly 

flexible 5G network infrastructure characteristics) enables multiple separate virtual networks 

with differing quality requirements (quality of service) to be operated independently of one 

another using the same physical network infrastructure.  

Meeting all of these physically very different requirements concurrently within a single physical 

mobile network requires a great deal of flexibility when allocating existing resources to 

individual applications or users, something that previous generations of mobile networks have 

been unable to accomplish to date.  

The necessary flexibility is provided by the 5G specifications developed by the 3rd Generation 

Partnership Project (3GPP), although the 5G standardisation process is still ongoing. 
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Nevertheless, the main specifications were published in release 15 from 2019 (ETSI 2019) by 

the European Telecommunications Standards Institute (ETSI) and form the basis of today’s 

commercially operated 5G networks. 

1.2 Frequencies, modulation and access methods 

The second (2G) and third (3G) generation networks have comparably simple physical 

specifications that offer little in the way of flexibility.  

2G (GSM) communication is based on a combination of FDMA and TDMA channel access 

methods, meaning that voice and data are transmitted via (FDMA) using a (200 kHz) frequency 

channel allocated by the base station. Time-division multiple access (TDMA) enables each of 

these frequency channels to handle up to eight voice or data transmissions simultaneously. To 

increase the maximum achievable data rates, special GSM wireless services – GPRS and EDGE 

– can also package up to four time slots into a single data connection. Irrespective of the data 

traffic present at any given time, every 2G base station continuously transmits a broadcast signal 

(broadcast control channel, BCCH) with a constant, moderate output power to enable user 

devices to log in to, and synchronise with, the network. At present, 2G networks in Germany 

largely operate at a frequency range2 of around 900 MHz (900 MHz band), with some networks 

still operating at 1,800 MHz (1,800 MHz band) (see Table 1-1). 2G networks use frequency-

division duplex (FDD) to separate the two transmission directions, i.e. transmission from the 

base station to the user device (downlink, DL), and transmission from the user device to the 

base station (uplink, UL). 

3G (UMTS) networks use a 5 MHz frequency channel for voice and data transmission, with 

individual concurrent voice and data connections separated from one another by way of code-

division multiple access (CDMA). Irrespective of the data traffic present at any given time, 

every 3G base station continuously transmits a pilot signal (e.g. CPICH) with a constant, 

moderate output power and special coding allocated to the respective base station to enable user 

devices to log in to, and synchronise with, the network. At present, 3G networks in Germany 

operate in the 2,100 MHz band (see Table 1-1). To transmit the downlink and uplink separately, 

3G specifications allow the use of frequency-division duplexing (FDD) and time-division 

duplex (TDD), although network operators in Germany only use FDD. 

In practice, increasingly frequent data rate peaks pushed GSM and UMTS to their limits when 

transmitting highly fluctuating data quantities (per user). There are two reasons for this: first, 

the maximum channel bandwidth assignable to a user is relatively low (200 kHz with GSM and 

5 MHz with UMTS); second, the GSM and UMTS specifications do not provide any (efficient) 

mechanisms allowing the available frequency and time resources to be adapted to meet user 

requirements.  

The need to allocate resources flexibly to individual users and user classes was only met once 

4G (LTE) was rolled out. In contrast to its predecessors (2G and 3G), 4G uses orthogonal 

frequency division multiple access (OFDMA), meaning that the available frequency range is 

divided into small sub-frequency ranges (constant 15 kHz with LTE) containing a subcarrier 

                                                 

2  The term “frequency range” is used in part 1 of this document to describe an interval within the electromagnetic 

frequency spectrum which can be used for mobile communication. Certain frequency ranges can be allocated 

to specific wireless applications and/or reserved for specific licensees as per licensing agreements. Frequency 

ranges reserved for mobile communication (e.g. the 900 MHz and 1,800 MHz bands) are typically divided into 

sub-frequency ranges that are allocated to individual mobile providers. By contrast, the term ‘channel 

bandwidth’ describes the width of an interval used for a specific radio transmission within the electromagnetic 

frequency spectrum. Carrier aggregation (see further below in the main text) is where the channel bandwidth 

can also be calculated by the sum of the widths of multiple frequency intervals in different frequency ranges. 
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which can be modulated. LTE offers up to 1,200 subcarriers, although not all of them can be 

used for data transmission. Depending on the number of subcarriers used to transmit data, 4G 

enables different signal bandwidths of up to 18 MHz to accommodate a specific user or 

application. LTE also uses a time slot method to transmit multiple voice or data connections in 

parallel across the time axis as well as (in different subcarrier packages) across the frequency 

axis. The 4G network can dynamically change the channel bandwidth and time allocated to a 

user or service for communication, in turn allowing it to accommodate user needs and 

significantly increase spectral efficiency when compared with 2G and 3G technology. 

However, it is not possible to use all of the available resources to transmit user data because 

resources are also required to synchronise and log in user devices, and to transmit other essential 

system data. To this end, LTE base stations periodically transmit multiple cell-specific, always-

on signals, i.e. independently of the current data traffic.  

LTE specifications also include carrier aggregation to further increase the maximum achievable 

data rate. Carrier aggregation is where subcarrier groups from physically separated frequency 

intervals are aggregated in a single virtual transmission frequency band. The channel 

bandwidths available in the individual frequency ranges (cf. Table 1-1) are divided among 

multiple mobile providers, meaning that every provider only has a limited channel bandwidth 

available in each frequency range (sometimes even less than the maximum 20 MHz channel 

bandwidth possible with LTE). Carrier aggregation enables subcarrier groups from different 

frequency ranges to be aggregated into a single virtual (and physically much broader overall) 

transmission frequency band, in turn significantly increasing the maximum achievable data rate. 

The 4G mechanisms available for flexible allocation of transmission resources already provide 

data transmission rates of several hundred MBit/s in real-life broadband communication 

scenarios. 

To transmit the downlink and uplink separately, LTE specifications allow the use of frequency-

division duplexing (FDD) and time-division duplex3 (TDD), although LTE typically uses FDD 

in practice. At present, LTE is operated at multiple different frequency bands (see Table 1-1).  

Table 1-1: Comparative summary of the different mobile network generations and their 

maximum data rates, channel bandwidths and frequency ranges 

 Designation Max. data rate  
Channel 

bandwidth 
Rollout2) Frequency ranges3) 

2G 
GSM 

(GPRS, EDGE) 
54 kBit/s (GPRS) 

256 kBit/s (EDGE) 
200 kHz 1992 

900 MHz band 

880 MHz to 915 MHz (FDD, UL) 

925 MHz to 960 MHz (FDD, DL) 

1,800 MHz band 

1,710 MHz to 1,785 MHz (FDD, UL) 

1,805 MHz to 1,880 MHz (FDD, DL) 

3G 
UMTS 

(HSPA, HSPA+) 

384 kBit/s 

7.2 MBit/s (HSPA) 

42 MBit/s (HSPA) 

5 MHz 2004 

2,100 MHz band 

1,920 MHz to 1,980 MHz (FDD, UL) 

2,110 MHz to 2,170 MHz (FDD, DL) 

4G 

LTE 

LTE-A 

300 MBit/s (LTE) 

1 GBit/s (LTE-A) 

1.4 MHz 

3 MHz 

5 MHz 

2010 

700 MHz band 

703 MHz to 733 MHz (FDD, DL) 

758 MHz to 788 MHz (FDD, UL) 

                                                 

3 The duplex communication method is where different frequencies (frequency-division duplex, FDD) or 

different time slots (time-division duplex, TDD) are used to separate the communication directions (uplink, 

downlink). 
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 Designation Max. data rate  
Channel 

bandwidth 
Rollout2) Frequency ranges3) 

10 MHz 

15 MHz 

20 MHz 

800 MHz band 

791 MHz to 821 MHz (FDD, DL) 

832 MHz to 862 MHz (FDD, UL) 

900 MHz band 

880 MHz to 915 MHz (FDD, UL) 

925 MHz to 960 MHz (FDD, DL) 

1,800 MHz band 

1,710 MHz to 1,785 MHz (FDD, UL) 

1,805 MHz to 1,880 MHz (FDD, DL) 

2,100 MHz band 

1,930 MHz to 1,960 MHz (FDD, UL) 

2,110 MHz to 2,170 MHz (FDD, DL) 

2,600 MHz band 

2,500 MHz to 2,570 MHz (FDD, UL) 

2,570 MHz to 2,620 MHz (TDD) 

2,620 MHz to 2,690 MHz (FDD, DL) 

5G NR 10 GBit/s 5) 

FR1: max. 
100 MHz1) 2019 

3,600 MHz band4) 

3,400 MHz to 3,800 MHz (TDD) 

FR2: max. 
400 MHz1) 

20216 24.25 GHz to 27.5 GHz 

1) Dynamically variable 
2) Commercial rollout in Germany 
3) As of the end of July 2021 
4) At present, a 5G signal is only being transmitted in this band using dedicated antennas. By contrast, dy-

namic spectrum sharing (DSS) can be used to provide 5G transmissions in 4G bands. 
5) Today, a value of 10 GBit/s is assumed to be the theoretical maximum transmission speed achievable in 

FR2. This value is much lower in FR1, ranging between 1 GBit/s and 3 GBit/s. Tests published to date 
involving existing 5G networks report maximum downlink speeds of up to about 800 MBit/s in FR1. 

6) The Federal Network Agency (BNetzA) opened the application process for local broadband frequencies 
ranging from 24.25 GHz to 27.5 GHz on 1 January 2021.  

5G technology uses the OFDMA approach that builds on the one used in LTE. This is chiefly 

required to ensure compatibility and continuity as the transition from 4G to 5G will be gradual 

and not independent of 4G. In fact, 4G and 5G will run in parallel initially; during the first 

phase, the physical level of 5G (radio technology), also known as new radio (NR), will be 

operated with the core 4G network in the background. The core 5G network will then be rolled 

out gradually over the next few years.  

In order to realise the different application scenarios described above (broadband, real-time and 

mass communication), 5G requires, above all and in contrast to LTE (4G), larger channel 

bandwidths, a more sophisticated structure along the time axis and efficient mechanisms with 

which the available resources can be flexibly allocated to different applications and users. Here, 

the increase in spectral efficiency plays a key role, not only by increasing data transmission 

rates, but also by improving energy efficiency. This, in turn, reduces the amount of energy 

required by end user devices when transmitting a given amount of data, meaning that high 

transmission rates can be achieved without excessive battery drain. 

When compared with 4G, greater channel bandwidths for 5G networks are extremely limited 

at the frequency ranges (< 6 GHz) currently used by mobile applications. In August 2019, 

Germany awarded licences for the 3,400 MHz to 3,700 MHz and 1,920 MHz to 2,170 MHz 
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frequency ranges, which can also be used for 5G networks. The frequency blocks awarded to 

individual applicants have a bandwidth of 50 MHz to 90 MHz in the frequency range of 

3,400 MHz to 3,700 MHz, and a bandwidth of 20 MHz in the frequency range of 

1,920 MHz to 2,170 MHz. Despite this bandwidth being two to five times greater than that 

available in the 2,600 MHz band for LTE, the disproportionate increase in data quantities that 

need to be transmitted means that the licensed bandwidths are unlikely to suffice in the mid- to 

long-term. In response, the 5G specifications provide two different frequency ranges, FR1 and 

FR2. However, only FR1 is capable of full nationwide coverage because the potential range of 

a base station declines significantly when the transmission frequency increases. 

FR2 covers a frequency range of 24.25 GHz to 52.6 GHz where, in the mid-term at least, enough 

bandwidth is available but has not been used for mobile applications nationwide or at all. 

Frequency allocation plans for this frequency range are still pending at international level, 

meaning that the national licensing procedure is yet to start in some countries. As a result, 

commercial 5G operation in FR2 is still in its infancy, while commercial 5G operation in FR1 

(3,400 MHz to 3,700 MHz to be precise) is already under way in Germany. In addition, 5G also 

uses frequency bands which overlap those currently used for UMTS4 or LTE, and for 

nationwide coverage, particularly in the 700 MHz band. In addition to the above frequency 

bands allocated for use in public mobile networks, in summer 2020, the Federal Network 

Agency also awarded licences for 5G campus networks using frequency bands in the 

3,700 MHz to 3,800 MHz range. In view of this, the following section largely focuses on 5G 

technology in FR1. 

The necessary increase in flexibility that 5G offers compared with 4G in terms of allocating 

resources along the frequency axis is largely due to the fact that the OFDMA subcarrier spacing 

(channel bandwidth) can be varied in discrete steps of between 15 kHz and 480 kHz, although 

FR1 only provides subcarrier spacing of up to 60 kHz. FR1 permits a much higher maximum 

number of subcarriers, in turn providing maximum channel bandwidths of around 100 MHz. 

This increased flexibility in subcarrier spacing also serves to optimise transmission in a number 

of different application scenarios. Broad subcarrier spacing is well-suited to applications 

requiring low latency as well as scenarios with small propagation time differences (i.e. small-

scale scenarios), while large-scale scenarios (with large propagation time differences) require 

smaller subcarrier spacing. Although the overarching 4G frame structure is retained throughout 

the time axis to ensure compatibility, the length of 5G slots can be varied and greatly reduced, 

particularly compared with 4G, in turn reducing latency.  

According to the 5G specifications, only TDD5 can be used with the 3,600 MHz band to 

separate the uplink (UL) and downlink (DL), although individual slots can be dynamically 

allocated to the downlink or uplink to make resource distribution more flexible. 

Put simply, 5G evolved from 4G on a physical level by making it more flexible to allocate 

existing resources to individual users and services.  

In addition, 5G specifications permit fewer always-on signals compared with 4G, which helps 

to reduce energy consumption.  

                                                 

4 UMTS technology (3G) will no longer be used for mobile networks in Germany from the start of 2022 (, page 

50); however, GSM (2G) and LTE (4G) will continue to operate alongside 5G. 

5 5G specifications also include FDD as a possible duplex method for frequency bands below the 3,600 MHz 

band.  



Electromagnetic fields related to 5G mobile networks 18 

1.3 MIMO (multiple-input, multiple-output), adaptive antennas 

The increase in available channel bandwidth and more flexible allocation of resources described 

above are just two of the mechanisms laid down in the 5G NR specifications to achieve the 

intended goal of providing a mobile network suitable for eMBB, URLLC and mMTC 

applications. Multiple-input, multiple-output (MIMO) techniques are an additional pillar of 5G 

NR technology as they are particularly suited to maximising the spectral efficiency and 

reliability of mobile connections. MIMO techniques (especially beamforming) are needed in 

FR2 because the free-space path loss is much higher at millimetre wavelengths compared with 

FR1, in turn requiring adaptive beamforming antennas to deliver satisfactory results. MIMO 

techniques were and continue to be (an optional) part of the 4G specifications, and are still 

commonplace with today’s LTE networks. However, MIMO plays a central role in 5G NR, 

albeit in a technically far superior form compared with 4G (which is why it is frequently referred 

to as massive MIMO). Unlike the relatively simple MIMO techniques used in previous mobile 

generations, 5G NR uses adaptive antenna systems, e.g. for multi-user MIMO.  

Conventional base station antennas used in previous network generations (typically involving 

dipole antennas arranged along a vertical axis) radiate the output power according to the (static) 

radiation (antenna) pattern specific to the antenna. Typical antenna gains range from 6 dBi to 

8 dBi for omnidirectional antennas, and from 12 dBi to 18 dBi for sector antennas, including 

4G with MIMO. Once such antennas have been installed, it is largely clear in which direction 

or area the base station’s output power is to be radiated, irrespective of whether or how many 

user devices are present and what data rates (and reception power) are required.6 This non-

selective output is essentially a “waste” of output power, in turn reducing spectral efficiency. 

To counter this, 5G NR boosts spectral efficiency significantly by using adaptive antennas to 

direct the output power radiated from the base station towards the areas where it is actually 

needed. Such antennas consist of a large number7 of antennas (usually dipole) arranged along 

a two-dimensional pattern which can be individually fed a signal at the same time. Changing 

the signal phases between antennas enables the radiation pattern (polar diagram) and 

transmission direction to be adjusted dynamically within a wide range. Dynamic changes of 

radiation pattern are commonly known as beamforming, while beam steering is the focused 

direction of the main lobe of a radiation pattern. Such antenna systems enable the beam emitted 

by an antenna to track a moving user. In addition, the output power available in a base station 

can be divided across multiple beams concurrently, and the main lobes of the beam can be 

varied independently of one another. When splitting the output power across multiple beams, 

the maximum signal strength of individual beams at a given distance from the antenna will 

always be lower than the maximum signal strength of a single beam the same distance away. 

Current 5G NR antennas in the 3,600 MHz band typically provide maximum antenna gains of 

about 23 dBi to 25 dBi. In order to allow user devices to register in cells with beamforming 

capabilities, beam sweeping is used to transmit one or more beams containing synchronisation 

and signalling signals, statically or in cycles, over the cell’s coverage area. 

                                                 

6 The horizontal radiation pattern of conventional base station antennas cannot be adjusted after installation. By 

contrast, most conventional antennas offer remote-controlled electric downtilt to adjust the vertical radiation 

pattern by a few degrees. Nevertheless, it is not possible to make dynamic changes to meet changing 

transmission capacity needs. 

7 Typical current MIMO antennas provide up to 64 transmission and reception channels (64T64R) with 128 

antenna elements.  
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Due to physical limitations beamforming, beam steering and beam sweeping are likely to be 

limited to downlink use in FR 1, i.e. only with the base station antenna, and probably only in 

frequency ranges above 2.5 GHz.  

Not only does massive MIMO allow 5G resources to be allocated more flexibly as described 

above, the opportunity to transmit multiple beams simultaneously within a base station also 

boosts spectral efficiency and enables spatial multiplexing. This in turn means that different 

applications can be handled in a single cell particularly efficiently. 

  

Figure 1-2: Schematic beamforming diagram comparing a (static) radiation pattern from a 

conventional antenna (left) with a MIMO antenna using beamforming (right). The 

dark areas indicate high signal strengths, while the light areas denote low signal 

strengths. With MIMO antennas, the main beam direction and form can be varied 

dynamically using software (indicated by arrows in the diagram).  

1.4 Radio cell structure and output power 

Other than the need to install 5G technology at existing base stations, the 5G rollout also 

requires a consolidation of the network structure, particularly in areas with a high user density 

and high data rate requirements. Consequently, towns and cities are also likely to be equipped 

with small cells that have a maximum radius of several tens to several hundreds of metres. This 

means that public areas (particularly traffic lights, distribution cabinets, lampposts and 

advertising pillars) will be fitted with small cell antennas and base station modules alongside 

antennas for existing mobile networks installed on standalone masts and rooftops.  
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Small cells in Germany are likely to remain below an equivalent isotropically radiated power 

(EIRP) of 10 W to avoid the bureaucracy involved in applying for and issuing site certificates.8  

1.5 User devices 

As is the case with previous generations of mobile technology, 5G user devices such as 

smartphones and other electronic devices (laptops, tablets, broadband modems for internet 

access, etc.) come with integrated 5G modules. However, other types of 5G-compatible user 

devices will emerge as 5G technology becomes established and more widespread. In theory, 

there is no limit to the number of possible applications for 5G user devices. As is the case with 

previous generations of mobile technology, any object can be fitted with a 5G module and 

turned into a 5G user device if it makes sense to connect it to a 5G network. Examples of 

currently foreseeable 5G-compatible user devices include vehicles fitted with radio modules, 

various electronic and electric (household) appliances, robots and equipment used in production 

facilities. More information about exposure levels from user devices is provided in section 2.5. 

2 Main parameters relevant to exposure levels and effects on 
exposure and exposure levels compared with 2G/3G/4G 

This section builds on section 0 by providing a summary of the main parameters relevant to RF-

EMF exposure levels for the current 5G rollout in Germany as well as a discussion of their 

effects on exposure and exposure levels compared with existing 2G (GSM), 3G (UMTS) and 

4G (LTE) technologies. The parameters relevant to RF-EMF exposure are as follows: 

− Frequencies 

− Output power and radiated power  

− Distribution of radiated power (radiation pattern) 

− Rollout in Germany. 

2.1 Frequencies 

At present, Germany permits the operation of public mobile networks on multiple frequency 

bands licensed by the Federal Network Agency, with bands ranging from 700 MHz to 3.7 GHz 

that include part of FR1 used for 5G. The awarding of licenses for radio frequencies is not 

limited to a specific technology, i.e. a specific mobile technology is not generally limited to a 

specific frequency band. However, German mobile operators will initially roll out 5G 

technology at frequency ranges of around 2.1 GHz (current UMTS frequency) and 3.4 GHz to 

3.7 GHz following the frequency licensing auction by the Federal Network Agency that ended 

on 2 August 2019. In addition, use of the 700 MHz and 1.8 GHz ranges has already started. As 

well as awarding licences to mobile operators, the auctioning process for frequency blocks has 

also started so companies can use local networks (3.7 GHz to 3.8 GHz) for standalone 

communication solutions. 

                                                 

8 Radio transmitter sites in Germany with an equivalent isotropically radiated power (EIRP) of more than 10 W 

require a site certificate as stipulated in the Ordinance on the Verification Procedure for the Limitation of 

Electromagnetic Fields (BEMFV). 
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The frequencies mentioned above have long been used for mobile applications; television 

broadcasting used the 700 MHz band until 2019, UMTS networks continue to use the 2.1 GHz 

band, and the 3.4 GHz and 3.7 GHz bands were originally approved for WiMAX use. 

As a result, existing knowledge of the potential biological and health effects for these frequency 

ranges will continue to apply once these frequency ranges are used for 5G networks. More 

information about this is provided in part II of this statement. 

Dynamic spectrum sharing (DSS) is a new technology that allows LTE and 5G to use the same 

frequency range simultaneously, in turn offering more efficient use of valuable frequencies. 

Here, allocation is dynamic, i.e. in line with user demand. By way of example, Deutsche 

Telekom currently uses DSS at 2.1 GHz, while Vodafone operates DSS at 1.8 GHz. 

In theory, meeting increasing data bandwidth requirements due to mobile technology should 

lead to an increase in radiofrequency exposure levels from base stations. However, the follo-

wing points need to be considered here: 

− New 5G base stations are being built in regions with poor coverage or to boost existing 

capacity. A comparison of the anticipated change in RF-EMF exposure levels should be 

drawn against the backdrop of an alternative mobile rollout involving existing mobile 

technology, e.g. LTE. To this end, a distinction must be made between the following 

scenarios: 

▪ Installation of new 5G base stations with massive MIMO antennas (beam-

forming); in Germany, this is currently taking place in the 3.4 GHz to 3.8 GHz 

frequency range which, until now, has only been used locally for WiMAX, not 

nationwide. As a result, this scenario is generally associated with an increase in 

exposure levels from electromagnetic fields, but is based on a rollout involving 

different technology (4G). Since 5G uses beamforming, the maximum possible 

EIRP values are higher than those of existing mobile networks, i.e. the maximum 

possible exposure levels at a given location are higher compared with a rollout 

involving existing mobile technologies that do not use beamforming. However, 

it is debatable whether such theoretical maximum exposure levels at a given 

location are even relevant and, if so, how often they occur as this is only the case 

when an individual user is in a cell and occupies all of the resources. It should 

also be noted that beamforming is part of the LTE standard and thus also possible 

with LTE. By contrast, when compared with a rollout involving, e.g. LTE 

(without beamforming), it should be possible to reduce exposure levels, 

averaged over time and locality, since beamforming allows the beam to be 

directed at specific locations where there is an active connection with a user 

device, in turn “leaving out” surrounding areas.  

▪ Installation of new 5G base stations without massive MIMO antennas; in 

Germany, this is currently taking place in the 700 MHz frequency range which, 

until now, has only been used in some parts of Germany for DVB-T. As a result, 

this scenario is generally associated with an increase in exposure levels from 

electromagnetic fields, but the use of antennas with a static beam, i.e. no 

beamforming, means that the maximum exposure levels, averaged over time and 

locality, are comparable to those expected from a rollout involving existing 

mobile technologies. As described in more detail in section 4.2, the reduction in 

always-on signalling with 5G networks could even lead to a slight reduction in 

average exposure levels, particularly at times when the base station has little 

traffic. 
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− Refarming mobile communication frequency ranges by discontinuing their use with 

existing mobile technologies and repurposing them for 5G. In Germany, for instance, 

this is taking place in the 1.8 GHz and 2.1 GHz frequency ranges where 5G (possibly 

also 4G with DSS) is replacing the GSM or UMTS technology used to date. Provided 

the output power does not change after refarming, this will not affect the maximum and 

average exposure levels because the same antennas will be used. 

− Integration of 5G in small cells: 5G technology will also be used in small cells in the 

future. However, it can be assumed that small cells will not be constructed solely for 5G 

coverage. Instead, new small cells will include 5G alongside existing technologies such 

as LTE, while existing small cells will see 5G replace a different existing technology, 

e.g. UMTS. Given that small cells are limited to an EIRP of 10 W, no major change in 

exposure levels is expected for existing small-cell installations. Constructing new small 

cells will indeed lead to an overall increase in exposure levels, but this increase is 

attributable to all of the mobile services provided by the small cell, not just 5G. 

− High-power, high-tower (HPHT) applications: Terrestrial broadcasting options using 

5G standards (downlink only mode) are currently being explored alongside mobile 

applications. To this end, existing high towers such as the one on the “Wendelstein” 

mountain use conventional broadcast antennas fitted with 5G technology to broadcast 

services using a similar radiated power to that required by existing technology (100 kW 

effective radiated power (ERP)). However, these projects are still at an experimental 

stage, which is why they are not discussed further in this statement (Nonkonform 2019, 

IRT 2021). 

In general, total individual exposure is not only attributable to base stations; in fact, it is largely 

the result of active user device use (see section 2.5).  

2.2 Output power and radiated power 

The spectral output power of 5G base stations is similar to that of 4G base stations because both 

technologies use OFDMA. The frequency bandwidths used may vary, e.g. 10 MHz at 700 MHz, 

20 MHz at 2.1 GHz, 90 MHz at 3.4 GHz to 3.7 GHz and 100 MHz at 3.7 GHz to 3,8 GHz, 

depending on the maximum bandwidths available to each operator. In view of this, the channel 

output power (i.e. the output power radiated within a defined frequency interval in a radio 

channel) is also comparable with that of 4G or increases in line with the bandwidth used. 

However, German legislation regulating protection from exposure to RF-EMF (site certificate 

procedure) imposes limits on such increases. 

The equivalent isotropically radiated power (EIRP) is more relevant to exposure levels than 

output power as it contains both the output power and the antenna gain describing the bundling 

ability of antennas. While 5G antennas operating at frequencies below about 2.5 GHz have 

identical gain to existing mobile techniques in the same frequency range, massive MIMO 

antennas operating at a frequency range of 3.4 GHz to 3.8 GHz have a gain of about 23 dBi to 

25 dBi (Ericsson 2019), which is up to five times higher than that of conventional antennas in 

a comparable frequency range (generally 12 dBi to 18 dBi for sector antennas). As a result, the 

25 dBi to 18 dBi difference with the same output power means that the EIRP for these massive 

MIMO antennas transmitting 5G signals with beamforming can be up to five times higher than 

that of base stations which do not use beamforming. However, in the context of RF-EMF 

exposure levels, it is also important to consider whether and, if so, how often and at what 

intervals the maximum output power and maximum antenna gain occur simultaneously at the 

same place of exposure (see also section 4.1). 
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Small-cell installations in Germany generally operate with an EIRP of less than 10 W per cell. 

However, such installations tend to use antennas without beamforming.  

In terms of 5G specifications, 3GPP (3GPP 2019) and ETSI (ETSI 2020) stipulate the 

maximum EIRP for a multitude of base station classes: the maximum EIRP is 2 W for picocells 

used indoors and 50 W for microcells. There is no upper EIRP limit for macrocells. Irrespective 

of this, the limits prescribed by German legislation regulating protection from exposure to RF-

EMF (site certificate procedure, see section 3.2) must be complied with. 

2.3 Distribution of radiated power 

The main difference between 5G and conventional mobile techniques is how the base station 

antennas distribute the radiated power. At the time of preparing this statement, massive MIMO 

antennas operating at a frequency range of 3.4 GHz to 3.8 GHz are used with beamforming and 

beam sweeping. Aside from beamforming and beam sweeping, the massive MIMO technique 

also differs from 2G/3G/4G base stations in terms of RF-EMF exposure levels by dividing the 

radiated power into signalling and traffic:  

With conventional 2G/3G/4G base stations and 5G base stations operating below about 

2.5 GHz, signalling and traffic are transmitted in a single beam which remains constant over 

time. With 5G massive MIMO base stations operating at 3.4 GHz to 3,8 GHz, however, the 

radiated power is split into signalling (broadcast beam) and traffic (traffic beam). The broadcast 

beam transmits control signals, either cyclically with multiple alignments or statically. Traffic 

beams are dynamically aimed at user devices, with multiple spatially separate beams possible 

depending on the number of users and distribution conditions. This is why time-averaged 

exposure levels at a given place of exposure largely depend on the following: 

− Whether a traffic beam is aimed at the place of exposure and how many radio resources 

(i.e. frequency carriers and time units) are allocated to the beam 

− The number of traffic beams being transmitted in other directions simultaneously 

− The time during which the traffic beam is aimed at a place of exposure in a normative 

six-minute period. 

Beamforming and beam sweeping enable the available output power to be focussed on certain 

areas in a far more selective and needs-based way than was the case with earlier mobile 

techniques. This means that an increase in exposure levels is only to be expected in places 

where there is a high density of active user devices. In addition, average exposure levels will 

decrease in other areas not covered by the beam, leading to a general shift in exposure levels 

compared with conventional mobile techniques. However, as described in more detail in section 

2.5, it should be noted that both base stations (downlink) and user devices (uplink) contribute 

to exposure levels in such areas. The density, distribution and behaviour of users determine 

where and to what extent exposure to RF-EMF will change due to the 5G rollout, in turn making 

it difficult to provide predictions with universal validity. 

Maximum exposure levels at the place of exposure can be achieved with massive MIMO 

antennas if only a single traffic beam set at maximum gain and maximum output power is aimed 

at the place of exposure. Unlike conventional 2G/3G/4G base stations and 5G base stations 

operating below about 2.5 GHz, 5G massive MIMO antennas operating at a frequency range of 

3.4 GHz to 3.8 GHz have higher maximum exposure levels due to the higher bandwidth and 

higher antenna gain. By way of example, a 5G base station operating at a frequency range of 

3.4 GHz to 3.8 GHz can, by increasing the bandwidth, reach a maximum power density in the 

main beam direction that is around 22 times higher than that of an LTE base station operating 
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at a frequency of 1,800 MHz.9 However, it must be kept in mind that because the awarding of 

licenses for radio frequencies is not limited to a specific technology, an increase in maximum 

exposure would generally also be expected if the network were rolled out with a technology 

other than 5G (e.g. 4G with beamforming). 

At present, there is no robust data available that provides measurements of the average and 

maximum exposure levels produced by 5G networks. A research project dedicated to 

incorporating current mobile antenna technology when determining high-frequency EMF 

exposure’ research project supported by the Federal Office for Radiation Protection will provide 

initial findings on this. 

2.4 Network rollout in Germany 

German mobile operators pursue different strategies when it comes to setting up and rolling out 

their 5G base station networks. Here, it is also important to consider coverage requirements 

imposed when auctioning 5G frequencies. In its decision on 26 November 2018, the President’s 

Chamber of the Federal Network Agency for Electricity, Gas, Telecommunications, Post and 

Railway (BNetzA) (BNetzA 2018a) defined percentage-based coverage requirements for 

households, streets and roads, and railways with a minimum data rate (50 MBit/s to 100 MBit/s) 

and a maximum latency (10 ms). In addition, the Federal Network Agency (BNetzA 2018b) 

requires frequency auction bidders to set up 1,000 5G base stations by the end of 2022. These 

requirements apply to all bidders who purchased frequencies during the aforementioned 

auction. 

As well as typical roof-mounted installations or masts (macrocells), 5G base stations can, in 

principle, also be installed as small cells to improve capacity in areas with limited coverage. 

Small cells only produce a few watts of radiated power, but are often located closer to people 

due to their lower installation height (see section 1.4). Initial systematic investigations 

involving 4G (Kopacz et al. 2018, Menzel und Wuschek 2018) show that exposure levels from 

small cells do in fact remain below the limits (BImSchV 2013), but can be locally higher in 

publicly accessible areas than is the case with typical roof-mounted installations or masts. 

As already described in section 2.1, the realistically anticipated increase in exposure to RF-

EMF is the result of growing data bandwidth needs rather than the 5G technology itself. Any 

attempt to meet increasing demand for data bandwidth with conventional mobile technologies 

(4G) would likely lead to an even greater increase in RF-EMF exposure levels compared with 

the 5G rollout since 5G offers greater efficiency. This statement is also highly likely to remain 

valid when assuming that 5G availability will lead to increased demand for bandwidth (rebound 

effect). 

2.5 Exposure levels from user devices 

In accordance with 5G specifications, 200 mW is the maximum output power of user devices 

in a frequency range of 3.4 GHz to 3.8 GHz. In theory, 400 mW (2.5 GHz to 2.7 GHz) or 

1,250 mW (700 MHz band) is also possible in other frequency bands permitted for 5G use in 

Germany. However, the latter is only ever likely to be used for special applications, not for 

mobile user devices used in close proximity to the body. The maximum time-averaged output 

power of typical user devices using 5G is around the same order of magnitude as that of previous 

                                                 

9 A factor of 22 comprises a factor of 4.5 due to the bandwidth increase (generally 90 MHz with 5G as opposed 

to 20 MHz with LTE) and a factor of 5 because of the increase in antenna gain (25 dBi with 5G as opposed to 

18 dBi with LTE). 
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mobile generations. With 3G and 4G, major temporal fluctuations in the effective output power 

radiated by user devices are determined solely by regulating the output power since the actual 

signal form is stochastic due to modulation (CDMA or OFDMA), with FDD used almost 

exclusively as the duplex method. By contrast, 5G uses TDD in certain frequency ranges (e.g. 

3.4 GHz to 3.8 GHz), meaning that 5G user devices can radiate their output power in bursts, 

with the duration of each burst lasting between 0.25 ms and several milliseconds depending on 

the allocated resources. As is the case with GSM (2G), the amplitude of these bursts are 

governed by the output power control. However, by combining variable burst length with more 

efficient output power regulation, the dynamic range of the radiated output power of 5G user 

devices is expected to be higher than that of 2G user devices. Initial data from urban 5G 

networks in commercial operation in Australia and South Korea (Joshi et al. 2020) indicates a 

maximum time-averaged output power of 21 mW for user devices, with a ratio of 1:3 uplink to 

downlink. The mean and 95th percentile of the time-averaged output power for all considered 

user devices was less than 1 mW or less than 4 mW respectively. The peak output power of 5G 

user devices during the uplink burst was less than 100 mW in 50% of all the collected data 

points. These values are around 2 times higher than comparable values for 4G networks (Joshi 

et al. 2017) and therefore of the same magnitude. It should be noted that the data from the 4G 

networks in (Joshi et al. 2017) is of course based on a much larger sample than that from the 

5G networks in (Joshi et al. 2020). 

