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A B S T R A C T   

Wireless phones (both mobile and cordless) emit not only radiofrequency (RF) electromagnetic fields (EMF) but 
also extremely low frequency (ELF) magnetic fields, both of which should be considered in epidemiological 
studies of the possible adverse health effects of use of such devices. This paper describes a unique algorithm, 
developed for the multinational case-control MOBI-Kids study, that estimates the cumulative specific energy 
(CSE) and the cumulative induced current density (CICD) in the brain from RF and ELF fields, respectively, for 
each subject in the study (aged 10–24 years old). Factors such as age, tumour location, self-reported phone 
models and usage patterns (laterality, call frequency/duration and hands-free use) were considered, as was the 
prevalence of different communication systems over time. 

Median CSE and CICD were substantially higher in GSM than 3G systems and varied considerably with 
location in the brain. Agreement between RF CSE and mobile phone use variables was moderate to null, 
depending on the communication system. Agreement between mobile phone use variables and ELF CICD was 
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higher overall but also strongly dependent on communication system. Despite ELF dose distribution across the 
brain being more diffuse than that of RF, high correlation was observed between RF and ELF dose. 

The algorithm was used to systematically estimate the localised RF and ELF doses in the brain from wireless 
phones, which were found to be strongly dependent on location and communication system. Analysis of car-
tographies showed high correlation across phone models and across ages, however diagonal agreement between 
these cartographies suggest these factors do affect dose distribution to some level. Overall, duration and number 
of calls may not be adequate proxies of dose, particularly as communication systems available for voice calls tend 
to become more complex with time.   

1. Introduction 

Mobile phones are held close to the head during conversations, and 
as a result some of the energy from the radiofrequency (RF) electro-
magnetic fields (EMFs) emitted by phones is absorbed by the brain. This 
has led to concerns that there may be long-term health effects, such as 
brain tumours, linked to mobile phone use. Most of the epidemiological 
studies that investigated possible adverse health effects from mobile 
phones have used proxies, such as self-reported duration and number of 
calls, to quantify EMF exposure to the brain. INTERPHONE was the first 
epidemiological study to examine possible health effects from mobile 
phones based on individual dose estimates (the cumulative specific RF 
energy (CSE) absorbed) at the location of the tumour as opposed to using 
cumulative call time as proxy for exposure. The study found that, in the 
adult brain, most of the RF energy from mobile phones was absorbed in 
the outer surface of the temporal lobe, on the side of the head where the 
phone was used, and misclassification was non-negligible when using 
call time as opposed to CSE (Cardis et al., 2011a). 

In addition to RF, mobile phones also emit extremely low frequency 

(ELF) magnetic fields (Calderón et al., 2014; Calderón et al., 2017; 
Gosselin et al. 2013) which induce currents in the brain, but this type of 
exposure has yet to be included in mobile phone epidemiological 
studies. Indeed, ELF was mentioned as a possible confounder of the as-
sociation between RF and brain tumour risk in INTERPHONE (Cardis 
et al. 2011a). 

MOBI-Kids is a subsequent case-control multi-national epidemio-
logical study that investigated the possible association of brain tumours 
and exposure to wireless phones – both mobile and cordless, including 
exposure to RF and ELF EMFs in children and young adults (Castaño- 
Vinyals, 2022; Sadetzki et al., 2014). It advances the previous epide-
miological research by also including ELF exposure and focuses on ef-
fects of exposure in childhood and adolescence, a subject of concern in 
recent years due to the growing use of mobile communication technol-
ogies in young people. 

This paper presents the algorithm that was designed to estimate the 
lifetime dose – specifically CSE for RF exposure and cumulative induced 
current density (CICD) for ELF exposure – for each subject in MOBI-Kids 
who reported use of mobile or cordless phones. This work builds on the 

Fig. 1. ELF and RF algorithm for MOBI-Kids for mobile phone exposure. Algorithm for Digital Enhanced Cordless Telecommunications (DECT) phones is similar. 
Appendix A The variable SAR1g and SAR10g refers to the localised SAR averaged over 1 g and 10 g of contiguous tissue, respectively. The maximum SAR1g and SAR10g 
over the brain is labelled in the figure as maxSAR1g and maxSAR10g. 
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INTERPHONE algorithm (Cardis et al., 2011b), by also taking into ac-
count ELF EMFs, recent improvements in dosimetry and the evolution of 
communication systems over the last two decades, some of which have 
been shown to result in differences in both RF and ELF dose by an order 
of magnitude or greater (Calderón et al., 2017; Wiart, 2013). Re-
finements were also possible as a result of the MOBI-Expo validation 
study, complementary to MOBI-Kids, which utilised an app to validate 
mobile phone use reported by young people (Goedhart et al., 2018). 
Doses were estimated for all mobile or cordless phone users in the study 
across the 14 participating countries, and a statistical analysis was 
performed to determine the level of agreement between dose and self- 
reported use of mobile phone, and between RF and ELF dose. 

2. Materials and methods 

2.1. Main elements of RF and ELF dose algorithms 

The main structural elements of the RF and ELF dose algorithm are 
shown schematically in Fig. 1 and the following subsections describe the 
different sources of information that were used to construct the 
algorithm. 

2.1.1. Information on usage from MOBI-Kids study subjects 
Between 2011 and 2015, subjects in the study were interviewed to 

ascertain their mobile phone usage and exposure to possible con-
founders such as ionising radiation and pesticides, as well as medical 
history. Each subject responded to a face-to-face questionnaire in the 
local language administered by a trained interviewer, except for a small 
percentage where the interview was done over the phone – 4% of cases 
and 6% of controls (Castaño-Vinyals et al., 2022). Those who were 
regular users of mobile phones (defined as making or receiving calls at 
least once a week for a period of 3 months or more) were asked a series 
of questions related to their mobile phone use during their lifetime. The 
questions were used to quantify various exposure variables: number and 
length of calls (making/receiving); mobile phone operators used; use in 
urban vs rural areas; laterality and hands-free use (HF, which includes 
use of hands-free kit and speaker mode), in particular use of Bluetooth 
headsets as this was deemed to be a potential additional source of RF/ 
ELF to consider. Similarly, subjects were asked about usage of cordless 
phones (laterality, number/duration of calls, use of HF). 

Study participants were also asked to report the different models of 
mobile phones they used. A catalogue, with over 7000 phone models 
marketed between 2000 and 2015 in the participating countries, was 
created to help subjects identify the model. Information in the catalogue 
included make and model, year of commercialisation, phone type 
(including shape and position of external antenna where available), 
communication systems supported, connectivity, and other phone 
characteristics (e.g. battery, voltage and Specific Absorption Rate 
(SAR)), where available. When a subject did not remember the exact 
phone model that they had used, prompts were used (classic vs. special 
shaped; flip vs. slide vs. neither; smartphone; visible antenna; func-
tionalities) to try to allocate the phone into one of the a priori con-
structed phone categories (discussed in Section 2.1.3). If no information 
was available, even after prompts (6% of total number of phones re-
ported), the phone model was imputed based on the most popular phone 
used in that country and that year. 

Voice calls made over Wi-Fi using Voice over Internet Protocol 
(VoIP) with mobile phone applications such as Skype and WhatsApp are 
a low-cost alternative to network calls and thus were also considered in 
the questionnaire. However, data from the MOBI-Kids questionnaire 
showed that only 19% of participants reported using VoIP, and the 
amount of use was very low during the period of interest, with a median 
of less than 8 min per day. Moreover, these applications are typically 
used for video calls, where the phone is located far from the head during 
use, resulting in negligible EMF exposure to the brain. For these reasons 
VoIP was not included in the algorithm. 

Information was also gathered on text messaging and uploading data 
(e-mail, browsing the internet), though again it was not included in the 
algorithm on the basis that these services usually involve using the 
phone away from the head. 

2.1.2. Input from validation studies 
Dose at any given location in the brain will depend on whether the 

phone was being held close to the head and if so, on which side (later-
ality). As part of MOBI-Kids, a validation study (MOBI-Expo) was un-
dertaken to characterise and validate mobile phone use habits in young 
people (Goedhart et al., 2018). Results were used to inform the various 
answers in the MOBI-Kids questionnaire. Information such as laterality, 
duration of calls and hands-free use was recorded by an Android 
application developed by WHIST Lab (X-Mobisense) and compared with 
reported mobile phone use. Results from 466 participants across the 12 
participating countries (Australia, Canada, France, Germany, Greece, 
Israel, Italy, Japan, Korea, New Zealand, Spain and the Netherlands) 
showed that laterality was much more evenly distributed than previ-
ously assigned, with self-reported right-side users holding the phone on 
the right side for about 70% of the time (as opposed to the 90% value 
assigned in INTERPHONE (Cardis et al., 2011b)) and self-reported left- 
side users holding the phone on the left side for around 50% of the time. 
Subjects with no preferred laterality were found to use their phone on 
the right side for around 60% of the time, similar to that assigned in 
INTERPHONE (50%). 

