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Abstract 

  

Over the last two decades, the number of mobile phone (MP) users has increased 

dramatically. The radiofrequency-electromagnetic field (RF-EMF) exposure due to the use of 

MP is a primary source of man-made RF-EMF exposure in general populations. There have 

been concerns regarding long-term RF-EMF exposures to human populations and potential 

health consequences. The International Agency for Research on Cancer (IARC) in 2011 

categorised RF-EMF exposure as a possible human carcinogen. Furthermore, there has been 

an ongoing concern that the use of MP and cordless phone (CP) by children may affect their 

cognitive development. The World Health Organization in 2010 emphasised the need for 

quantification of personal exposures from different RF-EMF sources, and performance of 

more research in the domain of children’s RF-EMF exposure and psychological outcomes. 

The primary aim of this PhD thesis was to increase understanding of personal and 

environmental RF-EMF exposures, and potential cognitive health effects in a sample of 

children due to the exposures from mobile and cordless phones. 

 

This thesis: i) reviewed instruments to assess and measure personal and environmental 

RFEMF exposures, ii) measured personal RF-EMF exposure at 900 MHz frequency across 

34 microenvironments in Australia and Belgium using a novel personal distributed 

exposimeter, iii) measured personal RF-EMF exposure (88 MHz-5.8 GHz) across 38 

microenvironments in Australia and Belgium with two on-body calibrated exposimeters, iv) 

assessed environmental and personal RF-EMF exposures in kindergarten children, and v) 

assessed possible longitudinal associations between the use of MPs and CPs in a cohort of 

primary school children (n=412) and effects on their cognitive function. 
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Chapter 2 presents various state-of the-art tools that have been or could be used in RF-EMF 

exposure assessment for epidemiological research. It concludes that assessment of RF-EMF 

exposures could be improved by using tools providing quantitative measures of RF-EMF 

exposure. 

 

Chapter 3 and 4 present data on microenvironmental personal RF-EMF exposures in 

Melbourne, Australia and Ghent, Belgium. The three highest personal RF-EMF exposures 

(900 MHz downlink) were characterised for: city centre, bus, and railway station [Australia]; 

and bicycle (urban), tram station, and city centre, [Belgium]. Similarly, the three highest 

personal RF-EMF (88 MHz-5.8 GHz) exposures were characterised for: city centre, 

residential outdoor (urban), and a park [Australia]; and a tram station, city centre, and a park 

[Belgium]. 

 

The largest source of RF-EMF exposure to kindergarten children was attributed to mobile 

phone base station(s), particularly 900 MHz downlink (chapter 5). The contribution of Wi-Fi 

was minimal. Furthermore, environmental RF-EMF exposure levels at kindergartens located 

<300 m away from the nearest base station were higher compared with those located >300 m. 

 

Findings in chapter 6 showed that a higher proportion of children used CPs compared to MPs. 

The overall results indicated that there was limited evidence that changes in the use of 

MPs/CPs in primary school children were associated with changes in cognitive function. 

 

For the first time, the feasibility of measuring personal exposures with on-body calibrated 

personal distributed exposimeters and a pair of ExpoM-RFsTM was demonstrated. 
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Furthermore, it was demonstrated that the concurrent use of two on-body calibrated ExpoM-

RFsTM measured RF-EMF exposures more accurately compared to those provided with a 

single non-on-body calibrated exposimeter. This work provides a proof-of-concept to carry 

out RF-EMF exposure assessment in pre-school children for future RF-EMF epidemiological 

studies. 

 

I recommend that RF-EMF exposure assessments should be continued in future studies in 

order to inform the general public regarding existing RF-EMF exposure levels, monitor 

changes in RF-EMF exposure levels over time, and account for new exposure types and 

frequency bands, as well as cumulative exposure. In particular, further research in the domain 

of young children’s exposure to RF-EMF sources (e.g. smart mobile phones, tablets/iPads®, 

etc.) and long-term potential health or cognitive effects should get more attention. 

Assessment of RF-EMF exposures and potential population health effects will have 

implications for informing the general public about the exposure scenarios in relation to their 

health and well-being, and formulating evidence-based RF-EMF policies. 
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Chapter 1. Introduction 

1.1. Mobile Telephony – History of Evolution  

Since 1973 when the world’s first mobile phone (MP) call was placed in the USA (1), MPs 

have been one of the most popular personal devices for communication worldwide. MP 

technology and its capabilities have evolved tremendously – from the first generation (1G) to 

the current fourth generation (4G) technology. In parallel to this, the number of MP users also 

increased dramatically particularly over the last decade. For instance, the number of MP 

subscriptions in Australia was reported to be nearly 21.18 million (penetration rate of 99.6%) 

in 2007 and the number climbed to more than 31 million in 2015 (penetration rate of 138%) 

(2). According to the International Telecommunication Union (ITU), the global population 

subscribing to MPs has reached more than seven billion in 2016 (3). 

 

The use of MP communication is reliant upon the operation of networks of radiofrequency-

electromagnetic fields (RF-EMFs). In the literature, RF-EMF and RF-EMR (radiofrequency-

electromagnetic radiation) have been used interchangeably. By definition, RF-EMFs fall 

within the non-ionizing part of the electromagnetic spectrum with a frequency range of 3 

kHz–300 GHz (4). This is a wide frequency spectrum and MP technology has used only a 

part of the frequency range, depending on the generation of MP technology. The evolution of 

MP technology has involved the increased amount of digital data it sends and receives via 

RF-EMF signals. Subsequently, this has also allowed the enhancement of the functionalities 

of MPs, including the ability to offer data/online-multimedia services. 

 

The early 1G technology characterized an analogue version of MPs mainly used for voice 

transmission operating at 900 MHz (5). The first official 1G MP call in Australia was made 
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in 1987 (6). The second generation (2G) technology, commercially launched in Global 

System for Mobile communication (GSM) standard, characterised digital technology and was 

mainly used for voice communication and short text messaging services (SMS). The GSM 

network in Australia was officially switched on in 1993 (7), which has been operating at 900 

MHz and 1800 MHz. The third generation (3G) MP technology that operates at 2100 MHz 

superseded the 2G. The technology provides improved services such as wide area wireless 

voice calls and SMS, video calls, wireless data and multimedia. The 3G digital MP system is 

able to operate at multiple frequencies of 800/900 MHz, 1.7-1.9 GHz, and 2.5-2.69 GHz (8). 

In Australia, the 3G technology rolled out from 2005 (6) and operates at 850 MHz, 900 MHz, 

and 2.1 GHz (9). The application of the 3G network has become popular worldwide, 

particularly due to the notable development of smartphones such as the iPhone, and the 

Android-based MPs. The fourth generation (4G) MP system is the latest MP technology in 

use that provides ultra-broadband Internet service in addition to what 3G has to offer. The 4G 

technology in Australia commenced in 2014 (6), and it utilises the frequency bands of 700 

MHz, 850 MHz, 900 MHz, 1.8 GHz, 2.1 GHz, 2.3 GHz, and 2.6 GHz (9). 

 

In nearly all countries throughout the world, MP networks are constituted of strategically 

located base stations so as to provide voice calls, SMS or other online-multimedia/data 

services across wide geographical areas. The MP network is characterised by two types of 

RF-EMF signals, which are called downlink (DL) and uplink (UP). The DL signals are 

emitted from base stations and received by MPs, whereas the UP signals are emitted from 

MPs and received by the base stations. The DL and UL signals have slightly different 

frequencies depending on network MP allocations.  

 

https://en.wikipedia.org/wiki/Smartphone
https://en.wikipedia.org/wiki/IPhone
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1.2. Telecommunication and Broadcasting Systems 

In addition to MPs, there are a number of other telecommunication and broadcasting 

technologies around us – cordless phones, radios and televisions, Wi-Fi,  general packet radio 

service, wireless garage door openers, anti-shoplifting alarms, radio-frequency identification 

devices,  to name a few.  

 

Table 1 below lists some of these technologies operating in different frequency bands. The 

International Telecommunication Union globally allocates portions of the radio spectrum. 

Their subsequent local allocations may vary across different countries. 

 

Table 1. Frequency bands of some of the key telecommunication and broadcasting systems 

Telecommunication and Broadcasting systems Frequencies 

AM radio 300 kHz–3000 MHz (10, 11) 

FM radio 88–108 MHz (10, 11) 

Analogue TV Broadcasting 174–223 MHz (10, 11) 

Terrestrial Trunked Radio 380-400 MHz (10, 11) 

Digital Video Broadcasting 470–830 MHz (10, 11) 

Digital Enhanced Cordless 

Telecommunications (DECT)/Cordless Phone 

30–40 MHz (12), 900 MHz (13), 1.88–1.9 GHz 

(10, 11), 2.4 GHz & 5.8 GHz (12) 

Wireless Local Area Network (WLAN)/Wi–Fi 2.4–2.5 GHz (10, 11), 5.15–5.35 GHz,  

5.725–5.85 GHz (14) 
 

The discussion in this thesis is limited to the RF-EMF exposures from MPs and the other 

telecommunication and broadcasting technologies listed in table 1, operating in the frequency 

range between 88 MHz and 5.8 GHz. 
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1.3. MP and Cordless Phones (CP) Use in Children 

Children have been increasingly using mobile and cordless phones worldwide (15-21). This 

is suggested by the trends of MP use in many countries. The Mobile Radiofrequency Phone 

Exposed Users' Study (MoRPhEUS) reported that the proportion of MP ownership amongst 

Australian children (median age 13 years) increased from 75% in 2005/2006 to 86% in 2007 

(15). In Korea, the ownership of MPs in children (mean age 9 years) increased from nearly 

23% to 65.5% during 2008–2010 (22). In the US, the use of MPs in children (aged 8 and 

under) climbed from 38% to 72% during 2011–2013 (23). A recent report found that on 

average 69% of children (aged 9–16 years) in Belgium, Denmark, Ireland, Italy, Japan, 

Portugal, Romania and the United Kingdom used MP in 2013 (24). 

 

The use of CPs, along with MPs, has been popular among children. It has been found in some 

studies that the prevalence of CP use in children has been even higher than that of MP use. 

The Examination of Psychological Outcomes in Students Using Radiofrequency dEvices 

(ExPOSURE) study reported that 80% of children (mean age 10 years) used CP during 2011–

2012 (18). Whereas, the same study reported that the use or ownership of MP was 31% (18) 

during the same period. In New Zealand, approximately 90% of students (median age 13 

years) used MP and CP by 2009 (16). The prevalence of CP use amongst the 5–6 years old 

children in the Netherlands was around 84% during 2008–2010 (21). Whereas 48% of the 

children used/owned a MP (21).  

 

In addition to voice  calls, with the introduction of smart phones, children use MPs for 

listening to music, watching videos, surfing Internet and connecting to social networks 

(Facebook, Twitter, Instagram, etc.), and so on (24, 25).  
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1.4. RF-EMF Exposures  

Exposure to radiofrequency-electromagnetic fields (RF-EMFs) is omnipresent. However the 

RF-EMF exposure to humans as a consequence of naturally occurring sources, such as the 

sun, earth and ionosphere, is insignificant compared to that from man-made sources, 

particularly telecommunication and broadcasting technologies (26, 27). The benefits offered 

by these technologies, including MPs, to society, therefore come at the cost of associated RF-

EMF exposures to human populations.  

 

The RF-EMFs from radio antennas constitute the primary source of RF-EMF exposures to 

humans. Depending on the distance of the RF-EMF emitting antennas from the human body, 

RF-EMF exposures have been categorised into near-field and far-field exposures (28). The 

sources of near-field exposure are mobile phone, cordless phones, laptops, tablets and 

iPads™. On the other hand, mobile and cordless phone base stations, Wi-Fi hotspots/routers, 

and radio/TV broadcast stations comprise the sources of far-field exposures.  

 

Technically, far-field exposure commences at a distance of 2D2/λ, where D is the largest 

dimension of the RF-EMF emitting antenna, and λ is the RF-EMF wavelength in air (29). 

The RF-EMF exposure rapidly decreases with increasing the distance from the RF-EMF 

antenna. Therefore, near-field exposure contributes the most to the total human RF-EMF 

exposures. Far-field exposure levels are generally lower compared to near-field exposures, 

but involve involuntary exposure of the whole body. Compared to far-field exposures, near-

field exposures are generally higher and involve voluntary exposure of a localised body or 

body parts (e.g. human head while using MP) (30). 
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Human exposure to the near-field RF-EMF sources is very difficult to estimate, particularly 

for epidemiological studies. Specific absorption rate (SAR) is the quantitative measure of the 

near-field RF-EMF exposure, which is defined as the energy absorption rate per unit mass of 

the biological tissue (watts/kg) [SAR = σ × E2/ρ, where σ, E, and ρ are the tissue conductivity 

(S/m), the induced electric field or intensity (V/m) in the tissue of interest, and the tissue 

mass density (Kg/m3), respectively]. These measurements cannot be performed in a living 

head, are therefore performed with human phantoms in sophisticated laboratories (31). 

Therefore, surrogate exposure measures are commonly used in estimating near-field 

exposures in epidemiological studies. The far-field (personal or environmental) RF-EMF 

exposures can be measured with different types of “exposimeters”. These instruments 

provide an objective measure of electric field intensity (volt/m) or power density (watt/m2) 

values.  

 

Internationally, the guidelines of the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) have been widely followed in order to limit RF-EMF exposures to the 

general public and occupational populations. The RF-EMF exposure limits in the ICNIRP 

standards have been provided in terms of basic restrictions and reference levels to protect 

humans against established health effects (mainly acute tissue heating) (32). The basic 

restrictions include safety factors directly related to known health effects (i.e. thermal effects), 

and are expressed in terms of electric field strength, SAR, and power density. Whereas, the 

reference levels are recommended for practical purposes to ensure compliance with basic 

restrictions in real-life situations. The reference levels are expressed in terms of easily 

measurable or calculable limits of electric/magnetic field strengths, power density or body 

current. In Australia, the Australian Radiation Protection and Nuclear Safety Agency 

(ARPANSA) follows similar RF-EMF exposure standards (33).  
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1.5. Potential Health Effects of RF-EMF exposures  

With the expansion of telecommunication technology worldwide, it has raised public health 

concerns regarding potential health effects as a consequence of RF-EMF exposures. The 

Eurobarometer survey performed in 2010 found that 46% of people in the 27 European 

countries were fairly or very concerned about potential health risks of RF-EMF (34).  Limited 

RF-EMF epidemiological research indicates that the potential health effects related to RF-

EMF exposure appear to be related to the long-term use of MP/CP and development of head 

and neck tumours, or those related to children’s use of MP and CP and their psychological 

well-being. 

 

1.5.1. MP/CP Exposure and Head and Neck Tumours 

There has been inconsistent epidemiological evidence suggesting that excessive mobile 

phone use may be a risk factor for brain tumours. Case-control studies performed by 

Hardell’s group in Sweden (35-37) reported that long term exposure to analogue mobile 

phones was found to be associated with the occurrence of brain/head and neck tumours (e.g. 

acoustic neuroma and low-grade astrocytoma). A case-control study including five North 

European countries (1,522 glioma cases and 3,301 controls) also suggested an association 

between the long term (>10 years) ipsilateral use of MP and occurrence of glioma (38). The 

International Case Control Study of Tumours of the Brain and Salivary Glands 

(INTERPHONE), the case–control study including 13 countries (2765 glioma cases, 

2425  meningioma cases and 7658 controls), suggested that a long-term excessive use of MP 

(>1640 hours) may be associated with an increased risk of developing glioma alone (but not 

for other tumours) (39-41). The French CERENAT case-control study (253 glioma, 194 

meningioma cases and 892 controls) indicated a positive association between a long-term use 

http://oem.bmj.com/content/early/2014/05/09/oemed-2013-101754
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of MP and occurrence of gliomas and meningioma (42). However, other case-control and 

cohort studies provide no such evidence (43, 44). Based on some of these results, the 

International Agency for Research on Cancer (IARC) in 2011 categorised RF-EMF exposure 

as a possible human carcinogen (45).  

 

1.5.2. RF-EMF Exposure and Cognitive Effects in Children 

There are conflicting findings regarding whether children are more sensitive or not than 

adults to RF-EMF exposures (46-48). Some countries therefore follow the ‘precautionary 

approach’, especially to limit the exposures to children (17). There have been concerns 

regarding whether RF-EMF exposures associated with the use of mobile and cordless phones 

have psychological effects on the developing brains of children (15, 18, 20, 21, 49, 50). It has 

been assumed that children could be more susceptible to the potential health effects related to 

RF-EMF exposures due to higher lifetime cumulative RF-EMF exposures. The use of MPs 

and CPs in children has been linked with negative outcomes in cognitive functioning (15, 51) 

including memory performance (20).  

 

 
Mobile phone voice calls constitute the largest source of RF-EMR exposure, especially to the 

brain (30). Therefore, this particular exposure is relevant in view of its potential impact on 

children’s cognition due to their increasing use of MPs.  In response to this, the World Health 

Organization (WHO) recommended performing prospective cohort studies of children with 

outcomes such as behavioural and neurological disorders (50). It is not yet understood how 

MP/CP RF-EMF exposure affects human behaviour and neurological disorders, including 

cognitive function. One of the hypotheses could be related to the potential role of temperature 

elevation (i.e. thermal effects) of RF-EMF exposure (1). Furthermore, RF-EMF may change 
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electrical field potentials generated by cells, and excitability of neurons resulting in polarised 

membranes (2).  

 

Human cognitive tasks, in particular learning and memory processes, are mainly associated 

with the hippocampus, which is anatomically situated within the temporal region of the brain. 

If RF-EMF exposure could potentially affect the learning and memory in one way or another, 

this particular region should be influenced by the absorption of RF-EMF. Interestingly, it has 

been demonstrated that the temporal lobes of the brain is the area where more than 50% of 

the MP associated RF-EMF exposure is absorbed (3). Therefore, it could be hypothesised that 

RF-EMF absorption which takes place in temporal lobe of the brain due to MP usage may 

influence human cognitive function. However, it is still unclear exactly how RF-EMF 

exposure to the hippocampus could affect cognitive tasks such as those related to learning 

and memory.  