It is important to point out that exposure to RF-EMF from user devices contributes a major 

share of total exposure of the population because user devices are generally carried close to the 

body. Based on a cumulative dose, data from the European GERONIMO project shows that 

mobile phone use (including other people’s mobile phones) accounts for more than 88% of 

brain exposure to RF-EMF, with mobile phones contributing over 41% of the whole-body 

exposure. By contrast, mobile base stations only contribute about 4% of the brain dose and 

around 8% of the whole-body dose (van Wel et al. 2021). In view of this, discussions 

surrounding the potential health effects of mobile phone radiation and reducing RF-EMF 

exposure levels should focus on exposure caused by user devices, especially given the 

dwindling number of people who do not use mobile devices. As is to be expected from a 

physical perspective, and as confirmed by measurements involving commercial networks (Joshi 

et al. 2017), the mean output power radiated from user devices decreases when the density of 

base stations increases. This is because the network reduces the output power of user devices 

to the minimum required to ensure uninterrupted communication so as to reduce battery drain 

of user devices and minimise radio interference in other parts of the network. A denser network 

of base stations reduces the average distance between user devices and base stations while 

increasing the quality of the transmission channel, in turn permitting a reduction of user device 

output power without any significant loss of quality of service. As the 5G rollout is still in its 

infancy, there is no valid real-world data available at present. However, model calculations 

predict that a full rollout of 5G networks would significantly reduce total exposure (i.e. 

cumulative dose) for mobile phone users, with only a minimal increase in total exposure among 

non-mobile phone users (UVEK 2019, Kühn et al. 2020). 

3 Current laws regulating protection from exposure to RF-EMF 

In Germany, the Federal Immission Control Act (BImSchG 2020) provides the legal basis for 

setting limits on electromagnetic fields in the 26th BImSchV (Ordinance on Electromagnetic 

Fields) (BImSchV 2013). Among other requirements, the Ordinance imposes restrictions on the 

installation and operation of stationary radio transmitter sites (9 kHz to 300 GHz frequency 

range), including 5G base stations. The Ordinance on the Verification Procedure for the 
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Limitation of Electromagnetic Fields (BEMFV) (BEMFV 2002) governs the methods to be 

applied to monitor compliance with the limits applicable to radio transmitter sites set out in the 

26th BImSchV. In addition to this, the Joint Working Group of the Federal Government/Federal 

States on Immission Control (LAI 2014) has issued directives on how to implement measures 

designed to monitor compliance with limits. 

3.1 Limits 

The reference levels and summation formulae provided in the ICNIRP Guidelines from 1998 

(ICNIRP 1998) and European Council Recommendation 1999/519/EC (EG 1999) were adopted 

for the 9 kHz to 300 GHz radiofrequency range in the 26th BImSchV. 

Radio transmitter sites with an equivalent isotropically radiated power (EIRP) of 10 W or more 

must comply with the limits prescribed in the 26th BImSchV, taking into account 

radiofrequency exposure from other radio transmitter sites, when erected and operated in places 

which are intended for the long-term or temporary presence of humans, and when they are 

operating at maximum capacity. 

Section 3 of the BEMFV also requires radio transmitter sites operating at a frequency range of 

9 kHz to 50 MHz to comply with the prescribed values for active body aids (e.g. pacemaker) 

laid down in the DIN EN 50527-1 (January 2011 issue) and DIN EN 50527-2-1(May 2012 

issue) standards. 

3.2 Approval and monitoring of radio transmitter sites 

The Federal Network Agency for Electricity, Gas, Telecommunications, Post and Railway 

(BNetzA, Federal Network Agency for short), which reports to the Federal Ministry for 

Economic Affairs and Energy, is responsible for ensuring that radio transmitter sites comply 

with the BEMFV. 

Radio transmitter sites operators must notify the Federal Network Agency two weeks before 

commissioning or recommencing operation after a major change to a radio transmitter site with 

an equivalent isotropically radiated power (EIRP) of 10 W or more (e.g. a mobile phone base 

station). Operators must notify the Federal Network Agency immediately if a radio transmitter 

site is taken out of service. 

Operators of radio transmitter sites with an equivalent isotropically radiated power (EIRP) of 

more than 0.1 W and less than 10 W (e.g. a small-cell base station) used for public mobile 

networks must notify the Federal Network Agency within four weeks of putting a site into 

service or taking it out of service. 

The German Länder are officially responsible for ensuring compliance with the 26th BImSchV. 

Nevertheless, the BEMFV stipulates that the Federal Network Agency is effectively in charge 

of monitoring compliance with the prescribed limits before a site is put into service. To some 

extent, additional inspections can be carried out during ongoing operation, also by a third party 

if notified in advance, or if any anomalies are detected. 

The Federal Network Agency has a “site certificate procedure” in place to ensure that radio 

transmitter sites with an equivalent isotropically radiated power (EIRP) of 10 W or more 

(including the 5G base stations of interest in this context) comply with the requirements of the 

26th BImSchV. When erecting or making a major change to a radio transmitter site, the operator 

must provide the Federal Network Agency with all of the necessary technical and other such 

data about the installation (e.g. site plans) used to calculate the electromagnetic fields that occur 

near a site. The Federal Network Agency will then aggregate this data with that of all other 

transmitters present at the site and, together with data about background radiofrequency 
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exposure levels from other nearby radio transmitter sites, determine a “site safety distance” for 

the maximum operating capacity. 

A site certificate is only issued if the site’s safety distance is within a “restricted area”, i.e. an 

area only accessible to persons who have received instruction, not the general public. This 

means that no one is permitted to be within the safety distance when a site is in operation except 

persons who have received instruction about exposure to radiofrequency fields and are required 

to be within the safety distance for professional reasons, e.g. maintenance staff and roofers. 

It is also possible to issue a final site certificate once on-site measurements have been taken to 

ensure that the requirements set out in the 26th BImSchV have been complied with in all 

publicly accessible areas. For this reason, site certificates based on on-site measurements do 

not include any safety distances. 

The measurement requirements imposed by the Federal Network Agency now also apply to 5G 

sites (BNetzA 2020b). In addition, the Federal Network Agency conducts random inspections 

on request, during which it takes measurements to ensure compliance with the prescribed limits. 

A site certificate is issued for the system configuration applied for by the operator. If major 

technical changes are to be made to a site’s system configuration (particularly if the envisaged 

changes could require an enlargement of the site safety distance), the operator must apply for a 

new site certificate with the Federal Network Agency to ensure compliance before putting the 

site into service again. Operators are not permitted to return a modified site to service without 

first obtaining a new site certificate. 

According to a recent statement by the Federal Network Agency, the techniques used in 5G 

networks are of secondary importance when evaluating the protection of persons in 

electromagnetic fields (BNetzA 2020a). As with any other radio transmitter site, the maximum 

capacity applied for and its associated exposure levels are most important when evaluating the 

protection of persons in electromagnetic fields, meaning that 5G technology is not treated any 

differently in this regard. 

Furthermore, it makes little sense to scrutinise 5G networks separately here as all exposures to 

RF-EMF from radio transmitter sites (aggregate exposure levels) are relevant when it comes to 

the protection of individuals in electromagnetic fields. Site certificates issued by the Federal 

Network Agency always take into account all of the relevant emissions from systems present 

at the installation (BNetzA 2020a). 

When establishing whether all of a site’s technical parameters ensure protection of individuals 

in electromagnetic fields, the Federal Network Agency always favours individuals over 

applicants, meaning that highly conservative assumptions will be applied when evaluating the 

special effects of 5G beamforming antennas on exposure levels near a site.  

Given current standard practice when issuing site certificates in Germany, it can be assumed 

that radio transmitter sites erected or retrofitted with 5G base station antennas always comply 

with the protection requirements set out in the 26th BImSchV. 

Section 4.1 describes the new strategies proposed for 5G which suggest including statistical 

parameters in exposure level monitoring for beamforming antennas and the resulting safety 

precautions (dynamic power limitation; smart power lock). 
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4 Other technical aspects 

4.1 Temporal limitation of massive MIMO antenna emissions (smart power 
lock) 

Valid evaluation of exposure to RF-EMF from a radiological protection perspective is relatively 

demanding in terms of measurement and evaluation methods. This is largely due to the fact that 

exposure levels generally change rapidly over time as a result of regulating the output power, 

transport protocol, variable data traffic, changes of wave propagation path (e.g. due to moving 

objects) and, particularly with 5G, dynamic antenna characteristics (beamforming and beam 

sweeping). All of these influencing factors typically cause exposure levels to fluctuate 

considerably over time at the place of exposure. The six-minute average of the resulting 

exposure level is taken as a basis for evaluating compliance with the limit. As special measures 

are required to induce a radio transmitter site’s maximum output power, the above factors only 

allow exposure levels to be measured at any given moment, in turn only providing a snapshot 

of the situation. Special measurement and evaluation methods specific to the various different 

mobile technologies have been developed to extrapolate the maximum anticipated exposure 

level peaks when performing exposure level measurements on site (DIN EN 62232). Given that 

the applicable limit is to be compared with the maximum anticipated six-minute average 

exposure levels, an evaluation of the extrapolated exposure level peaks will indeed provide an 

accurate depiction of the worst-case scenario, but will also overestimate typically occurring 

exposure levels, in turn leading to very large safety distances around a radio transmitter site’s 

antennas. Statistical models involving realistic assumptions and measurements can mitigate this 

issue. Plausible and coherent simulations by a radio component manufacturer show that massive 

MIMO antennas designed specifically for 5G networks radiate less than 25% of the theoretical 

maximum EIRP from base stations in 95% of all conceivable scenarios (Thors et al. 2017). The 

parameters defined for the different scenarios included all of the factors relevant to exposure, 

such as spatial distribution of the user devices in the cell, user download behaviour, antenna 

parameters and regulation of output power. Based on the results of these simulations, the safety 

distances10 calculated from the typical worst-case scenarios are around 2 times greater than in 

the case of 25% of the maximum (95th percentile) output power derived in Thors et al. By 

including these simulations in calculations, safety distances around antennas could be reduced 

(and site approval simplified) as long as statutory exposure levels are also not exceeded in the 

remaining 5% of all possible scenarios. For this reason, the network operator and component 

manufacturer can use safe or smart power lock, a regulating circuit in the adaptive antenna 

system software which controls the radiated output power to comply with the six-minute 

average so that smaller safety distances are sufficient to meet exposure level limits. This can be 

demonstrated with a simple example involving a base station antenna with a maximum output 

power of Pmax for which a worst-case scenario would mean a safety distance of 20 m. By 

applying the above simulations to this scenario, an operator can specify an output power of only 

0.25 Pmax when applying for a site certificate if it can ensure that smart power lock keeps the 

six-minute average emission levels within statutory limits at a distance of 10 m, even if the site 

outputs far more than 0.25 Pmax for a brief period of time.  

From a technical perspective, smart power lock is a plausible means of limiting exposure of 

individuals to RF-EMF. 

Documents published recently (Adda et al. 2020, BAKOM 2021) use spot measurements taken 

at selected commercial 5G base stations to demonstrate that smart power lock works. However, 

                                                 

10  The safety distance is proportional to the square root of the output power. 
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due to the multitude of relevant and dynamic system parameters, it is not realistically feasible 

to perform a full and thorough validation of smart power lock by taking measurements 

throughout the entire publicly accessible area around a base station. As a result, the 5G rollout 

should be accompanied by measurement campaigns to evaluate smart power lock reliability and 

to obtain a reliable sample of measurements in as many different situations as possible. Here, 

questions remain unanswered as to the development of measurement methods to efficiently and 

independently validate smart power lock. 

Another question involves the overlapping of exposures from other base stations (antennas). 

This is a question which needs to be addressed holistically rather than focussing specifically on 

5G, although the use of smart power lock lends additional impetus in connection with the 5G 

rollout because legislators in Germany currently base public protection from exposure to 

electromagnetic fields on exposure level limits as opposed to exposure limits for individuals. 

Here, it is important to point out that, at present, individuals are not exposed to RF-EMF 

exceeding the prescribed limits in almost all relevant exposure scenarios as long as exposure 

level limits are complied with. Assuming adequate consideration is given to the proportion of 

relevant RF-EMF generated by other systems at the site where measurements are to be 

performed, limits set on the basis of exposure levels can also be considered sufficient in future. 

Due to the growing density of radiofrequency sources with increasingly complex radiation 

properties, it is becoming increasingly difficult to give adequate consideration to all exposures 

from other sources when evaluating exposure levels at a specific site. A network of 5G base 

stations with adaptive antenna technology and smart power lock is an impressive example of 

such complex, high-density radiofrequency sources. Even if every base station implements a 

flawlessly functioning smart power lock, it still leaves the question of whether this is adequate 

in practice as a means of ensuring that individuals are not exposed to radiofrequency emissions 

exceeding prescribed limits when in the vicinity of multiple 5G base stations. This leaves a 

number of questions open about the use of smart power lock.  

4.2 Influence of national roaming on RF-EMF exposure from mobile phone 
base stations 

As requested in the advisory mandate, this statement explores whether and, if so, to what extent 

radiofrequency exposure levels caused by mobile phone base stations could be reduced if leg-

islators were to approve the introduction of national roaming. 

National roaming is where a network operator’s base stations also allow subscribers of domestic 

third-party networks to connect with them so that every national network operator can offer 

coverage in a certain region, even if only one of the operators has an infrastructure in place 

there. At present, national roaming is only permitted in exceptional cases in Europe, meaning 

that each network operator has to install its own network infrastructure to offer national cover-

age. 

National roaming is not to be confused with site sharing, which is already commonplace. Site 

sharing is where each operator installs its own infrastructure. Even if operators share both the 

site and the infrastructure (transmitter, antennas), which is permitted under certain circum-

stances, each network still generates and emits its own radio signals, resulting in the same sce-

nario in terms of exposure levels. 

When assessing the effects of national roaming on exposure levels, it is important to be aware 

of the two different types of signals transmitted from a base station to the cell: 

− Signalling signals are always on, i.e. emitted constantly irrespective of the current traffic 

load 
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− Traffic signals are only emitted if a user device is connected to the cell for communication 

purposes. 

Consequently, always-on signalling signals are unavoidable basic exposure levels produced by 

a base station’s cell. 

Below is a simple example involving a radio network configuration that consists solely of base 

station sites where more than one network operator transmits mobile signals to a cell. This 

example also assumes that each operator uses the same mobile standard and identical system 

parameters (output power, antenna type and alignment, antenna installation height, etc.). If we 

first look only at the signalling signals, the result is a summation of the contributions from the 

systems of the individual operators. If, for example, not only one but always three operators 

(e.g., the network operators currently operating in Germany, Deutsche Telekom, Vodafone and 

Telefónica) are represented at the site with their systems, the signalling power permanently 

radiated into the cell is tripled by the networks set up in parallel and thus also the exposure level 

caused by it.  

Allowing national roaming would ideally result in a three-fold decrease in exposure levels in 

the cell from signalling due to the corresponding decrease in output power. 

The situation is different for traffic signals: The basic laws of message transmission state that a 

certain signal power is required to transmit a certain amount of information in a frequency 

channel with a given bandwidth. If the individual operators use individual system technology, 

they radiate the power required to supply their currently available communications links sepa-

rately via their antennas. 

If, on the other hand, one operator were to take over this task for the other two providers in the 

context of national roaming, he would still have to transmit the same total power required to 

cover all subscribers in its frequency channel. This means that national roaming would only 

reduce local exposure levels from signalling signals, not from traffic signals. 

National roaming is only considered to be realistic in rural areas with relatively low traffic 

levels as a single radio transmitter site is likely to be able to handle traffic for the other two 

operators without experiencing capacity bottlenecks. 

Particularly in cells that experience a lot of traffic (town centres, cities, industrial estates, high-

ways, etc.), an individual operator’s radio transmitter site is already no longer able to cope with 

the prevailing traffic, at least during busy hours. To prevent connection requests from being 

rejected or transmission speeds from being throttled, the only available operator needs to in-

crease its capacity via one of two available options: 

− Output additional signals via the available base station site (increase available 

transmission bandwidth). However, additional radio systems mean additional 

signalling, in turn minimising or even cancelling out the gains made to reduce exposure 

levels by introducing national roaming.  

− Split a cell into, e.g. two or three smaller cells, each with their own systems. However, 

the transmitters installed in the additional cells emit their own signalling, resulting in 

the same problem as above. 

Although it is very expensive to increase network density, i.e. add new transmitter sites, oper-

ators in areas with high traffic levels are unlikely to stop expanding their own networks if na-

tional roaming is permitted. 

To demonstrate how exposure levels from always-on signalling can be reduced in absolute 

terms, the table below provides the percentage of output power radiated as always-on signalling 



Electromagnetic fields related to 5G mobile networks 31 

by each of the four current mobile communication standards. This percentage share is some-

what variable as it largely depends on signal bandwidth. 

Table 4-2:  Percentage of output power radiated to a cell as always-on signalling by each of 

the four current mobile communication standards. 

Mobile communica-

tion standard 

Typical percentage of output power  

used for signalling 

Source 

GSM (2G) About 25% to 100% (Wuschek 2019) 

UMTS (3G) About 10% to 20% (Bornkessel et al. 2006) 

LTE (4G) About 10% to 25% (Kurz et al. 2017) 

5G NR About <1% to 3% (Kottkamp et al. 2019) 

Table 4-2 provides the following insights: 

− The percentage of output power radiated to a cell as always-on signalling generally de-

creases with each new mobile generation. This is because a decrease in the percentage 

of output power used for signalling frees up more power for data transmission, in turn 

increasing the cell’s transmission capacity. Reducing the percentage of output power 

used for always-on signalling has always been and continues to be one of the goals of 

mobile technology development. 

− The always-on signalling transmitted to a cell by 5G systems is particularly low (around 

10 times lower than that of 3G/4G). This represents the share of the total power a radio 

transmitter site continuously to a cell, i.e. irrespective of current cell traffic, for signal-

ling and to synchronise user devices. If, for instance, 3G/4G systems are replaced by 5G 

systems at a certain frequency range (where output power and antenna parameters re-

main the same), this would not only improve transmission capacity, but also reduce 

local exposure levels during off-peak times, e.g. at night. In view of this, upgrading 

existing sites from older mobile generations to 5G systems would be a positive step in 

terms of minimising exposure levels.  

In essence, nothing about the discussed consequences of national roaming on exposure levels 

caused by base stations would change if operators only ran their own base stations rather than 

operating at shared sites with other providers. If operators only ran their own base station sites, 

national roaming would allow some sites to be decommissioned without any loss of output 

power needed to ensure coverage of a certain area. At present, Germany’s networks are a mix 

of the above two scenarios, i.e. some base station sites are run by a single operator, while others 

are run by two or all three operators. 

In view of this, the overall success of introducing national roaming to minimise exposure levels 

largely depends on the mobile standard in use. With a GSM network, national roaming could, 

in theory, forego a significant quantity of continuous radiofrequency output power. With 5G 

systems, however, national roaming only reduces exposure levels very slightly in absolute 

terms. This means that exposure level savings are much lower than the typical variance in output 

power from base station transmitters, effectively rendering the savings negligible. 

If the aim of introducing national roaming is to minimise exposure to RF-EMF levels from 

mobile networks rather than minimising the number of systems, it would be more logical to 
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upgrade older mobile systems (GSM, UMTS, LTE) to the 5G standard as they require far less 

power to transmit always-on signalling signals to the cell. 

4.3 Technical standardisation and quality assurance 

International standards for measurement and calculation methods used to establish safety 

distances around mobile phone base stations require regular updates to keep pace with the 

development of mobile technology, particularly the new 5G technology. 

The organisation responsible for 5G standardisation, 3GPP, attaches no particular importance 

to exposure level monitoring or the protection of individuals since it does not consider them 

part of its remit. Pressure from state institutions and network operators eventually forced 

systems suppliers to start developing methods such as smart power lock during or even after 

rolling out the new technology. This has led to differences in product technology between the 

various manufacturers, in turn making it more difficult to measure and monitor exposure levels 

reliably.  

Moreover, compared to previous mobile generations, the 5G rollout highlights the fact that 

software control has an ever-increasing influence on a mobile phone base station’s 

beamforming technique, in turn heavily affecting the ability to monitor a base station’s technical 

parameters in terms of exposure levels. For instance, GSM transmitters relied heavily on 

hardware, meaning that little technical effort was required to measure a transmitter’s output 

power on site or to monitor a base station antenna’s beam direction. By contrast, the radiation 

behaviour of a 5G beamforming antenna can be adjusted extensively using software. This 

makes it difficult for monitoring bodies and authorities to assess a base station’s current 

configuration without having access to the operating system. It is also not possible to use simple 

equipment on site to measure the total radiated power from a 5G antenna with beamforming as 

there are no longer any interfaces available for such measuring purposes. 

From a radiation protection perspective, this is why standardisation of mobile communication 

systems should include aspects of and solutions for monitoring system parameters with 

software or for the measurement of exposure to RF-EMF from the relevant mobile base stations 

at an early stage. That way, the responsible authorities can be provided with interfaces to 

monitor system parameters, and system manufacturers can start developing suitable monitoring 

equipment and methods at an earlier stage. 

For network operators, suitable and transparent quality assurance measures and processes will 

become increasingly important, at least for 5G systems with beamforming antennas, since they 

will be the only way to ensure reliable system monitoring for antennas whose emissions can be 

heavily influenced by software settings. 

5 SSK statement on the technical aspects of 5G technology in 
FR1 

The results of the technical part of this statement can be summarised as follows: 

− There are no fundamental differences in the frequency range and signal structure 

(modulation method, temporal characteristics) of base stations currently being rolled 

out in Germany for 5G networks (FR1) and those used for the LTE mobile standard 

(4G). Nor were significant differences found in the RF-EMF exposure levels generated 

by mobile devices when compared with the 4G standard. 
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− An increase in exposure to RF-EMF from base stations is to be expected wherever 

coverage is currently considered unsatisfactory (“dead spots” or unsatisfactory data 

transmission rates) or where capacity bottlenecks occur, in turn requiring new radio 

transmitter sites or additional systems (e.g. in the 3.6 GHz band) at existing sites to 

boost capacity. However, it must be kept in mind that because the awarding of licences 

for radio frequencies is not limited to a specific technology, a resulting increase in 

exposure level would generally also be expected if the network were rolled out with a 

technology other than 5G. Rather than developing an older mobile technology, the 

increased efficiency of 5G should result in a significant reduction in exposure levels. 

− Beamforming techniques for 5G base station antennas, which have so far only been used 

in the frequency range of around 3.6 GHz, can lead to an increase locally in the 

maximum possible exposure at locations that are found in the coverage area of a 

currently formed beam. At the same time, RF-EMF exposure at the locations “left out” 

of the antenna beam will decrease. For the first time, the beamforming technique ensures 

that the radiofrequency fields, and thus also the exposure, mainly occur in the 5G cell 

where they are also needed for communication. Locations with minimal data traffic 

within the base station’s coverage area will see low exposure levels. 

− Even with 5G mobile technology, a user’s total individual exposure is not primarily 

dominated by the base stations, but usually from their own mobile user device. When 

mobile coverage is improved, the output power of mobile devices is reduced, thereby 

effectively reducing total individual exposure. This reduction relies upon low-energy 

communication between mobile devices and base stations. 

− Germany’s legislation for the protection of the general public from exposure to 

radiofrequency fields in the 26th BImSchV in conjunction with the BEMFV is basically 

suitable for ensuring the safety of individuals in the vicinity of 5G base stations currently 

being installed. The same applies to legislation regulating product safety for mobile user 

devices.  

− The Federal Network Agency (BNetzA) has updated measurement, calculation and 

evaluation regulations to include new beamforming antennas for 5G systems. As a 

result, it can also be assumed that the general public in Germany will not be exposed to 

any radiofrequency fields from mobile communication systems which exceed the 

requirements laid down in the 26th BImSchV. 

− With a view to minimising exposure to RF-EMF, it would appear more logical to 

upgrade existing mobile systems (GSM, UMTS, LTE) to the 5G standard rather than 

using national roaming to reduce the number of systems, i.e. by allowing all subscribers 

of third-party mobile operators to use the base stations, because always-on signalling 

signals transmitted to the cell have a much lower output power with the 5G standard. 

− With 5G, the software-controlled power control of base stations becomes even more 

important compared to control by hardware. This is why standardisation of mobile 

communication systems should include aspects of and solutions for monitoring system 

parameters with software or for the measurement of exposure to RF-EMF from the 

relevant mobile base stations at an early stage. By doing so, interfaces for monitoring 

system parameters could be made available to enforcement authorities, and 

manufacturers could start earlier with the development of suitable measuring 

instruments and procedures to measure exposure from these systems. 

The aspects discussed in the technical part give rise to the following issues where the available 

data still appears inadequate. These issues should be addressed in future research projects: 
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− Establishment of a database with robust data on the average and maximum exposure to 

RF-EMF generated by 5G as well as on public exposure.  

− Studies on the function and reliability of the procedures for adaptive power control 

(power lock) in 5G systems with beamforming antennas, including an analysis of the 

introduction of verification procedures for the safe operation of power lock. 

− Future mobile communication technologies (e.g. 6G) should be developed with support 

from research projects at an early stage that look at possible changes in exposure brought 

about by the new technologies. In addition, procedures for measuring and monitoring 

RF-EMF exposure levels from these new systems must be developed and tested early 

on



Part II: 
Biological and health effects of mobile phone signals 



Electromagnetic fields and 5G mobile networks 36 

 

Contents of part II 

1 Introduction ..................................................................................................... 39 

2 SSK statement from 2011 ............................................................................... 40 

3 Statements by expert bodies since 2011 ...................................................... 42 

4 Summary of currently available literature on biological and health  
effects of radiofrequency fields ..................................................................... 46 

4.1 Informative value of different study types .............................................. 46 

4.2 Cancer .................................................................................................. 47 

 Epidemiology ..................................................................................... 47 

 Animal and cell studies ...................................................................... 48 

4.3 Brain and nervous system ..................................................................... 50 

 Behaviour and cognitive functions ..................................................... 50 

4.3.1.1 Epidemiology ..................................................................................... 50 

4.3.1.2 Experimental human studies ............................................................. 51 

4.3.1.3 Experimental animal studies .............................................................. 51 

 Cerebral blood flow and brain metabolism ......................................... 52 

4.3.2.1 Experimental human studies ............................................................. 52 

4.3.2.2 Experimental animal studies .............................................................. 52 

 Event-related and evoked potentials ................................................. 52 

4.3.3.1 Experimental human studies ............................................................. 52 

4.3.3.2 Experimental animal studies .............................................................. 53 

 Resting-state waking EEG (experimental human studies) ................. 53 

 Sleep EEG (experimental human studies) ......................................... 54 

 Autonomous nervous system and cardiovascular system (experimental 
human studies) ................................................................................. 56 

 Neurodegenerative diseases ............................................................. 56 

4.3.7.1 Epidemiology ..................................................................................... 56 

4.3.7.2 Animal and cell studies ...................................................................... 57 

4.4 Physical symptoms and wellbeing ......................................................... 57 

 Epidemiology ..................................................................................... 57 

 Experimental human studies ............................................................. 58 

4.5 Immune system and haematology (animal and cell studies) ................. 58 

4.6 Fertility and reproduction ....................................................................... 58 

 Epidemiology ..................................................................................... 58 

 Animal and cell studies ...................................................................... 59 

4.7 Other organ systems ............................................................................. 59 

 Experimental human studies ............................................................. 59 



Electromagnetic fields and 5G mobile networks 37 

 

 Experimental animal studies .............................................................. 60 

4.8 Genotoxicity .......................................................................................... 60 

 Experimental animal studies .............................................................. 60 

 Cell studies ....................................................................................... 61 

4.9 Oxidative stress ..................................................................................... 62 

 Experimental animal studies .............................................................. 62 

 Cell studies ....................................................................................... 62 

4.10 Mechanistic studies ............................................................................... 62 

5 Evaluation of existing studies ....................................................................... 63 

5.1 Methodological aspects of the evaluation of studies on mobile phone 
technology within the different research areas ...................................... 63 

 Epidemiology ..................................................................................... 63 

 Experimental human studies ............................................................. 64 

 Animal and cell studies ...................................................................... 65 

 Interpretation of statistical parameters ............................................... 65 

 Difference between hazard and risk .................................................. 66 

5.2 Concluding assessment by the SSK ..................................................... 66 

6 SSK statement on biological and health effects of mobile phone signals 70 

7 Unanswered questions ................................................................................... 71 

Annex  
Detailed evaluation of more recent studies between 2018 and 2020 .................. 74 

A-1 Cancer .............................................................................................................. 74 

A-1.1 Epidemiology (details relating to section 4.2.1) ..................................... 74 

A-1.2 Experimental animal studies (details relating to section 4.2.2) .............. 75 

A-1.3 Cell studies (details relating to section 4.2.2) ........................................ 78 

A-2 Brain and nervous system ............................................................................. 78 

A-2.1 Behaviour and cognitive functions (details relating to section 4.3.1) ..... 78 

A-2.1.1 Epidemiology ..................................................................................... 78 

A-2.1.2 Experimental human studies ............................................................. 80 

A-2.1.3 Experimental animal studies .............................................................. 80 

A-2.2 Cerebral blood flow and brain metabolism (details relating to  
section 4.3.2)......................................................................................... 82 

A-2.2.1 Experimental human studies ............................................................. 82 

A-2.2.2 Experimental animal studies .............................................................. 82 

A-2.3 Event-correlated and evoked potentials (details relating to  
section 4.3.3)......................................................................................... 82 

A-2.3.1 Experimental human studies ............................................................. 82 

A-2.3.2 Experimental animal studies .............................................................. 83 



Electromagnetic fields and 5G mobile networks 38 

 

A-2.4 Resting-state waking EEG (details relating to section 4.3.4) ................. 83 

A-2.4.1 Experimental human studies ............................................................. 83 

A-2.5 Sleep EEG (details relating to section 4.3.5) ......................................... 85 

A-2.5.1 Experimental human studies ............................................................. 85 

A-2.6 Autonomous nervous system and cardiovascular system (details  
relating to section 4.3.6) ........................................................................ 87 

A-2.6.1 Experimental human studies ............................................................. 87 

A-2.7 Neurodegenerative diseases (details relating to section 4.3.7) ............. 88 

A-2.7.1 Epidemiology ..................................................................................... 88 

A-2.7.2 Animal and cell studies ...................................................................... 88 

A-3 Physical symptoms and wellbeing ................................................................ 89 

A-3.1 Epidemiology (details relating to section 4.4.1) ..................................... 89 

A-3.2 Experimental human studies (details relating to section 4.4.2) ............. 90 

A-4 Immune system and haematology (animal and cell studies, details  
relating to section 4.5) .................................................................................... 90 

A-5 Fertility and reproduction............................................................................... 92 

A-5.1 Epidemiology (details relating to section 4.6.1) ..................................... 92 

A-5.2 Experimental animal studies (details relating to section 4.6.2) .............. 93 

A-5.2.1 Embryonic development .................................................................... 93 

A-5.2.2 Female fertility ................................................................................... 94 

A-5.2.3 Male fertility ....................................................................................... 94 

A-5.3 Cell studies (details relating to section 4.6.2) ........................................ 96 

A-6 Other organ systems ...................................................................................... 97 

A-6.1 Experimental human studies (details relating to section 4.7.1) ............. 97 

A-6.2 Experimental animal studies (details relating to section 4.7.2) .............. 97 

A-7 Genotoxicity .................................................................................................... 98 

A-7.1 Experimental animal studies (details relating to section 4.8.1) .............. 98 

A-7.2 Cell studies (details relating to section 4.8.2) ...................................... 100 

A-8 Oxidative stress ............................................................................................ 101 

A-8.1 Experimental animal studies (details relating to section 4.9.1) ............ 101 

A-8.2 Cell studies (details relating to section 4.9.2) ...................................... 102 

A-9 Mechanistic studies (details relating to section 4.10) ............................... 103 

References ............................................................................................................. 106 

Abbreviations ........................................................................................................ 131 

 



Electromagnetic fields and 5G mobile networks 39 

 

1 Introduction 

Background 

The second part of this statement is intended to present an update of the state of scientific 

knowledge concerning the biological and health effects of radiofrequency electromagnetic 

fields (RF-EMF) in the frequency range up to around 7 GHz, which is already intensively used 

for mobile communication. Therefore, a review of the current literature was carried out. 

However, the research efforts in this field over the past 20 years have been considerable, 

producing large volumes of literature, so an individual analysis and description of all the 

scientific papers currently available would exceed the scope of this statement.  

While the consulting contract does call for an update to the state of scientific knowledge in this 

regard, it focuses particularly on comparison with previous mobile communication standards. 

The main aim is therefore to answer the question as to whether the assessment of 5G mobile 

communication systems differs from that of previous mobile communication systems in terms 

of their potential biological and health effects. 

As in the technical section, the second part of this statement is confined solely to the frequency 

range of the 5G base stations currently in the process of being installed in Germany (FR1; i.e. 

up to around 7 GHz). A technical, biological and health assessment of 5G applications in the 

millimetre-wave range above 20 GHz (FR2), which will be used more intensively in mobile 

communication for the first time in future, will be the subject of a separate statement by the 

SSK. 

As already explained in the technical part of this statement, the Federal Network Agency’s site 

certification procedure ensures compliance with the limit values of the 26th BImSchV 

(Ordinance on Electromagnetic Fields) (BImSchV 2013) even when mobile base stations are 

operated according to the 5G standard in generally accessible areas. It can therefore be assumed 

in future that members of the general public in Germany will not be exposed to RF-EMF from 

mobile base stations in excess of the provisions of the Twenty-sixth Ordinance on the 

Implementation of the Federal Immission Control Act. The situation for mobile devices is 

similar: the currently applicable product safety requirements likewise ensure that users are not 

exposed to radiofrequency fields above the specified limits emitted from such devices. 

In the technical part of this statement it was also established that there are no fundamental 

differences in the frequency range and signal structure (e.g. modulation method and temporal 

characteristics) of the 5G base stations presently being rolled out in Germany and those of the 

LTE mobile communication standard (4G) in particular. 

Staged approach 

The assessment of the current state of research into the biological and health effects of 

radiofrequency fields is set out in three stages, as follows: 

− Since this statement is intended to update the last comprehensive assessment by the 

SSK, first of all the key points from the SSK recommendation from 2011 are outlined 

again (section 2). 

− Against the background of intense debate within society on the subject of mobile phone 

use and health, over the last ten years or so a number of international commissions, 

expert groups and organisations have submitted summary evaluations or 

recommendations, which in turn were each based on analyses of the scientific literature 

available at the time they were produced. The second stage of this assessment is 

therefore a compilation of the results and conclusions of these expert reports, since they 

were based on an evaluation of original literature (section 3). 
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− In the third part (section 4) we present the evaluations from the expert reports published 

since 2011 for all important biological endpoints. This covers the state of scientific 

understanding up until 2017. The evaluations are supplemented by the results from more 

recent studies that have been published since 2018, which in some cases were not able 

to be incorporated into the existing summary national and international expert 

assessments. The full picture of scientific knowledge as currently available has therefore 

been considered. Details of the studies included from 2018 onwards are given in the 

annex to this statement. 

2 SSK statement from 2011  

In 2011 the German Commission on Radiological Protection (SSK) published a statement 

entitled “Biological Effects of Mobile Phone Use – An Overview“ on the subject of possible 

biological effects of RF-EMF below existing limit values in the context of mobile 

telecommunication (SSK 2011). The statement summarises the findings from the German 

Mobile Telecommunication Research Programme (DMF) and places them in an international 

context.  

The research programme was carried out from 2002 to 2008 and comprised a total of 54 

research projects in biology, epidemiology, dosimetry and risk communication. In the early 

phases of the programme the SSK identified need for research in a range of thematic areas and 

drew up a set of questions that were taken up by the DMF projects. These questions and the 

assessments given by the SSK in the statement in response to the questions (SSK 2011) are 

listed in the table below. 

Table 2-3: Questions and answers on health-related effects of RF-EMF from the SSK statement 

published in 2011 (SSK 2011). 

Question Answer/assessment (SSK 2011) 

Does mobile phone radiation 

have a potential cancer-

initiating or cancer-promoting 

effect?  

