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HERMES Study The HERMES (Health Effects Related to Mobile phonE use in adolescentS) study was funded by the Swiss National Science Foundation (SNSF) (project number 138190, 2012 - 2014). Two PhD theses result from the HERMES study. This thesis focuses on the exposure assessment and on behaviour and concentration capacity of adolescents. The complementary thesis of Anna Schöni covers the topics health symptoms and memory performance of adolescents. The articles included in this thesis are cited using the corresponding article number in this thesis; the articles included in AŶŶa SĐhöŶi’s thesis are Đited usiŶg the ĐoŶǀeŶtioŶal ĐitiŶg style of this thesis. A list of the publications resulting from the HERMES study can be found at the end of the thesis.    
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Summary Background Mobile phones and other wireless communication devices emitting radiofrequency electromagnetic fields (RF-EMF) are nowadays omnipresent and adolescents are among the heaviest users. This results in ubiquitous RF-EMF exposure, though little is known about the levels of this exposure, especially in adolescents. Exposure to RF-EMF can be divided into two parts, the exposure from the use of wireless communication devices (near-field) and the exposure from environmental sources (far-field). In previous studies, the near-field exposure was quantified using the amount of device use only. The RF-EMF exposure resulting from the device use, however, is not only dependent on the duration of use, but additionally for instance on the mode of use and the network used for mobile phone calls. The far-field exposure from fixed site transmitters such as broadcast transmitters for radio and television (TV) and mobile phone base stations was modelled using geospatial propagation models or measured using portable RF-EMF measurement devices. But this part of the exposure also depends on the duration a person is exposed to modelled or measured exposure levels. Therefore a dosimetric approach is needed that allows taking into account these additional aspects of exposure and to combine the near-field and the far-field exposure to one exposure surrogate. Since the mobile phone use increased in the last decade, there is concern that this use may have a negative impact on adolescents. To date, epidemiological studies in adolescents are scarce. In addition, the ones existing used self-reported device use that is known to be inaccurate and the amount of device use was used as proxy for the RF-EMF exposure not taking into account other RF-EMF sources. Furthermore, most of these studies were of cross-sectional design not allowing to draw conclusions about causal relationships between mobile phone use and health, behaviour and cognitive function of adolescents. To overcome these limitations, the HERMES (Health Effects Related to Mobile phonE use in adolescentS) study was conducted. Objectives The objective of the HERMES study was to prospectively investigate whether mobile phone use and the use of other wireless communication devices or RF-EMF exposure have an impact on the health and the behaviour of adolescents and if cognitive function of adolescents is affected by these exposures. The objectives of this thesis were to improve the exposure assessment for mobile phone use and RF-EMF exposure and to investigate its relations to behavioural problems and concentration capacity of adolescents. 
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Methods The HERMES study was a prospective cohort study with a one year follow-up period. It was conducted in Central Switzerland in adolescents attending the 7th school grade. The investigation took place in the schools during school time and consisted of filling in a paper and pencil questionnaire and performing computerized cognitive tests. In addition, a questionnaire for the parents was distributed that was directly sent back to the study managers. Additionally to the amount of mobile phone and other device use, problematic aspects of mobile phone use such as loss of control, withdrawal, negative life consequences and craving were asked in the questionnaire. In a subgroup of the study participants, personal RF-EMF measurements were conducted. The participating adolescents carried a portable measurement device for three consecutive days and filled in a time-activity diary to record their locations during the measurement period. The questionnaire data and the personal RF-EMF measurements together with geospatial propagation modelling for the exposure originating from fixed site transmitters at home and in the schools as well as operator-recorded mobile phone use data for a subgroup of the study participants were used to develop an RF-EMF exposure surrogate combining the exposure from the use of wireless communication devices and environmental sources. This exposure surrogate was then used to conduct cross-sectional and longitudinal analyses of RF-EMF exposure and behaviour and concentration capacity of adolescents. Results 439 adolescents participated in the HERMES study (participation rate of 36.8%) with a follow-up rate of 96.8%. Operator records were available for 234 adolescents and personal RF-EMF measurements were available for a subgroup of 90 adolescents. We found that problematic mobile phone use in adolescents was related to behavioural problems such as hyperactivity, conduct problems, emotional symptoms and antisocial behaviour and impaired health related quality of life (HRQOL) facets such as home life and school environment. The main contributor to the measured personal RF-EMF exposure was the mobile internet use on the mobile phone. For the adolescents not using mobile internet, mobile phone base stations contributed most to their exposure. Having wireless internet (WLAN) at home and attending a school with WLAN had very little impact on the average measured WLAN exposure.  According to the developed RF-EMF exposure surrogate combining near-field and far-field exposure, the exposure from environmental sources such as fixed site transmitters, cordless phone and WLAN base stations and mobile phones in the surroundings plays a minor role compared to the exposure 
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from the use of wireless communication devices (mobile phones, cordless phones, computers, laptops and tablets connected to WLAN). The near-field dose accounted for 98.4% of the brain dose and 94.0% of the whole body dose. In applying the developed RF-EMF dose surrogate in combination with use measures derived from self-reported device use and operator-recorded mobile phone use, the relations to behavioural problems and the concentration capacity of adolescents were investigated. No systematic pattern in relation to RF-EMF exposure was observed indicating no causal relationship between RF-EMF exposure and behavioural problems and concentration capacity of adolescents. Conclusions Environmental sources play a minor role for the RF-EMF exposure of adolescents compared to the use of wireless devices. Having WLAN at home and attending a school with WLAN have very little impact on the average measured WLAN exposure. The use of mobile internet results in higher measured exposure from mobile phones. Therefore, precautionary measures to reduce the exposure to RF-EMF should focus on the use of wireless devices.  The behaviour and the concentration capacity of adolescents were not affected by RF-EMF exposure. In contrary, behavioural problems and impaired HRQOL were associated with problematic aspects of mobile phone use. Therefore, problematic mobile phone use should be considered if dealing with adolescents showing behavioural problems or impaired mental health. The HERMES study was the first study applying a comprehensive exposure assessment including operator-recorded mobile phone use and cumulative RF-EMF dose calculations. The study provided new insights into the mobile phone use of Swiss adolescents and its impact on health, behaviour and cognitive function using a longitudinal approach allowing to draw conclusions about causal relationships. The applied methods can be used in future epidemiological studies on RF-EMF exposure and its influence on humans.     
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List of abbreviations, units and definitions Abbreviations 95% CI   95% confidence interval DECT   Digital enhanced cordless telecommunications EMF   Electromagnetic field FM   Frequency modulation GSM   Global system for mobile communication HRQOL   Health related quality of life ICNIRP   International Commission on Non-Ionizing Radiation Protection KIDSCREEN  Health related quality of life Questionnaire LTE   Long term evolution MPPUS   Mobile Phone Problem Use Scale RF-EMF   Radiofrequency electromagnetic field SAR   Specific absorption rate SDQ   Strengths and Difficulties Questionnaire UMTS   Universal mobile telecommunications system TV   Television WHO   World Health Organization WLAN   Wireless local area network Units Hz   Hertz (unit of the frequency) kHz   Kilohertz (103 Hz) MHz   Megahertz (106 Hz) GHz   Gigahertz (109 Hz) s   Second V/m   Volt per meter (unit of the electrical field strength) W/m²   Watt per square meter (unit of the power flux density) 
Ω   Ohm (unit of the electrical resistance) Definitions Downlink Transmission from mobile phone base station to mobile phone handset Exposimeter  Portable RF-EMF measurement device Fixed site transmitter Fixed RF-EMF transmitter such as mobile phone base station or broadcast transmitter (radio and TV) Uplink Transmission from mobile phone handset to mobile phone base station 
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1 Introduction Mobile phones and other wireless communication devices emitting radiofrequency electromagnetic fields (RF-EMF) nowadays are omnipresent and they undergo a rapid development. In Switzerland, the number of mobile phone subscriptions increased from 4.6 Mio (corresponding to 65 subscriptions per 100 inhabitants) in 2000 to 11.5 Mio (corresponding to 141 subscriptions per 100 inhabitants) in 2014 (ICT 2015). Accordingly, the ownership and use of wireless communication devices is growing and adolescents are among the heaviest mobile phone users. A recent representative survey in 1,086 adolescents in Switzerland revealed that 98% of the adolescents own a mobile phone, 76% a computer or laptop and 29% a tablet (Willemse et al. 2014). Furthermore, the use of these devices is frequent, 94% of the adolescents used their mobile phone daily or several times per week for exchanging messages via internet-based applications, 87% for browsing the internet, 53% for gaming and 61% for checking their e-mails (Willemse et al. 2014). These developments result in ubiquitous exposure to RF-EMF and adolescents may be more susceptible to RF-EMF because of their still proceeding development (Kheifets et al. 2005). In addition, they will experience longer exposure to RF-EMF from mobile phone use, because they started using their mobile phone at an early age. However, little is known about personal exposure to RF-EMF, especially in adolescents and epidemiological research investigating possible RF-EMF effects in adolescents is scarce. Therefore, the current WHO research agenda for radiofrequency fields rates the quantification of personal exposures and prospective cohort studies of adolescents with outcomes including behavioural disorders high priority (WHO 2010). To contribute to fill these knowledge gaps, the HERMES (Health Effects Related to Mobile phonE use in adolescentS) study, a prospective cohort study conducted in Central Switzerland, was launched. The HERMES study aimed at prospectively investigating whether the exposure to RF-EMF emitted by mobile phones and other wireless communication devices causes behavioural problems and non-specific health disturbances or affects cognitive functions in adolescents. A further aim of the study was to improve the exposure assessment for mobile phone use and RF-EMFs, what is still considered a major challenge in this field of research. 1.1 Problematic mobile phone use The frequent use of mobile phones especially among adolescents may have a negative impact on daily life and thus may be considered problematic. Since the introduction of the terŵ ͞iŶterŶet 

addiĐtioŶ͟ ;IŶterŶet addiĐtioŶ: The eŵergeŶĐe of a Ŷeǁ ĐliŶiĐal disorder ďy Young (1996)), the first mention of addiction in the context of device use, a large variety of measures for problematic device use have been developed, and this especially holds for problematic mobile phone use. But no definitions or measures have been established so far (Billieux 2012). This consequently translates 
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into a variety of measures used and a wide range of observed prevalence rates. A Spanish review of the literature summarized findings from 15 studies using different scales and ad hoc definitions of problematic mobile phone use and found prevalence rates ranging from no occurrence of problematic mobile phone use to more than a third of the studied population described as being problematic users depending on the measures and cut-off points used and the population studied (Pedrero Perez et al. 2012). For instance Malay researchers did not find problematic mobile phone use measured by the 27-item Mobile Phone Problem Use Scale (MPPUS) developed by Bianchi and Phillips (2005) in a sample of 386 students (Zulkefly and Baharudin 2009) whereas a survey in Spanish adolescents using a one-item measure asking about symptoms of dependence on the mobile phone found a prevalence rate of 38% (Protégeles 2005). Most of the conducted studies so far investigating problematic mobile phone use made use of the amount of mobile phone use as proxy for problematic use; few studies looked at problematic mobile phone use measured with different scales. Since problematic mobile phone use seems not only to consist of a large amount of mobile phone use, but problematic aspects known for other addictions as well, these aspects should be considered if measuring problematic mobile phone use. Furthermore, a measure should be developed that can be widely used and validated. The MPPUS developed by Bianchi and Phillips (2005) is a widely used 27-item questionnaire addressing different aspects of addiction such as tolerance, escape from other problems, withdrawal, craving and negative life consequences. It showed good internal consistency and is validated in an adult sample. Despite of those strengths, it is long and tends to be somewhat redundant which may be a problem for research in adolescents. Further, it has not yet been evaluated in adolescents. For that reason, we aimed at developing a short MPPUS suitable for research in adolescents. Regarding adverse effects, problematic mobile phone use was found to be associated with increased chronic stress, extraversion, increased depression and decreased emotional stability in young adults (Augner and Hacker 2012), extraversion and low self-esteem in adults (Bianchi and Phillips 2005) and depressive symptoms in adolescents (Yen et al. 2009). Furthermore, adolescents with problematic use were more likely to be aggressive, be victims of aggression and to have low self-esteem (Yang et al. 2010). A South Korean study in mostly male adolescents found more depressive symptoms, more difficulty in expression of emotions, higher anxiety and lower self-esteem in excessive mobile phone users (Ha et al. 2008). 1.2 Radiofrequency electromagnetic fields The electromagnetic spectrum can be divided into non-ionizing and ionizing radiation (Figure 1). Waves belonging to ionizing radiation carry enough energy to break bonds between molecules, 
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whereas waves belonging to non-ionizing radiation do not have this property. Non-ionizing radiation can be further subdivided into low-frequency electromagnetic fields, RF-EMFs, infrared and visible light. Ultraviolet marks the transition to the ionizing radiation, ionizing radiation consists of x-ray and gamma-ray radiation. This division is based on the frequency of the wave. Frequency is defined as the number of times the wave oscillates per second and is measured in Hertz (Hz), where 1 Hz corresponds to one oscillation per second. The corresponding wave length is defined as the distance between two successive points of the same phase measured in the direction of propagation of the wave. RF-EMFs are used to transmit information over long distances and are the basis of broadcasting and mobile telecommunication and all over the world. Figure 1. The electromagnetic spectrum. 
 To limit exposure to RF-EMF, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) has set exposure limits (ICNIRP 1998). These limits are frequency-dependent and for the general public they range from 28 V/m for broadcast transmitters to 61 V/m for mobile phone base stations using frequencies > 2000 MHz. In Switzerland, precautionary limits that are about ten times lower than the ICNIRP limits have been set (ONIR 1999). These hold for one single fixed site transmitter and locations where people usually spend a lot of time, such as homes, schools and 
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offices. These limits are set to 4 to 6 V/m for mobile phone base stations and 3 V/m for broadcast transmitters. For devices emitting RF-EMF, the limits set by the ICNIRP relate to the specific absorption rate (SAR). The SAR is a measure of the amount of power absorbed by a certain tissue per mass. The limits are set to 0.08 W/kg for whole body exposure and 2 W/kg for localized exposure of the head and the trunk (ICNIRP 1998). 1.3 Exposure assessment In epidemiology, exposure is determined using measured variables as proxies for the true exposure. Thus, the aim of exposure assessment in epidemiology is to find sound surrogate measures representing the exposure of interest. The exposure to RF-EMF is related to fixed site transmitters used for broadcasting and mobile telecommunication on the one hand and wireless communication devices on the other hand. Based on these two types of sources, RF-EMF exposure can be divided into two parts, a far-field part consisting of the exposure from environmental sources and a near-field part containing the exposure from the use of wireless communication devices (Figure 2). As a basic rule, far-field conditions occur for distances above one wave length of the RF-EMF. For instance, for frequencies of 800 MHz and 2600 MHz the corresponding wave lengths are 37.5 cm and 11.5 cm, respectively. Thus for mobile phones operating in the frequency range from 800 to 2600 MHz, the exposure from the use of the own mobile phone corresponds to the near-field and the exposure from mobile phones in the surroundings corresponds to the far-field. Figure 2. An illustration of near-field and far-field sources emitting RF-EMF. 
For RF-EMF, a lot of proxies are used to quantify the exposure. For instance, simple proxies are the distance to the closest transmitter for fixed site transmitters exposure or the average duration of 
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mobile phone calls for the exposure from mobile phones. More advanced proxies are for instance RF-EMF measurements and different types of modelling for the exposure from fixed site transmitters or the calculation of the absorbed energy by the body from the use of wireless communication devices. The applied exposure assessment methods in the HERMES study include geospatial propagation modelling of exposure from fixed site transmitters, personal measurements using portable RF-EMF measurement devices (so-called exposimeters) carried by volunteers, self-reported mobile phone use data collected using questionnaires, objectively recorded mobile phone use data provided from mobile phone operators and dose calculations combining near-field and far-field exposures. 1.3.1 Geospatial propagation modelling Exposure from fixed site transmitters such as broadband transmitters and mobile phone base stations can be estimated using geospatial propagation models (Beekhuizen et al. 2013; Breckenkamp et al. 2008; Briggs et al. 2012; Bürgi et al. 2010; Bürgi et al. 2008; Elliott et al. 2010; Ha et al. 2007; Merzenich et al. 2008). Such a model called NISMap based on a comprehensive database of transmitters in the study area, the three-dimensional topography and a three-dimension building model of the study area was developed for parts of Switzerland (Bürgi et al. 2010; Bürgi et al. 2008) and applied to residencies of study participants of a Swiss cohort study (Bürgi et al. 2010; Frei et al. 2009a).  Such models can easily be applied to large study populations, because the exposure can be assigned based on any location of interest (for instance residency, school place or workplace). However, such models are restricted to exposures from fixed site transmitters and are therefore not able to predict exposures from other sources such as small cells (low power mobile phone base stations), WLAN hotspots in buildings or public places, WLAN and cordless phone base stations in buildings and mobile phones in the surroundings. 1.3.2 Personal measurements Personal exposure to RF-EMF depends not only on the exposure levels in different environments, but also individual behaviour (Röösli et al. 2010). Personal measurements enable to measure during all everyday activities and at times participants actually spend their time at these locations. Personal measurements in Europe were mainly conducted in adults (Bolte and Eikelboom 2012; Frei et al. 2009b; Thomas et al. 2008a; Thuróczy et al. 2008; Valic et al. 2009; Viel et al. 2009) whereas personal measurements in children and adolescents are scarce (Thomas et al. 2008b; Valic et al. 2015). In 2006/2007 measurements in 3,022 German children and adolescents were conducted (Thomas et al. 2008b) and in 2010/2011, a small personal measurement study was performed in Slovenia including 18 children and adolescents (Valic et al. 2015). Personal measurements enable to investigate the temporal and spatial variability of personal RF-EMF exposure, but their realization 
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requires a large organizational effort. Furthermore, participants are additionally asked to fill in a time-activity diary to record their daily life. The quality of the measurements depends highly on the quality of the diary entries, since diaries provide the necessary information to assign the measurements to the corresponding locations. By means of personal measurements, one is able to capture exposure from several environmental sources. However, the exposure from the use of devices close to the body such as mobile phones, cordless phones, computers, laptops and tablets connected to WLAN is not measured adequately, because the measured exposure depends highly on the distance between the emitting source and the device and that is not necessarily the same as the distance between the source and the body (Inyang et al. 2008; Röösli et al. 2010). Another challenge for personal measurements is the possible impact of the own mobile phone use on the measurements. A few years ago, Frei et al. (2010) concluded, that personal mobile phone use contributed relatively little to average personal measurements (Frei et al. 2010). However, in a measurement study conducted in 2010, it was observed that even a mobile phone in stand-by mode increased measured exposure in public transport and cars compared to scenarios where the mobile phone was switched off (Urbinello and Röösli 2013). This indicates that the introduction of smartphones and other wireless communication devices such as tablets and the accompanying growing use of these devices may affect nowadays RF-EMF measurements in a non-negligible way. 1.3.3 Dosimetric approach To combine the exposure from environmental sources (far-field) and wireless device use (near-field), one has to convert these two types of exposures into a common surrogate measure. Such a surrogate measure is the amount of radiation energy absorbed by the body, the RF-EMF dose. The main data sources for dose calculations are the incident fields from far-field sources and the use durations of close-to-body sources. Furthermore, corresponding SAR values are required. So far, few attempts have been made to calculate the RF-EMF dose from several sources. Lauer et al. (2013) combined realistic data about near-field (mobile and cordless phone calls) and far-field (fixed site transmitters, Digital Enhanced Cordless Telecommunications (DECT), Wireless Local Area Network (WLAN)) exposure (Lauer et al. 2013). This proposed framework was used for instance to compare different base station scenarios and their implications for the downlink and the corresponding uplink exposure from mobile phone calls (Aerts et al. 2015; Aerts et al. 2014; Plets et al. 2014). The estimation of the dose at locations of brain tumours of participants was applied in the Interphone study, a large worldwide study investigating mobile phone use and cancer (Cardis et al. 2007; Cardis et al. 2011). In the framework of a European project called LEXNET aiming to develop 
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mechanisms to reduce public RF-EMF exposure, a population-based exposure metric was developed (Varsier et al. 2015). 1.4 Behaviour and concentration capacity of adolescents Behavioural problems are common during childhood and adolescence. Swiss paediatricians estimated the percentage of children with attention deficit hyperactivity disorder (ADHD) or conduct problems seen in their practice at 9% (In-Albon et al. 2010). In Germany, parent-rated behavioural problems were found in 7% of 7,000 adolescents aged 11 to 17 years (Hölling et al. 2007). Among the specific problems, most frequent problems were conduct problems (14%), followed by problems with peers (13%) and emotional symptoms (10%). Hyperactivity was reported for 7% of the adolescents and 4% showed antisocial behaviour. In Sweden, concentration difficulties were among the most frequent reported health complaints in adolescents (Söderqvist et al. 2008) and in Germany, 32% of adolescents participating in a measurement study reported to have concentration problems (Heinrich et al. 2010). In Chinese adolescents, prevalence of inattention was reported to be as high as 70% (Zheng et al. 2014). Since children and adolescents may be more susceptible to RF-EMF (Kheifets et al. 2005) and they are among the heaviest mobile phone users, behaviour or concentration capacity of adolescents may be affected by RF-EMF exposure or mobile phone use. Findings of a Danish and a Dutch study about mobile phone use during pregnancy and childhood and behavioural problems in children are contradictory and highly discussed (Aarstad 2011; Divan et al. 2008; Divan et al. 2012; Guxens et al. 2013a; Guxens et al. 2013b; Sudan et al. 2013). The Danish study found mobile phone use among children associated with behavioural problems and this association was even stronger for additional mobile phone use of the mother during pregnancy (Divan et al. 2008). The same but weaker associations were found in a larger separate sample (Divan et al. 2012). The Dutch study did not find any associations of maternal mobile phone or cordless phone use during pregnancy and behavioural problems in their children (Guxens et al. 2013a). In a German study, measured exposure to RF-EMF in the highest quartile was found to be significantly associated with overall behavioural problems and conduct problems in adolescents (Thomas et al. 2010b). No associations were found for measured RF-EMF exposure or self-reported mobile phone use and acute concentration problems (Heinrich et al. 2010). A Swedish study found the duration of mobile phone and cordless phone use significantly associated with self-reported concentration difficulties (Söderqvist et al. 2008), whereas mobile phone calls were not associated with ADHD symptoms in 2,422 Korean children (Byun et al. 2013b) or inattention in 7,102 Chinese adolescents (Zheng et al. 2014). But interestingly, they found mobile phone use for playing games (Byun et al. 2013b) and the time spent on the mobile phone for entertainment (Zheng et al. 2014) 
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being associated with ADHD symptoms or inattention, respectively. Note that these are cross-sectional studies and therefore no conclusions about the direction of the effects can be drawn. Results of numerous human experimental studies in adults applying a mobile phone-like exposure set-up reported inconsistent effects on cognitive functions, although mostly absence of an association (Valentini et al. 2010). Studies in children and adolescents using base station-like exposure (Riddervold et al. 2008), or mobile phone handset exposure (Haarala et al. 2005; Preece et al. 2005) did not find effects on attention. In Finland, modulations on the electroencephalogram (EEG) activity reflecting brain activity during cognitive processing were found if adolescents were exposed to mobile phone-like exposure (Krause et al. 2006), whereas a Swiss and an Australian study did not find such effects (Croft et al. 2010; Loughran et al. 2013). However, the sample size of these studies is very small (15 to 40 participants). Epidemiological studies about mobile phone use and cognitive functions are scarce. A study in students from Hong Kong found better performance of mobile phone users compared to non-users in a trail making test but not in two other cognitive tasks measuring attention (Lee et al. 2001). A cross-sectional study including 317 Australian adolescents found self-reported number of mobile phone calls associated with impaired performance in the Stroop Color-Word test measuring focused attention, but no associations with number of text messages or duration of mobile phone use since start of use were observed (Abramson et al. 2009). In the longitudinal study in the same adolescents, no associations were seen between mobile phone use and focused attention (Thomas et al. 2010a).    
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2 Main objectives Objective 1 Investigate problematic mobile phone use of adolescents and its relation to mental health and behavioural problems. Mobile phone use increased in the last years and adolescents are among the heaviest users. This frequent use may have a negative impact on daily life and thus may be considered problematic. No definition or measure of problematic mobile phone use has been established so far and therefore different measures are used (Billieux 2012). This diversity consequently translates into a wide range of prevalence rates ranging from no occurrence of problematic use to 38% (Pedrero Perez et al. 2012). Thus the first aim was to shorten the widely used 27-item MPPUS (Bianchi and Phillips 2005) validated in adults to obtain a short scale measuring problematic mobile phone use in adolescents. The results are presented and discussed in article 1 (section 4). Regarding possible effects on health, most of the conducted studies so far used the amount of mobile phone use as proxy for problematic mobile phone use. They found mobile phone use associated with impaired well-being (Byun et al. 2013a; Redmayne et al. 2013) and impaired mental health (Byun et al. 2013b; Ikeda and Nakamura 2014; Sanchez-Martinez and Otero 2009; Thomée et al. 2011; Zheng et al. 2014). Studies investigating problematic mobile phone use applying different scales found also associations with impaired mental health (Augner and Hacker 2012; Bianchi and Phillips 2005; Yang et al. 2010; Yen et al. 2009). However, it remains unclear, if these adverse effects are due to the amount of mobile phone use or the problematic aspects of use. Therefore we aimed secondly at investigating the relationships of problematic mobile phone use and mental health and behavioural problems in adolescents while controlling for amount of mobile phone use. We had self-reported as well as operator-recorded amount of mobile phone use for a subgroup of the study participants available. This analysis will help to better understand if associations are due to problematic aspects of mobile phone use. The results are presented and discussed in article 2 (section 4). Objective 2 Describe the personal RF-EMF exposure of Swiss adolescents and evaluate exposure relevant factors. Exposure to RF-EMF is ubiquitous, but little is known about the extent of personal exposure to RF-EMF in daily life, especially in adolescents. We conducted personal measurements in a subgroup of the HERMES study participants. The participants were selected to represent a broad range of the 
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HERMES cohort according to basic criteria such as gender, age, school level and urbanization of home and school place. The adolescents were instructed to carry the exposimeter for three consecutive days. Additionally, they filled in a time-activity diary installed as an application on a smartphone and GPS coordinates were recorded. The exposure measurements were analysed regarding levels of exposure at different locations and times and potentially exposure relevant factors such as WLAN in school and at home and mobile phone use-related factors were evaluated. Results are presented and discussed in article 3 (section 5). Objective 3 Development of an RF-EMF exposure surrogate combining various near-field and far-field RF-EMF sources. Sources emitting RF-EMF are everywhere, in the near-field, close to the body and in the far-field, further away from the body. Since the exposure assessment is a crucial part for studying potential effects of RF-EMF, we aimed at developing a cumulative RF-EMF exposure surrogate combining various sources of RF-EMF to one single brain and whole body measure. Near-field sources included wireless communication devices used close to the body such as mobile phones for calls and data exchange, cordless phones and computers, laptops and tablets connected to WLAN. Far-field sources included environmental sources such as fixed site transmitters (mobile phone base stations and radio and TV broadcast transmitters), DECT and WLAN base stations as well as mobile phones in the surroundings. To combine these different sources, we calculated the daily dose originating from each of these sources. These contributions were then summed up to one cumulative daily dose measure for the brain and the whole body. For the use of devices, reported durations from the questionnaire were combined with SAR values derived from the literature. For the environmental sources, levels of the incident fields were estimated using geospatial propagation modelling for fixed site transmitters and multivariable regression modelling calibrated on personal measurements for DECT and WLAN exposure and exposure from other mobile phones. The RF-EMF exposure surrogate is presented and discussed in article 4 (section 6). Objective 4 Investigate whether mobile phone use or RF-EMF exposure causes behavioural problems or affects concentration capacity of adolescents. Adolescents are among the heaviest mobile phone users and behavioural problems (Hölling et al. 2007; In-Albon et al. 2010; Thomas et al. 2015) and concentration problems (Heinrich et al. 2010; Söderqvist et al. 2008; Zheng et al. 2014) are prevalent among adolescents. Thus, the question arose 
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if mobile phone use or RF-EMF exposure causes behavioural problems or affects the concentration capacity of adolescents. For instance, mobile phone use for playing games or entertainment was found to be associated with ADHD symptoms (Byun et al. 2013b) and inattention (Zheng et al. 2014), but no associations were found with mobile phone calls (Byun et al. 2013b; Zheng et al. 2014). Measured RF-EMF exposure in the highest quartile was found to be associated with behavioural problems in German adolescents (Thomas et al. 2010b). Previous studies used self-reported mobile phone use, what is well known to be difficult to recall and leading to uncertainty in mobile phone use data (Aydin et al. 2011; Inyang et al. 2009). Furthermore, mobile phone use was used as proxy for RF-EMF exposure. But RF-EMF exposure from mobile phones depends for instance also on the network used for calls and the mode of use (calling or data traffic) (Gati et al. 2009; Lauer et al. 2013; Persson et al. 2012) and other RF-EMF sources such as for instance fixed site transmitters should be considered as well. And in addition, most of the previous studies were of cross-sectional design. To overcome these limitations, we used additionally operator-recorded mobile phone use and estimated daily RF-EMF dose for the brain and the whole body developed in the framework of the HERMES study (Article 4) taking into account several RF-EMF sources. Furthermore, we used a cross-sectional as well as a longitudinal approach to be able to draw conclusions about the direction of possible effects. The results are presented and discussed in article 5 (section 7).    
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3 Methods 3.1 HERMES study The HERMES study, a cohort study conducted in Central Switzerland, aimed at prospectively investigate whether mobile phone use or the exposure to RF-EMF emitted by mobile phones and other wireless communication devices causes behavioural problems and non-specific health disturbances or affects cognitive functions in adolescents. The recruitment of the participants was carried out as follows: First, the heads of all schools including 7th grade students in Central Switzerland were contacted by phone and informed about the study. If they were willing to participate in the study, they handed on the information to the teachers. If they decided to participate, the classes were visited for an information presentation lasting about 10 minutes. Finally, the participation of the adolescents was based on their informed consent together with the consent of their parents. The baseline investigation took place from June 2012 until March 2013; the follow-up investigation was conducted approximately one year later (Figure 3). The study participants filled in a paper and pencil questionnaire and performed two cognitive tests measuring concentration capacity and memory performance using a standardized, computerized cognitive test battery. The investigation took place in school during school time and was supervised by two study managers. Furthermore paper and pencil questionnaires for the parents were distributed and they were asked to return these directly to the study managers. Figure 3. Structure and chronology of the HERMES study and the measurement study (personal RF-EMF measurements) within the study. 
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3.2 Amount of mobile phone use The exposure measures for the amount of mobile phone use included self-reported mobile phone use derived from the questionnaire and objectively recorded mobile phone use for a subsample of the study participants giving informed consent to obtain data from the three mobile phone operators working in Switzerland. 3.3 Problematic mobile phone use The original English MPPUS by Bianchi and Phillips (2005) was translated into German using a back translation procedure and was included in the questionnaire. Principal component analysis (PCA) was applied to derive a short version of the 27-item MPPUS developed by Bianchi and Phillips (2005) suitable for research in adolescents. The derived short scale was subsequently used to investigate problematic mobile phone use in relation to mental health and behavioural problems of adolescents while controlling for the amount of mobile phone use. 3.4 Personal measurements The participants of the personal measurements were selected among the HERMES study participants indicating to be willing to participate in the measurement study. The personal measurements were conducted between May 2013 and April 2014. The participants were instructed in school during school time by a study manager. They carried an exposimeter for three consecutive days. The used exposimeter ExpoM-RF (Fields at Work 2015; Lauer 2011) was developed at the ETH Zürich, Switzerland (Figure 4). It is band selective and measures 13 frequency bands ranging from 470 to 3,600 MHz (Table 1). This range includes RF-EMFs from broadcast transmitters, mobile telecommunication (handsets and base stations), WLAN and DECT. The exposure originating from the transmission from a mobile phone handset to a mobile phone base station is called uplink, the exposure from the transmission from a base station to a handset downlink.   
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Table 1. Frequency bands and corresponding frequency range (MHz) and reporting limit (V/m) of the ExpoM-RF measurement device.  Frequency band description frequency range [MHz] reporting limit [V/m] TV Television broadcast transmitter 470 - 790 0.0025 LTE 800 Downlink Transmission from mobile phone base station to handset 791 - 821 0.0025 LTE 800 Uplink Transmission from mobile phone handset to base station 832 - 862 0.0025 Uplink 900 Transmission from mobile phone handset to base station 880 - 915 0.0025 Downlink 900 Transmission from mobile phone base station to handset 925 - 960 0.0025 Uplink 1800 Transmission from mobile phone handset to base station 1710 - 1785 0.0025 Downlink 1800 Transmission from mobile phone base station to handset 1805 - 1880 0.0025 DECT Digital Enhanced Cordless Telecommunications 1880 - 1900 0.0025 Uplink 1900 Transmission from mobile phone handset to base station 1920 - 1980 0.0015 Downlink 2100 Transmission from mobile phone base station to handset 2110 - 2170 0.0015 LTE 2600 Transmission from mobile phone base station to handset and vice versa (combined downlink and uplink) 2500 - 2690 0.0125 WLAN Wireless Local Area Network 2400 - 2485 0.0025 WiMax * Worldwide Interoperability for Microwave Access 3400 - 3600 0.0015 * WiMax was excluded from the analysis since it is not used in Switzerland.  The measurement range ranges from the frequency specific reporting limits (Table 1) to 5 V/m. The devices have the size of 16 x 8 x 3 to 5 cm and a weight of 300 g. Personal RF-EMF measurement devices are designed to measure under far-field conditions. RF-EMFs in the far-field are expressed in electric field strength (unit V/m) or power flux density (unit W/m²). Electric field strength and power flux density are linked via ܵ = 𝐸2ܼ0 ⇔ 𝐸 = √ܵ ∗ ܼ0 E represents the electric field strength and S the power flux density. Z0 is the impedance of free space and equals approximately 376.7 Ω. During the measurement period, the participants filled in a time-activity diary installed as an application on a smartphone operating in flight mode (no signal transmission) (Figure 5). The diary contained the a priori defined activities home, school, outdoors, travelling and various locations. Travelling was further subdivided into different transport modes (by foot or bike, train, bus, car). Various locations contained other locations such as shopping centres or restaurants.   
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Figure 4. Portable RF-EMF measurement device ExpoM-RF used in the personal measurement study. Figure 5. Time-activity diary installed as an application on a smartphone operating in flight mode.     Mean and median of the measurements at the different locations and at different times (day and night, workdays and weekend) were calculated. Furthermore, the influence of WLAN in school and at home was investigated. Effects of different aspects of mobile phone use on the measurements were studied by comparing different user groups. Additionally, the measurements were combined with the exposure from the use of wireless communication devices (mobile phones, cordless phones, computers, laptops and tablets connected to WLAN) and thereof, the daily dose for a typical (average) HERMES participant was calculated. 3.5 Dosimetric approach The dosimetric approach consists of converting the near-field and the far-field exposures to RF-EMF in a common unit and combining them to one exposure surrogate, the cumulative dose. The dose is the amount of radiation energy absorbed by a certain tissue per mass and is measured in J/kg. For the calculation of the dose, basically, three components are needed: the exposure duration, the SAR and the intensity of the incident field for environmental sources and the output power of the device for close-to-body sources. Hence, the dose can be calculated as follows: ݀݁ݏ݋ = ݁ݏ݋݀ 𝑖݁𝑙݂݀-ݎܽ݁݊ + ݁ݏ݋݀ 𝑖݁𝑙݂݀-ݎܽ݁݊ where  ݁ݏ݋݀ 𝑖݁𝑙݂݀-ݎ݂ܽ = ∑ 𝑖𝑖݁ݏ݋݀ 𝑖݁𝑙݂݀-ݎܽ݁݊ = ∑ 𝑢𝑠௘𝑖𝑖ݐ ∗ ܵ𝐴ܴ𝑖𝑛 ∗  𝑖݌
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and ݂ܽݎ-݂𝑖݁𝑙݀ ݀݁ݏ݋ = ∑ 𝑖݁ݏ݋݀ 𝑖݁𝑙݂݀-ݎ݂ܽ = ∑ ௘𝑥𝑝𝑖𝑖ݐ ∗ ܵ𝐴ܴ𝑖௙ ∗ 𝑖ܵ𝑖  
• tuse is the exposure duration (in s) in terms of duration of device use 
• texpis the exposure duration (in s) in terms of duration of being exposed to an environmental source 
• SARn is the normalized (to an output power of the device of 1 W) specific absorption rate (in W/kg) 
• SARf is the normalized (to an intensity of the incident field of 1 W/m²) specific absorption rate (in W/kg) 
• p is the output power of a device (in W) 
• S is the intensity of the incident field (in W/m²) emitted by an environmental source In the HERMES study, we calculated the daily cumulative dose from environmental sources (far-field exposure; broadcast transmitters, mobile phone base stations, DECT and WLAN base stations and mobile phones in the surroundings and from wireless device use (near-field exposure; mobile phones, cordless phones, computers, laptops and tablets connected to WLAN).  3.6 Measures of health, behavioural problems and concentration capacity Health related quality of life (HRQOL) and behavioural problems of the adolescents were measured by means of written questionnaires; the concentration capacity was measured using a computerized cognitive test. Health related quality of life HRQOL was measured using the KIDSCREEN-52 (Ravens-Sieberer et al. 2008; The KIDSCREEN Group Europe 2006). It measures HRQOL on ten dimensions named Physical well-being (5 items), Psychological well-being (6 items), Moods and emotions (7 items), Self-perception (5 items), Autonomy (5 items), Parent relations and home life (6 items), Social support and peers (6 items), School environment (6 items), Social acceptance (3 items) and Financial resources (3 items) answered on a 5-point Likert scale. Behavioural problems The German adaptations of the self-report and parent-rated standardized Strengths and Difficulties Questionnaire (SDQ) (Goodman 1997) measuring behavioural and affective problems of adolescents were used. They consist of five scales assessing Emotional symptoms, Conduct problems, Hyperactivity, Peer problems and Prosocial behaviour on five items each answered on a 3-point Likert scale, respectively.   
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Concentration capacity We used a standardized, computerized cognitive test battery named FAKT-II (Frankfurter Adaptiver Konzentrationsleistungs-Test-II, (Moosbrugger and Goldhammer 2007)) to measure the concentration capacity of the adolescents. Concentration capacity measured by the FAKT-II included homogeneity, power and accuracy of concentration.   
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4 Problematic mobile phone use in adolescents Article 1: Problematic mobile phone use in adolescents: derivation of a short scale MPPUS-10 Milena Foerster 1,2, Katharina Roser 1,2, Anna Schoeni 1,2 and Martin Röösli 1,2 1 Swiss Tropical and Public Health Institute, Basel, Switzerland 2 University of Basel, Basel, Switzerland  Published in the journal International Journal of Public Health, 2015. 60(2): 277-286. doi: 10.1007/s00038-015-0660-4   
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Abstract

Objectives Our aim was to derive a short version of the

Mobile Phone Problem Use Scale (MPPUS) using data

from 412 adolescents of the Swiss HERMES (Health

Effects Related to Mobile phonE use in adolescentS)

cohort.

Methods A German version of the original MPPUS

consisting of 27 items was shortened by principal compo-

nent analysis (PCA) using baseline data collected in 2012.

For confirmation, the PCA was carried out again with

follow-up data 1 year later.

Results PCA revealed four factors related to symptoms of

addiction (Loss of Control, Withdrawal, Negative Life

Consequences and Craving) and a fifth factor reflecting the

social component of mobile phone use (Peer Dependence).

The shortened scale (MPPUS-10) highly reflects the ori-

ginal MPPUS (Kendalls’ Tau: 0.80 with 90% concordant

pairs). Internal consistency of MPPUS-10 was good with

Cronbach’s alpha: 0.85. The results were confirmed using

the follow-up data.

Conclusions The MPPUS-10 is a suitable instrument for

research in adolescents. It will help to further clarify the

definition of problematic mobile phone use in adolescents

and explore similarities and differences to other techno-

logical addictions.

Keywords Mobile phone use �
Problematic mobile phone use � MPPUS �

Technological addictions � Adolescents

Introduction

Since the mid-90s and the public availability of the internet

and mobile phones, the use of electronic media devices

rapidly increased. According to the International Tele-

communication Union (ITU), the amount of mobile phone

subscriptions has grown from 2.2 billion in 2005 to 6.9

billion in 2014 (ITU 2014). Despite the facilitating effects

of mobile phones like the ease of accessibility or useful

applications, for example in health care (Boulos et al. 2011),

concerns about adverse effects on social communication

patterns and health due to new information technologies

have arisen (Kowall et al. 2012; Schreier et al. 2006; Sri-

vastava 2005). In 2014, 98 % of adolescents own a mobile

phone in Switzerland (thereof 97 % a smartphone) (Wil-

lemse et al. 2014). Problematic mobile phone use (also

known as mobile phone addiction, compulsive mobile

phone use) has been documented for adolescents and young

adults, whereby affected persons experience unpleasant

symptoms of withdrawal when switching off their mobile

phone or being out of range (Campbell 2005; Walsh et al.

2007). In addition, a variety of adverse health effects such

as depression, social anxiety, insomnia, hyperactivity or

conduct problems have been associated with different forms

of technology overuse (Canan 2013; Cheung and Wong

2011; Jenaro et al. 2007; Morgan and Cotten 2003; Thomée

et al. 2011). Behavioural addictions are like drug addictions

characterized through maintaining abuse despite of its

adverse consequences. While in drug addictions, short-term

rewards, the so-called ‘‘highs’’, are gained from and
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necessarily need chemical substance intake; in behavioural

addictions, similar effects, neurologically and emotionally,

are reached through engaging in specific behaviours (Clark

and Limbrick-Oldfield 2013). The primary diagnostic

symptoms of substance abuse include withdrawal, loss of

control, tolerance or craving and are featured by behav-

ioural addictions as well. Those symptoms cause major

negative life consequences in the affected person like

impaired health or deprived social functioning (Park 2005).

One major problem in research on problematic mobile

phone use is the inconsistency in its definition and

assessment. Bianchi and Phillips have introduced a 27-item

Mobile Phone Problem Use Scale (in the following referred

to as MPPUS-27) which addresses different aspects of

addiction (Bianchi and Phillips 2005). Particularly, the

aspects of Tolerance, Escape from other Problems, With-

drawal, Craving and Negative Life Consequences are

emphasized by the authors. The MPPUS-27 is frequently

used in research on problematic mobile phone use (Iz-

debski and Kotyśko 2013; Lopez-Fernandez et al. 2011,

2014; Richardson 2012). The scale shows excellent internal

consistency (Cronbach‘s a[ 0.9) and is validated in an

adult sample through comparison with general mobile

phone usage behaviour and the Addiction Potential Scale

(APS) of the Minnesota Multiphasic Personality Inventory

(MMPI-2). Despite of those strengths, it is long and tends

to be somewhat redundant which may be a problem for

research in adolescents. This may elevate the risk to upset

the study participants and may lead to blindfold answers on

similar items. Further, it has not yet been evaluated in

adolescent research. For that reason, we aimed at devel-

oping a short MPPUS suitable for adolescents using data

from the ongoing HERMES (Health Effects Related to

Mobile phonE use in adolescentS) study.