 

There are limited community-based epidemiological studies involving children that assessed 

effects of MP and/or CP exposure on cognitive function (15, 18, 20, 21, 51). The findings of 

these studies are inconclusive. The MoRPhEUS study, assessing cross-sectional data on MP 

use and cognitive effects in secondary school children, found MP use was associated with 

faster and less accurate response to higher level cognitive tasks (51). Nevertheless, 

longitudinal analysis showed little effect of MP use on the children’s cognition (15). A recent 

Swiss study involving adolescents found a negative association between MP and CP use with 

figural memory (20). The Amsterdam Born Children and their Development (ABCD) study 

showed inconsistent associations between MP and CP use and cognitive function (21). 

Furthermore, the cross-sectional data of the ExPOSURE study suggested that there was little 

evidence for an association between the use of MPs and CPs and cognitive effects in primary 
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school children in Australia (18). However, these studies used different methodologies to 

assess cognitive function and more research is needed to further explore possible associations.  

 

1.5.3. Other Potential Health Effects of RF-EMF Exposure 

The RF-EMF exposures from mobile phone base stations are far less than those from near-

field devices such as from MP or CP (30). In view of the general public’s concerns about 

potential health and well-being effects of low-level chronic RF-EMF exposures from mobile 

phone base stations, some epidemiological studies have investigated potential health effects 

of exposures from mobile phone base stations with mixed findings (55-61).  

 

The cross-sectional studies from Austria and Spain (59, 60) found that self-reported 

symptoms – such as headache, difficulty in or lack of concentration, fatigue, irritability, lack 

of appetite, depression and sleep problems –  were associated with RF-EMF exposures from 

mobile phone base stations. Contrary to these findings, a cross-sectional study from Germany 

(61) showed that the base station RF-EMFs were not associated with self-reported adverse 

health effects such as headaches, health complaints, mental and physical health, and sleep 

disturbances. Similarly, another German cross-sectional study found no significant 

association between mobile phone base station RF-EMF exposure and chronic or acute health 

symptoms such as headache, tinnitus, tachycardia, concentration problems, fatigue and 

sleeping disorders (57). The average mobile phone base station exposure levels measured in 

these studies were comparable and far below the ICNIRP reference level (57, 59-61). 

However, the studies slightly differ in the way how RF-EMF exposures and health symptoms 

were assessed (e.g. questionnaire and tests administered for heath/mental wellbeing). 

Therefore, it is difficult to make a direct comparison of these findings and draw a conclusion. 
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Electrohypersensitivity (EHS) has been reported in many countries by patients who claim 

specific symptoms are linked with RF-EMF exposures (63, 64). The most commonly 

reported symptoms of EHS are redness, tingling, and burning sensations (dermatological), 

fatigue, tiredness, concentration difficulties, dizziness, nausea, heart palpitation, and digestive 

disturbances (neurasthenic and vegetative) (64). However these symptoms are not clearly 

linked with any recognised syndrome. The WHO suggests that current scientific evidence 

does not support any causal relationship between RF-EMF exposure and EHS (64). A recent 

double-blind randomised controlled trial was performed in the Netherlands to assess effects 

of personalised exposure on self-rated EHS on 42 individuals (mean age 55 years) at baseline 

and follow-up (65). The study found that no participant was able to find RF-EMF exposure 

better than chance. Also, the study did not find any statistically significant differences 

between the self-reported level of EHS at follow-up and that at baseline, but at follow-up the 

participants reported reduced certainty while reacting within minutes to RF-EMF exposure 

and significantly fewer symptoms than those at baseline (65). 
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1.6. Rationale for the PhD thesis 

It is widely recognised that the key limitation of RF-EMF related epidemiological studies is 

reliable RF-EMF exposure assessment. It is recognized that inappropriate/crude methods of 

exposure assessment could result in exposure misclassification and biased findings (66-68). 

In view of improving the exposure assessment approaches for RF-EMF epidemiological 

studies, the World Health Organization (WHO) in 2010 underlined the need for 

quantification of personal exposures from different RF-EMF sources and performance of 

rigorous epidemiological studies (50). The WHO also recommended that further research in 

the area of children’s behavioural and neurological outcomes associated with RF-EMF 

exposures should also be performed (50).  

 

Several European countries have conducted the research in the area of environmental and 

personal RF-EMF exposure assessments (69-77). However in Australia, RF-EMF exposure 

information was largely unknown despite the increasing deployment of MP technology and 

very high market penetration (78). Only limited information on environmental exposure from 

MP base stations, particularly at locations close to the base stations in Australia, was 

available (79-81). Therefore, there was a need to evaluate environmental and personal RF-

EMF exposures in Australia. In particular, there were little data available internationally 

describing RF-EMF exposures to young children (e.g. kindergarten and school children) (75, 

82-84). For instance, there has been a concern in Australia, regarding the RF-EMF exposures 

near schools (84-86).  

 

Though research in RF-EMF exposure assessment is continuing, innovative approaches to 

exposure assessment are desperately needed in this field of research. For instance, the 

assessment of far-field personal RF-EMF exposures in human environments so far have been 
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performed with a body-worn exposimeter, despite the fact that this method gives uncertain 

measurements, mainly related to body-shielding (87-90). It has been suggested that the use of 

a pair of exposimeters, each placed on different body locations, would minimize such 

uncertainty (90, 91). Such a placement of the on-body calibrated exposimeters has been 

shown to reduce the measurement uncertainty (92). Therefore, testing and validation of new 

exposure assessment tools and approaches, including this approach, is necessary to improve 

the knowledge RF-EMF exposure assessment.  

 

Due to the different measurement protocols followed by different study groups, the 

comparison of RF-EMF measurements across the different countries has been challenging. 

Therefore, exposure measurements in a European country and other regions of the world (e.g. 

Australia), employing similar study tools/methods, would allow a direct comparison of RF-

EMF exposure levels. 
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1.7. PhD thesis aims and objectives 

The overarching aim of this PhD thesis is to increase understanding of personal and 

environmental RF-EMF exposures, and reliable assessment of population health effects 

associated with RF-EMF exposures.  

 

The specific objectives were to:  

i) conduct a literature review of the RF-EMF exposure assessment tools that can be used in  

    epidemiological studies  

ii) assess personal RF-EMF exposure across various microenvironments in Melbourne  

    (Australia) and in/around Ghent (Belgium)  

iii) evaluate RF-EMF exposures in kindergarten children  

iv) examine the longitudinal association between the use of MP and CP in a cohort of  

      primary school children and potential effects on their cognitive development  

 

This thesis addresses the above mentioned objectives, which are discussed in different 

chapters. Firstly, chapter 1 reviews currently available state-of-the-art tools for RF-EMF 

exposure from different sources. Secondly, based on this review, chapters 3, 4 and 5 (RF-

EMF exposure measurement studies) employed one or more of these tools in different 

contexts to perform environmental and personal RF-EMF measurements. Finally, chapter 6 

(health outcome study) presents the findings on the assessment of children’s cognitive health 

outcomes in relation to their MP or CP usage. 
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Chapter 2. Instruments to assess and measure personal and environmental 

RF-EMF Exposures  

 

Overview 

Radiofrequency-electromagnetic field (RF-EMF) exposure of human populations is 

increasing due to the widespread use of mobile phones and other telecommunication and 

broadcasting technologies. Therefore, objective assessment of environmental and personal 

RF-EMF exposures is important to characterise these exposures in view of current and future 

epidemiological studies.  

 

This chapter critically examines and identifies the currently available tools for RF-EMF 

exposure assessment in epidemiological studies, discusses their strengths and limitations, and 

provides relevant recommendations for future development.  
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Abstract Radiofrequency-electromagnetic field (RF-

EMF) exposure of human populations is increasing due to

the widespread use of mobile phones and other telecom-

munication and broadcasting technologies. There are

ongoing concerns about potential short- and long-term

public health consequences from RF-EMF exposures. To

elucidate the RF-EMF exposure-effect relationships, an

objective evaluation of the exposures with robust assess-

ment tools is necessary. This review discusses and com-

pares currently available RF-EMF exposure assessment

instruments, which can be used in human epidemiological

studies. Quantitative assessment instruments are either

mobile phone-based (apps/software-modified and hard-

ware-modified) or exposimeters. Each of these tool has its

usefulness and limitations. Our review suggests that

assessment of RF-EMF exposures can be improved by

using these tools compared to the proxy measures of

exposure (e.g. questionnaires and billing records). This in

turn, could be used to help increase knowledge about RF-

EMF exposure induced health effects in human

populations.

Keywords Exposimeters � Mobile phone exposures �
Radiofrequency-electromagnetic exposures �
Radiofrequency-electromagnetic exposure assessment �
Radiofrequency-electromagnetic exposures tools

Introduction

Exposure to radiofrequency-electromagnetic fields (RF-

EMFs) is universal. RF-EMFs either come from naturally

occurring sources like the sun, earth and ionosphere, or from

anthropogenic sources such as telecommunication and

broadcast systems [1]. Human exposure from naturally

occurring sources is negligible compared to that from the

anthropogenic sources [1, 2]. RF-EMF radiation falls within

the non-ionizing part of electromagnetic spectrum with a

frequency range of 3 kHz–300 GHz [3]. However the fact that

RF-EMF is non-ionising does not necessarilymean that it may

be completely harmless to humans as its interactionwith living

systems has been reported to induce numerous biological

effects [4]. International guidelines or standards, which are

based on established adverse health effects (e.g. tissue heat-

ing), have been widely used to limit RF-EMF exposure to

general public and occupational populations [1, 5].

In recent years, we have increasingly adopted radiofre-

quency technologies. The examples and the frequency

ranges associated with some of the common technologies

in use are: AM radio (300 kHz–3000 MHz), FM radio

(88–108 MHz), analogue TV and Digital Video Broad-

casting (174–223 MHz and 470–830 MHz), Terrestrial

Trunked Radio (380–400 MHz), Digital Enhanced Cord-

less Telecommunications (DECT, 1.88–1.9 GHz), Wire-

less Local Area Network (WLAN, also called Wi-Fi) and

Bluetooth (2.4–2.5 GHz), mobile phone downlink and

uplink (900 MHz–2.17 GHz) respectively [6, 7]. Cordless

phone technology further makes the use of 30–40 MHz [8],

900 MHz [9], 2.4 GHz, and 5.8 GHz frequencies [8].

Similarly, WLAN technology in recent years also utilizes

the higher frequency bands of 5.15–5.35 GHz and

5.725–5.85 GHz [10]. However, these frequency ranges

may vary by country depending on how frequency spectra
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are allocated. There are also other technologies operating

within the RF-EMF spectrum: radio detection and ranging

(RADAR), smart meters, baby monitors, general packet

radio service, wireless garage door openers, anti-shoplift-

ing alarms, radio-frequency identification devices, near

field communication devices, etc.

The number of mobile phone subscriptions worldwide is

about to reach 7 billion, and those subscribing to an Internet

service are estimated to be as many as 3 billion by the end of

2014 [11]. The use of cordless phones is also a common

phenomenon worldwide [12–15], which is popular with

landline phone installations. Not only do these facts and fig-

ures show that telecommunication has greatly expanded, but

the situation has also raised growing health concerns regarding

the increased potential exposures to RF-EMF associated with

them. A primary concern is the development of tumours of the

brain, acoustic nerve and parotid glands following a long term

exposure to mobile phones, but the findings to date have been

controversial and inconsistent [16–19]. The International

Agency for Research onCancer, based on the epidemiological

evidence of long-termmobile phone exposure, listed RF-EMF

as only a possible human carcinogen (Group 2B) in 2011 [20].

Mobile phone associated exposures have also been linked

with cognitive function and behavioural changes in children

and adolescent populations [21–23]. Some people have been

identified as ‘‘electro-hypersensitive (EHS)’’, which they

attribute to RF-EMF exposures [24, 25]. According to the

WHO, most commonly reported symptoms of EHS include

redness, tingling, and burning sensations (dermatological),

fatigue, tiredness, concentration difficulties, dizziness, nau-

sea, heart palpitation, and digestive disturbances (neuras-

thenic and vegetative); but this group of symptoms is not

associated with any recognised syndrome [26]. Furthermore,

current scientific evidence does not support any causal rela-

tionship between EHS and RF-EMF exposure [26]. Under-

standing human risks from RF-EMF exposures needs to be

improved through the application of robust exposure assess-

ment tools and methods [27, 28]. The utilization of better

methods would enable us to reduce misclassification of

exposure in epidemiological studies. The World Health

Organization in 2010 emphasized the need for quantification

of personal exposures from multiple RF-EMF sources and

performance of rigorous human epidemiological studies [29].

The purpose of this review is to present and discuss

state-of-the-art RF-EMF exposure assessment instruments,

which can be used in human epidemiological studies.

Methods

A literature search was performed using MEDLINE, Sco-

pus and Google Scholar databases during May 2014–

March 2015. Key words used singly or in combination

were radiofrequency-electromagnetic radiation exposures,

radiofrequency-electromagnetic field exposure, personal

dosimeters, personal exposimeters, software modified

phones, hardware modified phones, and apps for mobile

phone exposure. Only peer reviewed articles published in

the English language since 1982 were considered including

conference proceedings of the Bioelectromagnetics Society

and the European BioElectromagnetics Association from

the same period. In addition, relevant online information/

publications of government agencies and of the RF-EMF

monitor manufacturers were retrieved. Personal contact

with the manufacturers was also made to update their

product specifications (if any) and for permission to use

pictures of their products.

Results

Personal RF-EMF exposure assessment has been a chal-

lenging task in human epidemiological studies. Various

methods have been used to assess personal exposures.

Assessment tools that have been previously employed and/or

discussed in the literature include: questionnaires, job titles,

years of phone use or subscription, estimated proximity to

base stations, extent of use in moving vehicles, self-reported

frequency and duration of phone use, indoor or outdoor use,

billing records, network operator records, mobile phone

battery charge and research diaries [27]. Recently, the

assessment of personal and microenvironmental exposures

from mobile phone base stations, Wi-Fi networks, FM radio,

etc. by the use of exposimeters has been proposed. [28].

Self-reported wireless phone (mobile or cordless phone)

use has been used as a proxy for RF-EMF exposure in past

epidemiological studies [18, 19, 30], in order to investigate

associations between mobile/cordless phone exposures and

risk of brain or head tumours. This particular approach to

exposure assessment is prone to misclassification and

inaccurate risk estimates [27, 30, 31]. Similarly, mobile

phone subscriptions were used as a proxy for exposure in

the large Danish mobile phone users’ cohort [32]. This

again is prone to inaccurate exposure assessment as phone

owners and users can be different.

In recent years, significant progress has been made in

exposure assessment science and technology as more

sophisticated instruments have been continuously devel-

oped and tested. These tools can be broadly classified as

mobile phone-based or exposure monitors that evaluate

objective exposure data from near-field and far-field RF-

EMF sources respectively. The examples of near-field

sources include mobile/cordless handsets, computers/lap-

tops and tablets with WLAN, and bluetooth. Far-field

exposures include those from base stations, Wi-Fi hotspots/

routers, and radio/TV broadcast stations.
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Mobile phone based instruments

We found three smartphone-based applications (apps)

[XMobiSens (Whist Lab, Institut Mines-Télécom/Orange,

Paris, France) [33, 34]; Tawkon (Tawkon Ltd, Tel Aviv,

Israel) [35], and Quanta Monitor (Cellraid, Oulunsalo,

Finland) [36]; which run on smartphones and tablets to

evaluate smart phone exposures. Also, there are two (non-

smart) mobile phone-based instruments: Software Modified

Phone (SMP) [37, 38] and Hardware Modified Phone

(HMP) [39], which allow a mobile phone to have dual

functionalities of phone and dosimeter. SMP is an ordinary

handset that has additional dedicated software, which

automatically keeps a record of information such as num-

ber of calls, duration of calls etc. On the other hand, HMP

is a modified handset that has additional hardware con-

nected to the battery.

The smart phone based-assessment tools, as well as

hardware modified phones are illustrated in the Figs. 1 and

2 respectively.

Exposimeters or exposure monitors

Exposimeters or exposure monitors are also available to

measure the levels of environmental RF-EMF (in free

space), and to estimate personal far-field exposures (with a

body-worn exposimeter). Currently available and/or com-

monly used exposimeters include EME Spy 200 (SATIMO,

Courtaboeuf, France) [40], ESM 140 (Maschek Electronik,

Bad Wörishofen, Germany) [41], Narda exposimeters

(Nardalert S3, RadMan, and RadMan XT) [Narda Safety

Test Solutions, New York, USA] [42], ExpoM-RF (Fields

at Work GmbH, Zürich, Switzerland) [43], and personal

distributed exposimeters (PDEs) (Ghent University/iMinds,

Ghent, Belgium) [44, 45], which are illustrated in the

Figs. 3a, b, 4, and 5a, b respectively. The Narda

exposimeters are broadband exposimeters, where as the

others are narrowband. The characteristics of each of these

instruments, their respective measured or estimated expo-

sure parameters are summarized in Tables 1 and 2. The

limitations of these devices, as well as other relevant

characteristics will be discussed later in this paper.

Discussion

Assessment of exposure with minimal misclassification is

the aim of researchers in epidemiological studies. A precise

exposure measurement is always a challenging task, and

therefore a good proxy of exposure is generally used in

epidemiological studies. Each proxy of exposure will have

limitations resulting in exposure misclassification. There-

fore, validity of epidemiological studies also largely

depends on the type of exposure assessment tool(s) chosen

for a particular study. The exposure index of RF-EMF in

such tools is determined by frequency and signal modula-

tion, intensity of RF-EMF, and exposure duration [54].

Fig. 1 The screenshots of a XMobiSense app, b Quanta Monitor app, and c Tawkon app (Courtesy: Prabhat Lamichhane, Monash University,

Melbourne, Australia)

Fig. 2 The rear view of a hardware modified phone (the battery is

wired to special hardware inside the handset)
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Based on the distance from a RF-EMF emitting antenna

to a human body, the exposures can be of far-field or near-

field origin. The far-field starts at a distance of 2D2/k from

a RF-EMF emitting source, where D is the largest dimen-

sion of the emitting antenna, and k is the RF-EMF wave-

length in air [55]. The far-field exposures are characterised

by the uniform distribution of electric and magnetic fields

over the dimension of the human body. Therefore, mea-

suring either the electric or the magnetic field is sufficient

to characterise the exposure from the far-field RF-EMF

sources [55]. In near-field exposure, electric and magnetic

fields are generally characterised by the non-uniform dis-

tribution of electric and magnetic fields over the dimension

of the human body [55]. Mobile phone exposure essentially

has two exposure components—transmitter (Tx) and

receiver (Rx) power. The network connection from a

mobile phone to a base station antenna(s) (i.e. uplink) is

characterised by the Tx power, whereas, that from a base

station antenna(s) to mobile phone (downlink) is charac-

terised by the Rx power [56]. The Tx power values, which

are the averaged actual power emitted by mobile phone, are

much higher than the Rx power values [56].