• Overall “insufficient evidence” for carcinogenicity of mobile 

phone exposure below the limits 

• The vast majority of epidemiological studies found no evi-

dence of a relationship between mobile phone use and cancer 

• Methodological difficulties with epidemiological studies of long-

term mobile phone use leading to the induction of tumours 

with a long latency period 

• Future EMF research should rely more on hypothesis-driven 

studies 

Does mobile phone radiation 

affect the blood-brain barrier? 

• No “sufficient evidence” that exposure to mobile phone fields 

of the order of magnitude of the exposure limits can affect the 

blood-brain barrier 

• No further research required 
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Question Answer/assessment (SSK 2011) 

Are there effects on 

neurophysiological and 

cognitive processes or on 

sleep?  

• Effects by mobile phone fields on vision or hearing can largely 

be ruled out; in particular no evidence that exposure could 

cause tinnitus 

• Effects on sleep behaviour were found neither in epidemiologi-

cal studies nor in field studies 

• At present it is not possible to provide a final assessment of ef-

fects on sleep EEG and resting EEG in the waking state be-

cause the results of laboratory studies are inconsistent  

• No effects regarding influence on cognitive functions in studies 

on behaviour parameters 

• No effects regarding influence on cognitive functions in studies 

on stimulus-coupled EEG changes (event-related or evoked 

potentials11).  

• Need for research: multi-centre study using a common experi-

mental approach, paying particular attention to older people 

Is there such a thing as 

electromagnetic 

hypersensitivity, and can 

mobile phone fields cause 

non-specific health 

symptoms? 

• Electromagnetic hypersensitivity, understood as a direct effect 

of EMF exposure, most likely does not exist 

• Further research should therefore be carried out beyond the 

sphere of EMF research 

Does chronic exposure affect 

the blood and the immune 

system?  

• Mobile phone fields have no effect on the immune system  

• Studies into the effects on various blood parameters (e.g. re-

ticulocytes, “money roll effect”) are speculative and not based 

on a validated diagnostic approach 

Does chronic exposure affect 

reproduction and 

development? 

• Adverse effects on reproduction and development from expo-

sure to mobile phones below the exposure limits are highly im-

probable  

• No need at present for further research 

                                                 

11 Evoked potentials: the electric response evoked in the central nervous system by stimulation of sensory 

receptors. Depending on the stimulus, the evoked potentials can be auditory evoked potentials, visual evoked 

potentials, motor evoked potentials or somatosensory evoked potentials (based on https://www.emf-

portal.org/en/glossary/1913). 

https://www.emf-portal.org/en/glossary/1913
https://www.emf-portal.org/en/glossary/1913
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Question Answer/assessment (SSK 2011) 

Are children subjected to 

increased health risks? 

• Epidemiological studies: initial evidence of a link between 

health effects in children and adolescents and exposure to 

fields from mobile communications has been significantly re-

duced 

• Studies carried out to date give no support to the hypothesis of 

a postulated higher sensitivity in children and adolescents  

• The SSK calls attention to an inconsistency in the assumed re-

lationship between basic restrictions and reference levels at 

frequencies of about 100 MHz and in the range from 1 GHz to 

4 GHz  

• No need for further research beyond the investigations initi-

ated in response to the WHO recommendations 

In addition, in order to investigate the question of whether RF-EMF can have genotoxic effects, 

an interlaboratory comparison (ring trial) was carried out as part of the DMF to clarify method-

ological difficulties. The comparison revealed significant differences between the laboratories. 

The results therefore supported the conclusion that there is very little evidence of the presence 

of genotoxic effects, although this conclusion is weakened by the variability of the experimental 

data in the study, a consequence of the methodology. 

In light of the findings documented above, in its statement the SSK declared that the protection 

concepts underlying the existing safety limits were still sound. In addition, it noted that conclu-

sive answers had not been provided to all of the questions pertaining to biological and medical 

effects of electromagnetic fields from mobile telecommunications, hence in view of the contin-

uing dynamic development of new wireless technologies there was need to perform further 

research. 

3 Statements by expert bodies since 2011 

The assessments of possible health effects of RF-EMF published by national and international 

scientific committees since the SSK assessment was adopted in 2011 are summarised in  Table 

3-4. Only those committees were considered that had been granted a mandate by public insti-

tutions and whose composition was determined by those institutions. The statements differ in 

terms of  

− the period of time from which studies were taken into account,  

− the biological endpoints considered, and  

− the extent to which original literature was reviewed (see Table 3-4).  

Even though there are differences in the approaches taken to drawing up the statements – be-

cause of differences in task formulation, for instance – it can still be stated that as a general 

principle all of these bodies made use of the scientific literature that was publicly available at 

the time. Each of them set their own quality criteria for selecting the literature. The quality 

criteria are described in the individual statements. 

Some of the evaluation bodies explicitly carried out a classification of evidence (European 

Commission Scientific Committee on Emerging and Newly Identified Health Risks, SCE-

NIHR; Working Group on Mobile Radio and Radiation on behalf of the Federal Department of 

the Environment, Transport, Energy and Communications, DETEC – UVEK). The DETEC - 
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UVEK (UVEK 2019) uses the terminology and definition from the EU’s EFHRAN (European 

Health Risk Assessment Network on Electromagnetic Fields Exposure, 2009-2012) project (cf. 

Sienkiewicz et al. 2012), which is also adopted for this statement. The advantage of this classi-

fication is that it is expressed in broad terms and can be used for all biological and health effects 

and disciplines. In contrast, the classification previously used by the SSK (SSK 2011), like the 

IARC classification (IARC 2013), was explicitly developed for and applied to assessment of 

the evidence for carcinogenicity. The EFHRAN project uses a four-point system to classify the 

strength of evidence: 

− “Sufficient evidence” of an association means that a relationship between exposure and 

effect has been confirmed in several studies by independent researchers or under differ-

ent protocols. The exposure-response relationship is consistent, and other confounding 

factors can be ruled out with reasonable confidence.  

− “Limited evidence” is available when the observed effect is based on only a small 

number of studies, or when there are unresolved questions regarding the design, conduct 

or interpretation of the studies. Other confounding factors cannot be ruled out in the 

studies with reasonable confidence.  

− There is “inadequate evidence” if the quality, consistency or statistical power of the 

studies do not allow clear conclusions to be drawn.  

− “Evidence suggesting a lack of effects” applies when no effects have been observed 

in several studies by independent investigators under different protocols involving at 

least two species or two cell types and in relation to a sufficient range of field intensities.  

The conclusions of the reports listed in Table 3-4 are described in more detail in section 4. All 

in all the various bodies arrive at very similar conclusions regarding the evidence for the effects 

under consideration. There was unanimous agreement that the radiofrequency fields from mo-

bile phones and other mobile communication devices and from their associated base stations 

do not constitute a danger to human health provided that exposure is limited to maximum levels 

that are in line with or comparable to the ICNIRP recommendations (ICNIRP 2020a) (e.g. local 

SAR for head/trunk < 1.6 W kg-1 and 2 W kg-1 respectively and whole-body SAR < 0.08 W kg-

1). While some assessments do identify possible biological effects resulting from exposure to 

radiofrequency fields of the order of magnitude of the safety limits, in particular effects on the 

brain and in cells on oxidative stress and the cell membrane, none of the bodies reach the con-

clusion that adverse health effects are associated with this exposure. However, several reports 

emphasise that there are still uncertainties regarding the long-term effects of mobile phone use 

in respect of these effects. Moreover, the underlying cellular mechanisms for any such effects 

have not yet been conclusively clarified. It is consequently pointed out that further research is 

required, at least in relation to certain effects (e.g. possible carcinogenicity and possible geno-

toxicity). Furthermore, the expert bodies frequently point out that although a large number of 

studies have been published, many of them cannot be included in their assessment because the 

studies’ approach and/or the quality of performance do not meet the minimum scientific re-

quirements (cf. section 5.1). 
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Table 3-4:  Expert reports published since 2011, based on original publications, on the subject of the biological and health effects of exposure to 

radiofrequency fields. 

Body Year Reference Comments 

AGNIR 
(Advisory Group on Non-ionising 
Radiation), United Kingdom 

2012 (AGNIR 2012) Evaluation of frequencies in the range of 100 kHz to 300 GHz. Update of the review from 
2003. Publications from 2003 onwards were taken into account. 

ANSES 
(Agence Nationale de Sécurité 
Sanitaire de l’Alimentation, de 
l’Environnement et du Travail), 
France 

2013 (ANSES 2013) Scientific publications (original articles, reports, grey literature, etc.) published in the 
period from 1 April 2009 to 31 December 2012. 

2016 (ANSES 2016) Scientific articles published in the period between 1 January 2005 and 28 February 2014.  

2018 (ANSES 2018) Overview based on scientific articles published in independent peer-reviewed journals, 
expert appraisal reports by European and international organisations, research reports 
funded by ANSES, etc., in the period from April 2009 to July 2016.  

2019 (ANSES 2019) Overview based on: 

− Publications identified and analysed in the most recent reports by ANSES on 
the risks associated with radiofrequencies emitted in particular by mobile 
telephones (AFSSET 2009, ANSES 2013 and ANSES 2016). 

− Search for original literature published between 1 January 2013 and 
6 November 2018. 

− Review of the final report of the US National Toxicology Program (NTP 2018a, 
2018b), which was released online on 1 November 2018. 

ARPANSA 
(Australian Radiation Protection 
and Nuclear Safety Agency), 
Australia 

2014 (ARPANSA 2014) Overview based on publications in the period from 2000 to 2012 and expert statements 
published up until that time (ICNIRP 2009, SCENIHR 2009, AGNIR 2012). 

FDA 
(Food and Drug Administration), 
USA 

2020 (FDA 2020) Analysis based on relevant and available peer-reviewed scientific studies regarding the 
endpoint cancer in connection with RF-EMF, published in the following periods: 

− For in vivo studies, between 1 January 2008 and 1 August 2018  

− For epidemiological studies, between 1 January 2008 and 8 May 2018. 

Health Council of the 
Netherlands, Netherlands 

2013 (Health Council of the Netherlands 2013) Overview based on epidemiological studies whose findings were published in the period 
from 2009 to July 2012. 

2014 (Health Council of the Netherlands 2014) Overview based on relevant animal studies published up until 12 September 2012. 

2016 (Health Council of the Netherlands 2016) Overview of studies dealing exclusively with the subject of cancer in connection with RF-
EMF, based on epidemiological studies and findings from animal studies that were 
published in the period from 14 August 2011 to 29 May 2015. 
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Body Year Reference Comments 

2020 (Health Council of the Netherlands 2020a, 
2020b) 

No detailed information about the method used to produce the reports is available. 

Four recommendations from the committee to the Dutch parliament on lower and higher 
frequency bands, the need for research and use of the ICNIRP guidelines (ICNIRP 
2020a) 

Norwegian Institute of Public 
Health, Norway 

2012 (NIPH 2012) Evaluation of frequencies in the range of 100 kHz to 300 GHz. 

Basis: original literature and expert reports 

SCENIHR 
(Scientific Committee on 
Emerging and Newly Identified 
Health Risks), European 
Commission 

2015 (SCENIHR 2015) Evaluation of all frequency ranges 

An update of the opinion published in 2009, with particular attention to original research 
papers published in international peer-reviewed scientific journals in the English 
language (2009 to 2014); also includes meta-analyses, but not reviews. 

SSM 
(Strålsäkerhetsmyndigheten; 
Swedish Radiation Safety 
Authority), Sweden 

2013 (SSM 2013) Examines publications of potential relevance to the evaluation that were published in 
English language peer-reviewed scientific journals since the previous report. 

Covers publications from the period from 2011 to 2012. 

2014 (SSM 2014) Covers publications published in the period up until September 2013. 

2015 (SSM 2015) Covers publications published in the period from October 2013 to September 2014. 

2016 (SSM 2016) Covers publications published in the period from October 2014 to September 2015. 

2018 (SSM 2018) Covers publications published in the period from October 2015 to March 2017. 

2019 (SSM 2019) Covers publications published in the period from April 2017 to March 2018. 

2020 (SSM 2020) Covers publications published in the period from April 2018 to December 2018. 

DETEC - UVEK (Federal 
Department of the Environment, 
Transport, Energy and 
Communications), Switzerland 

2019 (UVEK 2019) Evaluation of publications that were published in the period between 1 January 2014 and 
the end of November 2018, provided that they met certain conditions: 

− Relevant to human health and wellbeing; 

− Of informational value for the derivation of exposure-effect relationships of RF-
EMF in the environment; 

− Important for the understanding of biological mechanisms of action; 

− High scientific quality. 
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4 Summary of currently available literature on biological and 
health effects of radiofrequency fields 

This section presents an overview of the current state of scientific knowledge for each evaluated 

endpoint. It is based on the expert assessments published in the period since 2011 as listed in 

section 3, with the addition of studies published since 2018 which for the most part was not 

taken into consideration in the expert reports. The full picture of knowledge as currently 

available has therefore been considered in the overview. 

To make this section easier to read for the interested layperson, the more recent studies are not 

presented in detail here but are discussed in more depth in the annex to this statement. 

4.1 Informative value of different study types 

As a rule, study findings from different areas are used to carry out assessments of health-related 

effects of a chemical substance or a physical agent: human studies (epidemiology, experimental 

human studies), animals (“in vivo”) and cells (“in vitro”), and computational modelling (“in 

silico”). The data from these various fields allows researchers to produce an integrative 

evaluation, although all types of studies have certain limitations. The different areas of studies 

can be characterised as follows: 

– Epidemiological studies investigate the incidence and distribution of diseases in popula-

tions in order to determine the underlying risk factors, on which basis preventive measures 

can then be taken. Epidemiological studies are the only means of conducting empirical re-

search into long-term risks for humans. The advantage of epidemiological studies lies in 

their high ecological validity. This means, for example, that environmental risks can be an-

alysed for exposures occurring under realistic conditions and in interaction with other fac-

tors. It also means, however, that exposures above regulatory limits cannot be investigated. 

For ethical and practical reasons, epidemiological studies concerning environmental risks 

are generally observational, and consequently susceptible to bias (confounding, reverse cau-

sality, errors in estimating exposure etc.). 

– Experimental human studies examine effects of exposure under controlled test conditions. 

They can be conducted as randomised controlled trials (RCTs), which is considered the gold 

standard for research design in a clinical context because it enables the influence of other 

factors to be controlled to a large degree. Since experimental human studies are exclusively 

able to examine acute effects of exposure, they complement epidemiological studies and can 

contribute to explain mechanisms. As a rule, exposures in excess of limits are not investi-

gated, for ethical reasons.  

– Experimental animal studies (in vivo studies) provide information about effects on a 

whole living organism and present the entire range of body structures and functions, such as 

the nervous system, endocrine systems and immune responses. In vivo studies are extremely 

important for the assessment of health risks, especially when they confirm epidemiological 

findings. There are, however, problems with the extrapolation of interspecific and intraspe-

cific variations. In other words, transferring results from one species to another, particularly 

to humans, is subject to uncertainties.  

– Cell studies (in vitro studies) investigate toxicological, mechanistic and other relevant ef-

fects at the cellular and molecular level. The purpose of these studies is to help understand 

the development of diseases or cellular changes on the basis of a variety of biological end-

points. In vitro tests allow biological processes to be investigated under controlled condi-

tions. They can be used to identify hazardous substances, but their usefulness for the assess-

ment of any health effects is limited (SCENIHR 2009). 
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– In silico studies primarily consist of computer simulations of biological experiments. They 

are increasingly gaining in importance. Computer-aided simulation of biochemical processes 

in living organisms, for example, enables experiments to be simulated on a computer and 

the generated results to be handled in the same way as other experimental observations. The 

benefit of this approach is its efficiency, and the fact that it can be a substitute for animal 

experiments. However, the necessary modelling assumptions are always associated with a 

degree of uncertainty. 

It should be pointed out that findings obtained using epidemiological methods play a greater 

role in the assessment of health risks than experimental human studies or in vivo, in vitro and/or 

in silico findings. This only applies, however, if the quality of evidence from epidemiological 

studies is considered high and potential sources of error are relatively insignificant. Findings 

from one type of study (or one line of evidence) on its own, i.e. with no findings from other 

areas to back them up, are considered to be of lesser value in the assessment. 

4.2 Cancer 

 Epidemiology 

In 2011 the IARC classified RF-EMF as possibly carcinogenic to humans (Group 2B) (IARC 

2013). The INTERPHONE study and studies carried out in Sweden observed positive 

correlations between intensive mobile phone use over many years and gliomas and acoustic 

neuromas. Given the inconsistency of the various study results and the potential for selection 

bias and information bias, the IARC working group concluded that the evidence from 

epidemiological studies was only limited. The evidence from in vitro studies was also limited. 

Expert reports published since 2011 concluded that there is scant evidence for a connection 

between head and neck tumours and the use of mobile phones. A report issued by the FDA 

(FDA 2020) stated that epidemiological data published between 1 January 2008 and 8 May 

2018 continued to support their earlier conclusion that there was no quantifiable causal link 

between RF-EMF and the formation of tumours. The conclusion of the Dutch report (Health 

Council of the Netherlands 2020a, 2020b) was that no association between long-term use of 

mobile phones and the incidence of head and neck tumours was proven, but that the existence 

of such a link could not be excluded either. The DETEC - UVEK report (UVEK 2019) stated 

that the evidence was “limited”. Similar statements can be found in other previously published 

expert reports. 

The majority of results from epidemiological studies examining an association between 

malignant brain tumours and mobile phone use showed no increased risk (Roosli et al. 2019). 

A minority of case-control studies found an increased risk. These findings may be due to 

methodology, and may be the result of systematically overestimating the duration of mobile 

phone use by brain tumour patients compared to healthy controls based on retrospectively 

collected data, or the result of underestimating mobile phone use by healthy individuals. On the 

other hand, random errors in estimating exposure when conducting cohort studies might lead 

to an underestimation of potential risks. In light of these uncertainties, in recent years cancer 

incidence trends over time were investigated in several countries and were compared with the 

increase in mobile phone use. 

The latest report issued by the Swedish Radiation Safety Authority’s expert group (SSM 2020) 

emphasised that analyses of cancer incidence trends over time carried out in several countries 
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did not yield any indications that the incidence12 of tumours had increased, with a certain delay, 

after the majority of the population in those countries first started to use mobile phones.  

It should also be noted that tracking changes in cancer incidence over time and correlating them 

to certain parameters is regarded as a weak epidemiological study design because the 

parameters may be influenced by other factors. However, there are several reasons why time 

series analyses of this type do provide meaningful information regarding the specific link 

between mobile phone use and brain tumours. Firstly, in many countries changes in the 

incidence of brain tumours over time can be evaluated using data from established cancer 

registries. Secondly, in contrast with cohort or case-control studies, such analyses do not require 

the estimation of individual exposures, which can give rise to errors. On the population level, 

changes in mobile phone use can be determined with a small margin of error. Over the last 30 

years mobile phone use has become customary among virtually the entire population, so 

potential risks should manifest themselves in the number of cancer cases. Thirdly, there are no 

other known environmental risk factors for brain tumours that have also undergone significant 

changes in recent years and might therefore conceal an increase in cancer cases caused by the 

use of mobile phones. The most important external risk factor is the use of ionising radiation in 

medicine, for example for CT scans or radiotherapy (Mathews et al. 2013, Pearce et al. 2012), 

which has likewise increased in the last few decades.  

One factor limiting the validity of time series analyses, however, is changes that have occurred 

in diagnostics and coding practice over time. Increased use of medical imaging has resulted in 

larger numbers of patients being diagnosed with diseases compared to previous years. This must 

be taken into account when interpreting time series analyses and skews the validity of such 

studies. The lack of a verifiable increase in the number of brain tumours in recent decades 

makes it highly probable that any potential risks from mobile phone radiation must be small or 

are only manifest with respect to rare tumour types or in specific population groups. Conversely, 

any increase in cancer incidence could also be attributed – aside from mobile phone use – to an 

increase in exposure to ionising radiation or to changes in medical screening and diagnostic 

practices, which can result in tumours being discovered that would otherwise have remained 

undiagnosed. There is no doubt, for example, that the increase in the number of thyroid tumours 

in many countries can be traced back to changes in screening practice (Li et al. 2020b). 

Similarly, it is highly probable that the sporadic observations of an increased incidence of 

glioblastomas are the result of changes in diagnostic coding, the reason being that while the 

number of other types of brain tumours has decreased, the overall total has remained the same 

(cf. A-1.1, paragraph 7). 

There are only a small number of studies that have examined the connection between tumour 

incidences and transmitter sites. Most of these studies looked at TV and radio transmitters, and 

consistently found no evidence for any effects. These studies recorded levels of exposure that 

were significantly lower than the ICNIRP reference values (ICNIRP 2020a) and considerably 

lower than when using EMF-emitting devices close to the human body. 

 Animal and cell studies  

The expert panels did not find any convincing indications for carcinogenic effects caused by 

RF fields in the animal studies that they evaluated. SCENIHR found that the overall assessment 

of the mostly negative results (no effects) of animal studies provided “strong evidence for the 

                                                 

12 Incidence: in epidemiology, the number of events (especially new cases of disease) that occur within a specified 

period of time. Incidence rate: number of newly diagnosed patients per time interval or age range. Cumulative 

incidence rate: sum total of the age-specific incidence rates. 
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absence of an effect” (SCENIHR 2015). The evaluation by ANSES (ANSES 2019) (SARs ex-

ceeding 2 W kg-1) found that no effects were observed in adult animals, while it was not possi-

ble to assess tumour development in animals with lifetime exposure because of a lack of data. 

The FDA studied all data available up to August 2018 (including the data from the NTP study 

discussed below) to assess any cancer risks caused by RF-EMF in vivo (about 125 publications) 

and did not find any causal connection between exposure to RF and tumour development. The 

Health Council of the Netherlands (2020) recently evaluated four new animal studies covering 

the 700 MHz to 2200 MHz frequency band, which yielded divergent results. The committee 

concluded that RF fields can have both favourable and unfavourable effects on carcinogenicity, 

since one of the animal studies showed no effects of RF-EMF on implanted brain tumours 

(Smith-Roe et al. 2020), two studies showed an increased risk (NTP 2018b, Falcioni et al. 2018) 

while another study found a positive effect of exposure (slower growth of implanted tumour 

cells; Kryukova et al. 2016). 

In 2018 two animal studies examining the long-term carcinogenic effects of RF-EMF were 

published, one conducted by the US National Toxicology Program (NTP 2018a, 2018b) and 

the other by the Cesare Maltoni Cancer Research Center at the Ramazzini Institute in Italy (RI; 

Falcioni et al. 2018). The NTP study (involving rats and mice) investigated the effects of levels 

of exposure at the maximum permissible value for the human head when using mobile phones 

(1.6 W kg-1 and 2 W kg-1) and even at levels significantly above this value (up to 6 W kg-1). In 

contrast to humans, where only the head is exposed to radiation, the animals’ entire bodies were 

exposed to RF-EMF, creating an exposure situation where levels are significantly higher than 

the maximum whole-body exposure levels permissible for humans (0.08 W kg-1). The study 

conducted at the Ramazzini Institute examined the influence of whole-body exposure to GSM 

in rats at levels of up to the maximum whole-body exposure levels prescribed for the vicinity 

of GSM base stations (0.1 W/ kg). One key finding of these studies was an increase in the num-

ber of malignant schwannomas of the heart13 in male rats but not in female rats. These tumours 

were found to occur more frequently at 50 V/m (estimated SAR 0.1 W kg-1) in the RI study and 

at all SAR levels in the NTP rat study. The NTP study found some cases of male rats developing 

brain gliomas at all three SAR levels in animals exposed to GSM fields, and at levels of 6 W kg-

1 (i.e. far exceeding the maximum permitted exposure limits for head and thorax of 2 W kg-1) 

in animals exposed to CDMA fields. Some sporadic findings of various other tumour types 

(phaeochromocytoma, skin and lung tumours, lymphomas, liver tumours) were documented, 

but there was no statistically significant increase compared to controls and the NTP classified 

them as “equivocal findings”. 

Both studies were conducted in compliance with the principles of Good Laboratory Practice, 

and in each case the study design included a sufficient number of animals. Nevertheless, both 

studies also exhibit certain important shortcomings. ICNIRP (ICNIRP 2020b), for example, 

commented that there was no blinding14 at the start of pathological examinations and that there 

were also weaknesses in the interpretation of the statistical analyses. They also pointed out that 

the studies did not discuss the possibility that the observed effects could have been random 

events (no adjustment for multiple testing) and that the results of the two studies contradicted 

each other with respect to the exposure-effect relationship. Furthermore, Kuhne et al. (Kuhne 

                                                 

13  Schwannoma: a slow-growing, encapsulated tumour of the nerve sheath that is usually benign and originates 

from Schwann cells. These cells produce the myelin sheath that insulates peripheral nerves. If the 8th cranial 

nerve is affected, the medical term used is acoustic neuroma. In humans, cases of schwannomas of the heart 

are extremely rare (cf. https://www.emf-portal.org/en/glossary/4201). 
14  Blind study: a type of experiment where the investigators or the participants do not know which samples or 

individuals belong to the experimental group or the control group. In double-blind studies neither the 

researchers running the study nor the participants have any information on group allocation. 

https://www.emf-portal.org/en/glossary/4201
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et al. 2020) argued that the NTP study left unanswered questions as to the effects of exposure 

to RF-EMF on body temperature. Calculations made by these authors suggest that, in the main 

study, the temperature fluctuations caused by RF-EMF exposure in older (heavier) animals 

were underestimated because the pilot study had used temperature measurements in younger 

(lighter) animals. Accordingly, this underestimation actually increased with the age of the 

animals as a result of their larger body mass. They state that the temperature fluctuations 

increased as the animals grew (by ≥ 1.4 K in older male rats). It is possible that this may cause 

thermal stress, which in turn may have influenced the study results. 

Only a few in vitro studies with specific relevance for carcinogenesis have been carried out, 

and these study types have also been evaluated by only a few bodies. According to the SSK, 

two recently conducted studies have shown weaknesses in terms of various quality aspects, 

which means that their findings are questionable (for details see annex A-1.3). 

4.3 Brain and nervous system  

 Behaviour and cognitive functions  

4.3.1.1 Epidemiology 

According to the expert reports, there are few indications that RF-EMF influences behaviour. 

While there were only sporadic occurrences of correlations with far field sources, none 

exhibiting a uniform pattern, some epidemiological studies found a connection between 

behavioural problems and mobile phone use, in particular in adolescents. However, such 

connections were mainly observed in cross-sectional studies. SCENIHR (SCENIHR 2015), for 

example, stated that these studies have methodological weaknesses. According to the DETEC 

- UVEK report (UVEK 2019) the evidence for a connection is “insufficient”. The Dutch report 

(Health Council of the Netherlands 2020a, 2020b) concluded that neither positive nor negative 

effects could be ruled out, and ANSES (ANSES 2016) commented that it was not possible to 

draw any conclusions as to whether there was a connection or not. However, the findings of the 

small number of recent longitudinal studies15, where not only duration of use but also the 

associated emissions were included in the evaluation, suggested that these connections may not 

be caused by RF-EMF but by other aspects of mobile phone use, such as problematic (i.e. for 

example excessive) use as well as dependency and sleep deprivation in cases of excessive use. 

There are also indications of reverse causality, in other words behavioural problems in children 

and adolescents leading to more frequent mobile phone use rather than the other way around.  

According to the ANSES report, the epidemiological evidence for RF-EMF affecting cognitive 

function is “inadequate“ (ANSES 2013) or “limited” (ANSES 2016). In the other reports the 

evidence was primarily assessed on the basis of experimental studies, since only a few 

longitudinal studies examining cognitive effects have been conducted to date and cross-

sectional studies provide limited meaningful information. Accordingly, the reports offer few 

conclusions as to potential long-term effects. The majority of the small number of recent 

longitudinal studies did not observe any association between RF-EMF and cognitive functions. 

One exception is found in the results of a prospective cohort study of 843 adolescents in 

Switzerland (Foerster et al. 2018). This study established a negative association over the course 

of one year between the cumulative RF-EMF dose received by the brain and the development 

of spatial memory, whereas this was not the case for negative control exposure variables such 

as the number of text messages or online gaming. Both negative and positive significant 

associations were sporadically observed in cross-sectional studies. All in all it can be concluded 

                                                 

15 Longitudinal study: epidemiological study over a period of time. In most cases these are cohort studies. 
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that there is “insufficient evidence“ for any such association in respect of either far field or near 

field exposure to communication devices operated close to the body.  

4.3.1.2 Experimental human studies 

In its statement published in 2011, the SSK (SSK 2011) concluded that there are no reliable 

indications for exposure to RF-EMF affecting cognitive functions. Similar assessments were 

made by AGNIR (AGNIR 2012), the Norwegian Institute of Public Health (NIPH 2012), 

ANSES (ANSES 2013), SSM (SSM 2013, 2014, 2016, 2018) and DETEC - UVEK (UVEK 

2019). ANSES (ANSES 2016) additionally found that even for children there are few indica-

tions suggesting that their cognitive processes are affected by exposure to RF fields. Likewise, 

after assessing the literature, SCENIHR (SCENIHR 2015) summarised the findings by stating 

that there is “no evidence” for any influences on cognitive function in humans. The Health 

Council of the Netherlands (Health Council of the Netherlands 2020a, 2020b) looked at 46 

experimental human studies, the majority of which (31) found no effects. Seven studies ob-

served negative impacts on cognitive function when study subjects were exposed to RF-EMF, 

while eight studies found that RF exposure improved cognitive function. On the basis of this 

data the Health Council concluded that there may be both favourable and unfavourable effects 

on cognition in the 700 MHz to 2200 MHz and 2.2 GHz to 5.0 GHz frequency ranges. 

Section A-2.1.2 describes in detail three studies on the influence of RF-EMF exposure on cog-

nitive function that have been published since 2018 but were not included in the assessment by 

the Health Council of the Netherlands (Health Council of the Netherlands 2020a, 2020b). Two 

of these studies investigated selective attention. Both studies (involving exposure durations var-

ying from 3 hours to 20 minutes before tests were carried out and similar SAR levels of GSM 

and LTE exposure: 1.8 W kg-1 and 1.6 W kg-1 respectively) found that the test results were not 

influenced by RF exposure. The studies also looked at sleep-dependent consolidation of emo-

tional, procedural and declarative memory16 and again did not find any negative effects caused 

by exposure to WLAN (2.45 GHz, maximum SAR: < 25 mW kg-1, six-minute average: 

< 6.4 mW kg-1). A statistically significant improvement of declarative memory function on the 

morning after WLAN exposure is probably a random finding. Like other studies before them, 

the more recent studies did not reveal any indications of acute effects, in particular no indica-

tions of negative effects. This means that the SSK’s assessment (SSK 2011) remains valid. 

4.3.1.3 Experimental animal studies 

SCENIHR (SCENIHR 2015) concluded that there is currently no conclusive evidence for non-

thermal exposure to RF fields affecting learning, memory or behaviour, although some study 

results suggest that such effects exist. They state that the results are to some extent contradic-

tory, and in many cases, there are question marks regarding exposure, blinding, proper controls, 

and dosimetry.  

ANSES (ANSES 2013) found limited evidence for improvements in cognitive function (im-

proved memory function in a Y-maze test, improved outcomes in a cognitive interference test), 

particularly in very old mice, but inadequate evidence with respect to effects on anxiety and 

locomotor activity. The latest ANSES assessment (ANSES 2019), which only included studies 

involving SAR levels above 2 W kg-1, could not find any effects in either young or adult ani-

mals.  

                                                 

16  Declarative memory: a type of long-term memory storing explicit knowledge that can be explained using 

words; emotional memory: a type of memory storing events/experiences that have provoked emotional 

reactions; procedural memory (behavioural memory): includes implicit knowledge of how to perform 

automatic actions (e.g. dancing); it is not possible to put procedural memory content into words. 
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Since 1992 the Health Council of the Netherlands (Health Council of the Netherlands 2020a, 

2020b) has evaluated almost one hundred in vivo studies that looked at the 700 MHz to 

2200 MHz and 2.2 GHz to 5.0 GHz frequency bands. The committee concluded that the studies 

showed both favourable and unfavourable effects or no effects at all on behaviour and cogni-

tion, in other words, that the results were inconsistent. 

Some recent studies also showed exposure effects in animal experiments (for details see annex 

A-2.1.3). However, many results are contradictory or equivocal, and do not allow further con-

clusions to be drawn with respect to any effects on human health. 

 Cerebral blood flow and brain metabolism  

4.3.2.1 Experimental human studies 

The SSK statement (SSK 2011) does not discuss studies that include cerebral blood flow and 

brain metabolism as result parameters. This is also true of most of the expert reports listed in 

Table 3-4. AGNIR (AGNIR 2012) mentions one study that involved a large sample population 

but did not clearly state the levels of exposure. The Norwegian Institute of Public Health (NIPH 

2012), SSM (SSM 2013, 2015) and SCENIHR (SCENIHR 2015) pointed out that the few 

available studies had inconsistent results. SSM (SSM 2013) discussed two PET studies, one of 

which observed effects while the other did not. There are no more recent studies investigating 

these endpoints. 

4.3.2.2 Experimental animal studies 

According to the expert reports, studies investigating the influence of RF-EMF exposure on 

brain metabolism have yielded inconsistent results, but no conclusions regarding neurotoxic 

effects can be drawn from any observed biological changes. There was a lack of relevant recent 

studies. 

Previously, some studies investigating the blood-brain barrier in rats and mice had suggested 

that this structure may be damaged even by exposure to low SAR levels and that this damage 

could lead to increased permeability. Numerous studies were carried out attempting to replicate 

these results, but the great majority of them did not find any changes in permeability even at 

higher SAR levels (more than 2 W kg-1). There are no more recent relevant studies. 

 Event-related and evoked potentials  

4.3.3.1 Experimental human studies 

There are relatively few studies that have investigated the influence of RF-EMF on event-re-

lated (ERP) or evoked (EP) potentials, which are the brain’s responses to external (e.g. visual 

or acoustic) stimuli shown on an EEG. The studies summarised in the SSK statement (SSK 

2011) did not provide any indication that electromagnetic fields affect the relevant parameters. 

SCENIHR (SCENIHR 2015) and SSM (SSM 2013, 2016, 2018) concluded that the study re-

sults were inconsistent. The report by the Health Council of the Netherlands (Health Council 

of the Netherlands 2020a, 2020b) unfortunately did not discuss the studies on evoked potentials 

separately but accounted for them under the heading brain electrical activity, together with other 

EEG studies. The table listing the relevant studies shows that a total of 27 studies covering the 

700 MHz to 2200 MHz frequency range were considered, three of which were studies in chil-

dren and five involved patients with neurological disorders (narcolepsy with cataplexy, multiple 

sclerosis and epilepsy). One of the studies in children and one in patients with neurological 

disorders did not observe any effects, while the effects found by the remainder of these studies 

could not be classified as unequivocally favourable or unfavourable. Of the other 19 studies 
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involving healthy adults, eleven did not show any influence of RF exposure on evoked poten-

tials. In the remaining eight studies, in which effects were observed, it was not possible to give 

an unequivocal assessment of the relevance to human health. A single, more recent study 

(Dalecki et al. 2018) yielded sporadic but statistically significant results with respect to ampli-

tudes and latencies of visually evoked potentials. This study involved various levels of GSM 

exposure (lower levels [SAR: 1 W kg-1] and higher levels [SAR: 2 W kg-1] in comparison with 

each other and compared to sham exposure) and also examined easy and more difficult target 

stimuli. However, the study authors classified the results as incidental findings because of a 

lack of consistency within the study and because of multiple testing. 