Methods

Study population

The HERMES study aims to investigate effects of mobile

phone use on health and behaviour of adolescents. The

study population consists of 7th, 8th and 9th grade students

(12–17 years) attending secondary schools in Central

Switzerland. The baseline investigation took place from

June 2012 until March 2013, and each school was visited

1 year later for a follow-up investigation with the same

study participants. Participating adolescents were recruited

through initial phone contact with the head of the school

and a subsequent informational visit in the respective

classes. Participation was voluntary and had to be preceded

by informed consent of the adolescents and a parent. The

investigation took place in school during school time and

was led by two study managers. It consisted of filling in a

paper and pencil questionnaire on various aspects such as

mobile phone use, behavioural aspects, health-related

quality of life, socio-economic factors and other covariates.

Student’s mobile phone use was assessed through ques-

tionnaire including questions about frequency and duration

of calls, frequency of outgoing text messages (text mes-

sages sent by mobile phone network referred as SMS as

well as other text messages sent by internet-based appli-

cations like WhatsApp), duration of data traffic on the

mobile phone and about the usage of the mobile phone for

other purposes. Objective mobile phone use traffic data

were provided from the three mobile phone operators in

Switzerland for the participants who gave informed con-

sent together with their parents to collect these data. These

operator data included the amount of outgoing and

incoming calls and SMS, the duration of calls and the

amount and the volume of data traffic sessions for up to

6 months prior to the investigation. Only participants

reporting to own a mobile phone were included in analysis.

Ethical approval for the conduct of the study was

received from the ethical committee of Lucerne, Switzer-

land on 9 May 2012 (EK 12025).

Mobile phone problem use scale (MPPUS)

The MPPUS-27 consists of 27 items covering the addictive

symptoms Tolerance, Escape from other Problems, With-

drawal, Craving and Negative Life Consequences (Bianchi

and Phillips 2005) (see Table 1). The 27 items have to be

answered on a 10-point Likert scale ranging from 1 (‘‘not

true at all’’) to 10 (‘‘extremely true’’) resulting in a final

sum score with a theoretical maximum range of 27–270

points. The English version was translated into German by

the study managers using a back translation procedure.

Statistical analysis

Principal component analysis

We applied principal component analysis (PCA) to derive a

short version of the MPPUS for adolescents. The PCA was

conducted with data from participants that had no missing in

the MPPUS-27 (35 participants (8.5 %) with at least one

missing value; n = 377). Prior to the analysis, we tested the

data to be suitable assessing the Kaiser–Meyer–Olkin mea-

sure and Bartlett’s test for sphericity. Furthermore, an item

analysis of the MPPUS-27 items was executed including

item-test correlations, item-rest correlations and average

inter-item correlations. Additionally the mean and the stan-

dard deviation of each item were calculated to evaluate the

discriminatory power of the items.Based on those results, the

less conservative Kaiser-Criterion was chosen for factor
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extraction which allows factors with eigenvalues above one

to be included. Varimax rotation was used to maximize

factor loadings. The number of items per factor included in

the shortened questionnaire was decided based on the

explained variance of each factor. A main criterion for

choosing a specific item was its load on the corresponding

factor. Further, we preferred items which tend to have

stronger discriminatory power. And additionally, we wanted

items with face validity for adolescents. Since this cannot be

guaranteed by looking at the factor loadings and item ana-

lysis only, we did the final item selectionmanually. PCAwas

executed again with the follow-up data 1 year later.

Missing items

To do all further reliability analyses and comparisons with

the full sample, missing items of the shortened MPPUS-

scale (referred to as MPPUS-10) were imputed using a

linear regression imputation taking into account the

remaining items of the MPPUS-10. From the 35

participants with missing values in the MPPUS-27 only 13

participants had at least one to maximum four missing

values in the MPPUS-10 items. The same computations

were executed with the follow-up data one year later (10

participants with one missing item each in the follow-up

MPPUS-10 score).

Reliability measures

To test the internal consistency of the questionnaire,

Cronbach’s alpha was assessed for the derived shortened

MPPUS-10 as well as for the MPPUS-27. The retest reli-

ability for the MPPUS-10 between the baseline and follow-

up measures was calculated using Pearson’s correlation for

continual variables.

MPPUS-27 vs. MPPUS-10 relations

To investigate how well the sum score of the MPPUS-10

reflects the original score, the Pearson’s correlation

Table 1 The 27-item Mobile Phone Problem Use Scale (MPPUS-27)

For each item, please mark the box which fits best for you from 1 ‘‘Not true at all’’ to 10 ‘‘Extremely true’’

1 I can never spend enough time on my mobile phone

2 I have used my mobile phone to make myself feel better when I was feeling down

3 I find myself occupied on my mobile phone when I should be doing other things, and it causes problems

4 All my friends own a mobile phone

5 I have tried to hide from others how much time I spend on my mobile phone

6 I lose sleep due to the time I spend on my mobile phone

7 I have received mobile phone bills I could not afford to pay

8 When out of range for some time, I become preoccupied with the thought of missing a call

9 Sometimes, when I am on the mobile phone and I am doing other things, I get carried away with the conversation and I don’t pay attention to

what I am doing

10 The time I spend on the mobile phone has increased over the last 12 months

11 I have used my mobile phone to talk to others when I was feeling isolated

12 I have attempted to spend less time on my mobile phone but am unable to

13 I find it difficult to switch off my mobile phone

14 I feel anxious if I have not checked for messages or switched on my mobile phone for some time

15 I have frequent dreams about the mobile phone

16 My friends and family complain about my use of the mobile phone

17 If I do not have a mobile phone, my friends would find it hard to get in touch with me

18 My productivity has decreased as a direct result of the time I spend on the mobile phone

19 I have aches and pains that are associated with my mobile phone use

20 I find myself engaged on the mobile phone for longer periods of time than intended

21 There are times when I would rather use the mobile phone than deal with other more pressing issues

22 I am often late for appointments because I am engaged on the mobile phone when I should not be

23 I become irritable if I have to switch off my mobile phone for meetings, dinner engagements, or at the movies

24 I have been told that I spend too much time on my mobile phone

25 More than once I have been in trouble because my mobile phone has gone off during a meeting, lecture, or in a theatre

26 My friends do not like it when my mobile phone is switched off

27 I feel lost without my mobile phone
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between the MPPUS-27 and the MPPUS-10 was calcu-

lated. Since this approach overestimates the correlation

because the MPPUS-10 score is part of the MPPUS-27

score, we also calculated the correlation between the

MPPUS-10 and the 17 remaining items of the MPPUS-27.

This shows to what extent the 10 final items are reflected

by the remaining 17 items only. In addition, to test the

concordance of both scales Kendall’s Tau was calculated.

The proportion of persons assigned to the same rank

amongst all participants according to both questionnaire

scores was obtained by the following formula:

Percentage of concordant pairs ¼ 0:5� sþ 1ð Þ � 100:

Subjective and objective mobile phone use data

Pearson’s correlations were calculated for the MPPUS-10

versus subjectively (questionnaire data) and objectively

recorded (operator data) quantitative mobile phone use data

including frequency of calls per day, outgoing text mes-

sages/SMS per day and daily duration of internet use/data

traffic volume.

Statistical analyses were carried out using STATA ver-

sion 12.1 (StataCorp, College Station, TX, USA).

Results

In total, 439 adolescents participated in the baseline

investigation of the HERMES study. Thereof, 27 (6.2 %)

reported not to own a mobile phone and were therefore

excluded from the data analysis. Thus, data from 412

(93.8 %) participants owning a mobile phone were inclu-

ded in the baseline data analysis. Of the mobile phone

users, 319 (77.4 %) were smartphone users.

253 (61.4 %) of the 412 participants were female and

159 (38.6 %) male with a mean age of 14.0 years

(min = 12.1 years, max = 17.0 years). A majority

(67.6 %) were 8th grade students, and 317 participants

(76.9 %) went to secondary school and 95 participants

(23.1 %) attended a gymnasium. 79.6 % of the participants

were Swiss.

The study participants reported to use their mobile

phone on average for 1.3 calls (standard deviation: 1.5;

maximum: 8.6) and for 44.9 min of data traffic (SD 41.4;

103.6) per day. 151 participants (36.7 %) reported to send

up to 5 messages per day, 50 (12.1 %) 6–15 messages per

day, 90 (21.8 %) 16–40 messages per day and 121 par-

ticipants (29.4 %) reported to send more than 40 messages

per day. According to objectively recorded operator data

available from 234 (56.8 %) participants, they used their

mobile phone for 0.8 calls (SD 1.7; maximum: 8.5),

sending 2.8 short text messages (SMS) (SD 5.0; 40.2) per

day, and the daily data traffic volume exchanged was

3.9 MB (SD 9.3; 50.5). Note that operator data include

only messages sent by short message services (SMS) but

not by internet-based applications, whereas self-reported

messages refer to both type of messages.

Principal component analysis

PCA was performed using complete MPPUS-27 question-

naires of 377 (91.5 %) participants. Because test scores

were left skewed data were z-standardized prior to analysis.

In order to test the data to be suitable for PCA, we assessed

the Kaiser–Meyer–Olkin (KMO) measure of sampling

adequacy which was 0.909 (rejection if KMO\0.5). We

tested the data for multicollinearity using Bartlett’s test for

sphericity which tests the null hypothesis if the correlation

matrix is an identity matrix. With suitable data, this test

should be significant, and we obtained v = 4,317.3,

df = 351; p\ 0.001. The PCA revealed five factors with

eigenvalues above one (see Table 2). Factor interpretation

was based on the clinical diagnostic symptoms of addiction

and the theoretical considerations of the authors of the

MPPUS-27 (Bianchi and Phillips 2005). The factors

extracted were named Loss of Control (explanation of

15.9 % of total variance), Withdrawal (12.5 %), Negative

Life Consequences (11.8 %), Craving (8.8 %) and Peer

Dependence (7.1 %). After factor rotation, the five factors

explained 56.1 % of the total variance. Although the

eigenvalues of factor 4 (subsequently named Craving) and

factor 5 (Peer Dependence) were close to one, we decided

to keep them as single factors because our major consid-

eration was to keep as much content as possible of the

original MPPUS. Eigenvalues, the proportion of explained

variance as well as the cumulative proportion of explained

variance of the factors, are displayed in Table 2.

Item selection

The higher the variance explained by a factor, the more

items were included in the MPPUS-10. Three items loading

on the factors Loss of Control and Withdrawal and two

from the factor Negative Life Consequences were chosen,

respectively. One single item was chosen loading on the

factors Craving and Peer Dependence since the variance

explained by these factors and their eigenvalues were

considerably lower compared to the others (see Table 3).

We preferred items with a mean value close to the

average of the item scores with additionally high standard

deviations since they tend to have stronger discriminatory

power (see Table 4).

After all we wanted items to be suitable for adolescents

thus to be short, easy to understand, unambiguous and non-

redundant in their content. Thus, despite high factor load

item 11, item 15, item 23 and item 26 were not considered
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for the factors Craving, Negative Life Consequences,

Withdrawal and Peer Dependence, respectively. The final

short version MPPUS-10 with the chosen items is dis-

played in Table 5.

The PCA was executed again with the follow-up data

including data from 378 adolescents owning a mobile

phone and filled in all MPPUS-27 items at follow-up to

replicate the extracted five factor structure found through

the PCA with the baseline data. The analysis with the

follow-up data (Table 6) did not noticeably differ from the

baseline analysis (Table 3).

Reliability of the MPPUS-10

The mean of the MPPUS-27 was m = 80.5 (SD 34.5;

min = 32, max = 239) with a theoretical achievable

Table 2 Eigenvalues,

proportion of explained

variance (%) and the cumulative

proportion of explained

variance (%) after factor

rotation of the factors

Subsequently chosen names in

italic brackets. Factors with

eigenvalues below one are

omitted

Factor Eigenvalue Proportion of

explained

variance (%)

Cumulative

proportion of

explained

variance (%)

Factor 1 (subsequently named Loss of Control) 8.91 15.90 15.90

Factor 2 (Withdrawal) 2.38 12.47 28.37

Factor 3 (Negative Life Consequences) 1.63 11.81 40.18

Factor 4 (Craving) 1.15 8.83 49.01

Factor 5 (Peer Dependence) 1.07 7.07 56.08

Table 3 Factor loadings of the

27 items of the original Mobile

Phone Problem Use Scale

(MPPUS-27) on each factor

after factor rotation

Item numbers relate to the

MPPUS-27 questionnaire

displayed in Table 1. The

chosen items for the short

version Mobile Phone Problem

Use Scale-10 (MPPUS-10) are

marked in italics. The factor

loadings of the chosen items for

the particular factor are marked

in bold

Factor Loss of Control Withdrawal Negative Life

Consequences

Craving Peer

Dependence

Item

Item 1 0.10 0.18 -0.08 0.24 0.03

Item 2 0.01 -0.02 0.03 0.49 0.05

Item 3 0.26 0.05 -0.01 0.07 0.10

Item 4 0.01 0.24 -0.29 -0.27 0.28

Item 5 0.00 0.01 0.19 0.28 -0.04

Item 6 0.16 0.09 0.02 0.21 -0.09

Item 7 0.09 -0.04 0.33 -0.07 0.12

Item 8 -0.02 0.45 0.00 0.06 -0.13

Item 9 0.10 0.33 0.01 -0.08 -0.03

Item 10 0.26 0.07 -0.14 0.00 0.13

Item 11 -0.09 0.01 -0.04 0.52 0.14

Item 12 0.26 0.07 0.08 0.07 -0.07

Item 13 0.07 0.35 -0.02 0.00 0.02

Item 14 0.05 0.32 -0.07 0.18 -0.02

Item 15 -0.16 0.10 0.43 0.00 0.02

Item 16 0.48 -0.12 0.02 -0.03 -0.07

Item 17 0.06 -0.03 0.03 0.01 0.57

Item 18 0.13 -0.10 0.27 0.07 0.12

Item 19 0.04 0.05 0.38 -0.01 -0.16

Item 20 0.38 0.06 -0.01 -0.03 -0.02

Item 21 0.27 0.07 -0.01 -0.01 0.10

Item 22 -0.01 -0.02 0.46 0.03 0.01

Item 23 -0.08 0.40 0.18 -0.11 -0.02

Item 24 0.47 -0.12 0.06 -0.03 -0.09

Item 25 0.01 0.18 0.26 -0.34 0.20

Item 26 -0.03 -0.11 0.07 0.05 0.60

Item 27 -0.05 0.28 -0.01 0.17 0.18
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maximum range of 27–270. The MPPUS-10 had a mean of

m = 28.2 (SD 15.6; min = 10, max = 96) with a theoretic

maximum range of 10–100. Cronbach’s alpha measuring

the internal consistence was good with alpha = 0.85 for

the MPPUS-10 (Nunnally et al. 1967). In our adolescent

sample for the MPPUS-27, alpha was 0.92 which is similar

to the internal consistency assessed by Bianchi et al. in an

adult sample (0.93). The retest reliability of the MPPUS-10

after 1 year assessed through Pearson’s correlation

between baseline and follow-up data was relatively low

(r = 0.40, p\ 0.001).

MPPUS-27 vs. MPPUS-10 relations

The Pearson’s correlation between the MPPUS-10 and the

MPPUS-27 was r = 0.95, p\ 0.001 (Fig. 1), and the

Pearson’s correlation between the MPPUS-10 and the

remaining 17 items of the MPPUS-27 was r = 0.86,

p\ 0.001. Assuming that the first measure overestimates

the correlation and the second should rather underestimate

it, the true correlation is still quite high. Kendall’s Tau for

the MPPUS-10 vs. MPPUS-27 was 0.80, p\ 0.001 with a

corresponding proportion of concordant ranks among the

participants of 90 %.

MPPUS-10 vs. quantitative mobile phone use

The Pearson’s correlation between the MPPUS-10 and

the self-reported frequency of phone calls was r = 0.31

(p\ 0.001). The correlation of the MPPUS-10 with self-

reported number of outgoing messages was r = 0.53

(p\ 0.001), and for self-reported duration of mobile

internet use, we found r = 0.41 (p\ 0.001). For

objectively recorded operator data, the Pearson’s corre-

lation with the MPPUS-10 score was r = 0.30

(p\ 0.001) for phone calls, r = 0.34 (p\ 0.001) for

frequency of SMS and r = 0.42 (p\ 0.001) for the data

traffic volume.

Table 4 Number of

observations (N), results of item

analysis (item-test, item-rest

and average inter-item

correlation coefficients), means

and standard deviations (SD) for

each item of the Mobile Phone

Problem Use Scale prior to

shortening (MPPUS-27)

Item numbers relate to the

MPPUS-27 displayed in

Table 1. Chosen items are in

italics
a Item-test correlation:

correlation between the item

score i and the total test score
b Item-rest correlation:

correlation between the item

score i and the sum of the other

item scores excluding item

score i
c Average inter-item

correlation: average of the

correlation between the item

score i and the other item scores
d Mean: mean of the item

score i
e SD: standard deviation of the

item score i

N Item-test

correlationa
Item-rest

correlationb
Average inter-item

correlationc
Meand SDe

Item 1 410 0.66 0.63 0.29 3.46 2.53

Item 2 410 0.65 0.60 0.29 3.84 2.88

Item 3 409 0.67 0.63 0.29 3.71 2.68

Item 4 409 0.12 0.06 0.32 8.68 2.20

Item 5 409 0.55 0.50 0.30 1.95 1.97

Item 6 410 0.64 0.60 0.29 2.47 2.23

Item 7 411 0.53 0.48 0.30 1.37 1.40

Item 8 410 0.64 0.60 0.29 2.20 2.07

Item 9 410 0.58 0.53 0.29 2.69 2.21

Item 10 409 0.52 0.47 0.30 4.90 3.23

Item 11 412 0.53 0.48 0.30 3.95 3.03

Item 12 412 0.67 0.63 0.29 2.38 2.16

Item 13 411 0.67 0.63 0.29 2.56 2.58

Item 14 412 0.69 0.65 0.29 2.74 2.47

Item 15 412 0.41 0.36 0.30 1.25 1.10

Item 16 412 0.62 0.57 0.29 2.98 2.62

Item 17 407 0.54 0.49 0.30 4.94 3.13

Item 18 411 0.59 0.54 0.29 2.09 1.65

Item 19 409 0.47 0.42 0.30 1.43 1.30

Item 20 409 0.70 0.66 0.29 3.30 2.53

Item 21 405 0.63 0.58 0.29 4.14 2.84

Item 22 410 0.56 0.52 0.30 1.45 1.14

Item 23 409 0.59 0.54 0.29 1.62 1.42

Item 24 410 0.64 0.59 0.29 2.86 2.68

Item 25 408 0.38 0.32 0.30 1.90 1.93

Item 26 401 0.40 0.34 0.30 3.02 2.60

Item 27 407 0.69 0.65 0.29 2.95 2.63

Mean 409 0.57 0.52 0.30 2.98 2.26
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Discussion

The derived short scale using 10 items to measure prob-

lematic mobile phone use among adolescents showed a

good internal consistency and was highly correlated with

the original 27-item scale. A large majority of 90 % of

participants had the same rank measured by both scores.

Assessment of problematic mobile phone use

The assessment and definition of problematic mobile phone

use differs in studies on this topic resulting in inconsistency

in prevalence rates and cut-off scores. In an Italian study

using the Mobile Addiction Test (MAT), 6.3 % of ado-

lescents were classified as dependent from their mobile

phones (Martinotti et al. 2011). In another study on British

adolescents using the MPPUS, the 90th percentile was

chosen to classify at-risk use according to a statistical

classification they prompted to have found in pathological

gambling assessment (Lopez-Fernandez et al. 2014). High

prevalence rates of about 30 % were reported in studies

assessing addictive behaviour through a single question-

naire item (‘‘perceived dependence’’) (Billieux et al. 2007)

or through choosing the 70th percentile as arbitrary ques-

tionnaire cut-off value (Ha et al. 2008). In our study, we

did not find an obvious threshold for differentiating

between problematic and non-problematic mobile phone

uses, which supports the idea that problematic mobile

phone use is a continuum, and the higher the score on the

MPPUS-10, the more likely mobile phone use is

problematic in adolescent. A linear association without a

threshold for detrimental effects is also supported by our

analysis on behavioural and personal factors as well as

health symptoms in relation to problematic mobile phone

use as measured by the MPPUS-10 (Roser et al.,

submitted).

Problematic mobile phone use in the context

of behavioural addictions

The PCA of the MPPUS revealed five factors. In line with

the theoretical construction of the MPPUS, four of them

were strongly related to addiction theory and thus were

named Loss of Control, Withdrawal, Negative Life Con-

sequences and Craving. The factors show considerable

overlap with the symptoms that have been proposed from

the authors of the original MPPUS-27 (including also

Withdrawal, Negative Life Consequences and Craving).

Loss of control, which was described as Tolerance by

Bianchi and Phillips (Bianchi and Phillips 2005), deals

with the growing time spent with the mobile phone even if

not intended. The importance of this factor is also dis-

played in the correlation between the MPPUS score and

quantitative mobile phone use. Withdrawal refers to the

mental occupation with the device, i.e. anxious or stressful

feelings if being out of range. Negative Life Consequences

due to a mobile phone might either directly result from the

first and second factor or may be due to financial, occu-

pational or school issues. Craving gets obvious if one needs

his mobile phone to relieve himself from negative feelings.

Table 5 The Mobile Phone Problem Use Scale-10 (MPPUS-10) items with the original item number of the original scale, the number of

observations (N), factor loadings after rotation, means and standard deviations (SD)

Item Original

item

N Factor

loading

Mean SD

For each item, please mark the box which fits best for you from 1 ‘‘Not true at all’’ to 10 ‘‘Extremely true’’

I have used my mobile phone to make myself feel better when I was feeling down. (Craving) 2 410 0.49 3.84 2.89

When out of range for some time, I become preoccupied with the thought of missing a call.

(Withdrawal)

8 410 0.45 2.20 2.07

If I don’t have a mobile phone, my friends would find it hard to get in touch with me. (Peer

Dependence)

17 407 0.57 4.94 3.13

I feel anxious if I have not checked for messages or switched on my mobile phone for some time.

(Withdrawal)

14 412 0.32 2.74 2.47

My friends and family complain about my use of the mobile phone. (Loss of Control) 16 412 0.48 2.98 2.62

I find myself engaged on the mobile phone for longer periods of time than intended. (Loss of

Control)

20 409 0.38 3.30 2.53

I am often late for appointments because I’m engaged on the mobile phone when I shouldn’t be.

(Negative Life Consequences)

22 410 0.46 1.45 1.14

I find it difficult to switch off my mobile phone. (Withdrawal) 13 411 0.36 2.56 2.58

I have been told that I spend too much time on my mobile phone. (Loss of Control) 24 410 0.47 2.86 2.68

I have received mobile phone bills I could not afford to pay. (Negative Life Consequences) 7 411 0.33 1.37 1.40

Respective factor classification can be found in italic brackets after each item
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As a fifth factor, Peer Dependence was identified. This

factor was not described by the authors of the original

MPPUS-27. Although peer dependence is not a primary

symptom of addictive behaviour, it might be important in

the development of problematic mobile phone use in ado-

lescents since the mobile phone is mostly used for social

communication purposes, and peer influence is particularly

prevalent in adolescent years (Steinberg and Monahan

2007; Steinberg and Silverberg 1986).

Although these symptoms suit the concept of behav-

ioural addictions, it is important to critically reflect, if

problematic mobile phone use may be considered a noso-

logical entity. Whereas few years ago mobile phones were

solely used for calling and somewhat later for texting,

nowadays with the rapid spreading of smartphones, the

boundaries between problematic mobile phone use and

other technological addictions get blurred due to the vari-

ous purposes a smartphone may be used for. Problematic

mobile phone use may thus involve a combination of

various known reinforcing mechanisms of technological

addictions such as Online Gaming Disorder (OGD) and

Internet-Addiction (IA).

In online gaming, reinforcement is gained through in-

game rewards and the ease to escape daily life (Hilgard

et al. 2013), and similarly, a prominent motive for exces-

sive internet use is diversion (Song et al. 2004). Both

gaming and surfing the web are possible with smartphone

use, and in our study a higher MPPUS-10 score is corre-

lated with more time spend online and a higher amount of

data traffic via mobile phone. Using various applications as

well as the perceived satisfaction involved was found to

predict compulsive smartphone use (Park and Lee 2011;

Salehan and Negahban 2013) and leisure boredom as well

as sensation seeking were found as motives in adolescents

with higher addictive mobile phone use tendencies (Leung

2008). Distraction through technology may be a mecha-

nism which is common for compulsive gaming, surfing or

smartphone use.

A different and more distinct motive for problematic

mobile phone use might be the need for social

Table 6 Replication of the

principal component analysis

with the follow-up data: factor

loadings of the 27 items of the

original Mobile Phone Problem

Use Scale (MPPUS-27) on each

factor after factor rotation

Item numbers relate to the

MPPUS-27 questionnaire

displayed in Table 1. The

chosen items for the short

version Mobile Phone Problem

Use Scale-10 (MPPUS-10) are

marked in italics. The factor

loadings of the chosen items for

the particular factor are marked

in bold

Factor Loss of

Control

Withdrawal Negative Life

Consequences

Craving Peer

Dependence

Item

Item 1 0.14 0.23 -0.08 0.12 -0.06

Item 2 0.06 0.04 -0.02 0.51 -0.02

Item 3 0.30 0.06 -0.03 0.07 -0.01

Item 4 0.17 0.07 -0.37 -0.12 0.03

Item 5 -0.01 -0.09 0.31 0.33 -0.06

Item 6 0.16 0.10 0.16 0.00 -0.06

Item 7 0.00 -0.01 0.32 0.03 0.08

Item 8 -0.07 0.42 0.03 -0.03 0.10

Item 9 -0.02 0.20 0.13 0.19 -0.06

Item 10 0.18 0.13 -0.10 0.09 -0.21

Item 11 0.05 -0.05 -0.03 0.56 0.08

Item 12 0.22 0.14 0.04 0.04 -0.20

Item 13 0.13 0.36 -0.02 -0.14 -0.04

Item 14 0.00 0.47 -0.12 -0.02 -0.05

Item 15 -0.09 0.06 0.40 0.00 0.03

Item 16 0.48 -0.13 0.06 -0.21 0.03

Item 17 0.14 -0.03 -0.12 0.14 0.53

Item 18 0.21 0.02 0.23 -0.01 -0.11

Item 19 0.06 0.02 0.39 -0.08 -0.04

Item 20 0.31 -0.01 -0.03 0.19 -0.01

Item 21 0.34 -0.03 -0.04 0.06 0.08

Item 22 0.09 -0.05 0.37 -0.05 0.04

Item 23 -0.07 0.37 0.19 -0.11 -0.02

Item 24 0.43 -0.06 0.05 -0.11 0.04

Item 25 0.07 0.05 0.16 -0.24 0.41

Item 26 -0.03 0.10 0.02 0.06 0.63

Item 27 -0.05 0.36 -0.01 0.14 0.09
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communication, which in our results is underlined by the

high quantity of outgoing text messages per day and the

highest correlations of the MPPUS-10 with this kind of

self-reported mobile phone use (0.53 vs. B0.41 for calling

and data exchange). Peer influence, social relationships and

the need for belongingness are important factors in ado-

lescents life and to interconnect via mobile phones helps

adolescents to satisfy their needs (Gardner and Steinberg

2005; Walsh et al. 2009). The urge to be accessible all the

time and feelings of fear and loneliness, if they are out of

range have been reported by adolescent heavy users being

asked about their mobile phones (Campbell 2005). Studies

focussing on personality and emotional impact factors on

problematic mobile phone use (messaging and phone calls)

emphasize high feelings of loneliness, low self-esteem as

well as extraversion being prevalent in high users (Augner

and Hacker 2012; Butt and Phillips 2008; Reid and Reid

2007; Roser et al., submitted).

Thus, we suggest two different patterns of problematic

mobile phone use. One relates to media entertainment

which a few years before required being at home. Nowa-

days, smartphones enable a person to surf the internet and

playing online games everywhere, and the use of various

applications provides even more possibilities of distraction.

This form of problematic mobile phone use may be rather

seen as media addiction with the portable smartphone

providing the highest accessibility to entertainment. The

other form of problematic mobile phone use emphasizes

the need for social interconnectivity and relates to the

mobile phone used as a communication device. Since the

underlying motives and personality factors leading to both

forms of problematic mobile phone use differ, it is think-

able that they also lead to distinct health effects.

Strengths and limitations

A particular strength of the HERMES study is the objective

data on quantitative mobile phone use provided by the

Swiss network operators that minimizes recall bias and

allows a more robust evaluation between MPPUS-10 and

actual mobile phone use. As a limitation, we did not have

data from a second-independent sample, and we did not

perform a confirmatory factor analysis with the MPPUS-

10. However, at least we conducted the PCA again with the

follow-up data to replicate its factorial structure. Of note,

the relatively low retest coefficient (r = 0.40) may indicate

that problematic mobile phone use is not a stable attribute

in adolescence, at least during the years of uptake of

mobile phone use. The test–retest period of 1 year is long

considering the developmental changes which study par-

ticipants might have undergone in this timespan.

Furthermore, a part of the mobile phone users (17.7 %) in

our sample switched to using smartphones during this

period, which is likely to have a major impact on the usage

pattern.

Another limitation is that the MPPUS-10 score was

calculated after PCA by summing up the 10 corresponding

items of the MPPUS-27. That means, in our study, the

MPPUS-10 was an artificial questionnaire that was not

filled in by the participants. This procedure might have led

to overestimations in correlations between the MPPUS-10

and MPPUS-27. To deal with this shortcoming, the

MPPUS-10 is currently distributed in a second sample of

adolescents.

Conclusion

The MPPUS-10 showed considerable overlap with the

original MPPUS-27. Thus, we suggest using the shorter

MPPUS-10 in future research. It is clearly more convenient

since it consists only of 10 items which saves time and is

likely to reduce the number of missing items. Our item

selection criteria focussed particularly on creating a ques-

tionnaire suitable for research in adolescents, which is

important considering the high amount of mobile phone

use stated for this age group in different studies using

different methods for assessment (Ha et al. 2008; Lopez-

Fernandez et al. 2014; Martinotti et al. 2011).

Future research in adolescents should focus on disen-

tangling two different patterns of problematic mobile

phone use. On the one hand, a smartphone may be exces-

sively used for personal entertainment, which may be

similar to other technological addictions (e.g. internet use).

Fig. 1 Correlation of the original 27-item Mobile Phone Problem

Use Scale (MPPUS-27) score and the shortened 10-item Mobile

Phone Problem Use Scale (MPPUS-10) score. Pearson’s correlation

was r 0.95, p\ 0.001. Each dot displays a single participants

MPPUS-27 score on the x axis (range from 27 to 270) and the

corresponding MPPUS-10 score on the y axis (range from 10 to 100

units)
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On the other hand, a strong need for social interconnec-

tivity may result in problematic mobile phone use as well.
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Abstract

Objectives To investigate the associations between

problematic mobile phone use and mental health and

behavioural problems in 412 Swiss adolescents owning a

mobile phone while controlling for amount of mobile

phone use.

Methods Problematic mobile phone use was determined

by the MPPUS-10 (Mobile Phone Problem Use Scale) and

related to health and behavioural problems by means of

multivariable regression modelling.

Results MPPUS-10 was 4.7 (95 % CI 1.8, 7.6) units

higher in girls than in boys, increased significantly with age

and was significantly decreased with increasing educa-

tional level of the parents. Furthermore, problematic

mobile phone use was associated with impaired psycho-

logical well-being, impaired parent and school

relationships and more behavioural problems but was not

related to peer support and social acceptance.

Conclusions Our study indicates that problematic mobile

phone use is associated with external factors such as worse

home and school environment and internal factors such as

impaired mental health and behavioural problems of the

adolescents and thus problematic mobile phone use should

be addressed, in particular when dealing with adolescents

showing behavioural or emotional problems.

Keywords Mobile phone use �

Problematic mobile phone use � MPPUS � Health �

Behaviour � Adolescents � Addiction

Introduction

Nowadays mobile phones are omnipresent in everyday life

and adolescents are among the heaviest mobile phone

users. A recent representative survey in more than 1000

adolescents aged 12–19 years in Switzerland revealed that

98 % of the adolescents own a mobile phone and 97 % of

these devices are smartphones (Willemse et al. 2014).

Smartphones are multifunctional devices often used by

adolescents for gaming, browsing the internet and

exchanging text messages. For instance, 94 % of the Swiss

adolescents surveyed used their mobile phone daily or

several times per week for exchanging text messages via

internet-based applications, 87 % for browsing the internet,

53 % for gaming and 61 % for checking their e-mails

(Willemse et al. 2014). This frequent use may have a

negative impact on daily life and thus may be problematic.

However, to date it is not clear what aspects of mobile

phone use, if any, are problematic and what this means for

mental health and behaviour of adolescents.

On the basis of the lack of a theoretical framework for

problematic mobile phone use, Billieux (2012) proposed an

integrative model describing four pathways leading to

problematic mobile phone use (Billieux 2012), an impul-

sive pathway, a relationship maintenance pathway, an

extraversion pathway and a cyber-addiction pathway. The

first three pathways describe a link of problematic mobile
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phone use and personality traits found in previous studies

(Augner and Hacker 2012; Bianchi and Phillips 2005;

Takao et al. 2009). The cyber-addiction pathway is related

to and inspired by research about problematic internet use,

since nowadays most adolescents own a smartphone and,

therefore, have internet access on their mobile phone.

Along that line, Bianchi and Phillips (2005) have intro-

duced a 27-item Mobile Phone Problem Use Scale

(MPPUS) to measure problematic use. The scale addresses

different aspects of addiction such as tolerance, escape

from other problems, withdrawal, craving and negative life

consequences.

Strikingly, little research has quantified the impact of

problematic mobile phone use on mental health and beha-

viour of adolescents. A cross-sectional survey in 196 young

adults living in Austria observed increased chronic stress,

increased extraversion, increased depression and decreased

emotional stability to be related to problematic mobile

phone use (Augner and Hacker 2012). In this study, prob-

lematic mobile phone use was more common among women

than men. In an Australian survey of 195 adults, prevalence

of problematic mobile phone use was not different between

men and women, but also related to increased extraversion

and low self-esteem (Bianchi and Phillips 2005). In a cross-

sectional study including more than 10,000 Taiwanese

adolescents, depressive symptoms were related to prob-

lematic mobile phone use (Yen et al. 2009). Additionally,

adolescents showing symptoms of problematic use showed

impairment in daily life such as poor relationship with

friends and family, problems in financial affairs or poor

academic performance. Another study in the same adoles-

cents observed that those adolescents with problematic use

were more likely to be aggressive, be victims of aggression

and to have low self-esteem (Yang et al. 2010). Furthermore,

they found higher prevalence of problematic mobile phone

use in girls and in older adolescents. A South Korean study

dividing mostly male adolescents in an excessive user group

and a comparison group found more depressive symptoms,

more difficulty in expression of emotions, higher anxiety

and lower self-esteem in the excessive mobile phone users

(Ha et al. 2008).

To better understand the consequences of problematic

mobile phone use for the life of adolescents, potential

associations with physical well-being and behaviour need

to be evaluated. However, this was not done so far,

although impaired well-being (Byun et al. 2013a; Red-

mayne et al. 2013) and attention deficit hyperactivity

disorder (ADHD) symptoms (Byun et al. 2013b) were

linked to amount of mobile phone use in children and

adolescents. Thus, it remains unclear, if these adverse

effects in adolescents may be attributed to problematic use

of the mobile phone or amount of mobile phone use.

In this explorative study, we aim at obtaining a better

understanding on how problematic mobile phone use is

related to health-related quality of life (HRQOL) including

mental health and behavioural problems in adolescents

while controlling for amount of mobile phone use. These

findings are relevant to assess the impact of problematic

mobile phone use for adolescents and to contribute to a

better understanding of behavioural and emotional prob-

lems in adolescents.

Methods

Study population

The Health Effects Related to Mobile PhonE use in ado-

lescentS study (HERMES) population consists of 7th, 8th

and 9th grade students attending secondary schools in

Central Switzerland. The baseline investigation took place

from June 2012 until March 2013. Participating adolescents

were recruited through initial phone contact with the head of

the school and a subsequent informational visit in the

respective class. Participation was voluntary and had to be

preceded by informed consent of the adolescents and a

parent. The investigation took place in school during school

time and was led by two study managers. It consisted of

filling in a paper and pencil questionnaire. An additional

paper and pencil questionnaire for the parents was dis-

tributed, filled in at home and sent back to the study

managers.

Questionnaire

The adolescents’ questionnaire included questions about

mobile phone use, age, sex, nationality, school level, the

German adaptation of the self-report version of the stan-

dardized Strengths and Difficulties Questionnaire (SDQ)

(Goodman 1997) (referred to as Adolescents SDQ) mea-

suring behavioural and affective problems of adolescents

and the KIDSCREEN-52 (Ravens-Sieberer et al. 2008; The

KIDSCREEN Group Europe 2006) measuring HRQOL.

The parents’ questionnaire included a question about the

educational level of the parents and the German adaptation

of the informant-rated version of the SDQ (referred to as

Parents SDQ) measuring adolescents’ behavioural and

affective problems.

Problematic mobile phone use measured

by the MPPUS-10

We used a shortened 10-item version (MPPUS-10 (Foerster

et al. 2015); Table S1 in Electronic Supplementary Mate-

308 K. Roser et al.

123



rial) of the MPPUS, which addresses different issues of

problematic mobile phone use by means of a 27-item

questionnaire (Bianchi and Phillips 2005). The five factors

covered by the MPPUS-10 are loss of control, withdrawal,

negative life consequences, craving and peer dependence.

The first four factors are strongly related to addiction the-

ory, the fifth factor peer dependence was considered

important especially in adolescents (Foerster et al. 2015).

The items have to be answered on a 10-point Likert scale

ranging from 1 (‘‘not true at all’’) to 10 (‘‘extremely true’’).

Internal consistency of the MPPUS-10 measured by

Cronbach’s alpha was 0.84 in our study sample.

Amount of mobile phone use

To capture various aspects of mobile phone use, we col-

lected different usage measures which were either self-

reported or recorded by the mobile phone operators. Ado-

lescents’ self-reported mobile phone use included

frequency of outgoing and incoming calls, frequency of

outgoing text messages [text messages sent by mobile

phone network (SMS) as well as text messages sent by

internet-based applications] and duration of data traffic on

the mobile phone. Objective mobile phone use data were

provided from the three mobile phone operators in

Switzerland for the participants who gave informed con-

sent together with their parents to collect these data. These

operator data included frequency of outgoing and incoming

calls and outgoing SMS and the volume of data traffic for

up to 6 months prior to the investigation.

Behaviour measured by the SDQ

The Adolescents SDQ in the questionnaire of the adoles-

cents and the Parents SDQ in the parents’ questionnaire

score self-reported and parent-rated behavioural and

affective problems of adolescents, respectively. They

consist of five scales assessing Emotional symptoms,

Conduct problems, Hyperactivity, Peer problems and

Prosocial behaviour on five items answered on a 3-point

Likert scale, respectively. A Total Difficulties Score can be

calculated by summing up the scores for Emotional

symptoms, Conduct problems, Hyperactivity and Peer

problems. Internal consistency of the five scales measured

by Cronbach’s alpha ranged from 0.51 to 0.74 in our study

sample and was comparable to a nationwide British study

sample of children and adolescents (0.41–0.77) (Goodman

2001). Furthermore, the scales of the SDQ were associated

with relevant diagnoses (Goodman 2001). An overview

from Klasen et al. (2003) concluded that the German SDQ

is just as useful and valid as the English original scale in

terms of similar factorial structure, reliability and valida-

tion of the scales (Klasen et al. 2003).

HRQOL measured by the KIDSCREEN

The KIDSCREEN-52 (Ravens-Sieberer et al. 2008; The

KIDSCREEN Group Europe 2006) is a standardized

questionnaire measuring health-related quality of adoles-

cents’ life on ten dimensions named Physical well-being (5

items), Psychological well-being (6 items), Moods and

emotions (7 items), Self-perception (5 items), Autonomy (5

items), Parent relations and home life (6 items), Social

support and peers (6 items), School environment (6 items),

Social acceptance (3 items) and Financial resources (3

items) answered on a 5-point Likert scale. Internal con-

sistency of the ten dimensions ranged from 0.77 to 0.88 in

our study sample and was comparable to a representative

sample of children and adolescents from 13 European

countries (0.77–0.89) (Ravens-Sieberer et al. 2008).

Statistical analyses

The associations of problematic mobile phone use

(MPPUS-10) with behaviour (Adolescents SDQ, Parents

SDQ) and HRQOL (KIDSCREEN) of the adolescents were

investigated by multivariable linear regression models.

Nonparametric bootstrapping was used to estimate the

coefficients to account for non-normal data distribution.

MPPUS-10 was included either as continuous score or as

categorical variable since no cutoff point dividing mobile

phone use into non-problematic and problematic is pro-

posed. The four categories of MPPUS-10 were defined a

priori using the 30th, the 60th and the 90th percentile of the

distribution of the MPPUS-10 as cutoff points. All models

were adjusted for age, sex, nationality (Swiss, mixed or

foreign), school level (college preparatory high school or

high school), educational level of the parents (six cate-

gories: no education, mandatory school, training school,

college preparatory high school, college of higher educa-

tion, university) and self-reported frequency of outgoing

text messages as a proxy for amount of mobile phone use.

Sensitivity analyses were conducted with operator-recor-

ded frequency of outgoing text messages instead of self-

reported frequency of text messages as well as without any

adjustment for amount of mobile phone use. Missing items

in the MPPUS-10 were imputed using a linear regression

imputation taking into account the available items of the

MPPUS-10 (13 participants with four or less missing val-

ues in the MPPUS-10 items). Missing values in the

confounder variables were imputed using imputation of the

most common category ‘‘training school’’ for education of

the parents (71 missing values) and mean of the available

answers for self-reported frequency of outgoing text mes-

sages (1 missing value).

Statistical analyses were carried out using STATA ver-

sion 12.1 (StataCorp, College Station, TX, USA).
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Figures were made with the software R using version R for

Windows 3.0.1.