Hands-free use was categorised into ‘Almost never or rarely’, ‘Less 
than half the time’ and ‘Half the time or more’ for both mobile phone 
and cordless phones (asked separately). In INTERPHONE these cate-
gories translated to 0%, 25% and 75% of use respectively. However, 
Mobi-Expo revealed that these proportions were much lower in the age 
range of subjects in MOBI-Kids, translating to 3.5%, 7% and 18.5% 
respectively for headset and speaker use (for both mobile phones and 
cordless phones), and 0%, 1% and 10% respectively for Bluetooth spe-
cifically (Goedhart et al., 2018). 

2.1.3. Phone categories 
The EMF exposure from a mobile phone at any given time will 

depend on various factors. For RF, exposure is dependent on the design 
of the device (i.e. phone model), the frequency used by the communi-
cation system, the power input to the transmitting antenna, and the 
position of the phone with respect to the head (distance to the head, 
laterality, orientation). 

Most of these parameters can also have an impact on ELF exposure, 
but, unlike RF, frequency band is not a main determinant of ELF expo-
sure, but communication system frame structure is (Calderón et al., 
2017). Frame structure determines the temporal pattern of the phone 
transmissions which will affect the waveform (temporal pattern) of the 
electrical current being drawn from the battery, which gives rise to the 
ELF magnetic fields. 

It was unfeasible to model the induced current density (ICD) and SAR 
for all phone in the catalogue. Also, many mobile phone designs were 
very similar. Thus, a set of RF and ELF phone classifications were 
defined based on an assessment of the most popular phone models and 
on various exposure determinants found through the measurements and 
computational modelling performed as part of the study (Calderón et al., 
2017; Lee et al., 2017; Lee et al., 2016). 

For RF, five main generic categories of phones were developed and 
modelled, based on their shape: bar phones (small screen, physical 
keypad), smartphones (large screen, no keypad), flip phones with in-
ternal and external antenna, and slide phones. For flip phones with in-
ternal antenna and for slide phones, subclasses were also investigated to 
account for differences in the antenna location (top/hinge, bottom) and, 
in the case of slide phones, in usage configuration (opened, closed). An 
averaging process was used to derive representative ICD and SAR dis-
tributions (referred to as cartographies) for these two categories. Thus, 
for flip phones, the average of the cartographies with the antenna at the 
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top and at the hinge was used. For slide phones, the average of the 
cartographies with the antenna at the top and bottom was used to 
calculate average cartographies for open and closed configurations. A 
weighted average was then used to calculate the overall set of cartog-
raphies, which assumed phone calls were made 75% of the time with the 
slide phone opened, and 25% of the time closed. For the bar phone 
model, the antenna was assumed to be on the top of the phone, and for 
the smartphone it was assumed to be at the bottom of the phone. South 
Korea was able to obtain information on antenna location for each 
phone model reported, thus specific subclass cartographies were used 
accordingly. Most South Korean bar phone models had the antenna at 
the bottom, so these were classified as smartphones instead. 

The antennas of all modelled phones were designed to emit at (or 
close to) the frequencies used by the communication systems across the 
various participating countries, namely in the 800–900 MHz band (low 
frequency band) and the 1750 MHz–1950 MHz band (high frequency 
band). The mobile communication systems included in the algorithm, 
along with their prevalence (based on Section 3.3) and other operational 
characteristics are shown in Table 1, and brief definitions of the 
communication systems are provided in Appendix A. Communication 
systems used for data and not widely used for voice calls, such as 
Enhanced Data rates for Global System for Mobile communications 
Evolution (EDGE) and High-Speed Packet Access (HSPA), were not 
included in the algorithm. 

In terms of ELF, communication systems which use Time Division 
Multiple Access (TDMA) schemes (such as GSM, PHS, PDC, and DECT), 
transmit in periodic bursts, and the frequency components of the ELF 
magnetic field are dictated by the frequency of the transmission bursts 
(Appendix A). On the other hand, for communication systems which use 
Code Division Multiple Access (CDMA) schemes, transmission is con-
stant throughout the call and variations in current and thus magnetic 
field are small, and spectral profile is noisier (Calderón et al., 2017). In 
terms of spatial distribution, the ELF magnetic field from a mobile phone 
can be modelled as a small loop, and the position of this loop has been 
observed to be within the boundaries of the phone’s battery (Calderón 
et al., 2014; Gosselin et al., 2013). Information on battery position was 
not readily available in the catalogue, but in the sample of GSM and 
UMTS phones assessed within the study, flip/slide phones were found to 
have, on average, a lower battery position than bar phones, by around 3 

cm (Calderón et al., 2014). Thus, it was possible to classify phones based 
on their communication system, and in the case of GSM and UMTS, the 
phone shape (bar phones versus flip/slide phones). 

Cordless phones were assumed to be Digital Enhanced Cordless 
Telecommunications (DECT) phones as this was the standard for cord-
less phones in most participating countries since the late 1990s (Stüber, 
2017). For RF, a specific larger bar phone was designed to represent the 
DECT phone. For ELF, modelling was based on specific measurements 
made over a small sample of DECT phones (Calderón et al., 2017). 

Results from preliminary investigations on Bluetooth exposure from 
an earpiece showed that both RF and ELF exposure from Bluetooth de-
vices was likely to be negligible and hence use of Bluetooth hands-free 
kit (HFK) was treated the same as any other HFK. 

2.1.4. Computational dosimetry 
The accurate calculation of the SAR induced by RF sources and ICD 

induced by ELF sources requires realistic numerical models of the 
human body, also known as phantoms. Adult and child phantoms have 
been intensively studied using mathematical, voxelized or synthetic 
methods (Christ et al., 2010; Dimbylow, 1995; Lee et al., 2009; Lee et al., 
2006; Nagaoka et al., 2004; Wiart et al., 2008; Wu et al., 2011; Xu and 
Eckerman, 2009). Even though the brain reaches its adult size (shape 
and volume) after about 5 years (Courchesne et al., 2000; Han et al., 
2018; Lee et al., 2019; Wiart et al., 2008), the pinna, skin, skull thickness 
and the lower part of the head continue to evolve with age, and the same 
RF source can therefore result in different doses if used at different ages. 
It was therefore important for the study to assess the brain dose at 
different stages of development. Taking into account the different or-
gans’ development over time, the age of the study subjects and the 
available child head phantoms, four different head models were chosen 
from the Virtual Population set of phantoms, developed by IT’IS (Christ 
et al., 2010; Gosselin et al., 2014), representing an 8-year-old (Eartha), 
11-year-old (Billie), 14-year-old (Louis) and an adult (Duke) (Fig. 1, 
Fig. S1). These are heterogeneous models, containing 13 different brain 

Table 1 
Communication systems included in the algorithm together with their maximum output powers, scaling factors for conversion to typical power levels, and duty factors. 
For introduction of each communication system, see Appendix A.  

Communication 
system 

Handset 
frequency 
bands, MHz 

Approximate period 
used (country 
dependent) 

Participating countries that 
reported having deployed 
this technology 

Maximum 
emitted power 
(W) 

Duty 
factor 

Maximum 
averaged emitted 
power (W) 

Scaling factor 
for typical 
output power for 
RF 

Reference 

(from operator data) AAPC  

GSM 900 1991– Present All participating 
countries except Japan/ 
South Korea 

2 0.125 2*0.125 = 0.25 0.5 (Vrijheid et al. 
2009) 1800 1 0.125 0.125 0.5 

UMTS 900 2001– Present All participating 
countries 

0.25 1 0.25 Urban 0.0067 (Gati et al. 
2009) 1700 Rural 0.0133 

2000  
CDMAOne 800 1995–2000 South Korea/Canada/ 

Israel 
0.2 1 0.2 0.005 (Kelsh et al. 

2011; Lee and 
Choi 2020)  

1900 
CDMA2000 800 2000 – Present South Korea/Canada/ 

Israel 
0.2 1 0.2 0.005 

1900 
2100 

PDC 900 1991 – 2012 Japan 0.8 1/3 
(full 
rate) 

0.8*0.28 = 0.22 0.5 (Wake et al., 
2005) 

1500 1/6 
(half- 
rate) 

PHS 1900 1995–2020 Japan 0.08 1/8 0.01 1  
DECT 900 1992 – Present ALL 0.25 1/24 0.25 1a  

1500  

a While a form of APC is available on recent DECT phones (eco DECT), it was deemed not to be prevalent during the period of interest for the study. 
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tissues2 with a resolution of 1 mm. Adult dielectric properties were used 
for all phantoms, as the dielectric properties of tissues are likely to differ 
little in the age range covered by MOBI-Kids (Gabriel et al., 1996a; Wang 
et al., 2006). This is supported by empirical calculations (Wang et al., 
2006) and by analyses of the influence of the dielectric properties of 
tissues (based on the TBW - Total Body Water) on whole body averaged 
SAR where differences of 5.8%, 3.6%, and 2.5% were observed for a 1-, 
3-, and 5-year-old respectively (Lee and Choi, 2012). RF calculations 
were performed using the Finite Difference Time Domain (FDTD) nu-
merical method and ELF calculations were performed using the 
impedance method (Orcutt and Gandhi, 1988). 