4.3.3.2 Experimental animal studies 

The Health Council of the Netherlands (Health Council of the Netherlands 2020a, 2020b) eval-

uated 23 studies in the 700 MHz to 2200 MHz frequency range and 20 studies in the 2.2 GHz 

to 5.0 GHz frequency range that examined brain electrical activity and signal transmission in 

the brain. Only a few of these studies had looked at evoked potentials. The committee concluded 

that exposure to RF-EMF is likely to have an effect on brain electrical activity, including evoked 

potentials. In addition, more recent studies in rats also showed effects on acoustically and vis-

ually evoked potentials with SAR levels below 2 W kg-1. 

 Resting-state waking EEG (experimental human studies) 

The two outcomes that have most frequently been used in experiments in humans in this context 

are the resting-state EEG and the sleep EEG (see section 4.3.5). The resting-state EEG examines 

the influence of RF-EMF exposure on brain activity while the brain is not subjected to any 

external stimuli. However, a distinction must be made between resting-state EEGs recorded 

with the subject’s eyes open or closed. During an eyes-open resting-state EEG a usually 

standardised visual input is applied, while during the eyes-closed version the brain does not 

process any external stimuli. The SSK (SSK 2011) emphasised that further research is needed, 

in particular with respect to the age dependency of effects, and that strict experimental protocols 

must be followed. Expert reports published since 2011 contain varying assessments of the 

results of studies on the influence of exposure to radiofrequency fields on the resting-state EEG. 

AGNIR (AGNIR 2012) pointed out that effects are small and inconsistent (without explicitly 

distinguishing between studies involving resting-state or sleep EEGs). The Norwegian Institute 

of Public Health (NIPH 2012) emphasised that effects are minimal and transient and not 

accompanied by symptoms. In the SCENIHR report (SCENIHR 2015) findings on EEG effects 

were not always explicitly differentiated according to sleep EEG and waking EEG. It also 

pointed out that any observed effects were small and of unclear physiological relevance. The 

DETEC - UVEK report (UVEK 2019) concluded that there was “sufficient evidence” of an 

influence of exposure to RF fields on electric currents in the brain, without however 

distinguishing between sleep EEG and waking EEG. The report by the Health Council of the 

Netherlands (Health Council of the Netherlands 2020a, 2020b) also did not strictly differentiate 

between sleep EEG and waking EEG. Of the 64 experimental human studies evaluated for the 

700 MHz to 2200 MHz frequency range, 27 (as already mentioned in section 4.3.3.1) looked at 

evoked potentials, 18 studies analysed brain electrical activity during sleep and 19 studies 

involved resting-state EEGs while awake. Four of the waking EEG studies found no effects, 

and in the 15 that did find effects it was not possible to conclude clearly whether the effects 

could be classified as favourable or unfavourable. In addition, they did not consider the 
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direction of the changes expressed in terms of higher or lower EEG spectral power17 under 

exposure. Two reviews of waking EEG studies published at almost the same time (Wallace und 

Selmaoui 2019, Danker-Hopfe et al. 2019) drew attention to the inconsistencies within the 

seemingly consistent effects in a more nuanced way. The findings relating to this outcome 

parameter were described as consistent simply because they were observed more frequently. 

Inconsistencies then begin to appear, for example, when it is a matter of the frequency bands 

involved and the direction of the effect: higher power during exposure versus lower power 

during exposure. This assessment was firmly substantiated by studies discussed in the SSM 

reports (SSM 2015, 2016, 2018, 2019) and by recent literature sources (see annex A-2.4.1). 

Three of the four studies discussed in the annex investigated brain activity using EEG. 

Nakatani-Enomoto et al. (Nakatani-Enomoto et al. 2020) found no effects during exposure to 

an LTE signal (1950 MHz, maximum SAR: 2 W kg-1). Loughran et al. (Loughran et al. 2019) 

found that exposure to a GSM signal (920 MHz, maximum SAR: 2 W kg-1) resulted in a 

significant increase in EEG power within the alpha frequency range18 (in this case 8 Hz to 

12 Hz) compared to sham exposure (testing carried out with one-sided error probability). This 

study did not find significant differences between exposure to a lower SAR level (maximum 

SAR: 1 W kg-1) and sham exposure. Vecsei et al. (Vecsei et al. 2018b) also observed a 

significant effect of exposure to RF (LTE 1750 MHz, maximum SAR: 1.8 W kg-1, UMTS 

1947 MHz, average SAR of < 2 W kg-1) on EEG power within the alpha frequency band. 

However, in contrast with Loughran et al. (Loughran et al. 2019), this study observed a decrease 

in EEG power. As before, it must be emphasised once again that stricter, standardised 

experimental protocols must be applied, as already pointed out in the SSK statement from 2011 

(SSK 2011) as well as in the review by Danker-Hopfe et al. (Danker-Hopfe et al. 2019). These 

contrasting findings demonstrate that the often-quoted homogeneity of results and/or “sufficient 

evidence” with respect to RF-EMF effects on waking EEG do not stand up to scrutiny. 

 Sleep EEG (experimental human studies) 

When evaluating studies on the influence of RF-EMF on sleep, it is necessary to distinguish 

between different endpoints. One possibility is to measure sleep by looking at sleep quality as 

experienced by the individual, i.e. by recording subjective symptoms (see section 4.4.2). 

Another is to measure sleep using a method called polysomnography, i.e. using objective data 

to define sleep quality. Electroencephalography (EEG), electrooculography (EOG), a technique 

recording eye movement, and electromyography (EMG), a technique recording muscle tone, 

can (among other information) provide data on sleep initiation, sleep continuity and sleep 

pattern, broken down into the different stages of sleep (macrostructure of sleep19). These 

techniques are among others used to diagnose patients suffering from sleep disorders. Lastly, a 

sleep electroencephalogram can provide data that enables a quantitative analysis (spectral 

power) differentiated according to sleep stages and time intervals during the night. A sleep EEG 

differs from a waking EEG not only with respect to vigilance levels20 (different sleep stages 

and depths of sleep, respectively) but also in the fact that external factors that influence sleep 

are controlled and/or excluded to the greatest possible extent. 

                                                 

17  EEG power: activity of an EEG signal, measured as an output variable, i.e. proportional to the square of the 

amplitude, specified for example as µV² or µV²/Hz for one frequency band. 

18  Alpha frequency band in general: brain waves with frequencies ranging from 8 Hz to around 13 Hz. 
19  Macrostructure of sleep: in sleep medicine, this comprises parameters relating to sleep initiation, sleep 

architecture, sleep maintenance and the distribution of sleep and waking periods. 

20  Vigilance level: level of central nervous system activity reflecting the capability of reacting quickly and 

adequately to infrequent and random stimuli within prolonged and monotonous settings. 
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Data on effects on the macrostructure of sleep was rated “inadequate” by ANSES (ANSES 

2013). Against the background of different durations of exposure and varying numbers of result 

parameters included in the studies, for example, the SSM expert reports (SSM 2015, 2018) and 

the studies listed in section A-2.5.1 classified effects relevant to this context as inconsistent.  

With regard to quantitative aspects of the sleep EEG, the conclusion drawn by the SSK (SSK 

2011, page 25, in German) was as follows: “At present it is not possible to make a final state-

ment about effects on sleep EEG. Hence there is a need for continued research.” This was also 

the conclusion reached by the Swedish Radiation Safety Authority (SSM 2010). The first step 

could be to encourage increased cooperation, including comparative parallel studies, among the 

groups working on this topic. In addition, there should be studies covering persons of all ages, 

from childhood to old age, in order to identify possible age-dependent effects. For the state-

ments on EEG by AGNIR (AGNIR 2012), the Norwegian Institute of Public Health (NIPH 

2012) and DETEC - UVEK (UVEK 2019), which do not differentiate between sleep EEG and 

waking EEG, refer to section 4.3.4. The Health Council of the Netherlands (Health Council of 

the Netherlands 2020a, 2020b) examined sleep in a separate section. However, the statements 

in that section presumably relate solely to the macrostructure of sleep. Twenty-three experi-

mental human studies investigating sleep behaviour were evaluated, twelve of which found no 

effects. The remaining eleven studies found that there were effects. Four studies observed ef-

fects that were favourable to sleep but also effects that were unfavourable, while seven studies 

found that the observed effects could not be unequivocally interpreted as favourable or unfa-

vourable to sleep. The Health Council of the Netherlands (Health Council of the Netherlands 

2020a, 2020b) concluded that effects are possible in the 700 MHz to 2200 MHz frequency 

range, but that no statement could be made with respect to the 2.5 GHz to 5.0 GHz frequency 

range. 

The report by the Health Council of the Netherlands included a section on electrical activity in 

the brain, which took into account a total of 18 studies on the microstructure of sleep (spectral 

power values). Of these, one third (six studies) did not observe any effects of RF exposure on 

spectral power values. The evaluation of the twelve studies that did observe effects could not 

unequivocally conclude whether the effects were favourable or unfavourable. ANSES (ANSES 

2013) summarised the studies available up to that point by stating that there was sufficient data 

to demonstrate an increase in the spectral power values within the frequency range of sleep 

spindles under short-term exposure. In contrast, SCENIHR’s assessment (SCENIHR 2015) 

stated that it was not possible to derive firm conclusions in view of the variety of RF-EMF, the 

variability in exposure duration, the number of electrodes taken into account, the different sta-

tistical methods used and the fact that effects are not limited to either NREM sleep or the sleep 

spindle frequency range. The inconsistency of the results was also corroborated by the studies 

discussed in the SSM expert reports (SSM 2015, 2016) and by the more recent studies listed in 

the annex A-2.5.1. Lowden et al. (Lowden et al. 2019) found that exposure to a UMTS signal 

(maximum SAR: 1.6 W kg-1) for a duration of three hours before falling asleep resulted in a 

decrease in power in the slow spindle frequency range during REM sleep. Danker-Hopfe et al. 

(Danker-Hopfe et al. 2020b), on the other hand, observed that exposure to WLAN over a period 

of eight hours (2.45 GHz, maximum SAR: < 25 mW kg-1, six-minute average: < 6.4 mW kg-1) 

throughout the night resulted in a decrease in global EEG power in the alpha frequency band 

during NREM sleep. The EEGs were recorded using 19 electrodes. This means that these results 

are again inconsistent – as they were in the resting-state EEG studies – and that only limited 

evidence of effects on the spectral power values recorded during sleep can be deduced from 

them. Danker-Hopfe et al. (Danker-Hopfe et al. 2020a) investigated potential gender-specific 

variations in effects of RF exposure (GSM: maximum SAR: 2 W kg-1; TETRA maximum SAR: 

6 W kg-1) on the macrostructure of sleep in older adults. Overall, there were a noticeably larger 

number of significant effects in women compared to men. However, these effects cannot be 
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interpreted as being disruptive to sleep. Eggert et al. (Eggert et al. 2020) used the same exposure 

parameters to examine the importance of age with respect to effects of RF exposure in men, 

and observed a number of differences. However, differences related to gender, in particular in 

old age, seem to be more pronounced than age-related differences in men. In light of the incon-

sistency of results, it is advisable for future studies to differentiate according to age and/or gen-

der in the assessment of findings. 

 Autonomous nervous system and cardiovascular system (experimental human 
studies) 

The SSK statement from 2011 (SSK 2011) did not look at parameters allocated to the 

autonomous nervous system. The same applies to some other expert reports listed in Table 3-4. 

AGNIR (AGNIR 2012) and the Norwegian Institute of Public Health (NIPH 2012) pointed out 

that only a few studies investigating these parameters had been carried out and that the results 

of existing studies did not indicate any negative influence of RF-EMF exposure on the 

cardiovascular system. ANSES (ANSES 2013) rated the evidence of an influence on heart rate 

variability and blood pressure “inadequate”. With two exceptions, the studies discussed by 

SCENIHR (SCENIHR 2015) and in the SSM reports (SSM 2013, 2014, 2015, 2016, 2018, 

2019) did not identify any effect on heart rate variability or other parameters allocated to the 

autonomous nervous system. The Health Council of the Netherlands (Health Council of the 

Netherlands 2020a, 2020b) evaluated a total of 24 experimental human studies that investigated 

effects of RF fields in the 700 MHz to 2200 MHz frequency range on the autonomous nervous 

system and the cardiovascular system. Two of these studies involved children and six involved 

individuals who described themselves as suffering from electrosensitivity. Twenty studies did 

not observe any effects of RF exposure, while three studies yielded results suggesting that 

exposure increases risks. One study found an effect that could not be evaluated. The authors’ 

assessment of the studies stated that the results did not allow the deduction of any association 

between exposure to RF and effects on the autonomous nervous system or the cardiovascular 

system and that, likewise, there were no observable effects for the 2.2 GHz to 5.0 GHz 

frequency range. The three studies conducted in the period from 2018 to 2020 with different 

endpoints did not find any RF effects on the response of electrodermal activity to acoustic 

stimuli. The results of the two studies investigating heart rate variability, among other 

parameters, were inconsistent. 

 Neurodegenerative diseases 

4.3.7.1 Epidemiology 

There are hardly any epidemiological studies into RF effects on neurodegenerative diseases, so 

such effects are rarely discussed explicitly in expert reports. According to ANSES, the epide-

miological evidence is inadequate. The report from the Netherlands found that there was a pos-

sibility of RF-EMF having an influence on neurodegenerative diseases. However, this conclu-

sion is based solely on in vitro and in vivo studies. One inherent difficulty for epidemiological 

research, apart from methodological problems, is the fact that when people first started to use 

mobile phones their decision to do so depended on their cognitive abilities. It is therefore not 

surprising that the largest study on this topic to date, carried out a few years ago, actually found 

a negative correlation between mobile phone use and dementia. However, this is most probably 

due to reverse causality rather than evidence of a protective effect. The cognitive status of users 

has an effect on their mobile phone use, not vice versa. 

Based on the small number of studies on mobile phone use and other neurodegenerative dis-

eases that are currently available, there is little evidence for a correlation.  
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4.3.7.2 Animal and cell studies  

The most recent assessments by expert bodies included only a very small number of studies on 

neurodegenerative diseases, all of them looking into associations with Alzheimer’s disease. The 

majority of these studies found that exposure to RF had no effects. Three in vivo studies using 

transgenic mice (carrying five human mutant genes) found that long-term exposure (eight 

months) to RF fields (SAR 5 W kg-1 or 6 W kg-1) had a beneficial effect on memory, decreased 

beta-amyloid content21 (a marker for Alzheimer’s disease), reduced neuroinflammation and in-

creased brain metabolism.  

The small number of more recent studies (including in vitro studies) yielded inconsistent results 

and did not contribute to further conclusions. 

4.4 Physical symptoms and wellbeing 

 Epidemiology 

While acute effects on general wellbeing can be studied using experimental, double-blind and 

randomised methods22 it takes epidemiological studies to investigate possible long-term effects.  

Most epidemiological studies using sound methods to determine exposure estimates did not 

observe adverse effects on general wellbeing as a result of long-term exposure to RF-EMF 

sources situated far from the body. For instance, unspecific symptoms such as headaches and 

problems with sleep did not occur more frequently in individuals who had experienced more 

intense exposure than in those who had experienced less. However, the actual difference in 

exposure in all these studies was very small. The threshold limit for the group with the highest 

exposure ranged from 0.07 V/m to 0.2 V/m. Accordingly, these studies do not provide 

meaningful data on longer-term exposure to higher intensities such as > 1 V/m. They do 

however reflect the fact that environmental exposures averaging > 1 V/m are very rare. The 

reports by the expert groups were fairly consistent in their conclusions that there is high quality 

of evidence that acute symptoms caused by exposure to EMF below the limits can be ruled out. 

Note, the majority of the reports based their assessments on combined evidence from 

experimental human studies and epidemiological studies. The DETEC - UVEK report (UVEK 

2019) explicitly looked at the evidence separately. Its assessment of the evidence for effects of 

long-term exposure ranged from “inadequate” to “absence of an effect”. The report explained 

the appraisal of the evidence as “inadequate” by stating that there were no studies on long-term 

exposure with intensities of more than 3 V/m to 6 V/m and that it was therefore not possible to 

reach conclusions on the effects of far-field exposure within this intensity range.  

Several studies found a negative correlation between the duration of mobile phone use and 

general wellbeing. However, more in-depth evaluation of the evidence suggests that this is not 

caused by RF-EMF exposure but may be attributable to other aspects of mobile phone use or 

to methodological shortcomings. This point was emphasised in the latest expert report by the 

Swedish Radiation Safety Authority (SSM 2020), for example, and in the Dutch report (Health 

Council of the Netherlands 2020a, 2020b). 

                                                 

21  Beta-amyloid (β-amyloid) consists of small proteins (peptides). It is the main component of the amyloid 

plaques, deposits that are found in the brain of Alzheimer’s sufferers (see also https://www.emf-

portal.org/en/glossary/3646). 
22  Double-blind study: a randomised controlled study in individuals in which neither the investigator nor the 

participants have information on group allocation (control group or experimental group). 

https://www.emf-portal.org/en/glossary/3646
https://www.emf-portal.org/en/glossary/3646
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 Experimental human studies  

The SSK statement from 2011 (SSK 2011) does not include an assessment of effects on symp-

toms and wellbeing. The expert reports published only one year later by AGNIR (AGNIR 2012) 

and the Norwegian Institute of Public Health (NIPH 2012) summarised the results of experi-

mental human studies available at the time by stating that there was no causal link between 

exposure and symptoms. According to SCENIHR (SCENIHR 2015) this is true in cases of 

short-term exposure for the general population and equally for children and adolescents, as well 

as individuals with self-reported electrohypersensitivity. ANSES (ANSES 2018) concluded the 

same with regard to self-reported electrohypersensitivity. The DETEC - UVEK (UVEK 2019) 

pointed out that since 2014 there had been hardly any additional provocation studies investigat-

ing acute effects of radiofrequency exposure on general wellbeing, summarising their assess-

ment by stating that even back then, the evidence suggested that there was no such link. Alt-

hough physical symptoms and general wellbeing were not primary result parameters in studies 

published after 2014, a small number of more recent studies investigated these parameters 

alongside others (SSM 2018; section A-3.2). The Health Council of the Netherlands (Health 

Council of the Netherlands 2020a, 2020b) based their assessment on 36 studies for the 700 MHz 

to 2200 MHz frequency range and concluded that RF exposure did not provoke symptoms in 

the short term. Only one of the 36 studies observed an effect, namely that exposure tended to 

result in greater calmness. There is no data from experimental human studies on effects of 

higher frequency ranges. Similarly, a more recent study investigating effects of exposure to 

UMTS (SAR: 1.6 W kg-1) on physical symptoms and drowsiness did not observe any acute 

effects. Three out of the four more recent studies described in section A-3.2 looked at effects 

of RF exposure on subjective sleep quality. Exposure to WLAN had no influence, whereas the 

effects observed after exposure to TETRA (SAR: 6 W kg-1) and GSM (SAR: 2 W kg-1) sug-

gested that such exposure may result in improved sleep quality.  

4.5 Immune system and haematology (animal and cell studies) 

ANSES (ANSES 2019) looked at four in vitro and in vivo studies in young animals (rats or 

mice) investigating the immune system and found no effects caused by RF-EMF. Studies on 

the immune system in adult animals were not available. 

Five further in vivo studies and five in vitro studies on effects on the immune system were 

identified for the period after 2019. However, the investigations were highly heterogeneous in 

terms of their endpoints and the living systems they used. A particular shortcoming of some of 

these studies was the quality of the exposure conditions and the experimental setup. 

Consequently, no evaluation can be made.  

4.6 Fertility and reproduction  

 Epidemiology 

The first ever prospective cohort study that met fundamental quality requirements (Hatch et al. 

2021) was published only recently. It included 3,000 adult males, and found that carrying a 

mobile phone in the front trouser pocket did not affect sperm quality or the time it took for 

female partners to get pregnant. The quality of epidemiological studies published previously 

was consistently inadequate, as pointed out by expert reports at the time. According to the DE-

TEC - UVEK report (UVEK 2019) the evidence for an effect on sperm quality was “insuffi-

cient”. ANSES (ANSES 2013) concluded that there was “limited” evidence. The studies avail-

able at that time had multiple weaknesses, one being that they did not use estimates of actual 

exposure on testicles but based their analysis almost exclusively on self-reported mobile phone 

use. Furthermore, only very few of the studies included lifestyle factors that could affect sperm 
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quality and correlate with mobile phone use in the analysis of results. Another weakness is that 

many of these studies are not population-based but were carried out in volunteers recruited 

among fertility clinic patients.  

There are no epidemiological studies on female fertility that are of sufficient quality. The small 

number of studies on embryonic development and other obstetrics-related disorders provided 

only weak indications for an association between mobile phone networks and foetal develop-

ment, but did not provide indications for other health problems. However, these studies did not 

include estimates of foetal exposure, and it therefore remains unclear whether other lifestyle 

factors that correlate with mobile phone use, for example stress, are the cause of this observed 

association. Expert reports either do not address this topic at all or state that the data is inade-

quate, making an evaluation of the evidence impossible. However, according to the report from 

the Dutch expert group, there may be a potential association, namely that – based on one epi-

demiological study – there are indications for an increased risk of premature birth but not for 

any influence on foetal development or birth weight.  

 Animal and cell studies  

Based on assessments of data derived from studies in both humans and animals, SCENIHR 

(SCENIHR 2015) concluded that, overall, there is strong evidence for the absence of an effect 

of exposure to RF fields on female or male fertility and on embryonic development. The DE-

TEC - UVEK (UVEK 2019) arrived at more or less the same conclusion, while also pointing 

out that some animal studies had found detrimental effects on sperm quality even at low SAR 

levels. According to the assessment by the Health Council of the Netherlands (Health Council 

of the Netherlands 2020a, 2020b), no conclusions on an association with male fertility can be 

drawn from in vivo studies covering the 700 MHz to 2200 MHz frequency range, whereas stud-

ies in the 2.5 GHz to 5.0 GHz frequency range did show possible effects with respect to this 

endpoint. The committee also stated that effects on pregnancy outcomes and embryonic devel-

opment are possible for both frequency ranges. 

Several other in vivo studies have been published more recently, some of them showing nega-

tive effects with respect to different endpoints, even at SAR levels below the commonly rec-

ommended exposure limits (for details see annex A-5.2.3). The findings are inconsistent, and 

were not dependent on exposure intensity (SAR levels) or duration.  

Recently published in vitro studies investigated whether exposure of rat spermatocytes and 

Leydig cells23 to low (0.15 W kg-1) and higher (up to 4 W kg-1) SAR levels had any effects on 

testosterone levels or oxidative stress and gene toxicity. According to the SSK these studies 

vary in many different aspects, which makes it difficult to evaluate their relevance in terms of 

health issues (for details see annex A-5.2.3). 

4.7 Other organ systems  

 Experimental human studies 

The SSK statement from 2011 (SSK 2011) did not include an assessment of experimental hu-

man studies investigating effects of RF-EMF on other organ systems. The Norwegian Institute 

of Public Health (NIPH 2012) summarised the results of studies investigating effects on mela-

tonin secretion that were available at the time, concluding that they offered no evidence for 

adverse effects of RF-EMF. The SSM reports from 2015, 2016, 2018 and 2019 (SSM 2015, 

                                                 

23 Leydig cells: cells that are found adjacent to the seminiferous tubules in the testicles and produce male 

hormones, in particular testosterone (see also https://www.emf-portal.org/en/glossary/2971). 

https://www.emf-portal.org/en/glossary/2971
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2016, 2018, 2019) described individual studies that investigated certain result parameters in-

cluding skin perfusion after thermal stimulation, cortisol levels in saliva, various proteins, elec-

trodermal activity and pain thresholds. Most of these studies did not find any effects. Similarly, 

two more recent studies described in the annex (see section A-6) provided no evidence for RF 

exposure having an effect on response thresholds to thermal stimuli in healthy adults or on the 

concentration of various biomarkers (alpha-amylase, immunoglobulin A and cortisol) found in 

the saliva of individuals with self-reported electrohypersensitivity. 

 Experimental animal studies 

SCENIHR (SCENIHR 2015) assessed many in vitro studies. The majority of the studies 

investigating non-genotoxic endpoints found that RF exposure within permissible limits had no 

effects, whereas in some cases DNA strand breaks and mitotic spindle abnormalities were 

observed. 

The ten studies identified by SCENIHR examined the function of different organ systems after 

exposure to RF-EMF (SAR levels below the specified limits), including the kidneys, adrenal 

glands, pancreas, liver and heart, and also examined specific blood parameters and sperm cells. 

Most of these studies involved rats. One study analysed the microstructure and metabolism of 

the thigh bone in mice. A few individual publications included molecular analyses after induced 

oxidative stress or looked at relevant markers for apoptosis and markers associated with stress-

specific signalling pathways (heat shock proteins, HIF-1α, NF-κβ). Two publications could not 

be included in the assessment due to a lack of transparency of exposure conditions. The 

remaining studies yielded results ranging from “absence of effects” to “acute kidney damage” 

or observed “adaptive response” to RF-EMF exposure and “triggering of thermoregulatory 

signal pathways”. In summary, these studies and the studies covered by previous assessments 

did not provide a uniform picture nor observe a trend in RF-EMF-induced effects on specific 

organ systems in vivo.  

4.8 Genotoxicity  

 Experimental animal studies 

The results of in vivo studies investigating whether RF-EMF exposure had genotoxic effects 

were rated “inconclusive” by most expert groups (FDA 2020, SCENIHR 2015, SSM 2015, 

2016, 2018) because, as stated in their reports, the available data was highly heterogeneous due 

to the varying quality of the studies and the different experiment setups. According to the 

ANSES (ANSES 2019) report, analysis of the in vivo data showed no evidence of genotoxicity.  

The National Toxicology Program (NTP 2018a, 2018b) conducted a two-year bioassay to 

investigate whether two commonly used RF-EMF exposure intensities influenced the 

development of cancer in rodents. Its endpoints also included genotoxicity (Smith-Roe et al. 

2020). Alkaline comet assays were used to identify potential DNA damage in cells from three 

regions of the brain, the liver and also in peripheral blood leucocytes, while chromosome 

damage in immature and mature peripheral red blood cells was assessed with the aid of a 

micronucleus assay. The comet assays detected a statistically significant increase in DNA 

damage in the frontal cortex of male mice (GSM and CDMA modulation), in leucocytes from 

female mice (CDMA only) and in cells from the hippocampus of male rats (CDMA only). 

Micronucleus tests in rats and mice showed no significant increase in micronucleated red blood 

cells. These effects were identified in animals exposed to very high intensities of RF-EMF 

(whole-body exposure: 6 W kg-1 in rats and 10 W kg-1 in mice). This level of exposure exceeds 

the maximum RF-EMF whole-body exposure recommended for the general public many times 

over. 
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One study investigated genotoxic effects in human hair follicle cells in the ear canal in 

individuals who self-declared their mobile phone use according to four categories: no mobile 

phone use at all, use of a mobile phone for 0 to 30 minutes per day, 30 to 60 minutes per day 

and more than 60 minutes per day. The authors looked at DNA damage in the groups exposed 

to RF-EMF and found that DNA damage increased with the duration of daily exposure.  

DNA damage was also identified in mouse spermatozoa (905 MHz, 2.2 W kg-1), but neither 

histological changes nor any increases in oxidative stress in the cells were detected. In contrast, 

exposure to RF-EMF had adverse effects on vitality and motility profiles of mature epididymal 

spermatozoa (epididymis: a coiled tube at the back of the testicles, see also https://www.emf-

portal.org/en/glossary/1842), although it did not affect their fertilisation competence or their 

ability to support early embryonic development. 

A further three in vivo studies were assessed according to the level of RF-EMF exposure, with 

all of them revealing genotoxic effects. In one study, effects were observed only at very high 

SAR levels. Another study was based on self-declarations by mobile phone users, while the 

findings of another study looking at mouse spermatozoa clearly indicated that there were no 

negative effects on their fertilisation competence nor their ability to support early embryonic 

development.  

To summarise: many studies on the genotoxicity of RF-EMF have already been carried out. 

Due to the varying quality of the studies and the different exposure parameters they used (e.g. 

exposures at very high SAR levels), the available data is highly heterogeneous. In conclusion, 

taking into account the results of the studies that met the quality criteria, it can be stated that 

exposure to RF-EMF at levels below the recommended limits does not cause DNA damage. 

 Cell studies 

After assessing the available data derived from the studies on genotoxicity, most expert groups 

(SCENIHR, SSM) concluded that there was limited evidence for RF-EMF having any effects, 

although the issue of whether RF-EMF causes direct DNA damage remains controversial. They 

state that the available data is highly heterogeneous due to the studies’ varying quality and 

differing experiment setups.  

In order to identify possible mechanisms of DNA damage as a result of exposure to RF-EMF, 

one study exposed mouse spermatozoa to RF-EMF at an SAR level of 4 W kg-1 and determined 

the resulting ROS levels, DNA damage and autophagy (see also annex A-7.2). Autophagy, or 

autophagocytosis, is the process of cells degrading and recycling their own components 

(ranging from damaged proteins to entire organelles). The results showed that increased ROS 

production caused by RF-EMF induces DNA damage and autophagy in the cells, with inhibition 

of autophagy resulting in increased DNA damage. It must be emphasised that all of these effects 

were found to be very small. Another study used primary cell cultures of neurogenic cells and 

exposed them to RF-EMF, again at an SAR level of 4 W kg-1 (see also annex A-7.2). In this 

case no DNA damage was detected, nor changes in the production of various cytokines. 

However, the authors found a decrease in microglia phagocytic activity, and also observed that 

exposure reduced the axon24 branch length  and branch number in primary cell cultures of 

cortical neurons. Both these findings were statistically significantly different. There was no 

evidence of morphology changes in dendrites25 or synapses.  

                                                 

24 Axon: cable-like extension of a neuron that transmits signals (see also https://www.emf-portal.org/

en/glossary/653) 

25 Dendrite: tree-like appendages of a neuron conducting signals to the main body of the cell (see also 

https://www.emf-portal.org/en/glossary/671) 

https://www.emf-portal.org/en/glossary/1842
https://www.emf-portal.org/en/glossary/1842
https://www.emf-portal.org/en/glossary/181
https://www.emf-portal.org/en/glossary/2683
https://www.emf-portal.org/en/glossary/653
https://www.emf-portal.org/en/glossary/653
https://www.emf-portal.org/en/glossary/671


Electromagnetic fields and 5G mobile networks 62 

 

The published results of four further studies involving various cells and cell lines did not 

indicate any genotoxic effects. One of these publications is not included in the assessment for 

this statement due to equivocal exposure conditions (for details see annex A-7.2). 

4.9 Oxidative stress  

After assessing the available data from studies investigating the effects of RF-EMF exposure 

on the induction of reactive oxygen species (ROS, oxidative stress), most expert panels 

concluded that there was “weak evidence”. This is based on findings from a few individual 

studies which observed an induction of ROS that could result in cell or DNA damage. 

 Experimental animal studies 

Seven such studies on induction of oxidative stress were available. Three of these (for details 

see annex A-8.1) used exposure instruments without describing exposure conditions 

transparently: either no information was provided or the use of the instruments did not allow 

precise dosimetry. For these reasons it is not possible to include these studies in the assessment 

for this statement. Two other studies did not provide any information on duration of exposure 

or the number of experiments. Information on whether these studies were blinded or not, was 

also not included. An increase in stress markers in rats following exposure was observed in one 

study but not in the other. Two further studies in rats described an increase in markers of 

oxidative stress but this had no influence on the endpoints that were actually investigated (stages 

of spermatocyte development, insulin and blood sugar levels).  

 Cell studies 

Three publications discussing in vitro studies on induction of oxidative stress were identified. 

In one of these the exposure was generated by a mobile phone, so this study is not included in 

this assessment due to non-transparent exposure conditions. One of the other studies found a 

decrease in markers of oxidative stress and the other found an increase, with the former study 

also failing to provide information on exposure duration or the number of experiments carried 

out. 

4.10 Mechanistic studies 

According to most of the expert groups (SCENIHR, SSM), the evidence provided by studies of 

RF effects on cell proliferation is “inadequate” or “weak” because the available data is 

equivocal. The situation is similar for studies on apoptosis (programmed cell death). However, 

in this case, the groups concluded that there was “limited evidence” for an RF-EMF-induced 

effect in vitro, basing this conclusion on the findings of several studies in various mammalian 

animal cells and human cells that had observed increased rates of apoptosis. 

There are few, if any, expert panel assessments of the effects of RF-EMF exposure on gene and 

protein expression because here the data is particularly heterogeneous. Many studies limit their 

findings to describing differences between exposed and non-exposed cells without subsequent 

functional validation, so the significance of the observed changes remains unclear. 

In recent years some groups focussed their attention on two specific endpoints of in vitro studies 

that had previously been largely neglected, namely the adaptive response and so-called non-

targeted effects (NTEs). After statistical evaluation, the results of the few available studies 

indicated that RF-EMF exposure resulted in changes to both these endpoints. However, it is not 

clear in what way these findings have any biological or health relevance and which mechanisms 

create the observed effect. Other studies investigated apoptosis, cell cycle and cell vitality as 
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endpoints, with very heterogeneous results. To date no reproducible effects with respect to any 

of these endpoints have been identified (for details see annex A-9). 

Molecular tests have likewise provided no evidence of a uniform pattern for effects and/or 

mechanisms. 

5 Evaluation of existing studies 

5.1 Methodological aspects of the evaluation of studies on mobile phone 
technology within the different research areas 

 Epidemiology 

There are several reasons why carrying out epidemiological research on electromagnetic fields 

and interpreting the findings is a challenge and why it throws up uncertainties that vary 

depending on which effect on health and which source of exposure are under investigation. The 

key sources of error arise from estimating exposure, controlling for confounders and the 

possibility of reverse causality. Each of these are briefly explained below.  

Studies on long-term effects have primarily focussed on associations between mobile phone 

use and head and neck tumours. Such tumours are rare, so the relevant research up to now has 

mainly involved case-control studies. In these, participants have to state retrospectively how 

often they have used their mobile phone. This gives rise to considerable uncertainty. There are 

also indications that tumour patients give higher estimates of their mobile phone use in 

retrospect than healthy individuals do, which leads to potential risk factors being overestimated 

(false positive finding). On the other hand, random errors in the estimation of exposure can 

result in significant misclassification of exposure, which in turn leads to an underestimation of 

potential risk (false negative finding). Moreover, mobile phones have efficient output power 

regulation, so the duration of mobile phone use is an imprecise substitute measurement for the 

radiation dose to the head. Random misclassification is especially significant in cohort studies 

if exposure is recorded at only one specific point in time.  

When looking at studies on mobile phone use it is also important to note that phone use can be 

affected by an individual’s state of health. There are indications, for instance, that more frequent 

mobile phone use after a tumour diagnosis correlates with a higher probability of survival. It is 

extremely likely, however, that this is not causally linked to exposure to EMF but to the fact 

that patients who suffer fewer symptoms and therefore have a higher probability of survival 

also use their mobile phone more often. Correspondingly, this type of bias can be expected in 

connection with other health effects as well (behavioural problems, sleep disorders etc.). Errors 

can also occur in cases where a number of joint latent variables (confounders) affect both 

quality of life and mobile phone use or lifestyle-related use of other RF-EMF sources (cordless 

phones, WLAN). Consequently, cross-sectional studies provide only limited meaningful 

information on health effects of this kind. As a rule, longitudinal studies are less susceptible to 

confounding. 