Results

HERMES study

In total, 439 adolescents participated in the HERMES study.

Participation rate for adolescents was 36.8 % and 89.5 % of

their parents returned the questionnaire. 27 (6.2 %) of the

adolescents reported not to own a mobile phone and were,

therefore, excluded for this analysis. Out of the remaining

412 participants, 319 (77.4 %) indicated to own a smart-

phone. Participants had a mean age of 14.0 years (ranging

from 12.1 to 17.0 years) and 253 (61.4 %) of the partici-

pants were female (Table 1). The majority of the

adolescents (66.8 %) were 8th grade students.

The average MPPUS-10 score was 28.2 (SD 15.6).

Score was higher in smartphone users than in non-smart-

phone users (mean of 30.6 (SD 16.1) vs. 20.0 (SD 10.0)).

The 30th, 60th and 90th percentile of the MPPUS-10 cor-

responded to MPPUS-10 scores of 17, 29 and 51 units,

respectively. All participants in the highest MPPUS-10

category reported to own a smartphone.

According to multivariable regression modelling, prob-

lematic mobile phone use score was 4.7 (95 % CI 1.8, 7.6)

units higher in girls than in boys and increased significantly

with age (2.1 units increase per 1 year ageing, p = 0.031)

(Table 1). Problematic mobile phone use score was sig-

nificantly decreased with increasing educational level of

the parents (p = 0.004). Problematic mobile phone use

score tended to be higher in adolescents with mixed

nationality compared to Swiss nationality (p = 0.107) and

tended to be lower for participants attending college

preparatory high school compared to participants from high

schools (p = 0.222).

Amount of mobile phone use

Self-reported mobile phone use data were available for all

412 participating mobile phone users (1 missing value each

for frequency of outgoing text messages and duration of

data traffic), operator-recorded data were available for a

subsample of 233 (56.6 %) participants. Spearman corre-

lation coefficients of self-reported and operator-recorded

mobile phone use were 0.48 (p\ 0.001) for frequency of

calls, 0.56 (p\ 0.001) for frequency of outgoing text

messages and 0.50 (p\ 0.001) for data traffic on the

mobile phone.

There was a clear trend of increasing mobile phone use

across the four MPPUS-10 categories (Table S2 and Fig-

ure S1 in Electronic Supplementary Material). The

participants in the highest MPPUS-10 category reported to

use their mobile phone on average for 2.7 calls, for sending

44.8 text messages (SMS and text messages sent by

internet-based applications) and for 84.3 min of data traffic

per day. According to objectively recorded operator data

they used their mobile phone for 1.8 calls, sending

6.8 SMS (only SMS were recorded but not text messages

sent by internet-based applications) and their mobile phone

transmitted 13.9 MB data traffic volume per day.

Table 1 Personal and social factors of the HERMES study participants and change in the Mobile Phone Problem Use Scale-10 score per unit

increase in factors, the corresponding 95 % confidence intervals and p values, HERMES study, Switzerland, 2012

Personal and social factors MPPUS-10 score

Coefficient 95 % CI p value

Age (in years) 14.0 (12.1–17.0) Per year 2.09 (0.19, 4.00) 0.031

Sex: female 253 (61.4 %) Compared to male 4.71 (1.78, 7.64) 0.002

Nationality

Swiss 328 (79.6 %)

Mixed 56 (13.6 %) Compared to Swiss 4.10 (-0.89, 9.10) 0.107

Foreign 28 (6.8 %) Compared to Swiss -0.76 (-6.98, 5.47) 0.811

School level: college preparatory

high school

95 (23.1 %) Compared to high school -2.12 (-5.52, 1.28) 0.222

Highest educational level parents Per category -1.80 (-3.05, -0.56) 0.004

No education 3 (0.7 %)

Mandatory school 12 (2.9 %)

Training school 212 (51.5 %)

College preparatory high school 30 (7.3 %)

College of higher education 122 (29.6 %)

University 33 (8.0 %)
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The strongest Spearman correlation of problematic

mobile phone use score with amount of mobile phone use

was observed for self-reported frequency of outgoing text

messages with q = 0.59 (p\ 0.001). Other types of use

were only fairly to moderately correlated [self-reported

frequency of calls: 0.32 (p\ 0.001), self-reported duration

of data traffic: 0.42 (p\ 0.001), objectively recorded fre-

quency of calls: 0.35 (p\ 0.001), objectively recorded

frequency of outgoing SMS: 0.41 (p\ 0.001), objectively

recorded volume of data traffic: 0.39 (p\ 0.001)].

Behaviour

Problematic mobile phone use was significantly positively

associated with overall behavioural problems [adjusted

coefficient 0.96 (95 % CI 0.58, 1.35) units increase in the

Total Difficulties Score per 10 units increase in the

MPPUS-10 score] (Table 2). Among the specific beha-

vioural problems, most pronounced association was

observed for Hyperactivity [0.42 (0.26, 0.57)], followed by

Conduct problems [0.30 (0.19, 0.41)] and Emotional

symptoms [0.17 (0.02, 0.32)]. Prosocial behaviour was

significantly negatively associated with problematic mobile

phone use [-0.14 (-0.25, -0.04)], whereas Peer problems

was not related to problematic mobile phone use. Results

were similar for continuous and categorical analysis.

Behavioural problems rated by the parents based on 344

questionnaires showed a similar pattern although coeffi-

cients were lower and associations with Emotional

symptoms and Prosocial behaviour did not reach statistical

significance (Table S3 in Electronic Supplementary

Material).

Estimated coefficients and the corresponding 95 %

confidence intervals did not much change if adjustment for

self-reported or operator-recorded frequency of outgoing

text messages was dropped (Tables S4 and S5 in Electronic

Supplementary Material).

HRQOL

Six out of the ten HRQOL dimensions were significantly

decreased (Moods and emotions, Self-perception, Auton-

omy, Parent relations and home life, Financial resources

and School environment) for increasing problematic mobile

phone use score (Table 2). Not related to problematic

mobile phone use were the dimensions Social support and

Peers and Social acceptance. Physical well-being and

Psychological well-being were significantly decreased in

the 10 % of adolescents in the highest MPPUS-10 cate-

gory, but the associations were only borderline or not

significant according to the test for trend and the continu-

ous analysis. Again, results were similar for continuous and

categorical analysis. Adjustment for self-reported or

operator-recorded frequency of outgoing text messages as a

proxy for amount of mobile phone use had little impact on

the results (Tables S4 and S5 in Electronic Supplementary

Material).

Discussion

Overall, problematic mobile phone use, expressed by a

higher MPPUS-10 score, was associated with increased

amount of mobile phone use, impaired psychological well-

being, decreased mood and more behavioural problems

whereas no association with social relationships with peers

was observed. Our categorical analysis indicates that there

is no common threshold above which mobile phone use

becomes problematic for mental health, instead we

observed a fairly linear relation between the problematic

mobile phone use score and various mental health

outcomes.

Problematic mobile phone use and amount of mobile

phone use

Problematic mobile phone use score was associated with

amount of calls, text messages and data traffic. Neverthe-

less, Spearman correlations were modest indicating that

problematic mobile phone use as measured by the MPPUS-

10 does not only reflect amount of mobile phone use but

also other aspects such as loss of control, withdrawal

symptoms, craving and peer dependence which are prob-

lematic. As a consequence even extensive amount of

mobile phone use did not result in a high problematic

mobile phone use score in some study participants and vice

versa high problematic mobile phone use score occurred in

participants with low to modest amount of mobile phone

use. Strikingly, the coefficients of all models with mental

health outcomes did not change noticeably if models were

not adjusted for amount of mobile phone use. This indi-

cates that the observed associations are independently

related to problematic aspects of use and not to the amount

of mobile phone use itself. Thus, amount and problematic

aspects of mobile phone use should be considered sepa-

rately in future studies in adolescents.

Personal and social factors related to problematic

mobile phone use

Significant increases of problematic mobile phone use

score were found for being female, age and low educa-

tional level of the parents. These findings are in line with

other studies (Augner and Hacker 2012; Bianchi and

Phillips 2005; Byun et al. 2013a; Sanchez-Martinez and

Otero 2009; Yang et al. 2010) although, to the best of our
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knowledge, parents’ education was not reported to be

associated with problematic mobile phone use before. It is

conceivable that parents with higher educational back-

ground are more aware of problematic aspects of their

children’s mobile phone use and thus consider these

aspects in their education. Furthermore, the school envi-

ronment also plays an important role, as indicated by our

results on the corresponding KIDSCREEN dimensions

(Parent relations and home life and School environment).

These findings also support the relevance of the social

background for developing addictive behaviours. Particu-

larly, good family functioning and good communication

between parents and adolescents may help prevent prob-

lematic mobile phone use in adolescents as it was observed

for pathological internet use (Wartberg et al. 2015). A

possible explanation could be that rules for media use

controlled by parents prevent problematic use. Education

of media use in school in combination with adolescents

feeling comfortable in school may play a similar role.

HRQOL and problematic mobile phone use

Our results indicate decreased mood and psychological

well-being to be associated with problematic mobile phone

use. Similar findings come from recent studies linking

symptoms of mental ill health, depression and anxiety to

problematic mobile phone use (Augner and Hacker 2012;

Ha et al. 2008; Yen et al. 2009), to problematic internet use

(Kaess et al. 2014; Ko et al. 2012) and to amount of mobile

phone use which is expected to partly reflect problematic

use (Ikeda and Nakamura 2014; Thomée et al. 2011).

Similar to these studies, our cross-sectional study cannot

clarify the direction of these associations. Either prob-

lematic mobile phone use could be the consequence of

decreased mood, psychological well-being and negative

self-perception or the other way around. For both pathways

there are plausible arguments. Negative self-perception is

linked to depression (Lewinsohn et al. 1980) and individ-

uals with negative self-perception may use the mobile

phone to elevate their self-perception by spending time on

social networks (Steinfield et al. 2008). Mobile phones

might thus be used to escape from negative feelings, which

in the long run may act as an amplifier of such feelings

because the underlying problems are not approached. Or

mobile phones may be used to seek for social support in

times of depressed feeling. In line of the latter hypothesis,

decreased depressive symptoms have been observed for

increased instant messenger and social network use (Mor-

gan and Cotten 2003). On the other hand, decreased mood

and psychological well-being may be a consequence of

problematic mobile phone use thinking of the over-

whelming possibilities the mobile phone and the internet

provide nowadays and the accompanying stress of being

accessible all the time. This hypothesis is in agreement

with the finding of Thomée et al. (2011) of high mobile

phone use being a risk factor for reporting symptoms for

depression 1 year later with the risk being greatest among

those participants who reported to perceive stress because

of the high accessibility via mobile phone (Thomée et al.

2011). Another possibility is that there is not a pathway

pointing in one direction but a reinforcing spiral leading to

the associations between problematic mobile phone use

and health and behavioural factors as it is proposed for

media effects in general (Slater 2007).

Behaviour and problematic mobile phone use

We found a strong association between Hyperactivity and

problematic mobile phone use, which, to the best of our

knowledge, has not been examined so far. Previous studies

found hyperactivity and ADHD associated with problem-

atic internet use (Kaess et al. 2014; Ko et al. 2012; Kormas

et al. 2011; Ozturk et al. 2013) and using the mobile phone

for entertainment (playing games, internet) (Byun et al.

2013b; Zheng et al. 2014). Hyperactive adolescents are

easily distracted, show problems in sustaining attention and

are less capable of impulse control (Douglas 1972). Thus,

hyperactive adolescents may be prone to develop prob-

lematic mobile phone use through the countless

possibilities of a mobile phone to drift away, find excite-

ment and escape from boredom. At the same time, we

found Conduct problems to be associated with problematic

mobile phone use, which is in line with the finding of Kaess

et al. (2014) of problematic internet use being related to

conduct problems in adolescents. Adolescents with conduct

problems are often impulsive and pathological internet use

is considered to be an impulse-control disorder.

Strengths and limitations

A particular strength of this study is that we could rely on

both self-reported and objectively recorded mobile phone

use data from mobile phone operators. It is well estab-

lished that adolescents tend to overestimate their mobile

phone use (Aydin et al. 2011; Inyang et al. 2009). This

especially holds for duration of mobile phone calls and

less pronounced for frequency of calls. However, since

results were similar for self-reported and operator-recor-

ded amount of mobile phone use, recall or reporting bias

is not expected to affect our study results. We adjusted

our analyses for self-reported and operator-recorded fre-

quency of outgoing text messages. We think that daily

frequency of outgoing text messages is a valuable proxy

for all types of activity on the mobile phone. Note that

analyses with adjustment for data traffic or call frequency

yielded similar results.
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We were able to investigate a variety of external as well

as internal factors found in the literature and possibly

related to problematic mobile phone use in one study

sample at the same time. An inherent limitation of our

study is that problematic mobile phone use, HRQOL and

behaviour are self-reported. However, we had additionally

parent-rated behaviour available and SDQ and KIDSC-

REEN are widely used and validated scales.

Conclusion

Our study indicates that problematic mobile phone use in

adolescents is associated with external factors such as

worse home and school environment, and internal factors

such as impaired HRQOL and behavioural problems.

Future longitudinal studies should clarify whether prob-

lematic mobile phone use is the consequence of

unfavourable conditions or whether and to what extent

problematic mobile phone use reinforces behavioural

problems as well as decreased mood and psychological

well-being. In the meantime, problematic mobile phone use

in adolescents should be addressed, in particular when

dealing with adolescents showing behavioural or emotional

problems.
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German version of the MPPUS-10 

Table S1. German version of the 10-item Mobile Phone Problem Use Scale-10, HERMES study, Switzerland, 2012 

Bitte markiere jeweils auf der Skala von 1 = „überhaupt nicht wahr“ bis 10 = „sehr wahr“, wie sehr die Aussage auf dich zutrifft.  

Ich habe mein Mobiltelefon schon benutzt, um mich besser zu fühlen, als ich mich niedergeschlagen fühlte. 

Wenn ich eine Zeit lang keinen Empfang habe, komme ich vom Gedanken nicht los, einen Anruf zu verpassen. 

Meine Freunde fänden es mühsam, mich zu kontaktieren, wenn ich kein Mobiltelefon hätte. 

Ich werde unruhig, wenn mein Mobiltelefon eine Zeit lang ausgeschaltet ist oder ich mein Mobiltelefon nicht auf neue Nachrichten überprüfen kann. 

Meine Freunde und meine Familie beschweren sich über meinen Mobiltelefongebrauch. 

Ich beschäftige mich länger als beabsichtigt mit meinem Mobiltelefon. 

Ich komme häufig zu spät zu Terminen, weil ich mich mit meinem Mobiltelefon beschäftige, obwohl ich nicht sollte. 

Ich finde es schwierig, mein Mobiltelefon auszuschalten. 

Mir wurde gesagt, dass ich zu viel Zeit mit meinem Mobiltelefon verbringe. 

Ich habe schon Mobiltelefonrechnungen erhalten, die ich nicht bezahlen konnte. 

 

 



 

 

Amount of mobile phone use 

Table S2. Mean and standard deviation (SD) of self-reported and operator-recorded mobile 

phone use measures for the four Mobile Phone Problem Use Scale-10 categories and the 

whole sample, HERMES study, Switzerland, 2012 

  mean (SD) 

  < 30th (n = 125) 30th - 60th (n = 120) 60th - 90th (n = 125) ≥ 90th (n = 42) whole sample (n = 412) 

Self-reported data      
Frequency of calls (n/day) 0.8 (0.7) 1.3 (1.4) 1.4 (1.4) 2.7 (2.4) 1.3 (1.5) 

Frequency of outgoing text messages (n/day) * 7.3 (11.9) 23.7 (20.7) 30.3 (19.4) 44.8 (13.0) 22.8 (20.9) 

Data traffic on the mobile phone (min/day) * 24.0 (37.1) 41.0 (38.8) 56.2 (38.7) 84.3 (28.2) 44.9 (41.4) 

      
  < 30th (n = 81) 30th - 60th (n = 65) 60th - 90th (n = 68) ≥ 90th (n = 19)  operator sample (n = 233) 

Operator-recorded data      
Frequency of calls (n/day) 0.5 (0.5) 0.9 (1.5) 1.0 (1.2) 1.8 (1.5) 0.8 (1.2) 

Frequency of outgoing text messages (n/day) 1.5 (3.28) 1.8 (1.9) 4.2 (7.3) 6.8 (5.6) 2.8 (5.1) 

Data traffic on the mobile phone (MB/day) 0.7 (2.2) 2.4 (5.1) 4.1 (7.5) 13.9 (15.6) 3.2 (7.5) 

* 1 missing value each for self-reported frequency of outgoing text messages and data traffic on the mobile 

phone 

 
  



 

 

Figure S1. Median and interquartile range per Mobile Phone Problem Use Scale-10 category 

for frequency of calls, frequency of outgoing text messages and duration and volume of data 

traffic for self-reported data (left) and operator-recorded data (right), HERMES study, 

Switzerland, 2012 

 

a outgoing and incoming calls 
b outgoing and incoming calls 
c all type of outgoing text messages (SMS and text messages sent by internet-based applications) (1 missing 

value) 

d outgoing SMS only 
e duration of data traffic (1 missing value) 

f volume of data traffic 

 

MPPUS-10 categories correspond to MPPUS-10 scores of 10-17 (< 30th percentile), 18-28 (30th – 60th 

percentile), 29-50 (60th – 90th percentile) and 51-100 (≥ 90th percentile), respectively.



 

 

Behaviour measured by the Parents SDQ 

Table S3. Change in the Parents Strengths and Difficulties Questionnaire scores per 10 unit increase in the Mobile Phone Problem Use Scale-10 

score and per Mobile Phone Problem Use Scale-10 category and the corresponding 95% confidence intervals and p values for the test for trend in 

the Mobile Phone Problem Use Scale-10 categories, HERMES study, Switzerland, 2012 

    MPPUS-10 score MPPUS-10 categories ** Test for trend *** 

   crude adjusted * < 30th (n = 125) 30th - 60th (n = 120) 60th - 90th (n = 125) ≥ 90th (n = 42)    

Parents SDQ N Coefficient 95% CI Coefficient 95% CI     Coefficient 95% CI Coefficient 95% CI Coefficient 95% CI p value 

Total Difficulties Score 344 0.39 (0.08, 0.69) 0.44 (0.07, 0.82) 0 (reference) 0.32 (-0.87, 1.52) 1.34 (-0.12, 2.81) 2.55 (0.35, 4.75) 0.012 

Emotional Symptoms 344 0.09 (-0.02, 0.21) 0.07 (-0.05, 0.20) 0 (reference) -0.05 (-0.51, 0.42) 0.00 (-0.46, 0.45) 0.60 (-0.30, 1.50) 0.309 

Conduct Problems 344 0.18 (0.09, 0.27) 0.17 (0.06, 0.28) 0 (reference) 0.19 (-0.15, 0.53) 0.53 (0.07, 1.00) 0.93 (0.34, 1.52) 0.002 

Hyperactivity 344 0.16 (0.04, 0.29) 0.21 (0.04, 0.37) 0 (reference) 0.28 (-0.25, 0.81) 0.63 (0.01, 1.25) 1.35 (0.44, 2.26) 0.003 

Peer Problems 344 -0.06 (-0.16, 0.05) -0.01 (-0.15, 0.12) 0 (reference) -0.10 (-0.57, 0.37) 0.18 (-0.38, 0.75) -0.33 (-1.00, 0.34) 0.952 

Prosocial Behaviour 344 -0.05 (-0.18, 0.07) -0.05 (-0.21, 0.11) 0 (reference) -0.23 (-0.73, 0.27) -0.33 (-0.95, 0.29) -0.11 (-0.96, 0.73) 0.485 

* models adjusted for age, sex, nationality, school level, educational level of the parents and self-reported frequency of outgoing text messages 

** MPPUS-10 categories correspond to MPPUS-10 scores of 10-17 (< 30th percentile), 18-28 (30th - 60th percentile), 29-50 (60th - 90th percentile) and 51-100 (≥ 90th percentile), 

respectively 

*** p-value of the ordinal variable of the four MPPUS-10 categories < 30th percentile, 30th – 60th percentile, 60th – 90th percentile and ≥ 90th percentile ranging from 1 to 4 in 

adjusted regression models 

 

 



 

 

Sensitivity analysis regarding adjustment for amount of mobile phone 

use 

Whole sample 

Table S4. Change in the Adolescents Strengths and Difficulties Questionnaire scores, Parents 

Strengths and Difficulties Questionnaire scores and KIDSCREEN dimensions per 10 unit 

increase in the Mobile Phone Problem Use Scale-10 score and the corresponding 95% 

confidence intervals for adjusted analysis with and without adjustment for self-reported 

frequency of outgoing text messages, HERMES study, Switzerland, 2012 

    MPPUS-10 score 

   
adjusted * 

adjusted 
without outgoing text messages ** 

Adolescents SDQ n Coefficient 95% CI Coefficient 95% CI 

Total Difficulties Score 412 0.96 (0.58, 1.35) 0.88 (0.56, 1.21) 
Emotional Symptoms 412 0.17 (0.02, 0.32) 0.18 (0.05, 0.32) 

Conduct Problems 412 0.30 (0.19, 0.41) 0.30 (0.21, 0.39) 
Hyperactivity 412 0.42 (0.26, 0.57) 0.44 (0.3, 0.57) 

Peer Problems 412 0.08 (-0.05, 0.21) -0.04 (-0.15, 0.08) 
Prosocial Behaviour 412 -0.14 (-0.25, -0.04) -0.12 (-0.21, -0.02) 

           
Parents SDQ           

Total Difficulties Score 344 0.44 (0.07, 0.82) 0.36 (0.04, 0.69) 
Emotional Symptoms 344 0.07 (-0.05, 0.20) 0.07 (-0.06, 0.20) 
Conduct Problems 344 0.17 (0.06, 0.28) 0.18 (0.09, 0.26) 

Hyperactivity 344 0.21 (0.04, 0.37) 0.20 (0.06, 0.33) 
Peer Problems 344 -0.01 (-0.15, 0.12) -0.08 (-0.19, 0.03) 

Prosocial Behaviour 344 -0.05 (-0.21, 0.11) -0.07 (-0.19, 0.06) 

         
KIDSCREEN           

Physical Well-being 411 -0.66 (-1.53, 0.21) -0.36 (-0.98, 0.26) 

Psychological Well-being 412 -0.62 (-1.39, 0.14) -0.70 (-1.30, -0.10) 
Moods and Emotions 412 -1.73 (-2.64, -0.82) -1.98 (-2.69, -1.27) 

Self-Perception 412 -0.90 (-1.66, -0.15) -1.01 (-1.58, -0.44) 

Autonomy 409 -0.67 (-1.28, -0.06) -0.65 (-1.17, -0.13) 
Parent Relations and Home Life 408 -1.50 (-2.09, -0.91) -1.43 (-1.94, -0.92) 

Financial Resources 405 -1.51 (-2.03, -0.99) -1.07 (-1.56, -0.58) 

Social Support and Peers 412 -0.11 (-0.72, 0.50) 0.32 (-0.18, 0.82) 

School Environment 407 -0.97 (-1.54, -0.41) -1.11 (-1.57, -0.65) 
Social Acceptance 409 -0.60 (-1.36, 0.16) -0.22 (-0.86, 0.41) 

* adjusted for age, sex, nationality, school level, educational level of the parents and self-reported frequency of 

outgoing text messages 

** the same as adjusted * except self-reported frequency of outgoing text messages 

  



 

 

Operator sample 

Table S5. Change in the Adolescents Strengths and Difficulties Questionnaire scores, Parents 

Strengths and Difficulties Questionnaire scores and KIDSCREEN dimensions per 10 unit 

increase in the Mobile Phone Problem Use Scale-10 score and the corresponding 95% 

confidence intervals for adjusted analysis with and without adjustment for operator-recorded 

frequency of outgoing text messages, HERMES study, Switzerland, 2012 

    MPPUS-10 score 

   
adjusted * 

adjusted 
without outgoing text messages ** 

Adolescents SDQ N Coefficient 95% CI Coefficient 95% CI 

Total Difficulties Score 233 0.55 (0.06, 1.04) 0.62 (0.13, 1.10) 

Emotional Symptoms 233 0.04 (-0.14, 0.22) 0.10 (-0.07, 0.28) 
Conduct Problems 233 0.29 (0.14, 0.44) 0.30 (0.16, 0.44) 

Hyperactivity 233 0.28 (0.10, 0.46) 0.28 (0.11, 0.46) 
Peer Problems 233 -0.06 (-0.25, 0.13) -0.06 (-0.24, 0.11) 

Prosocial Behaviour 233 -0.24 (-0.38, -0.10) -0.18 (-0.31, -0.04) 

           
Parents SDQ           

Total Difficulties Score 208 0.33 (-0.10, 0.75) 0.44 (0.02, 0.85) 
Emotional Symptoms 208 0.04 (-0.14, 0.21) 0.08 (-0.10, 0.26) 

Conduct Problems 208 0.18 (0.06, 0.31) 0.24 (0.12, 0.35) 
Hyperactivity 208 0.16 (-0.01, 0.34) 0.17 (0.00, 0.34) 

Peer Problems 208 -0.05 (-0.22, 0.12) -0.05 (-0.20, 0.11) 
Prosocial Behaviour 208 -0.13 (-0.32, 0.06) -0.12 (-0.29, 0.05) 

           
KIDSCREEN           

Physical Well-being 232 -0.26 (-1.21, 0.69) -0.30 (-1.17, 0.56) 
Psychological Well-being 233 -0.55 (-1.59, 0.49) -0.74 (-1.68, 0.20) 

Moods and Emotions 233 -1.58 (-2.77, -0.39) -2.01 (-3.13, -0.89) 

Self-Perception 233 -1.03 (-1.96, -0.10) -1.09 (-1.93, -0.25) 
Autonomy 231 -0.65 (-1.42, 0.12) -0.77 (-1.47, -0.07) 

Parent Relations and Home Life 231 -1.53 (-2.29, -0.78) -1.72 (-2.42, -1.02) 

Financial Resources 230 -1.60 (-2.32, -0.89) -1.64 (-2.27, -1.00) 

Social Support and Peers 233 -0.09 (-0.89, 0.71) 0.01 (-0.72, 0.73) 
School Environment 231 -0.99 (-1.67, -0.30) -1.07 (-1.71, -0.43) 
Social Acceptance 233 -0.16 (-1.15, 0.84) -0.39 (-1.28, 0.51) 

* adjusted for age, sex, nationality, school level, educational level of the parents and operator-recorded 

frequency of outgoing text messages 

** the same as adjusted * except operator-recorded frequency of outgoing text messages 
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Background: Adolescents belong to the heaviest users of wireless communication devices, but little is known

about their personal exposure to radiofrequency electromagnetic fields (RF-EMF).

Objectives: The aim of this paper is to describe personal RF-EMF exposure of Swiss adolescents and evaluate ex-

posure relevant factors. Furthermore, personal measurements were used to estimate average contributions of

various sources to the total absorbed RF-EMF dose of the brain and the whole body.

Methods: Personal exposure was measured using a portable RF-EMF measurement device (ExpoM-RF) measur-

ing 13 frequency bands ranging from 470 to 3600MHz. The participants carried the device for three consecutive

days and kept a time-activity diary. In total, 90 adolescents aged 13 to 17 years participated in the study conduct-

ed between May 2013 and April 2014. In addition, personal measurement values were combined with dose cal-

culations for the use ofwireless communication devices to quantify the contribution of various RF-EMF sources to

the daily RF-EMF dose of adolescents.

Results:Main contributors to the total personal RF-EMFmeasurements of 63.2 μW/m2 (0.15V/m)were exposures

frommobile phones (67.2%) and frommobile phone base stations (19.8%).WLAN at school and at homehad little

impact on the personalmeasurements (WLAN accounted for 3.5% of total personalmeasurements). According to

the dose calculations, exposure from environmental sources (broadcast transmitters,mobile phone base stations,

cordless phone base stations,WLAN access points, andmobile phones in the surroundings) contributed on aver-

age 6.0% to the brain dose and 9.0% to the whole-body dose.

Conclusions: RF-EMF exposure of adolescents is dominated by their own mobile phone use. Environmental

sources such as mobile phone base stations play a minor role.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Mobile phones and other wireless communication devices emitting

radiofrequency electromagnetic fields (RF-EMF) are nowadays omni-

present and undergo a rapid development. In 2014, there were almost

7 billion mobile phone subscriptions worldwide, corresponding to 96%

of the population (ICT, 2015). In Switzerland, the number of mobile

phone subscriptions reached 11.5 million in 2014, what corresponded

to 141% of the population (ICT, 2015). The proportion of the world pop-

ulation covered by a 2G mobile phone network grew from 58% in 2001

to 95% in 2015 andmobile internet access increased 12 times since 2007

reaching 47% of the population in 2015 (ICT, 2015). Along that line, the

ownership and use of wireless communication devices is growing. A re-

cent representative survey in 1086 adolescents aged between 12 and

19 years in Switzerland revealed that 98% of the adolescents owned a

mobile phone, 76% a computer or laptop, and 29% a tablet (Willemse

et al., 2014). This development leads to ubiquitous exposure to RF-

EMF in our everyday environment, but little is known about the extent

of personal exposure to RF-EMF, in particular in adolescents. As a result,

the current World Health Organization (WHO) research agenda for ra-

diofrequency fields rates the quantification of personal exposures high

priority (WHO, 2010).

Adolescents spend most of their time at home and in school. Spot

measurements of environmental RF-EMF in different European coun-

tries showed that exposure at home was mainly caused by mobile

phone base stations and cordless phone (Digital Enhanced Cordless

Telecommunications (DECT)) base stations (Breckenkamp et al., 2012;

Tomitsch and Dechant, 2015; Tomitsch et al., 2010; Verloock et al.,
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2014a; Verloock et al., 2014b; Vermeeren et al., 2013) or WLAN (Wire-

less Local AreaNetwork) access points (Breckenkampet al., 2012).Main

contributors to the environmental exposure in schools in Belgium and

Greece were mobile phone base stations, radio broadcast transmitters

and WLAN access points (Verloock et al., 2014a; Verloock et al.,

2014b; Vermeeren et al., 2013).

Data from spotmeasurements are useful to estimate exposure to RF-

EMF in our everyday environments, but personal exposure to RF-EMF

depends not only on exposure levels in different environments, but

also on individual behaviours such as the use of wireless communica-

tion devices and time spent in various environments (Röösli et al.,

2010). Personalmeasurements aremeasurement campaignswhere vol-

unteers carry a portable measurement device during their everyday life

activities. Such measurements enable to measure at times and places

representative of real-life situations.

Personal measurements in Europe were mainly conducted in adults

(Bolte and Eikelboom, 2012; Frei et al., 2009; Thomas et al., 2008a;

Thuróczy et al., 2008; Valic et al., 2009; Viel et al., 2009);measurements

in children and adolescents are scarce. Researchers in Hungary conduct-

ed in 2009 personal measurements in 31 school teachers as a proxy for

children's exposure (Juhasz et al., 2011). In Slovenia, measurements in

18 children and adolescents (5–17 years) were performed in 2010/

2011 (Valic et al., 2015), and in Germany, measurements in 1524 ado-

lescents (13–17 years) were conducted in 2006/2007 (Thomas et al.,

2008b). However, since then smartphones have been introduced and

the use of wireless communication devices in this age group has

changed tremendously. Measurements in Austria and Switzerland indi-

cate that RF-EMF exposure in residential areasmay have increased over

the last few years (Tomitsch and Dechant, 2015; Urbinello et al., 2014).

Exposure to RF-EMF can be divided into two different types, the ex-

posure from environmental sources such as broadcast transmitters, mo-

bile phone base stations, cordless phone base stations, WLAN access

points, andmobile phones in the surroundings (far-field), and the expo-

sure from the use of wireless communication devices such as mobile

phones, cordless phones and computers, laptops and tablets connected

toWLAN (near-field). It is known that personal measurements may not

adequately record the latter part of exposure, because measured values

depend highly on the distance between the emitting source and the

measurement device, which is not necessarily the same as the distance

between the emitting source and the body (Bolte, 2016; Inyang et al.,

2008; Röösli et al., 2010). Thus, to obtain a comprehensive overview

on the personal RF-EMF exposure, personal measurements need to be

combined with dosimetric approaches that quantify absorbed RF-EMF

by the body.

The aim of this paper is to describe the personal RF-EMF exposure of

Swiss adolescents in daily life and evaluate factors affecting personal ex-

posure. Further, it is aimed to use personal measurements to estimate

average contributions from far-field and near-field sources to the total

absorbed RF-EMF dose by using a recently developed RF-EMF dose

modelling approach (Roser et al., 2015a).

2. Methods

2.1. HERMES study

The HERMES (Health Effects Related to Mobile phonE use in adoles-

centS) study, a cohort study conducted in Central Switzerland, aims to

prospectively investigate whether the exposure to RF-EMF emitted by

mobile phones and other wireless communication devices causes be-

havioural problems and non-specific health disturbances or affects cog-

nitive function in adolescents (Roser et al., 2015b; Roser et al., 2016;

Schoeni et al., 2016; Schoeni et al., 2015a; Schoeni et al., 2015b). The

baseline investigation took place between June 2012 and March 2013;

the follow-up investigation was conducted approximately one year

later. The study participants filled in a paper and pencil questionnaire

at school during school time supervised by two study managers.

Participants could indicate whether they were willing to participate in

the measurement study. Furthermore, paper and pencil questionnaires

for the parents were distributed and they were asked to send these

back directly to the study managers.

2.2. Personal measurements

Personal measurements were conducted in a subgroup of the HER-

MES study participants. The participants of the personal measurements

were selected so that they represented a broad range of theHERMES co-

hort according to basic criteria such as age, gender, school level, and ur-

banization of home and school place. Data collection took place

between May 2013 and April 2014. The instructions for the personal

measurements were given at school. The participants were instructed

to carry the portable measurement device, a so-called exposimeter, for

three consecutive days. They were asked to carry the exposimeter in a

padded hip bag if they were moving and to place it in their vicinity,

but not directly on the body, when not moving. During the night, they

were instructed to charge the exposimeter and place it on their bedside

table or close to their bed but not directly on the floor.

Two versions of the ExpoM-RF exposimeter (the current version and

a not commercialized prototype) were used to measure 12 frequency

bands ranging from DVB-T (Digital Video Broadcasting – Terrestrial,

centre frequency of 620 MHz) to ISM 2.4 GHz (Industrial, Scientific

and Medical 2.4 GHz, 2450 MHz) (Fields at Work, 2015; Lauer et al.,

2011) with a measurement range of frequency specific lower reporting

limits up to 5 V/m (upper reporting limit; Table 1). The sum of them is

referred to as total personal RF-EMF measurements (Table 1). The de-

vices have the size of 16 × 8 × 3–5 cm and a weight of 300 g.

A sampling interval of 4 s was used. The devices were calibrated be-

fore the start of the measurements in January 2013, again in January

2014, and after the measurements in February 2015. Additionally, the

participants kept a time-activity diary installed as an application on a

smartphone provided by the study managers. The smartphone was op-

erating in flight-mode to prevent influencing the measurements. The

diary contained predefined locations categorized into home, school,

outdoors, train, bus, car, and various locations. During themeasurement

period, GPS coordinates were recorded by the diary smartphone. At the

end of the measurement period, they filled in a short questionnaire on

exposure relevant factors such as WLAN at home, ownership of mobile

phone subscription or prepaid mobile phone, and their mobile phone

use during the measurement period (Table 2). Missing values in this

questionnaire were imputed using answers to the same questions in

the baseline or follow-up HERMES questionnaire whichever was tem-

porally closer. The information about WLAN at school was obtained

from the teacher or the head of the school during the school visit.

Ethical approval for the conduct of the study was received from the

ethical committee of Lucerne, Switzerland on May 9, 2012.

2.3. Data cleaning

The personal measurement data were occasionally disrupted be-

cause of technical failures or because participants forgot to charge the

device during night. We considered only those measurements which

lasted at least 23 h and which had corresponding diary entries available

for analysis. Diariesweremanually cleaned for implausible chronologies

of diary entries (e.g. being at school followed by being at homewithout

a period of outdoor, public transport or car in-between) using the

smartphone-recorded GPS coordinates and visualisation of the paths

and the measurements corresponding to the diary entries.

2.4. Data analysis

2.4.1. Calculation of mean values

The calculations were performed in power flux density unit (μW/

m2). According to the sensitivity range specified by the manufacturer,
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measurements were left censored at the frequency specific lower

reporting limit and right censored at 5 V/m (upper reporting limit;

Table 1).

Total refers to the sumof the frequency bands listed in Table 1,Uplink

(RF-EMF emitted frommobile phone handsets) to the sumof the uplink

frequency bands Uplink 900, Uplink 1800 and Uplink 1900, and Down-

link (RF-EMF emitted from mobile phone base stations) to the sum of

the downlink frequency bands Downlink 900, Downlink 1800 and

Downlink 2100 (see Table 1 for exact definitions of frequencies).

To account for interruption of measurements (e.g. from lack of

charging), we calculated for each participant the average exposure for

6 time slots (5 time slots during daytime: 06:00–07:59, 08:00–11:59,

12:00–13:59, 14:00–16:59, 17:00–21:59, 1 time slot for night-time:

22:00–05:59). Mean exposure for the whole measurement period was

then calculated as time-weighted average of these time slots. Mean

exposure for the day refers to the time-weighted average of the 5 day-

time slots. Mean exposure for workdays was calculated in the same

way as the mean exposure for the whole measurement period but tak-

ing into account only measurements on workdays, the same was ap-

plied for the weekend exposure. If for one day a time slot was missing,

a time-weighted average was calculated with adjusted weights. Mea-

surements with more than one missing time slot or missing night mea-

surements were excluded. Mean exposure for the locations home,

school, outdoors, train, bus, car and various locationswas calculated tak-

ing into account all available measurements per participant at these lo-

cations according to their time-activity diary.

2.4.2. Evaluation of possibly exposure related factors

To address factors possibly affecting personal RF-EMF measure-

ments, we compared the measurements of adolescents with and

Table 1

Frequency range and reporting limits of the used frequency bands measured by the ExpoM-RF exposimeter (the current version and a not commercialized prototype). The sum of these

bands is named total personal RF-EMF measurements.

Frequency band Description Frequency range

[MHz]

Lower reporting limit

[V/m]

Upper reporting limit

[V/m]

TV Television broadcast transmitter 470–790 0.0025 5

LTE 800 Downlinka Transmission from mobile phone base station to handset 791–821 0.0025 5

LTE 800 Uplinka Transmission from mobile phone handset to base station 832–862 0.0025 5

Uplink 900b Transmission from mobile phone handset to base station 880–915 0.0025 5

Downlink 900c Transmission from mobile phone base station to handset 925–960 0.0025 5

Uplink 1800b Transmission from mobile phone handset to base station 1710–1785 0.0025 5

Downlink 1800c Transmission from mobile phone base station to handset 1805–1880 0.0025 5

DECT Digital Enhanced Cordless Telecommunications 1880–1900 0.0025 5

Uplink 1900b Transmission from mobile phone handset to base station 1920–1980 0.0015 5

Downlink 2100c Transmission from mobile phone base station to handset 2110–2170 0.0015 5

LTE 2600a Transmission from mobile phone base station to handset and vice versa

(combined downlink and uplink)

2500–2690 0.0125 5

WLAN Wireless Local Area Network 2400–2485 0.0025 5

a Belongs to the total RF-EMF, but is not considered for the frequency band specific analyses.
b Belongs to the summarized uplink band; Uplink = Uplink 900 + Uplink 1800 + Uplink 1900.
c Belongs to the summarized downlink band; Downlink = Downlink 900 + Downlink 1800 + Downlink 2100.

Table 2

Characteristics of the personal measurements sample (n= 90) and the HERMES follow-up cohort (n= 425) and p-value for the t-test statistics for age and for the χ2 test statistics for the

other characteristics (significant results (p b 0.05) are indicated in bold).

Personal measurements (n = 90) HERMES follow-up cohort (n = 425)

n Number Percentage (%) na Number Percentage (%) p-Value χ
2

Personal characteristics

Age (years) 90 15.1 (13.2–17.2) 425 15.0 (13.2–17.8) 0.80 (t-test)

Sex: female 90 57 63.3 425 254 59.8 0.44

School level: college preparatory high school 90 21 23.3 97 22.8 0.90

Nationality 0.01

Swiss 81 90.0 341 80.2

Mixed 4 4.4 59 13.9

Foreign 5 5.6 25 5.9

WLAN at school and at home

WLAN at school 90 34 37.8 425 168 39.5 0.70

WLAN at home 90 86 95.6 342 319 93.3 0.31

Not switching off WLAN at home 86 61 70.9 310 208 67.1 0.37

Mobile phone use

Owning a mobile phone 90 90 100.0 425 416 97.9 0.12

Owning a smartphone 90 85 94.4 416 398 95.7 0.52

Having a mobile phone subscription 90 41 45.6 416 234 56.3 0.01

Mobile phone switched off during night 90 413 0.13

No (Almost never or never/sometimes) 66 73.3 270 65.4

Yes (frequently/almost always or always) 24 26.7 143 34.6

Using mobile internet on the mobile phone 90 83 92.2 415 387 93.3 0.66

Use WLAN for internet on the mobile phone 83 385 0.10

Yes (about half of the time/always) 69 83.1 340 88.3

No (no/sometimes) 14 16.9 45 11.7

a Missing values in theHERMES follow-up cohort: 83 forWLANat home, 9 for Not switching offWLANat home, 3 forMobile phone switchedoff duringnight, 1 for Usingmobile internet

on the mobile phone and 2 for Use WLAN for internet on the mobile phone.
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withoutWLAN at school and at home, respectively aswell as the impact

of switching off theWLANmodem at home during the night. Regarding

mobile phone use, we evaluated the impact of having a subscription or

using a prepaid mobile phone, reporting to switch off themobile phone

during the night, and the use of internet on themobile phone (with and

without WLAN).

2.4.3. Sensitivity analyses

A sensitivity analysis was conducted to evaluate the impact of the

manual diary cleaning on the study results by conducting analyses

with and without corrected diary entries.

The adjacent Downlink 1800, DECT and Uplink 1900 bands are a

challenge for personal RF-EMF exposimeters because cross-talk occurs

between these bands (Lauer et al., 2012). To correct values for potential

cross-talk, a data-driven correction algorithm was developed (manu-

script in preparation). The development of the algorithm was based

on personal measurements in 115 Swiss adolescents and adults. First,

distinct exposure windows with similar exposure patterns were de-

fined. Within these exposure windows, the correlations between DECT

measurements and the 1800 MHz base station signal (Downlink

1800) and the 1900 MHz mobile phone handset signal (Uplink 1900),

respectively were calculated. If the correlations were above a defined

threshold value, it was corrected for cross-talk within the respective

window. The ratio between the respective two signals was used to de-

cide on the direction of the cross-talk. The median of the exposure at

the corresponding location was used to substitute the affected values.