2.1.4.1. RF. The input power to the transmitting antenna is a key 
parameter in the computational modelling of the phones and depends on 
the power emitted by the RF amplifier in the frequency band of interest, 
as well as possible losses/mismatches in the link between the antenna 
and the amplifier, which are specific to each handset. However, all 
mobile phones on the market are required by law, e.g. the Radio 
Equipment Directive (RED) in Europe (2014/53/EU 2014) or previously 
the Radio equipment and Telecommunications Terminal Equipment 
Directive (1999/5/EC, 1999), to provide maximum SAR measurements 
averaged over 10 g or 1 g of tissues (maxSAR10g or maxSAR1g). These 
measurements follow well-defined international standards, such as the 
IEC 62209–1528 standard (IEC-62209-1528, 2020). SAR is linearly 
proportional to input power, and thus the latter can be used as a proxy 
for SAR. Hence, a reference input power, Pref , was defined such that it 
would result in a maximum SAR10g of 1 W/kg when using a specific 
anthropomorphic mannequin (SAM) phantom and the phone in the 
‘cheek’ position, as defined by the IEC 62209 standard. This reference 
input power Pref (c) was defined for each of the phone categories, 
labelled c, and subsequently used for the detailed numerical modelling 
with the four heterogeneous head models. Then, once all phone model 
information was gathered from the participants, the modelling was 
scaled to the average maxSAR10g for each phone category. This was the 
average across all models reported in a given category and for which 
there was maxSAR10g or maxSAR1g data available. If only maximum SAR 
over 1 g was provided by manufacturers, a scaling factor, CF = 1.5, was 
applied to convert to a SAR over 10 g, where maxSAR10g = maxSAR1g/

CF (Lee et al., 2018). The scaling with average maxSAR10g includes the 
reduction in power from frame structure duty factors in Time Division 
Multiple Access (TDMA) systems. 

The IEC 62209–1528 standard (IEC-62209-1528, 2020) specifies 
“Cheek” and “Tilt” mobile phone positions. However, phone position is 

likely to vary during a call, across calls, and across subjects. Several 
studies, based on numerical and advanced stochastic methods were 
performed to analyse the influence of the handset position on brain RF 
dose (Ghanmi, 2013; Ghanmi et al., 2014). These studies showed that 
the RF SAR distribution in the brain can be approximated by using five 
positions: the “Cheek” and “Tilt” positions, with the angles {θ,φ} 
respectively equal {0◦,0◦} and {15◦,0◦}, and 3 additional positions: 
{25◦,0◦}, {8◦,+10◦}, {8◦,-10◦}, where θ is the tilt angle between phone 
and cheek and φ is the rotational angle about the axis connecting both 
ears (Fig. S2). In the absence of information on handset position and to 
account for the likely variation in this parameter, the average of the SAR 
distributions across all five different phone positions was used for each 
of the categories. In all cases, an equal probability for each position was 
assumed. 

2.1.4.2. ELF. ICD modelling was performed for various communication 
systems (GSM, UMTS, CDMA2000, PDC, DECT). Cartographies were 
also made available separately for bar phones and flip/slide phones for 
GSM and UMTS, based on magnetic field measurements of samples of 
phones using these communication systems. The results of this work, 
published elsewhere (Calderón et al., 2014; Calderón et al., 2017), were 
used as inputs to the algorithm presented here. Unlike with RF, only 
‘cheek’ position was assumed during modelling, which was considered 
the worst-case scenario. The frequencies used for the ELF numerical 
modelling (and dielectric properties) are specified in Table 2. As the 
magnetic field waveform from mobile phones comprises several fre-
quency components, the original models were scaled to allow for them, 
as described in Calderon et al. (Calderón et al., 2017). 

Use of CDMAOne has practically faded come to an end since 2001, 
therefore there were no phones and equipment available to perform 
measurements. However, due to the similarities in frame structure be-
tween CDMA2000 and CDMAOne, CDMA2000 was used as a proxy for 
CDMAOne. In the same way, due to similarities in magnetic field dis-
tribution, DECT phones were used as proxy for PHS phones, albeit with a 
scaling factor that reflected the differences in output power and fre-
quency composition. The relative amplitude between the various 
communication systems, derived by comparing maximum ICDs in the 
cartographies, is shown Table 2. 

2.1.5. Tumour location and cartographies 
A program called Gridmaster was developed in the INTERPHONE 

study to allow neuroradiologists to define the location of a tumour 
within the computational head phantom used for the dosimetry on the 
basis of diagnostic scans (Cardis et al., 2011b). The program displayed 
coronal, sagittal and transverse outlines of the phantom. Since tumour 
localisation is a complex process, relying heavily on the experience of 
the neuroradiologist, it is done at centimetre resolution. Thus, the high- 
resolution dosimetry calculations were projected over a superimposed 
grid of 1 cm3 resolution. 

Large advances in phantom models since the development of the 
Gridmaster allowed the creation of an improved version of the program 
for this study (XGridmaster), with added anatomical information as a 
function of age (Fig. S1). Thus, the homogeneous head model of the 
original program was replaced with the four heterogeneous head 
models, mentioned above. The neuroradiologists were able to use the 
most relevant phantom for comparison with the diagnostic scan (Mag-
netic Resonance Imaging or Computed Tomography scan if the former 
was not available) and select all the 1 cm3 voxels of the tumour in the 
corresponding phantom, using the various tissue structures in the un-
derlying high resolution brain as references for more accurate location. 
The centre of gravity (COG) was subsequently calculated as the geo-
metric centre of the total volume of the tumour. 

To transfer the high-resolution modelling onto the 1 cm3 coordinate 
system of the XGridmaster, the edges of the high-resolution brain were 
aligned with the orthogonal axes of the XGridmaster, and dose 

Table 2 
Main ELF frequencies for the various communication systems included in the 
algorithm.  

Communication 
system 

Main ELF 
frequency, Hz 

Relative amplitude with respect 
to GSM ICD 

(maximum 1 cm3 ICD)2 

GSM 217 1 
UMTS Variable (typically 

100) 
0.04 

CDMAOne 901 0.021 

CDMA2000 90 0.02 
PDC 50 0.07 
DECT 100 0.09 
PHS 200 0.008  

1 Same values as CDMA2000 were used, based on communication system 
similarities in frame structure and output power. 

2 Comparisons from numerical modelling, at maximum power level. 

2 Grey matter, White matter, Cerebellum, Commissura anterior, Commissura 
posterior, Hippocampus, Hypophysis, Hypothalamus, Medulla oblongata, 
Midbrain, Pineal body, Pons and Thalamus. 
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distributions (SAR or ICD) were averaged within each superimposed 1 
cm3 voxel of the XGridmaster. Because the size of the brain is not a 
multiple of a centimetre, some 1 cm3 cubes were only partially filled by 
1 mm3 cubes. These have been kept for the purpose of the study, and the 
same averaging method was used for these cubes. The voxels concerned 
were mainly located on the opposite side of the head where the phone 
was placed, where the RF and ELF dose was estimated to be very low. 

Although anatomical changes in the brain do occur after 6 years of 
age, brain volume is not expected to change materially (Giedd et al., 
2006; Wiart et al., 2011). However, due to anatomical variabilities 
within the general population, brain volume varied (non-mono-
tonically) across the particular phantoms used. Thus, to help determine 
dose at the tumour location as a function of age, a reference brain was 
defined, which encompassed the volume of the four phantom brains 
(Fig. S1, Fig. 1). Cubes with missing data (due to imperfect overlapping 
between the original brain and the reference brain) were assigned the 
maximum 1 cm3-averaged value from the closest cubes with data. The 
brain models were overlapped in such a way as to minimise extrapola-
tion in the areas of highest RF and ELF dose (see section c in Fig. S2). The 
resulting 1 cm3 averaged maps are the final maps used for determining 
dose at the tumour location and referred to as cartographies. 