The far-field RF-EMF exposures can be measured with

exposimeters for a fixed location (e.g. site monitoring and

spot measurements), and across different sites (e.g.

microenvironment monitoring and personal monitoring)

[28, 54]. The site/spot measurements provide information

about far-field environmental RF-EMF exposure at a par-

ticular site for the duration of the measurement. Microen-

vironment monitoring provides personal exposure data

across specified time periods, and provides a basis for

comparison of the exposures across various study sites.

Therefore, microenvironment monitoring is not a valid

surrogate for personal or population exposure assessment

[28]. Personal far-field exposure monitoring evaluates the

exposures received by an individual across multiple loca-

tions and times. Environmental and personal exposures

have been measured using various types of exposimeters in

many countries [14, 47, 49, 50, 52, 53]. Time-activity

diaries have been used to collect site and activity specific

data [57]. The combined information from the exposime-

ters and the time-activity diaries have been used to char-

acterise far-field associated personal exposures across

various typical microenvironments [14, 15]. The near-field

exposure from mobile phones has been generally evaluated

using the in-built software or hardware of the phone. The

cumulative personal RF-EMF exposure should ideally

combine both far-field and near-field personal exposures

over a considerable time. Personal exposure in human

populations is mainly dominated by the exposure from the

near-field RF-EMF sources. A recent study reported that

the near-field sources account for 98.4 and 94 % of the

total brain and the whole body doses respectively [52].

The majority of exposure assessment tools presented in

this review evaluate data used to provide a surrogate for the

specific absorption rates (SARs) from both near- and far-

field RF-EMF exposures. SAR is a measure of the rate of

Fig. 3 Exposimeters: a an EME

Spy 200 and, b ESM 140

Fig. 4 Narda exposimeters: a Nardalert S3, b RadMan, and

c RadMan XT
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energy absorption per unit mass of the biological tissue,

and mathematically given as SAR (in W/kg) = r 9 E2/q,
where r, E, and q are the tissue conductivity (S/m), the

induced electric field or intensity (V/m) in the tissue of

interest, and the tissue mass density (kg/m3) respectively.

One of the key applications of exposimeters is that whole-

body or organ specific SAR can be estimated using the

measured personal exposure data (in terms of power den-

sity) provided by exposimeters and a validated statistical

multipath tool [54, 58]. Joseph et al. [58] used mean per-

sonal exposure data at various European microenviron-

ments to estimate the whole-body mean SAR for a 1-year

old child and adult male phantoms. The whole-body mean

SAR at frequency i was estimated as, SARi =

a 9 377 9 (power density)i; the parameter ‘a’ depends on

the phantom type (e.g. adult or child), posture, the fre-

quency bands, and the type of microenvironment consid-

ered [54]. The formula is only suited for far-field exposure

contexts. Therefore, the method underestimates the SAR as

the uplink exposures (e.g. from personal mobile phone),

which constitute a considerable localised SAR, could not

be estimated. Furthermore, body shielding would provide

an underestimate of personal exposure (i.e. power density),

which in turn, would again underestimate the whole-body

SAR [58]. More recently, brain and whole body doses (mJ/

kg) have been estimated for the adolescent population in

Switzerland using the exposimeters’ data and a modelling

approach [52].

This review does not aim to include all the commer-

cially available instruments such as broadband

Table 1 Types of mobile phone-based RF-EMF exposure assessment instruments and their respective characteristics

Type of tools Parameters measured Validation & applications

Smart phone-based applications

XMobiSense Network type, network operator, number of phone calls, duration of

calls, laterality of usage, use of speaker phone or other hands-free

kits, phone received power (dBm) for 2G, 3G, LTE, Wi-Fi networks,

number of SMS, and amount of transmitted and received data (kB/s)

[33, 34]

It has been recently validated [34]; useful

for epidemiological studies

Tawkon Duration of calls with/without using headset or hands-free [35] There is no independent scientific

validation of the tool; limited use for

epidemiological studies

Quanta monitor Average power density (lW/m2) for the networks of GSM/UMTS/

LTE/CDMA/EVDO, Wi-Fi (380 MHz –2.6 GHz), SAR (estimated);

cumulative power density (lWh/m2) (detection range 0.7 lV/m–

3.2 V/m); exposure duration from phone and the networks [36]

There is no independent scientific

validation of the tool; our group will be

testing/using the tool; useful for

epidemiological studies

Earlier phone-based instruments

Software modified phone Call time and date, output power level, radiofrequency used,

cumulative emitted power, duration of calls, number of calls;

captures dual band (900/1800 MHz) and tri band (900/1800/

1900 MHz) frequencies [37, 38]

It is a validated tool [37, 38]; useful for

epidemiological studies

Hardware modified

phone

Number of calls, duration of calls, power output, power fluctuations,

phone tilts in X, Y and Z planes with respect to the user’s head [39]

It is a validated tool [39]; useful for

epidemiological studies

GSM Global System for Mobile Communications, UMTS Universal Mobile Telecommunications System, LTE Long-Term Evolution, CDMA

Code Division Multiple Access, EVDO Enhanced Voice-Data Optimized

Fig. 5 a ExpoM-RF

exposimeter, b A personal

distributed exposimeter (2-front

and 2-rear detection antennas)

[Courtesy: Dr Arno Thielens,

Ghent University/iMinds,

Belgium]
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exposimeters and spectrum analysers and apps but rather

focuses on reviewing the most commonly used instruments

and apps that could be potentially used in future epidemi-

ological studies. These instruments and apps have their

strengths and limitations as discussed here.

Comparison of instruments: strengths, limitations
and recommendations

Smart phone apps or instruments

XMobiSense measures the exposures from mobile (2G, 3G

and LTE) and Wi-Fi networks. The app provides the data

on the number of calls, number of SMS, duration of use,

laterality of use, mobile network Rx power (in dBm), Wi-Fi

Rx power (in dBm), the amount of transmitted and received

data of 2G, 3G and Wi-Fi (kilobyte/s) [34, Sarrebourse T,

Orange Labs, France, personal communication 27/07/

2015]. These are important parameters that can be used to

characterise the mobile phone exposures. The measurement

uncertainties for Rx power are phone dependent. The lat-

erality of phone use, measured by its accelerometer, can be

correlated with the brain exposure and related to location of

the brain tumours occurrence. The data collected by the

app can be downloaded from the mobile phone to a com-

puter for direct analysis. Alternatively, the data file can also

be directly sent from the user’s mobile phone to a file

transfer protocol server from which the exposure data can

be later retrieved for analysis. XMobiSens could therefore

be of benefit for future epidemiological research despite

some limitations. There is limited information available in

the published scientific literature about its use in epi-

demiological studies [33, 34]. XMobiSense has been used

in the Mobi-Kids substudy: Mobi–Expo, to evaluate RF-

EMF exposure from smart phones, and validate the expo-

sure related responses from participants across 15 countries

worldwide [34]. Validation studies are important to com-

pare the agreement between actual phone use and partici-

pants’ recall of phone use [30, 34, 57]. Feedback on its

attributes is expected to be available soon. The app is also

limited since it cannot measure the exposure associated

with the Wi-Fi Tx power of the mobile phone. This will

obviously underestimate the exposures from the phones.

Furthermore, the app’s application is also limited to

Android-based smart phones or tablets.

Tawkon claims that its technology is calibrated by

SATIMO, an FCC certified radiofrequency laboratory in

the USA [35]. The technology apparently consists of an

internal measurement system that records information

about network type, band-GSM, UMTS, CDMA, channel,

signal strength and phone model. Furthermore, the app

claims to be able to calculate the phone’s radiation output

levels and the corresponding estimated SAR values on FCC

near-field exposure standards [35]. These particular claims

are questionable because the SAR levels critically depend

on the distance of the phone to the user and its orientation.

Therefore, further scientific validation is necessary to

examine the veracity of the claim. Tawkon has an alert

function for the user, which is activated when the exposure

from the mobile phone exceeds a pre-determined level.

This alert function then suggests the user engage alternate

means to minimise exposure (e.g. use of a speaker or

headset). These functions would confound use in an epi-

demiological study as it would lead to changed behaviour

during the study unless the feature can be turned off.

Furthermore, the app can only provide very limited useful

exposure data (such as ‘duration of call’), which is inade-

quate for future epidemiological studies. We could not find

any published epidemiological studies involving the Taw-

kon app as an instrument for exposure assessment.

The new app Quanta Monitor, has key features which

enable it to evaluate Rx and Tx powers (lW/m2) to and

from the mobile phone and Wi-Fi networks [36]. The use

of a proximity sensor helps the phone to evaluate the

cumulative exposure (lWh/m2) only when the phone is

placed close to the body (i.e. up to 5 mm away from the

body). The exposure data is provided in terms of hourly/-

daily/weekly/monthly total exposure (lWh/m2) and expo-

sure time due to phone (i.e. calls, data, Wi-Fi) and network

(i.e. cellular, Wi-Fi). The estimated measurement uncer-

tainties for the Rx and Tx powers are reported to ±1 dB and

±3 dB respectively (Niemi P, Cellraid, Personal commu-

nication 29/07/2015). The Quanta Monitor developers

claim that they have also developed an algorithm that can

estimate SAR. Publication of independent validation of the

app is lacking and necessary prior to use in future epi-

demiological studies. The exposure data collected by the

app is automatically stored in a cloud server. While issues

of data security remain important and challenging in cloud

computing [59], such an option, despite its ease and

potential cost-effectiveness, might not prove to be a sound

tool for human epidemiological studies. The app does not

report the data on the number of calls and SMS, which

would be necessary parameters in future studies. Further-

more, the tool shares a common limitation of the smart

phone apps- in only being applicable to Android-based

smart phones or tablets.

A study using XMobiSens has recently demonstrated

that the app can be efficiently used to collect smart phone

RF-EMF exposure data in epidemiological studies [34].

The inability of measuring the Tx power by XMobiSens,

however, can be assessed with Quanta Monitor. The

assessment of exposure from Tx power has been a prime

interest in epidemiological studies. Therefore, use of both

apps simultaneously would provide more complete
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exposure assessment in future studies. There is also a

common limitation of these apps—none of them is able to

detect signals from TETRA or DVBT.

Earlier phone-based instruments

Early model SMPs have been used to measure the data on

number of calls, duration of calls, output power level,

cumulative emitted power, etc. [37, 38]. They are easy to

use since they only require the insertion of a SIM card.

Typically, the SMP memory can store up to of eight hours

of conversation [60]. The data can be downloaded later to a

computer using a simple software. Once the data are

downloaded, the phone is again ready for further use to

collect and store further data. Therefore, long-term moni-

toring of exposure is possible with SMPs [38]. Typical

sampling intervals of 0.12 and 2.5 s are available, as is an

auto setting (with a minimum sampling interval of 1 s) that

varies according to changes in frequency and power vari-

ables [38, 60]. The interpretation of exposure measured by

the SMPs should be done cautiously as they do not dis-

criminate power output during normal calls or hands-free

modes. Furthermore power fluctuation is not measured by

SMP, though it is well captured by more sophisticated

HMPs [27].

In the early model HMP’s, data (number of calls,

duration of calls, power output, power fluctuations, phone

tilts) is recorded and automatically stored while the phone

is in use, and is transferred to a computer following routine

battery charging. The important parameter power fluctua-

tion, which is not measured by the SMPs, is well captured

by HMPs [27]. The data collected by HMPs can be used

later in estimating SAR levels to the head region due to the

use of mobile phones. In terms of SAR dosimetry, the

HMPs comply with the ICNIRP standards [39]. An

important limitation of HMPs is the need for extensive

laboratory calibration prior to use [27].

In past epidemiological studies, quantitative mobile

phone near-field RF-EMF exposure assessments have been

reported for both SMPs [30, 37, 38, 60–63] and HMPs [39,

64]. Unfortunately, the SMP technology-based exposure

assessment is limited to non-smart phones or models before

3G service [30] and this is also the case with HMPs. This is

clearly a major practical limitation of SMPs and HMPs

since most people are using smart phones. It may be useful

for future epidemiological research to develop the HMP

technology for smart phones, and other near-field exposure

devices, if possible.

Exposimeters or exposure monitors

The EME Spy 200 is derived from earlier SATIMO/EME

Spy models. The previous EME Spy models are the most

commonly used exposimeters in environmental and per-

sonal RF-EMF dosimetry. Therefore, it is important to

draw comparisons between EME Spy 200 and the other

exposimeters currently available.

EME Spy 200 can detect a total of 20 frequency bands

compared to ESM 140 and ExpoM-RF, which can detect 8

and 16 frequency bands respectively. The Nardalert S3,

RadMan, and RadMan XT cover a wide spectrum of RF-

EMF frequencies, whereas the PDE so far is only able to

measure 2 frequency bands. Therefore, EME Spy 200 and

Nardalert S3, RadMan/RadMan XT seem to be the best

choice if measurement of a wide spectrum of RF-EMF is

required. It is important to note that EME Spy 200, ESM

140 and ExpoM-RF can discriminate the individual con-

tribution of various frequency bands as well as providing

the total exposure levels. However, this is not the case with

Nardalert S3 and RadMan/RadMan XT, where only an

overall exposure level is provided. Moreover, Nardalert S3,

RadMan, and RadMan XT are primarily used in RF-EMF

safety programs—monitoring of environmental (area) and

personal RF-EMF exposure levels against reference levels

in standards from ICNIRP, IEEE/FCC and Safety Code 6

(Canada) etc. Nevertheless, they can still be useful for

epidemiological studies particularly where exposure from a

wide range of RF-EMF sources is anticipated. Exposime-

ters should ideally discriminate up- and down-link band

specific exposures. This is possible with the EME Spy 200,

the ESM 140 and the ExpoM-RF exposimeters. The older

ESM 140 had a limitation of low selectivity between the

up- and down-link frequency channels, and therefore the

frequency bands needed to be combined to assess expo-

sures [49, 65]. Importantly, signal discrimination is

essential when frequency-dependent biological or health

effects are to be investigated in future studies. These lim-

itations are not applicable to PDEs as they are only able to

measure GSM 900 DL and Wi-Fi signals [44, 53].

An important parameter of exposimeters is the sampling

interval. This varies from one exposimeter to another such

as 0.5–10 s for the ESM 140 and the Nardalert S3, 1 s for

the PDE, 4–255 s for the EME Spy 200, and 3–6000 s for

the ExpoM-RF. Furthermore, the Nardalert S3 has a vari-

able sampling interval of 1, 2, 5, 10 s, 1 and 3 min;

whereas the RadMan/RadMan XT sampling interval ranges

from 1 s to 3 min. The selection of sampling interval

mainly depends on the intended duration of the data col-

lection (i.e. the number of signals collected), type of sig-

nals, and battery life. The maximum number of signals that

can be collected per measurement with the exposimeters

can be compared (in an increasing order) as; RadMan/

RadMan XT\Nardalert S3\EME Spy 200\ESM

140\PDE\ExpoM-RF (Table 2). The sampling inter-

vals and operation of other accessory applications such as

Bluetooth, GPS in exposimeters critically influence the
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battery life. Therefore, comparasion of exposimeters solely

on the basis of the battery life is not straightforward. A

long-term exposure assessment in epidemiological studies

ideally demands a continuous measurement to be taken

over a few weeks to months. Currently available

exposimeters are only able to record signals for up to a

week before they need to be recharged. Clearly,

exposimeters with a reasonably long battery life are

preferable from this viewpoint.

The sensitivity of exposimeters is very important par-

ticularly in terms of lower detection threshold for various

frequency bands relevant to environmental and personal

exposures. Table 2 shows that the lower detection limits

may vary considerably from one exposimeter to another,

depending on the frequency band to be considered. RF-

EMF signals in many environmental settings can be very

weak. To date, this has led to a substantial proportion of

reported measurements below the lower detection thresh-

old [15, 48, 66]. The likelihood of encountering weak

signals needs to be considered when selecting a suit-

able exposimeter, so that the percentage of measurements

below the limit of detection is minimized. The relevance of

upper detection threshold can be important where relatively

higher levels of exposures are anticipated such as occu-

pational exposures. The threshold for the Nardalert S3 and

the RadMan/RadMan XT are specified in terms of the

IEEE, SC6, and ICNIRP standards, as these dosimeters are

primarily used for occupational RF-EMF exposure moni-

toring and safety.

The size and weight of exposimeters are important

parameters in the context of epidemiological studies that

may involve children. Comparison of the available

exposimeters is as follows (in an increasing order of size

and weight); ESM 140\RadMan/RadMan XT\Nardalert

S3\ExpoM-RF\EME Spy 200. All of the exposimeters,

except for ESM 140 and the PDE, are worn or carried. In

general, it is most important that exposimeters have small

physical dimensions and be lightweight. Young children, in

particular, may not be ready to carry relatively larger/

heavier exposimeters for any considerable time period.

Therefore, exposure assessment with children should be

preferably performed with smaller and lighter weight

exposimeters such as the ESM 140, wherever possible.

The RF-EMF signal detection probes of the EME Spy

200, the ExpoM-RF and the RadMan/RadMan XT are

isotropic or tri-axial. Isotropy characteristics of a sensor

allow measurements with the same intensity of signals to

be performed irrespective of the measurement direction.

The ESM 140 has a non-isotropic electric field antenna. Its

antenna achieves isotropy only when the exposimeter is

attached to the upper arm of the wearer [28]. Therefore its

usability is compromised when the exposimeter is detached

from the arm such as during sleep at night or during other

activities such as swimming and bathing. Clearly, for epi-

demiological purposes, exposimeters with isotropic sensors

are preferable for personal RF-EMF exposure assessment.

The measurement uncertainties associated with

exposimeters differ and are frequency specific (Table 2).

For instance, the EME Spy 200 has specified frequency-

and polarisation-specific uncertainties they are well docu-

mented. However, the ESM 140 specifies it’s measurement

uncertainties in terms of unique values for free space

measurement and for when it is attached to the users arm

for all frequency bands.