A sensitivity analysis was conducted with this correction algorithm to

assess the impact of this correction on the results of the personal

measurements.

2.4.4. Use of personal measurements for dose estimations

Using the average exposures measured during the personal mea-

surements, we applied a recently developedRF-EMF dosemodelling ap-

proach (Roser et al., 2015a) that combines the exposure from near-field

and far-field RF-EMF sources to put the personal measurements in the

context of dose calculations for a typical (average) HERMES participant.

The far-field component aggregates the measured or modelled expo-

sure from environmental sources such as radio and television (TV)

broadcast transmitters, mobile phone base stations, cordless phone

base stations, WLAN access points as well as other people's mobile

phones to a RF-EMF dose estimate using specific absorption rates

(SAR) from the literature (Lauer et al., 2013). A short description can

be found in the Supplementary material. For TV broadcast, mobile

phone base stations, DECT base stations and WLAN access points we

used the average of all personal measurements. The radio FM (Frequen-

cy Modulation) broadcasting band was not yet included in the proto-

type version of the ExpoM-RF and thus time-weighted average

modelled exposure at home and at school of the participants was used

instead (Bürgi et al., 2010; Bürgi et al., 2008). To estimate the contribu-

tion of uplink exposure from other people's mobile phones (far field),

we used the mean uplink measurements of all participants that report-

ed not to use mobile internet on their mobile phone, because their per-

sonal measurements are less affected by own mobile phone use. Note

that all participants owned a mobile phone.

The near-field component of the dose model assesses RF-EMF dose

from the use of wireless communication devices (mobile phones, cord-

less phones, computers, laptops and tablets connected to WLAN) by

combining the duration of wireless device use with literature derived

SAR values for the brain and the whole body for each of these exposure

situations (Gati et al., 2009; Hadjem et al., 2010; Huang et al., 2014;

Lauer et al., 2013; Persson et al., 2012; SEAWIND Sound Exposure and

Risk Assessment of Wireless Network Devices Final Summary Report,

2013).

To obtain thewireless device use durations of a typical HERMES par-

ticipant we used the wireless device use data of the whole HERMES co-

hort. For estimating average own mobile phone use in the sample, we

used average operator-recorded call duration of all HERMES partici-

pantswho gave consent to provide their data. For data traffic on themo-

bile phone and the use of computer, laptop and tablet with WLAN, the

mean duration was obtained from the written HERMES questionnaire

of all study participants. For the duration of DECT phone calls, the

same duration as for mobile phone calls was assumed. This resulted in

the typical HERMES participant with the following wireless device use

each day: 1.85minmobile phone andDECTphone calls, 11.5min ofmo-

bile phone data traffic via network and 30.6 min via WLAN, 57.6 min of

computer, laptop and tablet use while connected to WLAN, and having

themobile phone 4.42 h close to the body assuming stand-by data traf-

fic of the mobile phone close to the body for this time period.

3. Results

3.1. Personal measurements

From 439 students who participated in the baseline investigation of

the HERMES study, 221 (50.3%) volunteered to participate in the per-

sonal measurement study (Fig. 1). Thereof 121 adolescents were select-

ed for participation in the personal measurements and 101 out of these

121 measurement sequences had at least 23 h of measurements and

corresponding diary entries. Thereof 95 had a diary of sufficient quality

to attributemeasurements to locations. Five of these sets hadmore than

one missing time slot and were excluded. This resulted in 90 measure-

ments included in the analysis. The personal measurements lasted on

average 72.3 h (SD = 21.7 h, range: 23.0–121.2 h) and 62,710 (range:

21,455–112,653) single measurements per participant were recorded.

A subsample of 38 out of the 90measurement sequences had measure-

ments on both workdays and weekend days available and was used for

the comparison of workdays and weekend measurements.

3.2. Characteristics of study participants

Themean age of the participants was 15.1 years and 57 (63.3%) par-

ticipants were female (Table 2). Themajority (90.0%) had Swiss nation-

ality. Thirty-four participants attended a school with WLAN, 86 had

WLAN at home and thereof, 61 reported not to switch off their WLAN

modem at home during the night.

All participants owned a mobile phone at the time of the personal

measurements and most of these devices (94.4%) were smartphones.

About half of the participants (45.6%) had a mobile phone subscription

with a mobile phone operator; the others used prepaid mobile phones.

A quarter (26.7%) indicated to switch off their mobile phone during the

night. Of the 83 participants using mobile internet on their mobile

phone, 83.1% regularly used WLAN for that connection. According to t-

test and χ
2 test statistics, the participants of the personal measurements

were comparable to the HERMES follow-up cohort (n= 425) according

to age, sex, school level, WLAN at school and at home, owning a mobile

phone or a smartphone and mobile phone use except that more Swiss

adolescents were included (p-value = 0.01) and less participants had

a mobile phone subscription (p-value = 0.01) (Table 2).

3.3. Mean exposure and contribution of different RF-EMF sources

Total personal RF-EMF measurements were on average 63.2 μW/m2

(0.15 V/m). Median total RF-EMF measurements were considerably

lower (25.5 μW/m2, Table 3) reflecting the highly skewed data distribu-

tion (Fig. S1 in Supplementary material). The exposure from mobile

phones (uplink) contributed most (67.2% of total RF-EMF) (Table 3

and Fig. 2). Exposure from fixed site transmitters contributed 26.5%

(downlink: 19.8%, TV broadcast transmitters: 6.7%). WLAN exposure

accounted on average for 3.5% and DECT exposure for 1.3%. Uplink 900

anddownlink 900 contributedmost to average uplink and downlink ex-

posure, respectively.
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Table 3

Summary statistics for the whole measurement period per frequency band, for uplink, downlink and total RF-EMF measurements (μW/m2) and total RF-EMF measurements in V/m.

Frequency band Mean (%) Min 5th percentile 25th percentile Median 75th percentile 95th percentile Max

TV 4.26 (6.7) 0.08 0.13 0.41 0.62 2.33 11.84 169.78

Uplink 900 24.59 (38.9) 0.02 0.20 1.38 6.03 27.54 88.17 263.61

Downlink 900 9.40 (14.9) 0.19 0.35 1.38 3.33 10.35 44.61 103.24

Uplink 1800 7.23 (11.4) 0.02 0.08 0.19 0.44 1.81 17.46 327.07

Downlink 1800 1.42 (2.3) 0.04 0.07 0.23 0.62 1.39 4.96 19.45

DECT 0.83 (1.3) 0.02 0.02 0.02 0.07 0.36 3.99 14.71

Uplink 1900 10.67 (16.9) 0.01 0.01 0.06 0.81 4.24 30.45 373.49

Downlink 2100 1.67 (2.6) 0.03 0.04 0.15 0.43 1.87 6.85 17.19

WLAN 2.18 (3.5) 0.03 0.05 0.24 0.56 1.72 11.63 23.88

Uplinka 42.49 (67.2) 0.07 0.38 2.51 12.15 39.64 177.22 664.88

Downlinkb 12.50 (19.8) 0.34 0.62 2.12 5.07 13.47 51.36 107.99

Totalc 63.23 1.78 5.92 11.34 25.49 70.86 240.41 682.90

Totalc [V/m] 0.15 0.03 0.05 0.07 0.10 0.16 0.30 0.51

a Uplink = Uplink 900 + Uplink 1800 + Uplink 1900.
b Downlink = Downlink 900 + Downlink 1800 + Downlink 2100.
c Total refers to the total RF-EMF measurements considering the twelve frequency bands listed in Table 1.

Fig. 1. Participants of the personal measurements consisting of a subgroup of the participants of the HERMES cohort.
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3.4. Personal measurements at different locations

Regarding different locations, adolescents' average total personal

RF-EMF measurements were highest when spending time in public

transport and cars (839.4 μW/m2 in cars, 676.3 μW/m2 in buses and

537.1 μW/m2 in trains) (Fig. 3 and Tables S1 and S2 in Supplementary

material). The lowest measurements were measured at school

(59.6 μW/m2) and at home (31.1 μW/m2).

3.5. WLAN at school and at home

The presence ofWLANat school andWLANat homehad little impact

on averageWLANmeasurements (Fig. 4 and Tables S3 and S4 in Supple-

mentary material). Participants attending a school withWLAN (34 par-

ticipants (Table 2) consisting of 32 adolescents having WLAN at home

and at school and two adolescents having WLAN at school but not at

home) had slightly higher mean WLAN exposure than participants

without WLAN at their school (2.9 μW/m2 vs. 1.5 μW/m2). If the

comparison was restricted to the measurements taken in the school,

the difference was somewhat larger (7.4 μW/m2 vs. 1.0 μW/m2). Only

four participants had no WLAN at home (thereof two had WLAN at

school). Overall their mean WLAN measurements were higher

(6.0 μW/m2) than for the other two groups. However, theirWLANmea-

surements at home were indeed minimal (0.02 W/m2).

Participants, who reported not to switch off WLAN modem at home

during night, had higher WLAN measurements at home compared to

the participants who switched off WLAN at home (0.9 vs. 0.4 μW/m2).

For the whole measurement period, theWLANmeasurements were in-

creased as well (2.6 vs. 0.7 μW/m2).

3.6. Mobile phone use related factors

Fig. 5 demonstrates that the ownmobile phone has a substantial im-

pact on personal uplink measurements (see Tables S5 and S6 in Supple-

mentary material for details). For instance, participants with a

subscription had higher uplink measurements compared to those

using prepaidmobile phones (78.0 vs. 12.8 μW/m2). The use of internet

by mobile phone was associated with higher uplink measurements as

well (45.3 vs. 8.9 μW/m2). Those stating not to use WLAN by mobile

phone had higher uplink measurements compared to those who used

WLAN (68.1 vs. 40.7 μW/m2), but strikingly, the difference in WLAN

measurements was marginal between these two groups (2.7 vs.

2.3 μW/m2).

3.7. Diurnal variation of personal measurements

Total RF-EMF measurements were clearly increased during daytime

compared to night-time (80.8 vs. 28.1 μW/m2) (Fig. 6 and Tables S7 and

S8 in Supplementary material).

For 38 (42.2%) participants we hadmeasurements on workdays and

on weekend days available. For those, mean RF-EMF measurements

were slightly higher on weekend days compared to workdays (57.3

vs. 51.0 μW/m2). The diurnal pattern was similar on workdays and on

weekends, total measurements increased with progressing time of the

day (Fig. 7 and Table S9 in Supplementary material).

3.8. Use of personal measurements for dose estimations

Using the recently developed RF-EMF exposure surrogate (Roser et

al., 2015a) and the personal measurements, the daily dose for different

Fig. 2.Mean contributions of different sources to the total personal RF-EMFmeasurements

(in power flux density). Mean = 63.2 μW/m2 (0.15 V/m). Others refers to the frequency

bands LTE 800 Downlink, LTE 800 Uplink and LTE 2600.

Fig. 3. Mean RF-EMF measurements from different sources at different locations. The

hours in brackets indicate cumulative measurement duration at the corresponding

location, n indicates the number of participants with measurements assigned to the

location according to the diary. Total mean RF-EMF measurements at the locations are

additionally added in V/m. The corresponding numbers and median values can be found

in Tables S1 and S2 in the Supplementary material.

Fig. 4.Mean RF-EMFmeasurements for all participants (n=90) andmeanmeasurements

for No WLAN at home (n = 4), WLAN at home only (n = 54) and WLAN at home and in

school (n = 32). Total mean RF-EMF measurements per group are additionally added in

V/m. The corresponding numbers and median values can be found in Tables S3 and S4

the Supplementary material.
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exposure sources was calculated for the typical (average) HERMES par-

ticipant (Figs. 8 and 9 and Table S10 in Supplementary material).

Far-field exposure contributed 6.0% to the brain dose and 9.0% to the

whole body dose. The most relevant far-field contributor was downlink

with 2.6% for the brain and3.7% for thewhole bodydose.WLAN contrib-

uted on average 0.2% to the brain dose and 0.5% to thewhole body dose.

Using the mobile phone for calls was the most relevant contributor to

the average brain RF-EMFdose (77.0%). For thewhole body dosemobile

phone calls contributed 23.6%, data transmission via mobile phone

network 7.0% and data transmission viaWLAN 18.7%. Carrying amobile

phone on the body in stand-bymode contributed 1.6%. The use ofWLAN

by computers, laptops and tablets contributed 35.3% to the whole body

dose.

Fig. 5.Mean RF-EMF measurements for all participants and mean RF-EMFmeasurements

for the mobile phone related factors having a mobile phone subscription (compared to

using a prepaid mobile phone), not switching off the mobile phone during the night and

the use of internet on the mobile phone (with and without WLAN). Total mean RF-EMF

measurements per group are additionally added in V/m. The corresponding numbers

and median values can be found in Tables S5 and S6 in the Supplementary material.

*Note, that the groups No WLAN for mobile internet and WLAN for mobile internet include

only participants using mobile internet on the mobile phone (n = 83).

Fig. 6. Diurnal variation of mean RF-EMF measurements: For daytime and night-time

(n = 90) and for workdays and weekend (n = 38) for different RF-EMF sources. Total

mean RF-EMF measurements per time of the day and type of day are additionally added

in V/m. The corresponding numbers and median values can be found in Tables S7 and

S8 in the Supplementary material.

Fig. 7. Diurnal variation of the mean total RF-EMF measurements on workdays (white

bars) and on weekends (shaded bars) based on data from the subsample of 38

participants with workdays and weekend measurements available. The corresponding

numbers and median values can be found in Tables S9 in the Supplementary material.

*Note that these time slots correspond to the time slots 06:00–07:59, 08:00–11:59,

12:00–13:59, 14:00–16:59, 17:00–21:59, and 22:00–05:59.

Fig. 8. Daily brain dose from the use of wireless communication devices (near-field dose;

left side of the graph) and environmental sources (far-field dose; right side of the graph)

for the typical (average) HERMES participant. *Numbers above the bars indicate the

percentage of the near-field and the far-field dose on the total dose, respectively.

*Average daily device use in HERMES: 1.85 min mobile phone and DECT phone calls,

11.5 min of mobile phone data traffic via network and 30.6 min via WLAN, 57.6 min of

computer, laptop and tablet use while connected to WLAN and having the mobile phone

on the body for 4.42 h.
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3.9. Sensitivity analyses

3.9.1. Diary cleaning

In a sensitivity analysis, we compared our results with an analysis

based on a dataset with original (uncleaned) diary entries. This analysis

showed that diary cleaning is relevant for locations and activities with

short durations (train andbus), whereasmeasurementswith longdura-

tions (home and school) were barely affected (Table S11 in Supplemen-

tary material). These differences were driven by changes in the uplink

measurements and to a lesser extent by changes in the downlink

measurements.

3.9.2. DECT correction algorithm

The applied DECT correction algorithm reduced the average DECT

measurements by a factor of 5.8 (Table S12 in Supplementarymaterial).

Since DECTmeasurements were a small part of the total measurements

(1.3% on average), the reduction factor was small for the total measure-

ments (factor of 1.1) and the contribution of the different sources to the

total exposure did change only minimally (63.2% vs. 67.2% for uplink,

18.7% vs. 19.8% for downlink, 3.2% vs. 3.5% for WLAN, 6.3% vs. 6.7% for

TV and 7.1% vs. 1.3% for DECT). Regarding different locations reduction

factors were highest in buses and cars (36.8 and 15.0, respectively).

For details see Tables S12, S13, S14, S15 and S16 in Supplementary

material.

4. Discussion

Main contributors to the personal RF-EMF measurements of our

study participants were mobile phones (uplink) followed by mobile

phone base stations (downlink). Uplink was particularly high in

adolescents using the internet on their mobile phone. The mean contri-

bution from WLAN exposure was low, even for adolescents having

WLAN at school and at home. Using personal measurements and com-

bining them with data on the usage of wireless devices for a compre-

hensive dose calculation of the typical HERMES participant revealed

that far-field sources contributed 6.0% to the total RF-EMF dose of the

brain and 9.0% to the whole body dose, whereas 94% and 91% of the

total RF-EMF dose of the brain and the whole body, respectively origi-

nated from near-field sources.

4.1. Comparison with other studies

The prototype version of the ExpoM-RF used in this measurement

study does not measure radio FM (88–108 MHz) broadcasting as done

in most other previous studies. However, on average, radio FM is a

small contributor in our study (on average 1.7 μW/m2 at home and

0.8 μW/m2 at school according to geospatial propagation modelling for

theHERMES cohort) and thus, in the following paragraph, ourmeasure-

ments are comparedwith other personalmeasurement studies that had

included radio FM.

Measured personal total RF-EMF exposure varied across studies,

ranging from 21.5 μW/m2 in German children to 180 μW/m2 in Dutch

adults (Bolte and Eikelboom, 2012; Frei et al., 2009; Thomas et al.,

2008a; Thomas et al., 2008b; Thuróczy et al., 2008; Valic et al., 2015;

Viel et al., 2009) (Table 4). These discrepanciesmay be explained by dif-

ferent study populations (children, adolescents and adults), different

measurement devices, diverse data processing (for instance dealing

withmeasurements below the reporting limit of the devices) and differ-

ent study settings (place and time). The most comparable study in

terms of study population is the German measurement study in 1524

adolescents in 2006/2007 (Thomas et al., 2008b), in which measured

total exposure for uplink, downlink, DECT and WLAN was 24.0 μW/m2

during waking hours what is considerably lower compared to the

mean daytime measurements for the same frequency bands in our

study (75.5 μW/m2). However, at that time smartphones were not yet

available and the use ofmobile internet, themost relevant exposure fac-

tor in our study, was not an issue. Our small sample of 7 participants not

usingmobile internet had a mean exposure of 31.5 μW/m2what is sim-

ilar to the German study. In newer studies in adults, higher exposure

levels were measured: 130 μW/m2 in Switzerland (Frei et al., 2009)

and 180 μW/m2 in the Netherlands (Bolte and Eikelboom, 2012) com-

pared to 63.2 μW/m2 in our study. These measurements were done in

adults and in mostly urban areas, whereas our study area mainly

consisted of rural places. In addition, lower exposure levels in schools

for adolescents compared to workplaces for adults may contribute to

the lower exposure levels in our study.

We found uplink and downlink being the dominant sources (67.2%

and 19.8% of the total exposure in our study). In other personal mea-

surement studies the contribution of different sources was distributed

more equally (Bolte and Eikelboom, 2012; Frei et al., 2009; Thuróczy

et al., 2008; Viel et al., 2009). Possible explanations for this discrepancy

may include low network coverage in our rural study area and longer

mobile internet use in adolescents compared to adults.

4.2. Measurements at different locations and times

Ourfinding of highmeasurement valueswhen travelling (537.1 μW/

m2 in trains, 676.3 μW/m2 in buses and 839.4 μW/m2 in cars in our

study) confirms previous results although some variations in levels

have been observed in different studies; for instance for the exposure

in trains: 1160 μW/m2 in a Swiss measurement study (Frei et al.,

2009), 354 μW/m2 in the Netherlands (Bolte and Eikelboom, 2012)

and 175 μW/m2 in France (Viel et al., 2009). Measurements at home

(31.1 μW/m2 in our study) were in general lower compared to previous

personal measurement studies (levels of 172 μW/m2 (Bolte and

Eikelboom, 2012), 100 μW/m2 (Frei et al., 2009) and 106.2 μW/m2

Fig. 9.Daily whole body dose from the use of wireless communication devices (near-field

dose; left side of the graph) and environmental sources (far-field dose; right side of the

graph) for the typical (average) HERMES participant. *Numbers above the bars indicate

the percentage of the near-field and the far-field dose on the total dose, respectively.
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(Viel et al., 2009)). Since personal measurements in children and ado-

lescents are rare, reported levels in schools are scarce. Mean measure-

ments of 59.6 μW/m2 in our study were much lower than levels of

spot measurements in schools in Belgium and Greece (325.2 to

424.7 μW/m2) (Verloock et al., 2014a; Vermeeren et al., 2013). Note

that these spotmeasurements intended to assess highest values, where-

as personal measurements represent typical values.

Slightly increased exposure at weekend compared to workdays

(+12% in meanmeasurements) and clearly decreased exposure during

night-time compared to daytime (−65% in mean measurements) was

observed in other personal measurement studies as well (Bolte and

Eikelboom, 2012; Frei et al., 2009; Viel et al., 2009). Personal measure-

ments conducted by researchers in Belgium using 28 predefined expo-

sure scenarios also found that uplink and DECT measurements were

clearly decreased during night-time compared to daytime (Joseph et

al., 2008). Increased exposure during afternoon hours compared to

morning hours was found in German children and adolescents as well

(Thomas et al., 2008b),whereas inGerman adults nodifference in expo-

sure for morning and afternoon hours was observed (Thomas et al.,

2008a). A similar diurnal pattern of increasing exposure with

progressing time of the day was observed in Dutch adults (Bolte and

Eikelboom, 2012).

4.3. DECT measurements

Average DECT measurements in our sample (0.8 μW/m2) were con-

siderably lower compared to personal measurements in Switzerland in

2007 (29.5 μW/m2 (Frei et al., 2009)), but comparable tomeasurements

in France in 2006 (3.6 μW/m2 (Viel et al., 2009)) using both EME Spy

120 devices (SATIMO, France). Part of the difference in the measure-

ments in Switzerland can be explained by the fact that the previously

used measurement device EME Spy 120 overestimated DECT measure-

ments (Lauer et al., 2012). Another reason for the lower DECT exposure

may be the introduction of eco mode DECT phones. Eco mode phones

Table 4

Comparison with other personal measurement studies. Results of the current study are shown in bold.

Country Sample

size

Study

population

Measurement

period

Exposimeter Additional information 24 h exposure [μW/m2]

Total Uplink Downlink DECT WLAN

Switzerland 90 Adolescents May 2013–April

2014

ExpoM-RF • Exposimeter carried in a padded hip

bag when moving, in their vicinity when

not moving

• DECT correction algorithm applied

63.2 42.5 12.5 0.8 2.2 HERMES

Switzerland 166 Adults April

2007–February

2008

EME Spy

120

• Exposimeter worn on belt or in backpack

when moving, in their vicinity when not

moving

• Mobile phone and cordless phone calls

excluded

• Reporting limit = 6.6 μW/m2; ROS

method for non-detects applied (Helsel,

2005)

130.0 37.9 41.6 29.5 5.3 Frei et al.

(2009)

Hungary 21 Adults June–July 2005 DSP-090 • Exposimeter worn on the body when

moving, in their vicinity when not moving

• Reporting limit = 6.6 μW/m2; non-

detects set to reporting limit

70.3 23.8 24.2 – – Thuróczy

et al.

(2008)

Germany 3000 Children

and

adolescents

February

2006–December

2007

ESM-140 • Exposimeter worn on arm

• No differentiation between uplink and

downlink possible due to exposimeter

limitations • Only daytime data

• Reporting limit = 6.6 μW/m2; non-

detects set to reporting limit/2

22.8 – – – – Thomas et

al. (2008b)

Germany 329 Adults January

2005–August

2006

ESM-140 • Exposimeter worn on arm

• No differentiation between uplink and

downlink possible due to measurement

device limitations

• Only daytime data

• Reporting limit = 6.6 μW/m2; non-

detects set to reporting limit/2

24.0 – – – 1.1 Thomas et

al. (2008a)

The

Netherlands

98 Adults 2009 EME Spy

121

• Exposimeter worn on right hip at fixed

angle

• Mobile phone and cordless phone calls

excluded

• Reporting limit = 6.6 μW/m2; ROS

method for non-detects applied (Helsel,

2005)

180.0 67.5 22.9 57.1 25.4 Bolte and

Eikelboom

(2012)

Slovenia 18 Children

and

adolescents

February

2010–March

2011

EME Spy

120

• Reporting limit = 6.6 μW/m2; non-

detects set to reporting limit

75.2a – 26.2 13 9.6 Valic et al.

(2015)

France 377 Adults December

2005–September

2006

EME Spy

120

• Exposimeter worn on body (waist or over

shoulder) when moving, in their vicinity

during night

• Reporting limit = 6.6 μW/m2; ROS

method for non-detects applied (Helsel,

2005)

22.7b 4.3 5.1 3.6 3.8 Viel et al.

(2009)

Slovenia 54 Adults July

2007–November

2008

EME Spy

120

• Exposimeter worn on the belt, in pouch or

backpack when moving, in their vicinity

when not moving

• Reporting limit = 6.6 μW/m2; non-

detects set to reporting limit

– 25.7 42.1 8.2 7.7 Valic et al.

(2009)

a Total without uplink since exposure to mobile phones was not evaluated in the study.
b Own calculation of the sum of all frequency bands for the Total. The original paper reports a Total of 107.2 μW/m2, which does not fit the sum of the frequency bands.
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emit only if they are used for calls, whereas conventional DECT phones

also emit RF-EMF in stand-by mode. This explanation is in line with a

spot measurement survey in Austrian households (Tomitsch and

Dechant, 2015). They found a 60% reduction inmeanDECT exposure be-

tween 2006 and 2012 and a mean DECT exposure of 3.0 μW/m2 for

householdswithoutDECT phone or an ecomodeDECT phone compared

to 420.7 μW/m2 for households with a conventional DECT phone

(Tomitsch and Dechant, 2015).

4.4. WLAN measurements

Our WLAN measurements (on average 2.2 μW/m2) were similar to

personal measurements in Switzerland (5.3 μW/m2 (Frei et al., 2009))

and Germany (1.1 μW/m2 (Thomas et al., 2008a)) between 2005 and

2008.

We foundWLAN at school and at homehavingminor impact on per-

sonal exposure. There is a public debate whether schools should install

WLAN in their buildings. Our measurements demonstrate that this ex-

posure source is of minor relevance compared to other RF-EMF sources.

Attending a school with orwithoutWLAN yields 0.2% difference in total

whole body RF-EMF dose, and similarly, the impact of switching off

WLAN at home during the night is minor (0.2% of whole body dose).

Measurements in Austrian households found amore pronounced differ-

ence in WLAN exposure for households with WLAN compared to those

without or switched off WLAN access point (68.9 vs. 2.7 μW/m2). How-

ever, they did not measure average exposure but intended to measure

the highest value at bedside (Tomitsch and Dechant, 2015).

4.5. Uplink measurements

Uplink measurements were on average 42.5 μW/m2 in our study.

Our results indicate that mainly using the internet on the mobile

phone increases personal uplink measurements. For the participants

using mobile internet, mean uplink measurements ranged from 0.1 to

664.9 μW/m2; for the remaining 7 participants not using internet on

the mobile phone uplink exposure ranged from 0.7 to 17.7 μW/m2.

Although, in principle it is not possible to disentangle the contribu-

tion of the uplink exposure caused by the own mobile phone from the

exposure from other people's mobile phones, our comparison of mobile

internet users and non-users clearly demonstrates that the ownmobile

phone plays a considerable role for personal uplink measurements. In a

previous Swiss study the difference of personal uplink measurements

between people with and without a mobile phone was small (42 vs.

20 μW/m2 (Frei et al., 2009)) leading to the conclusion, that personal

mobile phone use contributed relatively little to the personal measure-

ments (Frei et al., 2010). Since then, type of mobile phones has changed

remarkably and 94% of our measurement study participants owned a

smartphone. These participants reported to use their mobile phone on

average 12 min per day for internet use via mobile phone network

and 31 min per day for internet use via WLAN. In addition, emissions

in stand-by mode may also be more relevant for smart phones than

for old style phones as it was observed in a measurement study investi-

gating exposure frommobile phones in stand-bymode when travelling

(Urbinello and Röösli, 2013).

4.6. Use of personal measurements for dose estimations

The dose calculation integrating near-field and far-field sources

clearly demonstrates that the RF-EMF exposure of adolescents is mainly

driven by the use of wireless devices close to the body. For the typical

HERMES participant, 94.0% of the brain and 91.0% of the whole body

dose originated from wireless device use. Far-field sources are thus

less relevant. For instance, the brain dose of the average downlink expo-

sure during 24 h corresponds to a GSM (Global System for Mobile Com-

munications, here Uplink 900 or Uplink 1800) mobile phone call

duration of 2.6 s and an UMTS (Universal Mobile Telecommunications

System, here Uplink 1900) call duration of 6.1 min. For the whole-

body dose, 15.0 s GSM and 34.2 min UMTS call duration correspond to

the mean downlink exposure of one day. This demonstrates that pre-

cautionary measures to reduce far-field exposure sources have limited

impact on the exposure situation of adolescents. However, the type of

network (GSM, UMTS or WLAN) and the connection quality interacts

with the mobile phone and determines its output power. Thus, from a

precautionary point of view, to efficiently reduce exposure, one should

more systematically investigate, which measures are most relevant to

reduce RF-EMF emissions ofwireless devices, in particularwhen brows-

ing the internet since this is often done by adolescents. The potential of

such measures is exemplarily demonstrated in our measurement study

by the fact that mean uplink measurements were decreased, whereas

meanWLANmeasurementswere not increased for participantswho re-

ported to regularly useWLAN on their mobile phone compared to those

who do not use WLAN for mobile internet.

Obviously, dose calculations are subject to uncertainty, but never-

theless, this approach is considered useful to combine exposure from

near-field and far-field sources to one exposure surrogate.

4.7. Strengths and limitations of personal measurements

Personal measurements allow investigating the exposure during all

activities of everyday life of adolescents. Thus, measured exposure is as-

sumed to represent true exposure taking into account individual behav-

iour (Röösli et al., 2010). However, personal measurements also have

limitations. They are costly, time-consuming and ask for a big effort

from the participants. This often results in a relatively small study sam-

ple as in our study (90 adolescents out of 439 HERMES participants).

Furthermore, selection bias may be of concern since adolescents who

are willing to make the effort to participate may be different from

non-participants. However, our participants were comparable to the

HERMES follow-up cohort expect regarding nationality and having a

mobile phone subscription. Since we found having a mobile phone sub-

scription associated with higher uplinkmeasurements the considerable

contribution of the uplink exposure on the total RF-EMF exposure may

be even underestimated.

Wewere not able to control the positioning of the exposimeters dur-

ing the personal measurements. However, we instructed the partici-

pants in person and in detail about how to handle the exposimeter

during themeasurements. Furthermore, we provided detailed informa-

tion sheets and the participants had the possibility to contact us at any

time during themeasurements in the case of uncertainties or questions.

Other limitations come with body worn exposimeters per se; cross-

talk between adjacent frequency bands, interference of measurements

by the body (body shielding) and the use of wireless communication

devices operating close to the body.

Cross-talk occurs if emitted power in one frequency band is mea-

sured and reported in another band. Of particular concern is cross-talk

concerning the DECT band (1880–1900 MHz) which is narrow and ad-

joins the downlink 1800 (1805–1880MHz) and the uplink 1900 (1920–

1980MHz) bands (Lauer et al., 2012).We approached that problem in a

sensitivity analysis applying a DECT correction algorithm. The correc-

tion resulted in 82.6% decrease in average DECT exposure and 6.1% de-

crease in total exposure (Table S12 in Supplementary material).

Changes in the contribution of the different sources were minor.

Body shielding arises if the body is between the RF-EMF emitting

source and the exposimeter. For one single measurement, shielding

can reduce the measurement by a factor 10 or even higher (Blas et al.,

2007; Iskra et al., 2010). However, for average exposure, the situation

is less dramatic. Numerical simulations (Gryz et al., 2015; Iskra et al.,

2010; Neubauer et al., 2010) and test measurements (Bolte et al.,

2011) have shown that underestimation depends on the type of mea-

surement device, on the frequency band, on the position of the mea-

surement device on the body and on human shape, and was up to 50%

in total. We instructed the participants to place the exposimeter in
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their vicinity, but not directly on the body, when not moving. Thus, in

our study body shieldingmostly affects themeasurements taken during

travel.

Another limitation of personal measurements with exposimeters is

the assessment of the exposure from wireless communication devices

operating close to the body (Bolte, 2016; Inyang et al., 2008; Röösli et

al., 2010). To deal with that challenge, we combined the personal mea-

surementswith a recently developed exposure surrogate combining ex-

posure from environmental sources with exposure from the use of

devices (Roser et al., 2015a), a unique feature of our study.

Ourmeasurement study was conducted in a rural area; thus, our re-

sults might not be generalizable to urban areas and adolescent popula-

tions in other countries. Therefore, more measurement studies in this

age population covering a larger variety of urbanization degree are

needed.

5. Conclusions

Our results indicate that the main contributor to total RF-EMF mea-

surements of adolescents is their mobile internet use on the mobile

phone. For those not using the mobile internet, downlink is most rele-

vant. WLAN at school and at home have minor impact on personal RF-

EMF measurements. By combining personal measurements with dose

calculations from the use of wireless communication devices close to

the body, wewere able to demonstrate that the exposure from environ-

mental sources plays aminor role compared to the use of wireless com-

munication devices. In conclusion, in our study of 90 adolescents living

in primarily rural areas of Switzerland we did not find any indication

that adolescents are highly exposed to RF-EMF despite their frequent

wireless device use.
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Radiofrequency electromagnetic fields dose modelling approach 

Sources emitting radiofrequency electromagnetic fields (RF-EMF) are everywhere, in the near-field, close to the body and in the far-field, further away 

from the body. To combine the exposure from these different sources to one single brain and whole body measure a cumulative RF-EMF exposure 

surrogate was developed. Near-field sources included wireless communication devices used close to the body such as mobile phones for calls and data 

exchange, cordless phones and computers, laptops and tablets connected to WLAN. Far-field sources included environmental sources such as fixed site 

transmitters (mobile phone base stations and radio and TV broadcast transmitters), cordless phone base stations, WLAN access points as well as mobile 

phones in the surroundings. To combine these different sources, we calculated the daily dose originating from each of these sources. These contributions 

were then summed up to one cumulative daily dose measure for the brain and the whole body. For the use of devices, reported durations from the 

questionnaire were combined with SAR values derived from the literature. For the environmental sources, levels of the incident fields were estimated 

using geospatial propagation modelling for fixed site transmitters and multivariable regression modelling calibrated on personal measurements for DECT 

and WLAN exposure and exposure from other mobile phones. The RF-EMF exposure surrogate is presented and discussed in Roser et al. (2015). 

  



 

 

Mean total RF-EMF measurements 

Figure S1: Distribution of the mean total personal RF-EMF measurements (in V/m and with an additional axis in µW/m²) of the 90 study participants. 

Mean = 63.2 µW/m² (0.15 V/m), median = 25.5 µW/m² (0.10 V/m). 

  



 

 

Personal measurements at different locations 

Table S1: Mean RF-EMF measurements from different sources for the whole measurement location and at different locations. The hours in brackets 

indicate the cumulative measurement duration at the corresponding location, n indicates the number of participants with measurements assigned to the 

location according to the diary. 

 

  mean [μW/m²]   mean [V/m] 

Location TV Uplink Downlink DECT WLAN Total 1   Total 1 

Whole measurement period (6269 h, n = 90) 4.26 42.49 12.50 0.83 2.18 63.23   0.15 

Home (4297 h, n = 90) 4.26 17.35 8.09 0.47 0.72 31.13  0.11 

School (870 h, n = 87) 0.42 49.15 5.36 0.73 3.27 59.57  0.15 

Outdoors (401 h, n = 85) 4.30 86.86 49.55 1.62 3.23 147.07  0.24 

Train (29 h, n = 20) 7.25 435.98 87.44 4.11 0.89 537.08  0.45 

Bus (39 h, n = 33) 25.41 559.41 56.63 3.59 3.83 676.30  0.50 

Car (80 h, n = 45) 4.38 782.40 24.82 9.17 3.84 839.38  0.56 

Various (553 h, n = 67) 6.36 104.04 44.76 1.55 4.77 165.04   0.25 

 

 

Table S2: Median RF-EMF measurements from different sources for the whole measurement period and at different locations. The hours in brackets 

indicate the cumulative measurement duration at the corresponding location, n indicates the number of participants with measurements assigned to the 

location according to the diary. 

 

  median [μW/m²]   median [V/m] 

Location TV Uplink Downlink DECT WLAN Total 1   Total 1 

Whole measurement period (6269 h, n = 90) 0.62 12.15 5.07 0.07 0.56 25.49   0.10 

Home (4297 h, n = 90) 0.51 1.33 1.51 0.02 0.23 9.94  0.06 

School (870 h, n = 87) 0.08 9.19 1.77 0.03 0.41 18.09  0.08 

Outdoors (401 h, n = 85) 1.32 9.97 14.68 0.05 0.25 48.98  0.14 

Train (29 h, n = 20) 1.36 219.08 49.07 0.83 0.43 344.02  0.36 

Bus (39 h, n = 33) 3.53 125.12 11.96 0.08 0.34 173.51  0.26 

Car (80 h, n = 45) 1.16 20.86 12.39 0.06 0.50 59.25  0.15 

Various (553 h, n = 67) 0.38 8.52 5.00 0.03 0.25 39.78   0.12 



 

 

WLAN at school and at home 

Table S3: Total mean RF-EMF measurements for all participants (n = 90) and mean measurements for No WLAN at home (n = 4), WLAN at home only (n 

= 54) and WLAN at home and at school (n = 32). 

 

  mean [μW/m²] 

  TV Uplink Downlink DECT WLAN Total 

All participants (n = 90) 4.26 42.49 12.50 0.83 2.18 63.23 

No WLAN at home (n = 4) 2.53 52.43 9.38 3.17 6.02 80.71 

WLAN at home only (n = 54) 6.20 48.11 10.42 0.43 1.46 67.41 

WLAN at home and at school (n = 32) 1.21 31.76 16.40 1.20 2.92 54.00 

 

 

Table S4: Total median RF-EMF measurements for all participants (n = 90) and median measurements for No WLAN at home (n = 4), WLAN at home 

only (n = 54) and WLAN at home and at school (n = 32). 

 

  median [μW/m²] 

  TV Uplink Downlink DECT WLAN Total 

All participants (n = 90) 0.62 12.15 5.07 0.07 0.56 25.49 

No WLAN at home (n = 4) 2.68 10.88 7.70 0.89 0.08 18.50 

WLAN at home only (n = 54) 0.95 12.15 3.86 0.07 0.55 25.49 

WLAN at home and at school (n = 32) 0.52 10.62 8.45 0.07 0.68 32.08 

 

  



 

 

Mobile phone use related factors 

Table S5: Mean total RF-EMF measurements for all participants and mean RF-EMF measurements for the mobile phone related factors having a 

subscription, not switching off the mobile phone during night and use of internet on the mobile phone (with and without WLAN). 

    mean [μW/m²] 

    TV Uplink Downlink DECT WLAN Total 

All participants (n = 90) 4.26 42.49 12.50 0.83 2.18 63.23 

Mobile phone subscription (n = 41) 6.29 77.97 12.82 1.45 2.35 102.57 

Prepaid mobile phone (n = 49) 2.57 12.80 12.23 0.30 2.04 30.32 

Not switch off mobile phone during night (n = 66) 5.46 49.77 13.29 1.02 2.31 72.88 

Switch off mobile phone during night (n = 24) 0.98 22.45 10.32 0.28 1.84 36.71 

Mobile internet (n = 83) 4.34 45.32 11.97 0.89 2.34 65.91 

No mobile internet (n = 7) 3.31 8.88 18.70 0.08 0.35 31.52 

 No WLAN for mobile internet (n = 14*) 3.09 68.05 15.80 3.29 2.66 95.47 

  WLAN for mobile internet (n = 69*) 4.60 40.71 11.20 0.40 2.27 59.91 

* Note, that the groups No WLAN for mobile internet and WLAN for mobile internet include only participants using mobile internet on the mobile phone (n = 83). 

Table S6: Median total RF-EMF measurements for all participants and median RF-EMF measurements for the mobile phone related factors having a 

subscription, not switching off the mobile phone during night and use of internet on the mobile phone (with and without WLAN). 

    median [μW/m²] 

    TV Uplink Downlink DECT WLAN Total 

All participants (n = 90) 0.62 12.15 5.07 0.07 0.56 25.49 

Mobile phone subscription (n = 41) 0.58 27.73 5.16 0.16 0.73 49.26 

Prepaid mobile phone (n = 49) 0.77 6.11 4.85 0.04 0.52 19.59 
Not switch off mobile phone during night (n = 
66) 0.69 11.39 5.26 0.08 0.61 30.70 

Switch off mobile phone during night (n = 24) 0.54 13.25 3.36 0.07 0.55 19.51 

Mobile internet (n = 83) 0.60 13.21 4.85 0.09 0.62 26.59 

No mobile internet (n = 7) 1.30 9.44 12.93 0.04 0.28 23.81 

 No WLAN for mobile internet (n = 14*) 1.63 23.74 8.54 0.93 0.57 32.79 

  WLAN for mobile internet (n = 69*) 0.58 10.38 4.08 0.06 0.62 23.55 

* Note, that the groups No WLAN for mobile internet and WLAN for mobile internet include only participants using mobile internet on the mobile phone (n = 83). 



 

 

Diurnal variation of personal measurements 

Table S7: Diurnal variation of mean RF-EMF measurements: For daytime and night-time (n = 90) and for workdays and weekend (n = 38) for different 

RF-EMF sources. 

 

  mean [μW/m²] 

  TV Uplink Downlink DECT WLAN Total 

Day 3.93 56.27 15.32 0.97 2.99 80.81 

Night 4.91 14.94 6.86 0.54 0.57 28.08 

Workdays * 2.00 36.92 9.50 0.59 1.71 51.01 

Weekend * 2.74 41.91 11.11 0.28 0.91 57.28 

* Note that the comparison of workdays and weekend is based on the data from the subsample of 38 participants with workdays and weekend measurements available. 

 
Table S8: Diurnal variation of median RF-EMF measurements: For daytime and night-time (n = 90) and for workdays and weekend (n = 38) for different 

RF-EMF sources. 

 

  median [μW/m²] 

  TV Uplink Downlink DECT WLAN Total 

Day 0.70 14.71 5.85 0.09 0.72 31.27 

Night 0.68 0.57 1.46 0.02 0.12 8.72 

Workdays * 0.74 5.29 3.40 0.03 0.47 15.34 

Weekend * 0.57 4.15 4.53 0.02 0.27 17.89 

* Note that the comparison of workdays and weekend is based on the data from the subsample of 38 participants with workdays and weekend measurements available. 

 

Table S9: Diurnal variation of the mean and median total RF-EMF measurements on workdays and on weekends based on data from the subsample of 38 

participants with workdays and weekend measurements available. 