One particular challenge is estimating exposure to RF from far field sources such as mobile 

phone base stations. Self-reported distance to the nearest base station does not correlate with 

RF exposure, and therefore studies relying on such reporting do not provide meaningful 
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information (or, at best, information on potential nocebo effects26). Furthermore, average 

exposure from far field sources as a proportion of total exposure is so small that estimations of 

exposure are always subject to great uncertainty and misclassification of exposure is 

unavoidable. This is particularly true for the estimation of long-term exposure, which is 

necessary for studies on chronic illnesses. In addition, as the output power of mobile phones 

increases with decreasing signal quality, it is to be expected that overall exposure to RF-EMF 

could be higher for mobile phone users in areas with bad reception (i.e. with lower exposure 

from base stations) than for persons who live close to a base station and therefore use their 

phones more often under conditions where signal quality is good. However, there is currently 

no systematic data available to quantify this effect in relation to mobile phone use. In individual 

instances there are of course many different methodological aspects in addition to the ones 

mentioned above which can lead to false positive or false negative results and/or can result in 

the overestimation or underestimation of risks. For this reason, it is essential that epidemio-

logical studies are carried out using different approaches so that an overall picture can be 

deduced notwithstanding the unfavourable or favourable findings in individual studies. 

 Experimental human studies 

One difficulty with the assessment of experimental human studies on effects on cognitive 

performance is the wide variation in the number of areas of cognition investigated by the 

studies, but also in the number of tests used to examine individual cognitive functions and, 

linked to that, the number of result parameters under consideration. As early as in 2011, Regel 

and Achermann pointed out potential causes behind the inconsistency of findings concerning 

influences on cognitive performance and emphasised the necessity of using standardised 

protocols in the area of research on effects of RF-EMF (Regel und Achermann 2011). Similarly, 

research on evoked potentials (visual, auditory, somatosensory) also includes many different 

result parameters (latencies and amplitudes of different components of the respective potentials) 

which, in addition to methodological aspects, can contribute to the heterogeneity of study 

results. Problems with the evaluation of quantitative analyses of sleep EEGs are created by 

methodological aspects of studies, such as exposure prior to night sleep versus exposure during 

night sleep; exposure of an entire hemisphere versus local exposure similar to mobile phone 

use; the individual sleep stages examined (NREM sleep, REM sleep, stage N2 sleep); the 

various periods of time considered (the entire night, the first stages of sleep, the first 30 or 60 

or 120 minutes of NREM sleep etc.); the number of electrodes taken into account; and the 

examination of different frequency bands versus individual frequency bins (smallest units on 

the frequency axis in the EEG spectrum, in which power values are calculated). All of the above 

can contribute significantly to results being inconsistent. However, some of these parameters 

(e.g. the time periods during night sleep) can also be used to make results appear more 

consistent. The same can be said for effects on resting-state waking EEGs. Wallace and 

Selmaoui (Wallace und Selmaoui 2019) and Danker-Hopfe et al (Danker-Hopfe et al. 2019) 

pointed out possible sources of inconsistencies in study results, independently of one another. 

Danker-Hopfe et al. (Danker-Hopfe et al. 2019) strongly recommend that future studies in this 

research area should use comparable and standardised protocols. 

All EEG-based result parameters show more or less pronounced age- and/or gender-specific 

variations. Studies with male and female or older and younger participants should therefore be 

evaluated using stratification or standardisation according to age and/or gender. Failing this, it 

                                                 

26  Nocebo effect: unfavourable health effect of an agent caused by negative expectations without any direct or 

immediate causal link between agent and effect. The opposite of this is the placebo effect, which by analogy 

describes a favourable health effect. 
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is possible that effects that may in fact be present are not detected because of significantly 

greater data variability. 

 Animal and cell studies 

Experimental studies researching potential biological and health effects of mobile phone 

technology began decades ago, but there are still controversies, in particular because there is an 

absence of consistent findings on potential unfavourable effects at exposures below the 

regulatory limits. In addition, there is no convincing mechanistic explanation for how low-level 

RF-EMF cause biological effects. 

Many in vivo and in vitro studies show inconsistent results because of the large number of 

biological and physical variables they use (animal models, cell types, frequencies, SAR values, 

duration of exposure and observed biological endpoints). The end-result is a large number of 

studies that cannot be compared with each other. Consequently, there is no “critical mass” in 

terms of studies on specific endpoints. Other problems are a lack of reproducibility and a lack 

of replication studies. Other aspects that make the evaluation and discussion of results difficult 

are poor quality of exposure conditions and a lack of controls (positive, negative, sham) in many 

studies. In the absence of positive controls, effects cannot be evaluated because it is not possible 

to compare findings. This means that the results cannot be analysed and understood in the 

correct context, and data from such publications cannot be included in risk assessments. 

Experiments must therefore always be carried out under strictly controlled exposure conditions 

using relevant controls.  

Another problem in relation to study design is the issue of multiple comparisons. In studies of 

this type, it is possible that the researchers will draw incorrect statistical conclusions.  

As already mentioned regarding experimental human studies, EMF research (or at least studies 

investigating non-thermal effects of RF-EMF) should apply appropriate standard operating 

procedures (SOPs) or a strict definition of uniform best practice. 

 Interpretation of statistical parameters 

The p-value (P) is a measure used in studies to validate the presence of relevant effects on the 

endpoint that the study is investigating. However, the p-value does not provide any information 

on the strength of an effect or its biological or health relevance. With increasing study sample 

size it is possible to determine that even very small observed differences in the findings are 

statistically relevant even though they are not relevant to health. In studies with small sample 

sizes, on the other hand, it is not possible to determine the significance of effects because the 

study has insufficient power.  

In simple terms, the p-value measures how probable it is that a specific result is due to chance. 

A typical significance level of 5%, for instance, means that out of 20 analyses one is expected 

to yield a statistically significant result that has occurred randomly. In many studies a large 

number of statistical tests are performed in respect of various endpoints, exposure variables or 

subgroups, so random findings are expected to be a frequent occurrence. Furthermore, studies 

using small sample sizes are also susceptible to random findings because basic assumptions on 

data distribution often do not apply. On the level of individual studies, the risk of false positive 

findings can be reduced by correcting for multiple testing (type 1 error). This, in turn, obviously 

increases the risk of overlooking an actual association (type 2 error). For this reason, appropriate 

planning of sample sizes is essential before a study is undertaken. In addition to indicators of 

statistical significance, a measure indicating the strength of effects should always be specified 

in order to better determine the relevance of differences in findings observed with or without 

exposure.  
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When evaluating evidence it is important to take account of the entirety of the study results on 

a specific endpoint that are of sufficient quality rather than relying on individual findings. Meta-

analysis can be used to calculate the strength of an association including the statistical 

uncertainty (confidence interval), which in turn enables the findings to be interpreted in terms 

of the relevance of any biological and health effects. 

 Difference between hazard and risk 

As a general principle it can be stated that a health risk only exists if a dangerous substance is 

present or if an individual is exposed to a physical agent, and if either the substance or agent 

are present in sufficiently high quantities. It is therefore necessary to carry out a twin-track 

analysis when assessing risks to health, consisting of firstly analysing the potential hazard posed 

by a substance or physical agent and secondly analysing the risk involved. Rather than being 

treated as two distinct entities, these two analyses are frequently regarded as equivalent, which 

leads to misinterpretations. 

In most cases, the initial step is to identify whether exposure could in principle constitute a 

hazard, without looking in detail at the intensity of the exposure or the probability of the hazard 

actually being present. If it is concluded that it is fundamentally impossible for the exposure to 

generate effects that are disadvantageous to health, no further analyses are necessary. 

For instance, the objective of the IARC monograph programme is to identify potential cancer 

risks, but it does not quantify the concrete risk posed by a specific level or dose of exposure 

(https://monographs.iarc.who.int/). This means that the IARC classifications merely ascertain 

whether exposure to a specific substance or physical agent can, in principle, feasibly cause 

cancer. Similarly, one of the main tasks of the US National Toxicology Program (NTP) is to 

identify hazardous substances or physical influences that are carcinogenic to humans. 

Substances or physical agents are classified as carcinogenic if exposure to them can in principle 

cause cancer even if this effect is only present at very high dosages. Such classifications can 

therefore not be used to draw conclusions on the individual risk of developing cancer. Both the 

IARC and the NTP identify and characterise the carcinogenic potential of exposure to a 

substance or physical agent but do not quantify the risk of actually developing an illness. 

A risk to health can only be quantified accurately when there is information on what amount or 

intensity of exposure is expected to have disadvantageous effects and when there is quantitative 

information on the individual doses or levels of exposure actually experienced by individuals. 

For example, if in real life people are only exposed to a specific substance or agent at dosage 

levels that despite intensive research have not been found to have the negative health effect 

under investigation, the risk of dangerous effects on the individual can be classified as very low 

or even negligible, even if the substance or agent is known to have disadvantageous effects at 

higher dosages. 

5.2 Concluding assessment by the SSK  

Updating the SSK statement of 2011 (SSK 2011), the SSK summarises the available evidence 

for biological and health effects of RF-EMF as follows (Table 5-5):  

https://monographs.iarc.who.int/
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Table 5-5: Summary of assessments for all evaluated endpoints in accordance with the 

EFHRAN model 

Endpoints Lines of evidence/assessment 

 Epidemi-ol-
ogy 

Experi-
mental hu-

man studies 

Experimental 
animal stud-

ies 

Cell stud-
ies 

Cancer 0   +/0 +/0 

Behaviour 0  +/0  

Cognitive functions +/0 +/0 +/0  

Cerebral blood flow and brain metabolism  0 -  

Sleep EEG – spectral values  +   

Sleep EEG – macrostructure  0   

Resting-state waking EEG  +   

Event-related and evoked potentials  +/0 +/0  

Autonomous nervous system and cardiovas-
cular system 

0 - n.a.  

Neurodegenerative diseases 0  - 0 

Symptoms and wellbeing 0 -   

Immune system and haematology 0 0 n.a. n.a. 

Fertility and reproduction 0 0 +/0 0 

Embryonic development 0  0 n.a. 

Other organ systems 0 0 0 n.a. 

Genotoxicity 0 0 +/0 +/0 

Oxidative stress  0 + + 

Mechanistic studies   0 0 

For cancer there is presently “inadequate epidemiological evidence” for any link with mobile 

phone use or RF-EMF exposure from base stations. The vast majority of epidemiological 

studies find no association between these forms of RF-EMF exposure and various types of head 

and neck tumour or the onset of leukaemia. Associations observed in isolated instances are not 

compatible with the fact that incidence rates have not risen in recent years, as would have been 

expected if mobile phone use presented a tumour risk. However, given the available data it is 

impossible to entirely rule out slight risks, especially in cases of intensive mobile phone use 

over many years or in relation to rare tumours. Exposure from base stations is at a significantly 

lower level than that from mobile phones, so any association with tumours in such instances is 

even less likely to the same degree. No convincing indications for carcinogenic effects caused 

by RF fields have been found in the in vivo and in vitro studies, either. “Limited evidence” was 

obtained from two animal studies (Falcioni et al. 2018, NTP 2018a, 2018b), although they leave 

some important questions unanswered. Both of these studies found a statistically significant 

increase in schwannomas of the heart and an upward trend in the number of gliomas following 

whole-body exposure of male rats. In contrast, no such finding was observed in female rats nor 

++ “Sufficient evidence” /A relationship between exposure and effect has been confirmed in several studies by 

independent researchers or under different protocols. The exposure-response relationship is consistent, and 

other confounding factors can be ruled out with reasonable confidence. 

+ “Limited evidence” /The observed effect is based on only a small number of studies, or there are unresolved 

questions regarding the design, conduct or interpretation of the studies. Other confounding factors cannot be 

ruled out in the studies with reasonable confidence. 

0 “Inadequate evidence” /The quality, consistency or statistical power of the studies do not allow clear conclu-

sions to be drawn.  

- “Evidence suggesting a lack of effects” /When no effects have been observed in several studies by inde-

pendent investigators under different protocols involving at least two species or two cell types and in relation 

to a sufficient range of field intensities. 

n.a. No studies are available 

 Studies cannot be carried out for ethical and/or methodological reasons, or they are not appropriate for 

these endpoints. 
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in mice in the NTP study. The limiting factors affecting interpretation of the NTP findings are 

the longer lives of the male rats and the large number of other tumours that occurred but showed 

no link with RF-EMF exposure. In addition, there are difficulties with interpreting the statistical 

analyses and there are unanswered questions regarding the effects of exposure on changes to 

body temperature. Furthermore, the effects described in the NTP study were only identified at 

exposure levels many times higher than the maximum whole-body RF exposure levels 

permissible for the general population. 

Apart from cancer, influences on behaviour and cognitive functions are among the most 

thoroughly investigated endpoints. Evidence of influences on behaviour from epidemiological 

studies is considered “inadequate”, although there are indications that behavioural problems 

lead to greater mobile phone use, and not vice versa. The evidence from in vivo studies ranges 

between “inadequate” and “limited”. Sporadically observed links are inconsistent, and point to 

both positive and negative connections. It remains unclear, therefore, whether these are random 

findings or whether distortions in the study results are the reason behind these isolated 

observations.  

As far as cognitive functions are concerned, the assessment of evidence for epidemiology, 

human studies and in vivo studies ranges between “limited” and “inadequate”. A very large 

number of experimental human studies on cognitive functions have been carried out. Effects on 

cognitive functions were observed in only around a third of all experimental human studies. 

These effects were observed sporadically for different cognitive domains, which were investi-

gated with different tests. The evidence is therefore rated as “inadequate/limited”. Moreover, 

effects were observed in opposite directions. Roughly half of the studies found an impairment 

of cognitive performance, while the other half described an improvement. The observed 

differences could therefore also be attributable to the experimental conditions (such as the time 

of day at which the tests were carried out, or learning effects).  

Possible influences of RF-EMF on electrical brain activity should be assessed separately for the 

various activation states of the brain: (1) the electrical activity of the brain in the resting state, 

in which external influences are excluded to the greatest possible extent while at the same time 

complex internal regulation mechanisms take effect (sleep); (2) the activity of the brain in the 

relaxed waking state, which is very largely dependent on the general level of activation 

(vigilance) with the control of external stimuli; and (3) reactive activity in the brain in response 

to external acoustic, visual and/or sensorimotor stimuli (event-related and evoked potentials) 

which are the basis for cognitive performance. In studies on items (1) and (2) above which 

investigated brain activity by means of quantitative evaluation of the EEG (power spectral 

analysis), differences between sham exposure and radiofrequency exposure were repeatedly 

observed. In the first instance this suggests the conclusion can be drawn that there is “limited 

evidence” for the presence of effects. On closer examination, however, the results are less 

consistent than is apparent at first glance, which is why the evidence is classified as “limited”. 

One of these inconsistencies is the fact that influencing of the EEG spectral power values is 

shown in different directions. For example, both higher and lower spectral power values were 

observed in both the waking state and asleep under exposure to RF fields. With regard to evoked 

potentials triggered by external stimuli, effects were observed in roughly one third of studies, a 

similar figure to that for cognitive functions. Considering the large number of result parameters 

affected in isolated instances in this case too, the assessment is given as “inadequate/limited 

evidence”. The results of studies in which the influence of RF-EMF exposure on the macro-

structure of sleep is analysed are also EEG-based. The studies exhibit numerous methodological 

differences in respect of exposure and evaluation, which may have led to inconsistent results. 
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Consequently, the evidence for the macrostructure of sleep is currently classified as “inade-

quate”. A more recent study shows that gender differences can be observed in the effects of 

exposure on sleep, among older people in particular.  

Whether the observed effects on the EEG are of relevance to health, and if so, whether the 

effects are positive or negative, depends on the context of the investigation (sleep, relaxed 

waking state or response to external stimuli). No clear conclusions can be drawn in this regard. 

What is undisputed is that brain activity measured by EEG is a highly sensitive endpoint, and 

by its very nature is subject to considerable physiological fluctuations.  

Evidence for acute effects (in human studies) on the autonomous nervous system and the 

cardiovascular system is “absent”. There have been only a small number of epidemiological 

studies on long-term effects, and the evidence is “inadequate”.  

Considering the small number of epidemiological studies on neurodegenerative diseases, the 

evidence of any risk in this connection is rated as “inadequate”. The majority of in vivo studies 

found either no effect or favourable impacts on memory and various relevant biomarkers, such 

that there is evidence of an “absence of an effect”.  

In experimental human studies there is evidence that no acute symptoms occur in connection 

with RF-EMF. This link was investigated in many experimental studies, some of which also 

included individuals who stated that they responded particularly sensitively to fields of this 

type. Connections observed in isolated cases do not reveal any uniform pattern in terms of the 

nature of the symptoms or type of exposure, and in all probability can be attributed to random 

events, since many different symptoms were often investigated in these studies. The occurrence 

of nocebo effects in experimental studies is beyond dispute, however – in other words, when 

subjects expect to be exposed to RF-EMF they state that they have more symptoms. If EMF 

effects were as pronounced as nocebo effects, there is no doubt that they would have already 

been proven. In relation to long-term effects the evidence is rated “inadequate”. The 

development of symptoms, especially headaches, in connection with mobile phone use was 

observed in several studies but is more likely to be attributable to stress experienced by mobile 

phone users rather than RF-EMF. There is little data available on exposure from base stations 

in the range above 1 V/m.  

There have been very few studies on the effect of RF exposure on the immune system or the 

formation of blood cells. For this reason no assessment is given.  

The epidemiological evidence for an effect on fertility was classified as “insufficient”. There 

have been hardly any studies on female fertility. With regard to male fertility, the majority of 

studies do find a link, in particular a connection with reduced motility of sperm, but the quality 

of these studies is so low that no conclusions can be drawn from them in terms of the effect of 

RF-EMF. The evidence from in vitro studies is similarly “inadequate”, while the evidence from 

in vivo studies ranges from “inadequate” to “limited”. What is unclear here is how quickly 

reversible any observed effects are. The few epidemiological studies on embryonic develop-

ment find no connections in this regard. Given the small amount of data available, the evidence 

is rated “inadequate”. 

The investigations into genotoxicity following exposure to RF-EMF do not reveal a hom-

ogeneous picture. A small number of epidemiological studies point to genotoxic effects, but the 

quality of the studies is often inadequate. On the basis of this data, the evidence is rated “inade-

quate”. A few in vivo and in vitro studies also indicate genotoxic effects, although the effects 

are often only detected at exposure levels above the specified limits. Since the vast majority of 

relevant available studies find no connection between RF-EMF exposure below the specified 

limits and damage to DNA, the evidence is assessed as ranging from “inadequate” to “limited”.  
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Free radicals are reactive oxygen species (ROS) that arise as intermediate products of 

metabolism. Free radicals have unpaired electrons that are seeking to bond with other molecules 

or atoms in the organism. This triggers a chemical chain reaction, which creates new free 

radicals. The body’s own antioxidants are antagonists of free radicals that neutralise them or 

trap them. Oxidative stress is said to be occurring when the balance between these molecules 

no longer holds and the ROS concentration is elevated. However, the concentration of the 

higher quantity of ROS is usually not discussed; only the fact that an increase has occurred is 

reported. Oxidative stress is a physiological process in which the balance between free radicals 

and antioxidants has been disturbed. This may be because of a higher concentration of ROS or 

a lower concentration of antioxidants than in the normal state. Free radicals are relevant factors 

in the activation of mitochondria, programmed cell death (apoptosis), and support for the 

immune system. Small quantities of ROS, however, act as cellular signal molecules (second 

messengers) for certain cell activation processes, such as the activation of intracellular signal 

pathways (Sies 2019).  

Many in vivo and in vitro studies find indications of changes to oxidative stress following 

exposure to RF-EMF. However, these indications relate to the statistical evaluation of the 

experiments, not to the relevance of these effects to biology and health. In most cases no 

information is given on concentrations in relation to the changes nor are there any positive 

controls, so assessment of these effects is made more difficult. As the quality and statistical 

power of many studies are very low and the relevance of the effects to biology and health is 

still insufficiently understood, the evidence is rated as being “limited”.  

Molecular studies of the mechanisms were not able to produce a uniform picture, hence the 

evidence in this case is assessed as being “inadequate”. 

6 SSK statement on biological and health effects of mobile phone 
signals 

Based on the current state of research into the biological effects of exposure to RF-EMF in the 

FR1 frequency ranges, which are currently used for 2G, 3G and 4G and will increasingly be 

used for 5G mobile communication in future, the SSK concludes that there are no robust indica-

tions of health risks for individual exposure below the national limits set for base stations and 

mobile devices in Germany. This leads us to state that, also given the current state of research, 

the limits for exposure to RF-EMF in force in Germany are sufficient to ensure protection. 

Our assessment of the currently available information has produced the following findings, 

detailed below in the terms used in Table 5-5 :  

− Evidence for all health effects included in the assessment is either “absent” or 

“inadequate” or the evidence is described in terms ranging from “inadequate” to 

“limited”. Of course, the possibility that an association may exist can never be 

completely ruled out. However, the available data at least allows us to conclude that the 

risk to the health of an individual is small, if one exists at all. One reason for this is that 

none of the assessed endpoints present a uniform picture in relation to the lines of 

evidence investigated in each case (epidemiology, experimental human studies, in vivo, 

in vitro). 

− “Evidence of the absence of an acute effect” was found with respect to the autonomous 

nervous system and the cardiovascular system (human studies), unspecific symptoms 

such as headaches, sleep disturbances etc. (human studies), neurodegenerative diseases 

(in vivo) and cerebral blood flow and brain metabolism (in vivo). 
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− “Inadequate evidence” was found for all health effects investigated in epidemiological 

studies and a number of other effects in experimental human studies, in vivo studies and 

in vitro studies. 

− A few individual lines of evidence produced “inadequate” to “limited” evidence with 

respect to the following endpoints: cancer (in vivo, in vitro), behaviour (in vivo), 

cognitive functions (epidemiology, human studies, in vivo), event-correlated and 

evoked potentials (human studies, in vivo), fertility and reproduction (in vivo), 

genotoxicity (in vivo, in vitro).  

− “Limited evidence” was found for a number of biological effects such as influences on 

the spectral power values of sleep EEG and waking EEG (in experimental human 

studies) and oxidative stress in cells (in in vivo and in vitro studies).  

It must be emphasised that the findings do not indicate whether the observed biological effects 

are relevant to health and – if they are – whether they have disadvantageous or advantageous 

consequences for health. Accordingly, as yet no potential mechanism of action has been 

identified which indicates that such biological effects could damage health and describes how 

they do so. As a general principle, the fact that environmental stimuli have biological effects 

does not directly lead to the conclusion that they cause damage to health.  

Nevertheless, since the widespread use of mobile communication technology means that even 

potentially small risks may be relevant at societal level, it is essential to continue to assess 

possible health risks. The World Health Organisation is currently carrying out ten systematic 

reviews with the aim of characterising potential risks more precisely and identifying priorities 

for future research (Verbeek et al. 2021). 

7 Unanswered questions 

The review of the literature demonstrates that there should be further research into a number of 

different aspects of potential effects of RF-EMF. Specifically, in the opinion of the SSK, the 

following aspects should be examined in more detail (order of listing does not reflect priority).  

− The health relevance of small measurable effects (see Table 5-5) that have been 

observed in isolated cases after exposure to RF-EMF is not yet clarified.  

− There are also unanswered questions in the area of dosimetry with regard to the energy 

absorbed by biological tissue, especially with simultaneous exposure from multiple 

sources. Questions also remain with respect to new types of exposure that may arise 

when the technology is used in new ways.  

− In general, the question of whether the signal characteristics (e.g. modulation) 

contribute to biological effects or whether only the energy absorbed is decisive has not 

yet been definitively clarified. While this question is difficult to answer in 

epidemiological studies due to the high number of RF-EMF sources in everyday life, it 

can be systematically investigated using experimental approaches.  

− More detailed studies are also necessary to investigate whether low-level exposure can 

produce thermal effects that could explain subtle biological effects (such as a potential 

influence of minor increases in skin surface temperature on brain activity, or the 

possibility of inhomogeneous distribution of temperature and electromagnetic fields in 

in vitro samples). 

− In vivo studies on genotoxicity and carcinogenicity leave questions unanswered on dose-

effect relationships and on the potential importance of thermal effects. Future studies 
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should primarily focus on levels of exposure at which influences of thermal effects on 

the study result can be ruled out.  

− There is relatively little good-quality epidemiological data available on effects on 

reproductive organs, newborns and neurodegenerative diseases, and likewise on long-

term cognitive effects in children and adolescents. Large-scale nationwide cohort 

studies are suitable means of prospectively identifying changes in population health and 

investigating a variety of potential health effects and exposures over the long term. Such 

studies should also look at biomarkers in addition to health effects, in order to improve 

understanding of the mechanisms of disease. It is important in this context that RF 

exposure is measured continuously and as accurately as possible and that other 

environmental influences and lifestyle factors relevant to health are recorded alongside 

them.  

− A number of studies investigating head and neck tumours are already available, so large 

data sets will be needed to provide any further insights in this regard, such as the 

COSMOS study which is still ongoing (Schüz et al. 2011). The fact that practically the 

entire population uses mobile phones should lead us to expect that, after a certain latency 

period, potential tumour risks will manifest themselves in increasing disease incidence. 

A systematic evaluation of the corresponding data with respect to changes in the 

exposure of the population to RF-EMF is therefore worthwhile. Up to now, the head has 

been the body part that is mainly exposed to RF-EMF, and brain tumours have few other 

risk factors that could affect the trends over time. In order to facilitate the interpretation 

of tumour incidence in relation to long-term mobile phone use, it is also important to 

collect statistical data within the population showing average mobile phone use and 

perhaps cordless phone use, average output power of mobile devices and changes in 

user behaviour. Ideally, additional data could be collected on the average output power 

of base stations and on environmental exposure. 

− Large-scale population studies should be used to clarify to what extent effects on 

behaviour and quality of life are indeed caused by various forms of exposure to EMF in 

people’s daily routine or are caused by other factors associated with the use of electronic 

media. There are also as yet unanswered questions in relation to individuals suffering 

from electromagnetic hypersensitivity. There is currently scant evidence for a link 

between RF-EMF and the development of symptoms. Nevertheless, it is of course 

impossible to completely rule out such an association in any individual case. Studies 

that examine a single individual at a time are still few and far between – for example 

individualised provocation studies that meet basic quality requirements and specifically 

examine the exposure reported by sufferers (Schmiedchen et al. 2019). Most of the 

studies conducted so far have tested all participants under the same exposure conditions 

and analysed the group as a whole. This means that, in theory, individual cases could 

be drowned out by statistical white noise. In view of the strong evidence that, in the 

majority of cases, EMF is not responsible for the self-reported symptoms of individuals 

who describe themselves as EHS sufferers, better ways of appropriately addressing their 

situation should be explored, such as appropriate communication and, if necessary, 

treatment.  

− The EEG-based result parameters for which “limited evidence” was found to be caused 

by RF-EMF are subject to physiological age- and gender-specific changes, and there are 

also indications of gender differences in older healthy individuals. It is therefore advi-

sable that studies should be carried out on a) gender-related differences in younger 

adults, and b) age-related differences of RF-EMF effects in women. The design of 
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studies in younger women should always take their menstrual cycles into account 

because they can influence result parameters such as sleep or cognitive function.  

− The majority of experimental human studies to date have been carried out using healthy 

participants. There have so far been no studies investigating the effects of exposure to 

RF-EMF on individuals suffering from disorders in which EEG-based result parameters 

deviate from those found in healthy individuals. This applies to insomnia, for example, 

where the EEG frequently shows an increase in beta power during the night, or to the 

early stages of dementia in which a slowing down of the resting-state EEG is seen in 

many cases.  

− Based on experimental animal studies that found an advantageous effect of exposure to 

RF-EMF in Alzheimer mouse models, it would be advisable to conduct experimental 

human studies to examine whether such an advantageous effect can also be observed in 

humans, for instance an effect on memory consolidation during sleep.  

− With a view to the planned use of millimetre waves (5G FR2 or 6G), it would be 

advisable to intensify future research in this frequency range as well.  

A fact that applies to all research areas is that studies only contribute to our knowledge if they 

adhere to strict quality criteria and use appropriate standard operating procedures, including 

appropriate statistical methodology. In all types of studies, it is also important to choose sample 

sizes that are large enough to ensure that the results they produce are robust.
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Annex 
Detailed evaluation of more recent studies between 2018 and 2020  

This section covers studies that have been made available in the following literature databases 

since 2018: the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) and the EMF-Portal 

(http://www.emf-portal.org/). The evaluation takes into account original studies that were 

published in English or German in peer-reviewed journals in the period between 2018 and 2020. 

Certain studies published at later dates were also included if they covered endpoints that had 

previously been rarely investigated. Human studies (epidemiology, experimental studies), in 

animals (in vivo) and cellular studies (in vitro) were taken into account provided that they met 

fundamental methodological requirements. Epidemiological studies were only considered if 

they described how participants had been selected, including the relevant inclusion and 

exclusion criteria. The studies also had to use appropriate methodologies to quantify RF-EMF 

exposure, and the statistical analyses needed to be valid and take account of significant 

confounders such as the participants’ age, gender and socio-demographic characteristics. As far 

as experimental human studies are concerned, the evaluation disregarded publications with 

insufficient information on study design (e.g. on blinding) or inadequate descriptions of the 

exposure, and studies that did not include a sham control. Studies on RF-EMF exposure that 

were carried out as part of research into commercial applications unrelated to mobile 

telecommunications were likewise disregarded. The technical and scientific information 

provided in the in vivo and in vitro studies was checked in order to ensure that publications 

were only included in the analysis if they gave a description of exposure conditions and 

bioanalytical methods that allows an assessment.  

A-1 Cancer 

A-1.1 Epidemiology (details relating to section 4.2.1) 

All epidemiological studies on head and neck tumours that had been published by the end of 

2017 were evaluated and described in a review article that also included a meta analysis (Roosli 

et al. 2019). The overall conclusion was that there is no statistically significant association 

between long-term mobile phone use (> 10 years) and the risk of developing head and neck 

tumours. The study results are very heterogeneous with regard to gliomas and acoustic 

neuromas.  

A Swedish study that ran from 1989 until 2014 and involved 2,748 patients with EMF-emitting 

cochlear implants found no evidence of increased incidences of gliomas, meningiomas or 

acoustic neuromas (Smeds et al. 2018). The strength of the study lies in its description of 

exposure, which is significantly superior to that used in studies of mobile phone users that rely 

on retrospective, self-declared information. However, the study uses frequencies between 

5 MHz and 12 MHz, which are significantly below those used in mobile networks. It also has 

only a small cohort size. These two facts considerably reduce the informative value of this 

analysis regarding the effect of mobile phone frequencies.  

Another study examined the survival probability of 806 glioma patients from Denmark, Finland 

and Sweden. They had been recruited between 2000 and 2002 for the INTERPHONE study 

(INTERPHONE 2010), depending on their mobile phone use (Olsson et al. 2019). Olsson et al. 

examined the hypothesis that mobile phone radiation could promote tumour growth which 

would result in reduced survival among mobile phone users. However, the study found no 

indication of a lower probability of survival in relation to mobile phone use.  

https://pubmed.ncbi.nlm.nih.gov/
http://www.emf-portal.org/
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A cohort study involving 53,114 British police officers investigated whether the use of personal 

mobile radio devices (TETRA, around 400 MHz) increases cancer risk in general and the risk 

of head and neck cancer in particular (Gao et al. 2019). Participants were recruited between 

2004 and 2015, with a median observation period of 5.9 years. The average conversation 

duration per month was calculated on the basis of self-reported information on TETRA use and 

objective data obtained from network operators. No indications were found that tumour risk 

increased in users of the device with increasing exposure. This applied to all cancers covered 

by the study.  

The INTEROCC study, which is part of INTERPHONE, examined whether there is an 

association between the risk of brain cancer and occupational RF-EMF exposure and 

intermediate frequency (IF)-EMF exposure (Vila et al. 2018). It included 1,943 glioma patients, 

1,862 meningioma patients and 5,387 controls. RF-EMF exposure was determined using a 

source-exposure matrix. The main occupational source of RF fields was the use of walkie-

talkies. RF sealers/welders for plastic and rubber were found to emit the most intense 

electromagnetic fields. There was no strong indication for an association, with most results 

showing either no association or odds ratios below 1. For periods of exposure between one and 

four years prior to diagnosis, but not for longer periods, a trend towards increased risk of 

gliomas and meningiomas was found in the highest 10% of exposed subjects. The total number 

of cases in this exposure category was small, however, with wide confidence intervals. The 

highest risk (1.62; 95% CI 0.86-3.01) was observed in 19 glioma patients with a cumulative RF 

H-field exposure of > 0.13 A/m-years. Overall the study did not find evidence for an association 

between RF-EMF and brain tumours.  

In recent years several analyses of changes in tumour incidence rates over time have been 

published. They showed no increase in brain tumours or gliomas in adults under 70 years of 

age in Australia (Chapman et al. 2016, Karipidis et al. 2018), Sweden (Nilsson et al. 2019), 

Finland (Natukka et al. 2019) or the USA (Li et al. 2018a). Both in England (de Vocht 2016, 

2019, Philips et al. 2018) and the USA (Li et al. 2018a) an increased incidence of certain tumour 

types (glioblastoma, unspecific tumours) was observed, but the increase was offset by a 

decrease in other tumour types. Such patterns are most likely caused by changes in diagnostic 

coding over time.  

In their case-control study, Luo et al. (Luo et al. 2019) found a potential association between 

mobile phone use and thyroid cancer. The study involved 462 patients in Connecticut who had 

been diagnosed with thyroid cancer between 2010 and 2011 and who were still alive at the time 

of the study. No association with mobile phone use was observed in comparison to a control 

group consisting of 498 individuals matched according to age and gender. However, among the 

trends that were observed was an increased risk for frequent users, although this was not 

statistically significant. A subsequent analysis that looked at 176 gene regions involved with 

DNA repair did not yield any robust evidence of gene-environment interactions in connection 

with mobile phone use (Luo et al. 2020). 

A study conducted in Italy involving 322 patients and 444 controls from Sardinia investigated 

potential associations between lymphoma subtypes and exposure to RF-EMF from fixed radio 

and television transmitters and mobile phone base stations (Satta et al. 2018). It found no 

association between the incidence of such lymphomas diagnosed between 1998 and 2004 and 

the geocoded distance from mobile phone base stations or estimates of RF-EMF exposure. 

A-1.2 Experimental animal studies (details relating to section 4.2.2) 

Two animal studies examining potential carcinogenic effects of long-term RF-EMF exposure 

were recently published. One study was carried out by the National Toxicology Program (NTP 
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2018a, 2018b) in the USA, and the other by the Ramazzini Institute (RI) (Falcioni et al. 2018) 

in Italy. The NTP study (in rats and mice) looked at near field exposure from GSM and CDMA 

mobile phones, while the RI study (in rats) focussed on exposure from GSM base stations (far 

field). Table A 1 summarises the findings of the two studies. 

Both studies observed the animals over their entire lifespan and used a large number of animals. 

Furthermore, both these research institutes have longstanding experience with the animal 

models selected for the studies and the various endpoints. 

A key finding of these studies was an increase in the incidence of various malignant tumours, 

in particular schwannomas of the heart, in male rats. In the RI study these tumours were found 

to occur more frequently at exposures of 50 V/m (estimated SAR 0.1 W kg-1) and at all SAR 

levels in the NTP study in rats. The increased incidence was not found in female rats. In 

addition, cases of schwannomas in all animals, and in particular in humans, are very rare. 

A further finding was an increased incidence of a second type of malignant tumour, namely 

gliomas, in a number of cases, again only in male rats. This increase occurred at all three SAR 

levels in animals exposed to GSM and at 6 W kg-1 in animals exposed to CDMA in the NTP 

study. Some sporadic findings of various other tumour types were documented, but there was 

no statistically significant increase compared to controls and the NTP classified them as 

“equivocal findings”. 