2.1.6. Typical transmitting power from phones 
The RF cartographies were scaled to the average 

maxSAR {10g}maximum SAR over 10 g reported by mobile phone 
manufacturers, which is measured when the phone is transmitting at 
highest power level, for exposure compliance testing purposes. How-
ever, except for PHS phones, mobile phones adapt their transmitting 
power in order to minimise interference with other users and to maxi-
mise battery life, a process known as adaptive power control (APC). 
Thus, to scale the cartographies to typical power levels, a factor, labelled 
hereafter AAPC, was included in the algorithm to take account of this 
reduction in power. SAR is linearly dependent on the RF transmission 
power, and thus typical power levels reported in the scientific literature 
can be used directly to scale the cartographies. It should be noted that 
this scaling is related to typical power levels, and as such is independent 
of any reduction in exposure due to the duty factors from TDMA frame 
structure, which was included in the scaling of the cartographies with 
maxSAR10g.

For RF, the values for AAPC,RF for the various communication systems 
are shown in Table 1. Some of these values were derived from work done 
for INTERPHONE as the same communication systems had been used 
(Cardis et al., 2011b; Vrijheid et al., 2009; Wiart et al., 2000). For UMTS, 
typical power levels depend on whether the call was made in a rural or 
urban environment (Mahfouz et al., 2012), and the total scaling factor 
was thus described by AAPC,RF(UMTS) = Aurban,UMTS⋅τurban +

Arural,UMTS⋅τrural, where τurban and τrural represent the proportion of time 
calls were made in rural and urban environments respectively, as 
specified by participants in the questionnaire, and Aurban,UMTS and 
Arural,UMTS are the scaling factors for urban and rural areas respectively 
(Table 1, (Mahfouz et al., 2012)). 

For ELF with pulsed RF transmissions such as GSM and PDC (i.e. 
TDMA systems, see Appendix A), magnetic fields, and thus the ICD, are 
also dependent on transmission power. However the relation is not 
linear as it is related to the current drawn from the battery (Calderón 
et al., 2017), not the power. Based on magnetic field measurements as a 
function of transmission power level and the fact that modelling was 
done at maximum power level, AAPC,ELF was found to be equal to 0.75, 1 
and 0.9 for GSM1800, GSM900 and PDC respectively (Calderón et al., 
2014; Taki, Personal communication). For UMTS, CDMAOne and 
CDMA2000, ELF exposure is effectively independent of power level. This 
is because transmission is not pulsed (i.e. power level affects the 
continuous (static) current level rather than the ELF components), and 
because of the efficient power management techniques used (Calderón 
et al., 2017). Thus, for ELF AAPC,ELF(s) = 1 for s = {UMTS, CDMA,

CDMAOne}. 

2.1.7. Discontinuous Transmission, DTx 
In order to reduce power consumption and interference, Discontin-

uous Transmission (DTx) is used during GSM and PDC voice calls (Wiart 
et al., 2000), whereby the phone pauses transmission during silent pe-
riods. In INTERPHONE this led to a reduction in RF duty factor of 30% 
for GSM (Cardis et al., 2011b). The same factor was applied for the al-
gorithm described here. In ELF, the current density induced by a mag-
netic field depends on the rate of change of the magnetic flux density 
waveform (dB/dt), thus mainly on the rise of TDMA bursts, and DTx is 
not expected to have a material influence. In terms of spectral changes 
due to DTx, these were found to result in changes of about 10% in ICD 
(for a reduction of duty factor of 30%), and thus DTx was not included. 

2.1.8. Prevalence of communication systems 
The time-weighted average power at maximum power level is similar 

for GSM 900, UMTS, CDMA and DECT, but the differences in typical 
power levels between the various mobile communication systems (i.e. 
APC scaling) result in GSM RF exposures being around 50 times larger 
than UMTS and CDMA at the same frequency (Table 1), while in ELF, 
GSM 900 ICD can be 25 times larger than that of UMTS (second column 
in Table 2). Thus, it was important to know the proportion of time a 
given communication system was used during a voice call. As this in-
formation was unavailable, it was necessary to make assumptions. For 
this, operators in each participating country were sent a questionnaire to 
obtain a list of all communication systems (and frequency bands) used 
for voice calls since the year 2000 (information prior to this was avail-
able from a similar questionnaire in INTERPHONE), together with dates 
of deployment and termination of use, where applicable. For commu-
nication systems (or frequency bands) that saw a decline in prevalence 
since 2000, maximum proportion of voice traffic, and the date when the 
proportion started to decline were also asked. 

Linear interpolations and extrapolations were made with the infor-
mation collected (complemented with operator data from the INTER-
PHONE study), to evaluate the fraction of time, Trafficvoice(s, t, o), a 
communication system was used for voice calls at time t and for operator 
o (hereafter, s denotes both communication system and frequency band, 
e.g. GSM900, GSM1800): If operators started using GSM 900 before 
GSM 1800 (e.g. Spain, operator A in Fig. 4), GSM900 was assumed to be 
the only communication system used until GSM1800 started, and then 
GSM 900 was decreased linearly over time and GSM1800 simulta-
neously increased to reach the proportion reported in the questionnaire 
at the time UMTS was introduced (taken as 60:40 if not specified). From 
that time, GSM900 and GSM1800 were assumed to decrease linearly in 
parallel while UMTS increased linearly to reach the proportion reported 
at the time of the questionnaire (2015). If not provided, this was taken to 
be 57% GSM and 43% UMTS (the average over all operators with data at 
that time). If operators started using GSM 1800 before GSM 900 (e.g. 
Spain, operator B in Fig. 4), then the reverse was done for GSM pro-
portions. For countries without any data (Austria, France, New Zealand), 
mean proportions were calculated using the data from other operators 
and countries. 

At the end of the period of interest, in 2015, 75% of UMTS traffic was 
assumed to be in the 2100 MHz frequency band and 25% in the 900 MHz 
frequency band for all operators using both, based on the limited in-
formation obtained. 

Not all phones had the latest capabilities offered by their network. 
Therefore, for each phone reported,p, the contribution to exposure from 
communication system s was only included if the phone model in 
question had the capability of using that system; denoted by the binary 
variable X(model(p), s): 

Pvoice(s, t, p) =
X(model(p), s)⋅Trafficvoice(s, t, o(p))∑
s’X(model(p), s’)⋅Trafficvoice(s’, t, o(p))

(1) 
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where o(p) is the operator for mobile phone p as reported by the subject. 
The capabilities of the phones were ideally obtained from the phone 
model specifications, although information about phone capability was 
requested in the questionnaire when the study subjects did not 
remember the phone model used. 

Information on prevalence of communication systems was also used, 
together with reported mobile phone use, to determine the number of 
subjects who had used each communication system considered in the 
study. 

2.2. The RF and ELF dose algorithm 

The various elements of the RF and ELF algorithm for the MOBI-Kids 
study are summarised schematically in Fig. 1. For the purposes of the 
study and based on the source and exposure considerations discussed in 
the previous sections, the RF and ELF ‘dose’ at voxel v of the reference 
brain arising from the use of a mobile phone in communication system 
and frequency s is described by the CICDs, in A∙hours/m2 (Doses =

CICDs), and the CSEs, in J/kg (Doses = CSEs), respectively, both of 
which can be described as a combination of usage and intrinsic dose: 

Doses =
∑Nmonths

i=1

∑2

k=1

∑N
phones
i

p=1
Usage(i, k, p)⋅Exposure(s, i, k, p, v) (2) 

Where Nmonths was the number of months of phone usage, Nphones
i is the 

number of mobile phones reported at month i, and k = 1 or 2 for left or 
right laterality respectively. The contribution of usage to the dose esti-
mate was given by: 

Usage(i, k, p) = Ti⋅αX ⋅τlatk (li)⋅
(
1 − τHFi

)
⋅τphonep (3) 

Where Ti is the total reported duration of calls over month i (in 
hours), αX is a factor which converts Ti to the required units (αRF =

3600 seconds
hour , αELF = 1) τlat

k (li) is the proportion of time exposure is 
assigned to laterality k given reported laterality li for month i, τHF

i is the 
proportion of time hands-free use was reported for month i, and τphone

p is 

the proportion of time phone p was used at month i, set to 1/Nphone
i . 

The intrinsic dose from mobile phones was given by: 

Exposure(s, i, k, p, v) = Pvoice(s, ti, p)⋅M(h(i), c(p), s, k, v )⋅AAPC,X(s)⋅DTx(s)
(4) 

Where Pvoice,p(s, ti, p) is the proportion of communication system s 
used for voice calls at time ti for operator of phone p, as defined in Eqn. 
(1). M(h(i), c(p), s, k, v ) is the dose at voxel v (SAR for RF and ICD for 
ELF) for communication system s, phone classification c(p) of phone p, 
head h(i), and laterality k. The scaling to take into account typical power 
levels, AAPC,X(s) was described above, where X = {RF,ELF}, and the DTx 
scaling DTx(s) = 1 except for RF and for s = {GSM900,GSM1800,PDC}
where it was set to 0.7. 