 

  mean [μW/m²]   median [μW/m²] 

  06-08* 08-12* 12-14* 14-17* 17-22* 22-06*  06-08* 08-12* 12-14* 14-17* 17-22* 22-06* 

Workdays 29.50 31.54 42.65 69.57 89.74 36.59  0.014 0.008 0.011 0.016 0.016 0.009 

Weekend 23.72 42.31 57.40 88.81 121.27 21.32   0.005 0.013 0.014 0.015 0.014 0.007 

* Note that these time slots correspond to the time slots 06:00-07:59, 08:00-11:59, 12:00-13:59, 14:00-16:59, 17:00-21:59, and 22:00-05:59. 

 



 

 

Use of personal measurements for dose estimations 

Table S10: Daily dose from the use of wireless communication devices (near-field dose) and environmental sources (far-field dose) for the brain and the 

whole body for the typical (average) HERMES participant. * 

 

  Brain dose Whole body dose 

  
daily dose  [mJ/kg/day] 

(percentage on total dose [%]) 
daily dose  [mJ/kg/day] 

(percentage on total dose [%]) 

Total 246.96   117.62   

Near-field 232.15 (94.00) 107.09 (91.05) 

Mobile phone calls 190.10 (76.98) 27.73 (23.58) 

DECT phone calls 41.48 (16.80) 5.67 (4.82) 

Mobile phone data traffic network 0.06 (0.02) 8.29 (7.05) 

Mobile phone data traffic WLAN 0.17 (0.07) 22.03 (18.73) 

Stand-by mobile phone data traffic 0.01 (0.00) 1.91 (1.62) 

Computer, laptop and tables use with WLAN 0.32 (0.13) 41.46 (35.25) 

Far-field 14.81 (6.00) 10.53 (8.95) 

Radio 0.19 (0.08) 0.64 (0.54) 

TV 2.80 (1.13) 1.68 (1.43) 

Downlink 6.41 (2.60) 4.33 (3.68) 

WLAN 0.43 (0.17) 0.53 (0.45) 

DECT 0.21 (0.09) 0.21 (0.18) 

Uplink 4.78 (1.94) 3.14 (2.67) 

 

* Average daily device use in HERMES: 1.85 min mobile phone and DECT phone calls, 11.5 min of mobile phone data traffic via network and 30.6 min 

via WLAN, 57.6 min of computer, laptop and tablet use while connected to WLAN and having the mobile phone on the body for 4.42 h. 

  



 

 

Sensitivity Analyses 

Diary cleaning 

 

Table S11: Percentage change in the RF-EMF measurements for the different sources and the different locations of the cleaned diaries compared to an 

analysis based on the original (uncleaned) diary entries. A positive change means higher measurements for the locations of the cleaned diaries whereas a 

negative change means lower measurements for the locations of the cleaned diaries. 

 

Location 
percentage change [%] 

TV Uplink Downlink DECT WLAN Total 

Home 1.56 -8.67 1.86 -0.51 -2.87 -4.24 
School -2.83 8.05 -20.77 -0.64 1.21 4.85 
Outdoors 6.20 0.27 5.34 1.12 13.26 2.50 
Train 1.88 -23.16 19.12 12.48 -10.54 -15.73 
Bus 5.20 22.53 32.78 20.73 18.89 22.50 
Car 20.69 -2.73 -13.34 18.25 -8.39 -2.65 
Various -25.07 -2.48 33.39 -1.50 -3.83 6.26 

 

 

  



 

 

DECT correction algorithm 

Table S12: Distribution of the DECT and total RF-EMF measurements for the whole measurement period without and with DECT correction (μW/m²). 

The numbers in bracket indicate the reduction factor (uncorrected/corrected). 

 

Frequency band DECT correction mean   min   median   max   

DECT uncorrected 4.78  0.02  0.27  207.95  

 corrected 0.83 (5.76) 0.02 (1.00) 0.07 (3.86) 14.71 (14.14) 

Downlink 1800 uncorrected 1.49  0.04  0.62  19.51  

 corrected 1.42 (1.05) 0.04 (1.00) 0.62 (1.00) 19.45 (1.00) 

Uplink 1900 uncorrected 10.74  0.01  0.81  373.52  

 corrected 10.67 (1.01) 0.01 (1.00) 0.81 (1.00) 373.49 (1.00) 

Total uncorrected 67.32  1.79  26.34  890.52  
  corrected 63.23 (1.06) 1.78 (1.01) 25.49 (1.03) 682.90 (1.30) 

 

 

Table S13: Distribution of the uncorrected and corrected DECT measurements at different locations (μW/m²). The numbers in bracket indicate the 

reduction factor (uncorrected/corrected). 

 
Location DECT correction mean min median max 

Home uncorrected 1.25  0.02  0.07  54.68  
 corrected 0.47 (2.66) 0.02 (1.00) 0.02 (3.50) 21.88 (2.50) 
School uncorrected 4.68  0.02  0.07  169.69  

 corrected 0.73 (6.41) 0.02 (1.00) 0.03 (2.33) 18.92 (8.97) 
Outdoors uncorrected 4.66  0.02  0.24  99.39  

 corrected 1.62 (2.88) 0.02 (1.00) 0.05 (4.80) 84.60 (1.17) 

Train uncorrected 35.10  0.38  4.78  261.39  

 corrected 4.11 (8.54) 0.02 (19.00) 0.83 (5.76) 58.48 (4.47) 
Bus uncorrected 132.17  0.03  3.22  3'736.04  

 corrected 3.59 (36.82) 0.02 (1.50) 0.08 (40.25) 48.48 (77.06) 

Car uncorrected 137.38  0.02  0.34  5'298.42  
 corrected 9.17 (14.98) 0.02 (1.00) 0.06 (5.67) 197.91 (26.77) 

Various uncorrected 16.30  0.02  0.23  728.85  
  corrected 1.55 (10.52) 0.02 (1.00) 0.03 (7.67) 35.33 (20.63) 



 

 

Table S14: Distribution of the uncorrected and corrected Downlink 1800 measurements at different locations (μW/m²). The numbers in bracket indicate 

the reduction factor (uncorrected/corrected). 
Location DECT correction mean min median max 

Home uncorrected 0.70  0.02  0.21  11.79  

 corrected 0.68 (1.03) 0.02 (1.00) 0.21 (1.00) 11.79 (1.00) 
School uncorrected 0.66  0.02  0.30  4.42  

 corrected 0.62 (1.06) 0.02 (1.00) 0.29 (1.03) 4.42 (1.00) 

Outdoors uncorrected 5.13  0.03  3.02  52.76  
 corrected 5.05 (1.02) 0.02 (1.50) 3.01 (1.00) 50.84 (1.04) 

Train uncorrected 8.49  0.19  4.12  47.11  
 corrected 7.98 (1.06) 0.14 (1.36) 4.11 (1.00) 47.11 (1.00) 

Bus uncorrected 7.76  0.05  1.60  65.59  

 corrected 7.36 (1.05) 0.04 (1.25) 1.60 (1.00) 54.23 (1.21) 

Car uncorrected 5.09  0.02  1.57  78.66  

 corrected 5.00 (1.02) 0.02 (1.00) 1.52 (1.03) 78.66 (1.00) 
Various uncorrected 9.89  0.02  0.64  308.30  
  corrected 9.77 (1.01) 0.02 (1.00) 0.64 (1.00) 308.30 (1.00) 

 

Table S15: Distribution of the uncorrected and corrected Uplink 1900 measurements at different locations (μW/m²). The numbers in bracket indicate the 

reduction factor (uncorrected/corrected). 
Location DECT correction mean min median max 

Home uncorrected 4.58  0.01  0.02  139.78  
 corrected 4.55 (1.01) 0.01 (1.00) 0.02 (1.00) 138.99 (1.01) 
School uncorrected 9.30  0.01  0.28  293.04  

 corrected 9.21 (1.01) 0.01 (1.00) 0.28 (1.00) 293.02 (1.00) 

Outdoors uncorrected 7.13  0.01  0.37  134.02  

 corrected 7.03 (1.01) 0.01 (1.00) 0.37 (1.00) 133.85 (1.00) 
Train uncorrected 92.43  7.69  31.85  665.22  

 corrected 92.38 (1.00) 7.69 (1.00) 31.83 (1.00) 665.22 (1.00) 
Bus uncorrected 232.50  0.01  7.16  6'219.86  
 corrected 231.81 (1.00) 0.01 (1.00) 7.16 (1.00) 6'219.82 (1.00) 

Car uncorrected 165.60  0.01  0.82  6'006.53  
 corrected 165.32 (1.00) 0.01 (1.00) 0.81 (1.01) 6'005.14 (1.00) 

Various uncorrected 29.89  0.01  0.41  1'509.97  
  corrected 29.54 (1.01) 0.01 (1.00) 0.30 (1.37) 1'509.96 (1.00) 

 



 

 

Table S16: Distribution of the uncorrected and corrected Total measurements at different locations (μW/m²). The numbers in bracket indicate the 

reduction factor (uncorrected/corrected). 

 
Location DECT correction mean min median max 

Home uncorrected 31.96  1.30  10.03  299.50  
 corrected 31.13 (1.03) 1.29 (1.01) 9.94 (1.01) 299.44 (1.00) 

School uncorrected 63.65  1.09  18.39  1'267.94  

 corrected 59.57 (1.07) 1.08 (1.01) 18.09 (1.02) 1'267.92 (1.00) 
Outdoors uncorrected 150.30  2.37  49.33  1'496.97  

 corrected 147.07 (1.02) 2.36 (1.00) 48.98 (1.01) 1'476.22 (1.01) 
Train uncorrected 568.64  147.85  387.06  2'297.38  
 corrected 537.08 (1.06) 124.38 (1.19) 344.02 (1.13) 2'295.21 (1.00) 

Bus uncorrected 805.96  13.13  180.72  14'102.44  
 corrected 676.30 (1.19) 12.89 (1.02) 173.51 (1.04) 10'376.28 (1.36) 

Car uncorrected 967.96  0.60  59.31  33'119.52  
 corrected 839.38 (1.15) 0.60 (1.00) 59.25 (1.00) 27'823.61 (1.19) 

Various uncorrected 180.26  0.57  40.10  2'329.35  
  corrected 165.04 (1.09) 0.57 (1.00) 39.78 (1.01) 1'600.96 (1.45) 
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from various near-field and far-field sources. Keywords: exposure assessment; RF-EMF; mobile phone; adolescents; dose calculation  1. Introduction Mobile phones and other wireless communication devices using radiofrequency electromagnetic fields (RF-EMF) are an integral part in the everyday life of adolescents. Thus exposure to this radiation is ubiquitous and in studying potential effects of RF-EMF, exposure assessment is a crucial part in this field of research. Since there are a lot of different sources emitting RF-EMF in everyday life,  one needs to find a way of combining all of these emissions to one single integrative exposure measure. On one hand there are near-field sources such as mobile phones, computers, laptops and tablets emitting close to the body. On the other hand far-field sources such as fixed site transmitters (mobile phone base stations and broadcast transmitters), Wireless Local Area Network (WLAN) base stations, Digital Enhanced Cordless Telecommunications (DECT) base stations and other mobile phones in the surrounding area contribute to the environmental exposure. So far, little attempts have been made to combine these different types of exposure to one single integrative measure. In a German study, personal measurements in adolescents and adults have been conducted during 24 h to estimate RF-EMF exposure [1–3]. This approach considered all exposure sources in the environment. However, it is time-consuming and personal measurements may not adequately record exposure from near-field sources because measured values depend highly on the distance between the emitting source and the measurement device, which is not necessarily the same as the distance between the emitting source and the body [4,5]. Other studies focussed on far-field exposures only by using propagation models for fixed site transmitters [6–13]. Frei et al. combined modelled RF-EMF exposure from fixed site transmitters at home with personal exposure relevant characteristics and behaviour to estimate personal RF-EMF exposure [14]. In this study, the presence of concrete walls and metal window frames were found to modify RF-EMF exposure from fixed site transmitters. Additional exposure relevant factors included ownership of a mobile phone, ownership of a WLAN  at home and having a DECT base station in the bedroom or at the place where the person spent most of their time during the day, time spent at an external workplace and hours per week spent in a train,  tram or bus. However, this exposure proxy focussed on far-field sources only and near-field sources were separately considered in their epidemiological analyses on non-specific symptoms of ill health and RF-EMF exposure [15,16]. In the framework of the Interphone study, estimations of RF energy absorbed in the brain from mobile phones were assessed [17]. Lauer et al. calculated organ-specific and whole-body RF-EMF proxies taking into account far-field exposure from different sources and near-field exposure from calls on the mobile phone and on the DECT phone using data collected between 2007 and 2009 in Switzerland [18]. However, these data may already be outdated because in the meantime mobile phones have been developed in the direction of multifunctional devices used not only for making calls and sending text messages, but for many additional activities such as browsing the internet, watching videos and gaming. Thus, the exposure predictors are expected to have changed considerably, and a comprehensive overview of relevant factors influencing the RF-EMF exposure 
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emitted by near-field and far-field sources is still missing. The aim of this study was to determine these relevant factors and to develop an integrative exposure assessment method combining near-field and far-field sources for the brain as well as for the whole-body RF-EMF exposure for epidemiologic research. As a result we present cumulative RF-EMF dose for adolescents of a Swiss epidemiologic study called Health Effects Related to Mobile phonE use in adolescentS (HERMES). 2. Methods 2.1. Hermes Study The HERMES study, a cohort study conducted in Central Switzerland, aimed to prospectively investigate whether the exposure to RF-EMF emitted by mobile phones and other wireless communication devices affects cognitive functions or causes behavioural problems and non-specific health disturbances in adolescents. The investigation took place from June 2012 to March 2013.  The study participants filled in a paper-and-pencil questionnaire during school time supervised by two study managers. The questionnaire included detailed questions about their mobile phone use,  DECT phone use and computer, laptop and tablet use (in brackets are the corresponding near-field exposure predictors indicated): 
• Duration of calls made and received with their own and other mobile phones (GSM and UMTS mobile phone calls); 
• Proportion of calls with the mobile phone using a headset (GSM and UMTS mobile phone calls); 
• Duration of mobile phone use for data traffic (mobile phone data traffic and mobile phone data traffic WLAN); 
• Duration of carrying the mobile phone close to the body (mobile phone close to body); 
• Duration of calls made and received with a DECT phone at home (DECT phone calls); 
• Duration of computer, laptop and tablet use and WLAN connection of the corresponding devices (computer, laptop and tablet use with WLAN). Additionally, they were asked about the time spent in trains and buses. Furthermore we distributed paper-and-pencil questionnaires for the parents and asked them to return these directly to the study managers. This questionnaire included questions about DECT phones, WLAN and number of smartphones at home and number of floors and floor location of the residence. In addition, the teacher or head of the school provided us with information about the availability of WLAN in the school and building characteristics of the school building (number of floors and the floor location of the class room the adolescents spent most of their school time). Informed consent was given by the study participants and their parents to obtain objective mobile phone use data from the mobile phone operators. Operator data included records for each call made and received including duration of call and network used when starting the call. The calls were categorised into calls on the Global System for Mobile Communications (GSM) network and on the Universal Mobile Telecommunications System (UMTS) network. There was no differentiation between GSM900 and GSM1800 network in the mobile phone operator data. Average proportions of network use for calls over the recorded time period were used in our analysis. 
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2.2. Personal Measurements in the Framework of the Hermes Study A subgroup of the study participants also took part in personal measurements. The adolescents carried a portable measurement device, a so-called exposimeter, for three consecutive days. Two versions of the device Expom (referred to as Expom 1 for the older version and Expom 3 for the newer version) were used to measure 13 frequency bands ranging from Digital Video Broadcasting—Terrestrial (DVB-T,  centre frequency of 620 MHz) to Worldwide Interoperability for Microwave Access (WiMa,  3500 MHz) [19]. Nine out of the 13 measured frequency bands were used in our analysis (Table 1). Table 1. Frequency range, quantitation limits and reporting limits for the frequency bands of the measurement devices Expom 1 and Expom 3 used for the personal measurements. Frequency Band Frequency Range (MHz) Quantitation Limit (V/m) Reporting Limit (V/m) Expom 1 and Expom 3 Expom 1 Expom 3 Expom 1 and Expom 3 TV 470–790 0.010 0.005 0.0025 Uplink 900 * 880–915 0.015 0.005 0.0025 Downlink 900 * 925–960 0.015 0.005 0.0025 Uplink 1800 * 1710–1785 0.015 0.005 0.0025 Downlink 1800 * 1805–1880 0.005 0.005 0.0025 DECT 1880–1900 0.005 0.005 0.0025 Uplink 1900 * 1920–1980 0.003 0.003 0.0015 Downlink 2100 * 2110–2170 0.010 0.003 0.0015 WLAN 2400–2485 0.005 0.005 0.0025 * The uplink and downlink bands include all technologies using the particular frequency range. Downlink means the transmission from mobile phone base stations to mobile phone handsets and uplink the transmission from mobile phone handsets to mobile phone base stations. Additionally, the participants filled in a time-activity diary installed as an application on a smartphone operating in flight mode. These diaries were manually corrected for implausible chronologies of diary entries. Subsequently, summary statistics were calculated after censoring the measurements at the reporting limit and 5 V/m. 2.3. Dose Calculations We aimed to calculate personal cumulative RF-EMF doses in the brain and the whole-body combining exposure from different sources emitting RF-EMF. The processes of learning and memory are located in the hippocampus, while processes for behaviour and cognitive functions in the prefrontal cortex.  The hippocampus and the prefrontal cortex consist mainly of gray matter. Therefore, specific absorption rates (SARs) for brain gray matter were used for the brain exposure. Additionally, the same calculations were performed for brain white matter and compared with the brain exposure obtained for brain gray matter since the white matter is important for these processes as well. The personal dose in terms of the time-averaged specific absorption rate (SAR) can be calculated  as follows: dose = ෍dose୧୧ = ෍SAR୧ ∗ time୧୧  (1)
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with dosei (in mJ/kg) and SARi (in mW/kg) the dose and SAR originating from the exposure in  a certain frequency band or due to a certain use of a specific wireless communcation device,  and timei the duration of this exposure. Thus, the proposed integrative exposure surrogate consists of  a near-field component combining the exposure from the use of wireless communication devices and  a far-field component aggregating the exposure from environmental sources. Therefore, we calculated the total dose as follows: dose = near----field dose ൅ far-field dose (2)2.3.1. Near-Field Dose For the near-field component, we considered a priori the following exposure predictors relevant: near-field	dose= doseୋୗ୑	୫୭ୠ୧୪ୣ	୮୦୭୬ୣ	ୡୟ୪୪ୱ ൅ dose୙୑୘ୗ	୫୭ୠ୧୪ୣ	୮୦୭୬ୣ	ୡୟ୪୪ୱ൅ doseୈ୉େ୘	୮୦୭୬ୣ	ୡୟ୪୪ୱ ൅ dose୫୭ୠ୧୪ୣ	୮୦୭୬ୣ	ୢୟ୲ୟ	୲୰ୟ୤୤୧ୡ൅ dose୫୭ୠ୧୪ୣ	୮୦୭୬ୣ	ୡ୪୭ୱୣ	୲୭	ୠ୭ୢ୷ ൅ dose୫୭ୠ୧୪ୣ	୮୦୭୬ୣ	ୢୟ୲ୟ	୲୰ୟ୤୤୧ୡ	୛୐୅୒൅ doseୡ୭୫୮୳୲ୣ୰,୪ୟ୮୲୭୮	ୟ୬ୢ	୲ୟୠ୪ୣ୲	୳ୱୣ	୵୧୲୦	୛୐୅୒ (3)The particular dose parts of the near-field component of the exposure surrogate (Equation (3)) can be calculated as follows: near-field	dose୧ = SAR୧ሺliteratureሻ 	ൈ time୧ሺHERMES questionnaire, operator	dataሻ (4)where the SARi were derived from the literature [18,20–25] and the exposure durations timei were asked in the HERMES questionnaire. For participants with missing operator data, the proportion of network used for calls (GSM and UMTS) was estimated by regression modelling using the available mobile phone operator data from a subgroup of the study participants. Derivation of the SARs For the derivation of the SARs for the exposure circumstances in Equation (3) we combined the SARs provided from Lauer et al. for calls on the mobile phone and on the DECT phone [18] with the measured uplink output power from Persson et al. [24], Gati et al. [21] and Huang et al. [23]. Additionally, we took into account the SAR ranges presented in the SEAWIND Final Summary Report (referred to as SEAWIND report) [20]. For calls with a mobile phone Lauer et al. provide a brain (the brain gray matter values were used, referred to as brain) SAR of 3.198 mW/kg and a whole-body SAR of 0.411 mW/kg for GSM900/GSM1800 calls based on output powers derived from Vrijheid et al. for GSM900 and GSM1800 [25] (Table 2). For UMTS calls Lauer et al. calculated a brain SAR of 0.023 mW/kg and a whole-body SAR of 0.003 mW/kg using output power values from Gati et al. [21] and assuming half of the calls in buildings and the other half outdoors. On average the SAR decreased by a factor of 1000 by having the device approximately 20 cm away from the body compared to a device touching the body [20]. Therefore, we used a brain SAR of 3.198×10−3 mW/kg for GSM900/GSM1800 calls with headset and a brain SAR of 0.023 × 10−3 mW/kg for UMTS 
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calls with headset. For the whole-body exposure we used the same SAR for calls with and without headset referring to a similar distance to the body when having the mobile phone close to the ear or in front of the body while using a headset.  Table 2. Near-field brain and whole-body SARs, corresponding derivation and references for the near-field predictors. Near-Field Predictor Brain SAR Whole-Body SAR References (mW/kg) Derivation (mW/kg) Derivation  GSM 1 mobile phone calls without headset 3.198 − 0.411 − [18] GSM 1 mobile phone calls with headset 3.198 × 10−3 3.198 × 0.001 0.411 0.411 × 1 [18,20] UMTS mobile phone calls without headset 0.023 − 0.003 − [18] UMTS mobile phone calls with headset 0.023 × 10−3 0.023 × 0.001 0.003 0.003 × 1 [18,20] DECT phone calls without eco mode 0.373 − 0.051 − [18] DECT phone calls with eco mode 0.0373 0.373 × 0.1 0.0051 0.051 × 0.1 [18,20] mobile phone data traffic with mobile internet connection 0.092 × 10−3 0.023 × 4 × 0.001 0.012 0.003 × 4 × 1 [18,20–24] mobile phone close to body (passive mobile phone data traffic) 0.092 × 10−3 0.023 × 4 × 0.001 0.012 0.003 × 4 × 1 [18,20–24] mobile phone data traffic with WLAN 0.092 × 10−3 0.023 × 4 × 0.001 0.012 0.003 × 4 × 1 [18,20–24] computer, laptop and tablet use with WLAN 0.092 × 10−3 0.023 × 4 × 0.001 0.012 0.003 × 4 × 1 [18,20–24] 1 For calls with the mobile phone on the GSM network the mean of the SARs for the GSM900 and the GSM1800 network was used because there was no differentiation between GSM900 and GSM1800 network in the mobile phone operator data. For DECT phone calls Lauer et al. derived an average output power from the general transmission power of a DECT phone [18], resulting in a brain SAR of 0.373 mW/kg and a whole-body SAR of 0.051 mW/kg. The SEAWIND report showed a decrease in the SAR by a factor of 10 for calls with an eco mode DECT phone compared to a DECT phone without eco mode [20], therefore we used a brain SAR of 0.0373 mW/kg and a whole-body SAR of 0.0051 mW/kg for calls with a DECT phone provided with eco mode. For the output power of mobile phones during data transmission we took the following available knowledge into account: Persson et al. measured on average an increased output power for data connections compared to voice connections in the UMTS network in the range of a factor of 3.25 to 6.8, depending on rural or urban environment and the bit rates used for the data transmission [24].  In the framework of the LEXNET project an output power increased by about a factor of 4 for data traffic service compared to voice service in the 3G network of Orange in France was found [23].  Gati et al. found a mean output power increased by about 6 dB on average for data traffic mode compared to voice mode [21]. Therefore, we used a by a factor of 4 increased output power of the mobile phone for data traffic compared to calls on the UMTS network. To take into account the different positions of the mobile phone during data traffic compared to those during calls (holding the mobile phone in the hand instead of close to the ear) we used the ranges delivered in the SEAWIND report for different distances between the device and the respective tissue [20]. The SAR decreased on average by a factor of 1000 by having the device approximately 20 cm away from the body compared to a device touching the body. Hadjem et al. found that the exposure for a mobile phone in  
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watching-like position at 10 cm distance is about ten times below the exposure in voice position.  At 40 cm distance it appeared that the exposure was about 1000 times lower [22]. These findings are comparable with the SAR ranges presented in the SEAWIND report for UMTS voice and UMTS data [20]. These considerations led us to use a brain SAR of 0.092 × 10−3 mW/kg for data traffic on the mobile phone via mobile internet connection. For the whole-body SAR we assumed that the mobile phone is held approximately at the same distance from the body for data traffic as for voice calls resulting in a whole-body SAR of 0.012 mW/kg for data traffic on the mobile phone via mobile internet connection. Considering an approximately equal exposure for transmission of a fixed size data packet using UMTS or WLAN (SEAWIND report, page 3 [20]) we decided to use the same SAR for data traffic via WLAN as for data traffic via mobile internet connection for both the brain and the whole-body SAR.  For using a computer, laptop or tablet connected to the internet via WLAN we used the same SAR as for data traffic on the mobile phone using WLAN assuming approximately the same distance between the device and the brain and the body, respectively. 2.3.2. Far-Field Dose The far-field component consisted of the following parts: far-field	dose = dose୰ୟୢ୧୭ ൅ dose୘୚ ൅ doseୢ୭୵୬୪୧୬୩ ଽ଴଴ ൅ doseୢ୭୵୬୪୧୬୩	ଵ଼଴଴൅ doseୢ୭୵୬୪୧୬୩	ଶଵ଴଴ ൅ dose୛୐୅୒ ൅ doseୈ୉େ୘ ൅ dose୳୮୪୧୬୩ (5)where downlink means the transmission from mobile phone base stations to mobile phone handsets and uplink the transmission from mobile phone handsets to mobile phone base stations. Far-field exposure from radio and TV broadcast transmitters and mobile phone base stations at home and in school were considered a priori relevant and were modelled using a geospatial propagation model [9,10]. Additionally, behaviours and characteristics relevant for the remaining  far-field exposure parts (WLAN, DECT and uplink; Equation (5)) were estimated from the personal measurements. Far-field dose parts were obtained by multiplying the estimated power flux density with the normalized organ and frequency specific SAR derived from the literature [18] and the exposure duration obtained from the HERMES questionnaire or from the diary filled in during the personal measurements: far-field	dose୧ = SAR୧ሺliterature,modelling, personal measurementsሻ 	ൈ time୧ሺHERMES questionnaire, personal measurementsሻ (6)Geospatial Propagation Model Far-field exposure from fixed site transmitters was modelled using a geospatial propagation model based on a comprehensive database of transmitters, three-dimensional topography and a three-dimensional building model of the study area [9,10]. The coordinates of the home and the school addresses of the study participants were provided from the Swiss Federal Statistical Office. The number of floors of the building and the floor location of the residence and class room for calculating the height of the residence and class room were asked in the parents’ and school questionnaire, respectively [9,14]. On average,  
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a damping factor of 4.6 dB was used for outdoor-to-indoor modelling to take into account wall attenuation [9]. 2.3.3. Multivariable Regression Models Behaviours resulting in far-field exposure from WLAN base stations, DECT base stations and uplink of other mobile phones in the surroundings were identified by means of multivariable regression models using non-parametric bootstrap to estimate the coefficients. In these models, personal measurements were used as dependent variables. The explanatory variables, such as time spent in rooms or buildings with WLAN or DECT base station, number of smartphones in the household, or time spent in public transport were derived from the HERMES questionnaire. Regression models were also used to evaluate whether building characteristics modified indoor personal exposure from fixed site transmitters as was previously observed [14]. Combining Near-Field and Far-Field Dose Using the equations above, we calculated daily brain and whole-body RF-EMF dose for each HERMES study participant. For data visualisation we have additionally chosen three HERMES study participants: a non-user, a normal user and a heavy-user. The non-user is a study participant not owning a mobile phone and not using another mobile phone (12 out of 439 study participants reported not to use a mobile phone at all). The normal user is an average mobile phone call  (median = 6.4 min/day) and data traffic user (median data traffic via mobile internet connection = 2.27 min/day, median data traffic via WLAN = 19.0 min/day). The heavy-user represents maximal duration of mobile phone calls (267.1 min/day) and average mobile phone data traffic use. Note that all three users are average HERMES users in terms of calls on the DECT phone at home and computer, laptop and tablet use with WLAN (duration of DECT phone calls and us of devices with WLAN close to the median of the study population, median duration of DECT phone calls = 4.8 min/day, median use of devices with WLAN = 30 min/day). 2.4. Comparison of Dose Calculations with Personal Measurements For the 95 participants with personal measurements we compared the dose with the personal measurements. For brain and whole-body dose three exposure categories were defined: brain or  whole-body dose <50th percentile (low), 50th–90th percentile (medium) and >90th percentile (high). All subjects gave their informed consent for inclusion before they participated in the study.  The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Lucerne, Switzerland on 9 May, 2012 (Project identification code: EK 12025). 3. Results Four hundred and thirty nine (439) adolescents with a mean age of 14.0 years (range: 12.1–17.0 years) took part in the HERMES study. Objectively recorded operator data was available for a subgroup of  
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233 study participants. After data cleaning of the personal measurements and diary cleaning, 95 out of  121 collected sets of measurements and diaries could be used in our analysis. 3.1. Near-Field Dose 3.1.1. Near-Field Predictors The adolescents of the HERMES study indicated in the questionnaire average mobile phone call duration of 17.2 min/day, of which 9.5 min were calls on the GSM network and 7.7 min calls on the UMTS network according to the recorded/predicted proportion of network use derived from the operator data (Table 3). They reported to use the DECT phone at home on for calls lasting 9.0 min per day. They used their mobile phone on average 11.5 min/day for data traffic on the mobile phone using a mobile internet connection and 30.6 min/day for data traffic using a WLAN connection. Additionally, they indicated to wear their mobile phone for 4.4 h close to the body. Lastly,  they reported to use computers, laptops and tablets connected to the internet via WLAN for almost an hour per day (57.6 min). 3.1.2. Near-Field Dose The highest dose rate (dose per 1 min) was found for calls on the mobile phone on the GSM network (without headset) with 191.88 mJ/kg/min and 24.66 mJ/kg/min followed by calls on the DECT phone (without eco mode) with 22.38 mJ/kg/min and 3.06 mJ/kg/min for brain and whole-body,  respectively (Table 3). Considering all predictors, the brain near-field dose consisted mainly of the exposure from GSM mobile phone calls, on average 1451.78 mJ/kg/day (94.6%), followed by a dose of 74.10 mJ/kg/day (4.8%) from DECT phone calls (Table 3 and Figure 1). UMTS mobile phone calls counted for 8.04 mJ/kg/day (0.5%). Concerning the whole-body near-field dose, the largest part was induced by GSM mobile phone calls with a dose of 234.47 mJ/kg/day (73.3%). DECT phone calls contributed with a dose of 10.13 mJ/kg/day (3.2%). The dose contribution from mobile phone data traffic was 8.29 mJ/kg/day (2.6%) for data traffic via mobile internet connection and 22.03 mJ/kg/day (6.9%) for data traffic via WLAN connection. Using a computer, laptop and tablet connected to WLAN played a considerable role with a mean dose of 41.46 mJ/kg/day (13.0%). 
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Table 3. SAR, mean exposure duration (with standard deviation), dose rate (dose per 1 min), and mean (with corresponding percentage of the total near-field dose), minimum, median and maximum of the daily cumulative dose for the brain and whole-body exposure for the near-field predictors. Near-Field Predictor Brain SAR (mW/kg) Whole-Body SAR (mW/kg) Exposure Duration (min/day) Brain Dose Rate (mJ/kg/min) Whole-Body Dose Rate (mJ/kg/min) Brain Dose (mJ/kg/day) Whole-Body Dose (mJ/kg/day) Value Value Mean (SD) Value Value Mean (%) Min Median Max Mean (%) Min Median Max GSM 1 mobile phone calls without headset 3.198 0.411 7.6 (13.0) 191.88 24.66 − − − − − − − − GSM 1 mobile phone calls with headset 0.003198 0.411 1.9 (7.6) 0.19 24.66 − − − − − − − − GSM 1 mobile phone calls headset considered 2 − − 9.5 (16.7) − − 1451.78 (94.6%) 0.00 601.90 22587.02 234.47 (73.3%) 0.00 85.14 3785.98 UMTS mobile phone calls without headset 0.023 0.003 5.8 (14.8) 1.38 0.18 − − − − − − − − UMTS mobile phone calls with headset 0.000023 0.003 1.9 (8.1) 0.001 0.18 − − − − − − − − UMTS mobile phone calls headset considered 2 − − 7.7 (19.9) − − 8.04 (0.5%) 0.00 2.57 217.49 1.39 (0.4%) 0.00 0.37 34.20 DECT phone calls without eco mode 0.373 0.051 − 22.38 3.06 − − − − − − − − DECT phone calls with eco mode 0.0373 0.0051 − 2.24 0.31 − − −
− − − − − DECT phone calls eco mode considered 3 − − 9.0 (10.9) − − 74.10 (4.8%) 0.00 18.70 1364.86 10.13 (3.2%) 0.00 2.61 190.28 Mobile phone data traffic 0.000092 0.012 11.5 (22.5) 0.01 0.72 0.06 (0.004%) 0.00 0.01 0.54 8.29 (2.6%) 0.00 1.63 70.89 Mobile phone close to the body (passive data traffic) 4 0.000092 0.012 265.2 (349.5) 0.00006 0.01 0.01 (0.001%) 0.00 0.01 0.08 1.91 (0.6%) 0.00 0.86 10.37 Mobile phone data traffic WLAN 0.000092 0.012 30.6 (35.0) 0.01 0.72 0.17 (0.01%) 0.00 0.10 0.54 22.03 (6.9%) 0.00 13.68 70.89 Computer, laptop and tablet use with WLAN 0.000092 0.012 57.6 (83.3) 0.01 0.72 0.32 (0.02%) 0.00 0.17 3.42 41.46 (13.0%) 0.00 21.60 446.40 1 For calls with the mobile phone on the GSM network the mean of the SARs for the GSM900 and the GSM1800 network was used because there was no differentiation between GSM900 and GSM1800 network in the mobile phone operator data; 2 Headset considered means that the proportion of headset use was applied to the mobile phone call duration; 3 Eco mode of the DECT phone at home was considered for all calls if the DECT phone at home was equipped with eco mode and for no calls if the DECT phone at home had no eco mode; 4 A transmission of data for 0.01*exposure duration of carrying the mobile phone close to the body was assumed. 
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 Figure 1. Mean daily cumulative brain (left) and whole-body (right) dose for the  near-field predictors. 3.2. Far-Field Dose 3.2.1. Far-Field Predictors Mean modelled downlink exposure of the HERMES study participants was 15.8 μW/m²  (range: 0.0–476.9 μW/m²) at home and 10.4 μW/m² (0.003–67.1 μW/m²) in school (for details see Supplementary Table S1–Table S4). Mean values for radio broadcasting were 1.7 μW/m² (0.0–40.8 