There has been extensive discussion of the study results in the media, but in the opinion of 

ICNIRP (ICNIRP 2020b) they do not justify a revision of the current exposure guidelines. This 

is because the study results are inconsistent and of limited value for the development of new 

exposure limits. Moreover, both studies must be considered in the context of other studies on 

carcinogenicity in animals and humans.
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Table A 1: Summary of results of the USA NTP study (NTP 2018a, 2018b) and the study from the Ramazzini Institute (RI; Falcioni et al. 2018) in Italy 

on long-term carcinogenic effects of RF-EMF in rats and mice. 

 RI NTP study in rats (GSM) NTP study in rats 
(CDMA) 

NTP study in mice 
(GSM) 

NTP study in mice 
(CDMA) 

Animal models Sprague-Dawley rats Hsd:Sprague-Dawley SD 
rats 

Hsd:Sprague-Dawley SD 
rats 

B6C3F1/N mice B6C3F1/N mice 

Exposure 1835 MHz GSM; 
0 V/m, 5 V/m, 25 V/m, 50 V/m; 

0 W kg-1
, 0.001 W kg-1

, 

0.03 W kg-1
, 0.1 W kg-1

 

900 MHz GSM; 

0 W kg-1
, 1.5 W kg-1

, 

3 W kg-1
, 6 W kg-1

 

900 MHz CDMA; 

0 W kg-1
, 1.5 W kg-1

, 

3 W kg-1
, 6 W kg-1

 

1900 MHz GSM; 

0 W kg-1
, 2.5 W kg-1

, 

5 W kg-1
, 10 W kg-1

 

1900 MHz CDMA; 

0 W kg-1
, 2.5 W kg-1

, 

5 W kg-1
, 10 W kg-1

 

Duration 19 hours/day; 7 days/week; 
lifelong 

5th day of pregnancy until 
107 weeks after birth; 10 
minutes on-off, 18 hours 
and 20 minutes/day 

5th day of pregnancy until 
107 weeks after birth; 10 
minutes on-off, 18 hours 
and 20 minutes/day 

Week 5-6 until 106/108; 
10 minutes on-off, 18 hours 
and 20 minutes/day 

Week 5-6 until 106/108; 
10 minutes on-off, 18 hours 
and 20 minutes/day 

Number of animals 817, 811, 411, 409 (all groups 
consist of roughly half females 
and half males) = 2,448 animals 

90 male and 90 female 
animals in each group 

90 male and 90 female 
animals in each group 

90 male and 90 female 
animals in each group 

90 male and 90 female 
animals in each group 

Survival Until 152 weeks; no difference 
between groups 

Increased survival rates in 
male animals after 
exposure 

Increased survival rates in 
male animals after 
exposure 

Survival increase at 

2.5 W kg-1
 and 5 W kg-1

 

in male mice  

Survival increase at 

2.5 W kg-1
 and 5 W kg-1

 

in male mice 

Cardiac schwannoma Only statistically significant 
effect; 50 V/m, male rats; 

n = 3 = 1.5% 

Male animals; 2, 1, 5 cases 

at 1.5 W kg-1
, 3 W kg-1

 

and 6 W kg-1
; no cases in 

female animals 

Male animals; 2, 1, 5 cases 

at 1.5 W kg-1
, 3 W kg-1

 

and 6 W kg-1
; no cases in 

female animals 

No findings No findings 

Glioblastoma n.s. Malignant glioma in 3, 3, 2 

cases at 1.5 W kg-1
, 

3 W kg-1
 and 6 W kg-1

; 

no cases in female animals 

Malignant glioma in 3 

cases at 6 W kg-1
; no 

cases in female animals 

No findings No findings 

Increase in other 
tumours (effects not 
statistically 
significant) 

Benign cardiac Schwann cell 
hyperplasia at 50 V/m; 
malignant gliomas in female rats 
at 50 V/m 

Increased incidence of 
phaeochromocytoma 
(adrenal gland tumour) in 
male animals 

No effects Increased incidence of skin 
and lung tumours in male 

animals, 5 W kg-1
 and 

10 W kg-1
, increased 

incidence of malignant 
lymphoma in female 
animals although similar to 
historical data in animal 
controls 

Increased incidence of liver 
tumours in male animals, 

5 W kg-1
, increased 

incidence of malignant 
lymphoma in female 
animals although similar to 
historical data in animal 
controls 
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Another animal study that is relevant in this context was published by Ouadah et al. (Ouadah et 

al. 2018). The authors injected C6 glioma cells into the brains of male Wistar rats, which 

consequently developed brain tumours. Seven days after injection the animals were exposed to 

a GSM 900 MHz signal (animals restrained, averaged brain exposure SAR 0 W kg-1, 0.25 W kg-

1, 0.50 W kg-1, caged animal controls, not restrained; 45 minutes per day, 5 days per week; these 

SAR values in rats are comparable to 0 W kg-1, 1 W kg-1 and 2 W kg-1 in humans). The animals 

were examined every day until they died, or at most until day 58 after exposure, to determine 

their general state of health, their weight and their behaviour. After they died, histological 

specimens were prepared and examined with respect to tumour volume, tumour localisation, 

molecular markers of apoptosis, necrosis, mitosis, vascularisation and the presence of immune 

cells. The study found effects on only two endpoints, which were reduced levels of an apoptosis 

marker dependent on SAR values and a reduction in immune cell invasion. On the basis of these 

findings the authors conclude that the effects were too small to affect survival or tumour growth 

or, alternatively, that the effects were random findings. 

A-1.3 Cell studies (details relating to section 4.2.2) 

Two cell studies relevant to carcinogenesis research found effects of RF exposure. However, 

these findings could not be included in the evaluation because of a lack of data on exposure 

conditions, and also because of severe weaknesses regarding other quality requirements. Asano 

et al. (Asano et al. 2020) investigated two breast cancer cell lines (MDB-MB-231 and MCF-7) 

after exposure (2.45 GHz; 3 W output power; from one hour up to three hours). No further 

details on exposure conditions were provided. The growth parameters in the MDB-MB-231 

cells were increased while apoptosis was increased in the MCF-7 cells. The information 

available in the study published by Alahmad et al. (Alahmad et al. 2018) is also insufficient. 

Part of their study comprised exposing chicken embryos to 1800 MHz (three minutes per day; 

five days) and recording the growth of embryonic blood vessels. The average growth rate was 

around 25% higher in embryos exposed to RF-EMF. Parameters such as invasion, colony 

formation and levels and activation of signal proteins were examined using two head-and-neck 

cancer cell lines. There were indications that RF exposure resulted in enhanced growth of 

cancer cells, but the results are questionable because of the poor quality of the study. 

A-2 Brain and nervous system 

A-2.1 Behaviour and cognitive functions (details relating to section 4.3.1)  

A-2.1.1 Epidemiology 

Potential associations between behavioural problems and RF-EMF exposure in adolescents 

were investigated within the framework of the HERMES study (Roser et al. 2018). Longitudinal 

analyses found no indications that newly developed behavioural problems are associated with 

mobile phone use or cumulative exposure of the brain or the whole body to RF-EMF. However, 

the results of cross-sectional analyses suggested that the use of electronic media is more 

prevalent in adolescents who suffer from behavioural problems. Another study within 

HERMES found a negative correlation between cumulative RF-EMF exposure of the brain and 

the development of figural memory over the course of one year (Foerster et al. 2018). In 

adolescents who preferentially held their mobile phone against the left side of the head when 

making calls a negative correlation between verbal memory and RF-EMF exposure of the brain 

was observed. The relevant exposure levels were based on usage data provided by mobile phone 

network operators.  
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A study involving 3,102 five-year-olds in the Netherlands investigated potential links between 

residential exposure to RF-EMF and behavioural problems (Guxens et al. 2019) and found no 

consistent exposure-effect correlation.  

A total of 2,592 children between the ages of nine and twelve years were enrolled in the 

Generation-R study in the Netherlands to examine whether there is a correlation between RF-

EMF exposure and brain volume in different areas of the brain. MRI was used to determine 

whole and lobe-specific brain volume (Cabre-Riera et al. 2020). Various different EMF sources 

were used to calculate cumulative and source-specific exposure. No correlation was found 

between brain volumes in all areas of the brain investigated in the study and the total absorbed 

EMF dose (energy absorbed by biological tissue) or EMF exposure from far field sources. There 

was however a statistically significant correlation between exposure to EMF from various 

screen activities and smaller volumes of the frontal and caudate lobes, although the former 
association did not remain after correcting for multiple testing. In their conclusion the authors 

suggest that this effect may not be caused by EMF exposure but by other factors that are related 

to intensive use of mobile communication devices. They also state that confounding, chance 

findings or reverse causality cannot be ruled out as alternative explanations for these findings. 

A cross-sectional analysis used pooled data from the Dutch ABCD study involving 1,664 nine- 

to twelve-year-old children and the Spanish INMA study involving 1,288 nine-to twelve-year-

old children and 261 adolescents (17 and 18 years old) to identify potential associations between 

estimated whole-brain exposure to RF-EMF and cognitive function (Cabre-Riera et al. 2021). 

After adjustments for potential confounding variables the analysis found a statistically 

significant negative correlation between non-verbal intelligence and the whole-brain RF-EMF 

dose. Both positive and negative correlations with the whole-brain RF-EMF dose were found 

with respect to other cognition endpoints that were investigated in the pre-adolescents such as 

speed of information processing, visual and other features of attentional function and cognitive 

flexibility. However, these findings were not statistically significant. Working memory and 

semantic fluency were assessed in adolescents using various tests; the results showed no 

correlation with RF-EMF exposure even though exposure in adolescents was significantly 

higher than in pre-adolescents. The statistical significance of the study results was specified 

without adjusting for multiple testing and the authors therefore discuss the possibility that the 

one association may be a chance finding. Potential associations between the cognitive 

development of five-year-olds and maternal mobile phone use during pregnancy were analysed 

in an epidemiological study that used three birth cohorts from Denmark, Spain and South Korea 

(Sudan et al. 2018), looking at data from 3,089 children in total. Adjustments were made for 

various confounding factors. The study results showed no association with verbal, non-verbal 

or general cognitive function. However, a trend was observed that indicated an increase in 

negative associations with increasing mobile phone use. This finding was not statistically 

significant.  

Between 2011 and 2013, a longitudinal study was carried out in 412 Australian primary school 

children of around ten years of age to investigate associations between mobile phone use and 

cognitive function (Brzozek et al. 2019). Data on the frequency of mobile phone use was 

obtained from questionnaires filled in by the parents. A total of eight different cognitive tests 

were included in the study. Children who used their mobile phones less frequently made more 

mistakes in the Groton maze learning task and were also slower in completing part of the Stroop 

colour-word test than children who used mobile phones more frequently. However, usage of 

mobile phones within this cohort was low. 

Ishihara et al (Ishihara et al. 2020) carried out a meta-analysis of twelve epidemiological studies 

on cognitive function in children and adolescents that had been published up until 2019. These 

studies had found a total of 477 associations, of which 86% were not statistically significant. 
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The analysis showed that associations tended to be observed more frequently in adolescents 

compared to pre-adolescents, more frequently in more recent studies and in studies that used 

objective rather than subjective methods to estimate exposure. The authors caution that the 14 

statistically significant associations could be chance findings due to the large number of 

interrelationships that were investigated (multiple testing).  

A-2.1.2 Experimental human studies 

A study conducted by Vecsei et al. (Vecsei et al. 2018b) that investigated effects of exposure 

to UMTS and LTE on resting-state waking EEG (see section A-2.4.1) also looked at effects on 

cognitive function. Before and after 20 minutes of exposure to LTE (n = 34, SAR = 1.8 W kg-

1) or UMTS (n = 26, SAR < 2.0 W kg-1) or sham exposure, participants took a Stroop colour-

word test and exposure effects were analysed using pre-post comparisons. The results showed 

that exposure did not interfere with speed of information processing or selective attention as 

assessed by the Stroop test. 

Within the framework of their study investigating whether exposure to a UMTS signal 

(1930 MHz to 1990 MHz) for three hours prior to sleep affected the ensuing night’s sleep, 

Lowden et al. (Lowden et al. 2019) also analysed effects on cognitive function. The study 

sample consisted of 22 participants (7 women and 15 men) aged 18 to 19. A computerised 

Stroop colour-word test was performed before the start of and after the three-hour exposure 

before the participants went to bed (between 7.45 pm and 11 pm, including a 15-minute break). 

The study was conducted with a double-blind crossover design. Testing took place on two 

consecutive nights for each exposure condition (sham or UMTS – maximum SAR < 1.6 W kg-

1) at one-week intervals. A repeated measures analysis of the variables showed that exposure 

did not affect Stroop test reaction times. 

One aspect of RF-EMF exposure that had previously not been investigated is its potential 

influence on sleep-dependent memory consolidation. Bueno-Lopez et al. (Bueno-Lopez et al. 

2021) examined whether an eight-hour exposure to WLAN (2.45 GHz, maximum 

SAR < 25 mW kg-1, six minute average: < 6.4 mW kg-1) over the course of an entire night 

affected consolidation of declarative, emotional and procedural memory in 30 young healthy 

males aged between 20 and 30. Declarative memory was assessed by means of a word-pair 

association task, emotional memory by means of a face recognition task and procedural memory 

by means of a sequential finger tapping task. While emotional and procedural memory were 

not affected by exposure to WLAN, the results of the word-pair task (recalled word pairs in the 

morning) showed that exposure significantly improved declarative memory compared to sham 

exposure. This effect was observed on the behavioural level and was not supported by 

physiological parameters that are thought to be associated with it (Bueno-Lopez et al. 2021, 

Danker-Hopfe et al. 2020b, see also section 4.3.5). Accordingly, the improvement of declarative 

memory after exposure to WLAN could be seen as a random finding.  

A-2.1.3 Experimental animal studies 

A behavioural study in male Wistar rats (Narayanan et al. 2018) examined the effect of exposure 

to GSM (900 MHz; mobile phone; 2 W output; one hour per day, 50 calls received per hour, 

28 days; 146 µW/cm2, 1.15 W kg-1) on their place preference behaviour. After exposure the 

animals showed signs of hyperactivity and there were changes in the cell architecture of the 

amygdala. However, there are unanswered questions with respect to these changes and some of 

the techniques used to identify cell death. 

Another study also used male Wistar rats (Hao et al. 2018) to investigate effects on animal 

behaviour using the Morris water maze task. The research also included EEG measurements 

and biochemical and cytological tests. The results showed changes in all parameters included 
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in the study, but unfortunately the type and level of exposure were not specified. The authors 

merely indicated that the exposure was in the microwave range and that the calculated SAR 

level was 10.5 W kg-1. 

Another study investigated stress and anxiety-like behaviour in animals using Charles Foster 

albino rats (Gupta et al. 2019) that had been exposed to EMF of 900 MHz, 1800 MHz or 

2450 MHz (CW) for one hour per day for 28 days in a row. Power density was 0.1227 W/m² 

with corresponding whole-body SAR ranging from 0.025 W kg-1 to 0.070 W kg-1 (average 

0.042 W kg-1). The SAR level in the head was 0.131 W kg-1. Relevant tests were performed on 

day 21 and 28. Signs of increased stress and restlessness were observed, but only in animals 

that had been exposed to EMF at 2450 Mhz. These animals were also found to have increased 

levels of plasma corticosterone27 and of CRH-2 (corticotrophin releasing hormone-2) and 

changes in the amygdala that included decreased expression of the glucocorticoid receptor (GR) 

(intracellular hormone receptor to which glucocorticoids such as cortisone and cortisol bind), 

cell death and decreased levels of the antioxidants CAT and SOD. The study provided 

insufficient data on exposure conditions and dosimetry, and had other weaknesses. The effect 

that was seen only at 2450 MHz is not discussed, for example, and according to the authors the 

rate of cell death in the amygdala was 75%. This would have been near fatal for the animals 

because other parts of the brain would have been affected as well, findings that are not included 

in the documented results.  

Ahmadi et al. (Ahmadi et al. 2018) conducted a study on the inhibitory avoidance memory in 

male Wistar rats that were exposed to a GSM 900 MHz signal (50 missed calls from a mobile 

phone per day for four weeks; missed call duration 35 seconds separated by 15 seconds 

intervals; 4.17 V/m; 0.69 W kg-1 SAR). Statistical evaluation showed that exposure was 

associated with a worsening of this particular memory performance. On a pharmacological level 

this effect could be linked to interferences with the opioid signalling system and with an 

inhibition of NO production. 

In a study by Racek et al., male (juvenile and adult) Wistar rats were exposed to microwave 

radiation of 2.45 GHz for one or two hours per day for three weeks (2.8 mW/cm²; 5.24 W kg-1 

(Racek et al. 2018). After exposure, tests were carried out on risk assessment behaviour shown 

by the animals. The authors also examined the rats’ neuronal stem cells in the subventricular 

zone (an area in the wall of the lateral ventricle) to identify potential effects. The results in 

juvenile rats included an increased level of cell death in this region and, in addition, locomotor 

hyperactivity in behavioural tests. In adult rats, suppressed cell proliferation in the relevant 

regions of the brain was observed, but this finding was no longer present three months after 

exposure. Adult rats did not show behavioural changes after exposure. 

Another study in male Wistar rats conducted by Tan et al. (Tan et al. 2017) found impairment 

of some cognitive functions (spatial learning and memory) as well as cell damage and abnormal 

metabolism in the hippocampus following exposure to RF-EMF. These effects were observed 

at 10 mW/cm2 but not at 5 mW/cm2, and were not dependent on the frequencies applied 

(1.5 GHz or 2.856 GHz). Exposure duration was six minutes with either one frequency used on 

its own or both frequencies used in sequence. SAR calculation produced values of 1.7 W kg-1 

and 3.7 W kg-1 at 1.5 GHz and values of 16 W kg-1 and 3.7 W kg-1 at 2.8766 GHz. 

In 2017 Othman et al. (Othman et al. 2017a, Othman et al. 2017b) carried out two studies that 

are relevant in this context. In the first study, male Wistar rats were exposed to a WLAN signal 

(2.45 GHz, two hours per day for 20 days). No data on power density or SAR levels is provided. 

                                                 

27 Corticosterone: hormone that regulates the metabolism of carbohydrates and proteins (see https://www.emf-

portal.org/en/glossary/2046) 

https://www.emf-portal.org/en/glossary/2046
https://www.emf-portal.org/en/glossary/2046
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The rats showed increased anxiety-like behaviour but spatial learning and memory functions 

were not affected. Signs of oxidative stress were also found but there were no synergistic effects 

between WLAN signal and restraint stress on the brain. The same exposure conditions were 

applied in a second study (Othman et al. 2017b), which involved pregnant female rats being 

exposed to WLAN during the entire gestation period. After delivery, the offspring were tested 

for various cognitive parameters at different points in time. Negative effects on neuronal 

development were observed during the first 17 days after birth but no effects on motor 

behaviour or stress were seen at adult age. An oxidative stress imbalance in the brain was found 

to be temporary. 

Barthelemy et al. (Barthelemy et al. 2016) carried out a study in male Sprague-Dawley rats that 

were exposed to SAR levels of 1.5 W kg-1 or 6 W kg-1 for 15 minutes or 6 W kg-1 for 

45 minutes. The astrocyte marker28 GFAP was found to be increased after exposure at both 

SAR values, but levels of myelin basic protein or amyloid β1-40 were not affected. Exposure 

at 6 W kg-1 impaired long-term memory, while no effects were observed on emotionality or 

locomotion. The data suggests that exposure may induce reactive gliosis and that specific 

cognitive functions are impaired at 6 W kg-1. 

A-2.2 Cerebral blood flow and brain metabolism (details relating to section 
4.3.2) 

A-2.2.1 Experimental human studies 

No studies on this outcome parameter have been published in recent years. 

A-2.2.2 Experimental animal studies 

No studies on this outcome parameter have been published in recent years. 

A-2.3 Event-correlated and evoked potentials (details relating to section 4.3.3)  

A-2.3.1 Experimental human studies 

In a study involving 36 healthy participants (18 men and 18 women) between the ages of 18 

and 52 years (mean ± SD: 24.4 ± 6.3 years) Dalecki et al. (Dalecki et al. 2018) investigated 

potential effects of exposure to a GSM-like signal (920 MHz, SAR: 1 W kg-1 and 2 W kg-1) 

versus sham exposure on visual evoked potentials. An initial experimental session that served 

to calibrate and practice the subsequent task was followed by three further sessions separated 

by seven days. During these sessions the participants were exposed to one of the three exposure 

conditions with a specific time of day set for each individual. The study was based on a double-

blind, counterbalanced, crossover design. Cognitive function was tested using a visual 

discrimination task consisting of a total of 360 trials classified as easy, difficult and non-target. 

The difficulty of the task was determined on the basis of the participants’ performance during 

the initial calibration/practice session. Each experimental session consisted of two blocks. 

During the first 30-minute block the exposure condition “RF ON” was applied while the 

participants were tested. “RF ON” could mean either actual or sham exposure. The exposure 

condition “RF OFF” was then applied during a second 30-minute block. During the 

experiments, participants wore suits that stabilise body temperature to ensure that the ambient 

                                                 

28  Astrocytes are star-shaped cells with filiform protrusions in the brain and spinal cord. They do not transmit 

electrical impulses but mainly provide support and nutrients for conductive neurons. They also form part of 

the blood-brain barrier and as such belong to the so-called neuroglia. The term for astrocytes themselves as an 

entity is astroglia (see https://www.emf-portal.org/en/glossary/1724). 

https://www.emf-portal.org/en/glossary/1724
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temperature and prior physical activity did not influence the results. Strict procedures were in 

place to reduce EEG artefacts (random introduction of potentials that are not related to brain 

activity), and amplitudes and latencies of seven variables related to visual evoked potentials 

were evaluated using the following aspects: a) results under sham conditions compared to 

results averaged over the two GSM exposure conditions, and b) results of the two GSM 

exposure conditions compared to each other. The respective results of tests involving easy or 

difficult tasks were analysed separately. It is not clear whether potential interference between 

the recording device and the electromagnetic fields was monitored. There were no statistically 

significant differences between the amplitudes and latencies of the visual evoked potentials 

recorded under the two RF-EMF conditions. Under the sham condition the P1 amplitude 

relating to the easy version of the tasks was statistically significantly lower than under the 

averaged GSM exposure conditions, while recordings relating to the difficult versions showed 

a statistically significant increased N1a (a component of visual evoked potential) latency. Both 

these effects were statistically significant. However, since statistically significant differences 

were found in only two out of 56 comparisons, the authors concluded that these results may be 

due to chance. 

A-2.3.2 Experimental animal studies 

A study by Hidisoglu et al. (Hidisoglu et al. 2018) investigated auditory evoked potentials 

(AEPs) in caged male Wistar rats. The animals were exposed to 2.1 GHz (two hours per day 

for seven days; 217 Hz modulation; electromagnetic field 35.2 V/m; whole-body SAR 

0.128 W kg-1; brain SAR 0.22 W kg-1). AEPs were recorded a day after exposure. This entailed 

a single-frequency sound (800 Hz, 85 dB) being emitted into the animals’ cages. The EEGs 

showed higher peak-to-peak amplitudes as well as an increase in evoked power and phase 

synchronisation after exposure. Biochemical analysis of the cortex revealed signs of reduced 

oxidative stress. The results of a study by Occelli et al. (Occelli et al. 2018) contradict some of 

the findings of the study described above. Caged male Wistar rats were exposed to an 

1800 MHz GSM signal for two hours, with SAR in the auditory cortex, the part of the brain 

that processes sound, averaging 1.55 W kg-1. The findings in this case showed a decrease in 

electrophysiological responses as a result of the exposure. The effects were only observed in 

animals that had been injected with a polysaccharide (LPS) to induce neuroinflammation before 

exposure. Results showed increased levels of Iba1, a marker of microglia activation, in the 

auditory cortex of exposed animals that had been injected with LPS. However, this effect was 

not observed in the prefrontal cortex where SAR was lower (0.68 W kg-1). 

A-2.4 Resting-state waking EEG (details relating to section 4.3.4) 

A-2.4.1 Experimental human studies 

In a double-blind, randomised study based on a balanced crossover design Loughran et al. 

(Loughran et al. 2019) investigated whether thermal mechanisms could be responsible for an 

effect of RF-EMF on resting-state waking EEG that had been repeatedly observed in previous 

studies. The sample consisted of 18 men and 18 women between 18 and 52 years of age. 

Participants attended EEG recording on four separate occasions. The initial session 

accustomised participants with the situation. This was followed by three further sessions during 

which the participants were randomised to undergo either 30 minutes of sham exposure or 

exposure to a 920 MHz GSM-like signal. Two SAR levels were used: a maximum SAR of 

1 W kg-1 and a maximum SAR of 2 W kg-1. Data was recorded using a 19-channel eyes-open 

EEG. Data from nine of the channels was evaluated, and these nine electrode sites were 

combined into three regions: frontal, central and parietal. Skin temperature was measured using 

thermistors attached to different points on the body. The skin temperature measured on the 
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dorsal surface of the distal phalanx of the left middle finger was used to reflect variations in 

local skin blood flow. Participants wore suits that stabilise body temperature to rule out 

environmental influences on skin temperature. EEG alpha power (frequency range: 8 Hz 

to 12 Hz) was larger after exposure (SAR 2 W kg-1) compared to sham exposure. One-sided 

testing showed that this finding was statistically significant. The corresponding EEG changes 

after exposure with 1 W kg-1 were not statistically significant. It is not clear from the study to 

which electrode sites this result refers. No effects of exposure on blood pressure were observed.  

Another study, by Vecsei et al. (Vecsei et al. 2018b), also looked at the effects of RF-EMF on 

the alpha frequency band (8 Hz to 12 Hz) of the resting-state waking EEG, but the results 

contradicted the findings of Loughran et al. (Loughran et al. 2019). They conducted two 

separate but identical experiments, one of which investigated potential effects of a 20-minute 

exposure to UMTS (1947 MHz carrier frequency, modulation: 5 MHz; average SAR within the 

phantom < 2 W kg-1) while the other examined effects of LTE exposure (1750 MHz carrier 

frequency, 20 MHz bandwidth; maximum SAR = 1.8 W kg-1) using the same set-up. A total of 

60 young healthy university students were enrolled in the study, which was based on a double-

blind, randomised and balanced design. The UMTS experiment involved 34 students (20 

females and 14 males) with an average age of 20 ± 3 years and the LTE experiment 26 

individuals (13 females and 13 males) with an average age of 21 ± 3 years. Two separate 

sessions of RF-EMF or sham exposure took place, with an interval of at least one week between 

the sessions. Experiments were carried out at a specific time of day (8 am or 6 pm) that was 

kept constant within subjects. Participants were fitted with an EEG cap with 32 electrodes, and 

eyes-open EEG was recorded during and after exposure while a controlled visual stimulus was 

applied. No information is provided on controlling for potential interference between exposure 

and the EEG recording device. In contrast to the findings of Loughran et al. (Loughran et al. 

2019) this study found a decrease in EEG power within the alpha frequency range under 

exposure. This effect continued to be observed after exposure had finished. 

Nakatani-Enomoto et al. (Nakatani-Enomoto et al. 2020) investigated effects of a 30-minute 

exposure to an LTE-like signal (1950 MHz) on the resting-state waking EEG. The study was 

presumably based on a double-blind crossover design. The authors merely declare that the 

person who assessed the EEG was blinded to the individual exposure condition. Exposure 

conditions were randomly assigned using an automated process. It is not clear whether 

counterbalancing was also applied. A patch antenna was fixed on the head of the participants 

in front of the right ear to effect exposure. The maximum SAR level was 2.0 W kg-1 on the scalp 

directly under the antenna. Visual inspection confirmed that there was no interference between 

the radiofrequency field and the electrodes. Unfortunately, there is no information on whether 

there were checks on potential interference between the radiofrequency exposure and the 

recording device. Eyes-closed EEG was recorded using a cap with 128 electrodes. Recordings 

lasted for a total of 60 minutes (exposure during the middle 30-minute period only), and 10 out 

of the 128 EEG channels were evaluated. Experiments were carried out on separate days and 

started at either 1 pm or 3 pm. No information is given on whether the time of day was kept the 

same for each participant. EEG artefacts were identified visually and eliminated. Four 

participants were not included in the statistical analysis, so the sample that was actually 

analysed consisted of 17 men and 17 women between the ages of 20 and 36. No information is 

provided on whether the exposure sequences were equally distributed, whether for the original 

sample or the sample used for analysis. EEG power spectra were analysed according to 

frequency bands: delta (0.5 Hz to 3.8 Hz), theta (4 Hz to 7.8 Hz), alpha (8 Hz to 12.8 Hz) and 

beta (13 Hz to 30 Hz). Repeated measures ANOVA testing using exposure conditions (LTE or 

sham) and time (before, during and after exposure) and their interactions was restricted to the 

theta, alpha and beta frequency bands and was carried out separately for the ten electrode 

positions. Results showed that time had a statistically significant effect on EEG power spectra 
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for the theta and alpha frequency bands recorded at five electrode positions in each case. No 

statistically significant exposure or interaction effect was observed. 

A sample group of 21 healthy young participants (7 women and 14 men) aged between 19 and 

36 years took part in a study conducted by Wei et al. (Wei et al. 2019) to investigate whether a 

30-minute exposure to an LTE signal (2673 GHz) influenced intra-regional connectivity in the 

brain, which was identified using functional magnetic resonance imagining (fMRI). The study 

was based on a randomised and balanced crossover design with participants and analysts, but 

not the individual performing the test, blinded to the respective exposure condition. MRI 

examinations were carried out before and after exposure (sham or LTE) on two consecutive 

days using a 3.0 T MRI system. It is not clear whether there was controlling for the time of day. 

Numerical simulation was used to calculate the average maximum SAR at 0.98 ± 0.27 W kg-1 

(absolute maximum 1.52 W kg-1). The result parameter was brain regional homogeneity. The 

differences between pre- and post-exposure MRI findings were statistically significant for three 

regional clusters under the LTE condition, while no statistically significant differences were 

observed after sham exposure. The clusters that were affected by LTE were termed volumes of 

interest (VOI). They were found to have a statistically significant increased functional 

connectivity to other regions of the brain. This means that after exposure to LTE-EMF both 

intraregional and inter-regional connectivity were increased in some regions of the brain. 

Unanswered questions remain as to whether – in spite of self-reported information to the 

contrary – it can be ruled out that participants had fallen asleep during MRI testing. 

A-2.5 Sleep EEG (details relating to section 4.3.5) 

A-2.5.1 Experimental human studies 

The primary objective of the double-blind crossover study by Lowden et al. (Lowden et al. 

2019), to which reference was already made in section A-2.1.2, was to investigate effects of a 

three-hour exposure to a UMTS signal (maximum SAR = 1.6 W kg-1) on sleep. Participants 

were exposed before going to bed, and sleep was monitored from 11.30 pm for 7.5 hours. An 

adaptation night29 was followed by the test nights (two consecutive nights with the same 

exposure in each case) with a one-week interval. The study contains no information on 

randomisation or balanced design with respect to exposure assignment. Four of the 22 

participants who had originally been recruited had to be excluded from the study due to 

technical problems with EEG recording. The data from the remaining 18 participants was 

analysed with regard to effects on sleep macrostructure (13 parameters) and EEG power spectra 

in six frequency bands (separately for NREM and REM sleep). The analysis showed that 

exposure had no effects on sleep macrostructure while exposure to UMTS resulted in a 

statistically significant reduction of activity within the slow spindle frequency range during 

REM sleep. According to the authors, this result confirms previous findings. However, the SSK 

does not fully share this opinion, for the following reasons: a) previous studies had frequently 

found increased activity within the spindle frequency range under exposure, and b) the findings 

of previous studies refer to NREM sleep whereas the reduction in activity observed in the study 

by Lowden et al. refers to REM sleep.  

Many of the outcome parameters considered in experimental human studies are age- or gender-

related. To date there have been very few studies on whether RF-EMF effects may also vary 

dependent on gender and age. Danker-Hopfe et al. (Danker-Hopfe et al. 2020a) looked at gender 

differences with regard to effects of exposure to RF-EMF on older men and women (30 men 

                                                 

29 Adaptation night: in sleep medicine, the night before the night when actual diagnostics take place; helps 

patients to adjust to the laboratory environment. 
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and 30 women between 60 and 80 years old). The study was based on a balanced randomised 

double-blind sham-controlled crossover design. After an initial adaptation/screening night, each 

participant spent a total of nine further nights in the sleep laboratory, separated by about a week 

(at least 72 hours). During these nights participants underwent one of three exposure conditions 

(GSM 900, maximum SAR = 2 W kg-1 or TETRA, maximum SAR = 6 W kg-1 or sham 

exposure), on three separate occasions, while they were sleeping (duration of exposure: 

7.5 hours plus 30 minutes before they went to sleep). In order to minimise random fluctuations 

within the measured sleep parameters, the findings were analysed using robust means from each 

exposure condition. Analysis of the data in comparison with sham exposure unequivocally 

showed marked differences between men and women. A total of 30 sleep parameters were 

recorded relating to the time spent awake or asleep, sleep initiation, sleep architecture and 

continuity of sleep. Statistically significant differences were observed with respect to 14 of 

these parameters. In both older men and older women, exposure to GSM and/or TETRA 

resulted in a reduction of arousals30 during sleep and a shorter time before the slow wave sleep 

stage was reached. Gender-specific exposure effects were observed with respect to the 

following parameters: REM sleep latency (shorter in women compared to men under both 

exposure conditions; tended to be longer in men) and the time awake within the sleep period 

(shorter in women under TETRA exposure; marginally longer in men). Overall the number of 

exposure effects found to be statistically significant was considerably higher in women than in 

men. However, the authors conclude that none of the observed statistically significant changes 

are indicative of sleep-disturbing effects of RF-EMF exposure. The observation of gender 

differences in RF-EMF effects in older people leads to the conclusion that analysis of 

corresponding data relating to younger individuals should also be stratified according to gender. 

An additional logistical challenge regarding younger female subjects is controlling for aspects 

related to the menstrual cycle. 

Eggert et al. (Eggert et al. 2020) investigated whether the effects of RF-EMF exposure on sleep 

described by Danker-Hopfe et al. (Danker-Hopfe et al. 2020a) differed dependent on the age of 

participants. To this end, the study used data from elderly men (mean ± SD: 69.1 ± 5.5 years) 

that had already been included in the gender differences study by Danker-Hopfe et al. (Danker-

Hopfe et al. 2020a) in addition to data from two further studies with 30 young male participants 

each (GSM exposure: mean ± SD: 25.5 ± 2.4 years; TETRA exposure: mean ± SD: 25.8 ± 2.4 

years; for effects of GSM exposure on young men see also Danker-Hopfe et al. 2011). The 

study design included one adaptation/screening night followed by nine experimental nights, 

with randomised double-blind crossover exposure conditions (GSM 900: maximum SAR = 

2 W kg-1; TETRA: maximum SAR = 6 W kg-1 and sham exposure). This is the same approach 

as that described by Danker-Hopfe et al. (Danker-Hopfe et al. 2020a). The statistical 

methodology and the target parameters were also the same. Regardless of exposure, i.e. under 

the sham condition, statistically significant age differences were observed in 73% of the sleep 

parameters that were investigated. An rmANOVA analysis with age and exposure conditions 

(GSM versus sham) as factors and their interaction did not show statistically significant effects 

of exposure and/or interactions for any of the 30 objective (i.e. not self-reported) sleep 

parameters. The rmANOVA analysis applied to TETRA versus sham and using the same factors 

and interactions as above showed a shorter latency to persistent sleep under TETRA compared 

to sham exposure in both elderly and young men. The effects of TETRA exposure on arousal 

during REM sleep were found to be age-related: periods of arousal were less frequent in elderly 

men under exposure compared to sham whereas they tended to occur more frequently in 

younger men. A comparison of the studies by Danker-Hopfe et al. (Danker-Hopfe et al. 2020a) 

                                                 

30  In sleep medicine, arousal is the term used for the brief awakenings as reflected by brain waves. 
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and Eggert et al. (Eggert et al. 2020) shows that differences in effects of exposure to RF-EMF 

are more pronounced between older men and women than between younger and older men. 