None of the exposimeters, except the ExpoM-RF, have

inbuilt GPS geolocation functionality which automatically

captures information relevant to the location of the par-

ticular measurement. Geo-location functionality, aided

with the Android smartphone app, can be used with EME

Spy 200. The GPS or geolocation function in exposimeters

is important [28], since it precisely identifies the location of

the measurements. It can be useful when repeated mea-

surements with high spatial accuracy of the same place or

environment are required for a long term assessment. The

GPS data also provides a valuable input parameter for any

potential exposure modelling, and might also help validate

the geo-location related information noted in time-activity

diaries [28]. The geo-location/GPS of the EME Spy

200/ExpoM-RF can be helpful when repeated site or area

specific environmental monitoring needs to be performed.

The PDE system is in the prototype stage and is still

under development. It is integrated within a garment that

utilizes different combinations of textile antennas (2, 3 or

4) distributed over the body. The PDE integrated in the

wearable clothing is lightweight and flexible. This

exposimeter device has been tested for GSM 900 DL and

Wi-Fi frequencies [43, 53], and the developers plan to

release a model in the near future. Recent trials have been

conducted by the developers of the PDE, with 3-antennas

(2-front and 1-back) to measure personal exposure across

various microenvironments. The prototype device does not

appear user-friendly as the antennas and associated circuit

(wires and battery) are not integrated into clothing but

temporarily attached to the wearer. This gives the appear-

ance of an incomplete device. Feasibility testing with the

view for use in future epidemiological studies are on-going.

Major limitations of this experimental device are that it

cannot capture a broad range of the RF-EMF frequency

bands and has limited battery life.

The RadMan and the RadMan XT are best suited where

measurement of electric and magnetic field exposures are

relevant—for instance, occupational exposures in the

broadcast and telecommunication industries. In these

industries it is important to evaluate both electric- and

magnetic field exposures as the workers are likely to spend

significant time close to the RF-EMF sources whilst
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performing maintenance work. In particular, the RadMan

models have been employed in evaluating occupational

exposures from magnetic fields for maintenance workers in

broadcast and telecommunication installations [50, 51].

RADARs (frequency range 10 MHz–300 GHz) used in the

defence, navigation, weather prediction, etc. are of concern

due to high potential occupational exposure [67, 68]. In

these workplaces, use of the RadMan exposimeter with a

30 ms averaging time is recommended compared to the

RadMan/RadMan XT.

Clearly, recommendations regarding consideration of

use of a particular exposimeter depends upon the mea-

surement context or environment. The characteristics of an

exposimeter discussed above should be carefully consid-

ered when choosing one exposimeter in preference to

another. This should be done in the context of the popu-

lation or site specific characteristics in which exposure

monitoring is to be carried out.

Gaps in exposure assessment and implications

for epidemiological research

The exposure assessment tools for near-field devices are

only able to measure electric fields. The near-field electric

field exposure expressed in power density does not provide

a realistic measure of accurate body exposure. Ideally,

exposure in terms of SAR (W/kg) should be reported for

the near-field devices [69]. However, the estimation of

SAR in human populations for epidemiological studies is

not yet practically possible. In addition, low frequency

pulsed magnetic fields are also induced into tissues because

of battery current pulses during the transmission of mobile

phone signal [70]. Therefore, it is essential that future

mobile phone exposure assessment tools focus on the

measurement of electric and magnetic field exposures. The

contribution of magnetic field exposure from near-field RF-

EMF source (e.g. mobile phones) may not be of much

significance to be relevant in epidemiological studies [71].

However, the magnetic field exposures should be evaluated

for developing a comprehensive exposure matrix [70, 71].

Nowadays, the other near-field RF-EMF devices such as

laptops, tablets, iPads and cordless phones have also con-

tribute to RF-EMF exposure and need to be included in

exposure assessment for epidemiological research [52].

Therefore prospective exposure assessment tools need to

also include the contribution to overall exposure from these

devices. Due to the lack of apps which can evaluate per-

sonal exposures from iPhone, additional selection bias will

occur in future epidemiological studies. Similarly, expo-

sure from cordless phones constitutes a significant near-

field RF-EMF exposure [12, 72, 73]. The development of

tools for exposure assessment for these devices are urgently

needed.

Currently a major limitation of all exposimeters is that

they are unable to measure a considerable proportion of

RF-EMF signals that fall below their lower detection limits

[15, 48, 67]. To compensate researchers have resorted to

the use of statistical approaches such as robust regression

on order statistics or nai‹ ve methods for each frequency

band [57, 74]. This suggests that there is clearly a need to

improve exposimeter capabilities to reduce their lower

detection thresholds further [67]. In addition, a regular

calibration with realistic signals is necessary for field

instruments to avoid any possible systematic errors during

measurement [75].

The uncertainties of exposimeters include body shield-

ing, calibration, frequency response of probes, sensitivity

variations and measurement errors [15]. An exposimeter

worn on the body tends to under- or over-estimate the

actual ambient RF-EMF exposure levels [15, 75–77]. The

measured exposure levels essentially depend on whether

the exposimeter is worn on the side of the incident RF-

EMF or the orientation of body exposimeter with respect to

the RF-EMF direction. This is because the human body

absorbs, reflects, and refracts incident RF-EMF [78]. The

body also casts a shadow of incident RF-EMF on an

exposimeter placed on the shielded side [79] resulting in

data uncertainties. It has been recommended that fre-

quency- and exposimeter-dependent correction factors

(taking calibration, elevation angle, and body shielding into

account) should be applied to maximise accuracy of

exposure measurements [66, 75]. It has also been suggested

that using two exposimeters (one on the front and the other

on the rear of the body) may help reduce the measurement

inaccuracies associated with body shielding effects [76,

77]. This should allow the simultaneously measured on-

body electric field intensity data of the two exposimeters to

be combined to calculate a composite average of the body

exposure levels. Thielens et al. [80] have shown that

wearing two on-body calibrated exposimeters (one on

either side of the hip) provided accurate measurements.

However, in epidemiological studies this would be costly

and impractical since subjects would be required to wear

two exposimeters continuously for considerable time

periods. The PDE system with multiple RF-EMF acquisi-

tion nodes proposes to reduce the measurement uncer-

tainties related to body shielding. With further

development so that a wide range of frequency bands can

be captured, this device would be very useful in human

exposure assessment and should overcome problems

inherent in arm worn monitors.

The use of near-field RF-EMF exposure devices during

the measurement may influence the measured levels of far-

field RF-EMF exposure levels. For instance, higher per-

sonal far-field RF-EMF exposures are recorded when users

make a call with mobile or cordless phones [14]. A mobile
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phone, particularly a smart phone, in standby mode tends to

increase personal RF-EMF exposure levels as it regularly

updates on its location [47]. A cordless phone in standby

mode is also likely to have similar impacts on exposimeter

measurements. Therefore, a clear distinction regarding the

presence and use of the near-field RF-EMF emitting

devices (e.g. mobile or cordless phones) should be noted

while undertaking and reporting exposimeter RF-EMF

levels [47].

Modelling approaches to evaluate environmental RF-

EMF exposures are also available [81, 82]. It has been

demonstrated that modelling helps in estimating whole

body and organ specific SARs resulting from near-field and

far-field exposures [83]. Iskra et al. [84] applied the finite-

difference time-domain method to estimate average whole

body average SAR levels for far-field exposures. A key

advantage of modelling is that it can provide an exposure

assessment at the cost of randomly distributed errors [54].

Furthermore, it removes the requirement of dependency on

the participants for collecting estimated exposure data.

Therefore, it is expected that modelling will prove itself as

a useful tool for exposure assessment in the future.

Sophisticated exposure models demand a large amount of

accurate input data of RF-EMF transmitter and transmis-

sion parameters, building location and characteristics, and

human behaviour characteristics [63]. However, the mod-

elling approach could be challenging when retrospective

exposure assessment using historic data is required [14].

Currently available exposimeters have limitations as

they generally provide time-weighted average exposure

data without any information on modulation and proportion

of peak signals above a threshold [15]. The exposimeters’

algorithms may not account for variation of power flux

density/electric field intensity in accordance with the RF-

EMF frequency, the body posture and the body type.

Furthermore, the exposure data retrieved through the

application of exposimeters assumes that the exposure

measurements are performed in far-field scenarios, which

may not always be the case. Therefore, the estimation of

exposures using the exposimeters will suffer from random

errors, and hence has limitations for its application in

epidemiological studies. This can be a major limitation as

the population exposures from the intermediate frequency

range (300 Hz–10 MHz), including that from AM radio,

are suggested to be significant [15, 85]. Furthermore, it is

likely that terahertz frequency ([300 GHz) will be avail-

able for future technologies. This will lead to the demand

for monitoring of environmental and population exposures

from these technologies. Therefore, there may be an

unrealistic expectation that exposimeters will be required

to detect exposure to all of these RF-EMF signals. The

ultimate challenging goal of RF-EMF exposure assessment

in epidemiology remains to be the estimation of cumulative

population doses from all relevant near- and far-field RF-

EMF sources [86].

Conclusion

We have described currently available RF-EMF exposure

assessment instruments which provide objective RF-EMF

exposure data. These instruments provide numerous

potential benefits to epidemiological studies compared to

previously employed exposure assessment tools such as

questionnaires and billing records. Nonetheless, there are

limitations associated with the instruments we have

described, which should be considered in instrument

selection. Future development needs to provide the capa-

bility to assess exposures from cordless phones, iPhones

and laptops devices. Exposimeters also need improvement

in terms of size and weight reduction, longer battery

life, the number of frequency bands that can be measured,

and lower detection limits.
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Fields at Work GmbH (Zürich, Switzerland). http://www.field

satwork.ch/. Accessed 12 November 2014

44. Thielens A, De Clercq H, Agneessens S et al (2013) Personal

distributed exposimeter for radio frequency exposure assessment

in real environments. Bioelectromagnetics 34:563–567

45. Thielens A, Vanveerdeghem P, Agneessens S et al. (2014)

Whole-body Averaged SAR Assessment Using a Personal, Dis-

tributed Exposimeter. Proceedings of Joint Annual Meeting of the

Bioelectromagnetics Society and European Bioelectromagnetics

Association CapeTown, South Africa, 8–13 June 2014

46. Urbinello D, Huss A, Beekhuizen J et al (2014) Use of

portable exposure meters for comparing mobile phone base sta-

tion radiation in different types of areas in the cities of Basel and

Amsterdam. Sci Total Environ 468–469:1028–1033
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Chapter 3. Measuring personal exposure from 900 MHz mobile phone base 

stations 

 

Overview 

In the previous chapter, I have identified objective tools for RF-EMF exposure assessment 

and recommended the tools that could be employed in assessing RF-EMF exposures in 

human populations. This and the next two chapters present the contexts in which these robust 

tools may be used in evaluating human exposures to RF-EMF in various settings. 

 

The RF-EMF exposure from mobile phone base stations, particularly 900 MHz downlink 

frequency band, is one of the key contributors to telecommunication related RF-EMF 

exposure to human populations (69-72, 74). This chapter discusses the measurement of 

personal RF-EMF exposures from mobile phone base station 900 downlink. In contrast to the 

conservative approach to personal RF-EMF measurement (i.e. use of non-calibrated single 

body-attached exposimeter), this chapter explores the feasibility of conducting exposure 

assessment with a novel approach and tool – the use of a three antenna personal distributed 

exposimeter (PDE). The use of a single body-worn exposimeter resulted in a considerable 

amount of measurement uncertainties due to body-shielding (88, 89, 91). In this novel 

approach of applying the PDE, three antennas of the PDE simultaneously measured exposure, 

which subsequently provided a composite measure exposure to the human body thereby 

minimising the measurement uncertainties (92). The exposure assessments were carried out 

across different microenvironments in Melbourne, Australia, and in/around Ghent, Belgium. 

The chapter also compares the exposure levels for selected microenvironments in the two 

countries. 
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The paper concluded that it was feasible to employ the PDE to estimate personal exposure to 

900 MHz downlink. Exposures in the GSM 900 MHz frequency band across most of the 

microenvironments in Australia were significantly lower than the exposures across the 

microenvironments in Belgium. The measured exposure levels were far below the general 

public reference levels recommended in the guidelines of the International Commission on 

Non-Ionizing Radiation Protection and the Australian Radiation Protection and Nuclear 

Safety Agency. 
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The aims of this study were to: i) measure personal exposure in the Global System for Mobile communications
(GSM) 900 MHz downlink (DL) frequency band with two systems of exposimeters, a personal distributed
exposimeter (PDE) and a pair of ExpoM-RFs, ii) compare the GSM 900 MHz DL exposures across various micro-
environments in Australia and Belgium, and iii) evaluate the correlation between the PDE and ExpoM-RFs mea-
surements. Personal exposure data were collected using the PDE and two ExpoM-RFs simultaneously across 34
microenvironments (17 each in Australia and Belgium) located in urban, suburban and rural areas. Summary sta-
tistics of the electric field strengths (V/m) were computed and compared across similar microenvironments in
Australia and Belgium. The personal exposures across urban microenvironments were higher than those in the
rural or suburban microenvironments. Likewise, the exposure levels across the outdoor were higher than
those for indoor microenvironments. The five highest median exposure levels were: city centre (0.248 V/m),
bus (0.124 V/m), railway station (0.105 V/m), mountain/forest (rural) (0.057 V/m), and train (0.055 V/m) [Aus-
tralia]; and bicycle (urban) (0.238 V/m), tram station (0.238 V/m), city centre (0.156 V/m), residential outdoor
(urban) (0.139 V/m) and park (0.124 V/m) [Belgium]. Exposures in the GSM 900 MHz frequency band across
most of the microenvironments in Australia were significantly lower than the exposures across the microenvi-
ronments in Belgium. Overall correlations between the PDE and the ExpoM-RFs measurements were high. The
measured exposure levels were far below the general public reference levels recommended in the guidelines
of the ICNIRP and the ARPANSA.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The exposure of humans to radiofrequency-electromagnetic fields
(RF-EMFs) is inevitable, due to the omnipresent RF-EMF sources in the
modern environment. There are public concerns for potential health ef-
fects caused by the use of RF-EMF associated technologies, mobile
phones and base stations (Kim et al., 2014; Tjong et al., 2015;
Wiedemann et al., 2014). Furthermore, there is currently a strong

need for quantification of personal exposures using objective measures
for current and future human epidemiological studies (van Deventer
et al., 2011).

The personal exposures from far-field RF-EMF sources, including
mobile phone base stations, can be evaluated by performing personal
measurements in various microenvironments using exposimeters
(Dürrenberger et al., 2014; Joseph et al., 2010; Röösli et al., 2010;
Urbinello et al., 2014a). However, exposure evaluations with
exposimeters still have limitations (Bhatt et al., 2016), which give rise
to measurement uncertainties. The uncertainties can reach up to 25–
30 dB (Bolte et al., 2011; Iskra et al., 2011; Neubauer et al., 2010) and in-
clude shielding effects of the human body, themultidirectional nature of
the incident RF-EMFs, residual calibration, the frequency response of
the exposimeter, and the inability to detect signals below the lower de-
tection limits, etc. (Bolte et al., 2011; Gajšek et al., 2015; Iskra et al.,
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2011; Mann, 2010; Neubauer et al., 2010). Measurement uncertainties
in personal exposimetry could be reduced by employing on-body cali-
brated exposimeters (Thielens et al., 2015a).

A personal distributed exposimeter (PDE) with multiple RF-EMF
antennas, placed on the body, has been developed recently in order to
reduce measurement uncertainties related to shielding effects and
directionality of the signal (Thielens et al., 2013, 2015a, 2015b;
Vanveerdeghemet al., 2015). The PDE systemshave been tested tomea-
sure far-field exposures from the Global System forMobile communica-
tions (GSM) 900 MHz downlink (DL) and Wi-Fi networks (Thielens
et al., 2013, 2015b). In the GSM 900 MHz DL band, the first prototype
was developed using three on-body antennas (Thielens et al., 2013),
but was not used for actual measurements. A second generation proto-
type was used for actual exposure measurements (Vanveerdeghem
et al., 2015). This system consists of four on-body antennas matched
with complementary receiver electronics and is currently the only
system available for PDE measurements, which consequently can only
consider the GSM 900 MHz DL band at this moment.

Several European studies indicate that mobile phone base stations
are a major source of whole body exposure to RF-EMF (Bolte and
Eikelboom, 2012; Frei et al., 2009; Gajšek et al., 2015; Joseph et al.,
2010; Urbinello et al., 2014b, 2014c; Vermeeren et al., 2013). More spe-
cifically, mobile phone base stations are a dominant exposure source to
thewhole body in urban outdoor environments and on public transport
(Joseph et al., 2010; Urbinello et al., 2014a, 2014b).

While much of the information about personal RF-EMF exposure
comes from the studies conducted in Europe, similar information from
Australia or elsewhere is lacking. There are only limited data on envi-
ronmental exposure frommobile phone base stations, particularly at lo-
cations close to the base stations, that have been reported in Australia
(Radio Frequency National Site Archive, 2015; Rowley and Joyner,
2012; Henderson and Bangay, 2006). The utilization of mobile phone
technology in Australia has increased substantially during the last two
decades. This is similar to what has occurred in Europe, including
Belgium, and USA (ACMA paper, 2015; ACMA communications report,
2014). The demands of increasedmobile phone signal coverage and sig-
nal capacity largely contributed to measured increases in outdoor envi-
ronmental exposures of 20% to 57% in three European cities (including
Gent, Belgium) over the course of one year (Urbinello et al., 2014a).
Therefore, a comparative study of personal RF-EMF exposure using sim-
ilar study protocols, involving countries in Europe and elsewhere was
needed.

The purposes of this study were: i) to measure personal exposure in
the GSM 900 MHz downlink (DL) frequency band with two systems of
exposimeters, the PDE (a novel exposimeter) and a pair of ExpoM-RFs,
ii) to compare the exposure levels for selected microenvironments in

the two countries, and iii) to assess the correlation between the PDE
and ExpoM-RFs measurements.

2. Materials and methods

2.1. Study areas

The study was conducted in urban, suburban, and rural areas in
Australia and Belgium (Fig. 1). The measurements were performed by
one person (CRB) during 16th April–8th May and 27th March–6th
April 2015, respectively. The study regions in Australia included
Victoria, and mainly covered the Greater Melbourne region, and a
rural site (Cathedral Range State Park). Similarly, Gent and Mol, the
provinces of East Flanders and Antwerp respectively, in the Flemish re-
gion of Belgiumwere covered in the study.We considered a region to be
urban when the population density was N400 people per square
kilometre (Joseph et al., 2010).