μW/m²) at home and 0.8 μW/m² (0.0–5.1 μW/m²) in school. For TV broadcasting modelled exposure was on average 0.5 μW/m² (0.0–32.1 μW/m²) at home and 0.06 μW/m² (0.0–0.7 μW/m²) in school.  In other places (outdoors, in trains, buses and cars, and on locations not further defined in the diary) exposure, obtained from the personal measurements, was on average 46.2 μW/m² for downlink and  5.9 μW/m² for TV. Radio exposure was not measured by the used exposimeters and therefore taken into account only at home and in school. Identification of far-field predictors by multivariable 
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regression models was based on personal measurements for 23.0–121.2 h (measurement duration of 71.2 h on average) from 95 HERMES participants.  When comparing personal measurements with modelling building characteristics, wall and window frame material, window glazing, window and building age, and façade renovation were not found to modify personal radio, TV or downlink indoor exposure at home or in school. Therefore, we did not take into account any building characteristics. For the DECT far-field exposure no explanatory variable was associated with the measured DECT exposure from the personal measurements. For that reason, we decided to use the DECT measurements without modification using the average DECT exposure at home from the personal measurements which was 1.18 μW/m². The identified far-field predictors for the WLAN and the uplink far-field exposure together with the derived exposure contribution per day were: 
• Availability of WLAN in school: +0.49 μW/m² (WLAN); 
• Availability of WLAN at home and not switching off the base station during night:  +1.02 μW/m² (WLAN); 
• Number of smartphones used at home: +9.39 μW/m² per smartphone (Uplink); 
• Time spent in trains: +0.07 μW/m² per minute spent in trains (WLAN), +1.06 μW/m²  per minute spent in trains (Uplink); 
• Time spent in buses: +0.64 μW/m² per minute spent in buses (Uplink). For details see Supplementary Material 1. 3.2.2. Far-Field Dose The cumulative dose was highest for downlink and uplink for both brain and whole-body dose, whereas dose contributions from radio, TV, WLAN and DECT were small compared to the contributions from downlink and uplink (Table 4 and Table 5). The downlink dose was 8.43 mJ/kg per day (33.5%) for the brain and 6.16 mJ/kg per day (30.4%) for the whole-body. The uplink dose was 15.22 mJ/kg per day (60.4%) for the brain and 12.38 mJ/kg per day (61.2%) for the whole-body.  It was mainly the exposure at home and other places (outdoors, in trains, buses and cars and locations not further defined in the diaries) that contributed to the downlink exposure (Figure 2). Being at home and, to a smaller extent, spending time in trains and buses contributed to the uplink exposure whereas a considerable part remained unexplained. 
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Table 4. Brain SAR, mean and derivation of the power flux density, brain dose rate (dose per 1 min) and mean (with the corresponding percentage of the total brain far-field dose), minimum, median and maximum of the brain dose for the far-field exposure. Band Description SAR ((mW/kg)/ (mW/m²)) Power Flux Density (mW/m²) Dose Rate ((mJ/kg)/(mW/m²)/min) Dose (mJ/kg/day) Mean Derivation Mean (%) Min Median Max Radio 1 Radio broadcast transmitter 0.001 0.002 modelling 0.09 0.16 (0.6%) 0.00 0.07 3.30 TV Television broadcast transmitter 0.008 0.001 modelling and personal measurements 0.46 0.79 (3.1%) 0.58 0.58 14.40 Downlink 900 Transmission from base station to mobile phone handset 0.007 − − 0.41 − − − − Downlink 1800 Transmission from base station to mobile phone handset 0.003 − − 0.19 − − − − Downlink 2100 Transmission from base station to mobile phone handset 0.003 − − 0.17 − − − − Downlink Downlink 900+ Downlink 1800+ Downlink 2100 − 0.019 modelling and personal measurements − 8.43 (33.5%) 3.76 5.02 124.64 WLAN Wireless local area network 0.002 0.002 prediction regression model 0.14 0.39 (1.6%) 0.20 0.40 2.37 DECT Digital enhanced cordless telecommunications 0.003 0.001 personal measurements 0.17 0.19 (0.8%) 0.19 0.19 0.19 Uplink 2 Transmission from mobile phone handset to base station 0.004 0.041 prediction regression model 0.26 15.22 (60.4%) 2.96 13.54 71.16 1 Radio = radio FM (Frequency Modulation) + DAB (Digital Audio Broadcasting); Radio was considered only at home and in school (geospatial propagation modelling) because used exposimeters did not measure radio broadcasting; 2 Uplink = Uplink 900+ Uplink 1800+ Uplink 1900; For the far-field uplink exposure from other mobile phones the average of the SARs for the downlink bands downlink 900, downlink 1800 and downlink 2100 was used.   
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Table 5. Whole-body SAR, mean and derivation of the power flux density, whole-body dose rate (dose per 1min) and mean (with the corresponding percentage of the total whole-body far-field dose), minimum, median and maximum of the whole-body dose for the far-field exposure. Band Description SAR ((mW/kg)/(mW/m²)) Power Flux Density (mW/m²) Dose Rate ((mJ/kg)/(mW/m²)/min) Dose (mJ/kg/day) Mean Derivation Mean (%) Min Median Max Radio 1 Radio broadcast transmitter 0.005 0.002 modelling 0.29 0.54 (2.7%) 0.00 0.22 11.30 TV Television broadcast transmitter 0.005 0.001 modelling and personal measurements 0.27 0.47 (2.3%) 0.35 0.35 8.61 Downlink 900 Transmission from base station to mobile phone handset 0.004 − − 0.26 −- − − − Downlink 1800 Transmission from base station to mobile phone handset 0.003 − − 0.20 − − − − Downlink 2100 Transmission from base station to mobile phone handset 0.003 − − 0.18 − − − − Downlink Downlink 900+ Downlink 1800+ Downlink 2100 − 0.019 modelling and personal measurements − 6.16 (30.4%) 2.46 3.47 86.19 WLAN Wireless local area network 0.003 0.002 prediction regression model 0.17 0.48 (2.4%) 0.24 0.49 2.90 DECT Digital enhanced cordless telecommunications 0.003 0.001 personal measurements 0.18 0.20 (1.0%) 0.20 0.20 0.20 Uplink 2 Transmission from mobile phone handset to base station 0.004 0.041 prediction regression model 0.21 12.38 (61.2%) 2.41 11.01 57.87 1 Radio = radio FM (Frequency Modulation) + DAB (Digital Audio Broadcasting); Radio was considered only at home and in school (geospatial propagation modelling) because used exposimeters did not measure radio broadcasting; 2 Uplink = Uplink 900+ Uplink 1800+ Uplink 1900; For the far-field uplink exposure from other mobile phones the average of the SARs for the downlink bands downlink 900, downlink 1800 and downlink 2100 was used.  
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 Figure 2. Mean daily cumulative whole-body dose for the far-field exposure at different locations; The same pattern was found for the brain dose. 3.3. Combining Near-Field and Far-Field Dose The mean brain dose for the HERMES study participants was 1559.7 mJ/kg per day  (range: 13.3–22,607.6 mJ/kg/day) whereas the mean whole-body dose was 339.9 mJ/kg per day  (6.5–4064.7 mJ/kg/day). The near-field component counted on average for far the most of the total dose, 98.4% (1534.5 mJ/kg/day) of the total brain dose and 94.0% (319.7 mJ/kg/day) of the total whole-body dose originated from near-field sources. For the three HERMES study participants, a non-user, a normal user and a heavy-user, considerable differences in the cumulative dose and in the proportion of the far-field dose on the total dose were found (Figure 3). Total brain white matter dose was on average 535.0 mJ/kg per day. This corresponded to 34.3% of the total average brain gray matter dose (1559.7 mJ/kg/day). The proportional contributions of the particular near-field exposure predictors and far-field bands were similar to the brain gray matter dose. The proportion of the near-field dose on the total dose was similar as well (98.4%). 
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 Figure 3. Total brain and whole-body dose for the three HERMES study participants  (non-user, normal user, heavy-user); Percentages of the far-field dose on the total dose are indicated above the bars. 3.4. Comparing Dose Calculations and Personal Measurements In Figure 4 dose predictions are compared with personal measurements. With respect to total dose (first row of Figure 4) there was a slight tendency that the group median of the personal measurements increased with increasing predicted dose. The Spearman correlation between the dose and the mean of the personal measurements was 0.10 (p-value = 0.34) for the brain dose and 0.05 (p-value = 0.63) for the whole-body dose. For the far-field dose the picture was similar, but with a slightly higher correlation of 0.18 (p-value = 0.08) for the brain far-field dose and 0.17 (p-value = 0.09) for the whole-body far-field dose (second row of Figure 4). If taking into account only the downlink dose and the downlink measurements (third row of Figure 4) the mean and the median of the measurements were clearly increased for increasing predicted dose. The Spearman correlation was 0.53 (p-value < 0.0001) for the brain downlink dose and 0.52 (p-value < 0.0001) for the whole-body downlink dose.   
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Total dose vs. total personal measurements  Far-field dose vs. total personal measurements  Downlink dose vs. downlink personal measurements  Figure 4. Comparison of predicted dose measures and personal measurements using the three dose categories <50th percentile (low), 50th–90th percentile (medium) and >90th percentile (high); First row: total dose vs. total personal measurements; Second row: far-field dose vs. total personal measurements; Third row: downlink dose vs. downlink personal measurements. 
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4. Discussion The aim was to develop an integrative exposure surrogate consisting of a near-field and a far-field component representing together total personal RF-EMF dose. Thus we combined near-field exposure from the use of wireless communication devices and far-field exposure from environmental sources such as fixed site transmitters, WLAN and DECT base stations and other people’s mobile phones in the surroundings to one single RF-EMF exposure measure. 4.1. Near-Field Exposure We found GSM mobile phone calls contribute by far the most to the near-field exposure from the use of wireless communication devices. For the brain exposure, DECT phone calls and to a less extent UMTS mobile phone calls contributed as well. Mobile phone data traffic and computer, laptop and tablet use with WLAN played a minor role. For the whole-body exposure computer, laptop and tablet use with WLAN and mobile phone data traffic via WLAN contributed as well, followed by DECT phone calls and mobile phone data traffic via mobile internet connection. UMTS mobile phone calls played a minor role. 4.2. Far-Field Exposure Far-field exposures from radio and TV broadcast transmitters and mobile phone base stations were estimated using geospatial propagation modelling. We did not find any influence of building characteristics on the personal measurements taken at home and in school. This is in contrast to our previous study where metal window frames and concrete walls resulted in a significant exposure reduction [14]. However, our finding is in line with a recent study on modelled mobile phone downlink exposure in the city of Amsterdam, Netherlands, where none of the building characteristics could explain additional variance of the modelled values [26]. We found the availability of WLAN at home and not switching off the base station during night and the availability of WLAN in school being relevant exposure predictors. Furthermore, the time spent in trains explained part of the measured WLAN exposure. Because of the increase of WLAN in public spaces and public transport this part of WLAN exposure may become even more important in the future. The number of smartphones being used at home was the strongest predictor for the far-field uplink exposure followed by the time spent in trains and buses. A considerable part of the uplink exposure however remained unexplained. Previous studies have also demonstrated high uplink exposure in public transport [27–29] or investigated the influence of small cells in trains on the exposure of mobile phone users [30]. The relevance of mobile phones in stand-by mode for exposure is still quite unclear. Urbinello et al. demonstrated that personal RF-EMF exposure was affected by one’s own mobile phone in stand-by mode because of its regular location updates and push functions implemented in applications [29]. This finding may explain why the number of smartphones at home is one of the exposure relevant predictors. And, additionally,  this finding led us to include passive mobile phone data traffic for the near-field exposure estimate. Carrying a mobile phone on the body contributed on average 0.56% to the total whole-body exposure of the HERMES participants. 
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The contribution of the far-field exposure is small compared to the contribution of the near-field exposure (1.6% of the brain dose and 6.0% of the whole-body dose originated from far-field sources). Nevertheless, far-field exposure is relevant: There are public concerns about potential health effects related to mobile phone base stations [31] and exposure from broadcast transmitters and mobile phone base stations is not lifestyle related which complicates the investigation of soft outcomes  (e.g., symptoms and behaviour). Furthermore, far-field exposure is long-term and continuous and people are exposed during night as well, which might be a critical time window. Therefore we think it is worth the effort to investigate far-field exposure as well. 4.3. Comparing Dose Calculations and Personal Measurements In our exposure assessment approach we combined questionnaire data, operator data, modelling and personal measurements from a subsample. This is more efficient than conducting personal measurements in a large sample which is very time- and resource-consuming. Furthermore, near-field exposure from the use of wireless communication devices is not recorded adequately by personal measurements because the measured values depend highly on the distance between the emitting device and the exposimeter, which is not necessarily the same as the distance between the emitting device and the body [4,5]. Only the latter is relevant for exposure. This may also explain why we found only a small correlation between predicted brain and whole-body exposure and personal measurements (Figure 4). For both exposure proxies, the brain dose and the whole-body dose, GSM mobile phone calls are most relevant, but the resulting exposure is not measured accurately with exposimeters during personal measurements [4,5]. However, the predicted far-field dose was also only weakly correlated with personal measurements. This may have several reasons. First, radio broadcasting is not measured by the exposimeters used but modelled at home and in school and thus considered for the dose. Nevertheless, this contribution is small and cannot explain the discrepancy. Second, the prediction models for the WLAN and uplink far-field exposure have limited explanatory power and for DECT no exposure predictor could be identified at all. Thus, there is more work needed to figure out what predictors are able to predict these exposures in a more accurate way. Strikingly, the downlink dose and the personal downlink exposure measurements correlated well. Thus, modelled exposure at home and in school may well be used to predict downlink exposure. Obviously, the dose calculations are subject to a large uncertainty. We relied our calculations on self-reported amount of mobile phone use, which is typically overestimated by adolescents [32,33].  In our study, overestimation was on average by a factor of 9.3 according to a comparison with operator recorded duration of mobile phone calls. Subsequent dose estimations for our study sample with operator recorded mobile phone data yielded on average a brain gray matter dose of 139.3 mJ/kg per day and a whole-body dose of 24.9 mJ/kg per day for mobile phone calls (brain dose of  1459.8 mJ/kg/day and whole-body dose of 235.9 mJ/kg/day for self-reported duration of mobile phone calls). For the normal user, the proportion of the far-field dose on the total dose was 9.4% for the brain dose and 4.3% for the whole-body dose if taking into account operator recorded duration of mobile phone calls (2.2% and 3.5% for the brain and the whole-body dose, respectively for self-reported duration of mobile phone calls, Figure 3). 
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We have obtained SAR values from the literature, however, such data are still rare and have a large uncertainty range. Unfortunately, systematic analyses of this uncertainty are not yet published and could thus not be considered in our study. Most of the uncertainty is due to the unknown position of the device in relation to the body. Ideally, this should be measured permanently for each study participant. However, this is impossible and one has thus to rely on assumptions about typical positions. A further source of uncertainty is the emitted output power of mobile phones, in particular during data transmission and in stand-by mode. Depending on the type of data transmission  (e.g., watching videos and playing games while connected to the internet, using social networks and reading news), a mobile phone may mainly act as receiver or transmitter. We did not find any data about proportion of time the mobile phone is transmitting data when set in stand-by mode, and which factors are relevant for these emissions. Additional uncertainty remains regarding SARs for newer devices such as tablets. Due to lack of data, we did not take into account exposure from use of the mobile phone as mobile hotspot. Inherent uncertainties are related to the geospatial propagation modelling and predictions derived from the personal measurements. Also the assessment of the proportion of calls made on the GSM and UMTS network comes with uncertainties.  5. Conclusions Despite all these uncertainties and limitations, the proposed approach is considered useful to combine near-field and far-field exposure to one single integrative exposure surrogate either for the whole-body or for specific organs. However, more work is needed to deepen the understanding of far-field exposure predictors on one hand and near-field exposure from rapidly developing devices such as smartphones and tablets on the other hand. If this approach is refined, the integrative exposure surrogate can be adapted to any population of epidemiologic studies if modelled RF-EMF exposure from fixed site transmitters for the study area, operator data including type of network and specific questionnaire data are available. Acknowledgments The HERMES study is funded by the Swiss National Science Foundation (project number 138190). This research is also supported by the Swiss Research Foundation for Electricity and Mobile Communication (reference number 41) and the European project GERoNiMO—Generalised EMF Research using Novel Methods—an integrated approach: from research to risk assessment and support to risk management (FP7-ENV-2013, Grant Agreement 603794, 2014–2018). Many thanks go to the study participants and their parents for participating in the HERMES study. Author Contributions Martin Röösli conceived and designed the study; Anna Schoeni and Katharina Roser conducted the study; Alfred Bürgi was responsible for the geo-spatial propagation model; Katharina Roser analyzed the data; Katharina Roser wrote the paper.   
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Supplementary Information Development of an RF-EMF Exposure Surrogate for Epidemiologic Research  Table S1. WLAN prediction model: predicted far-field WLAN exposure contribution from a multivariable regression model using bootstrap (1000 replications), n = 95. Mean WLAN Personal Measurements (μW/m²) Exposure Contribution (μW/m²) 95% Confidence Interval p-Value WLAN in school 0.49 (−1.29, 2.26) 0.589 WLAN at home and not switched off during night 1.02 (−0.80, 2.83) 0.272 Time spent in trains (min/day) 0.07 (−0.06, 0.19) 0.290 Unexplained by the model 1.00 (−0.51, 2.52) 0.195 Table S2. Uplink prediction model: predicted far-field uplink exposure contribution from a multivariable regression model using bootstrap (1000 replications), n = 95. Mean Uplink Personal Measurements (μW/m²) Exposure Contribution (μW/m²) 95% Confidence Interval p-Value Number of smartphones at home 9.39 (−6.33, 25.12) 0.242 Time spent in trains (min/day) 1.06 (0.24, 1.87) 0.011 Time spent in buses (min/day) 0.64 (−0.02, 1.30) 0.057 Unexplained by the model 7.89 (−18.40, 34.18) 0.556 Table S3. Mean exposure duration (per day) of the different locations for the calculation of the far-field dose. Location Mean Exposure Duration (per day) Home day 1 8 h 21 min Home night 1 7 h 21 min Home 15 h 41 min School 4 h 43 min Outside 1 h 41 min Train 0 h 6 min Bus 0 h 9 min Car 0 h 13 min Unspecified location 2 1 h 27 min 1 Home day and night: Home day means the time being at home in the time period 6:00 until 22:00; Home night means the time being at home in the time period 22:00 until 6:00; 2 Unspecified location means diary entries recorded as miscellaneous or other activity or location than the prespecified activities and locations in the time-activity diary. 
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a  b  s  t  r a  c t

The aim  of this study  is to  prospectively  investigate  whether  exposure to  radiofrequency  electromag-

netic fields (RF-EMF) emitted  by  mobile  phones  and  other  wireless communication  devices  is related to

behavioural problems  or  concentration  capacity  in adolescents.

The HERMES  (Health Effects  Related  to Mobile  phonE use in adolescentS)  study  sample  consisted of

439  Swiss  adolescents  aged  12–17  years.  Behavioural  problems  were  assessed  using the  Strengths  and

Difficulties  Questionnaire  (SDQ),  concentration  capacity  of the  adolescents  was measured  by  means of  a

standardized  computerized  cognitive  test named FAKT.  Cross-sectional  and longitudinal (1  year of follow-

up) analyses  were  performed  to investigate possible associations between  behavioural problems  and

concentration  capacity  and different  exposure measures:  self-reported  and operator-recorded  wireless

communication device  use, cumulative  RF-EMF brain and  whole  body dose and measured  personal  RF-

EMF exposure.

In  the  cross-sectional  analyses  behavioural problems  were  associated  with  several  self-reported  wire-

less device use  measures but not operator-recorded  mobile phone  use measures, concentration  capacity

was  associated  with  several self-reported and  operator-recorded exposures. The longitudinal analyses

point towards absence of  associations.

The  lack  of consistent exposure-response  patterns  in the  longitudinal  analyses suggests  that

behavioural problems  and  concentration  capacity  are not affected  by  the  use of wireless  communica-

tion  devices  or  RF-EMF exposure. Information bias  and  reverse  causality  are  likely  explanations  for the

observed  cross-sectional  findings.

© 2016 Elsevier  GmbH. All rights  reserved.

1. Introduction

Mobile phones are nowadays omnipresent, in  particular among

adolescents. A  recent representative survey in  1086 Swiss adoles-

cents aged 12–19 years revealed that  98% of the adolescents own  a

mobile phone and 97% of these devices are  smartphones (Willemse

et al., 2014). Furthermore, the use of these devices is  frequent, 94%

of the adolescents used their mobile phone daily or several times

per week for exchanging messages via internet-based applications,

87% for browsing the internet and 53% for gaming (Willemse et al.,

2014). This widespread and intensive use has created concern that

it  may  cause behavioural or  concentration problems, which belong

to the most common health complaints of adolescents.

∗ Corresponding author at: Swiss Tropical and Public Health Institute, Socinstrasse

57, P.O. Box, CH-4002 Basel, Switzerland.

E-mail addresses: katharina.roser@unibas.ch (K. Roser),

anna.schoeni@unibas.ch (A. Schoeni), martin.roosli@unibas.ch (M.  Röösli).

Swiss paediatricians estimated the percentage of children with

attention deficit hyperactivity disorder (ADHD) or conduct prob-

lems seen in their practice at 9% (In-Albon et al., 2010). In a  German

study including 7000 adolescents aged 11–17 years parent-rated

behavioural problems measured by the Strengths and Difficulties

Questionnaire (SDQ, (Goodman, 1997)) were found in  7%  of  the

adolescents (Hölling et al., 2007). Among specific problems, con-

duct problems were most frequently reported (14%), followed by

problems with peers (13%) and emotional symptoms (10%). Hyper-

activity was reported for 7% of the adolescents and 4% showed

antisocial behaviour (Hölling et al., 2007). Among 825 Swiss 7th

grade students antisocial behaviour was on average exhibited once

a month (Müller et al., 2015).

In  Sweden, concentration difficulties were among the most fre-

quent reported health complaints in adolescents (Söderqvist et al.,

2008)  and in  Germany, 32% of the adolescents participating in

a measurement study reported to have concentration problems

http://dx.doi.org/10.1016/j.ijheh.2016.08.007

1438-4639/© 2016 Elsevier GmbH. All rights reserved.
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(Heinrich et al., 2010). In Chinese adolescents, the prevalence of

inattention was reported to be as high as 70% (Zheng et al., 2014).

A possible link between behavioural problems and RF-EMF

exposure has been investigated in 1508 adolescents from Germany

using 24 h personal RF-EMF measurements for exposure assess-

ment (Thomas et al., 2010b). In the highest exposure group

(4th quartile) the risk for overall behavioural problems (adjusted

OR = 2.2; 95% CI: 1.1–4.5) and conduct problems (adjusted OR  = 3.7;

95% CI: 1.6–8.4) was found to  be elevated. A Swedish study found

the duration of mobile phone and cordless phone calls associ-

ated with self-reported concentration difficulties in adolescents

(Söderqvist et al., 2008) and the number of mobile phone calls

was associated with impaired attention performance in  Australian

adolescents (Abramson et al., 2009). In contrast, measured RF-EMF

exposure and duration of mobile phone use were not associated

with acute concentration problems in  1508 German adolescents

(Heinrich et al., 2010) and mobile phone calls were not found to  be

associated with ADHD symptoms in  2422 Korean children (Byun

et al., 2013) or inattention in  7102 Chinese adolescents (Zheng et al.,

2014). But interestingly, they found mobile phone use for playing

games (Byun et al., 2013) and the time  spent on the mobile phone

for entertainment (Zheng et al., 2014)  being associated with ADHD

symptoms and inattention, respectively. However, all these stud-

ies were of cross-sectional design and prospective studies are still

missing.

A further limitation is  the use of self-reported mobile or cordless

phone use as proxy for RF-EMF exposure, because such reports are

inaccurate (Aydin et al., 2011; Inyang et al., 2009)  and do not  take

into account other sources that contribute to the RF-EMF expo-

sure of adolescents such as the use of computers, laptops and

tablets connected to wireless internet (WLAN) or  the exposure from

fixed site transmitters for broadcast and mobile telecommunica-

tion (Lauer et al., 2013; Roser et al., 2015a).

To overcome these limitations and in  line with the recom-

mendations of the World Health Organisation (WHO) to  conduct

prospective cohort studies in  children and adolescents with out-

comes including behavioural disorders with a  high priority (WHO,

2010), the HERMES (Health Effects Related to Mobile phonE use

in adolescentS) study was set up. The HERMES study is a  prospec-

tive  cohort study with a  one year follow-up period. To differentiate

between effects from RF-EMF exposure and effects from mobile

phone use per se, an RF-EMF dose measure was developed taking

into account various RF-EMF sources and including prospectively

collected operator data (Roser et al., 2015a). Applying this RF-EMF

dose measure in combination with use measures will help to dis-

entangle possible effects from RF-EMF or from the use per se.

The aim of this study conducted in the framework of the HERMES

study was to prospectively investigate whether RF-EMF exposure

from mobile phones and other wireless communication devices is

related to behavioural problems or concentration capacity in  ado-

lescents.

2. Methods

2.1. HERMES study

The baseline investigation of the HERMES study was conducted

between June 2012 and March 2013 in Central Switzerland. The

follow-up investigation was conducted approximately one year

later. The study participants filled in  a paper and pencil ques-

tionnaire and performed a cognitive concentration test using a

standardized, computerized cognitive test battery. The investiga-

tion took place in school during school time and was supervised by

two  study managers. Furthermore paper and pencil questionnaires

for the parents were distributed and returned directly to the study

managers.

Ethical approval for the conduct of the study was received from

the ethical committee of Lucerne, Switzerland on May  9, 2012.

2.2. Exposures

2.2.1. Self-reported exposure

The adolescents’ questionnaire included questions on mobile

phone use: call duration with own and any other mobile phone,

duration of data traffic on the mobile phone and number of all kind

of text messages sent (short message system (SMS) as well as mes-

sages sent by internet-based applications). Furthermore, the call

duration with cordless (fixed line) phones and the duration of gam-

ing on computer, laptops, tablets and TV were reported. The study

participants were asked to refer to  an average use per day and the

period of six months prior to the investigation. The number of text

messages sent and the duration of gaming on computer and TV are

not or only marginally relevant for RF-EMF exposure and were thus

used as negative exposure control variables in the analyses.

2.2.2. Objective exposure

A subsample of the study participants and their parents gave

informed consent obtaining objectively recorded mobile phone

use data from the mobile phone operators. These data included

duration of each call and the network (Global System for Mobile

Communications (GSM) or Universal Mobile Telecommunications

System (UMTS)) at which it started, number of SMS  sent and

amount of data traffic volume transmitted. Data were obtained

for up to 18 months, six months before baseline until follow-up

investigation one year later.

2.2.3. RF-EMF dose measures

To calculate the cumulative RF-EMF dose of the brain and the

whole body for the participating adolescents, an integrative RF-EMF

exposure surrogate including various factors contributing to near-

field and far-field RF-EMF exposure was  developed (Roser et al.,

2015a). The near-field component combines the exposure from

the use of wireless communication devices (mobile phones, cord-

less phones, computers, laptops and tablets connected to  WLAN).

The far-field component aggregates the exposure from environ-

mental sources. To predict the exposures from radio and television

broadcast transmitters and mobile phone base stations a  geospatial

propagation model was  used (Bürgi et al., 2010, 2008). Exposures

from cordless phone and WLAN base stations as well as other peo-

ple’s mobile phones were estimated by means of linear regression

models calibrated on the personal measurement data for 95 study

participants (Roser et al., 2015a). For each of the considered expo-

sure circumstances, average specific absorption rates (SAR) for the

brain and the whole body were derived from the literature (Gati

et al., 2009; Hadjem et al., 2010; Huang et al., 2014; Lauer et al.,

2013; Persson et al., 2012; SEAWIND, 2013; Vrijheid et al., 2009).

To obtain a cumulative daily brain and whole body dose for each

study participant, the SAR values were multiplied by the average

exposure duration per day for each exposure situation and summed

up to  one single brain and whole body dose measure. This calcula-

tion was  done twice: first, for the whole sample using self-reported

duration of mobile phone calls; and secondly, for the subsam-

ple with operator-recorded data mobile phone call duration was

derived from the mobile phone operator records. All other RF-EMF

dose factors were identical for both calculations.

2.2.4. Personal RF-EMF measurements

As an additional exposure proxy we considered personal RF-

EMF measurements, which were conducted in a subgroup of  the
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HERMES study participants. The adolescents carried a portable RF-

EMF measurement device for three consecutive days and filled in

a time-activity diary. These measurements are described in  detail

in (Roser et al. under preparation). Personal measurement data

were available for 91 of the HERMES participants. Exposures for the

personal measurements analysis included average personal down-

link exposure (exposure from mobile phone base stations), fixed

site transmitters exposure (exposure from mobile phone base sta-

tions and television broadcast transmitters), total RF-EMF exposure

and total RF-EMF exposure without uplink (exposure from mobile

phone handsets) over the whole measurement period of the per-

sonal measurements.

2.3. Outcomes

2.3.1. Behavioural problems

The self-reported SDQ in the questionnaire of the adoles-

cents (referred to  as SDQ Adolescents) and the parent-rated SDQ

in the parents’ questionnaire (referred to as SDQ  Parents) assess

behavioural and affective problems of adolescents (Goodman,

1997). They consist of five scales assessing emotional symptoms,

conduct problems, hyperactivity/inattention, peer relationship

problems and prosocial behaviour on five items each answered

on a 3-point Likert scale. A total difficulties score can be calcu-

lated by summing up  the scores for emotional symptoms, conduct

problems, hyperactivity/inattention and peer relationship prob-

lems and the total strengths score refers to the prosocial behaviour

scale. Higher scores on the scales assessing difficulties (emotional

symptoms, conduct problems, hyperactivity/inattention, and peer

relationship problems) mean more difficulties; a  higher score on

the prosocial behaviour scale means more strengths. Individu-

als with a total difficulty score of ≥20 (SDQ Adolescents) and ≥17

(SDQ Parents) are considered to  have difficulties. For the diffi-

culty subscales the corresponding cut-offs are 7 and 5 (emotional

symptoms), 5 and 4 (conduct problems), 7 and 7 (hyperactiv-

ity/inattention) and 6 and 4 (peer relationship problems) for the

SDQ Adolescents and SDQ Parents, respectively. Individuals scor-

ing ≤ 4 on the total strengths scale (SDQ Adolescents and SDQ

Parents) are considered to  have a problematic lack of strengths.

Reliability and validity of the SDQ were shown to  be satisfactory in  a

nationwide British sample of adolescents (Cronbach’s alpha of 0.73

measuring internal consistency, retest stability of 0.62) (Goodman,

2001). Furthermore, the German SDQ was shown to be just as useful

and valid as the English original scale in terms of similar facto-

rial structure, reliability and validation of the scales (Klasen et al.,

2003). Main analyses include behavioural problems measured by

the SDQ Adolescents; results of the analyses using the SDQ Parents

are presented in the Supplementary material.

2.3.2. Concentration capacity

We  used a standardized, computerized cognitive test battery

named FAKT-II (Frankfurter Adaptiver Konzentrationsleistungs-

Test-II, (Moosbrugger and Goldhammer, 2007)) to measure the

concentration capacity of the adolescents. Concentration capacity

measures included homogeneity, power and accuracy of concen-

tration. By means of discrimination tasks, the participant had to

discriminate as accurately and as quickly as possible between tar-

get and non-target items by  pressing “0” for non-target items and

“1” for target items. Items with either two or three points in either

a circle or a square appeared. Target items were either two  points

in a square or three points in  a  circle. Other combinations acted

as non-target items. Before starting the 6-min test, the participant

performed a trial-run. The FAKT is an adaptive test adjusting the

speed of the item display according to the speed of the answers

given.

Homogeneity of concentration is  a measure of the uniformity of

the working speed. It measures the variance of the time an item is

displayed. The higher the homogeneity of concentration, the more

uniform the study participant worked. Power of concentration is  a

measure of the working speed. It  measures the number of  displayed

items per 100 s.  The higher the power of concentration, the faster

the study participant worked and the more items were displayed.

Accuracy of concentration is  a  measure of the relative correctness.

It measures the percentage of non-false items that have been pro-

cessed. The higher the accuracy of concentration, the more precise

the study participant worked. The test was conducted once at base-

line and once at follow-up investigation.

2.4. Statistical analysis

Three main analyses were performed to investigate possible

associations between behavioural problems and concentration

capacity and different exposure measures.

The exposure measures included:

1) Negative exposure control variables (usage not or only marginally

related to RF-EMF exposure): Self-reported: duration of  gaming

on the computer or TV (min/day), frequency of text messages

sent (x/day).

Operator-recorded: frequency of SMS  sent (x/day).

2) Radiation related factors in  the context of mobile phone use

(usage related to RF-EMF exposure):  Self-reported: duration of

data traffic on the mobile phone (min/day), duration of  cordless

phone calls (min/day), duration of mobile phone calls (min/day).

Operator-recorded: volume of data traffic on the mobile phone

(MB/day), duration of mobile phone calls (min/day).

3) RF-EMF exposure (cumulative RF-EMF dose): Whole sample:

brain dose (mJ/kg/day), whole body dose (mJ/kg/day) based on

self-reported exposure data.

Operator sample: brain dose (mJ/kg/day), whole body dose

(mJ/kg/day) based on operator-recorded mobile phone call

duration and self-reported data for other wireless device use.

4) Personal RF-EMF measurements: Downlink exposure (exposure

from mobile phone base stations), fixed site transmitters expo-

sure (exposure from mobile phone base stations and television

broadcast transmitters), total RF-EMF exposure, total RF-EMF

exposure without uplink (exposure from mobile phone hand-

sets).

The three main analyses were the following:

a) A cross-sectional mixed model analysis using baseline and

follow-up exposure and outcome variables.

b) A longitudinal analysis to investigate whether cumulative expo-

sure was followed by a  change in outcome.

c) A cross-sectional analysis of the follow-up outcomes with

respect to personal RF-EMF measurements in  the subsample

with personal measurements.

The cross-sectional mixed model analysis (a)  was based on a

combined data set of baseline and follow-up data for both, expo-

sure and outcome variables. Exposure referred to the average use

or dose within six months prior to  the investigation. For the lon-

gitudinal analysis (b) changes in outcomes (difference between

follow-up and baseline) were related to the cumulative exposure

between baseline and follow-up investigation. For better interpre-

tation cumulative exposure between baseline and follow-up was

expressed as average daily values. The cross-sectional analysis in

the personal measurements subsample (c) was based on the aver-

age measured RF-EMF exposure during three consecutive days and

outcomes at follow-up. Personal measurements were conducted
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between 7.3 months before and 1 month after the follow-up inves-

tigation.

All models were adjusted for age, sex, nationality, school level

(college preparatory high school or high school), frequency of

physical activity, frequency of alcohol consumption and highest

educational level of the parents. In the longitudinal analysis, models

were additionally adjusted for change in height between baseline

and follow-up and time between baseline and follow-up.

To be able to  compare the effect sizes of the different exposure

measures, coefficients were standardized using the interquartile

range of the corresponding exposure variable.

For sensitivity analysis, the exposure measures were cate-

gorised into a reference category (<50th percentile) and two  other

categories defined by  50th–75th percentile and >75th percentile.

Linear regression imputation (14 missing values at baseline and

10  missing values at follow-up for frequency of alcohol consump-

tion; 7 missing values at baseline and 6 missing values at follow-up

for information on height) or imputation of a common category (2

missing values at baseline and 1 missing value at follow-up for fre-

quency of physical activity; 60 missing values for educational level

of the parents) was used to impute missing values in the covariate

variables. Statistical analyses were carried out using STATA version

12.1 (StataCorp, College Station, USA). Figures were made with the

software R using version R  for Windows 3.0.1.

All procedures performed in  studies involving human par-

ticipants were in accordance with the ethical standards of the

institutional and/or national research committee and with the 1964

Helsinki declaration and its later amendments or comparable eth-

ical standards.

Informed consent was obtained from all individual participants

included in the study.

3. Results

3.1. Study participants

439 students (participation rate: 36.8%) with a mean age of 14

years (ranging from 12 to 17 years) from 24 schools (participation

rate: 19.1%) in rural and urban areas in Central Switzerland partici-

pated in the baseline investigation of the HERMES study. 425 study

participants (participation rate: 96.8%) took part in the follow-up

investigation, which was on average 12.8 months later. 412 (93.8%)

and 416 (97.9%) study participants owned a  mobile phone at base-

line and at follow-up, respectively. 60.4% of the participants were

female, 79.3% were Swiss, 14.1% had mixed nationality and 6.6%

had a foreign nationality. 22.6% attended a  college preparatory high

school. 71.8% of the participants reported to be physically active up

to three times a week. Two third of the participants (68.8%) did  not

consume alcohol at all, another third (30.5%) up  to once a  week.

For half of the parents (50.3%), a training school was  the highest

educational level achieved, 30.1% attended a  college of higher edu-

cation, 8.2% a university, 7.5% a college of preparatory high school,

3.2% the mandatory school and 0.7% had no education. The operator

sample was slightly older and more participants attended a col-

lege preparatory high school (28.3%). The subsample with personal

RF-EMF measurements contained more Swiss and fewer adoles-

cents with mixed nationality compared to the whole sample. The

other covariates were similarly distributed for the whole sample,

the operator sample and the personal measurement sample.

3.2. Exposures

Table 1 shows the descriptive statistics of the exposure mea-

sures for the cross-sectional mixed model analysis and the

longitudinal analysis. The exposures were similar for the whole

sample and the operator sample. In the longitudinal analysis, the

participants reported to  use their mobile phone for on average

16.0 min  of calling per day, the average daily operator-recorded

mobile phone call duration was 1.9 min. They indicated to  send

31 text messages per day and to game on  computer and TV for

45.2 min.

3.3. Outcomes

According to  the baseline SDQ Adolescents, 3.2% of  the

adolescents showed total difficulties (Table 2). Among the spe-

cific problems, hyperactivity/inattention was  the most common

reported problem (9.8%), followed by conduct problems (6.2%)

and peer relationship problems (4.6%). Emotional symptoms were

reported by 3.2% of the adolescents and 2.5% reported problematic

total strengths.  According to  the SDQ Parents, total difficulties were

similarly prevalent (3.3%); the prevalence for the specific problems

was higher except for hyperactivity/inattention for which it was

lower (3.0%). Table 2 further displays the descriptive statistics of

the SDQ Adolescents, the SDQ Parents and concentration capacity

measured by the FAKT.

3.4. Behavioural problems

In  the cross-sectional analyses, SDQ Adolescents total strengths

were not associated with any of the exposure variables (Table 3

and Fig. S1 in Supplementary material). However, the SDQ Adoles-

cents total difficulties score was  significantly positively associated

with several self-reported use measures but not with operator-

recorded exposure variables. Altogether there was  no consistent

pattern in  relation to  the extent of RF-EMF exposure related to

these exposure variables. For instance, SDQ Adolescents total dif-

ficulties were positively correlated with self-reported duration of

gaming and frequency of text messages sent (usage not related to

RF-EMF exposure), with self-reported duration of data traffic on

the mobile phone, duration of cordless phone and mobile phone

calls (usage related to RF-EMF exposure) and cumulative EMF brain

and whole body dose for the whole sample as well as whole body

dose for the operator sample. Regarding specific behavioural prob-

lems, similar association patterns were seen for SDQ Adolescents

conduct problems and hyperactivity/inattention and partly for emo-

tional symptoms as well (Fig. S2 in Supplementary material). For

SDQ Adolescents peer relationship problems the pattern was differ-

ent for text messages: the more text messages sent, the less peer

relationship problems. Gaming and whole body dose for the whole

sample were positively associated with peer relationship problems

as for all  other difficulty scales. The pattern was  similar for parent-

rated behavioural problems measured by the SDQ Parents (Table

S1 and Figs. S3 and S4 in  Supplementary material).

In the longitudinal analysis only a few significant effects were

observed, all in the direction of a  positive impact from expo-

sure: in the whole sample the duration of mobile phone calls and

the cumulative RF-EMF brain and whole-body dose were associ-

ated with a  decrease in  SDQ Adolescents total difficulties over one

year (Table 3). However, these associations were neither seen for

operator-recorded exposure measures nor for any exposure mea-

sure in  relation to the SDQ Parents total difficulties (Table S1).

Duration of gaming was  associated with an increase in the SDQ

Adolescents total strengths between baseline and follow-up. The

adjustment for confounders had little impact on the results and the

results were comparable for the analysis with categorical exposure

measures (data not shown).
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Table 1

Descriptive statistics of the mixed (cross-sectional mixed model analysis) and cumulative (longitudinal analysis) exposure measures for the whole sample and the operator sample: mean (standard deviation (SD)), minimum

(min),  maximum (max) and interquartile range (IQR).

Cross-sectional mixed model analysis (baseline and follow-up) Longitudinal analysis

Whole sample (n = 864) Operator sample (n =  462) Whole sample (n =  425) Operator sample (n = 234)

mean (SD) min  max IQR mean (SD) min max  IQR mean (SD) min  max IQR mean (SD) min max IQR

Usage not related to  RF-EMF exposure

self-reported

duration gaming [min/d] 45.36 (64.05) 0.00 457.14 68.57 42.64 (62.08) 0.00 457.14 60.00 45.23 (54.65) 0.00 257.86 58.57 41.83 (52.51) 0.00 257.86 51.86

text  messages sent [x/d] 30.99 (25.88) 0.00 101.19 47.20 29.93 (25.08) 0.50 101.19 47.20 30.93 (20.84) 0.00 76.41 36.81 29.81 (20.10) 0.50 76.41 34.48

operator-recorded

SMS  sent [x/d] – –  – – 2.09 (3.94) 0.00 40.77 1.72 – – – – 1.67 (2.25) 0.00 16.05 1.32

Usage related to RF-EMF exposure

self-reported

duration data traffic

mobile phone [min/d]

48.31 (40.80) 0.00 111.88 82.32 48.56 (41.31) 0.00 111.88 82.32 48.18 (33.18) 0.00 107.76 51.82 48.57 (35.02) 0.00 107.76 57.62

duration cordless phone

calls [min/d]

7.44 (9.52) 0.00 60.99 8.00 6.50 (7.71) 0.00 50.23 8.00 7.33 (7.62) 0.00 53.15 6.93 6.58 (6.67) 0.00 47.87 5.79

duration mobile phone

calls [min/d]

16.32 (31.71) 0.00 485.00 16.57 15.02 (25.78) 0.00 267.14 14.43 16.00 (25.65) 0.00 293.93 15.57 15.25 (26.93) 0.00 293.93 13.43

operator-recorded

volume data traffic mobile

phone [MB/d]

– –  – – 7.72 (22.26) 0.00 263.74 8.05 – – – – 8.97 (18.95) 0.00 140.18 10.88

duration mobile phone

calls [min/d]

– –  – – 1.76 (3.52) 0.00 30.22 1.45 – – – – 1.87 (3.57) 0.00 28.61 1.56

Cumulative RF-EMF dose

whole sample

brain dose [mJ/kg/d] 1’411 (2’278) 13  22’608 1’467 1’268 (2’243) 13 22’608 1’209 1’421 (1’979) 18 16’233 1’579 1’258 (1’851) 18  13’168 1′297

whole body dose [mJ/kg/d] 322 (452) 7  6′630 261 295 (385) 7 4′065 220 322 (431) 12 6′044 260 303 (468) 16  6′044 224

operator sample

brain dose [mJ/kg/d] – –  – – 210 (329) 14 3′400 182 – – – – 235 (432) 23  4′787 176

whole  body dose [mJ/kg/d] – –  – – 123 (85) 12 607 101 – – – – 125 (87) 16  756 84
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Table 2

Prevalence for behavioural problems and descriptive statistics of the mixed (baseline and follow-up; cross-sectional mixed model analysis) and cumulative (difference follow-up –  baseline; longitudinal analysis) behavioural

problems (SDQ) and concentration capacity (FAKT).

Behavioural problems Baseline prevalencebCross-sectional mixed model analysis (baseline and follow-up) Longitudinal analysis

Whole sample (n =  864) Operator sample (n =  462) Whole sample (n = 425) Operator sample (n =  234)

na % na mean (SD) min max na mean (SD) min max  theoretical range na mean (SD) min  max na mean (SD) min  max

SDQ Adolescents

Total difficultiesc 439 3.2 863 9.59 (4.66) 0 31 462 9.44 (4.60) 1  31  (0,  40) 424 −0.76 (4.12) −24 13 234 −0.51 (3.98) −14 11

Emotional symptoms 439 3.2 863 2.42 (1.99) 0 9 462 2.38 (1.95) 0  9  (0,  10) 424 −0.05 (1.95) −9  7 234 0.09 (2.02) −6 7

Conduct  problems 439 6.2 863 1.71 (1.43) 0 7 462 1.64 (1.48) 0  7  (0,  10) 424 −0.25 (1.45) −5  4 234 −0.29 (1.46) −5 4

Hyperactivity/Inattention 439 9.8 864 3.42 (1.97) 0 10 462 3.44 (1.89) 0  9  (0,  10) 425 −0.35 (1.83) −8  5 234 −0.25 (1.71) −5 4

Peer  relationship problems 439 4.6 863 2.05 (1.69) 0 10 462 1.99 (1.70) 0  10 (0,  10) 424 −0.12 (1.58) −6  6 234 −0.06 (1.57) −6 5

Total  strengthsd 439 2.5e 863 8.14 (1.57) 0 10 462 8.22 (1.51) 2  10 (0,  10) 424 0.15 (1.60) −6  5 234 0.11 (1.56) −6 5

SDQ  Parents

Total difficultiesc 367 3.3 712 5.83 (4.40) 0 27 406 5.66 (4.27) 0  22  (0,  10) 317 −0.52 (3.84) −25 12 188 −0.39 (3.49) −13 12

Emotional symptoms 367 5.2 712 1.16 (1.53) 0 10 406 1.08 (1.39) 0  10 (0,  10) 317 −0.28 (1.44) −10 4 188 −0.18 (1.33) −5 4

Conduct  problems 367 8.2 712 1.27 (1.33) 0 8 406 1.22 (1.30) 0  7  (0,  10) 317 −0.08 (1.23) −6  4 188 0.01 (1.17) −4 4

Hyperactivity/Inattention 367 3.0 712 2.19 (1.90) 0 10 406 2.15 (1.86) 0  8  (0,  10) 317 −0.09 (1.66) −7  5 188 −0.05 (1.63) −7 5

Peer  relationship problems 367 10.1 712 1.22 (1.60) 0 9 406 1.21 (1.63) 0  9  (0,  10) 317 −0.08 (1.41) −6  4 188 −0.16 (1.39) −6 4

Total  strengthsd 367 5.2e 712 8.00 (1.77) 1 10 406 8.04 (1.73) 2  10 (0,  10) 317 −0.01 (1.78) −8  6 188 0.07 (1.78) −5 6

Concentration capacity

Homogeneity of

concentration

– – 703 30.09 (20.88) 5 132 382 30.76 (21.69) 5  132 >0 290 11.42 (20.95) −42 87 161 10.02 (20.98) −36 87

Power  of concentration – – 703 88.64 (30.16) 17 177 382 89.21 (30.24) 17 177 >0 290 20.83 (24.10) −43 88 161 18.75 (23.08) −43 78

Accuracy  of concentration – – 703 80.29 (5.87) 67 99 382 80.48 (6.05) 67 99  (0,  100) 290 2.35 (5.85) −13 22 161 2.10 (5.82) −11 22

a Due to non-response (SDQ) and technical failures of the computerized testing system (FAKT) data was  not available for all participants.
b The baseline prevalence was  calculated based on (Goodman et  al.,  1998) for the SDQ Adolescents and (Goodman, 1997) for the SDQ Parents and is referring to the percentage of adolescents in the “abnormal” band. For the

cut-offs  see text.
c Higher scores on the difficulties scales mean more difficulties.
d Higher scores on the total strengths scale mean more strengths.
e Prevalence of problematic lack of total strengths.
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Table  3

Crude and adjusted changes in behavioural scores (coefficients) and corresponding 95% confidence intervals (95% CI)  per  interquartile change in exposure variables for SDQ

Adolescents total difficulties and total strengths for the cross-sectional mixed model analysis and the longitudinal analysis. Significant results (p < 0.05) are  indicated in bold.

For  corresponding figures see  Figs. S1 and S2 in the Supplementary material. For results for SDQ Parents total difficulties and total strengths see Table S1 in the  Supplementary

material.