The algorithm for DECT was a simplified version of the one used for 
network calls: 

DoseDECT =
∑Nmonths

i=1
TDECTi ⋅αX ⋅

(
1

− τHF,DECTi
)∑1

k=0
τlat,DECTk (li)⋅M(DECT, h(i), k, v ) (5) 

The total CICD and total CSE was given by summing over all 
communication systems (and frequency bands) considered (including 
DECT). 

Although not discussed in detail here, time weighted average 
induced current density (TWAICD) over defined time windows was also 
considered as an alternative metric in the risk analysis and was calcu-
lated straightforwardly from the above equations. 

2.3. Statistical analysis 

The algorithm described above was used to estimate RF and ELF 
doses for all 2041 subjects in the MOBI-Kids study who reported having 
used wireless phones. Dose was estimated at the centre of gravity (COG) 
of the tumour for the neuro-epithelial brain tumour cases whose tumour 
location was determined by a neuroradiologist, and the same location 
was assigned for their matched controls. 

As in INTERPHONE (Cardis et al., 2011b), the level of agreement 
between RF and ELF dose versus mobile phone use variables (call time, 
number of calls), as well as between ELF dose and RF dose (i.e. CICD 

Fig. 2. Distribution of phones reported by the MOBI-Kids neuroepithelial (NE) cases, and matched controls, by phone class and geographical area. Countries are in 
order of number of phones reported for that country, shown in brackets. Typically, subjects reported having used more than one phone, and thus the total number of 
phones is greater than the total number of subjects. 
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versus CSE) was estimated using Cohen’s weighted Kappa (κw) coeffi-
cient, comparing deciles of the distribution of the variables. A linear 
weight was used (Cohen, 1960; Cohen, 1968). The percentage of 
agreement on the diagonal, defined as the proportion of cells where the 
decile classification of dose and of the use variable coincided, was also 
calculated. The Cohen’s weighted Kappa (κw) coefficient was also 
calculated to compare terciles between dose (ELF or RF) and time since 
start of wireless phone use. For this calculation the weights were defined 
as: full agreement weight on the diagonal, 0.5 for adjacent cells to the 
diagonal and zero otherwise. 

A similar analysis was also performed to compare the level of 
agreement between SAR cartographies (across phone categories and 
across ages). That is, if for a given cell, dose in one cartography fell in the 
same decile of another cartography. This effectively compares the level 
of agreement of the SAR distribution normalised to its maximum. 
Pearson correlation was also calculated for the comparison between 
cartographies, as well as for the comparison between RF and ELF dose as 
these were quantities on a continuous scale. These statistical analyses 
were conducted in R programme (version 3.6.3) and Matlab (Cardillo, 
2007). 

3. Results 

3.1. Phone categories 

Fig. 2 shows the distribution of phones reported by study subjects by 
phone category across all participating countries. A total of 9169 phones 
were reported by NE cases and controls. Overall, almost three quarters of 
phone models reported were either smart phones (40%) or bar phones 
(34%), and in the case of India, these accounted for over 93% of the 87 
phones reported. The exception was Japan, where flip phones were more 
prevalent than smartphones. 

The average maxSAR10g values, used to scale the maps as described in 
Section 2.1.4, were found to be similar across phone categories: 0.67 W/ 
kg for smartphones (N = 1387, SD = 0.20 W/kg), 0.68 W/kg for bar 
phones (N = 664, SD = 0.24 W/kg), 0.57 W/kg for slide phones (N =
519, SD = 0.24 W/kg), 0.72 W/kg for flip phones with internal antenna 
(N = 377, SD = 0.29 W/kg), and 0.75 W/kg for flip phones with external 
antenna (N = 45, SD = 0.23 W/kg). 

3.2. Cartographies and comparison between various communication 
systems 

Spatial RF SAR distributions across the brain are shown, by phone 
category and frequency band, in Fig. 3 and Fig. S3 for the adult brain. 
The corresponding SAR distribution for DECT phones is shown in 
Fig. S4, together with the ELF ICD distributions. The corresponding SAR 
distributions by age group and phone category are provided in Figs. S4 – 
S9. 

As expected, SAR distributions were very localised. The exact loca-
tion of the maxima differed across phone classifications, and when SAR 
values were grouped into deciles, mean diagonal agreement was 33% 
and 32% for low and high frequency respectively, and mean weighted 
kappa was 0.63 and 0.61 respectively. However, mean correlation be-
tween the smartphone cartography and the other phone classification 
cartographies (while keeping age and frequency constant) was 0.90 and 
0.80 for low and high frequency respectively (Table S1). Despite dif-
ferences in antenna location, the bar phone and smart phone had similar 
SAR distributions (Fig. 3) with a mean correlation of 0.91 across heads 
and frequency bands (Table S1), albeit a mean diagonal agreement of 
35% (range: 33%–39%) and a mean kappa of 0.67 (range: 0.65–0.71). 
An example contingency table, between bar phone and smartphone, for 
low frequency and adult phantom, is shown in Table S2 to illustrate how 
deciles from these two cartographies coincide. The average slide phone 
cartographies were also similar to the smartphone cartographies, with a 
mean correlation of 0.96 (range: 0.91–0.99), but a mean diagonal 
agreement of 41% (range: 32%–46%) and a mean kappa of 0.74 (range: 
0.65–0.78). These three categories (smartphone, bar phone and slide 
phone) account for 85% of phones reported. Flip phone (internal and 
external antenna) show more differences with the other phone cate-
gories, when looking across the various ages (Figure S3 and Table S1). 
Correlation between DECT cartographies and smartphone cartographies 
(high frequency) ranged between 0.80 and 0.89 (across heads), while 
weighted kappa ranged between 0.57 and 0.65 and diagonal agreement 
ranged between 25% and 29%. 

Comparing the adult head cartographies with the ones for the 
younger heads (while keeping phone category and frequency constant), 
yielded a mean Pearson correlation of 0.85 (range: 0.69–0.95) and 0.80 
(range: 0.71–0.88) for the low and high frequency band respectively, 
where the mean was calculated across all phone categories and heads 
(Table S3). Mean observed diagonal agreement was 37% (range: 25%– 

Fig. 3. Top view (horizontal cut) of RF SAR spatial distribution by frequency (top row: low frequency band, bottom row: high frequency band) and phone type, for 
adult head phantom. First figure on the left shows the phantom in the XGridmaster, for reference. The plots are normalised to the highest 1 cm3 SAR across the whole 
brain (shown in subtitles), which may not necessarily be in the slice shown here. The red line on the bottom right image is the cut shown in Fig. S3. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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52%) in the low frequency band, and 37% (range: 27% –47%) in the 
high frequency band, while mean kappa was 0.68 (range: 0.53–0.81) in 
the low frequency band and 0.71 (0.61–0.79) in the high frequency 
band. Agreement with the adult head increased with age for all phone 
categories in the high frequency band, but only for the flip (external 
antenna) phone at the low frequency band. Correlation values did not 
increase with age. 

For ELF, ICD distributions for CDMA2000/CDMAOne, PDC and 
DECT had high kappa/correlation with the GSM/UMTS slide/flip 
phones (Table S4), most likely due to the lower position of the battery in 
the phone models used (CDMA2000 and PDC models were flip phones) 
(Table S4). Mean correlation between these cartographies and those of 
the slide/flip phones cartographies varied between 0.87 and 0.95, with a 
mean of 0.91 (mean diagonal agreement: 43%, 33%–62% weighted 
kappa: 0.77, 0.71–0.86). The cartography for GSM bar phones, on the 
other hand, had a mean correlation of 0.77 with the slide/flip phones 
and a range of 0.74–0.79 (mean diagonal agreement: 17%, 16%–19%, 
mean weighted kappa: 0.49, 0.46–0.51). Similar values were observed 
for the UMTS bar phone. In terms of effect of age, child cartographies 
had a mean correlation of 0.82 (0.77–0.86) with the adult head and 
across phone categories and different head phantoms, a mean agreement 
of 34% (26%–43%) and a mean weighted kappa of 0.67 (0.60–0.75, 
Table S4). No increase in observed agreement nor correlation was 
observed as a function of age. 

ICD distributions were found to be more diffuse than SAR distribu-
tions (Fig. S4–5), with some ICD dose observed in the contralateral side 

(Calderón et al., 2017). When comparing ICD cartographies for GSM bar 
phones and SAR cartographies for bar phones in the high frequency 
band, the correlation varied between 0.70 (11-year-old) and 0.79 
(adult), with a range in diagonal agreement of 23% (8-year-old and 
adult) and 26% (14-year-old), and a range in weighted kappa of 
0.45–0.56. Similar values were observed when comparing the bar phone 
cartographies in the low frequency band. For DECT cartographies, the 
correlation ranged between 0.44 (14-year-old) and 0.55 (adult), with a 
diagonal agreement ranging between 14% (8-year-old) and 17% (11- 
and 14-year-old), and a range in weighted kappa of 0.23–0.38. 