A total of 34 matched microenvironments (17 in Australia and 17
in Belgium) were chosen to evaluate personal exposures. A microen-
vironment is a spatial compartment where a human subject spends
time and his/her personal RF-EMF exposure is evaluated for that spe-
cific duration (Röösli et al., 2010; Urbinello et al., 2014a, 2014b). The
selected microenvironments were similar to those employed in var-
ious previous studies (Bolte and Eikelboom, 2012; Frei et al., 2009;
Joseph et al., 2010; Röösli et al., 2010; Urbinello et al., 2014a,
2014b). The characteristics of each microenvironment, its spatial
characteristics, and the activities undertaken therein by the subject
are summarized in Table 1 in Appendix A. The microenvironments
were mainly of two types: stationary or mobile. The stationary mi-
croenvironments remained fixed while the subject moved around
in the microenvironment, whereas the mobile microenvironments
moved around during the data collection while the subject generally
remained stationary. The mobile microenvironments included bus,
train, tram, car and bicycle, whereas stationary microenvironments
included the rest, except for subway station/ride, which was a
mixed microenvironment.

2.2. On-body calibration procedure

2.2.1. The PDE system
The PDE system was used to perform personal exposure measure-

ments in the GSM 900 downlink (DL) band (925–960 MHz). The PDE
systemwas a collection of three body-worn antennas (see Fig. 2) (2 an-
terior and 1 posterior) tuned to themobile phone GSM 900MHzDL fre-
quency band. The PDE was connected to complementary receiver
electronics (Vanveerdeghem et al., 2015) that registered the received

Fig. 1.Maps of a) Australia and b) Belgium showing Melbourne and Gent respectively (Sources: https://commons.wikimedia.org, and http://www.bbc.co.uk/, respectively).
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power on the antennas. The Einc (incident electric-field strength) can be
determined from the received power on the PDE, using the effective an-
tenna aperture (AA) of the set of antennas (Thielens et al., 2015b,
2015c). On-body calibration was performed to determine the AA.

2.2.2. The ExpoM-RFs system
The ExpoM-RFsmeasured electric field strengths (Ebody) in 16 differ-

ent frequency bands, including GSM 900 MHz DL. This study only dealt
with GSM 900MHzDL frequency band. ExpoM-RF 64 and ExpoM-RF 40
were used in the calibration process.

2.2.3. The calibration procedure
In this study, we used established on-body calibration procedures

(Thielens et al., 2013, 2015a, 2015b, 2015c; Vanveerdeghem et al.,
2015). The calibration took place in an anechoic chamber with a trans-
mitting antenna (TX) on one side of the chamber and a rotational plat-
form on the other side. The TX emitted a constant output power at

942.5 MHz, thus inducing RF-EMFs that were incident on the rotational
platform on which the subject could stand.

The subject (a 35-year-old male subject; height 163 cm and mass
60 kg) participated in the on-body calibration in order to conduct sub-
sequent field measurements. The subject did not carry a mobile phone
and did not have any metal objects attached to his body during calibra-
tion. The calibration procedure is further described in Appendix B.

2.3. Exposure assessment

The exposure measurement system consisted of the PDE
(prototype) system (Gent University/iMinds, Gent, Belgium) and the
two above-mentioned ExpoM-RFs (Fields at Work GmbH, Zürich,
Switzerland). The PDE antennas were attached to a T-shirt; 2 front an-
tennas (1 over the right chest, the other on the left abdominal area),
and 1 posterior antenna on the central back (Fig. 2). The antennas
were wired to a battery and operated with an on/off switch. Each

Fig. 2. The human subject performing i) an on-body calibration of the PDE (figures a & b), and ii) ExpoM-RFs (figure c), in Gent, Belgium, ii) exposuremeasurement at a site inMelbourne,
Australia (figure d).

Table 2
Personal exposures (Erms in V/m) across various microenvironments in Australia and Belgium [median (25th, 75th percentiles) and range (min, max)].

Microenvironments Australia Belgium

Median (25th, 75th percentiles) Range
(min, max)

Median (25th, 75th percentiles) Range
(min, max)

Residential outdoor (urban) 0.044 (0.029, 0.075) 2,a 0.017, 0.197 0.139 (0.094, 0.197) 1,a 0.022, 0.494
Residential indoor (urban) 0.019 (0.016, 0.024) 2,a 0.008, 0.047 – –
Office indoor (urban) 0.018 (0.016, 0.021) 2,a 0.010, 0.046 0.032 (0.027, 0.039) 2,a 0.010, 0.091
Park (urban) 0.051 (0.029, 0.065) 2,a 0.019, 0.156 0.124 (0.091, 0.162) 2,a 0.034, 0.458
City centre 0.248 (0.102, 0.324) 2,ab 0.006, 0.647 0.156 (0.115, 0.182) 1,a 0.057, 0.278
Library (urban) 0.049 (0.036, 0.062) 2,a 0.014, 0.124 0.110 (0.088, 0.145) 1,a 0.038, 0.278
Shopping centre (urban) 0.021 (0.019, 0.025) 1,a 0.015, 0.115 0.028 (0.025, 0.034) 1,a 0.015, 0.204
Railway station (urban) 0.105 (0.074, 0.117) 2,ab 0.042, 0.331 0.034 (0.023, 0.169) 1,a 0.015, 0.534
Tram station (urban) 0.038 (0.030, 0.060) 2,a 0.007, 0.075 0.238 (0.204, 0.267) 1,a 0.139, 0.622
Bicycle (urban) 0.017 (0.007, 0.041) 2,ab 0.007, 0.221 0.238 (0.169, 0.300) 1,a 0.053, 0.784
Bicycle (rural/suburban) – – 0.012 (0.010, 0.013) 1,a 0.009, 0.035
Bus (urban) 0.124 (0.065, 0.213) 2,a 0.027, 0.555 0.028 (0.019, 0.049) 2,b 0.007, 0.556
Car (urban/suburban) 0.006 (0.006, 0.006) 1,a 0.006, 0.049 0.041 (0.023, 0.065) 2,ab 0.007, 0.387
Car (rural/suburban) – – 0.016 (0.013, 0.020) 1,a 0.009, 0.070
Tram (urban) 0.041 (0.035, 0.058) 2,a 0.006, 0.197 0.055 (0.029, 0.124) 1,a 0.017, 0.441
Train 0.055 (0.030, 0.115) 2,ab 0.011, 0.534 0.020 (0.017, 0.027) 1,a 0.011, 0.084
Subway station/ride (urban) 0.031 (0.027, 0.039) 1,a 0.015, 0.312 – –
Residential outdoor (rural/suburban) 0.006 (0.006, 0.006) 2,a 0.006, 0.051 0.014 (0.011, 0.044) 2,a 0.010, 0.088
Residential indoor (rural/suburban) – – 0.017 (0.016, 0.019) 2,a 0.013, 0.031
Mountain/forest (rural) 0.057 (0.049, 0.061) 1,b 0.012, 0.068 – –

1 = single measurement, 2 = repeated measurement; a = 3-antennas' data, b = 2 antennas' data; ab = 3 antennas' data in one measurement and
2 antennas' data in the other measurement.
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antenna collected the signals simultaneously. Two ExpoM-RFs were at-
tached to the lateral sides of the hip (one each side) using travellers'
money belts.

A light jacket was worn by the subject to cover both exposimeter
systemswhile carrying out the fieldmeasurements (Fig. 2). The subject
did not have any metal objects attached to his body during the data
collection. A diary wasmaintained in order to record information on ac-
tivities undertaken during data collection and descriptions of themicro-
environments. All measurements were performed during the daytime
(9:45 am–6:00 pm) or evening hours (6:00 pm–11:00 pm) on week-
days, except the measurements of residential outdoor and residential
indoor (rural/suburban) in Belgium, which were performed during the
weekends (2:30–2:45 pm and 11:00–11:15 pm respectively). The RF-
EMF measurements during the daytime and evening on weekdays
were expected to provide the highest values of exposure (Joseph et al.,
2010).

Each measurement duration was 15 min per microenvironment.
Urbinello et al. (2014a, 2014b) have employed similar measurement
duration to monitor personal exposures. A smart phone was used to
monitor measurement time during the measurements; it was in flight
mode to prevent it from transmitting and receiving signals during
data collection. The measurement interval for the PDE and the ExpoM-
RFs were chosen to be 1 and 3 s, respectively.

On average, the PDE collected a total of 900 samples on each antenna
permicroenvironmentmeasurement session. Similarly, each ExpoM-RF
collected 300 data samples permeasurement.Most of themicroenviron-
ment measurements were performed twice (Table 1 in Appendix A) to
check exposure variability.

In Australia, the measurements in three microenvironments in-
volved three and two antennas' data at the time of the first and second
measurements, respectively; whereas a microenvironment involved
measurement with two antennas (Table 2). Similarly, a microenviron-
ment in Belgium involved two antennas' data during both measure-
ments, and the other microenvironment involved three and two
antennas' data during the first and the second measurements
respectively (Table 2). The detection range of the PDE (with on-body
calibration) was 5.9 mV/m–59 V/m. The detection range for the
ExpoM-RFs for GSM 900 MHz DL reported in the datasheet of the
devices (without on-body calibration) was 5 mV/m–5 V/m. After
an on-body calibration, the detection range of the ExpoM-RFs was
estimated at 10 mV/m–10 V/m. Both devices measured the root
mean square electric field strengths (Erms) in V/m. The measured
data of the PDE were then processed using the corresponding
AA and detection limit of the relevant pair of antennas. Similarly,
geometric mean of the on-body calibration factors of the ExpoM-
RFs was used to process the measured ExpoM-RFs data, see
Section 3.1.

2.4. Data processing and statistical analysis

The PDE data output provided the incident electric fields for a geo-
metric mean of the given combination of antennas. Geometric means
of the electric field signals obtainedwith two ExpoM-RFs were comput-
ed over time within the selected sample intervals using the formula;
Geometric mean=(EExpoM-RF40 × EExpoM-RF64)1/2/0.51, where 0.51 is the
correction for the presence of the body (i.e. a division by the average
response of the pair of ExpoM-RFs). The normality of the geometric
mean data of the PDE and ExpoM-RFs for each microenvironment and
each measurement session (i.e. measurement 1 and measurement
2) were examined by Shapiro-Wilk tests of both untransformed and
log-transformed data. In addition, visual inspection of histograms
and the normal Q-Q plots was also performed. Measurements 1 and 2
represented the first and the second (repeated) measurements,
respectively.

Medians (25th and 75th percentiles) and ranges (minimum, maxi-
mum) of the electric field strengthswere calculated from the geometric

means of the PDE and ExpoM-RFs data obtained from the combination
of antennas and two ExpoM-RFs, respectively. The values measured by
the individual antennas of the PDE and individual ExpoM-RF were not
considered in this study. The exposures measured with the ExpoM-
RFs were only used while evaluating the agreement between two de-
vices' measurements.

Personal exposure levels were described by summary statistics of
the electric field strengths measured with the PDE. The personal expo-
sures across similar microenvironments in Australia (n = 14) and
Belgium (n = 14) were compared. Six microenvironments were ex-
cluded from the comparison: residential indoor (urban), subway sta-
tion/ride (urban), mountain/forest (rural) in Australia (n = 3), and
bicycle (rural/suburban), residential indoor (rural/suburban) and car
(rural/suburban) in Belgium (n = 3). These were excluded because
each comparable corresponding microenvironment in the other coun-
try was not assessed.

The Shapiro-Wilk test and evaluation of histograms and normal Q-Q
plots indicated that none of the microenvironments followed a normal
or lognormal distribution of the personal exposure electric field levels.
Therefore Wilcoxon rank sum tests were performed on the exposure
data of the compared microenvironments in order to examine whether
the exposures across those microenvironments in Australia and
Belgium were different. The assessment of exposure variability during
the first and second measurements was done by performing Wilcoxon
rank sum tests. Thirteen microenvironments in Australia and 6 micro-
environments in Belgium, which had repeated measurements, were
evaluated.

The correlations between the PDE and ExpoM-RFs measurements
were evaluated on the median exposure data of 34 microenvironments
(17 in each country). The evaluation was performed also for 21 station-
ary (11 in Australia and 10 in Belgium) and 13 mobile microenviron-
ments (6 in Australia and 7 in Belgium).

For all statistical tests, the p b 0.05 (two sided) was considered as
statistically significant. All data analyses were carried out using
MATLAB R2015a (The MathWorks Inc., Natick, Massachusetts, USA) or
STATA ver13.1 (StataCorp, College Station, TX, USA).

3. Results

3.1. Calibration of the exposimeter systems

The median antenna aperture of the PDE worn on the body,
calculated over 100 repetitions of the same processing, was found to
be 1.05 cm2 (inter quartile range 1.04 cm2–1.06 cm2). The value of the
prediction interval (PI50) for antenna aperture of the PDE was 3.3 dB.

The median responses of the ExpoM-RFs worn on the body and the
geometric average of both ExpoM-RFs, calculated over 100 repetitions
of the same processing, were found to be 0.502 (inter quartile range
0.502–0.503) [ExpoM-RF 40], 0.533 (inter quartile range 0.532–0.534)
[ExpoM-RF64], and0.507 (inter quartile range 0.507–0.508) [geometric
average of two ExpoM-RFs].

The values of PI50 on the response of the ExpoM-RFs were 5.9 dB
(ExpoM-RF 40), 3.6 dB (ExpoM-RF 64) and 4.2 dB for the geometric
average of the two ExpoM-RFs.

3.2. Descriptive statistics

The Erms values of all the measured signals were found to be above
the lower measurable threshold of the PDE. Table 2 below summarizes
the personal exposure levels across different microenvironments in
Australia and Belgium.

In Australia, the five highest median exposure levels (from mobile
phone base stations) measured were: city centre (0.248 V/m), bus
(0.124 V/m), railway station (0.105 V/m), mountain/forest (rural)
(0.057 V/m), and train (0.055 V/m). Similarly, the five lowest median
exposures measured were: car (urban/suburban) (0.006 V/m),
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residential outdoor (rural/suburban) (0.006 V/m), bicycle (urban)
(0.017 V/m), office indoor (urban) (0.018 V/m), and residential indoor
(urban) (0.019 V/m).

In Belgium, the five highest median exposures measured were:
bicycle (urban) (0.238 V/m), tram station (0.238 V/m), city centre
(0.156 V/m), residential outdoor (urban) (0.139 V/m), and park
(0.124 V/m). Similarly, the five lowest exposure levels measured
were: bicycle (rural/suburban) (0.012 V/m), residential outdoor
(rural/suburban) (0.014 V/m), car (rural/suburban) (0.016 V/m), resi-
dential indoor (rural/suburban) (0.017 V/m), and train (0.020 V/m).

3.3. Comparison of exposure levels in Australia and Belgium

We found that personal exposures acrossmost of themicroenviron-
ments in Australiawere significantly lower (p b 0.05) than the exposure
across the microenvironments in Belgium. However, there were a
few microenvironments where the exposure in Australia was higher
(p b 0.05) than the corresponding exposure in Belgium. For instance,
the city centre results in Melbourne were significantly higher
(pb 0.001) than the exposure level at the city centre of Gent, aswere ex-
posures in the Melbourne train and during a bus ride, than those in
Gent.

3.4. Evaluation of the variability of exposures

Table 3 shows the results of the Wilcoxon rank sum tests that was
were performed to evaluate if the repeated measurements provided
similar exposure levels. The analysis showed that themajority of themi-
croenvironments (13 of 19) provided significantly different median ex-
posure levels at the measurements 1 and 2, suggesting that both
measurements had highly varied exposures. The microenvironments
demonstrating similar exposures at both measurements were: residen-
tial indoor (urban), office indoor (urban), library (urban), and residen-
tial outdoor (rural/suburban) [Australia], and office indoor (urban)
and park (urban) [Belgium].

Spatial matching of the repeated stationary microenvironmental
measurements was ensured by walking across the same area and to-
wards the same direction. In case of the repeatedmobile microenviron-
ments, the spatialmatchingwas accomplished by sitting/standing at the
same spot/around the same positions with respect to window and car-
riage dimension. All mobile microenvironment measurements, except
for car (urban) and bus (urban) in Belgium, were performed on exactly
the same routes. The temporalmatching, formost of themeasurements,

was ensured by performing the measurements (1st and 2nd) at similar
times of the day, such as morning, evening or night.

3.5. Correlation between the PDE and the ExpoM-RFs measurements

The overall Spearman correlation coefficient for all microenviron-
ments was 0.63 (p b 0.001). Similarly, the correlation coefficients for
stationary and mobile microenvironments were 0.71 (p b 0.001) and
0.28 (p = 0.24), respectively.

4. Discussion

We have reported the personal far-field RF-EMF exposures from the
GSM 900MHz down-link frequency band across the variousmicroenvi-
ronments in Australia and Belgium, using a novel on-body calibrated
PDE system. Monitoring of exposures across various microenviron-
ments, including those investigated in our work, is one of the ap-
proaches to assess human exposure (Dürrenberger et al., 2014; Joseph
et al., 2010; Röösli et al., 2010; Urbinello et al., 2014a).

4.1. Exposure characteristics in Australia and Belgium

The personal exposure levels experienced across variousmicroenvi-
ronments varied according to the location and type of microenviron-
ment. Previous studies also found variation in exposure across various
microenvironments (Bolte and Eikelboom, 2012; Frei et al., 2009;
Joseph et al., 2010;Urbinello et al., 2014a). Spatial factors, such as the lo-
cation of the measurement sites (urban, suburban, rural, outdoor, in-
door etc.), distance to nearby base stations; temporal factors (e.g. day,
time and season when the measurements were performed), and
existing mobile phone traffic are likely to impact the levels of far-field
personal exposures (Bolte and Eikelboom, 2012; Joseph and Verloock,
2010; Manassas et al., 2012; Urbinello et al., 2014b; Vermeeren et al.,
2013).

The exposure levels found in our study were well below the refer-
ence levels for the general public as provided in the guidelines of the In-
ternational Commission on Non-Ionizing Radiation Protection (ICNIRP,
1998) and the Australian Radiation Protection and Nuclear Safety Agen-
cy (Radiation Protection Standard, 2002). The mean exposures in
Australia measured were in the range of 0.02–3.65% of the reference
level, whereas those in Belgium were in the range of 0.03–2.73% of the
reference level. The reference level for GSM 900 MHz DL specified by
the guidelines is equivalent to 42 V/m [Erms = 1.37 × (f)0.5 V/m] at

Table 3
Evaluation of the variability in personal exposure measurements [medians at M1 (measurement 1) and M2 (measurement 2) in V/m].