Cross-sectional mixed model analysis Longitudinal analysis

crude Coeff (95% CI) adjusted a Coeff (95% CI) crude Coeff (95% CI)  adjusted b Coeff (95% CI)

1) SDQ Adolescents total difficulties

a)  Usage not related to RF-EMF exposure

self-reported

duration gaming [min/d] 0.64 (0.33, 0.95) 0.68 (0.35, 1.01) 0.14 (−0.29, 0.56) 0.12 (−0.38, 0.62)

text  messages sent [x/d] −0.04 (−0.54, 0.46) 0.69 (0.11, 1.26) −0.10 (−0.80, 0.60) 0.00 (−0.76, 0.75)

operator-recorded

SMS  sent [x/d] 0.13 (−0.03, 0.29) 0.11 (−0.05, 0.26) 0.01 (−0.30, 0.31) −0.01  (−0.33, 0.31)

b)  Usage related to  RF-EMF exposure

self-reported

duration data traffic mobile phone [min/d] 0.60 (0.04, 1.16) 0.98 (0.41, 1.55) −0.02 (−0.63, 0.60) −0.01  (−0.66, 0.64)

duration cordless phone calls [min/d] 0.43 (0.20, 0.66) 0.36 (0.12, 0.59) −0.05 (−0.42, 0.31) −0.05  (−0.43, 0.33)

duration mobile phone calls [min/d] 0.29 (0.14, 0.44) 0.28 (0.13, 0.43) −0.32 (−0.56, −0.08) −0.34 (−0.59, −0.08)

operator-recorded

volume  data traffic mobile phone [MB/d] −0.02 (−0.14, 0.11) 0.02 (−0.10, 0.15) 0.11 (−0.19, 0.40) 0.07 (−0.23, 0.37)

duration  mobile phone calls [min/d] 0.06 (−0.10, 0.22) 0.06 (−0.10, 0.21) −0.08 (−0.31, 0.14) −0.10  (−0.33, 0.14)

c)  Cumulative RF-EMF dose

whole sample

brain dose [mJ/kg/d] 0.36 (0.19, 0.54) 0.33 (0.15, 0.50) −0.59 (−0.90, −0.29) −0.61 (−0.93, −0.28)

whole-body dose [mJ/kg/d] 0.43 (0.26, 0.59) 0.41 (0.25, 0.57) −0.35 (−0.58, −0.11) −0.39 (−0.63, −0.14)

operator sample

brain dose [mJ/kg/d] 0.22 (−0.01, 0.45) 0.19 (−0.04, 0.42) −0.14 (−0.35, 0.07) −0.19 (−0.40, 0.03)

whole-body dose [mJ/kg/d] 1.13 (0.65, 1.62) 1.19 (0.70, 1.68) 0.10 (−0.40, 0.60) −0.03  (−0.55, 0.50)

2)  SDQ Adolescents total strengths

a)  Usage not related to RF-EMF exposure

self-reported

duration gaming [min/d] −0.25 (−0.36, −0.14) −0.08 (−0.20, 0.03) 0.14 (−0.02, 0.30) 0.26 (0.06, 0.45)

text messages sent [x/d] 0.09 (−0.09, 0.28) −0.04 (−0.24, 0.16) −0.04 (−0.31, 0.23) 0.05 (−0.25, 0.35)

operator-recorded

SMS  sent [x/d] 0.04 (−0.02, 0.09) 0.03 (−0.02, 0.09) 0.01 (−0.10, 0.13) 0.00  (−0.13, 0.13)

b)  Usage related to  RF-EMF exposure

self-reported

duration data traffic mobile phone [min/d] −0.08  (−0.28, 0.12) −0.19 (−0.39, 0.01) −0.01 (−0.25, 0.23) 0.06 (−0.19, 0.32)

duration cordless phone calls [min/d] 0.02 (−0.06, 0.11) 0.00 (−0.08, 0.09) 0.03 (−0.11, 0.17) 0.05 (−0.10, 0.20)

duration mobile phone calls [min/d] 0.00 (−0.05, 0.06) −0.02 (−0.08, 0.03) 0.01 (−0.08, 0.10) 0.03 (−0.07, 0.13)

operator-recorded

volume data traffic mobile phone [MB/d] −0.02  (−0.06, 0.03) −0.02 (−0.07, 0.02) −0.08 (−0.20, 0.03) −0.08  (−0.20, 0.04)

duration mobile phone calls [min/d] 0.03 (−0.03, 0.08) 0.03 (−0.03, 0.08) 0.01 (−0.07, 0.10) 0.00  (−0.09, 0.09)

c)  Cumulative RF-EMF dose

whole sample

brain dose [mJ/kg/d] 0.00 (−0.06, 0.06) −0.02 (−0.08, 0.04) −0.02 (−0.14, 0.10) 0.00  (−0.13, 0.13)

whole-body dose [mJ/kg/d] −0.02 (−0.08, 0.03) −0.05 (−0.11, 0.01) −0.01 (−0.10, 0.08) 0.01 (−0.09, 0.11)

operator sample

brain dose [mJ/kg/d] −0.03  (−0.11, 0.05) −0.03 (−0.10, 0.05) 0.00 (−0.08, 0.09) 0.00  (−0.08, 0.09)

whole-body dose [mJ/kg/d] −0.08  (−0.25, 0.09) −0.08 (−0.25, 0.09) −0.04 (−0.24, 0.15) −0.03  (−0.24, 0.17)

a Cross-sectional models were adjusted for age, sex, nationality, school level, frequency of physical activity, frequency of alcohol consumption (asked in the  adolescents’

questionnaire) and highest educational level of the parents (asked in the parent’s questionnaire).
b Longitudinal models were additionally adjusted for change in height between baseline and follow-up (asked in adolescents’ questionnaire) and time between baseline

and follow-up.

3.5. Concentration capacity

Concentration capacity was significantly negatively associated

with some self-reported as well as objectively recorded use and

dose measures in  the cross-sectional mixed model analysis: How-

ever, no associations were seen in the longitudinal analysis except

a decrease in homogeneity and power of concentration over one

year in relation to  duration of gaming (Fig. 1 and Table S2 in Supple-

mentary material). The adjustment for confounders did not much

change the results and results were comparable for categorical

exposure measures (data not shown).

3.6. Personal measurements

In the subset of 91 adolescents with personal measurements,

mean total RF-EMF exposure was 66.8 �W/m2 (interquartile

range = 64.5 �W/m),  mean total exposure without uplink (mobile

phone handsets) was 24.7 �W/m2 (35.7 �W/m), mean fixed

site transmitters exposure 17.0 �W/m2 (16.0 �W/m) and mean

downlink exposure (mobile phone base stations) 12.7 �W/m2

(11.5 �W/m2). SDQ Adolescents total difficulties and total strengths

and SDQ Parents total difficulties and total strengths were not related

to  measured RF-EMF exposure (Table 4 and Table S3 in Supple-

mentary material). Homogeneity and power of concentration were

significantly negatively associated with total RF-EMF exposure if

uplink was not considered, but not  with downlink and fixed site

transmitters exposure alone (Table 4).  Accuracy of concentration

was not associated with either of the measured exposures.

4. Discussion

In  this study the associations of behavioural problems and

concentration capacity with several self-reported and operator-

recorded exposure measures involving different extent of  RF-EMF
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Fig. 1. Adjusted coefficients and corresponding 95% confidence intervals (95% CI) per interquartile change in exposure variables for concentration capacity (FAKT) for the

cross-sectional mixed model analysis and the longitudinal analysis. For corresponding numbers see Table S2 in the Supplementary material.

exposure were explored applying a  cross-sectional as well as a

longitudinal approach. Behavioural problems and concentration

capacity were associated with several wireless device use and RF-

EMF dose exposure variables in the cross-sectional analysis, but

less so in the longitudinal analysis. Thus, in  summary we did not

find indications that RF-EMF exposure affects behaviour or concen-

tration capacity of adolescents.

The cross-sectional associations for self-reported duration of

gaming and data traffic on the mobile phone are in  line with the

findings of Byun et al. (2013) and Zheng et al. (2014) of ADHD symp-

toms being related to mobile phone use for gaming (Byun et al.,

2013) and of inattention to time spent on the mobile phone for

entertainment (Zheng et al., 2014). For these cross-sectional analy-

ses reverse causality is  of concern. It is conceivable that hyperactive

adolescents with problems in  attention are prone to  game longer

and use their mobile phone with its various possibilities to enter-

tain more often than other adolescents. But if indeed extensive

gaming or extensive mobile phone use would cause behavioural

problems, one would expect to see this in the longitudinal analyses

as well. However, this was not the case; rather we found self-

reported duration of mobile phone calls and RF-EMF dose measures

to be associated with a decrease in SDQ Adolescents total difficulties

over one year. Though, these relations were neither seen for objec-

tively recorded mobile phone call duration nor for the SDQ  Parents
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Table  4

Crude and adjusted changes in behavioural scores (coefficients) and corresponding 95% confidence intervals (95% CI) per  interquartile change in personal exposure measure-

ment variables for SDQ Adolescents total difficulties and total strengths and concentration capacity (FAKT). Significant results (p < 0.05) are  indicated in bold. For results for

SDQ Parents total difficulties and total strengths see Table S3 in the Supplementary material.

Behavioural problems ne crude Coeff (95% CI) adjustedf Coeff (95% CI)

SDQ Adolescents total difficulties

Downlinka 91  0.09 (−0.60, 0.78) 0.16 (−0.58, 0.90)

Fixed  site transmittersb 91  0.15 (−0.58, 0.88) 0.20 (−0.59, 0.98)

Totalc 91  0.24 (−0.45, 0.92) 0.16 (−0.59, 0.91)

Total  without uplinkd 91  0.39 (−0.43, 1.22) 0.43 (−0.46, 1.32)

SDQ  Adolescents total strengths

Downlinka 91  −0.01 (−0.20, 0.19) −0.10  (−0.31, 0.10)

Fixed  site transmittersb 91  −0.09 (−0.29, 0.12) −0.20  (−0.41, 0.01)

Totalc 91  0.05 (−0.15, 0.24) −0.03  (−0.24, 0.18)

Total  without uplinkd 91  −0.03 (−0.26, 0.21) −0.16 (−0.41, 0.08)

Concentration capacity

Homogeneity of concentration

Downlinka 79  −1.39 (−5.22, 2.45) −0.19 (−3.53, 3.16)

Fixed  site transmittersb 79  −2.43 (−6.96, 2.11) −0.75 (−4.78, 3.29)

Totalc 79  −0.78 (−3.11, 1.54) −2.04 (−4.14, 0.05)

Total  without uplinkd 79  −2.65 (−6.44, 1.13) −3.50 (−6.79, −0.20)

Power of concentration

Downlinka 79  −2.69 (−7.45, 2.08) −1.15 (−5.60, 3.30)

Fixed  site transmittersb 79  −4.36 (−9.98, 1.26) −2.31 (−7.66, 3.04)

Totalc 79  −1.24 (−4.14, 1.66) −2.37 (−5.18, 0.44)

Total  without uplinkd 79  −4.94 (−9.58, −0.29) −6.00 (−10.30, −1.71)

Accuracy of concentration

Downlinka 79  −0.11 (−1.13, 0.90) −0.02  (−1.06, 1.01)

Fixed  site transmittersb 79  −0.19 (−1.39, 1.02) −0.03  (−1.28, 1.22)

Totalc 79  −0.03 (−0.64, 0.59) −0.09  (−0.76, 0.57)

Total  without uplinkd 79  −0.27 (−1.28, 0.74) −0.35 (−1.40, 0.70)

a Downlink means exposure from mobile phone base stations.
b Fixed site transmitters means exposure from fixed site transmitters (TV broadcast transmitters and mobile phone base stations).
c Total means the  total RF-EMF exposure.
d Total without uplink means total RF-EMF exposure without exposure from mobile phone handsets.
e Due to technical failures of the computerized testing system (FAKT) data was not available for all participants.
f Models were adjusted for age, sex, nationality, school level, frequency of physical activity, frequency of alcohol consumption (asked  in the adolescents’ questionnaire)

and  highest educational level of the parents (asked in the parents’ questionnaire).

total difficulties. Concentration capacity of the adolescents was

negatively associated with several self-reported and objectively

recorded use and dose measures in  the cross-sectional analysis.

These cross-sectional findings are in  line with other cross-sectional

studies on self-reported concentration difficulties and mobile and

cordless phone use (Söderqvist et al., 2008)  and measured concen-

tration performance and number of mobile phone calls (Abramson

et al., 2009). But they contradict a  study in  students from Hong Kong

where mobile phone users showed a better performance in one of

three cognitive tasks measuring attention (Lee et al., 2001).

In agreement with a  longitudinal Australian study (Thomas et al.,

2010a) we did not find cumulative mobile phone use between

baseline and follow-up related to changes in concentration capac-

ity over one year in the longitudinal analysis. However, we found

cumulative duration of gaming associated with a reduction in con-

centration capacity over one year. One may  speculate that  regular

gamers in our sample were less motivated compared to the rest

of the sample to conduct concentration tests, which may  appear

rather boring compared to computer games.

To  the best of our knowledge, this is  the first study investigating

behavioural problems and concentration capacity of adolescents

using a longitudinal approach and combining various exposure

measures including self-reported and operator-recorded mobile

phone use and cumulative RF-EMF dose measures. The RF-EMF dose

measures consider various exposure relevant circumstances such

as the use of mobile phones for calling and data transmission, cord-

less phone use, the use computers, laptops and tablets connected

to WLAN and environmental sources such as mobile phone base

stations, broadcast transmitters, cordless phone and WLAN base

stations and mobile phones in  the surroundings.

In  contrast to previous studies on this subject we additionally

considered objectively recorded duration of mobile phone calls, fre-

quency of SMS  sent and amount of data traffic on the mobile phone.

Thus, recall bias is not  of concern for these analyses.

Strikingly, cross-sectional associations for behavioural prob-

lems were systematically stronger for self-reported use compared

to objectively recorded use. This indicates that information bias

may be relevant in this context for our study as well as for other

cross-sectional studies. Such a pattern was not seen for the concen-

tration test.

To measure concentration capacity, a  standardized comput-

erized cognitive test battery was  used. Although factors such as

carefulness or motivation may  have influenced the performance of

the adolescents, these factors would only act as confounders, if they

were related to  the exposures as well. Behavioural problems were

self-reported by the adolescents using a standardized and widely

used scale. We had additionally parent-rated behavioural problems

available. We  found slightly more associations for the self-reported

behavioural problems compared to the parent-rated behavioural

problems. These may  be caused by information bias.

One major aim of this study was  to differentiate between effects

from RF-EMF exposure and other factors related to  the use of wire-

less communication devices such as addiction (Roser et al., 2015b),

sleep deprivation from blue screen (Cajochen et al., 2011)  or  being

awakened at night by a  mobile phone (Schoeni et al., 2015b; Van

den Bulck, 2003). We  hypothesized that if  there was a  causal asso-

ciation between RF-EMF exposure and behaviour or concentration

capacity, one would expect more pronounced associations for dose

measures compared to  simple usage surrogates as we have seen

for memory performance in  our study (Schoeni et al., 2015a). How-
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ever, this was not the case. Associations for RF-EMF dose measures

tended to be similar to usage measures and thus RF-EMF exposure is

unlikely to be relevant for the observed associations. Nevertheless,

the fact that some usage measures are used to estimate the RF-

EMF doses limits the possibility to  disentangle effects from RF-EMF

exposure and effects from device us  itself. For instance cumulative

duration of self-reported mobile phone calls is the main contrib-

utor to the brain dose (93.6%) and the whole body dose (69.4%)

producing a high correlation. This  high correlation explains why

in the longitudinal analysis a  decrease of SDQ  Adolescents total dif-

ficulties with increasing brain and whole-body RF-EMF dose was

observed, which was similar to the association with self-reported

mobile phone call duration. From the comparison with operator

recorded mobile phone use, it becomes obvious that self-reported

mobile phone use is overestimated and thus, the lack of consis-

tency in terms of operator-recorded data and parental SDQ rating

does not indicate an EMF effect for total difficulties.

In  addition to calculated RF-EMF dose measures, we used per-

sonal RF-EMF measurements from a  subsample of the participants

to investigate RF-EMF exposure and behavioural problems and

concentration capacity. We  did not find an association between

behavioural problems and measured personal RF-EMF exposure.

This is in contrast to a German study showing significantly more

behavioural problems in adolescents with higher measured expo-

sure (Thomas et al., 2010b). However, homogeneity and power of

concentration were negatively related to  measured total RF-EMF

exposure without uplink (exposure from mobile phone hand-

sets). Measured total exposure without uplink represents mainly

exposure from fixed site transmitters (broadcast transmitters and

mobile phone base stations) and to a  smaller extent exposure

from cordless phone and WLAN base stations (Roser et al. under

preparation). Unlike uplink, these environmental sources are not

related to lifestyle and less heavily affected by  the own behaviour.

However, these environmental sources contribute only minimally

(1.6% of the brain dose and 6.0% of the whole body dose (Roser

et al., 2015a)) to the total RF-EMF dose. In addition, the sample

for this analysis is  small. Thus, these results should be interpreted

with caution. The most comparable study in  terms of this type

of exposure is the experimental study by Riddervold et al. (2008)

showing no effects of 45 min  of UMTS base station exposure on

attention performance in adolescents (Riddervold et al., 2008). In

our HERMES cohort self-reported symptoms were not consistently

associated with modelled RF-EMF exposure from fixed site trans-

mitters (Schoeni et al., 2016).

5. Conclusions

We  have confirmed previous cross-sectional studies report-

ing associations between behavioural problems and self-reported

duration of wireless device use. Our associations were weaker if

objectively recorded usage data were considered, which suggests

that recall bias has affected the cross-sectional associations based

on self-reported exposure. Further, the lack of consistent exposure-

response patterns in  our  longitudinal analyses on behaviour and

concentration capacity indicates the absence of causality but rather

reverse causality as an explanation for observed associations in

cross-sectional analyses. In summary, we did not find indications

that RF-EMF exposure affects behaviour or concentration capacity

of adolescents.
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Behavioural problems (SDQ) 

Table S1. Crude and adjusted coefficients and corresponding 95% confidence intervals (95% 

CI) per interquartile change in exposure variables for SDQ Parents total difficulties and total 

strengths for the cross-sectional mixed model analysis and the longitudinal analysis. 

Significant results (p < 0.05) are indicated in bold. For corresponding figures see Figures S3 

and S4. 

 
    Cross-sectional mixed model analysis Longitudinal analysis 

  crude Coeff (95% CI) adjusteda Coeff (95% CI) crude Coeff (95% CI) adjustedb Coeff (95% CI) 

SDQ Parents total difficulties         

Usage not related to RF-EMF exposure      

 self-reported      

 duration gaming [min/d] 0.64 (0.34, 0.95) 0.51 (0.19, 0.84) -0.03 (-0.48, 0.42) 0.06 (-0.45, 0.58) 

 text messages sent [x/d] -0.32 (-0.87, 0.23) -0.21 (-0.84, 0.41) 0.00 (-0.72, 0.73) -0.04 (-0.83, 0.74) 

 operator-recorded      

 SMS sent [x/d] 0.19 (0.03, 0.36) 0.18 (0.02, 0.35) -0.07 (-0.32, 0.19) -0.03 (-0.29, 0.24) 

Usage related to RF-EMF exposure      

 self-reported      

 duration data traffic mobile phone [min/d] 0.75 (0.11, 1.38) 0.91 (0.26, 1.56) -0.26 (-0.96, 0.44) -0.33 (-1.07, 0.41) 

 duration cordless phone calls [min/d] 0.18 (-0.10, 0.45) 0.17 (-0.10, 0.44) -0.13 (-0.47, 0.21) -0.15 (-0.50, 0.20) 

 duration mobile phone calls [min/d] -0.03 (-0.20, 0.15) -0.02 (-0.20, 0.16) -0.07 (-0.36, 0.22) -0.10 (-0.40, 0.21) 

 operator-recorded      

 volume data traffic mobile phone [MB/d] -0.05 (-0.13, 0.03) -0.04 (-0.12, 0.05) -0.09 (-0.30, 0.11) -0.06 (-0.26, 0.15) 

 duration mobile phone calls [min/d] 0.11 (-0.02, 0.25) 0.10 (-0.03, 0.24) -0.02 (-0.20, 0.16) -0.01 (-0.19, 0.17) 

Cumulative RF-EMF dose      

 whole sample      

 brain dose [mJ/kg/d] 0.02 (-0.17, 0.20) 0.02 (-0.17, 0.20) -0.13 (-0.47, 0.20) -0.18 (-0.53, 0.16) 

 whole-body dose [mJ/kg/d] 0.14 (-0.05, 0.34) 0.15 (-0.05, 0.35) -0.16 (-0.49, 0.17) -0.19 (-0.53, 0.16) 

 operator sample      

 brain dose [mJ/kg/d] 0.19 (0.00, 0.38) 0.16 (-0.03, 0.35) -0.01 (-0.18, 0.16) 0.00 (-0.17, 0.16) 

 whole-body dose [mJ/kg/d] 0.78 (0.34, 1.22) 0.74 (0.29, 1.18) 0.05 (-0.43, 0.53) 0.13 (-0.37, 0.62) 

       
SDQ Parents total strengths         

Usage not related to RF-EMF exposure       

 self-reported       

 duration gaming [min/d] -0.11 (-0.24, 0.02) 0.00 (-0.14, 0.14) 0.11 (-0.10, 0.32) -0.01 (-0.25, 0.24) 

 text messages sent [x/d] -0.10 (-0.34, 0.13) -0.06 (-0.32, 0.20) 0.09 (-0.25, 0.43) 0.15 (-0.22, 0.52) 

 operator-recorded 0.02 (-0.05, 0.09) 0.01 (-0.06, 0.08) 0.06 (-0.06, 0.19) 0.07 (-0.06, 0.20) 

 SMS sent [x/d]       
Usage related to RF-EMF exposure -0.18 (-0.44, 0.09) -0.15 (-0.43, 0.12) 0.01 (-0.32, 0.33) 0.00 (-0.35, 0.35) 

 self-reported -0.02 (-0.14, 0.09) -0.05 (-0.16, 0.07) 0.03 (-0.13, 0.19) 0.04 (-0.12, 0.21) 

 duration data traffic mobile phone [min/d]       

 duration cordless phone calls [min/d]       

 duration mobile phone calls [min/d] 0.01 (-0.06, 0.08) -0.01 (-0.08, 0.07) 0.09 (-0.04, 0.23) 0.14 (-0.01, 0.28) 

 operator-recorded 0.03 (-0.01, 0.07) 0.03 (-0.01, 0.07) 0.04 (-0.06, 0.15) 0.02 (-0.08, 0.13) 

 volume data traffic mobile phone [MB/d]       

 duration mobile phone calls [min/d] -0.01 (-0.07, 0.05) -0.01 (-0.07, 0.05) 0.04 (-0.05, 0.13) 0.04 (-0.05, 0.14) 

Cumulative RF-EMF dose       

 whole sample       

 brain dose [mJ/kg/d] -0.01 (-0.09, 0.06) -0.03 (-0.11, 0.05) 0.06 (-0.09, 0.22) 0.09 (-0.07, 0.25) 

 whole-body dose [mJ/kg/d] -0.03 (-0.12, 0.05) -0.05 (-0.13, 0.03) 0.04 (-0.11, 0.19) 0.06 (-0.10, 0.22) 

 operator sample       

 brain dose [mJ/kg/d] -0.04 (-0.12, 0.04) -0.04 (-0.11, 0.04) 0.01 (-0.07, 0.10) 0.00 (-0.08, 0.09) 

  whole-body dose [mJ/kg/d] -0.09 (-0.28, 0.10) -0.05 (-0.24, 0.14) -0.01 (-0.25, 0.24) -0.06 (-0.31, 0.19) 

a Cross-sectional models were adjusted for age, sex, nationality, school level, frequency of physical activity, 

frequency of alcohol consumption (asked in the adolescents’ questionnaire) and highest educational level of the 

parents (asked in the parent’s questionnaire). 
b Longitudinal models were additionally adjusted for change in height between baseline and follow-up (asked in 

adolescents’ questionnaire) and time between baseline and follow-up. 



 

 

Figure S1. Adjusted coefficients and corresponding 95% confidence intervals (95% CI) per 

interquartile change in exposure variables for SDQ Adolescents total difficulties and total 

strengths for the cross-sectional mixed model analysis and the longitudinal analysis. 

 
  



 

 

Figure S2. Adjusted coefficients and corresponding 95% confidence intervals (95% CI) per 

interquartile change in exposure variables for SDQ Adolescents emotional symptoms, conduct 

problems, hyperactivity/inattention and peer relationship problems for the cross-sectional 

mixed model analysis and the longitudinal analysis. 

 
  



 

 

Figure S3. Adjusted coefficients and corresponding 95% confidence intervals (95% CI) per 

interquartile change in exposure variables for SDQ Parents total difficulties and total strengths 

for the cross-sectional mixed model analysis and the longitudinal analysis. 

 
  



 

 

Figure S4. Adjusted coefficients and corresponding 95% confidence intervals (95% CI) per 

interquartile change in exposure variables for SDQ Parents emotional symptoms, conduct 

problems, hyperactivity/inattention and peer relationship problems for the cross-sectional 

mixed model analysis and the longitudinal analysis. 

 



 

 

Concentration capacity (FAKT) 

Table S2. Crude and adjusted coefficients and corresponding 95% confidence intervals (95% 

CI) per interquartile change in exposure variables for concentration capacity (FAKT) for the 

cross-sectional mixed model analysis and the longitudinal analysis. Significant results 

(p < 0.05) are indicated in bold. 

 
    Cross-sectional mixed model analysis Longitudinal analysis 

  crude Coeff (95% CI) adjusteda Coeff (95% CI) crude Coeff (95% CI) adjustedb Coeff (95% CI) 

Homogeneity of concentration         

Usage not related to RF-EMF exposure      

 self-reported      

 duration gaming [min/d] -1.13 (-2.74, 0.47) -0.71 (-2.41, 0.99) -1.54 (-4.17, 1.09) -3.38 (-6.68, -0.08) 

 text messages sent [x/d] 1.80 (-0.93, 4.53) -2.97 (-5.91, -0.02) -2.45 (-6.54, 1.65) -1.26 (-5.80, 3.28) 

 objective      

 SMS sent [x/d] -0.52 (-1.42, 0.39) -0.47 (-1.33, 0.40) 0.32 (-1.55, 2.20) 0.23 (-1.82, 2.28) 

Usage related to RF-EMF exposure      

 self-reported      

 duration data traffic mobile phone [min/d] -0.88 (-3.97, 2.20) -3.41 (-6.44, -0.37) -3.16 (-7.05, 0.73) -2.31 (-6.48, 1.85) 

 duration cordless phone calls [min/d] -2.24 (-3.53, -0.94) -1.85 (-3.09, -0.60) -0.93 (-3.24, 1.39) -0.34 (-2.79, 2.10) 

 duration mobile phone calls [min/d] -0.36 (-1.29, 0.57) -0.49 (-1.41, 0.43) -1.70 (-3.48, 0.08) -1.44 (-3.42, 0.54) 

 objective      

 volume data traffic mobile phone [MB/d] -0.11 (-0.60, 0.39) -0.42 (-0.89, 0.05) -1.30 (-2.76, 0.15) -1.26 (-2.76, 0.24) 

 duration mobile phone calls [min/d] -0.85 (-1.69, -0.02) -1.06 (-1.86, -0.26) -0.83 (-2.10, 0.44) -0.76 (-2.15, 0.63) 

Cumulative RF-EMF dose      

 whole sample      

 brain dose [mJ/kg/d] -0.63 (-1.65, 0.40) -0.68 (-1.67, 0.31) -1.05 (-2.91, 0.81) -0.68 (-2.67, 1.31) 

 whole body dose [mJ/kg/d] -0.63 (-1.64, 0.38) -0.76 (-1.75, 0.23) -1.73 (-3.80, 0.35) -1.29 (-3.51, 0.93) 

 operator sample      

 brain dose [mJ/kg/d] -1.38 (-2.57, -0.20) -1.64 (-2.76, -0.51) -0.71 (-1.94, 0.52) -0.55 (-1.85, 0.75) 

 whole body dose [mJ/kg/d] -1.46 (-4.10, 1.18) -2.81 (-5.41, -0.20) -1.92 (-4.46, 0.63) -1.62 (-4.39, 1.16) 

       
Power of concentration         

Usage not related to RF-EMF exposure      

 self-reported      

 duration gaming [min/d] -0.95 (-3.28, 1.37) -0.46 (-2.77, 1.86) -2.49 (-5.51, 0.53) -4.18 (-7.95, -0.40) 

 text messages sent [x/d] 8.80 (4.98, 12.62) -0.32 (-4.33, 3.70) -0.15 (-4.86, 4.57) 1.30 (-3.90, 6.50) 

 operator-recorded      

 SMS sent [x/d] -1.21 (-2.46, 0.03) -0.95 (-2.08, 0.18) 0.62 (-1.44, 2.68) 1.10 (-1.14, 3.33) 

Usage related to RF-EMF exposure      

 self-reported      

 duration data traffic mobile phone [min/d] 3.38 (-1.03, 7.78) -1.27 (-5.35, 2.82) -0.50 (-4.99, 4.00) 0.80 (-3.98, 5.58) 

 duration cordless phone calls [min/d] -3.25 (-5.10, -1.40) -2.14 (-3.82, -0.46) -0.88 (-3.55, 1.79) -0.15 (-2.95, 2.65) 

 duration mobile phone calls [min/d] -0.34 (-1.69, 1.00) -0.66 (-1.93, 0.62) -2.16 (-4.21, -0.12) -1.82 (-4.09, 0.44) 

 operator-recorded      

 volume data traffic mobile phone [MB/d] 0.48 (-0.18, 1.14) -0.05 (-0.63, 0.53) -0.21 (-1.82, 1.41) 0.01 (-1.64, 1.67) 

 duration mobile phone calls [min/d] -0.78 (-1.93, 0.38) -1.06 (-2.09, -0.03) -0.35 (-1.75, 1.05) 0.05 (-1.48, 1.57) 

Cumulative RF-EMF dose      

 whole sample      

 brain dose [mJ/kg/d] -1.03 (-2.50, 0.44) -1.12 (-2.46, 0.22) -2.00 (-4.13, 0.14) -1.70 (-3.97, 0.57) 

 whole body dose [mJ/kg/d] -0.55 (-2.00, 0.91) -0.77 (-2.13, 0.59) -2.36 (-4.74, 0.02) -1.88 (-4.42, 0.66) 

 operator sample      

 brain dose [mJ/kg/d] -1.02 (-2.67, 0.63) -1.38 (-2.87, 0.10) -0.48 (-1.84, 0.88) -0.22 (-1.65, 1.21) 

  whole body dose [mJ/kg/d] 1.16 (-2.54, 4.86) -1.03 (-4.54, 2.47) -1.31 (-4.12, 1.50) -0.60 (-3.65, 2.45) 

a Cross-sectional models were adjusted for age, sex, nationality, school level, frequency of physical activity, 

frequency of alcohol consumption (asked in the adolescents’ questionnaire) and highest educational level of the 

parents (asked in the parent’s questionnaire). 
b Longitudinal models were additionally adjusted for change in height between baseline and follow-up (asked in 

adolescents’ questionnaire) and time between baseline and follow-up. 

 



 

 

Continuation Table S2 

    Cross-sectional mixed model analysis Longitudinal analysis 

    crude Coeff (95% CI) adjusteda Coeff (95% CI) crude Coeff (95% CI) adjustedb Coeff (95% CI) 

Accuracy of concentration         

Usage n related to RF-EMF exposure      

 self-reported      

 duration gaming [min/d] -0.27 (-0.72, 0.19) -0.27 (-0.76, 0.22) -0.20 (-0.94, 0.53) -0.51 (-1.43, 0.41) 

 text messages sent [x/d] 0.59 (-0.18, 1.35) -0.39 (-1.24, 0.46) -0.11 (-1.26, 1.03) 0.14 (-1.12, 1.41) 

 operator-recorded      

 SMS sent [x/d] -0.24 (-0.50, 0.01) -0.22 (-0.48, 0.03) 0.04 (-0.48, 0.56) 0.22 (-0.34, 0.78) 

Usage related to RF-EMF exposure      

 self-reported      

 duration data traffic mobile phone [min/d] 0.01 (-0.85, 0.87) -0.58 (-1.46, 0.29) 0.18 (-0.91, 1.27) 0.37 (-0.79, 1.53) 

 duration cordless phone calls [min/d] -0.58 (-0.94, -0.22) -0.49 (-0.85, -0.13) -0.19 (-0.84, 0.46) -0.04 (-0.72, 0.64) 

 duration mobile phone calls [min/d] -0.24 (-0.51, 0.02) -0.31 (-0.58, -0.05) -0.42 (-0.92, 0.07) -0.40 (-0.95, 0.16) 

 operator-recorded      

 volume data traffic mobile phone [MB/d] 0.01 (-0.13, 0.15) -0.05 (-0.19, 0.09) -0.25 (-0.66, 0.15) -0.19 (-0.60, 0.22) 

 duration mobile phone calls [min/d] -0.22 (-0.45, 0.01) -0.26 (-0.49, -0.03) -0.20 (-0.55, 0.16) -0.15 (-0.53, 0.23) 

Cumulative RF-EMF dose      

 whole sample      

 brain dose [mJ/kg/d] -0.17 (-0.46, 0.11) -0.22 (-0.51, 0.06) -0.21 (-0.73, 0.31) -0.13 (-0.68, 0.42) 

 whole body dose [mJ/kg/d] -0.25 (-0.53, 0.04) -0.32 (-0.61, -0.03) -0.34 (-0.92, 0.24) -0.26 (-0.88, 0.36) 

 operator sample      

 brain dose [mJ/kg/d] -0.40 (-0.73, -0.07) -0.45 (-0.78, -0.12) -0.02 (-0.37, 0.32) 0.05 (-0.31, 0.41) 

  whole body dose [mJ/kg/d] -0.57 (-1.31, 0.17) -0.82 (-1.58, -0.06) -0.41 (-1.11, 0.30) -0.25 (-1.01, 0.51) 

a Cross-sectional models were adjusted for age, sex, nationality, school level, frequency of physical activity, 
frequency of alcohol consumption (asked in the adolescents’ questionnaire) and highest educational level of the 

parents (asked in the parent’s questionnaire). 
b Longitudinal models were additionally adjusted for change in height between baseline and follow-up (asked in 

adolescents’ questionnaire) and time between baseline and follow-up. 

 

  



 

 

Personal RF-EMF measurements 

Table S3. Crude and adjusted coefficients and corresponding 95% confidence intervals (95% 

CI) per interquartile change in personal exposure measurement variables for SDQ Parents 

total difficulties and total strengths. Significant results (p < 0.05) are indicated in bold. 

 

  ne crude Coeff (95% CI) adjustedf Coeff (95% CI) 

Behavioural problems       

SDQ Parents total difficulties       

Downlinka 81 0.21 (-0.37, 0.80) 0.40 (-0.26, 1.05) 

Fixed site transmittersb 81 0.20 (-0.40, 0.80) 0.38 (-0.29, 1.05) 

Totalc 81 0.42 (-0.10, 0.95) 0.41 (-0.16, 0.99) 

Total without uplinkd 81 0.52 (-0.14, 1.18) 0.63 (-0.10, 1.36) 

SDQ Parents total strengths       

Downlinka 81 0.01 (-0.19, 0.22) -0.03 (-0.26, 0.20) 

Fixed site transmittersb 81 0.02 (-0.19, 0.23) -0.02 (-0.25, 0.22) 

Totalc 81 -0.13 (-0.31, 0.06) -0.07 (-0.28, 0.13) 

Total without uplinkd 81 -0.10 (-0.33, 0.14) -0.06 (-0.32, 0.20) 

a Downlink means exposure from mobile phone base stations. 
b Fixed site transmitters means exposure from fixed site transmitters (TV broadcast transmitters and mobile 

phone base stations). 
c Total means the total RF-EMF exposure. 
d Total without uplink means total RF-EMF exposure without exposure from mobile phone handsets. 
e Due to technical failures of the computerized testing system (FAKT) data was not available for all participants. 
f Models were adjusted for age, sex, nationality, school level, frequency of physical activity, frequency of 

alcohol consumption (asked in the adolescents’ questionnaire) and highest educational level of the parents (asked 

in the parent’s questionnaire). 
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8 Summary of main findings In the following, the results of the objectives outlined in section 2 are presented as short summaries of the main findings that are discussed in detail in the respective articles in the sections 4 to 7. Objective 1 Investigate problematic mobile phone use of adolescents and its relation to mental health and behavioural problems. Derivation of a short scale MPPUS-10: The derivation of the short scale was based on the baseline data of the HERMES study restricted to the participants owning a mobile phone and complete MPPUS data (n = 377). The PCA revealed four factors related to symptoms of addiction (loss of control, withdrawal, negative life consequences and craving) and a fifth factor reflecting the social component of problematic mobile phone use (peer dependence) considered being especially important in adolescents. The shortened scale MPPUS-10 highly reflects the original MPPUS (Kendall’s τ = 0.80 with 90% concordant pairs). The internal consistency of the MPPUS-10 was good (CroŶďaĐh’s α = 0.85). In conclusion, the short version MPPUS-10 is a suitable instrument for research in adolescents. It will help to further clarify the definition of problematic mobile phone use in adolescents. Problematic mobile phone use: 412 of the 439 adolescents participating in the HERMES study owned a mobile phone and were therefore included in the analysis. 319 (77.4%) of these adolescents owned a smartphone. In these adolescents, problematic mobile phone use measured by the MPPUS-10 was higher (30.6 vs. 20.0) whereas the average score for all mobile phone owners was 28.2. Problematic mobile phone use was significantly higher in girls, increased significantly with age and was significantly decreased with increasing educational level of the parents. Amount of mobile phone use: The amount of mobile phone use was correlated with problematic use. The SpearŵaŶ ĐorrelatioŶ ǁas ρ = 0.59 for self-reported frequency of outgoing messages. For other types of use, correlations were moderate ranging from ρ = 0.32 for self-reported frequency of 
Đalls to ρ = 0.42 for self-reported duration of data traffic (all p < 0.001). Behavioural problems: Problematic mobile phone use was significantly positively associated with overall behavioural problems (0.96; 95% CI: (0.58, 1.35) units increase in SDQ score per 10 units increase in MPPUS-10 score). Among the specific behavioural problems measured by the self-reported SDQ, most pronounced association was observed for hyperactivity (0.42; (0.26, 0.57)), followed by conduct problems (0.30; (0.19, 0.41)), emotional symptoms (0.17; (0.02, 0.32)) and 
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antisocial behaviour (-0.14; (-0.25, -0.04)). The results for the parent-rated behavioural problems showed a similar pattern. HRQOL: Six out of the ten HRQOL dimensions were significantly decreased for increasing problematic mobile phone use (moods and emotions, self-perception, autonomy, parent relations and home life, financial resources and school environment). Social support and peers and social acceptance were not related to problematic use. Physical well-being and psychological well-being were significantly decreased in the 10% adolescents with highest problematic use. Control for amount of mobile phone use: We controlled the analysis for the amount of mobile phone use (frequency of outgoing text messages). The associations were similar if adjusting for operator-recorded amount of mobile phone use and if dropping the adjustment for amount of mobile phone use and for other measures of the amount of mobile phone use (call frequency or data traffic). This indicates that the observed associations are independently related to problematic aspects of use and not to the amount of use itself. Objective 2 Describe the personal RF-EMF exposure of Swiss adolescents and evaluate exposure relevant factors. Participants of the personal measurements: We conducted personal measurements in 121 adolescents participating in the HERMES study. After data cleaning, 90 of these sets of measurements and corresponding diary entries were applicable for the analysis. The measurement study participants were comparable to the HERMES follow-up cohort (n = 425) according to sex, age, school level, WLAN in school and at home, owning a mobile phone or a smartphone and mobile phone use besides that fewer adolescents had a mobile phone subscription (compared to using a prepaid mobile phone). More Swiss adolescents and fewer adolescents with mixed nationality participated in the measurement study. Exposure contributions and levels: Total personal RF-EMF measurements on average were 67.1 µW/m² (0.16 V/m). Median total RF-EMF measurements were considerably lower (26.3 µW/m²) reflecting the highly skewed data distribution of the measurements. The exposure from mobile phones contributed most to total measurements (63.2%), followed by exposure from fixed site transmitters (mobile phone base stations: 18.7%, TV broadcast transmitters: 6.4%). WLAN exposure accounted on average for 3.3%, DECT for 7.1%. The measurements were highest in public transport and cars (966.9 µW/m² in cars, 806.0 µW/m² in buses and 568.6 µW/m² in trains) and lowest in schools (63.6 µW/m²) and at home (31.9 µW/m²). Total measurements clearly were higher during daytime compared to night-time (85.9 vs. 29.4 µW/m²). For the participants having measurements 
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during workdays and on weekends (n = 38), the measurements were somewhat higher on the weekend (65.0 vs. 54.2 µW/m²). WLAN in school and at home: WLAN in school and at home had very little impact on the average WLAN measurements. Not switching off the WLAN modem at home during night meant higher average WLAN measurements at home (0.9 vs. 0.4 µW/m²) and for the whole measurement period (2.6 vs. 0.7 µW/m²). Mobile phone use: The own mobile phone use had substantial impact on personal uplink measurements. The participants with a mobile phone subscription had higher average uplink measurements compared to those using prepaid mobile phones (77.7 vs. 12.8 µW/m²). Average uplink measurements were also higher if reporting to not switch off the mobile phone during night (49.6 vs. 22.5 µW/m²) and if using internet by the mobile phone (45.2 vs. 8.9 µW/m²). Stating not to use WLAN by mobile phone resulted in higher average uplink measurements (68.3 vs. 40.5 µW/m²), but strikingly, the difference in average WLAN measurements was marginal (2.7 vs. 2.3 µW/m²). Use of personal measurements for dose calculations: The personal measurements were combined with the exposure from wireless device use to calculate the daily RF-EMF dose for the typical (average) HERMES participant. For the uplink exposure, the mean uplink measurements from the participants not using mobile internet was used since it is assumed that these measurements were less influenced by the own mobile phone use. The far-field exposure derived from the personal measurements contributed 6.4% to the brain dose and 9.8% to the whole body dose. Sensitivity analyses: The manual diary cleaning resulted in changes in measurements for locations with short durations (train and bus), whereas measurements with long durations (home and school) were little affected. Objective 3 Development of an RF-EMF exposure surrogate combining various near-field and far-field RF-EMF sources. Near-field predictors: The highest dose rate (dose for 1 min of use) was found for mobile phone calls on the GSM network (191.9 mJ/kg/min for the brain and 24.7 mJ/kg/min for the whole body) followed by DECT phone calls (22.4 mJ/kg/min for brain and 3.1 mJ/kg/min for the whole body). Regarding cumulative daily dose, GSM mobile phone calls contributed most to the brain and the whole body dose (94.6% and 73.3%, respectively). For the brain, second most contributing predictor was DECT phone calls (4.8%). For the whole body, computer, laptop and tablet use with WLAN 



Summary of main findings  

120  

contributed for 13.0% of the daily dose. Other predictors (UMTS mobile phone calls and mobile phone data traffic) contributed little to the dose. Far-field predictors: We found uplink (61.2%) and downlink (30.4%) contributing most to the far-field dose. Multivariable regression models revealed that attending a school with WLAN, not switching off the WLAN base station at home during night and the time spent in trains explained parts of the WLAN exposure, whereas the number of smartphones used at home and the time spent in trains and buses explained parts of the uplink exposure. However, a considerable part of WLAN and uplink exposure remained unexplained. For the DECT measurements, no available explanatory variable was associated with DECT exposure. For that reason, the average personal DECT measurements at home were used to calculate the dose originating from DECT base stations at home. Combining near-field and far-field dose: The dose originating from the use of devices accounted for 98.4% of the brain dose and 94.0% of the whole body dose. Depending on the mobile phone use, considerable differences were seen in the cumulative dose and in the proportion of the far-field dose on the total dose: For a non-mobile phone user, 27.0% of the dose originated from far-field sources. For a user calling for 6.4 min/day and using the mobile phone for 21.3 min/day for data exchange, 2.2% of the dose originated from far-field sources, and for a heavy user calling for 267.1 min/day and active data exchange of 84.7min/day the proportion of far-field dose dropped to 0.7%. The pattern was similar for the whole body dose (27.4, 3.5 and 0.9%, respectively). Comparing dose calculations with personal measurements: The dose predictions were compared with personal measurements in a subgroup of the participants. They did not correlate with personal 
ŵeasureŵeŶts ;SpearŵaŶ ĐorrelatioŶ ĐoeffiĐieŶts of ρ = 0.10 (p = 0.34) for the brain dose and 
ρ = 0.05 (p = 0.63) for the whole body dose). If restricted to the far-field dose, correlations were slightly higher ;ρ = 0.18 (p = 0.08) for the ďraiŶ dose aŶd ρ = 0.17 (p = 0.09) for the whole body dose). If taking into account only downlink dose predictions and downlink measurements, correlations were 
ρ = 0.53 (p < Ϭ.ϬϬϭͿ for the ďraiŶ aŶd ρ = 0.52 (p < 0.001) for the whole body dose. Objective 4 Investigate whether mobile phone use or RF-EMF exposure causes behavioural problems or affects concentration capacity of adolescents. Behavioural problems: In the cross-sectional analysis, behavioural problems were significantly positively associated with several self-reported use measures but not with operator-recorded mobile phone use. In the longitudinal analysis, the self-reported cumulative duration of mobile phone calls and the cumulative dose were associated with a decrease in self-reported behavioural problems over 