3.3. Prevalence of communication systems 

Data from at least one operator was received for 11 out of 14 
participating countries, with 5 countries providing information for 
several operators. All countries in the study which provided operator 
data reported having used GSM at some point between 1995 and 2015, 
except for South Korea and Japan. South Korea used CDMAOne (Inter-
national Standard 95) in the mid-nineties until the introduction of 
CDMA2000 in the early 2000s (Lee and Choi, 2020), while Japan used 
PDC and CDMAOne. In terms of 3G systems, all countries in the study 
which provided operator data also reported having used UMTS. Canada 
and Israel also reported having used CDMA. Other communication 
systems, spanning from 1G to 4G, were reported by some operators 
(TMA900, AMPS, IDEN, VoLTE), but these were found not to be relevant 
to the study, either because: subjects did not report using phones at that 

Fig. 4. Prevalence of communication systems across Spain, Israel, Italy and Germany.  
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time and with the relevant operator; the phone model used was not 
compatible with the communication system in question; or the 
communication system was available after the censored date for subjects 
(1 year before reference date, which was the date of diagnosis for cases). 
Also, for the period of interest (except for a very short period in 1999), 
mobile phones using some of these communication systems (e.g. IDEN, 

PHS, PDC) could only use one system and thus proportion of network use 
for these systems would have been one. For these phones, phone model 
information would specify whether the communication system was used 
by subjects. 

The prevalence of the communication systems reported by operators, 
for the four countries with the highest number of subjects (Spain: 23%, 

Table 3 
Results of dose estimation for study subjects: estimated CSE absorbed at the centre of gravity of the tumour in J/kg2, by communication system.  

Communication system and frequency band Number of subjects1 CSE, J/kg 

Mean Median SD Min Max 25th quartile 75th quartile 

Total mobile 2041  1625.40  132.91  7182.22  <0.01  199428.12  14.83  779.22 
GSM 900 1608  1528.96  156.17  6550.78  0.01  160095.64  30.71  782.57 
GSM 1800 1614  444.15  45.18  1688.12  <0.01  39310.05  7.99  248.46 
UMTS 900 903  3.16  0.09  14.47  <0.01  218.02  0.01  0.76 
UMTS 1800 75  11.66  1.24  46.33  <0.01  351.76  0.42  5.10 
UMTS 2100 1351  3.44  0.35  14.36  <0.01  304.13  0.07  1.76 
CDMA 800 247  44.30  7.11  160.27  0.02  2215.33  1.70  27.63 
CDMA 1900 53  4.42  0.62  12.38  <0.01  85.00  0.13  2.96 
PDC 1500 54  1690.47  84.89  4692.78  2.85  27091.69  23.52  381.58 
DECT 1460  22.11  3.28  85.28  <0.01  1897.37  0.80  13.03  

1 Individual participants have generally used more than one communication system and frequency band over their wireless phone use history. 
2 In the epidemiological analyses, the RF dose was calculated using duration in hours instead of seconds. 

Table 4 
Results of dose estimation for study subjects: estimated CICD at the centre of gravity of the tumour in µA⋅hours/m2, by communication system.  

Communication system and frequency band Number of subjects1 CICD (µA⋅hours/m2) 

Mean Median SD Min Max 25th quartile 75th quartile 

Total mobile 2041  485.49  66.02  1372.13  0.002  19066.13  9.36  341.81 
GSM 900 1608 (79%)  269.00  44.21  769.81  0.015  14384.34  8.03  197.02 
GSM 1800 1614 (79%)  297.37  47.88  856.43  0.007  15590.72  7.45  213.28 
UMTS 900 903 (44%)  1.18  0.06  5.75  <0.001  116.92  0.01  0.34 
UMTS 1800 75 (4%)  5.59  1.97  10.68  0.003  62.33  0.74  5.45 
UMTS 2100 1351 (66%)  4.62  0.70  15.33  <0.001  356.67  0.14  2.84 
CDMA 800 247 (12%)  7.26  1.55  16.30  0.006  184.53  0.41  6.74 
CDMA 1900 53 (3%)  4.03  0.71  9.93  0.002  62.89  0.22  3.12 
PDC 1500 54 (3%)  21.02  0.80  73.74  0.023  487.06  0.34  5.55 
DECT 1460 (72%)  44.47  8.12  124.12  0.038  2426.23  2.21  32.70  

1 Individual participants have generally used more than one communication system and frequency band over their wireless phone use history. 

Table 5 
RF TCSE at the centre of gravity of the tumour (in J/kg) vs mobile phone use variables.  
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Italy: 19%, Israel: 11%, Germany: 10%), is shown in Fig. 4. Most par-
ticipants used more than one communication system during their life-
time use of mobile phones, with 79% having used GSM900 and 
GSM1800 and 66% having used UMTS2100, while UMTS1800, 
CDMA1900 and PDC1500 were the least used communication systems, 
each by only 3%–4% of subjects (Table 3). In addition to mobile phone 
use, 1460 (72%) subjects reported using DECT phones. 

3.4. Reported laterality and hands-free use 

Less than 4% of subjects reported using Bluetooth, of which 41% 
reported ‘rarely or never’ using it, and 15% reported using it ‘Less than 
half of the time’. Thus, considering the values assumed for the various 
categories for Bluetooth, about 1% of subjects had a reduction of 10% in 
exposure due to Bluetooth. Hands-free use other than Bluetooth was 
more prevalent, with 46% reporting it, of which about a third reported 
using it more than half of the time. Around 3% of DECT phones users 
reported hands-free use. 

Fig. 5. Weighted kappa (and number of subjects) between CSE and cumulative call time and cumulative number of calls or the various communication systems and 
total RF dose. 

Table 6 
ELF TCID at the centre of gravity of the tumour (in µA⋅hours/m2) vs mobile phone use variables.  
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Over three quarters of subjects reported using the phone on their 
right (76%) while around 12% reported using it on the left, and 12% on 
both sides. 

Average proportions for left and right laterality are not as strongly 
dependent on overall laterality reported by subjects, based on the vali-
dation studies (Section 2.1.2). Given that dose is effectively a weighted 
average of exposure with the phone on the left and right of the head, 
reported laterality does not have a large impact in dose at any given cell. 
For example, for any given cell in the cartographies chosen as tumour 
location, RF dose varied by less than 40% when comparing left reported 
laterality to right one (comparison made for DECT and smartphone for 
adult brain, for both frequency bands). 

3.5. Distribution of RF and ELF cumulative dose across study subjects 

Tables 3 and 4 show the summary statistics of the estimated CSE and 
CICD, respectively, at the COG of the tumour (for controls, dose was 
estimated at the location of the tumour of the case to which they were 
matched). 

The distributions of RF CSE and ELF CICD were found to be very 
skewed, overall, and by communication system. Median CSEs was sub-
stantially higher in 2G systems (156 J/kg for GSM 900, 85 J/kg for PDC 
and somewhat lower, 45 mJ/kg for GSM1800) than 3G (0.09 J/kg–1.24 
J/kg). The CSE from DECT phones was similar to that from 3G phones 
(3.28 J/kg), despite the lack of adaptive power control, reflecting the 
low values observed in the DECT SAR cartographies (Fig. S4). 

Median CICD was highest for GSM phones (very similar for GSM900 
and 1800, as ELF ICD does not depend on frequency band); it was an 
order of magnitude less for PDC, DECT and 3G systems, reflecting the 
lower ICD in these communication systems compared to GSM. 

Tumours with a COG<5 cm from the surface of the brain (N = 115) 
had a median CSE and CICD of 1238 J/kg and 590 µA⋅hours/m2, 
compared to 133 J/kg and 65 µA⋅hours/m2, respectively, for deeper 
tumours (N = 412). 

Table 5 shows the agreement between total CSE and mobile phone 
use variables (numbers of calls, duration of calls), considering all 
communication systems together, showing a weighted kappa of 0.55 
overall for duration of calls and 0.45 for number of calls. Observed 
agreement on the diagonal (i.e. proportion of subjects where the RF dose 

fell in the same decile as duration of calls, for example) was of 24% and 
21% respectively. If grouping by quintiles (as done for the main analysis 
for MOBI-Kids (Castaño-Vinyals 2022)), the kappa values were similar 
but agreement on the diagonal was higher (45% and 39% for duration 
and number of calls respectively). For time since start, kappa was 0.24 
with an observed agreement on the diagonal of 49%. 