Another study by Danker-Hopfe et al. (Danker-Hopfe et al. 2020b) also looked at influences of 

exposure to RF-EMF on sleep. It investigated the effect of whole-night WLAN exposure 

(8 hours, 2.45 GHz, maximum SAR = 6.4 mW kg-1) on 34 healthy young male subjects aged 

between 20 and 30 years. The study was based on a randomised and counterbalanced design. 

After an adaptation/screening night the participants spent two nights in the sleep laboratory at 

one week intervals. On those nights one of two exposure conditions (WLAN or sham) was 

applied. Each experimental night was preceded by a baseline night31 in the laboratory. The 

study examined a total of 30 target parameters relating to sleep-wake times, sleep initiation, 

sleep architecture and sleep continuity, and found no statistically significant differences 

between the two exposure conditions. Measurement of sleep microstructure parameters showed 

a statistically significant reduction of global EEG power (EEG recording using 19 electrode 

positions) in the alpha frequency band (8.00 Hz to 11.75 Hz) during NREM sleep under WLAN 

exposure compared to sham exposure. Data on RF effects on sleep-related memory 

consolidation was also collected within the framework of this study. Due to protocol deviations, 

memory consolidation data from only 30 of the 34 participants was used (Danker-Hopfe et al. 

2020b, see also section A-2.1.2). Data from this sample was also analysed for learning-

associated physiological brain activity parameters (EEG spectral power for slow oscillations 

and the spindle frequency range and sleep spindle density), which are markers of sleep 

microstructure. None of these parameters showed statistically significant differences between 

the exposure conditions (Danker-Hopfe et al. 2020b).  

A-2.6 Autonomous nervous system and cardiovascular system (details 
relating to section 4.3.6) 

A-2.6.1 Experimental human studies 

Selmaoui et al. (Selmaoui et al. 2018) enrolled 28 healthy individuals (14 men and 14 women) 

aged between 19 and 31 years in a randomised, counterbalanced, double-blind study that 

examined potential effects of RF exposure on electrodermal activity in response to auditory 

stimuli. The total session duration was 61 minutes, including 26.25 minutes of either RF or 

sham exposure. The sessions were separated by at least one week and carried out at the same 

time of day for each participant. SAR was 0.49 W kg-1 (maximum SAR, averaged for 10g 

tissue), 0.70 W kg-1 (maximum SAR, averaged for 1g tissue) and 0.93 W kg-1 (peak SAR). The 

auditory stimulus consisted of a signal tone (60 dB and 1000 Hz) that lasted 0.3 seconds, with 

an interstimulus interval of 15 seconds. Artefacts were visually inspected, from the cleaned 

signal amplitudes relating to tonic and phasic activity and other skin conductance variables 

were derived. There were no statistically significant differences in any result parameters under 

RF exposure compared to sham exposure. This leads the authors to conclude that RF exposure 

does not affect sympathetic activity within the autonomous nervous system. 

Misek et al. (Misek et al. 2018) investigated the effect of a 1788 MHz pulsed wave on heart rate 

variability (HRV) in 46 adolescent students (16 males and 30 females) aged between 16.7 and 

23.2 years. A parallel group design32 with two intervention groups was used. One was a single-

blinded experiment with 23 participants (8 males and 15 females) undergoing two consecutive 

                                                 

31 Baseline night: in sleep medicine, the night spent in the sleep laboratory between the adaptation night and the 

experimental night during which sleep data is recorded without intervention. 
32 Parallel group design: participants in a controlled study are randomly assigned to two or more groups and then 

undergo different interventions at the same time. In contrast, studies using a crossover design carry out 

interventions consecutively and randomised for each individual of a single group of participants. 
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sessions of sham exposure (15 minutes each), while the other 23 participants (also 8 males and 

15 females) underwent 15 minutes of sham exposure followed by 15 minutes of exposure to a 

1788 MHz wave (maximum SAR = 0.405 W kg-1). Two of the seven outcome parameters 

(spectral power in the higher frequency range of HRV and RR intervals) increased under RF 

exposure in a lying position, which according to the authors points to increased parasympathetic 

nerve activity. There were no checks on potential interference between the RF field and the 

recording device; the ECG recordings were transmitted by Bluetooth. 

In a different study that also looked at effects of radiofrequency exposure on heart rate 

variability parameters (Wallace et al. 2020) the authors mentioned that potential ECG artefacts 

caused by RF interference had been avoided by maintaining a 7.5 cm distance between the 

mobile phone, that was used to generate the exposure, and the electrodes. This study 

investigated the effect of a 900 MHz GSM signal on the ECG and was based on a double-blind, 

randomised, counterbalanced crossover design33. Two sessions of either GSM exposure or 

sham exposure were separated by one week. Data was collected at the same time of day in order 

to avoid fluctuations of the result parameters due to chronobiological effects. Exposure was 

carried out in the same way as described in the study by Selmaoui et al. (Selmaoui et al. 2018, 

see sectionA-7.2). Four parameters were evaluated that can be assigned to the time domain of 

heart rate variability and five parameters relating to the frequency domain, for which data was 

collected during the exposure phase lasting 26.25 minutes. SAR was 0.49 W kg-1 (maximum 

SAR, averaged for 10g tissue), 0.70 W kg-1 (maximum SAR, averaged for 1g tissue) and 

0.93 W kg-1 (peak SAR). Three of these nine parameters showed statistically significant 

differences between sham and GSM exposure: the standard deviation of the interbeat interval 

(SDNN), the total spectral power and the power of the low-frequency band, all of which 

increased under GSM exposure compared to sham exposure. The authors pointed out that most 

of the heart rate variability parameters in their study were not affected by RF exposure and 

suggested that the statistically significant but weak effects on some physiological parameters 

are likely to represent random occurrences. 

A-2.7 Neurodegenerative diseases (details relating to section 4.3.7) 

A-2.7.1 Epidemiology 

Since 2018 no studies have been published on neurodegenerative diseases in association with 

RF-EMF that fulfil basic qualitative requirements. 

A-2.7.2 Animal and cell studies 

Recently, an in vitro study relevant for neurodegenerative diseases was published (von 

Niederhausern et al. 2019). The authors investigated effects of 935 MHz (217 Hz modulation; 

voice mode; 1 W kg-1, 2 W kg-1 or 4 W kg-1 SAR; 24 hours, 10 seconds on, 10 seconds off) on 

SH-SY5Y cells (cells derived from a neuroblastoma cell line). Differentiation of the cells was 

induced by application of all-trans retinoic acid or staurosporine to obtain cells with specific 

neuronal phenotypes. Exposure did not affect differentiation or the cellular signalling pathways 

associated with differentiation. No exposure effects that would suggest oxidative stress or 

mitochondrial damage were found either. However, exposure may be linked to adverse effects 

on the mitochondria, as suggested by a decrease in cell respiration under RF exposure with 

simultaneous glucose deprivation. This study is one of the few experimental studies that fulfil 

all relevant quality requirements. 

                                                 

33  Crossover study: see explanation of parallel group design in the previous footnote. 
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Another study investigating cell differentiation was published by Zhou et al. (Zhou et al. 2019). 

It used PC12 cells derived from a rat pheochromocytoma cell line to investigate the effects of 

exposure to a 2856 GH signal (4 W kg-1; eight hours per day; two days; temperature increase 

0.93oC at 4 W kg-1). The differentiation was induced by NGF (nerve growth factor). The target 

parameters were rate of differentiation, cell survival (apoptosis), and cell function (ROS 

production, intracellular Ca2+ concentration). No effects were observed. 

A-3 Physical symptoms and wellbeing 

A-3.1 Epidemiology (details relating to section 4.4.1) 

The largest and most informative epidemiological study to date investigating the influence of 

mobile phone use on unspecific symptoms was carried out within the framework of the 

international COSMOS study (Schüz et al. 2011). At the start of the study, data on mobile phone 

use was collected from questionnaires completed by mobile phone users and from mobile phone 

network operators. At the four-year follow-up, two of the study’s result parameters, tinnitus and 

hearing loss, did not show any association with mobile phone use. However, participants with 

the longest talk time reported headaches (Auvinen et al. 2019) and sleeplessness (Tettamanti et 

al. 2020) more often than other users. This association was stronger in UMTS network users 

than in users of GSM mobile phones, even though the latter technology on average involves 

higher exposure to RF. It is therefore more likely that, rather than exposure to RF-EMF, other, 

as yet unknown factors associated with intensive mobile phone use are responsible for the 

development of headaches and sleeplessness.  

Cross-sectional studies provide little useful information on the correlation between mobile 

phone use and physical symptoms. These kind of studies, for instance those carried out in China 

(Liu et al. 2019) or Serbia and Italy (Visnjic et al. 2018), have often found that children and 

adolescents who use their mobile phones more frequently complain more about unspecific 

symptoms. However, cross-sectional studies are not able to identify the mechanisms causing 

these correlations. Apart from RF-EMF, reverse causality (i.e. unspecific symptoms leading to 

more intensive mobile phone use) or other aspects associated with mobile phone use could 

result in the correlations observed in the studies. For example, correlations were frequently 

observed between general wellbeing and the number of text messages sent and received, even 

though RF-EMF exposure from messaging is negligible. An analysis of data from Hong Kong 

adolescents found indications that daytime sleepiness mediated the correlation between mobile 

phone use and depression (Ng et al. 2020), with night-time mobile phone use potentially leading 

to them not getting enough sleep. 

In the Netherlands, Bolte et al. (Bolte et al. 2019) conducted a study in 57 individuals with self-

declared sensitivity to electromagnetic fields. The participants carried an exposimeter for five 

consecutive days with an electronic diary giving cues to record unspecific physical symptoms 

eight times per day at irregular intervals. At group level there were no statistically significant 

correlations between exposure and symptoms. Data from 36 participants was analysed 

individually, and statistically significant correlations were identified in two individuals. 

However, this may be due to confounding factors or a lack of blinding in the study design.  

Within the framework of the cohort study on British police officers mentioned above (see 

section A-1.1), the authors also looked at the association between occupational exposure to RF 

from TETRA personal mobile radios and absence from work due to sickness (Elliott et al. 

2019). Whereas the risk of being absent from work for seven days or more was the same for 

users and non-users, there were certain indications that absences increased for officers who 
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used their TETRA device more frequently. In their conclusion the authors state this association 

may reflect differences in working patterns rather than effects of RF-EMF exposure. 

A-3.2 Experimental human studies (details relating to section 4.4.2) 

Lowden et al. (Lowden et al. 2019) carried out a study on effects of a three-hour exposure to a 

UMTS signal (1930 MHz to 1990 MHz before sleep) on health and night sleep. Before exposure 

and two hours after the start of exposure, participants were asked to self-rate 19 physical 

symptoms (including skin symptoms) and sleepiness. A repeated-measures analysis of the 

variables showed no statistically significant effects of exposure on physical symptoms or on 

daytime sleepiness. 

A further three studies investigating RF-EMF effects on sleep that have already been described 

in detail in section A-2.5.1 analysed objective (EEG) parameters as well as subjective (self-

reported) data relating to sleep or physical symptoms. 

Danker-Hopfe et al. (Danker-Hopfe et al. 2020a) investigated gender differences in effects of 

exposure to either GSM (SAR = 2 W kg-1) or TETRA (SAR = 6.0 W kg-1) on sleep in 60 elderly 

individuals (30 men and 30 women) between 60 and 80 years of age. The study found 

statistically significant effects on the self-reported time spent awake within a sleep period under 

exposure to TETRA. Irrespective of gender, the self-reported time spent awake was shorter 

under TETRA than under sham exposure. Under GSM exposure there was a statistically 

significant interaction between gender and RF exposure with regard to self-rated total sleep 

time and the number of awakenings during the night. Compared to sham exposure, the self-

rated total sleep time under GSM exposure tended to be longer in females but shorter in males. 

The number of awakenings under exposure was lower in females and tended to be higher in 

men. 

Eggert et al. (Eggert et al. 2020) investigated whether age affected the effects of RF-EMF 

(GSM: SAR = 2 W kg-1 or TETRA: SAR = 6.0 W kg-1) on sleep in a sample comprising 30 

young men and 30 older men (20 to 30 years and 60 to 80 years of age respectively). The study 

looked at four self-reported sleep parameters: latency to persistent sleep, total sleep time, wake 

after sleep onset and the number of awakenings. Under TETRA exposure no statistically 

significant effects on any of these parameters and no statistically significant interactions with 

age were observed. Under GSM exposure, a statistically significant interaction with age was 

found for two of the four parameters: the number of awakenings under exposure was slightly 

reduced in younger men, whereas the number increased in older men. In contrast, the self-rated 

total sleep time rose slightly in younger men whereas it fell in older men. 

The study by Danker-Hopfe et al. (Danker-Hopfe et al. 2020b) showed that whole-night 

exposure to WLAN (eight hours, 2.45 GHz, maximum SAR = 6.4 mW kg-1) did not influence 

subjective assessment of sleep quality (self-reported latency to persistent sleep, total sleep time, 

time spent awake within the sleep period and number of awakenings). 

A-4 Immune system and haematology (animal and cell studies, 
details relating to section 4.5) 

Effects of RF-EMF exposure on immune-relevant cells in vivo have been the focus of recent 

studies. Yinhui et al. (Yinhui et al. 2019) used Nokia mobile phones (TD-SCDMA with 

1800 MHz and LTE with 1900 MHz) to study the effects of RF-EMF on phagocytosis and the 

rate of apoptosis in neutrophils in the bloodstream in BALB/C mice after two, four or six weeks 

of exposure. The authors found an increase in the number of neutrophils and a negligible effect 
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on chemotaxis activity after two and four weeks of exposure. They also observed a decrease in 

phagocytosis and an increase in apoptosis in neutrophils. The study does not include data on 

dosimetry or positive controls or an adequate discussion of the very small changes in the target 

parameters.  

A similar study was conducted by El-Maleky and Ebrahim (El-Maleky und Ebrahim 2019). It 

also used mobile phones as the source of exposure to identify effects on serum hepcidin and 

iron status in albino rats (n = 8, three groups), among other parameters. The exposure duration 

was 30 or 60 minutes per day for five months while the phone was switched on and in call 

mode. According to the authors, chronic RF-EMF exposure (60 minutes per day for five 

months) resulted in a statistically significant increase in hepcidin levels with subsequent adverse 

effects on iron parameters, i.e. unsaturated iron-binding capacity (UIBC) and total iron-binding 

capacity (TIBC). Unfortunately this study also lacks transparency with respect to dosimetry, 

and neither does it include positive controls, so the data cannot be included in the assessment. 

The findings are statistically significant, but the study does not provide information on whether 

they are relevant to biology and health. 

Kim et al. (Kim et al. 2018) investigated whether exposure to a 915 MHz (RFID) signal affected 

circulating blood cells in Sprague-Dawley rats. After exposure (SAR 2 W kg-1; eight hours per 

day; five days per week for two weeks) complete blood counts were performed, including 

measurements of the number of red blood cells (RBCs), the haemoglobin and haematocrit 

values, RBC indices, and the CD4+/CD8+ ratio. All of these values were found to be within 

normal physiological limits (with varying degrees of statistical significance). 

Szymanski et al. (Szymanski et al. 2018) isolated keratinocytes and HaCaT and PCS-200-010 

cells from the skin of 20 healthy individuals and 20 patients suffering from atopic dermatitis 

(AD). These cells were then exposed to a 900 MHz EMF (SAR 0.024 W kg-1) for 60 minutes. 

Compared to those from healthy individuals, the keratinocytes derived from the skin of AD 

patients showed upregulated expression of Fas, FasL, p-ERK, p-p38 and p-JNK together with 

increased cytokine secretion (IL-1β, IL-4, IL-8, IL-10, IL-12p70, IL-13, IL-17A, IL-31 and 

TNFα). RF-EMF exposure resulted in a statistically significant decrease in these values, which 

could be an indication of potential immunomodulatory effects on AD-modified keratinocytes. 

Zong et al. (Zong et al. 2019) investigated the protein expression of NF-κB in the cytoplasm 

and nuclei of mouse bone marrow stroma cells (BMSC) after exposure to 900 MHz 

(120 µW/cm2, four hours per day for five consecutive days). Transient and only discreet 

changes in NF-κB expression were found. Due to the lack of statistical data and the absence of 

positive controls, the findings of this study cannot be used for the assessment of RF-EMF risks. 

A study by Lopes-Furelos et al. (Lopez-Furelos et al. 2018) investigated the effects of RF-EMF 

exposure on viability, oxidative stress (nitric oxide production, NO), the cytoprotective and 

inflammatory activity of HSP70 and TNF-α and phagocytic activity in RAW 264.7 

macrophages. The cells were exposed to frequencies of 900 MHz (12 W), 2450 MHz (12 W) 

or a combination of the two for 4, 24, 48 and 72 hours to examine whether the respective 

immune response of the macrophages differed. NO production increased after 48 hours of 

exposure to 2450 MHz. In the combined frequencies group (900 MHz and 2450 MHz, at 6 W 

each) there was a statistically significant increase in HSP70 after 48 hours of exposure and an 

increase in NO and TNF-α after 72 hours of exposure, whereas phagocytic activity decreased 

in all groups with increasing duration of exposure. The study does not provide data on SAR 

values. 

Lamkowski et al. (Lamkowski et al. 2018) looked at gene expression in human peripheral blood 

cells to identify potential non-thermal effects of exposure to 900 MHz RF-EMF. The study used 

an ex vivo/in vitro model to collect peripheral blood cells from donors, which were then exposed 
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to 900 MHz (SAR 9.3 W kg-1) RF-EMF for 0, 30, 60 or 90 minutes. Analysis of differential 

gene expression showed a large number (483) of deregulated transcripts in cells that had been 

exposed to RF-EMF. This finding was statistically significant. However, false discovery rate 

(FDR) adjustment and an additional validation study using qRT-PCR to measure miRNA 

expression did not provide any evidence for non-thermal effects on gene expression in 

peripheral blood cells. 

Szymanski et al. (Szymanski et al. 2020) studied the effects of 900 MHz pulse-modulated 

radiofrequency radiation (20 V/m, SAR 0.024 W kg-1, two sessions of 15 minutes each) on 

mononuclear (PBMC) cells isolated from human blood. The study had a complex experimental 

design. Its findings showed higher immunogenic activity and a stronger T-cell response to 

concanavalin A after the first exposure to EMF compared to control cultures. However, these 

parameters decreased after the second exposure. Saturation of the interleukin-2 (IL-2) receptor 

rose significantly after the second day of exposure, whereas the response to mitogen was 

reduced after EMF stimulation. The authors conclude that exposure to 900 MHz EMF has 

immunomodulating effects on lymphocytes and monocytes in vitro. 

The effects of RF-EMF exposure (between 32.9 GHz and 39.6 GHz, 100 W/m2 for 15 minutes) 

on neutrophils isolated from human blood (ex vivo) were investigated in a study by Vlasova 

et al. (Vlasova et al. 2018). They detected increased ROS production in cells that had been 

treated with opsonised zymosan particles or E. coli. Blood smears that revealed higher numbers 

of activated neutrophils confirmed these results. The authors pointed out that exposure 

enhanced the antibacterial activity of neutrophils. The study also showed that heating of blood 

samples had the same effects and that therefore thermal effects may be the cause of the 

increased ROS production of neutrophils and the heightened response to particularised agonists. 

A-5 Fertility and reproduction  

A-5.1 Epidemiology (details relating to section 4.6.1) 

Data from four cohort studies from four countries (Denmark, 1996 to 2002; Netherlands, 2003 

to 2004; Spain, 2003 to 2008 and South Korea, 2006 to 2011) comprising a total sample of 

55,507 pregnant women was analysed in a study by Tsarna et al. (Tsarna et al. 2019) to 

investigate potential associations between maternal mobile phone use during pregnancy and 

duration of pregnancy and foetal growth. The results showed a statistically significant exposure-

response relationship for shorter pregnancy duration and for pre-term birth (before 36 weeks). 

No association was observed between mobile phone use and foetal growth and birth weight. 

The authors caution that mobile phone use during pregnancy could be a sign of maternal stress 

and that therefore their findings may reflect this rather than a direct effect of mobile phone 

radiation. 

Using data derived from the French NéHaVi cohort study (medical records of 1,378 mothers of 

children born between April 2014 and April 2017), Boileau et al. (Boileau et al. 2020) 

investigated whether mobile phone use by pregnant women affected foetal development during 

pregnancy. The average self-reported call time with a mobile phone each day was 30 minutes. 

Data on near-abdomen exposure (e.g. from mobile internet use etc.) was not recorded. Infants 

born to mothers who had used their mobile phones for more than 30 minutes per day had low 

AUDIPOG scores34 significantly more frequently. AUDIPOG is a marker for foetal growth. No 

                                                 

34  AUDIPOG score: a standardised graph used in France to chart the development of newborns with respect to 

weight, length and head circumference at birth (https://www.audipog.net/) 

https://www.audipog.net/


Electromagnetic fields and 5G mobile networks 93 

 

association was found between head circumference and mobile phone use. Due to the 

rudimentary estimation of RF-EMF exposure it remains unclear whether the observed 

associations are linked to EMF or whether intensive mobile phone reflects stressful lifestyles, 

with their adverse effects on foetal growth. In addition, there are indications of selection bias 

because the availability of AUDIPOG scores correlated with socio-economic status.  

Another study that looked at adverse effects of mobile phone use on pregnancy, such as infant 

mortality and birth defects, was conducted by Baste et al. (Baste et al. 2015). They evaluated 

data derived from the Norwegian Mother and Child Cohort study (100,000 births between 1999 

and 2009) to identify potential effects of maternal mobile phone use during pregnancy and 

paternal mobile phone use before conception. The study did not find any such association (apart 

from a risk estimate that was inconsistent with other findings). More recent studies on this 

subject are not available. 

A recently published prospective cohort study (conducted between 2012 and 2020 in around 

3,000 men) that looked at the effects of carrying a mobile phone in the front trouser pocket 

found no associations with sperm quality (volume, concentration and motility) (Hatch et al. 

2021). The overall time until conception was not affected either. A significantly reduced 

probability of a successful pregnancy was only found in partners of men with a BMI of less 

than 25 kg/m². The analysis took into account a number of potentially confounding factors: 

ethnicity, education, male and female BMI, household income, frequency of intercourse, age 

of female partners, data on smoking, sleep, occupation and age of men, history of sexually 

transmitted diseases, physical activity and intake of sugary drinks. The study results are 

therefore considerably more meaningful than results from all previous epidemiological studies 

on sperm quality. 

A-5.2 Experimental animal studies (details relating to section 4.6.2) 

A-5.2.1 Embryonic development 

The main finding of a study involving chicken embryos was an acceleration of embryonic 

development (Pawlak et al. 2018). The authors used an 1800 MHz CW RF signal from an 

antenna that was placed in the incubator at a distance of 24 cm from the eggs. A separate 

incubator contained control embryos. EMF (between 0.09 W/m2 and 0.4 W/m2, between 

4.23 V/m and 6.25 V/m) was emitted for four minutes, ten times a day, until the chicks picked 

the eggshells (between 19 and 21 days). In the experimental group of chicken embryos, hatching 

times were 24 hours ahead of those in the control group. There were no differences in terms of 

the survival, weight or number of malformations of the hatched chicks. When the chickens were 

slaughtered at a later date, they were found to have the same weight in both groups. However, 

the freshly hatched chicks in the exposure group had lower heart weights and thinner right-

ventricular walls as well as higher plasma corticosterone concentrations than chicks in the 

control group. The study does not provide satisfactory information on exposure, dosimetry or 

experimental procedures. 

Another study that also studied the embryonic development (zebrafish Danio rerio) was 

published by Piccinetti and co-authors (Piccinetti et al. 2018). Up to 72 hours after fertilisation, 

the fish embryos were exposed to a 100 MHz RF field (6 V/m; SAR apparently in the mW kg-

1 range in the middle of the Petri dish). The Petri dishes were placed in a water tank (with 

temperature regulation) inside a TEM cell. Effects were recorded after 24 hours, 48 hours and 

72 hours. The majority of effects were observed after 48 hours, and had mostly diminished or 

disappeared after 72 hours. At the end of exposure, a reduction in body length and signs of 

oxidative stress, apoptosis and autophagy were seen in the embryos in the exposure group. 

There were no effects on survival or hatching. Information on the dosimetry used in the study 
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is not clear, and several questions on the experimental procedures remain unanswered. Some 

results are contradictory. 

A-5.2.2 Female fertility 

A study by Fadiloglu et al. (Fadiloglu et al. 2019) examined RF effects on endometrial 

hyperplasia (overgrowth of tissue in the endometrium35) in Wistar rats. Before exposure, the 

animals’ ovaries were surgically removed to stop endogenous production of oestrogen during 

the experiment. A mobile phone (with connectivity to the signal generator) was placed 

underneath the cage to effect exposure (1800 MHz, GSM; 2 W output power; 24 days; EF 

between 12.17 V/m and 17.29 V/m). Half of the animals were treated with oestrogen and the 

other half were not. In both of these groups, exposure stimulated endometrial growth (i.e. 

luminal epithelial cell height, epithelial cell height and glandular density increased). The 

exposure is not adequately specified, although this is impossible anyway when the exposure 

device is simply a mobile phone. Whether RF can feasibly have the described biological effects 

is questionable. 

A-5.2.3 Male fertility 

The objective of the study by Yu et al. (Yu et al. 2020) was to evaluate long-term effects of 

exposure to a 4G mobile network on the sperm of Sprague-Dawley rats. A mobile phone was 

placed underneath the cage to ensure that the rats’ scrotums were exposed to RF (between 

2575 MHz and 2635 MHz; call mode; one incoming call lasting for one minute every ten 

minutes for 6 hours per day; 37.93 V/m; 22.74 W/m2; 1.05 W kg-1) and the animals were 

examined after 50, 100 and 150 days. No effects were observed after 50 or 100 days, but the 

longest exposure duration (150 days) resulted in reduced sperm quality, damage to testicular 

tissue and signs of oxidative stress (increase in Spock3 genes). After 150 days, rats from the 

same study sample were used for a mating experiment, which showed a decrease in the weight 

of rat cubs but no other effects (mating success, duration of pregnancy, litter size, viability and 

gender distribution). 

Another study on the same subject, also involving male Sprague-Dawley rats, was conducted 

by Guo et al. (Guo et al. 2019). The rats were exposed to a 220 MHz signal (pulsed, 10 µs pulse 

width, 50% duty cycle36; 50 W/m2, at a distance of 3.5 m from the antenna; whole-body SAR 

0.030 W kg-1, testicle SAR 0.014 W kg-1; one hour per day for a month; unrestrained animals). 

Immediately after exposure no effects were found on the general condition of the animals, on 

testicular morphology or on the secreting function of Sertoli cells (GDNF, SCF, TRF, ABP). 

Testosterone levels and the number of sperm cells were reduced, albeit with no increase in the 

number of abnormal sperm cells. In their conclusion the authors suggest that these results may 

be due to increased apoptosis (as evidenced by increased levels of cleaved caspase-3 and lower 

BCL-2 expression levels). 

Yahyazadeh et al. (Yahyazadeh und Altunkaynak 2019) conducted a study on male Wistar 

albino rats that revealed effects of RF-EMF on reproduction. The animals were exposed to a 

900 MHz CW signal for one hour per day over 24 days. Half of the animals (controls and 

exposure group) were injected (IP) with luteolin, an antioxidant, every day. After exposure 

(restrained animals; head area at a 1 cm distance from the antenna; 1 mW/cm²; maximum SAR 

                                                 

35  Endometrium: the mucous membrane on the inner surface of the womb that responds to fluctuations in 

hormones during the menstrual cycle and pregnancy (see https://www.emf-portal.org/en/glossary/3483). 

36  Duty cycle: a duty cycle is the fraction of one period in which a signal or system is active (or “on”). It is 

usually expressed as a percentage or ratio. The total intensity of radiation emitted by electromagnetic signals 

is a function of the duty cycle, among other things. 

https://www.emf-portal.org/en/glossary/3483
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2 W kg-1) tests were carried out to determine the number of testicular cells, testicular weight, 

cell morphology and some markers of oxidative stress. Exposure resulted in smaller numbers 

of Leydig cells, primary spermatocytes and spermatids and lower testosterone levels. There was 

also an increase in the number of sperms with tail abnormalities, increased SOD levels, and a 

decrease in testicular weight, whereas Sertoli cells and spermatogonia were not affected. All 

exposure effects were diminished or disappeared in animals that had been injected with luteolin. 

Shortcomings of the study include aspects of dosimetry, blinding and temperature control. In 

addition, the study does not explain the nature of the exposure control conditions.  

Another study, also involving Wistar albino rats, used a UMTS (1915 MHz) mobile phone to 

effect exposure (Gautam et al. 2019). Exposure duration was 45 days (two hours per day). A 

mobile phone was placed on top of the cage and put on video call mode, creating an 

electromagnetic field that resulted in a SAR of 0.26 W kg-1. Testicular weight and sperm vitality 

were lower in the exposure group, whereas ROS and MDA (markers of oxidative stress) were 

higher. 

A study by Narayanan et al. (Narayanan et al. 2018) also used a mobile phone (900 MHz) as 

the source of exposure. It was placed inside the cage and the animals were exposed for 28 days, 

one hour per day (50 incoming calls per hour; 1.5 W kg-1). In the exposure group, MDA levels 

and the number of abnormal sperm were increased while the weight of the testicles and the 

epididymis, sperm motility, GST activity and caspase 3 levels (apoptosis marker) were the same 

in both the exposure and the sham exposure groups. 

Qin et al. (Qin et al. 2018) conducted a study that included both in vivo and in vitro (primary 

Leydig cells) experiments involving male C57BL/6J mice. The authors used an 1800 MHz CW 

EMF (40 µW/cm2; SAR in vivo 0.0053 W kg-1, SAR in vitro 0.046 W kg-1; one or two hours 

per day for 32 days in vivo and for three days in vitro). Exposure to RF reduced testosterone 

levels in both the in vitro and the in vivo experiments and downregulated the expression of 

genes that are associated with testosterone production. The effects were more pronounced after 

the two-hour exposure and were reversible with pharmacological interventions (CamK1 signal 

pathway and the Ca2+ ionophore ionomycin) in the in vitro experiments. 

Bilgici et al. (Bilgici et al. 2018) found signs of inflammation and of histological changes in a 

study in which they exposed Wistar rats to a CW signal of 2.45 GHz (one hour per day for 30 

days; 3.68 V/m; SAR 0.0253 W kg-1). During exposure the rats were restrained in pie cages, 

with control animals kept in a separate room. Serum levels of CRP (an inflammation marker) 

and of cytokine IL-6, one of the proinflammatory cytokines, were increased, but serum levels 

of IL-10 and IL-32 and levels of IL-6, IL-10, IL-32 in testicular tissue were not affected. Some 

histopathological findings were different in exposed animals compared to the control group, 

but these results are questionable in view of the small group sizes and the subjective approach 

to analysis. 

Male adolescent Wistar rats were exposed to a 900 MHz EMF for one hour per day in a study 

conducted by Hanci et al. (Hanci et al. 2018) that looked at changes in testicular morphology 

and oxidative stress markers. Results showed that testicular weight, the diameter of 

seminiferous tubules and the thickness of the germinal epithelium were all reduced in animals 

that had been exposed, while rates of apoptosis and the levels of catalase37, SOD and 

malondialdehyde were increased. During exposure the animals were able to move around freely 

                                                 

37 Catalase: enzyme that breaks down toxic oxygen compounds (see https://www.emf-portal.org

/en/glossary/2154) 

https://www.emf-portal.org/en/glossary/2154
https://www.emf-portal.org/en/glossary/2154
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inside a cage where the EMF was measured at 8.71 V/m, which corresponds to a power density 

of 0.201 W/m2 and a whole-body SAR level of 0.0067 W kg-1. 

The main findings of a study by Shahin et al. (Shahin et al. 2018) were testicular apoptosis 

caused by increased oxidative stress and an imbalance of the testicular redox systems as a result 

of exposure to a 2.45 GHz CW signal (0.0298 mW/cm; 0.0146 W kg-1 SAR; two hours per day 

for 15 days, 30 days or 60 days). Effects were observed for all target parameters included in the 

study and became more pronounced with increasing duration of exposure. Biochemical effects 

were mostly small, whereas the effects on testicular morphology, sperm quality, and the number 

of sperm cells were comparatively large. 

In contrast to studies that had worked with lower SAR values, the study by Oh et al. (Oh et al. 

2018) did not find any effects on testicular or epididymal morphology. Sprague-Dawley rats 

were exposed to a 2104 MHz CW signal with the antenna placed underneath the cage. The 

distance between the cage and the antenna varied (3 cm or 10 cm) and the authors calculated a 

whole-body SAR of 3.0 W kg-1 (it is not clear to which distance this SAR value refers). In 

addition, the exposure duration per day during the 30-day exposure also varied: either 6 hours 

or 18 hours per day. Effects on sperm quality, i.e. reduced numbers of spermatids and 

spermatogonia, were only found in rats that had been exposed for 18 hours per day with the 

antenna at a distance of 3 cm from the cage. There were no effects of exposure on body weight, 

weight gain or body temperature in any of the groups. 

The findings of a study by Pandey and Giri (Pandey und Giri 2018) indicated that the effects of 

RF exposure on the testicles are mainly due to oxidative stress. The study looked at Swiss albino 

mice that were exposed to a 900 MHz GSM signal (217 Hz modulation; six hours per day; 35 

days) and found that RF exposure resulted in DNA damage (alkaline comet assay, only 50 cells 

per animal were tested), errors during meiosis and damage to sperm cells as well as a low sperm 

count. These changes were linked to oxidative stress (lipid peroxidation, low antioxidant 

levels). However, the effects were diminished or absent in animals that were given the 

antioxidant melatonin (daily in drinking water). The rats were able to move about freely 

(between 0.00054 W kg-1 and 0.0516 W kg-1), and the distance between the animals and the 

antenna was 4.5 cm to 22.5 cm. 

A-5.3 Cell studies (details relating to section 4.6.2) 

Qin et al. (Qin et al. 2019) published an in vitro study on testosterone involving Leydig cells 

that were extracted from the testes of C57 mice and exposed to an 1800 MHz GSM signal 

(exposure duration: one hour, two hours or four hours; 200.27 µW/cm2; average SAR 

0.116 W kg-1, maximum SAR 0.15 W kg-1). Testosterone levels were lower immediately after 

exposures of any duration, accompanied by downregulation of the mRNA expression of 

testosterone synthase genes (Star, Cyp11a1, Hsd-3β) and genes that are involved in circadian 

rhythmicity (Baml1, Clock, Rora). In addition, the cells showed signs of oxidative stress 

(reduced total antioxidation capacity and catalase levels and increased levels of 

malondialdehyde). Pretreating the cells with CeO2 nanoparticles (which have antioxidant 

properties) 24 hours before exposure reduced the effects of RF-EMF.  

Another in vitro study found increased levels of ROS in the testes after RF exposure published 

by Li et al. (Li et al. 2018b). The cells (mouse spermatocyte-derived CG-2 cells) were exposed 

to an 1800 MHz signal (1 W kg-1, 2 W kg-1 or 4 W kg-1) for 24 hours. Effects were only 

observed after the 4 W kg-1 exposure. RF exposure resulted in increased levels of ROS followed 

by DNA damage. ROS generation also activates autophagy via the AMPK/mTOR signalling 

pathway. The knockdown (RNA interference) of certain genes inhibited autophagy and 
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increased DNA damage, whereas overexpression of AMPK/mTOR genes attenuated the RF-

induced DNA damage. 