Microenvironments Countries Median (25th, 75th percentiles) at M1 Median (25th, 75th percentiles) at M2
⁎P values

Residential outdoor (urban) Australia a 0.055 (0.034, 0.098) 0.041 (0.026, 0.062) b0.001
Residential indoor (urban) Australia a 0.017 (0.014, 0.031) 0.019 (0.016, 0.023) 0.17
Office indoor (urban) Australia a 0.017 (0.016, 0.019) 0.016 (0.015, 0.023) 0.46
Office indoor (urban) Belgium a 0.033 (0.028, 0.044) 0.034 (0.029, 0.041) 0.29
Park (urban) Australia a 0.046 (0.030, 0.055) 0.055 (0.028, 0.070) b0.001
Park (urban) Belgium a 0.106 (0.078, 0.156) 0.106 (0.084, 0.134) 0.91
City centre Australia ab 0.324 (0.289, 0.386) 0.081 (0.015, 0.162) b0.001
Library (urban) Australia a 0.055 (0.047, 0.062) 0.055 (0.049, 0.065) 0.17
Railway station (urban) Australia ab 0.117 (0.105, 0.132) 0.081 (0.057, 0.106) b0.001
Tram station (urban) Australia a 0.031 (0.028, 0.035) 0.060 (0.053, 0.062) b0.001
Bicycle (urban) Australia ab 0.035 (0.020, 0.057) 0.007 (0.007, 0.007) b0.001
Bus (urban) Australia a 0.115 (0.053, 0.204) 0.134 (0.069, 0.238) b0.001
Bus (urban) Belgium b 0.046 (0.024, 0.069) 0.021 (0.018, 0.030) b0.001
Car (urban) Belgium ab 0.057 (0.044, 0.088) 0.022 (0.014, 0.038) b0.001
Tram (urban) Australia a 0.041 (0.036, 0.049) 0.036 (0.029, 0.053) b0.001
Train Australia ab 0.058 (0.024, 0.137) 0.057 (0.033, 0.102) 0.024
Residential indoor (rural/suburban) Belgium a 0.019 (0.017, 0.021) 0.015 (0.015, 0.016) b0.001
Residential outdoor (rural/suburban) Australia a 0.006 (0.005, 0.006) 0.006 (0.005, 0.006) 0.22
Residential outdoor (rural/suburban) Belgium a 0.047 (0.037, 0.057) 0.011 (0.011, 0.012) b0.001

a = 3-antennas' data, b = 2 antennas' data; b = 2 antennas' data; ab =3 antennas' data in one measurement and 2 antennas' data in the other measurement,
⁎ P values b0.05 statistically significant different exposure levels.
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942.5 MHz. However, it should be borne in mind that these guidelines
are designed to protect against immediate RF-EMF effects from elevated
tissue temperatures from absorbed energy during exposure and do not
cover possible health or bio-effects related to long-term low-level
exposures.

The city centre of Melbourne, which exhibited the highest exposure,
is a central business district with strong cell phone network coverage
(OpenSignal, 2015; Radio Frequency National Site Archive, 2015). Fur-
thermore, other high exposuremicroenvironments in Australiawere ei-
ther characterised with densely sitedmobile phone towers [e.g. railway
station, residential outdoor (urban)] or use of public transport (e.g. bus
and train). Except for bicycle (urban), the lowest exposure contributing
microenvironments in Australia were either located in rural and
suburban regions of Melbourne [car (urban/suburban), residential out-
door (rural/suburban)], or were indoor microenvironments [office
indoor and residential indoor (urban)]. The rural and suburban micro-
environments in Melbourne were located about 20 km northeast of
Melbourne's city centre with relatively fewer mobile phone towers
(OpenSignal, 2015; Radio Frequency National Site Archive, 2015) and
lower population density.

Of all microenvironments in Belgium, the tram station and bicycle
provided the highest exposures, mainly due to denser base stations.
During the measurements, two mobile phone towers were sited near
the tram station and three mobile phone towers were situated in the
subject's line-of-sight while performing the bicycle measurements.
The other high exposure microenvironments, city centre, residential
outdoor and park were characterised by higher mobile phone tower
density and stronger network signal strength (Antenna Site Register,
2015; OpenSignal, 2015). As visualised on online databases of mobile
phone base stations and signal strength, the density of base stations
and signal strengths across these areas is relatively high compared to
that in rural and suburban regions of Belgium (Mol). Themicroenviron-
ments located in the rural and suburban regions of Mol (e.g. bicycle,
residential outdoor, residential indoor, and car] provided the lowest ex-
posure. These regions only have a few base stations, low signal strength
and low population density.

In general, the exposuresmeasured acrossmostmicroenvironments
in Australia were much lower than those measured across similar mi-
croenvironments in Belgium. Higher population density and building
characteristics (densely sited and fewer tall buildings) may have attrib-
uted to the higher observed exposures acrossmost of themicroenviron-
ments in Belgium (Gent) compared to those observed across the
microenvironments in Australia (Melbourne). Interestingly, the city
centre and train in Australia characterised higher exposures compared
to those of the city centre of Gent and the train in Belgium. This is due
to the fact that Melbourne city centre has many densely sited base sta-
tions andhigh rise buildings compared to Gent. In the case of the train in
Melbourne, a train travelledwithin the urban regionswithmany people
travelling on board. Whereas the train from Gent to Antwerp mostly
travelled through suburban and rural regions, where the mobile
phone network was expected to be weaker. Furthermore, trains in
Belgium have windows with metallic coatings on them, which make
them very good Faraday cages, subsequently providing low downlink
exposure levels. These reasons probably explainedwhy the train inMel-
bourne provided higher downlink exposure than in Gent. A rural site,
mountain/forest, provided high exposure level, which could be due to
its location with respect to the nearby base station, and we also ob-
served a person making mobile phone calls when the measurements
at the site were performed. The measurements in Belgium and
Australia were performed during Spring and Autumn respectively. Fur-
thermore, RF-EMF is also absorbed by the leaves of trees, which would
vary according to the amount of foliage present according to different
seasons of the year. Mobile phone base stations vary their broadcasting
power to provide optimum signal coverage (Bolte and Eikelboom,
2012). Finally, the two countries also have some differences in terms
of their natural environments and physical infrastructures, which may

influence the mobile phone network in specific areas. The mobile tele-
communication systems have been evolving from 2G to 3G worldwide,
including in Australia and Belgium (International Telecommunication
Union, 2010). The difference in mobile phone base station exposure be-
tween these two countries is therefore unlikely to be stable in time.

It was also observed that the personal exposures in urban microen-
vironments were much higher than those in rural and suburban micro-
environments in both Australia and Belgium. Furthermore, the
exposure levels across indoor microenvironments were much lower
than those across the outdoor microenvironments. It is well known
that microenvironments in an urban area generally provide higher
GSM DL exposure compared to those located in rural or suburban
areas (Bolte and Eikelboom, 2012; Joseph et al., 2010; Urbinello et al.,
2014a; Vermeeren et al., 2013). Likewise, indoor microenvironments
provide lower GSM DL exposure than outdoor microenvironments
(Bolte and Eikelboom, 2012; Joseph et al., 2010; Urbinello et al., 2014a).

The exposure levels found in our study can be compared to those re-
ported by previous studies conducted in Belgium and other parts of
Europe (e. g. Joseph et al., 2010; Urbinello et al., 2014a, 2014b). Joseph
et al. (2010) examined the combined downlink (GSM 900, GSM 1800
and UMTS 2100) personal exposure across similar microenvironments
in Belgium, Switzerland, Slovenia, Hungary, and the Netherlands, and
reported mean exposures for similar microenvironments such as
urban outdoor, office, train, car/bus, urban residential (indoor). Similar-
ly, Urbinello et al. (2014a, 2014b) also evaluated the combined down-
link personal exposure across similar microenvironments in Gent and
Brussels (Belgium) and Basel (Switzerland) – residential outdoor
(central urban), residential outdoor, city centre, suburban outdoor,
train, tram/metro, bus, train station and shopping centre. In general,
the mean exposures reported in these studies were slightly lower than
those reported in our study (mean exposure values not shown in
Table 2). We need to be cautious comparing the exposure reported in
our study with those reported in previous studies. The main reasons
are: i) we employed an on-body calibrated exposimeter with 3 an-
tennas while those studies used a free space calibrated, single anten-
na exposimeter (EME Spy) with different measurement intervals, ii)
we have only measured GSM 900 MHz DL whereas these studies
measured combined downlink signals of three frequency bands. Fur-
thermore, the spatial and temporal characteristics of measurements
and measured microenvironments applicable to these studies may
have also differed.

Our study demonstrated that GSM900MHzDL signals may be high-
ly variable in the same microenvironment on different days. Urbinello
et al. (2014c) showed that the environmental exposure levels of mobile
phone DL signals across the same areas demonstrated variability in ex-
posure levels. In general, diurnal variation in mobile phone signals in
human environments is possible according to spatio-temporal factors
(Manassas et al., 2012; Vermeeren et al., 2013; Urbinello et al., 2014c).
The true mean exposure values in the microenvironments are un-
known, it is simply proposed that twomeasurements should get a closer
estimate than one. Since the path/occupancy during the measurements
were nearly identical for most of the microenvironments, it is therefore
unlikely that exposure variation can be attributed only to the small
potential differences in paths or occupancies in the successive
measurements.

The Spearman correlations between the exposure measured with
the PDE and that measured with the ExpoM-RFs for all microenviron-
ments were high. The correlation between the exposure measured
with the PDE and that measured with the ExpoM-RFs seemed to be
higher in the case of the Belgian microenvironments compared to the
Australian microenvironments (results not shown). This is likely be-
cause overall exposure levels in Australia were lower than in Belgium.
The correlation was much stronger in stationary microenvironments
compared than mobile microenvironments (transportation). This may
be due to the fact that the subject was essentially stationary (seated or
standing only) in the mobile microenvironments. On the other hand,
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the subject moved across the stationary microenvironments, allowing
some averaging out of body shielding.

4.2. Calibration of the exposimeters

A median antenna aperture of the PDE worn on the body was
1.05 cm2. This is lower than the values found in Vanveerdeghem et al.
(2015) (6.6 cm2) and Thielens et al. (2015c) (6.1 cm2). We attribute
this to the different on-body setup (3 antennas instead of four) and
the different assumption on the incident polarizations. In this paper,
no assumptions were made on the incident polarization, since the PDE
was to be used in different microenvironments that all have their own
characteristic polarization distribution. Whereas Vanveerdeghem et al.
(2015) (6.6 cm2) and Thielens et al. (2015c) used the PDE only in an
urban environment and consequently a-priori assumptions could be
made on incident polarizations. However, the antenna aperture is in
the same order of magnitude and realistic for this type of on-body
antenna (Thielens et al., 2015c; Vanveerdeghem et al., 2015). The corre-
sponding value of the PI50 for antenna aperture of the PDE was 3.3 dB,
which is much lower than measured in our study for the individual an-
tennas (i.e.13.6 dB, 6.5 dB, and 6.1 dB). The value was also lower than
that reported for single antennas in the same frequency band
(Thielens et al., 2013, 2015c; Vanveerdeghem et al., 2015). This indi-
cates that averaging over multiple antennas on the body reduces the
variation on the antenna aperture. In Thielens et al. (2013), PI50 value
of 4.5 dB was measured for a different set-up with three antennas on
the body, which indicates that the on-body setup used in this study is
closer to an isotropic antenna. An isotropic antenna allows measure-
ments with the same intensity of signals to be performed irrespective
of the measurement direction. In Thielens et al. (2015c) a setup with
four antennas on the body yielded a slightly lower PI50 of 3.1 dB,
which was to be expected since more antennas on the body leads to
lower PI50 values.

The responses of the ExpoM-RFs indicated that the devices
underestimated the incident electric field strengths by a factor of ap-
proximately 2. The PI50 of the geometric average of the two ExpoM-
RFs was found to be lower than that of one of the individual ExpoM-
RFs (i.e. ExpoM-RF 40). The responses and PI50 values of the ExpoM-
RFs can be compared to those observed in previous studies. Bolte et al.
(2011) measured responses in the GSM 900 MHz DL band between
−20 dB and +3 dB were on the body, with median responses below
0 dB (a factor of 1), which agrees with our results. Thielens et al.
(2015a) reported values between −10 dB and +5 dB in the same fre-
quency band, with a median underestimation, which is in line with
our calibration results. The PI50 value observed in our study was lower
than what was found for a single exposimeter in other studies in the
same frequency band of GSM900MHzDL. In Bolte et al. (2011), a single
exposimeter (EME Spy 121) was worn on the right hip of a subject ro-
tated over 360° under exposure in the same frequency band. PI50 values
of 6.5 dB and 15.5 dB were measured for two orthogonal polarizations.
Thielens et al. (2015a), measured PI50 values of 8.3 dB and 9.6 dB for
an exposimeter (EME Spy 140) placed on the right and left hips, respec-
tively. In the same study, a value of 4.6 dBwas found for an average over
the two exposimeters worn on both hips, which corresponds very well
with the 4.2 dB observed in our study.

4.3. Strengths, limitations and implications

To our knowledge, this is the first microenvironmental exposure
study to evaluate RF-EMF exposures with the use of a novel, on-body
calibrated system of exposimeter, with multiple antennas. The study
also provides a basis for a direct valid comparison of exposures across
the microenvironments in Australia and Belgium with different
geophysical, environment and weather conditions. Furthermore, this
study evaluates the correlation between the PDE and the ExpoM-RFs
measurements while measuring GSM 900 MHz DL personal exposure.

All the received RF-EMF signals collected in this study were above
the lower measurable threshold of the PDE. This is a major strength of
this study as it meant there was no issue related to measurements
below the lower detection threshold, which has been noted as a major
challenge in exposure assessment (Bolte and Eikelboom, 2012; Frei
et al., 2009; Joseph et al., 2010; Juhász et al., 2011; Urbinello et al.,
2014b). Our study employed ExpoM-RFs, which demonstrated no prob-
lemwith the issue of detection threshold. Anothermajor strength of our
study is that this approach minimised the measurement uncertainties
related to body shielding as the PDE consisted of three antennas,
whichwould be expected to provide amuchmore accurate representa-
tion of true personal exposure with fewer measurement uncertainties.

The limitations associated with the study were: i) only GSM
900 MHz DL frequency was considered, ii) the personal exposure was
measured only for few selected microenvironments, which means the
exposures could not be generalised to other microenvironments, ii)
not allmeasurementswere repeated anddatawere not always obtained
with all three antennas of the PDE, iii) each measurement duration was
only 15 min.

The feasibility of the PDE system for assessing RF-EMF exposures in
future epidemiological studies was demonstrated. Therefore, this study
contributes towards an improved exposure assessment approach for
RF-EMF epidemiological studies. However the use of an on-body cali-
brated exposimeter in epidemiological research may not be the most
pragmatic approach, since an on-body calibration of the human subject
is time intensive and costly work, which is not practicable for large
number of subjects in epidemiological studies. In addition, we do not
yet know how a limited number of on-body calibrations on a set of sub-
jects can be translated into a general calibration factor valid for the
whole population (potentially taking into account body types). Current-
ly, the PDE is being expanded to other downlink frequency bands using
multi-band antennas combined with RF nodes tuned to different fre-
quency bands, in order to be able to measure exposure in different RF
frequency bands simultaneously using the same approach.

5. Conclusions

An on-body calibrated PDE was employed, for the first time, to eval-
uatemicro-environmental personal exposure tomobile phone base sta-
tions GSM 900 MHz downlink in Australia and Belgium. The study
revealed that the personal exposure levels measured in Australian
microenvironments were generally lower than those in the Belgian
microenvironments. The personal exposures across urban microenvi-
ronments were higher than those in the rural and suburban microenvi-
ronments. Likewise, the exposure levels across the outdoor
microenvironmentsweremuch higher than those across the indoormi-
croenvironments. A majority of the second measurements in the same
site provided highly varied exposures. Overall, the PDE and the
ExpoM-RFs measurements demonstrated good correlation. The study
confirmed that the personal exposure levels reported in our study
were well below the general public reference levels.
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Appendix A

Table 1
A summary of the microenvironments, their characteristics and the associated activities of the subject.