The agreement between CSEs and phone use variables varied by 
communication system (Fig. 5). It was highest for GSM (0.58 and 0.64 
respectively in the 900 MHz and 1800 MHz frequency bands for dura-
tion of calls), while the weighted kappa was about 0.24 for duration of 
calls for DECT phones, 0.35 for PDC and close to 0 for UMTS and CDMA. 

Agreement between CICD and wireless phone use variables was 
slightly higher, with a weighted kappa of 0.67 overall for duration of 
calls and 0.51 for number of calls (Table 6), and a diagonal agreement of 
32% and 25% respectively. The weighted kappa was reasonably high for 
GSM (0.77 and 0.71 respectively in the 900 and 1800 MHz frequency 
bands for duration of calls), moderate for DECT (0.58) and PDC (0.46) 
while close to 0 for UMTS and CDMA (Fig. 6). If grouping by quintiles, 
the kappa was similar, but agreement was higher (52% and 44% 
respectively). For time since start, kappa was 0.27 with an observed 
agreement on the diagonal of 51%. 

Correlation between total CSE and total CICD was 0.71 overall, 
ranging from 0.62 for UMTS1800 to about 0.91 for CDMA 1900, while 
observed agreement on the diagonal was 39% (Table S5), with a 
weighted kappa of 0.74 overall, and similar values across all commu-
nication systems except for UMTS1800 (0.58) and for CDMA 1900 
(0.81). 

4. Discussion 

This paper presents the algorithm developed to estimate the total RF 
CSE and ELF CICD at the location of the tumour for the subjects in the 
MOBI-Kids study. The exposure assessment is an improvement in its 
scope for such a study in that an attempt was made to consider all 
characteristics of use, of phones, networks and communication systems 
that can affect RF and ELF dose to the brain. Median dose estimates 
reported here provide a general overview of RF and ELF dose for young 
people in the period from the early 2000 s up to 2015. 

An RF dose algorithm has recently been published allowing 

Fig. 6. Weighted kappa (and number of subjects) between CICD and cumulative call time and cumulative number of calls for the various communication systems and 
total ELF dose. 
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estimation of dose to a range of tissues from use of different communi-
cation devices (van Wel et al., 2021). For brain dose from mobile phone 
use at the head, that algorithm in fact uses look-up tables generated from 
this algorithm (see (Liorni et al., 2020), Table 1), by anatomical region 
of the brain, not taking into account phone characteristics. None of the 
other algorithms published to date (Lauer et al., 2013; Liorni et al., 
2020; Roser et al., 2015; van Wel et al., 2021) have considered ELF. 

This work is particularly relevant since, with the continuing evolution 
of more energy efficient communication systems over time, duration of use 
and numbers of calls may not be adequate proxies of RF and ELF dose at a 
particular location in the brain or other organ, at least when assessed in 
terms of CSE and CICD. Indeed, the large differences in ICD and SAR for the 
various mobile communication systems (including APC effects), coupled 
with the varying proportions of each system’s prevalence with time, will 
have a large impact in the relationship between localised dose and overall 
cumulative call time. For example, if prevalence were dominated by GSM 
1800, dose would be much larger than if it were dominated by UMTS, yet 
cumulative call time would be the same in both scenarios. Location in the 
brain (of the tumour), as might be expected, is also a key variable due to the 
localised nature of dose. This is particularly evident with RF, where dose is 
mainly focused within a couple of centimetres from the source, and 90% of 
the reference brain cells are below 10% of the maximum dose across the 
brain (Table S2). Tumours whose COG were less than 5 cm from the surface 
of the brain had a median CSE and CICD almost an order of magnitude 
larger than deeper tumours, highlighting the importance of considering the 
dose gradient within the brain, even in the case of ELF where the ICD 
distribution is more diffuse. 

Assuming CSE is the gold standard for RF dose and that data grouping is 
done in deciles, using only duration of calls and number of calls to estimate 
dose would lead to an exposure misclassification of over 2 deciles for 20% 
and 28% of subjects respectively, despite moderate overall agreement. As 
expected, the level of agreement was heavily dependent on communication 
system – only for 2G systems was there moderate to substantial agreement 
between duration of use of mobile phones and CSE, and for 2G and DECT 
for CICD. For example, in this study, duration (or number) of calls was a 
very poor proxy for exposure to RF (and ELF) for subjects who exclusively 
used CDMA (e.g. one operator in Canada) and lead to an overestimation of 
dose. These results illustrate the importance of estimating localised dose in 
the brain rather than using only mobile phone use history in studies of 
cancer risk from mobile communication devices use. Notwithstanding, it is 
difficult to evaluate the lack of agreement for individual communication 
systems in isolation, as most subjects would have used more than just one 
communication system during their lifetime. Further, dose is also depen-
dent on location in the brain. In INTERPHONE, observed agreement on the 
diagonal between total CSE and duration of calls was found to be equal to 
34% and the weighted kappa was 0.68 (Cardis et al., 2011b). This is 
somewhat higher than the values obtained in MOBI-Kids and could be 
because commercial use of 3G systems was just starting in a few countries 
at the end of INTERPHONE. In fact, in INTERPHONE, AMPS (a 1G system) 
was the second most prevalent communication system following GSM800/ 
900 (a 2G system). A similar trend was observed with number of calls 
(agreement was 27% vs 21% and a weighted kappa of 0.59 vs 0.45 for 
INTERPHONE and MOBI-Kids respectively). 

Despite differences in SAR and ICD distribution across the brain, the 
correlation between total CSE and total CICD was fairly strong, probably 
reflecting the overwhelming importance of communication system on 
both indices, and the dose gradient in the brain. The high correlation 
and kappa observed suggests that RF dose could be an adequate proxy 
for ELF dose, and that separate analyses may not be needed. 

SAR distributions for the most popular phone categories (bar phone, 
smart phone, slide phone) were found to be similar upon visual in-
spection and correlation values, suggesting that phone category has a 
minor impact in RF dose. Having said that, the diagonal agreement 
between cartographies suggests that ideally phone category should be 
considered. The fact that antenna location does not have a large impact 
on SAR distribution could be because SAR is also affected by other phone 

components such as the screen. For ELF, differences in ICD between the 
bar phones and flip/slide phones suggests phone shape may be slightly 
more important in ELF than RF. In terms of effect of age, the high cor-
relation between the cartographies for the young heads and the adult 
ones suggests age was not a major determinant of dose distribution (both 
RF and ELF). However, the fairly low diagonal agreement, coupled with 
the increase in agreement with age observed in the high frequency band, 
merits perhaps further investigation. 

The validation study performed on volunteers and on a subset of 
MOBIKIDS study participants in MOBI-Expo (Goedhart et al., 2018) 
suggests that young people tend to use their phone on both sides of the 
head, not exclusively on the side of the head where they report using it. 
Consequently, although laterality was an important exposure determi-
nant at any given time, it was less important when considering cumu-
lative or time-averaged dose estimation. 

A major limitation of the algorithm is likely to arise from the un-
certainties in the actual communication systems used to make calls and 
the self-reported usage. Information from operators was sparse and 
uncertain, including only the start dates of different technologies and 
the proportions of call traffic using different technologies at one or two 
points in time. These proportions had to be imputed at different time 
points by interpolation and information had to be inferred for networks 
for which no information could be obtained. Even if the interpolations 
and inferences made were correct, they reflect average conditions in a 
country for a given year and not the actual conditions in a particular 
study region at the time a particular call was made. For example, the 
average proportion of GSM vs UMTS voice traffic from operator data 
gathered for this study (GSM: 57%, UMTS: 43%) is in line with what was 
reported by (Roser et al., 2015), which found the proportion to be 55% 
and 45% respectively (data gathered between 2012 and 2013), sug-
gesting our estimates are likely to be quite representative. Given the very 
large difference in typical power levels between 2G and 3G systems, the 
resulting estimates might be expected to be very uncertain. There were 
also uncertainties related to typical power levels for the various 
communication systems (for GSM, mean power levels ranged from 35% 
to 70% depending on country (Vrijheid et al., 2009)), duration of 
wireless phone use, tumour location and SAR distributions. 

Uncertainties in patterns of mobile phone use have been estimated 
through validation studies (Goedhart et al., 2018; Vrijheid et al., 2009), 
which showed substantial random error (as opposed to differential 
systematic error) both in INTERPHONE and MOBI-Kids, plus a tendency 
to overestimate duration of calls and underestimate number of calls, 
which varies depending on reported level of use. Overall, the geometric 
mean ratio of self-reported to recorded was 1.32 and 0.52 for duration 
and number of calls, respectively (Goedhart et al., 2018). 