A-6 Other organ systems  

A-6.1 Experimental human studies (details relating to section 4.7.1) 

A double-blind balanced crossover study by Vecsei et al. (Vecsei et al. 2018a) investigated the 

influence of a 30-minute exposure to an LTE mobile phone signal (carrier frequency 

1750 MHz; bandwidth 20 MHz, maximum peak SAR = 1.8 W kg-1) on the thermal pain 

threshold. The study sample comprised 18 individuals (12 women and 6 men) aged between 19 

and 26 years. A heat stimulus was applied, raising the temperature at a rate of 5 °C/s from 35 °C 

up to a maximum 55 °C. The experiments (sham exposure and LTE exposure) were conducted 

at least one week apart at an identical time of day for each participant. LTE exposure did not 

affect the thermal pain threshold.  

Andrianome et al. (Andrianome et al. 2019) carried out a double-blind sham-controlled 

crossover study that investigated potential effects of RF-EMF exposure on the concentration of 

saliva biomarkers, namely alpha-amylase (AA), immunoglobulin A (Ig A) and cortisol in 

saliva. The study sample consisted of 10 individuals (8 women and 2 men) with self-reported 

electrohypersensitivity (EHS) from a wide age range (35 to 63 years). The participants attended 

two experimental sessions (sham and real exposure) on different days at identical times of day. 

Real exposure consisted of a series of consecutive exposures lasting five minutes each: 

GSM 900, GSM 1800 and a DECT and WLAN signal. There was a ten-minute exposure-free 

interval between each of the RF exposures and an interval of at least a week between the two 

days with experimental sessions. Saliva samples were collected before and after each exposure. 

None of the biomarkers showed significant changes after exposure. The study undoubtedly has 

limitations such as the short duration of exposure, the lack of a control group and the small 

study sample size, resulting in reduced statistical power. The latter is an inherent problem that 

affects experimental studies involving individuals suffering from electrohypersensitivity. 

A-6.2 Experimental animal studies (details relating to section 4.7.2) 

Since 2018 no studies on effects of RF-EMF on other organ systems have been published that 

meet basic qualitative requirements. 

Okatan et al. (Okatan et al. 2018) looked at the effects of RF-EMF exposure (900 MHz, whole-

body SAR 0.012 W kg-1, one hour per day for 25 days) on the kidneys of female Sprague-

Dawley rats (n = 34, four groups). The animals were exposed during mid- to late adolescence 

and killed on day 60 after birth. The authors found statistically significant morphological and 

biochemical changes compared to controls but failed to provide information on physiological 

fluctuations with respect to the study’s target parameters. Bedir et al. (Bedir et al. 2018) 

investigated whether RF-EMF induces oxidative stress and increases levels of apoptosis-related 

biomarkers in the kidneys of postnatal male Sprague-Dawley rats (n = 24). The animals were 

divided into three groups: sham exposure, 2100 MHz (SAR 0.024 W kg-1) for six hours or 

2100 MHz (SAR 0.024 W kg-1) for twelve hours per day. EMF exposure duration was 30 days. 

According to the authors the results showed that six- and twelve-hour exposure to 2100 MHz 

induces acute pathological changes in the kidneys that are mediated by oxidative stress. 

Perov et al. (Perov et al. 2019) investigated the effects of low-intensity RF-EMF (171 MHz, 

15 V/m, 25 V/m and 35 V/m, corresponding to SAR levels of 0.006 W kg-1, 0.023 W kg-1 and 

0.038 W kg-1; six hours per day for 15 days) on the adrenal glands of Wistar rats (n = 324, 
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twelve animals in each group). In animals from the groups that had been exposed to RF-EMF, 

stimulation of adrenal gland activity was found together with an initial increase in daily 

corticosterone excretion and Na+, seen as a higher Na+/K+ ratio. An SAR-related and 

statistically significant increase in both these parameters was observed between day 5 and day 

10, but by day 15 their levels had decreased again to the same levels as in control animals. In 

the discussion, the authors describe their findings as indirect effects, suggesting that EMF may 

affect ion homeostasis. They also pointed out that the observed reaction to RF-EMF exposure 

was in part an adaptive response to attenuate stress.  

A study by Masoumi et al. (Masoumi et al. 2018) investigated the effects of WLAN frequencies 

(2.45 GHz, four hours per day for 45 days) on insulin secretion and antioxidant (redox) systems 

in the pancreas of Sprague-Dawley rats (n = 24). The authors found that exposure to WLAN 

resulted in hyperglycaemia, increased oxidative stress and impaired insulin secretion in 

pancreatic islet cells. The study does not contain information on EMF dosimetry and used a D-

link WLAN router as the source of exposure. 

Another study investigated the effects of an 1800 MHz RF-EMF signal (SAR 2.70 and 

1.14 W kg-1; six hours per day for 28 days) on the microstructure and cellular metabolism of 

the thigh bone in C57BL/6 mice (n = 30, three groups). The authors did not find any relevant 

effects (Guo et al. 2018). A study by Kavyashree et al. (Kavyashree et al. 2019) investigated 

effects of exposure to RF-EMF on implanted bone fractures in rabbits (n = 12) and found that 

it positively affected fracture healing. The study sample was very small, with only four animals 

in each experimental group. Another study on rabbits examined the effects of different amounts 

of microwave irradiation on the proliferation of skeletal muscle satellite cells (MSCs) in 

fractures with titanium internal fixation. The authors found that RF exposure improved bone 

healing. This finding was statistically significant, but data on RF fields was not coherent (Zou 

et al. 2018).  

Verma et al. (Verma et al. 2018) studied the effects of exposure to EMF (10 GHz, 

SAR ~ 0.50 W kg-1 intermittently, three hours per day for five days) on the skin of Sprague-

Dawley rats (n = 8, two groups). Target parameters included protein markers associated with 

the stress-response signalling cascade (heat shock proteins, HIF-1α and markers, NF-κβ). They 

found statistically significant increases in the expression of the proteins HIF-1α, Hsp90, Hsp70 

and GRP78 but no alterations in the expression of markers for inflammation or pain response. 

The authors also found indications of an activation of signalling cascades associated with 

thermoregulation in response to exposure to RF-EMF.  

Effects of an 1800 MHz EMF on specific blood parameters, spermatozoa and the liver, kidneys 

and heart of albino rats (n = 30 in three groups) were studied by Adebayo et al. (Adebayo et al. 

2019). The authors used two mobile phone base stations as the sources of exposure, located at 

a distance of 24 m from the cages. The estimated exposure intensity was 1.40 mW/cm2 and the 

exposure duration was five weeks. The nature of this study is phenomenological with an 

extremely large number of findings, which makes qualitative evaluation impossible.  

A-7 Genotoxicity  

A-7.1 Experimental animal studies (details relating to section 4.8.1) 

The National Toxicology Program conducted a two-year bioassay to investigate whether two 

commonly used RF-EMF exposure intensities influenced the development of cancer in rodents 

(Smith-Roe et al. 2020). Its endpoints also included genotoxicity. Male and female Sprague-

Dawley rats and B6C3F1/N mice were studied. Rats were exposed from the 5th day after 



Electromagnetic fields and 5G mobile networks 99 

 

conception (in utero) and mice from the 35th postnatal day to either a CDMA or a GSM signal 

for a period of nine hours and ten minutes per day (10 minutes on/off). Exposure intensities 

were 900 MHz, SAR 0, 1 W kg-1, 5 W kg-1, 3 W kg-1 or 6 W kg-1 in rats and 1900 MHz, SAR 

0, 2.5 W kg-1, 5 W kg-1 or 10 W kg-1 in mice. After 19 weeks (rats) or 14 weeks (mice) of 

exposure the animals were examined for signs of genotoxicity in accordance with OECD 

guidelines using two different assays. The alkaline comet assay was used to assess potential 

DNA damage in cells from three regions of the brain, in liver cells and in peripheral blood 

leukocytes, and the micronucleus assay was used to assess chromosomal damage in immature 

and mature peripheral blood erythrocytes. The results of the comet assay showed a significant 

increase in DNA damage in the frontal cortex of male mice (both exposure types), in leucocytes 

of female mice (CDMA exposure only) and in the hippocampus of male rats (CDMA exposure 

only). Increased DNA damage was also found in several other tissue types of rats and mice, but 

these results were classified as equivocal. No significant increases of micronuclei in red blood 

cells were seen in rats or mice.  

To maintain the overall significance level at 0.05, the trend as well as the pairwise differences 

were declared statistically significant if P < 0.025. A result was considered positive if there 

were statistically significant differences in the trend test. This means that if there were 

statistically significant differences in at least one (or more) dose group(s) compared to the 

control the results from these group(s) were classified as statistically significant differences. 

This is a systematic, dose-dependent, long-term study that identified genotoxic effects in rats 

and mice after high-dose exposure. It was therefore concluded that the EMF fields used in the 

study may induce genotoxicity.  

It should be pointed out that this study assessed the potential of the RF-EMF modulations, it 

used to induce genotoxic effects, and not the health risks associated with these exposures. The 

reported effects were found after high-dose exposure (maximum exposure was 6 W kg-1 in rats 

and 10 W kg-1 in mice). The high intensities were used in order to identify potential target 

organs and to distinguish potential genotoxic damage. These values are considerably higher 

than those experienced by individuals in the course of conventional mobile phone use. It must 

also be emphasised that the local SAR limits prescribed for mobile phones are set as average 

values in 1 g or 10 g of tissue in contrast to the whole-body exposures used in this study.  

Akdag et al. (Akdag et al. 2018) investigated genotoxic effects in human ear canal hair follicle 

cells. They recruited 56 participants, who used smartphones with similar SAR levels (between 

0.45 W kg-1 and 0.97 W kg-1), and divided them into different groups according to their self-

reported mobile phone use during the preceding ten years: no mobile phones (control group), 

0 minutes to 30 minutes per day (group 2), 30 minutes to 60 minutes per day (group 3) and 

more than 60 minutes per day (group 4). The authors detected an increase in DNA damage in 

the RF-EMF exposure groups compared to controls, and in addition DNA damage increased 

with daily exposure duration.  

Houston et al. (Houston et al. 2019) studied DNA damage in mouse spermatozoa (20 mice, 

three groups) after whole-body exposure to RF-EMF (905 MHz, 2.2 W kg-1, twelve hours per 

day for one, three or five weeks). The study tested the hypothesis that oxidative stress may be 

the biological mechanism causing DNA damage. Regardless of the specific RF-EMF regimen, 

the authors found no evidence of histological changes or increased oxidative stress in the sperm 

cells. However, the five-week RF-EMF exposure had adverse effects on the vitality and motility 

profiles of mature epididymal spermatozoa. Even after one week of exposure, spermatozoa 

showed increased mitochondrial ROS production, with elevated DNA oxidation and 

fragmentation. Notwithstanding these lesions, RF-EMF exposure did not impair the fertilisation 

competence of the spermatozoa nor their ability to support early embryonic development. 
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A-7.2 Cell studies (details relating to section 4.8.2) 

Rat primary astrocytes were exposed to a GSM-modulated or unmodulated RF signal 

(872 MHz, SAR 0.6 or 6.0 W kg-1, for 24 hours). Menadione (MQ) and methyl methane-

sulfonate (MMS) were used as co-exposures. The alkaline comet assay and the flow cytometric 

micronucleus assay were used to detect genetic damage. Exposure to GSM-modulated RF-EMF 

did not induce genomic instability in rat primary astrocytes, nor did it enhance the genotoxic 

effects of the chemicals used in the co-exposure experiments (Herrala et al. 2018). 

A study by Su et al. (Su et al. 2018) systematically evaluated the effects of RF-EMF exposure 

(GSM 1800 MHz, SAR 4.0 W kg-1, for one hour, six hours or 24 hours) on DNA damage and 

cellular functions in primary cultured neurogenic cells. The authors reported that exposure to 

RF-EMF at SAR 4.0 W kg-1 did not result in significant changes to the levels of cH2AX foci. 

Secretion of cytokines (TNF-a, IL-6 and Il-1b) in astrocytes and microglia was not affected by 

RF-EMF exposure. However, exposure did result in a statistically significant reduction of 

phagocytic activity of microglia, inhibition of branch length and reduction in the number of 

branches in primary cultured cortical neurons. Morphological indicators of dendrites or 

synapses were not affected.  

Al-Serori et al. (Al-Serori 2018) studied the impact of a UMTS signal on DNA stability in ten 

different human cell lines (six brain-tissue-derived cell lines, lymphocytes, fibroblasts and cell 

lines derived from the liver and the buccal mucosa), with SAR levels at 0 W kg-1, 0.25 W kg-1 

up to a maximum of 1.00 W kg-1. No evidence for exposure inducing DNA damage was found 

in cells that had been cultivated with serum. However, clear positive effects were seen in a p53 

proficient glioblastoma line (U87) when the cells were grown under serum-free conditions, 

while p53 deficient gioblastoma cells (U251) were not affected. Further experiments showed 

that the induced damage disappears rapidly in U87 cells and that exposure induced nucleotide 

excision repair (NER), as well as that no double strand breaks were caused. The observation of 

NER induction was supported by the results of a proteome analysis indicating that several 

proteins involved in NER are upregulated after exposure to UMTS. In addition, the authors 

found only limited evidence for the activation of the γ-interferon pathway.  

Human foetal and adult fibroblasts were exposed to RF at 25 GHz (SAR 20 mW/g, for 20 

minutes) to study effects on genotoxic and biological target parameters (Franchini et al. 2018). 

Test results (comet assay, phosphorylation of H2AX histone and antikinetochore antibody 

(CREST)-negative micronuclei frequency) excluded direct DNA damage to human fibroblasts. 

No induction of apoptosis or changes in prosurvival signalling proteins were detected.  

The objective of a study by Li et al. (Li et al. 2018b) was to identify the mechanism and the role 

of RF-EMF-induced autophagy in mouse spermatozoa. Spermatocyte-derived cells (GC-2) 

were exposed to RF-EMF (GSM 1800 MHz, 5 minutes on/10 minutes off, SAR 4 W kg-1) for 

24 hours and afterwards tested for evidence of autophagy, ROS and DNA damage. The results 

showed that RF-EMF induces autophagy and DNA damage in GC-2 cells via ROS generation 

and that ROS activate the autophagy-specific signalling pathway AMPK/mTOR. Inhibition of 

autophagy lead to an increased DNA damage in GC-2 cells following RF-EMF exposure. It 

must be emphasised that all effects were detected at an SAR level of 4 W kg-1, whereas lower 

SAR values did not induce any effects. 

A study by Falone et al. (Falone et al. 2018) investigated whether exposure to 1950 MHz (SAR 

0.3 W kg-1 or 1.25 W kg-1, 20 hours) inhibits menadione-induced ROS generation in human 

neuroblastoma cells, SH-SY5Y. No difference between sham-exposed and RF-exposed 

samples was detected. In cells exposed to 0.3 W kg-1 or 1.25 W kg-1 (P < 0.05) a statistically 

significant decrease in menadione-induced DNA damage was observed. Overall, the results 

suggested that exposure to RF before treatment with menadione reduces menadione-induced 
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oxidative DNA damage, probably by enhancing antioxidant scavenging efficiency and restoring 

DNA repair capability. 

Human peripheral blood lymphocytes from six healthy donors were stimulated for mitosis and 

exposed to a commercially available UMTS mobile phone handset (SAR 0.66 W kg-1, five 

minutes). The lymphocytes showed chromatid aberrations (gaps and breaks) at statistically 

significant percentages (up to 275%) compared to the control group (sham exposure) 

(Panagopoulos 2019). 

A-8 Oxidative stress  

A-8.1 Experimental animal studies (details relating to section 4.9.1) 

Schürmann and Mevissen (Schuermann und Mevissen 2021) published a narrative review 

article (without including the selection criteria they applied to publications as opposed to a 

systematic overview) regarding EMF and oxidative stress. As this review does not present any 

recent results other than those already described here and by other panels, it only leaves to 

mention that the authors did not analyse the quality of the studies nor the magnitude of the 

reported effects. This publication is therefore not relevant to this risk assessment. 

Ismaiil et al. (Ismaiil et al. 2019) used GSM mobile phone handsets (900 MHz, Eeff = 25 V/m, 

no data on power density, 24 hours per day for 28 days) to assess the effects of RF on certain 

blood values in induced diabetic Sprague-Dawley rats (n = 24, four groups). There were no 

statistically significant effects on insulin concentrations or blood sugar values. Following 

exposure, the diabetic rats were found to have altered hepatic levels of several markers of 

oxidative stress: increased levels of MDA, Nrf-2, SOD and catalase activity and reduced levels 

of pAkt-2. However, the study data shows that the values of insulin, catalase and SOD found 

in diabetic rats returned to the levels of those found in controls after exposure had finished. In 

their conclusion the authors describe the source of exposure as a mobile phone base station 

antenna, so it is not entirely clear how exposure was applied. 

Kamali et al. (Kamali et al. 2018) used a commercially available WLAN router to expose Wistar 

rats (n = 20, two groups, no information of group size) to a 2.45 GHz signal 24 hours per day 

for ten weeks. The objective of the study was to assess changes in the status of plasma 

antioxidant redox systems. On the basis of the results, the authors concluded that after RF 

exposure the oxidative defence system in rats was statistically significantly impaired.  

Postaci et al. (Postaci et al. 2018) carried out histopathological tests in Wistar albino rats 

(n = 32, four groups) to investigate potential oxidative effects of exposure to 2600 MHz (SAR 

11 mW kg-1, no data on duration) on the rats’ liver tissue. The antioxidant quercetin was applied 

to reduce any such effects. Slight, but statistically non-significant histological changes were 

also observed in the sham group, and the other target parameters (MDA, SOD and CAT levels) 

remained the same. In addition, according to the authors the concentration of quercetin that was 

used in the study was not sufficient. 

Shahin et al. (Shahin et al. 2018) conducted a study in Swiss inbred mice (n = 48, four groups) 

and also used mobile phone handsets for exposure (Nokia 100 mobile handset, 1800 MHz, three 

hours per day for 120 days). The handsets were put into different operating modes: dialling, 

receiving and standby. The mice were tested for ROS, NO and MDA and also for the 

antioxidant enzymes SOD, CAT and GPx. Tests were also carried out to determine changes in 

the expression of pro-apoptotic proteins (p53 and Bax) and the levels of active caspase-3, 

PARP-1 (DNA repair enzyme) and anti-apoptotic proteins (Bcl-2 and Bcl-xL). Pathological 
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values of all of these parameters were found in mice exposed to RF, which led the authors to 

the conclusion that RF induces apoptosis in testicular cells in mice.  

Pandey and Giri (Pandey und Giri 2018) looked at changes in germ cell production and 

transformation during one spermatogenic cycle (35 days) in the testes of Swiss albino mice 

(n = 60, four groups) following exposure to RF-EMF (GSM 902.4 MHz, SAR between 

0.0516 W kg-1 and 0.0054 W kg-1, three hours twice a day for 35 days). One group was exposed 

to RF and was also treated with melatonin. The authors found extensive DNA damage in germ 

cells of animals that had been exposed to RF along with an arrest of germ cells in pre-meiotic 

stages of spermatogenesis, which results in low sperm counts and sperm head anomalies. In 

addition, biochemical tests revealed excessive generation of free radicals, which caused 

histological and morphological changes in testis and germ cell morphology. The study does not 

provide data on the number of parallel studies or on blinding with respect to the analyses. 

A study by Bouji et al. (Bouji et al. 2020) tested the hypothesis that exposure to RF-EMF alters 

memory function by inducing corticosterone production and oxidative stress. They used Long-

Evans rats with Alzheimer’s disease (AD) and control animals, and assigned them to the 

following exposure groups: 0 W kg-1 for 45 minutes (n = 6), 1.5 W kg-1 for 15 minutes (n = 5), 

6 W kg-1 for 15 minutes (n = 4) or 6 W kg-1 for 45 minutes (n = 5). The rats were exposed for 

two hours per day twenty times within a period of 26 days (900 MHz, 217 pulses per second). 

The authors did not find that RF-EMF exposure modified memory in either the AD or the 

control rats. However, in contrast to the control rats, AD rats showed higher levels of 

hippocampal oxidative stress and decreased corticosterone levels with higher BA (brain 

average) SARs. This may be an indication of greater fragility with respect to neurodegenerative 

diseases in response to RF-EMF. 

A comparative study by Alkis et al. (Alkis et al. 2019) investigated whether exposure to 

different frequencies of RF-EMF (900 MHz, SAR: 0.085 W kg-1; 1800 MHz, SAR: 0.05 W kg-

1 and 2100 MHz, SAR: 0.04 W kg-1) induces oxidative stress, lipid peroxidation, and DNA 

damage in the brain of Sprague-Dawley rats (n = 28, four groups). Exposure duration was two 

hours per day for six months and SAR levels were calculated for the animals’ brain tissue. The 

results of the study showed that the levels of indicators of DNA damage and oxidative stress 

were higher in the RF-EMF exposure group than in the control group (sham exposure). The 

authors concluded that EMF frequencies of 900 MHz, 1800 MHz and 2100 MHz cause 

oxidative stress, increase lipid peroxidation and induce DNA damage by changing oxidant and 

antioxidant levels in rat frontal lobe brain tissue. 

A-8.2 Cell studies (details relating to section 4.9.2) 

A study by Tsoy et al. (Tsoy et al. 2019) investigated effects of mobile phone frequency RF-

EMF (GSM 918 MHz, SAR 0.20 W kg-1, no information on exposure duration or sample size) 

on β-amyloid-induced oxidative stress in primary human and rat astrocytes (in the presence of 

Aβ42 oligomeres and H2O2). The results showed that RF-EMF exposure affected typical 

markers (ROS, MMP, NADPH-oxidase, phosphorylation of p38 MAPK and ERK1/2 kinases) 

and that EMF is able to reduce Aβ42- and H2O2-induced cellular ROS. According to the 

authors, this may indicate the therapeutic potential of RF for the treatment of neurodegenerative 

diseases such as Alzheimer’s disease.  

Koohestani et al. (Koohestani et al. 2019) studied preantral follicles isolated from mice to 

investigate whether exposure to RF/EMF induces oxidative stress. The cells were grown in vitro 

and divided into a control group and an exposure group (mobile phone handset: Sony Ericsson 

K800, carrier frequency 1900 MHz, SAR between 0.77 W kg-1 and 0.88 W kg-1, for 

60 minutes). Target parameters such as size, survival, antrum formation, ovulation and ovum 
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maturation were assessed and the cells were tested for enzymatic antioxidant activity, total 

antioxidant capacity and malondialdehyde (MDA). The study found statistically significant 

changes in all of the above parameters. In conclusion the authors stated that exposure to mobile 

phone radiation compromised the developmental competence of mice preantral follicles by 

increasing oxidative stress. 

Human neuroblastoma cells (SH-SY5Y) were exposed to 1800 MHz (SAR 1.6 W kg-1) for ten 

minutes, 30 minutes or 60 minutes in a study conducted by Marjanovic Cermak et al. 

(Marjanovic Cermak et al. 2018). The concentrations of malondialdehyde and protein carbonyls 

were used to assess lipid and protein oxidative damage, and antioxidant activity was evaluated 

by measuring concentrations of total glutathione38 (GSH). Statistically significantly higher 

levels of ROS were observed for every exposure duration. The 60-minute exposure also caused 

a statistically significant increase in lipid and protein damage. The highest GSH concentration 

was found after ten minutes of exposure. The authors concluded that exposure to 1800 MHz 

EMF may affect the equilibrium between cellular oxidation and reduction reactions, which 

could result in oxidative damage on the macromolecular level. 

A-9 Mechanistic studies (details relating to section 4.10) 

Eker et al. (Eker et al. 2018) carried out an in vivo study in 37 (in the original text partly also 

n=27, three groups) female Wistar albino rats that were exposed to RF-EMF (GSM 1800 MHz, 

electric field of 6.8 ± 0.1 V/m, SAR 0.06 W kg-1) for two hours per day for eight weeks. The 

authors found that caspase-3 and p38MAPK gene expression were significantly upregulated in 

the ocular tissues following exposure to RF-EMF (p < 0.05). 

Tomruk et al. (Tomruk et al. 2019) investigated whether RF exposure (1800 MHz, 2100 MHz 

and 2600 MHz; SAR 1.6 W kg-1; three hours and six hours continuously or intermittently) 

induces apoptosis and affects cell viability in HT-29 cells. The results of their study showed 

reduced cell viability following exposure (all frequencies) and a statistically significant increase 

in caspase activation dependent on the duration of exposure in vitro. 

A study by Li et al. (Li et al. 2020a) had similar results. They exposed NIH/3T3 cells 

intermittently to EMF at 1800 MHz (SAR 2 W kg-1) for 12 hours, 24 hours, 36 hours or 48 

hours and found a statistically significant reduction in cell viability in all exposed groups 

compared to the sham-exposed group. In addition, after 48 hours of exposure, the percentage 

of late apoptotic cells in the exposure group was significantly higher than in the other groups. 

Real-time qPCR results showed that p53 mRNA in the 48-hour exposure group was 1.4 times 

that in the control group. Electron microscopy revealed mitochondrial swelling and vesicular 

morphology after 48-hour exposure, which is a sign of RF-induced apoptosis. 

A study by Özsobaci et al. (Özsobaci et al. 2020) also used HEK293 cells to investigate the 

effects of RF (2.45 GHz for one hour). They found that exposure induces oxidative stress and 

apoptosis, although no clear data on specific power densities involved is provided.  

A 2.856 GHz EMF (average power density 60 mW/cm2 for six minutes) reduced survival rates 

and viability of human endothelium cells and increased apoptosis (Wang et al. 2019).  

The results of a study by Garcia-Minguillan Lopez et al. (Garcia-Minguillan Lopez et al. 2019) 

showed a statistically significant time-dependence of the reduction of cell viability in NIH/3T3 

                                                 

38  Glutathione: a substance produced in the body that supports hydrogen transfer (cf. https://www.emf-

portal.org/en/glossary/2143). 

https://www.emf-portal.org/en/glossary/2143
https://www.emf-portal.org/en/glossary/2143
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fibroblasts following exposure to 2.54 GHz (56.2 μW/cm2, for 15 minutes, 3 hours, 6 hours, 9 

hours, 15 hours, 18 hours and 21 hours).  

Alessio et al (Alessio et al. 2019) used a smart meter (169 MHz, Open Meter 2G; E-

DISTRIBUZIONE SPA, Rome, Italy) as the source of exposure to investigate biological effects 

of RF (E = 0.1 J, for 0 minutes, 30 minutes, 90 minutes, 180 minutes and 1,440 minutes) in 

stem cells. Target parameters were senescence and loss of regeneration and DNA-repair 

capacity. No changes in these parameters were detected after exposure. 

A study by Gibot et al. (Gibot et al. 2019) evaluated several biological effects of RF in tumour 

cell spheroids and in normal human dermal fibroblast spheroids by examining macroscopic 

aspects, cell growth, the integrity of the plasma membrane, induction of apoptosis, ATP content 

and mitochondrial potential. No statistically significant effects were observed, indicating that 

1.5 GHz narrowband electromagnetic fields with an incident amplitude level of 40 kV/m, and 

150 MHz moderate-band electric fields with an amplitude of 72.5 to approximately 200 kV/m 

did not cause any significant alterations to the assessed parameters. 

Effects of RF-EMF fields on signalling pathways were investigated in a study by Poque et al. 

(Poque et al. 2020). The authors used the bioluminescence resonance energy transfer technique 

(BRET) to identify effects of GSM-modulated 1800 MHz signals (up to 2 W kg-1, 24 hours) on 

the activity of ERK and RAS kinases in HuH7 cells. They found that RF did not affect the level 

of RAS or ERK activation nor the potency of phorbol-12-myristate-13-acetate (PMA) to 

activate either RAS or ERK kinases. However, exposure with a CW 1800 MHz signal at 

2 W kg-1 decreased maximal efficacy of PMA to activate ERK, but not RAS. 

Lamkowski et al. (Lamkowski et al. 2018) carried out gene expression analyses in human 

peripheral blood cells from five healthy donors following exposure of the cells to 900 MHz RF-

EMF (9.3 W kg-1 for 0 minutes, 30 minutes, 60 minutes and 90 minutes). The authors detected 

no EMF-specific gene expression response after applying the false discovery rate (FDR) 

adjustment, using a high-stringency approach. Low-stringency analysis revealed 483 

statistically significant deregulated transcripts in all RF-EMF groups relative to the controls. 

According to the authors, these transcripts must be regarded as statistical artefacts due to the 

absence of a targeted biological response. Fourteen promising candidate transcripts were 

therefore examined by qRT-PCR, but this did not confirm the findings of the microarray 

examination. This means that exposure of human blood cells to EMF as used in the study does 

not induce non-thermal alterations in gene expression. 

Adaptive response (AR) is a process originally observed in bacteria. It involves cultivation of 

bacterial cells in a medium to which a low, non-toxic dose (adaptive dose, AD) of a chemical 

mutagen is added followed by treatment of the cells with a high dose (challenge dose, CD) of 

the same mutagen. AD+CD-exposed cells were found to be less sensitive to the CD than cells 

without AD treatment (Samson und Cairns 1977). The same phenomenon was also seen in 

human lymphocytes and other cells and cell lines (in vitro or in vivo) in response to RF-EMF 

exposure. Sannino et al. (Sannino et al. 2019) carried out a study in human peripheral 

lymphocytes and V79 cells to detect the presence of AR. The cells were exposed to an AD of 

RHF-EMF (UMTS signal 1950 MHz; SAR 0.3 W kg-1 and 1.25 W kg-1; 20 hours) and then 

treated with a CD of mitomycin-C. The authors confirmed their hypothesis, i.e. the induction 

of AR, in terms of the reduction of micronuclei formation caused by EMF. Interestingly, this 

response could be negated by treatment with 3-aminobenzamide, an inhibitor of poly (ADP-

ribose) polymerase (PARP), which is involved in DNA repair. This could indicate potential 

involvement of DNA repair mechanisms in RF-induced AR. 

So-called non-targeted effects (NTEs) are responses of cells that have not been directly exposed 

to RF-EMF and still exhibit effects, such as the bystander effect (BE) following exposure to 
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non-ionising radiation. Jooyan et al. (Jooyan et al. 2019) looked at the presence of NTEs in 

CHO cells that had been exposed to 900 MHz GSM (SAR 2 W kg-1) for four, twelve and 24 

hours. They found no statistically significant changes in cell membrane permeability, cell redox 

activity, metabolic cell activity or micronuclei frequency in the cells directly exposed to RF-

EMF. However, RF exposure for 24 hours caused a statistically significant decrease in 

clonogenic ability as well as a statistically significant increase in DNA damage (comet assay) 

in both directly exposed and bystander cells. Bystander cells had received culture media from 

RF-exposed cells (conditioned culture medium). Exposure to RF-EMF also increased both 

intracellular and extracellular levels of ROS.  
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ANSES Agence Nationale de Sécurité Sanitaire de l’Alimentation, de 

l’Environnement et du Travail (France) (French Agency for 

Food, Environmental and Occupational Health & Safety) 

ARPANSA Australian Radiation Protection and Nuclear Safety Agency 

BAFU Bundesamt für Umwelt (Switzerland) (Federal Office for the En-

vironment) 

CDMA Code Division Multiple Access 

CPICH  Common Pilot Channel 

CRF Corticotropin releasing factor 

CRH-2 Corticotropin releasing hormone-2 

CW Continuous wave 

DCS Digital Cellular System 

DL Downlink  

DSS Dynamic Spectrum Sharing 

DVB-T Digital Video Broadcasting - Terrestrial 

EDA Electrodermal activity 

EDGE Enhanced Data Rates for GSM Evolution 

https://www.emf-portal.org/de/glossary/3646
https://www.emf-portal.org/de/glossary/1629
https://www.emf-portal.org/de/glossary/3192
https://www.emf-portal.org/de/glossary/398
https://www.emf-portal.org/de/glossary/398
https://www.emf-portal.org/de/glossary/2340
https://www.emf-portal.org/de/glossary/3850


Electromagnetic fields and 5G mobile networks 132 

 

EEG Electroencephalography 

EIRP Equivalent Isotropically Radiated Power 

eMBB Enhanced Mobile Broadband 

EMG Electromyogram 

EOG Electrooculogram 

ETSI European Telecommunications Standards Institute 

FDD Frequency Division Duplex 

FDMA Frequency Division Multiple Access 

FR1 Frequency Range 1 

FR2 Frequency Range 2 
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HPHT High-Power High-Tower 

HRV Heart rate variability 

HSPA High Speed Packet Access  

HSPA+ High Speed Packet Access + 

ICNIRP International Commission on Non-Ionizing Radiation Protection 

INTEROCC Study acronym: Occupational exposures and brain cancer 

LPS  Lipopolysaccharides 

LTE Long Term Evolution 

LTE-A Long Term Evolution - Advanced 

MIMO Multiple Input Multiple Output (cf. Part I, Section 1.3) 

mMIMO Massive-Multiple Input Multiple Output (cf. Part I, Section 1.3) 

https://www.emf-portal.org/de/glossary/675
https://www.emf-portal.org/de/glossary/1698
https://www.emf-portal.org/de/glossary/2612
https://glossar-ssk.de/index.php?title=GPRS
https://www.emf-portal.org/de/glossary/2142
https://www.iarc.who.int/reference/the-interocc-case-control-study-risk-of-meningioma-and-occupational-exposure-to-selected-combustion-products-dusts-and-other-chemical-agents/
https://www.emf-portal.org/de/glossary/141
https://www.emf-portal.org/de/glossary/3740


Electromagnetic fields and 5G mobile networks 133 

 

mMTC Massive Machine Type Communications 

mRNA Messenger-ribonucleic acid 

MU-MIMO Multi-User-Multiple Input Multiple Output (cf. Part I, Section 1.3) 

NGF Nerve Growth Factor 

NO-Synthase Nitric oxide synthase 

NR New Radio  

NREM sleep Non-rapid eye movement sleep 

OFDM Orthogonal Frequency Division Multiplexing 

OFDMA Orthogonal Frequency Division Multiple Access  

PET Positron emission tomography  

REM sleep Rapid eye movement sleep 

ROS Reactive oxygen species 

RT-PCR Reverse-transcriptase polymerase chain reaction 

SAR Specific absorption rate 

SCENIHR Scientific Committee on Emerging and Newly Identified Health 

Risks (European Union). 

SCF complex Skp, Cullin, F-box containing (protein) complex 

Sham Sham exposure 

SMM Smoldering multiple myeloma 

SOD Superoxide dismutase  

TDD Time Division Duplex  

TDMA Time Division Multiple Access 

TEM cell Transverse electromagnetic cell  

TRF Telomere Restriction Fragment 

UL Uplink 

UMTS Universal Mobile Telecommunications System 

https://www.emf-portal.org/de/glossary/2002
https://www.emf-portal.org/de/glossary/2995
https://www.emf-portal.org/de/glossary/2099
https://www.emf-portal.org/de/glossary/403
https://www.emf-portal.org/de/glossary/3708
https://www.emf-portal.org/de/glossary/3708
https://www.emf-portal.org/de/glossary/1155
https://www.emf-portal.org/de/glossary/2179
https://www.emf-portal.org/de/glossary/2685
https://www.emf-portal.org/de/glossary/2897
https://www.emf-portal.org/de/glossary/3958
https://www.emf-portal.org/de/glossary/1628
https://www.emf-portal.org/de/glossary/129


Electromagnetic fields and 5G mobile networks 134 

 

URLLC Ultra Reliable Low Latency Communications 
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