Microenvironments Countries Study sites and characteristics Activities

Residential outdoor
(urban)

Australia2 Windsor, Melbourne; attached houses mostly up to 2 storeys, few N3–6 storey buildings Walking through streets

Belgium1 Gent-Ledeberg; attached houses mostly up to 3 storeys, busy streets, and a church
Residential indoor
(urban)

Australia2 Prahran townhouse, ground floor Walking inside the different
rooms of the house

Office indoor (urban) Australia2 Commercial Rd, Melbourne (5th floor); a 7-storey university building, multistorey hospital buildings and
academic centres, a park and residential area nearby

Sitting on the chair at the
working desk, walking
around the office rooms

Belgium2 Gaston Crommenlaan, Gent (2nd and 3rd floor); a typical multistorey public office building
Park (urban) Australia2 Fawkner Park, South Yarra, Melbourne; a typical public park with many trees, roads surrounding the park

with closely attached buildings/houses on the two sides of park, bus/tram stations nearby
Walking around the park

Belgium2 Koning Albertpark, Ghent; a typical public park, roads surrounding the park with closely attached
buildings/houses on the two sides of park, bus/tram stations nearby

City centre Australia2 Federation Square, Melbourne; an open city area with bus/tram station, central business district with many
tall buildings, including few up to N50 storeys, Yarra river nearby

Walking around the city
square

Belgium1 Korenmarkt, Gent; an open city area with bus/tram station, church and other historical buildings nearby
Library (urban) Australia2 Prahran, Melbourne; a public library with 25–30 people inside, densely packed area with attached

buildings/houses mostly up to 3–4 storeys
Walking inside the library,
checking books, reading
newspapers (standing)

Belgium1 Zuid, Ghent; a public library with two levels, bus and tram station nearby, a park on its one side and city
buildings around

Shopping centre
(urban)

Australia1 Bourke Street, Melbourne; a 2-storey shopping mall Walking inside the mall as a
customer

Belgium1 Zuid, Gent; 5-storey shopping mall with an open space in the centre of the building
Railway station
(urban)

Australia2 Southern Cross Station, Melbourne; the largest train station in Victoria with regional railway and city metro
networks (2-storey), retail stores and cafes

Standing and walking in the
waiting hall of the station

Belgium1 Gent-Sint-Pieters railway station; the main railway station in Gent and one of the busiest railway stations in
Belgium, retail stores and cafes

Tram station (urban) Australia2 Domain Interchange, Melbourne; a typical tram station with 15–20 people around, business and public
buildings nearby

Standing and walking
around the tram waiting
points

Belgium1 Zuid station, Gent; a typical tram/bus station with 20–30 people around, buildings and shopping centres
nearby

Bicycle (urban) Australia2 Commercial road–Birdwood Ave, Melbourne; park and attached houses/multistorey buildings (up to 10
levels) on the both sides of the road, trees along the roadside

Riding a bicycle around

Belgium1 Gaston Crommenlaan and Zuid, Gent; roads (with a flyover), park and attached houses and multistorey
buildings on the sides of the roads and park

Riding a bicycle around

Bus (urban) Australia2 Alfred hospital–Cardigan street, Melbourne; the public bus plied through the area with mostly 3–4 storey
houses and a few big buildings, on average 10–15 people on board

Standing and sitting on a seat
located in the middle part of
the bus

Belgium2 Zuid–Merelbeke, and Zuid–Fratersplein, Gent; the public bus plied through the area with mostly 3–4 storey
houses and few big buildings, on average 20–25 people on board

Car (urban) Australia1 Eaglemont–Eltham, Melbourne; streets with normal urban/suburban traffic and densely packed area and
detached houses mostly up to 2–3 storey

Sitting on the front seat of
the car

Belgium2 Gaston Crommenlaan – Dampoort, and Gaston Crommenlaan- Sint-Pieters station; streets with busy traffic
and densely packed areas with some tall public and commercial buildings

Tram (urban) Australia2 The Alfred hospital–Collins street, Melbourne; on average 20–25 people on board Standing and sitting on a seat
Belgium1 Jacques Eggermontstraat–Zwijnaarde, Gent; on average 15–20 people on board

Train Australia2 Flinders Street–Elsternwick, Melbourne (urban), on average 20–30 people on board Standing, sitting on a seat
Belgium1 Gent–Antwerp (urban and suburban), on average 20–30 people on board Standing, sitting on a seat

Bicycle
(rural/suburban)

Belgium1 Boeretang, Mol; a few scattered houses up to 3 storey, a pine tree forest and open agricultural fields, ~3 km
from a small town (Mol)

Riding a bicycle around

Car (rural/suburban) Belgium1 Boeretang–Mol; car ride via areas with agricultural fields, forests, and residential sites Sitting on the front seat of
the car

Residential indoor
(rural/suburban)

Belgium2 Boeretang, Mol; a 3-storey residential quarter, a pine tree forest, agricultural fields and a canal around Walking and sitting in the
common room, kitchen, etc.

Residential outdoor
(rural/suburban)

Australia2 Tarrawarra, Victoria; few scattered houses, agricultural fields Walking around the area

Belgium2 Boeretang, Mol; a few scattered houses, pine tree forests, a canal and agricultural fields around
Subway station/ride
(urban)

Australia1 Parliament–Flagstaff, Melbourne; a typical subway station with 20–30 people around and 20–25 people on
the train carriage

Standing both at the station
and on the metro

Mountain/forest
(rural)

Australia1 Cathedral Range State Park, Taggerty, Victoria; forested hills, one person around Walking along trails in forest
area

1 = single measurement, 2 = repeated (second) measurement.
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Appendix B

On-body calibration procedure

In step one, the Eincwasmeasuredwithout the subject present in the
fully-anechoic chamber. The measurements of Einc were carried out
along the axis of rotation of the platform using a NBM-550 broadband
field meter (Narda, Hauppauge, NY, USA). The Einc values were then av-
eraged over the height of the subject (ICNIRP, 1998). This procedure
was repeated for two orthogonal polarizations of the TX: parallel to the
axis of rotation (V-polarization) and parallel to the floor of the chamber
(H-polarization).

In step two, the subject equipped with the PDE stood on the rota-
tional platform in the far field of the TX. Three on-body antennas
(Thielens et al., 2013; Vanveerdeghem et al., 2015) were placed on the
locations shown in Fig. 1a & b. The antennas used in this studywere lin-
early polarized planar inverted F-antennas (Thielens et al., 2013;
Vanveerdeghem et al., 2015). The two antennas placed on the front of
the torso had orthogonal polarizations, which enabled the device to
measure two orthogonal incident far-field polarizations. The antennas
were connected, using a shielded SubMiniature version A cable, with
RF nodes that contained a surface acoustic wave filter tuned to the
900 MHz downlink band (925–960 MHz). The SAW filter provided an
out-of-band isolation of more than 23 dB (Vanveerdeghem et al.,
2015). The cables shown in Fig. 1 were used to connect the RF nodes
with a battery which was worn on the hips of the subject and did not
influence the RF performance of the PDE. The cables and the battery
were included in the on-body calibration. The subject was rotated
over 360° in azimuthal direction from a constant electric field (Einc),
which was V-polarized during the first rotation and then H-polarized.
This rotation represented the unknown orientation of the subject in
an exposure situation (Thielens et al., 2013). During the rotation the
antennas recorded received powers (Pr) on the body. These received
powers depend on the rotational angle, due to shadowing of the body
(Thielens et al., 2013, 2015b; Vanveerdeghem et al., 2015), and the po-
larization of the TX.

The received powers (Pr) were related to the incident electric field
strength (Einc) through the effective antenna aperture (AA):

AA ¼ 377� Pr

Einc
2

Since Pr depends on the angle of incidence, the AAwill have a distri-
bution. In determining its distribution, we assumed both polarizations
to be equally likely to occur. The distribution of AA was characterised
by its median value [p50 (AA)] and 50% prediction interval PI50 (with
p25 (AA) and p75 (AA), the 25th and 75th percentile of the distribution
of AA):

PI50 ¼ p75 AAð Þ
p25 AAð Þ

A perfect exposimeter, i.e. an antennawith a constant AA, will have a
PI50 = 1, so a value close to one is desirable.

Duringmeasurements, the incident field strengths can be estimated
from themeasured received powers (Pr) using this antenna aperture. In
this study, we estimated the incident field strength (Einc), using theme-
dian AA [p50 (AA)]:

Einc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
377� Pr

p50 AAð Þ

s

In step three, two ExpoM-RFs were employed in the on-body cali-
bration process to determine the relationship between the incident
electric field strengths (Einc) and the electric field strengths on the
body (Ebody). These devices are meant to measure Einc, but since they

were worn on the body during measurements, they registered Ebody in-
stead (Bolte et al., 2011; Thielens et al., 2015a). The human subject
equipped with the ExpoM-RFs (as shown in Fig. 1c) stood on the rota-
tional platform in the far field of the TX. Two ExpoM-RFs were placed
to the body (Thielens et al., 2013; Vanveerdeghem et al., 2015) on the
locations of each hip. The subjectwas rotated over 360° in azimuthal di-
rection, while being exposed to a constant electric field (Einc), which is
first V-polarized and then H-polarized. This rotation represented the
unknown orientation of the subject in an exposure situation (Thielens
et al., 2013). During the rotation, the ExpoM-RFs recorded the electric
fields on the body (Ebody). These on-body fields and received powers de-
pend on the rotational angle, due to shadowing of the body (Thielens
et al., 2013, 2015b; Vanveerdeghem et al., 2015), and the polarization
of the TX. The Ebody values were not the same as the incident values
(Einc) (Thielens et al., 2015a), therefore, the response (R) of the
ExpoM-RFs was evaluated as:

R ¼ Ebody
Einc

R N 1 and b1 indicated an overestimation or an underestimation re-
spectively. R is not a constant and will have a certain distribution
(Thielens et al., 2015a) for each of the two measured orientations of
the TX. In the processing of the results, wemade no a-priori assumptions
on the incident polarization of the realistic fields and thus assumed each
polarization to be equally likely. Therefore, all measured R values were
combined in one distribution characterised by its median value
(p50(R)) and 50% prediction interval (PI50):

PI50 ¼ p75 Rð Þ
p25 Rð Þ

with p75(R) and p25(R) indicating the 75th and 25th percentiles of R,
respectively. During measurements, the incident field strengths can be
estimated from the measured electric field strengths (Emeas) using this
response. We estimated the incident field strength (Einc), using theme-
dian (p50(R)):

Einc ¼
Emeas

p50 Rð Þ

with Emeas the geometric averaged measured electric field strength.
The used calibration procedure is valid for far-field exposure, but

might not be suitable for sources close to the body, such as mobile
phones or personal devices, which might cause a large variation of the
electric field strength on the body. The calibration procedure can be
used in this study, where far-field, downlink exposure around
900 MHz is studied.
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Chapter 4. Assessment of personal exposure from RF-EMFs 

 

Overview 

As human RF-EMF exposure comprises the exposures from a number of frequency bands, it 

becomes important to identify and quantify the key sources and their corresponding exposure 

levels in human environments. Unlike previous chapter, this chapter discusses and 

summarises the exposure measured for different sources of RF-EMF such as FM 

radio/television, mobile phone base stations (various frequencies of 2G, 3G and 4G) and Wi- 

Fi across various microenvironments in Melbourne, Australia, and in/around Ghent, Belgium. 

 

This work also employed a new approach to RF-EMF exposure assessment – the concurrent 

use of two on-body calibrated exposimeters. Therefore the work not only provides more 

accurate exposure assessment results by minimising body-shielding related measurement 

uncertainties but also explores the feasibility of such approach (88, 89, 91). The chapter also 

compares the exposure levels measured for one site in each of several selected 

microenvironments in the two countries. 

 

The paper concluded that it was feasible to employ two exposimeters concurrently to estimate 

personal exposure minimizing the consequences of body shielding. Therefore, exposure 

assessment with the use of two on-body calibrated exposimeters has benefits over the use of a 

single non-on-body calibrated exposimeter and hence is recommended, if possible. Mobile 

phone Base down link exposures contributed the largest share to total exposures. Of 17 

microenvironments compared, nine of them provided lower exposure levels in Melbourne 

(Australia) than the corresponding microenvironments in Ghent (Belgium). The personal 

exposures across urban microenvironments were higher than those in rural and suburban 
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microenvironments. Similarly, exposure levels found across outdoor microenvironments 

were higher than indoors. 
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a b s t r a c t

The purposes of this study were: i) to demonstrate the assessment of personal exposure from various RF-
EMF sources across different microenvironments in Australia and Belgium, with two on-body calibrated
exposimeters, in contrast to earlier studies which employed single, non-on-body calibrated ex-
posimeters; ii) to systematically evaluate the performance of the exposimeters using (on-body) cali-
bration and cross-talk measurements; and iii) to compare the exposure levels measured for one site in
each of several selected microenvironments in the two countries. A human subject took part in an on-
body calibration of the exposimeter in an anechoic chamber. The same subject collected data on personal
exposures across 38 microenvironments (19 in each country) situated in urban, suburban and rural re-
gions. Median personal RF-EMF exposures were estimated: i) of all microenvironments, and ii) across
each microenvironment, in two countries. The exposures were then compared across similar micro-
environments in two countries (17 in each country).

The three highest median total exposure levels were: city center (4.33 V/m), residential outdoor
(urban) (0.75 V/m), and a park (0.75 V/m) [Australia]; and a tram station (1.95 V/m), city center (0.95 V/
m), and a park (0.90 V/m) [Belgium]. The exposures across nine microenvironments in Melbourne,
Australia were lower than the exposures across corresponding microenvironments in Ghent, Belgium
(po0.05). The personal exposures across urban microenvironments were higher than those for rural or
suburban microenvironments. Similarly, the exposure levels across outdoor microenvironments were
higher than those for indoor microenvironments.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Concern regarding potential health and biological effects in
humans from made sources of radiofrequency-electromagnetic

fields (RF-EMFs) exposure has increased in the last decade. The
International Agency for Research on Cancer has listed RF-EMF as a
possible human carcinogen (Group 2B) (Baan et al., 2011). Fur-
thermore, the World Health Organization emphasized the need of
evaluation of personal exposures, from multiple RF-EMF sources
for human epidemiological studies using objective measurements
(van Deventer et al., 2011).

Personal RF-EMF exposures from far-field RF-EMF sources, such
as those from mobile phone base stations, TV/radio signals,
Wireless-Fidelity (Wi-Fi), have been evaluated employing ex-
posimeters (Dürrenberger et al., 2014; Joseph et al., 2010; Röösli
et al., 2010; Sagar et al., 2016; Urbinello et al., 2014a). These stu-
dies used a single exposimeter worn by human subjects to
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measure whole body RF-EMF exposure, but the exposimeters were
not calibrated on body. In fact the use of a single exposimeter, may
result in measurement uncertainties, particularly those related to
the body shielding effects, residual calibration, and the frequency
response of the measurement device (Bolte et al., 2011; Gajšek
et al., 2015; Iskra et al., 2010, 2011b; Mann, 2010; Neubauer et al.,
2010). Iskra et al. (2010, 2011) suggested that the use of two ex-
posimeters placed on different locations on the body may mini-
mize the measurement uncertainties. It has also been demon-
strated that wearing two on-body calibrated exposimeters, one on
each hip, provided more accurate personal exposure measure-
ments with a lower measurement uncertainty (Thielens et al.,
2015a).

Studies investigating personal exposure levels from various far-
field RF-EMF sources have been mainly conducted in European
countries (Bolte and Eikelboom, 2012; Frei et al., 2009; Gajšek
et al., 2015; Joseph et al., 2010; Sagar et al., 2016; Urbinello et al.,
2014b, 2014c; Vermeeren et al., 2013). There is a paucity of similar
comparable data from elsewhere, including Australia. Therefore, a
comparative study employing similar study protocols, involving
countries outside Europe would be informative to the rest of the
world. Only limited information has been reported on environ-
mental exposure levels from mobile phone base stations and other
RF-EMF sources in Australia (Henderson et al., 2014; Henderson
and Bangay, 2006; Rowley and Joyner, 2012). Furthermore, we
have recently published personal exposure data from 900 MHz
mobile phone base station downlink in Australia and Belgium
(Bhatt et al., 2016a).

The aims of this study were: i) to demonstrate the assessment
of personal exposure from various RF-EMF sources across different
microenvironments in Australia and Belgium, with two on-body
calibrated exposimeters, in contrast to earlier studies which em-
ployed single, non-on-body calibrated exposimeters; ii) to sys-
tematically evaluate the performance of the exposimeters using
(on-body) calibration and cross-talk measurements; and iii) to
compare the exposure levels measured for one site in each of
several selected microenvironments in the two countries.

2. Materials and methods

2.1. Study areas

The study was carried out in urban, suburban, and rural sites in
Australia and Belgium. The microenviromental personal mea-
surements were performed on a single person (CRB) during 7th
April–8th May and 27th March–6th April 2015, respectively. The
study areas in Australia mainly covered the urban and suburban
regions of Greater Melbourne, and a rural site (Cathedral Range
State Park). Similarly, urban and suburban regions of Ghent and
rural regions of Mol in the Flemish region of Belgium were in-
cluded in the study. A region was considered to be urban when the
population density was 4400 people per square kilometre (Jo-
seph et al., 2010).

A total of 38 microenvironments (Table A1, Appendix A), 19
each in Australia and in Belgium, were selected to evaluate per-
sonal exposures. Of them, the 34 matched microenvironments (17
each in each country) were: residential outdoor (urban), re-
sidential indoor (urban), office indoor (urban), park (urban), city
center, library (urban), shopping center (urban), train station (ur-
ban), tram station (urban), bicycle (urban), bus (urban), car (rural/
suburban), tram (urban), train, residential outdoor (rural/sub-
urban), residential indoor (rural/suburban), and airport. In addi-
tion, subway station/ride (urban), mountain/forest (rural) in Aus-
tralia, and bicycle (rural/suburban) and car (urban/suburban) in
Belgiumwere also measured. These microenvironments have been

described more fully in our previous paper (Bhatt et al., 2016a),
and were similar to those of other studies (Bolte and Eikelboom,
2012; Frei et al., 2009; Joseph et al., 2010; Röösli et al., 2010; Ur-
binello et al., 2014a, 2014b). We also evaluated the indoor ex-
posures in airports of both countries, Tullamarine International
Airport, Melbourne, and Brussels International Airport, Brussels.

The microenvironments were primarily of two types: sta-
tionary or mobile. The stationary microenvironments remained
fixed while the subject moved around in the microenvironment,
whereas the mobile microenvironments moved around during the
data collection, whilst the subject essentially remained stationary.
The mobile microenvironments included bus, train, tram, car and
bicycle, whereas stationary microenvironments included the rest,
except for subway station and ride, which was a mixed micro-
environment (Bhatt et al., 2016a).

2.2. Calibration procedure

The procedure involved an on-body calibration of the ExpoM-
RF 64 for 15 frequency bands (in contrast to previous studies
where no on-body calibration was included). The frequency bands
calibrated were Digital Video Broadcasting-Terrestrial (DVB-T),
800 MHz downlink (DL) and uplink (UL), 900 MHz UL and DL,
1800 MHz UL and DL, Digital Enhanced Cordless Telecommunica-
tions (DECT), 1900 MHz UL and 2100 MHz DL, Industrial, Scientific
and Medical (ISM) 2.4 GHz , 2600 MHz UL and DL, Worldwide
Interoperability for Microwave Access (WiMax) 3.5 GHz and ISM
5.8 GHz. The central frequency levels calibrated were: 630 MHz
(DVB-T), 806 MHz (DL), 847 MHz (UL), 897.5 MHz (900UL),
942.5 MHz (900 DL), 1747.5 MHz (1800 UL), 1842.5 MHz (1800 DL),
1890 MHz (DECT), 1950 MHz (UL), 2140 MHz (DL), 2442.5 MHz
(ISM 2.4 GHz), 2535 MHz (2600 UL), 2655 MHz (2600 DL),
3500 MHz (WiMax 3.5 GHz) and 5512.5 MHz (ISM 5.8 GHz). Table
B1 lists the different studied frequency bands and their frequency
ranges. The personal exposure measured in this study should be
interpreted as being frequency-band-specific and not attributed to
a certain communication technology. The ExpoM-RF 40 was cali-
brated only for 900 DL MHz band. The FM radio band was not
calibrated since the anechoic chamber used for the calibrations did
not provide sufficient damping in this frequency band. We as-
sumed that ExpoM-RF 40 would yield the same calibration re-
sponses as those of ExpoM-RF 64.