The main sources of uncertainties in both SAR and ICD distribution 
include representativeness of head model, representativeness of phone 
model (e.g. antenna location), transfer of high-resolution modelling to 
the 1 cm3 reference brain, phone position and tissue dielectric proper-
ties. Estimating the magnitude of these uncertainties is complex and 
beyond the scope of this paper; however, a simple estimate for the RF 
and ELF cartographies is presented in Appendix B and suggests an 
overall fractional uncertainty of about 1 (k = 1). Uncertainties in SAR 
and ICD distribution, and in operator data result in non-differential 
exposure misclassification which adds noise to dose estimates and 
could result in underestimation of the association, if there is one, but is 
unlikely to create a spurious association in the absence of one (Röösli, 
2014).With the development of new, more efficient and complex 
communication systems, EMF dose estimation is likely to be more 
challenging and subject to larger uncertainties. For example, 5G NR 
(New Radio) RF exposure is more complex than that of 3G, linked to the 
enhanced flexibility in how transmission is done. Typical power levels in 
5G FR1 (the frequency range currently deployed, 410–7 125 MHz) have 
been found to be similar to those of 3G systems (Joshi et al., 2020), but 
the deployment of FR2 (26.5 GHz–48.20 GHz) will introduce larger 
differences in RF dose distributions than the ones observed in this study, 
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with much more rapid reduction of dose with increasing depth into the 
head than at lower frequencies. Thus, even when 2G systems have been 
phased out, using only duration or number of calls as RF exposure 
proxies may still result in non-negligible misclassification due to the 
localised nature of dose distribution in the brain. 

5. Conclusion 

This paper describes the algorithm constructed to assess the localised 
RF and ELF dose arising from the use of mobile (cellular) and DECT 
(cordless) phones in the MOBI-Kids study. The algorithm was based on 
information on phone use provided by study subjects, on information 
from operators on prevalence of communication systems as a function of 
time, on RF and ELF modelling performed as part of the exposure 
assessment work package (which considered morphological changes due 
to age), and on validation studies performed within the overall study. 
ELF and RF dose diminished rapidly with increasing depth, demon-
strating location in the brain is an important variable in dose estimation. 
The agreement between CSE and phone use variables varied by 
communication system; it was highest for GSM and close to 0 for UMTS 
and CDMA. Higher agreement was observed between CICD and phone 
use variables, but agreement was still close to 0 for 3G systems. Analysis 
of cartographies showed high correlation across phone models and 
across ages, however diagonal agreement between these cartographies 
suggest these factors do affect dose distribution to some level and should 
thus be ideally considered. Overall, the results highlight the importance 
of considering the effect of communication system and anatomical 
location in estimating dose and suggests phone use is becoming a poorer 
exposure proxy as communication systems available for voice calls tend 
to become more complex with time. 
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Appendix A:. Communication systems 

This appendix provides a brief overview of the communication 
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systems considered in the algorithm. Although other communication 
systems exist, these were not found to be used for voice calls by study 
subjects, based on their time of usage information and the operator data 
obtained for their country. 

GSM 

Global System for Mobile (GSM) Communications is the standard 
used for second generation (2G) mobile networks in many parts of the 
world. It was introduced in Europe in the early nineteen nineties and is 
still widely used for voice calls. It uses Time Division Multiple Access 
(TDMA), whereby each user is allocated a 0.57 ms timeslot every 4.615 
ms. The maximum (peak) power transmitted during GSM calls is 2 W in 
the 900 MHz band and 1 W for the 1800 MHz band. Considering the 
discontinuous nature of the transmissions, the maximum time-averaged 
powers are 250 mW in the 900 MHz band and 125 mW in the 1800 MHz 
band. 

Because transmissions are sent in timeslots as opposed to continu-
ously, the current drawn from the phone battery is pulsed, and has a 
frequency spectrum with a fundamental peak at 217 Hz with associated 
harmonics. A small additional 8 Hz signal is also produced due to the 
multi-frame structure of GSM. 

UMTS 

Universal Mobile Telecommunications System (UMTS) is the stan-
dard used for third generation (3G) mobile networks in Europe and was 
introduced in the early two thousands. UMTS uses the Wideband Code 
Division Multiple Access (WCDMA) standard whereby a frequency 
channel is used simultaneously amongst different users. As a result, 
UMTS voice frames (10 ms long) are transmitted continuously. Trans-
mission is done at around 900 MHz, 1800 MHz and 2100 MHz for the 
uplink, with a transmission power of up to 250 mW but typically below 1 
mW (Persson et al. 2012). 

CDMAOne 

First deployed in 1995, CDMAOne is a 2G mobile communication 
system that, as the name suggests, uses the Code Division Multiple Ac-
cess (CDMA) standard (similar to that of UMTS) but with a frame 
duration of 20 ms. Maximum transmitted power is 0.2 W and uplink 
transmissions were in the 800 MHz band. 

PDC 

Personal Digital Cellular (PDC) was a 2G telecommunications system 
exclusively used in Japan between 1993 and 2012 (Korhonen 2014). 
Maximum transmitted power is 0.267 W for full-rate coding and uplink 
transmissions were in the 900 MHz and 1500 MHz band. Because it used 
TDMA like GSM, magnetic fields from mobile phones during PDC calls 
are pulsed, with a main frequency of 50 Hz or 25 Hz for a frame-to-burst 
ratio of 3 (full-rate) or 6 (half-rate) respectively. 

PHS 

Personal Handy-phone System (PHS) is a Japanese communication 
system standard for cordless phones, introduced in Japan in 1994 
(Pandya 2004). Unlike DECT, it allows handover between cells. The 
system uses a TDMA/TDD system in the 1895–1981 MHz band con-
sisting of a 5 ms frame made of 8 timeslots, 4 for uplink and 4 for 
downlink, with a maximum output power of 80 mW. 

CDMA2000 

CDMA2000® represents a family of IMT-2000 (3G) standards 
providing high-quality voice and broadband data services3. Currently, 
CDMA2000 includes CDMA2000 1X and CDMA2000 EV-DO standards. 
CDMA2000 1X, deployed in 2000, is used for circuit-switched voice 
calls, while CDMA2000 EV-DO is used for data. Maximum transmitted 
power is 0.2 W and uplink transmissions are in the 800 MHz and 1900 
MHz bands. 

DECT 

Digital Enhanced Cordless Telecommunications (DECT) phones were 
introduced in 1992 to allow for flexible wireless communication in 
homes and businesses, and by 2002 over 100 million units were being 
used worldwide (Schiller, 2003). The system uses TDMA like GSM, 
where each user is allocated a 416.7 μs timeslot every 10 ms (24 time-
slots per frame, 12 for uplink and 12 for downlink), resulting in 100 Hz 
magnetic flux density and harmonics. The maximum peak power of 
DECT phones is 250 mW (Schiller, 2003), corresponding to a maximum 
time-averaged power of 10 mW, and transmissions are in the 1800 MHz 
band. 

Appendix B:. Uncertainty budget for ELF cartographies 

See Table B1. 

Table B1 
Uncertainty budget for ICD cartographies. This is a rough estimation on main 
sources of uncertainty, based on the available information. Not all uncertainty 
components were able to be quantified. For example, effect of phantom dis-
cretisation, 1 cm3 averaging or mapping onto reference brain is not included in 
this uncertainty budget.  

Source GSM 
(bar) 

GSM 
(flip/ 
slide) 

DECT UMTS 

Signal variation and instruments1  0.06  0.06  0.13  0.25 
Loop current (and radius) in model 

(Variation in magnetic flux density 
across sample2)  

0.69  0.60  0.49  0.66 

Loop position along axis of phone3  0.14  0.14  0.14  0.28 
Distance between phone and head4  0.37  0.37  0.37  0.37 
Representativeness of head model5  0.3  0.3  0.3  0.3 
Conductivity of tissues6  0.25  0.25  0.25  0.25 
Total (k = 1)  0.89  0.82  0.75  0.93  

1 Taken from uncertainty budget for two-dimensional magnetic flux density 
measurements. 

2 Combined standard uncertainty of the magnetic flux density two dimen-
sional measurements as well as spectral measurements. 

3 Based on normalised GSM and DECT maps such that the equivalent loop 
parameters were the same and only loop position along the phone axis differed. 
The calculation gave a mean uncertainty of < 0.28 across all heads for a 2 cm 
uncertainty in loop position. 

4 Average uncertainty between 1 cm and 15 cm from the phone (brain posi-
tion) in magnetic flux density along the axis of the loop due to an uncertainty in 
loop/phone distance to head of +/- 1 cm. 

5 Based on the data from the 4 different heads used (assumes differences are 
only due to morphological differences and not age). 

6 (Gabriel et al. 1996b) reported a variation in tissue conductivities at low 
frequencies of 15–25% due to inhomogeneity of tissues. Repeatability of mea-
surements was 1%. Uncertainty due to anisotropy of tissues not included. 

3 https://www.cdg.org/technology/cdma2000.asp. 
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Appendix C. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envint.2022.107189. 
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