Summary of main findings  

121  

one year. However, these associations were not seen for parent-rated behavioural problems and operator-recorded mobile phone call duration. There was no consistent pattern in relation to RF-EMF exposure. Concentration capacity: Concentration capacity was significantly negatively associated with some self-reported as well as objectively recorded exposure measures in the cross-sectional analysis, but not in the longitudinal analysis except for a correlation between duration of gaming on computers and TV and a decrease in homogeneity and power of concentration over one year. No systematic pattern in relation to RF-EMF exposure was observed. Personal RF-EMF measurements: Behavioural problems were not related to measured personal RF-EMF exposure. Homogeneity and power of concentration were significantly negatively associated with total RF-EMF exposure without uplink, but not with downlink and fixed site transmitters exposure alone. Accuracy of concentration was not associated with either of the measured exposures.   
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9 Discussion The specific objectives of this thesis are discussed in the respective articles. This section provides a general discussion. The aim of the HERMES study was to prospectively investigate whether the use of mobile phones and other wireless communication devices or RF-EMF exposure impacts health, behaviour or cognitive function of adolescents.  9.1 Problematic mobile phone use If the frequent mobile phone use of adolescents has a negative impact on daily life, it may become problematic. One major problem in research on problematic mobile phone use is that no established definition and no common assessment tool of problematic mobile phone use are available yet (Billieux 2012). The MPPUS by Bianchi and Phillips (2005) is a frequently used 27-item questionnaire. But it is rather long with its 27 questions, especially if it is included in a questionnaire covering a lot of other topics as well. Our aim therefore was to shorten this scale using the baseline data of the HERMS study. The shortened version MPPUS-10 consisting of 10 out of the 27 original items showed a good internal consistency and was highly correlated with the original 27-item scale (Article 1). Thus the MPPUS-10 is a suitable instrument to measure problematic mobile phone use in adolescents. It was included in the questionnaire of the continuation of the HERMES study within the international Geronimo study (GERoNiMO  2015). It will hopefully contribute to research in problematic mobile phone use in adolescents in becoming a widely used measurement tool enabling to compare different studies using the same measurement tool. Applying the MPPUS-10, we found problematic mobile phone use related to internal and external 
faĐtors of adolesĐeŶts’ life (Article 2). External factors associated with problematic mobile phone use were worse school environment and home environment; internal factors were impaired HRQOL and behavioural problems. We controlled our analysis for amount of mobile phone use. For that purpose, self-reported and operator-recorded mobile phone use was used. The results were similar if dropping the adjustment for the amount of use. Thus these factors were related to the problematic aspects of mobile phone use and not the amount itself. The study presented in article 2 was of cross-sectional design. Thus, we were not able to conclude if problematic mobile phone use was caused by these factors or the other way around. For both directions, there are plausible pathways (Article 2). The continuation of the HERMES study within the international Geronimo study (GERoNiMO  2015) will allow repeating the analysis in a larger data set and with a longitudinal design. 
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9.2 Personal RF-EMF measurements 9.2.1 Personal uplink measurements The own mobile phone use of the adolescents increased the average uplink measurements. Figure 6 illustrates that the uplink measurements were increased for the participants using internet on their mobile phone (Article 3; median = 13.9 µW/m² for mobile internet users and median = 10.4 µW/m² for non-users). Figure 6. Distribution of the mean uplink measurements during the personal measurements for the adolescents using mobile internet (n = 58) and not using mobile internet (n = 6) for the participants with the measurement questionnaire available (n = 64 out of 90 participants of the measurement study). Note that the y axis is in logarithmic scale. 
 The measurement questionnaire filled in directly after the measurement period was available for 64 of the 90 measurement study participants. For the remaining 26 participants, we used the follow-up questionnaire data instead. The duration of mobile internet use and the mean uplink measurements were not correlated (Spearman correlation ρ = Ϭ.Ϭϴ ;p = Ϭ.ϰϳͿ for all ϵϬ partiĐipaŶts aŶd ρ = Ϭ.ϭϬ ;p = 0.42) for the 64 participants with the measurement questionnaire available). The additional information of the proportion of time using WLAN for the mobile internet connection (included in the questionnaire as well) explained at least a part of the measured uplink exposure (the correlations 

iŶĐreased to ρ = 0.21 (p = 0.ϬϱͿ for all partiĐipaŶts aŶd ρ = 0.22 (p = 0.07) for the 64 participants with measurement questionnaire available). Adolescents may have estimated their mobile internet use inexactly. Or the duration of use is not as relevant for the uplink exposure as for example the type of internet use (for instance watching an online video means more data transmitted compared to the exchange of messages what results in 
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higher output power (Gati et al. 2009)). Operator data records or applications such as XMobiSense recording the mobile phone use will help to clarify such open questions. 9.2.2 Limitations of personal measurements Personal measurements with body-worn exposimeters have the advantage to represent the exposure during all everyday activities of the adolescents and therefore to valuably represent personal exposure to RF-EMF emitted by sources in the environment. But personal RF-EMF measurements come also with limitations such as the influence of the body on the measurements (Bolte et al. 2011; Gryz et al. 2015; Neubauer et al. 2010), crosstalk between neighbouring bands (Lauer et al. 2012) or differences in the measurement performance by different devices. Body shielding occurs if the body is between the RF-EMF emitting source and the exposimeter and the body shields the RF-EMFs. For one single measurement, shielding can reduce the measurement by a factor 10 or even higher (Blas et al. 2007; Iskra et al. 2010). However, for the average exposure, the situation is less dramatic, but different aspects seem to influence the level of uncertainty introduced by body shielding. Numerical simulations of different exposure scenarios and various frequencies in the RF-EMF range showed a wide range of uncertainty for measurements introduced by the presence of the body (Gryz et al. 2015; Iskra et al. 2010; Neubauer et al. 2010). Test measurements comparing measurements with and without a person present revealed a frequency-dependent large range of uncertainty as well (Bolte et al. 2011). Consequently, a comprehensive measurement campaign would be necessary to determine device, frequency, situation and even study participant depending correction factors that can be used in measurement studies (Bolte et al. 2011; Gryz et al. 2015; Neubauer et al. 2010). In our measurement study, we instructed the participants to place the exposimeter in their vicinity, but not directly on the body, when not moving. Furthermore, we on average used almost 60,000 single measurements per participant for the measurement analysis. Therefore the influence of the body is assumed to be averaged. A recent study proposed to use multiple exposimeters at once or exposimeters with multiple nodes to reduce the influence of the body (de Miguel-Bilbao et al. 2015). Measurements and numerical simulations showed that two antennas or exposimeters, one in front and one in back of the body, are sufficient (Thielens et al. 2013) and that the uncertainty caused by the presence of the body can be reduced if using two exposimeters (reduced interquartile range by a factor of 1.8 compared to measurements with one exposimeter) or newly developed exposimeters with two textile antennas worn on the body (reduced interquartile range by a factor of 9 compared to a single antenna) (Thielens et al. 2015a; Thielens et al. 2015b). These body-worn exposimeters with textile antennas are not yet available for the widespread use in personal measurements, but they are a promising approach to improve the exposure assessment for RF-EMF under far-field conditions. 
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Crosstalk occurs, if the emission from one frequency band is reported in another frequency band. This problem especially concerns the narrow DECT band (1880 – 1900 MHz) that adjoins the neighbouring downlink 1800 frequency band (1805 – 1880 MHz) (Lauer et al. 2012). We approached this problem in applying a DECT correction algorithm to the measurements and conducted a sensitivity analysis investigating the impact of the correction algorithm on the results of the measurement study (Article 3). Another source of uncertainty is the different measurement performance by different measurement devices. A comparison of measurements taken with an EME Spy 120 (Satimo, France) and an ExpoM-RF (Fields at Work, Switzerland) during nine school visits of the HERMES baseline investigation in 2012 showed that DECT and WLAN measurements by the EME Spy 120 device were for most of the school visits clearly higher than those by the ExpoM-RF device (factors ranging from 1.5 to 300 for WLAN and from 0.2 to 260 for DECT). This comparison is in line with the finding of Lauer et al. (2012) that the EME Spy 120 device overestimates DECT exposure. Another limitation of personal measurements with exposimeters is the assessment of the exposure from wireless communication devices operating close to the body (Inyang et al. 2008; Röösli et al. 2010). The exposure from the use of mobile phones close to the body is not measured adequately by body-worn exposimeters, since the measured exposure highly depends on the distance between the measurement device and the emitting mobile phone and this distance is not necessarily the same as the distance between the mobile phone and the body (Inyang et al. 2008; Röösli et al. 2010). Consequently, the measured exposure likely is not the personal exposure from the own mobile phone use. Thus, personal measurements have to be combined with a dosimetric approach (Article 4) quantifying the exposure from the own use of devices as it is demonstrated in article 3. 9.3 The influence of mobile phone use on personal measurements Since the exposure from the own mobile phone use is covered by the near-field part of the dose calculations, an estimation for the exposure from other mobile phones not influenced by the own mobile phone has to be derived. To quantify this exposure, the measured uplink exposure that is affected by the own mobile phone use (as demonstrated in article 3) has to be separated into exposure from the own and from other mobile phones. In article 3, a crude approach using the average uplink measurements for the participants reporting not to use mobile internet on their mobile phone is presented. This approach is useful if, as in article 3, the aim is to calculate the daily dose for a typical HERMES participant. However, this approach does not provide individual uplink exposure from other mobile phones, but a common exposure for all participants. Therefore, other approaches have to be found. For that purpose, more research is needed investigating the influence of the own mobile phone use on personal uplink measurements. A possible approach would be: 
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1) Performance of measurements of the uplink exposure of pre-defined call and data traffic scenarios in a controlled setting. 2) Recording of the mobile phone use (calls including network used, data traffic including data rate and network used (mobile network, WLAN)) during personal measurements using either an application installed on the mobile phone of the participants (for instance (Goedhart et al. 2015)) or, if personal measurements are nested within a cohort study, operator-recorded mobile phone use data for the time period of the personal measurements. With these two steps, uplink measurements can be adjusted for personal mobile phone use resulting in uplink exposure from other mobile phones in the surroundings. The same approach could be followed to adjust WLAN measurements for the personal use of WLAN for mobile internet on the mobile phone. 9.4 Dose calculations for the HERMES cohort To obtain a cumulative exposure measure taking into account several RF-EMF sources in the near-field and far-field, the absorbed radiation energy by the body, was calculated for each study participant of the HERMES cohort (Article 4). To demonstrate the developed dosimetric approach, self-reported mobile phone use was used. Since it is known that self-reported mobile phone use is inaccurate (Aydin et al. 2011; Inyang et al. 2009), we additionally calculated the cumulative dose considering the objectively recorded mobile phone call duration from the operator data for a subsample of the participants. Depending on the data resource for mobile phone call duration, the contribution of mobile phone calls and data traffic to the total dose differs.  For the brain, mobile phone calls are the main contributor, whereas data traffic is negligible for both, self-reported and operator-recorded mobile phone call duration (Table 2 and Figure 7). For the whole body, the picture is different: for self-reported call duration, mobile phone calls are the main contributor to the total dose, but for operator-recorded call duration, calls and data traffic contribute equally to the total dose. Since the self-reported mobile phone call duration tends to be overestimated (Aydin et al. 2011; Inyang et al. 2009), the objectively recorded mobile phone call duration is preferred, although there, only calls with the own mobile phone are recorded (in the HERMES cohort: on average 14.8% and 10.0% of the total call duration with other mobile phones at baseline and follow-up, respectively). For the duration of data traffic on the mobile phone, only the self-reported duration was available. In conclusion, mobile phone calls are the main contributor to the brain dose, DECT phone calls contribute as well. For the whole body dose, calls and data traffic contribute equally. For the whole body, the use of computers, laptops and tablets connected to WLAN makes a contribution as well. 
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Table 2. Mean total cumulative daily dose considering self-reported (for the whole HERMES cohort, n = 439) and operator-recorded (for the operator sample, n = 233) mobile phone call duration for the brain and the whole body and percentage on the total dose for the different near-field parts and the far-field part. Note that the other near-field parts are self-reported for both calculations of the dose.  Self-reported mobile phone calls (n = 439)   Brain dose Whole body dose   Total dose [mJ/kg/day]   1559.67 339.91   Percentage on total dose [%] Mobile phone calls 93.60 69.39 DECT phone calls 4.75 2.98 Mobile phone data traffic network 0.004 2.44 Mobile phone data traffic WLAN 0.01 6.48 Stand-by mobile phone data traffic 0.0009 0.56 Computer, laptop and tablet use with WLAN 0.02 12.20 Far-field 1.62 5.95     Operator-recorded mobile phone calls (n = 233)   Brain dose Whole body dose   Total dose [mJ/kg/day]   239.12 128.96   Percentage on total dose [%] Mobile phone calls 58.24 19.31 DECT phone calls 30.99 7.86 Mobile phone data traffic network 0.03 6.43 Mobile phone data traffic WLAN 0.07 17.08 Stand-by mobile phone data traffic 0.006 1.48 Computer, laptop and tablet use with WLAN 0.13 32.15 Far-field 10.53 15.69    
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Figure 7. Mean cumulative daily dose considering self-reported (for the whole HERMES cohort, n = 439) and operator-recorded (for the operator sample, n = 233) mobile phone call duration for the brain and the whole body for the different near-field parts and the far-field part. Note that the other near-field parts are self-reported for both calculations of the dose. 
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9.5 Application of the exposure measures in the HERMES study A primary aim of the HERMES study was to disentangle between effects by the mobile phone use per se and effects by RF-EMF. The two networks used for mobile phone calls (GSM and UMTS) differ in output power by the mobile phone and therefore in radiation emitted during calls (Gati et al. 2009). Thus equal call duration in two participants with a different network distribution for calls results in different amount of RF-EMF dose originating from mobile phone calls. This basically enables to differentiate between non-radiation-related effects (mobile phone call duration) and radiation-related effects (RF-EMF dose from mobile phone calls). For instance a daily mobile phone call duration of 2 min results in a daily brain dose of 383.8 mJ/kg if using the GSM network, 193.3 mJ/kg if using the GSM and the UMTS network for 1 min each and a dose of 2.8 mJ/kg if using the UMTS network. To set these numbers in relation: the daily brain dose from fixed site transmitters on average was 9.4 mJ/kg in the HERMES cohort. Additionally to the exposure measures that are related to RF-EMF exposure (mobile phone calls, DECT phone calls, data traffic on the mobile phone), exposure measures that are not or only marginally related to radiation exposure were included: the frequency of outgoing text messages and the duration of gaming on computers, laptops, tablets and TV. This resulted in three groups of exposure measures: 
• Non-radiation related factors in the context of mobile phone use: frequency of outgoing text messages, duration of gaming on computers, laptops, tablets and TV. 
• Radiation related factors in the context of mobile phone use: mobile phone call duration, DECT phone call duration, data traffic on the mobile phone. 
• RF-EMF exposure: cumulative RF-EMF dose for the brain and the whole body. With these exposure measures, cross-sectional and longitudinal analyses were conducted to investigate if mobile phone use or RF-EMF exposure has an impact on health or behaviour and if it affects cognitive function of adolescents. Article 5 presents and discusses behavioural problems and concentration capacity of adolescents in relation to mobile phone use and RF-EMF exposure. We found behavioural problems associated with several self-reported but not with operator-recorded exposure measures in the cross-sectional analysis. These associations were not found in the longitudinal analysis. Rather we found self-reported mobile phone call duration and dose measures associated with a decrease in self-reported behavioural problems over one year. These associations were not seen for operator-recorded mobile phone calls duration or parent-rated behavioural problems; therefore, this may be a chance finding. The lack of consistent exposure-response patterns in the longitudinal analysis does not indicate causal relationships but rather reverse causality. 
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Concentration capacity of the adolescents was negatively associated with several self-reported and objectively recorded exposure measures in the cross-sectional analysis. In the longitudinal analysis, the change of concentration capacity over one year was not associated with mobile phone use or RF-EMF dose, but with cumulative duration of gaming. This is in contrast to the finding for memory performance: observed associations with memory performance in adolescents were stronger for the dose measures compared to the use measures. This indicates that the RF-EMF dose may have a negative impact on the memory of adolescents (Schoeni et al. 2015a). However, the exposure measures were highly correlated and therefore the possibility of differentiation was limited. Furthermore, the dose measures are subject to large uncertainty (Article 4). Therefore, these results should be interpreted with caution. Non-specific symptoms in adolescents (headache, tiredness, lack of energy, lack of concentration, exhaustibility and physical well-being) were related to wireless device use and whole body dose (Schoeni et al. 2017) but not to RF-EMF exposure from fixed site transmitters (Schoeni et al. 2016). The observed associations were stronger for the use than for the dose measures, this indicates no causal relationship between RF-EMF exposure and non-specific symptoms. Explanations for the associations between device use and health symptoms may be sleep deprivation due to mobile phone use during night as observed in (Schoeni et al. 2015b) or stress introduced by the high expected accessibility by mobile phones (Article 2). 9.6 The influence of errors and bias Exposure measures in epidemiology are always proxies of the true exposure. Therefore, errors, the deviance of the estimated exposure from the true exposure, are unavoidable. Errors can be classified according to the type of deviance from the true value and in relation to the outcome of interest. Measurement errors in continuous variables can be random or systematic (Armstrong 1998). The error is random, if the estimated exposure is randomly scattered around the true value, the error is systematic, if the estimated exposure is on average higher or lower compared to the true value (Armstrong 1998). An example for random error is the measurement uncertainty of a measurement device. Systematic error can occur, if a measurement device is inaccurately calibrated. If the error is not correlated with the outcome of interest, it is called non-differential, otherwise, if the extent of the error depends on the outcome, it is called differential (Armstrong 1998). The error is quantified in relation to the true exposure which is not known and therefore can only be estimated. This can be done in comparing the exposure of interest with a gold standard method which is assumed to represent the true exposure as accurate as possible. Examples are the comparison of spot measurements (exposure of interest) with personal measurements (gold standard) (Frei et al. 2010) or the comparison of self-reported mobile phone use (exposure of 
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interest) with operator-recorded mobile phone use (gold standard) (Aydin et al. 2011; Inyang et al. 2009; Vrijheid et al. 2009a) or with software-modified smartphones recording mobile phone use (gold-standard) (Goedhart et al. 2015). Bias is the systematic deviation of results or of inferences from the truth (Oxford University Press 2014). Broadly, most of the biases can be grouped into confounding bias, selection bias and information bias. Confounding bias is the bias of an estimated effect of an exposure on an outcome due to the presence of common causes of the exposure and the outcome. Selection bias arises from the procedures applied to select individuals into the study or the analysis. This can lead to systematic differences between the characteristics of the study population and the whole population and limits the generalizability of the study results. Information bias is the bias in an estimate arising from errors in the data collection (Oxford University Press 2014). These errors can be non-differential or differential and this has different effects on associations: non-differential errors lead to an attenuation of a true association (Armstrong 1998). Differential errors can bias a true association towards or away from unity (Armstrong 1998). In the HERMES study data collection methods included questionnaires, RF-EMF measurements and operator records. Confounding bias Confounding can be dealt with at design stage in asking about potential confounders in the questionnaire and at analysis stage in applying multivariable regression modelling including potential confounders in the models. Included covariates in our analyses were age, sex, nationality, frequency of physical activity and alcohol consumption and highest educational level of the parents. In general, crude and adjusted results were similar indicating that these covariates did not introduce confounding bias. However, not all potential confounders can be measured easily. For instance, motivation may have influenced the performance of the adolescents in the cognitive tests. To act as a confounder, motivation has to be associated with the exposure as well. This is not expected for mobile phone use. However, the duration of gaming may be related to motivation; adolescents gaming longer may be less motivated because these tests bore them. Indeed, we found the duration of gaming related to a decrease in the measured concentration capacity over one year, thus it may be that motivation acted as a confounder. Selection bias Motivation could have influenced the decision to take part in the HERMES study. Motivated adolescents may rather take part than less motivated adolescents. But then, investigations took place in school during school time and therefore no additional effort was asked from the participants since our investigations replaced a regular school lesson. Since it is conceivable that motivated 
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adolescents show fewer behavioural problems, behavioural problems may be underestimated in our study sample. However, we observed a broad range of behaviour in our study participants. We included 439 adolescents in the HERMES study and almost all adolescents took part in the follow-up investigation (follow-up rate of 96.8%). The response rate of the parents in sending back the paper and pencil questionnaire was satisfactory as well (85.4% at baseline and 81.9% at follow-up). The difficult part was to recruit the schools in Central Switzerland (19.0% of the contacted schools participated in the study) and to a less extent the participation of the adolescents themselves (36.8% of the informed adolescents participated in the study). The participation rate in adolescents seemed to be dependent on group dynamics in school class. Furthermore, the parents had to give informed consent as well. The recruitment on school level has the advantage that the investigations can take place in school during school time and therefore, investigations can be conducted in a lot of adolescents at once. Since we were able to include schools in different parts of Central Switzerland, we included a broad range of adolescents in terms of place of residence, nationality and educational level of the parents reflecting socioeconomic status of the adolescents. Therefore we assume that selection bias was of minor concern for the HERMES study. In contrary, the participation in the measurement study asked for a big effort from the adolescents. But half of the adolescents participating in the HERMES baseline investigation (50.3%) was willing to participate in the personal measurements. 121 of these adolescents were selected so that they represented a broad range of the HERMES participants according to sex, age and location of residential and school place. After data cleaning, 90 sets of measurements and corresponding diaries fulfilled the criteria to be included in the detailed personal measurements analysis (Article 3), whereas for the development of the dose surrogate (Article 4) and the analysis of personal RF-EMF measurements in relation to behaviour and concentration capacity (Article 5) relying only on average measurements over the whole measurement period, more measurement sets were included. The 90 measurement sets fulfilling the strict criteria corresponded to 74.4% of the conducted personal measurements. Personal measurements ask for big effort by the study managers and by the participants, therefore as many measurement sets as possible should be included in the analysis. On the other hand, satisfactory quality of data is of importance as well. Most of the excluded measurement sets had to be excluded due to missing diary entries or devices running out of battery. The diary installed as an application on a smartphone made keeping a diary very convenient. The quality of the diaries may be improved by the installation of the diary application on the own mobile phone of the participants. However, this requires a smartphone and the data transfer after the measurements has to be organised. Since nowadays most of the adolescents own a smartphone, this would not imply a strong restriction, however, non-smartphone users and non-users should be able to participate as well (selection bias). The transfer of the diary data at the end of the measurements 
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could be done via WLAN to a server. Drop outs due to empty batteries could have been easily avoided by the participants. We instructed the participants in groups of about four adolescents and they handed over the devices themselves. Perhaps an instruction right before the start of the measurement period for each participant would have improved their charging behaviour, but that would have meant bigger effort by the study managers. The trade-off between efficient realization of the study and enough instruction is difficult. Nowadays, adolescents are easily reachable via mobile phone; therefore reminders via SMS perhaps would have improved performance without more effort by the study managers. Information bias Regarding information bias, some exposure measures are more prone to bias compared to others. Exposure estimated using geospatial propagation modelling cannot be biased. Personal measurements can be influenced by the participants in for instance placing the measurement device close to sources such as WLAN or DECT base stations or a mobile phone. We assume, that the adolescents were not aware that we aimed at relating measured exposure to outcomes (the communicated aim was to get a better knowledge of the exposure of adolescents), therefore information bias is of minor concern regarding the results of the personal measurements (Article 3). We found the self-reported mobile phone call duration being overestimated by a factor of 9 compared to operator-recorded call duration. Thus, as described before (Aydin et al. 2011; Inyang et al. 2009), information bias is of concern for the analyses relying on the self-reported mobile phone use. We had additionally operator-recorded mobile phone use data, these data cannot be biased. Therefore we had the opportunity to compare the results using self-reported and operator-recorded mobile phone use. And indeed, as demonstrated in article 5, we observed in the cross-sectional analysis associations of behavioural problems and self-reported exposure measures, but not with operator-recorded exposure measures. This indicates that recall bias (information bias) may affect such cross-sectional associations also found in other studies. Behavioural problems of the adolescents were asked in the questionnaire and therefore may be biased. We had additionally parent-rated behaviour available. These data can be biased as well, but, we had at least two data sources available. Additionally, the SDQ is a validated and widely used scale. Since results were similar for self-reported and parent-rated behaviour (Article 2 and 5), information bias is of minor concern regarding the assessment of behavioural problems of the adolescents. 9.7 Improvement of the dose surrogate To improve the developed dosimetric methodology (Article 4), we see mainly two approaches: 
• The improvement of the far-field prediction for WLAN, uplink and DECT exposure. 
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• More detailed data about the mobile phone use of the study participants and the enrichment of knowledge about the output power of mobile phone during calls and especially for data traffic. These two approaches are discussed in the following. 9.7.1 Prediction of the far-field exposure Since the realization of personal measurements for a large cohort is very expensive and time-consuming, the prediction of the far-field exposure is preferred. For the exposure from fixed site transmitters, predictions of a geospatial propagation model showed good performance (Frei et al. 2010). These predictions are restricted to places that can be geocoded (such as homes, schools and workplaces); the remaining locations have to be predicted differently. Since adolescents spent most of their time at home and in school (in the HERMES cohort: 15 h 42 min at home and 4 h 43 min in school according to the diaries filled in during the personal measurements), the average measured personal exposure in a subsample for the remaining locations is sufficient for the dose calculations of the fixed site transmitters exposure. For the far-field exposure from mobile phones in the surroundings (uplink), WLAN and DECT base stations, predictions have to be done using a different approach. The far-field exposure from other mobile phones (uplink) and from WLAN base stations was estimated by means of linear regression models based on personal measurements. For both, uplink and WLAN exposure, the explained variance by the models was about 5% (adjusted R²). Thus it seems, that a lot of factors influence these exposures and that these factors are difficult to measure. Uplink exposure We did not adjust the uplink measurements for the influence of the own mobile phone but focused on variables predicting the exposure from other mobile phones. According to the deepened analysis of the personal measurements (Article 3), the use of the own mobile phone influences measured uplink exposure substantially and therefore measured uplink exposure has to be adjusted for the own mobile phone use (as discussed in chapter 9.3). It is assumed, that the model to predict the uplink exposure can be improved if using an adjusted measured uplink exposure. WLAN exposure The use of WLAN for mobile internet on the mobile phone did not affect measured WLAN exposure (Article 3). We did not investigate the influence of the use of the mobile phone as hotspot to connect other devices to the internet. And in the future, there may be other device features using WLAN. Therefore it would be worth to clarify if the measured WLAN exposure has to be adjusted as well to get a more accurate WLAN exposure proxy for the WLAN exposure originating from WLAN in the surroundings and not the own device. 
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WLAN in school and at home had little impact on the average WLAN measurements. This is in line with the fact that WLAN in school and at home were no significant predictors for the WLAN measurements (Article 3). This illustrates that it is not straightforward predicting the WLAN exposure. Possible predictors for the WLAN exposure (and therefore factors may improving the WLAN prediction model) may be the presence of WLAN hotspots not only in trains and buses (represented by the time spent in trains in the current WLAN model (Article 4)) but also in public buildings. However, these are difficult to assess. DECT exposure DECT exposure is difficult to measure in a proper way by personal measurement devices because of crosstalk issues. If the DECT readings by personal measurement devices can be improved, it is assumed that pieces of information such as having a DECT phone at home and if this phone is a conventional or an eco mode phone are able to predict a fair amount of the DECT exposure at home. Since it is expected that other locations (besides the workplace for adults) do not have DECT exposure, our approach of assuming only DECT exposure at home, is justifiable and can be applied in future studies as well. 9.7.2 Mobile phone use and output power of mobile phones More detailed and accurate data about the mobile phone use of the study participants and the enrichment of knowledge about the output power of mobile phones during calls and especially for data traffic will allow to improve the dose surrogate. Mobile phone use Mobile phone use includes the amount of mobile phone use as well as other factors influencing the absorbed radiation energy such as the network used for calls and the use of a headset for calls resulting in a different position of the device in relation to the body. Mobi-Expo is an international study within MobiKids (Sadetzki et al. 2014) with the aim to validate young people’s recall of their mobile phone use and to characterize how young people use their mobile phones. Besides comparing self-reported mobile phone use with operator records, the self-reported use will be validated using software-modified mobile phones and an application installed on 
partiĐipaŶts’ oǁŶ ŵoďile phoŶes named XMobiSense to record the mobile phone use. A pilot study distributing software-modified mobile phones for four weeks to 26 participants showed that the mobile phone handset was hold close to the head for about 90% of the recorded call time (Goedhart et al. 2015). This means a 10% reduction in the brain dose originating from mobile phone calls. All other near-field components and the far-field part together contribute less than this difference to the total brain exposure.  
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Another crucial piece of information for the calculation of the dose originating from mobile phone calls is the network used for calls since the output power differs for mobile phone calls in different networks (Gati et al. 2009). We used the operator-recorded proportion of the network used for calls (Article 4). This proportion is based on the recorded network for each call made and received, but only the network when the call started is recorded. The application XMobiSense records the proportion of the networks for each call and is therefore more accurate. Using application and operator records for a time period of eight months (October 2013 until May 2014) for one person, the difference in proportion of UMTS calls was +3.75% in the application records compared to the operator records. This difference results in a 6.7% reduction in the brain dose originating from mobile phone calls. These calculations illustrate, that such pieces of information have a substantial impact on the dose calculations and therefore improve the dose surrogate. Output power of mobile phones Since the SAR for the absorbed energy from the use of wireless communication devices is proportional to the output power of the devices, knowledge is needed about the output power of devices. The output power depends not only on the type of device, but also on the type of use. For instance, the output power for data traffic on the mobile phone was found to be increased by a factor of 4 compared to calls on the mobile phones (Gati et al. 2009; Huang et al. 2014; Persson et al. 2012). For the calculation of the dose originating from mobile phone calls, we took into account the network used for calls (GSM or UMTS). Other factors have an influence on the output power as well. The question is if these factors are measureable with a fair amount of effort and if they have an essential impact on the dose calculations. The output power was higher for calls made and received in rural areas compared to urban areas (Gati et al. 2009; Kelsh et al. 2011; Lönn et al. 2004; Persson et al. 2012), higher inside buildings than outdoors (Gati et al. 2009) and surprisingly higher while being stationary compared to moving (Gati et al. 2009). These measurements of the output power were done using software-modified mobile phones or were linked to mobile phone base stations in the study area. Mobile phone circumstances were based on information of the base stations the mobile phones were connected to or the measurements were done along predefined routes. Erdreich et al. (2007) used software-modified mobile phones in combination with questionnaire data and a diary to collect information about each call made and received by 53 participants (Erdreich et al. 2007). They found increased output power levels for calls inside buildings and while being stationary, but differences were smaller compared to the other measurement studies (Gati et al. 2009; Kelsh et al. 2011; Lönn et al. 2004; Persson et al. 
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2012). In the framework of the Interphone study, software-modified mobile phones and questionnaire data were applied. But in contrast to the study by Erdreich et al. (2007), the collected data about the mobile phone call circumstances were asked referring to an average mobile phone use of the 516 participants (Vrijheid et al. 2009b). They found slightly increased output power level for calls done by participants indicating to use their mobile phone mainly in rural areas compared to those using it mainly in urban areas. The report of using of the mobile phone while moving in a vehicle or while being inside buildings did not have an influence on output power levels during calls. This indicates either that questionnaire data referring to average use is not accurate enough to see differences or that these factors are averaged for the mobile phone use over longer time periods. This could be figured out in comparing questionnaire data as in Vrijheid et al. (2009b) with data from studies measuring output power levels during calls (Gati et al. 2009; Kelsh et al. 2011; Lönn et al. 2004; Persson et al. 2012). Another source of uncertainty is the calculation of the dose originating from data traffic on the mobile phone. Firstly, little is known about the output power of mobile phones during data traffic and secondly, two technologies can be used for data traffic on the mobile phone (mobile network and WLAN). Little data is available about the output power of mobile phones during data traffic.  The output power for data traffic seems to be higher compared to the output power during calls (Gati et al. 2009; Huang et al. 2014; Persson et al. 2012) and dependent on the data rate used (Gati et al. 2009; Persson et al. 2012). We used the duration of data traffic on the mobile phone and the proportion of the use of mobile network and WLAN asked in the questionnaire since in the operator records only the amount of data traffic via network was recorded (Article 4). An application recording the duration of data traffic for the data exchange via mobile network and WLAN separately would provide more accurate data and these data would improve the dose surrogate. 9.8 Applications of the dosimetric approach Since the dosimetric approach provides one exposure surrogate combining the near-field and the far-field part of RF-EMF exposure, it enables one to relate these parts to each other and to compare them. For the Swiss population in 2007, it was estimated that a mobile phone call duration of 1.2 min per day corresponds to the daily whole body dose from far-field sources if the GSM network is used for calls (Lauer et al. 2013). If using the UMTS network, the call duration can substantially be increased, to 3 h per day (Lauer et al. 2013). According to the dose calculations for the HERMES cohort (Article 4), the mean brain dose originating from mobile phone base stations (downlink) for one day (24 
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hours) corresponds to the dose originating from a mobile phone call lasting 2.6 s if the GSM network is used and 6.1 min if the UMTS network is used. For the whole body exposure, 15.0 s for GSM calls and 34.2 min for UMTS calls correspond to the mean downlink exposure for one day. The differences between these two studies are induced by different far-field exposure levels to compare with (total far-field dose of 35.2 mJ/kg/day (Lauer et al. 2013) and downlink dose of 6.2 mJ/kg/day (Article 4)). Regarding data traffic on the mobile phone, mean daily downlink dose corresponded to 14.1 h data traffic for the brain dose and 8.6 min data traffic for the whole body dose (Article 4). These findings demonstrate that the use of the mobile phone on average contributes much more to the personal exposure compared to mobile phone base stations and other fixed site transmitters. A mobile phone call produces exposure from the mobile phone handset and from the base station the mobile phone is connected to. Gati et al. (2010) found a reverse linear correlation between the transmitted (handset) and the received (base station) power of the mobile phone (Gati et al. 2010); the mobile phone transmitted higher power when the received signal was weak. The decrease in power by the handset for increasing power by the base station was more pronounced for the UMTS network; this is due to the faster power control in this network compared to the GSM network. The same was observed in a simulation study looking at three mobile phone call scenarios: using a conventional outdoor UMTS base station, an indoor UMTS small cell and an indoor WLAN access point (WiFi calling) to make a mobile phone call (Plets et al. 2014). Lower field strengths (downlink exposure) corresponded to higher localised SARs (uplink exposure). Using the dose approach, uplink and downlink exposure were combined and the three mobile phone call scenarios were compared. The connection to an outdoor UMTS base station was preferred for good connection to this base station, whereas the connection to an indoor UMTS small cell was preferred if the connection to the outdoor base station was bad. The same was found on the population level by Varsier et al. (2015): the dose for mobile phone calls in buildings with good connection properties was increased by a factor of 2.3 if using a small cell compared to an outdoor base station (Varsier et al. 2015). The dosimetric approach was also used to investigate mobile phone calls in trains. On the level of a single call using a small cell (a cell placed in the train and attached to an exterior antenna on the roof of the train which is connected to an outdoor base station) corresponded to lower dose for long calls, whereas for short phone calls, it corresponded to higher dose compared to a connection to an outdoor base station (Aerts et al. 2015). This may be due to more handovers from one base station to the other during a longer call and due to the relatively larger contribution of the downlink exposure for short calls. On the population level, using a small cell in the train reduced the dose by a factor of 2.2 (Varsier et al. 2015).  
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The approach also allows investigating the potential of measures to minimize the exposure. Plets et al. (2015) aimed at jointly minimize the whole body dose originating from a mobile phone and the base station the device is connected to for data exchange via WLAN or the LTE network and calls via the UMTS network. On average increasing the number of indoor small cells reduced the dose by 75%. For WLAN data exchange, the dose originating from the mobile phone dominated the total dose already after a few seconds of usage, for LTE data exchange and UMTS calls, 1 to 17 minutes of usage corresponded to the dose from the base station, depending on the number of small cells in the building. In summary, the application of the dosimetric approach allows the following conclusions: On average, the exposure from mobile phone use contributes much more to the total exposure than mobile phone base stations. Good connection to the base station results in less exposure from the mobile phone and the installation of small cells in a building or in a train reduces the exposure if the connection to outdoor base stations is bad.   
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9.9 Public health relevance Mobile phones and other wireless communication devices emitting RF-EMFs are nowadays omnipresent and they undergo a rapid development. In 2014, the number of mobile phone subscriptions in Switzerland reached 11.5 Mio what corresponds to 141 subscriptions per inhabitant (ICT 2015). Worldwide, the proportion of the population covered by a 2G mobile phone network grew from 58% in 2001 to 95% in 2015 and the mobile internet access increased 12 times since 2007 reaching 47% of the population in 2015 (ICT 2015). Along that line, the ownership and use of wireless communication devices is growing. Thus even a small risk would result in a large public health impact. The findings of the HERMES study contribute to a more fact-based public debate regarding the installation of additional mobile phone base stations and WLAN in schools, both highly debated topics in the public. More than half of the Swiss population views radiation from mobile phone base stations as dangerous (Swiss Federal Statistical Office 2012). However, in the HERMES cohort, the exposure from mobile phone base stations contributed on average 1.8% to the whole body dose whereas the exposure from mobile phone calls contributed 69.4% (Article 4). And even for a non-mobile phone user, the exposure from environmental sources accounted only for 27% of the total daily dose, the remaining 73% of the dose originated from cordless phone calls and the use of computers, laptops and tablet connected to WLAN (Article 4). Thus, people are in control of the major part of their exposure. Applications of the dosimetric approach illustrate that the exposure can be reduced if the quality of the connection to mobile phone base stations during calls is improved by equipping an area with more mobile phone base stations or by the installation of small cells in buildings and trains (Aerts et al. 2015; Plets et al. 2015; Varsier et al. 2015). Outdoor base stations should be preferred if the connection is of good quality and small cells should be preferred if the connection to the outdoor base station is of bad quality (Plets et al. 2014). The results in article 3 demonstrate that a WLAN in school has very little impact on average WLAN measurements. Thus effort to reduce the exposure of children and adolescents should rather focus on their use behaviour. For instance, since the absorbed dose depends on the distance of the emitting device to the body, the brain exposure can be reduced by using a headset for mobile phone calls. Eco mode DECT phones radiate only if they are used for calls, therefore the exposure is reduced compared to conventional DECT phones. Regarding the use of the mobile network or WLAN for calling or data traffic, the network connection should be preferred, especially if the connection to the mobile phone base station is of good quality (Plets et al. 2014). 
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The participation rate of adolescents was moderate (36.8%) and the study was conducted in Central Switzerland, a small part of Switzerland. This may limit the representativeness of the study cohort for the target population of Swiss adolescents. But we were able to include adolescents of different nationalities, different school levels and from urban and rural areas in Central Switzerland. Thus we expect that the conclusions of our results hold for Swiss adolescents in general. Conclusions In conclusion, adolescents are exposed to their mobile phone in many ways. But it depends on the aspect of this exposure whether the health, the behaviour or cognitive function of adolescents are affected. The behaviour and the concentration capacity of adolescents were not affected by RF-EMF exposure, but behavioural problems and impaired mental health were associated with problematic mobile phone use. Therefore, problematic mobile phone use should be considered if dealing with adolescents showing impaired mental health or behavioural problems. The exposure from environmental sources such as fixed site transmitters, WLAN and DECT base stations and mobile phones in the surroundings plays a minor role for the RF-EMF exposure compared to the exposure from the use of mobile phones, cordless phones and computers, laptops and tablets connected to WLAN. Attending a school with WLAN or having WLAN at home has no impact on the whole body exposure of adolescents. Thus precautionary measures to reduce the exposure to RF-EMF should focus on the use of wireless communication devices.    
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9.10 Outlook Mobile phones and other wireless communication devices undergo a rapid development. Thus exposure to RF-EMF develops and changes accordingly. Following the EMF research agenda of the WHO (WHO 2010), large cohort studies are ongoing to investigate mobile phone use in adolescents. The HERMES study continues within the European project GERoNiMO (Generalized EMF research using novel methods. An integrated approach: from research to risk assessment and support to risk management), that was launched in January 2014. Objectives are to better understand mechanisms underlying possible health effects of EMF, better characterize current and future population levels of EMF exposure in Europe and to improve the health risk assessment of EMF and propose non-technological means to reduce EMF exposure (GERoNiMO  2015). This continuation using similar exposure assessment methods and outcome measures will allow having a deeper look into aspects of the HERMES study that have been investigated in the smaller HERMES cohort and look into aspects that have not been looked at so far. Within personal RF-EMF measurements conducted in the framework of the GERoNiMO investigations, the application XMobiSense was distributed among the participants. This will enable to further investigate the impact of the own mobile phone use on personal measurements. The SCAMP (Study of Cognition, Adolescents and Mobile Phones) study, an ongoing cohort study  conducted in London, UK, aims at investigating if the use of mobile phones and other wireless communication devices impacts cognitive or behavioural development in adolescents in the largest cohort study in the world to date (SCAMP  2015). The SCAMP cohort includes all 7th grade students attending participating schools and includes school assessment consisting of cognitive tasks and collecting mobile phone data and a parent online survey to collect more data about the medical history, the lifestyle and demographics of the family. The study benefits from the experience gained in the HERMES study, especially regarding personal RF-EMF measurements in adolescents and the calculation of the cumulative dose. Within the HERMES study, exposure assessment methods used in previous studies were improved and enhanced. A novel dosimetric approach was applied to develop an RF-EMF dose surrogate taking into account the exposure originating from several RF-EMF sources. These methods can be used in future epidemiological studies investigating RF-EMF exposure and its influence on humans.   
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