The ExpoM-RFs measure the incident frequency-band-specific
electric field strengths (Einc). The exposimeter(s), when worn on
the body during measurements, register the electric field strengths
on the body (Ebody) (Bolte et al., 2011; Thielens et al., 2015a).
Therefore, on-body calibration measurements are required in or-
der to assess the relationship between Einc and Ebody. The subject (a
35-year-old male; height 163 cm and weight 60 kg) participated in
the on-body calibration in order to perform the subsequent field
measurements (Fig. 1a). The on-body calibration procedure is
discussed in detail elsewhere (Bhatt et al., 2016a). The calibration
procedure was executed in a fully anechoic chamber following the
procedure described in Thielens et al. (2015a); Bhatt et al. (2016a)
(see also Appendix B).

2.3. Exposure assessment

Exposimeters were simultaneously employed in data collection
across the microenvironments. Using traveler’s money belts, the
ExpoM-RF 64 and the ExpoM-RF 40 were attached to the left and
right sides of the subject’s hips (Fig. 1b). Both ExpoM-RFs were
switched on and switched off simultaneously to synchronize the
start and the end of the measurements. The root mean square
(RMS) electric field strengths measured by the ExpoM RFs have
been denoted as (Erms), in V/m. The lower limits of detection (LOD)
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for each band of the ExpoM- RFs are: 20 mV/m (FM radio), 50 mV/
m (ISM 5.8 GHz), 3 mV/m (2600 UL, DL and WiMax), and 5 mV/m
(for the remaining frequencies). The upper LOD is 6 V/m in all
frequency bands. The detection range of the ExpoM-RFs, with on-
body calibration, is the value listed above, divided by the corre-
sponding on-body response in the respective frequency bands. A
light jacket worn by the subject covered both exposimeters while
performing the measurements (Fig. 1b). The subject did not have
any metal objects attached to his body during data collection.

All measurements were performed during the daytime (9:45
am–6:00 pm) or evening (6:00 pm–11:00 pm) on weekdays, ex-
cept those of residential indoor and residential outdoor (rural/
suburban) in Belgium, which were performed during the week-
ends (2:30–2:45 pm and 11:00–11:15 pm respectively). Each
measurement duration was 15 min per microenvironment. A si-
milar measurement duration were employed in the personal ex-
posure monitoring by Urbinello et al., (2014a, 2014b). A smart-
phone watch, in flight mode, was used to monitor measurement
time. The measurement intervals for the ExpoM-RFs were chosen
to be 3 s (Bhatt et al., 2016a). Two ExpoM-RFs collected a total of
600 samples (300 each) per measurement for each micro-
environment. Information on activities undertaken during data
collection and descriptions of the microenvironments were re-
corded in a diary.

Twenty three microenvironmental measurements (13 in Aus-
tralia and 10 in Belgium) were performed twice to evaluate ex-
posure variability during the first and second measurements. We
attempted to obtain as much spatio-temporal matching as possible
for the repeated microenvironments. Spatial matching of the sta-
tionary microenvironmental measurements was ensured by
walking across the same area/route and towards the same direc-
tion. However, in the case of city center (Belgium), the measure-
ments were performed across the same urban area, but involved
walking along a different route. For the mobile microenviron-
ments, the spatial matching was accomplished by sitting/standing
at the same spot/around the same positions with respect to win-
dow and carriage dimension. All mobile microenvironment mea-
surements, except for car (urban) and bus (urban) in Belgium,
were performed on exactly the same routes. The temporal

matching, for most of the measurements, was ensured by per-
forming the measurements (1st and 2nd) at similar times of the
day, such as morning, evening or night.

2.4. Data processing and statistical analysis

The analysis commenced with an assessment of the censored
exposure data (Erms) falling below the lower detection limit (LODs)
in the respective frequency bands for each microenvironment. A
Shapiro-Wilk test was performed on the untransformed and log-
transformed data to evaluate normality. Furthermore, visual in-
spection of histograms and the normal Q-Q plots was also carried
out.

We used the substitution approach in order to estimate sum-
mary statistics from the measured data. This is an accepted
method in the science of environmental exposure assessment
(Hewett & Ganser, 2010). All left censored data (i.e. the data below
LODs) were replaced with their frequency-specific respective va-
lues of LOD/√2 (Ganser and Hewett, 2010; Hewett and Ganser,
2007). In ISM 5.8 GHz band (of the ExpoM-RF 64 data), numerous
values o LOD (non-zero) and zero values were recorded. We re-
placed only the non-zero values oLOD with LOD/√2. The ExpoM-
RF 64 measurements o20 mV/m in the ISM 5.8 GHz band were
automatically set to zero as those values were most likely the re-
sult of crosstalk. For the ISM 5.8 GHz data of the ExpoM-RF 40, we
set all values o20 mV/m as zero and all the non-zero values o
LOD with LOD/√2. The values below LODs of 2600 MHz DL and UL,
and WiMax 3.5 GHz bands were replaced with zeros for the
measurements of the microenvironments that were situated in the
areas not covered by these networks (Radio Frequency National
Site Archive, 2016). All 2600 MHz (DL and UL) data of the micro-
environments in Belgium, and those of residential outdoor and
residential indoor (rural/suburban) in Australia were set to zero. In
addition, the data of ISM 5.8 GHz for the latter microenvironments
in Australia, and those of WiMax 3.5 for the microenvironments
located in rural/suburban regions of Belgium were also set to zero.
Similarly, the WiMax 3.5 GHz and ISM 5.8 data of car (rural/sub-
urban) in Australia was set to zero. In the case of mountain/forest
(rural) in Australia, the data below the LODs of 900 MHz DL,

Fig. 1. The subject performing an on-body calibration of the ExpoM-RFs 64 in Ghent (a), and exposure measurement at a site in Melbourne using the on-body calibrated
exposimeters (b) [arrows showing the locations of the ExpoM-RFs].
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900 MHz UL, DVB-T, and FM Radio were substituted by their re-
spective LOD/√2, whereas all data for the remaining bands were
set to zero.

Geometric means of the electric field signals (Erms) measured
with two ExpoM-RFs were calculated within the selected sample
intervals using the formula; =Geometric mean (EExpoM-RF40� EExpoM-

RF64)1/2/Rgm (Bhatt et al., 2016a), where Rgm is the geometric mean
response of two ExpoM-RFs (see Table 1). As Table 1 demonstrates
the geometric averaging leads to a lower prediction interval for the
measured Erms values. Neubauer et al. (2008) suggested that fre-
quency-specific calibration factor(s) should be applied while esti-
mating RF-EMF exposures, because RF-EMF exposures close to the
human body are otherwise underestimated, which depends on the
dimension of the human body, positions of the body-worn ex-
posimeter(s) and frequency bands. We have not reported the
summary statistics for individual exposures measured by the Ex-
poM-RF. However, the frequency-specific estimated median ex-
posures provided by the individual ExpoM-RFs across all micro-
environments of each country were used to evaluate the correla-
tion between ExpoM-RF 40 and ExpoM-RF 64. The median ex-
posure values obtained for 19 microenvironments with ExpoM-RF
64 (n¼19) and ExpoM-RF 40 (n¼19) per frequency band in both
countries were used to perform country-specific Spearman's rank
correlation analysis. Furthermore, we also used median exposure
levels measured with the ExpoM-RF 64 (without taking on-body
calibration factors into account) across the 19 microenvironments
in each country to compare the levels to those obtained with the
concurrent use of the ExpoM-RF 64 and the ExpoM-RF 40. This
would allow us to have a comparison between the exposure levels
obtained with the use of a single non-on-body calibrated ex-
posimeter (such as most personal exposimetry studies) and those
obtained with the use of two on-body calibrated exposimeters
(current study).

Summary statistics (mean, median, 25th, 75th and 95th per-
centiles) of personal exposure across the measured bands were
then calculated for all microenvironments in Australia and
Belgium.

The total and frequency-specific median exposures across all
measured microenvironments in both countries were obtained from
the distributions of medians of the total and frequency-specific
RF-EMF exposures, respectively. Furthermore, the statistics of per-
sonal exposure for each microenvironment were also calculated
in terms of the four exposure categories: i) total exposure, which
was equal to the square root sum of the 16 bands

(

)

+ + + + +

+ + + + +

+ + + + +

E E E E E E

E E E E E

E E E E E ;
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2
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2
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2
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2

rms-900 UL
2

rms-900 DL
2

rms-1800 UL
2

rms-1800 DL
2

rms-DECT
2

rms-2100 UL
2

rms-2100 DL
2

rms-ISM 2.4
2

rms-2600 UL
2

rms-2600 DL
2

rms-WiMAX 3.5
2

rms-ISM 5.8
2

ii) mobile phone base station DLs exposure, the square root sum of all
DL bands ( )+ + + +E E E E Erms-800 DL

2
rms-900 DL
2

rms-1800 DL
2

rms-2100 DL
2

rms-2600 DL
2 ;

iii) mobile phone base station UL exposure, the square root sum of all
UL bands ( )+ + + +E E E E Erms-800 UL

2
rms-900 UL
2

rms-1800 UL
2

rms-1900 UL
2

rms-2600 UL
2 ,

and iv) broadcast exposure, the square root sum of FM radio and DVB-
T bands ( )+E Erms-FM

2
rms-DVB-T
2 . The total personal exposures were com-

pared across 34 similar microenvironments (17 in each country). Four
microenvironments excluded from the comparison were: subway
station/ride (urban), mountain/forest (rural) in Australia, and bicycle
(rural/suburban), and car (rural/suburban) in Belgium. These were
excluded because comparable corresponding microenvironments in
the other country were not measured.

Wilcoxon rank sum tests were performed to: i) examine whe-
ther the exposures across the matched microenvironments in
Australia and Belgium were different, ii) assess the exposure
variability during the repeated measurements of a total of 20
microenvironments – Australia (n¼13) and Belgium (n¼7), iii) to
evaluate if total, total DL, total UL and total broadcast median
exposures across urban and rural/suburban microenvironments, as
well as mobile and stationary microenvironments were different,
and iv) to examine the difference between indoor and outdoor ISM
2.4 exposures. Furthermore, Spearman's rank correlation analysis
was performed to examine the correlations between the median
exposures of the compared microenvironments (n¼17) in the two
countries.

For all statistical tests, po0.05 (two sided) was considered as
statistically significant. Data analysis was carried out with STATA
ver13.1 (StataCorp, College Station, TX, USA).

3. Results

3.1. Calibration of the exposimeters

Table 1 shows the results of the on-body calibration of the
ExpoM-RF 64 attached to the left lateral hip of the subject as in-
dicated in Fig. 1. The response and 50% prediction interval for each
band are denoted by R and PI50, respectively. The calculated geo-
metric mean responses are denoted by Rgm.

Table 1
The results of the on-body calibration of ExpoM-RF 64 attached to the left lateral hip of the subject as shown in Fig. 1.

Frequency bands ExpoM-RF 64 Geometric mean response (two ExpoM-RFs)

R PI50 Rgm PI50

DVB-T (470–790 MHz) 0.48±0.004 8.6±0.032 0.46 ±0.002 4.9 ±0.047
800 UL (832–862 MHz) 0.58±0.004 7.3±0.062 0.54 ±0.002 2.2±0.030
800 DL (791–821 MHz) 0.47±0.002 7.3±0.021 0.46±0.001 2.1±0.006
900 UL (880–915 MHz) 0.53±0.001 6.3±0.043 0.50±0.001 1.8±0.018
900 DL (925–960 MHz) 0.44±0.0005 7.8±0.049 0.41±0.0006 1.3±0.011
1800 UL (1710–1785 MHz) 0.55 ±0.003 9.8±0.034 0.47±0.001 2.9±0.026
1800 DL (1805–1880 MHz) 0.43 ±0.002 7.9±0.060 0.40±0.002 5.1±0.020
DECT (1880–1900 MHz) 0.49±0.001 9.0±0.074 0.46 ±0.001 3.4 ±0.014
1900 UL (1920–1980 MHz) 0.73 ±0.002 7.8±0.056 0.62 ±0.001 6.4±0.009
2100 DL (2110–2170 MHz) 0.72±0.0005 8.7±0.056 0.57±0.0005 6.2 ±0.013
ISM 2.4 (2400–2485 MHz) 0.99 ±0.004 10 ±0.019 0.99±0.0008 3.1 ±0.056
2600 UL (2500–2570 MHz) 1.3±0.004 10 ±0.043 0.91±0.0004 7.2 ±0.020
2600 DL (2620–2690 MHz) 1.1 ±0.002 12 ±0.033 0.71 ±0.001 8.2 ±0.038
WiMAX 3.5 (3400–3600 MHz) 0.89 ±0.001 8.9±0.046 0.64±0.0006 4.7 ±0.014
ISM 5.8 (5150–5875 MHz) 3.1 ±0.005 8.4±0.051 2.6 ±0.012 5.7 ±0.032

DVB-T: Digital Video Broadcasting–Terrestrial, DL: Downlink, DECT: Digital Enhanced Cordless Telecommunications, ISM: Industrial, Scientific and Medical UL: Uplink,
WiMAX: Worldwide Interoperability for Microwave Access, R: response (Ebody/Einc), PI50: 50% prediction interval (in dB), Rgm: geometric mean response of two ExpoM-RFs
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Table B1 (Appendix B) shows the measured cross-talk of Ex-
poM-RF 64 on the body of the calibrated subject. The cross-talk
was determined using only the central frequencies of the bands.
The cross-talk matrix was diagonal dominant and had a very small
amount of off-body elements which were relatively high. The
cross-talk of DECT induced in the 1800 DL band was relatively
large (approximately half the value of the response) and the cross-
talk of WiMAX 3.5 induced in the ISM 5.8 was relatively large as
well, although less important since WiMAX was less common (see
Table 1). The ISM 5.8 band generally suffered the most from cross-
talk. Similarly, DVB-T induced most cross-talk in other frequency
bands, since it was the lowest frequency band. Table B2 (Appendix
B) lists the cross-talk matrix measured in the free space. The
matrix was diagonal-dominant upper, central and lower
frequencies.

3.2. Data characteristics

The measured exposure data of both exposimeters demon-
strated varying degrees of censoring (Table A1, Appendix A),
depending upon the type of frequency band and microenviron-
ment. The amount of censoring also varied between ExpoM-RF
40 and ExpoM-RF 64 measured data at the same microenviron-
ment. Of all frequency-specific microenviromental measure-
ments, 47% of the data in Australia and 50% of the data in Belgium
had 50% or more censored data, when measured with both Ex-
poM-RFs. The proportion of censoring across the measured fre-
quency bands was much higher for the measurements performed
at suburban and rural microenvironments compared to those at
urban microenvironments. In general, the three frequency bands
demonstrating the least proportion of censoring in both coun-
tries were: 900 MHz DL, 2100 MHz DL and ISM 2.4 GHz. The
bands of 800 UL, 1800 UL, 1900 MHz UL, WiMAX 3.5 and ISM
5.8 in both countries, plus 2600 UL and 2600 DL in Australia,
were amongst those demonstrating highest proportions of
censoring.

Of all frequency band-specific microenvironmental mea-
surements falling above the LODs, only 11% of the data in Aus-
tralia and 18% of the data in Belgium followed lognormal dis-
tributions. Overall, the correlation of frequency-specific esti-
mated median exposure levels measured with ExpoM-RF 40 and
ExpoM-RF 64, from all microenvironments in both countries,
showed high to very high positive correlations: Spearman rank
correlation coefficients (rs), 0.84–1 (Australia) and 0.72–0.99
(Belgium).

3.3. Descriptive statistics

Personal RF-EMF exposure across the measured frequency
bands of all microenvironments in Australia and Belgium are
summarized in Table 2 in terms of mean, median, 25th, 75th, and
95th percentiles. The five exposure sources providing the highest
median exposures in Australia were: 1800 MHz DL, 900 MHz DL
and 900 MHz UL (0.07 V/m); 2100 MHz DL (0.04 V/m); DECT and
DVB-T (0.02 V/m). Similarly, 900 MHz DL (0.11 V/m), 2100 MHz
DL (0.07 V/m), 1800 MHz DL (0.06 V/m), DVB-T and FM radio
(0.05 V/m) provided the five highest median exposures in
Belgium.

Table 2 also compares the exposure levels measured with a
single non-on-body calibrated exposimeter (ExpoM-RF 64) vs
those with two concurrently employed on-body calibrated ex-
posimeters (ExpoM-RF 64 and ExpoM-RF 40). The exposures
measured with the two exposimeters were nearly 2–3 times
higher than those measured with the single exposimeter. How-
ever, this was not the case for FM, ISM 2.4 GHz, 2600 UL and DL,

where the exposure levels were of similar values.
Table 3 summarizes the descriptive statistics (mean, median,

25th, 75th, and 95th percentiles) of the personal RF-EMF ex-
posure levels for total, total downlink, total uplink and total
broadcast across different microenvironments in Australia and
Belgium.

In Australia, the five highest total median exposure levels
measured were: city center (4.33 V/m), residential outdoor (urban)
(0.75 V/m), park (0.75 V/m), bicycle (urban) (0.71 V/m), and train
station (0.48 V/m). Likewise, the five lowest total median exposure
levels measured were: mountain forest (rural) (0.02 V/m), shop-
ping center (urban) (0.04 V/m), residential indoor (rural/suburban)
(0.05 V/m), car (urban/suburban) (0.05 V/m), and office indoor
(urban) (0.06 V/m).

In Belgium, the five highest total median exposures measured
were: tram station (1.95 V/m), city center (0.95 V/m), park (0.90 V/
m), residential outdoor (urban) (0.87 V/m), and library (0.77 V/m).
Similarly, the five lowest total median exposure levels measured
were: residential indoor (rural/suburban) (0.04 V/m), residential
outdoor (rural/suburban) (0.07 V/m), office indoor (urban) (0.10 V/
m), car (rural/suburban) (0.11 V/m), and bicycle (rural/suburban)
(0.12 V/m).

3.4. Comparison of microenvironmental exposures

Of 17 microenvironmental total exposures measured in each
country, only eight microenvironments in Belgium followed log-
normal distributions, whereas six followed lognormal and two
normal distributions in Australia. The other microenvironmental
total exposure data followed neither lognormal nor normal
distributions.

The Wilcoxon rank sum tests showed that total exposure for
nine microenvironments in Australia were lower than the ex-
posure across the corresponding microenvironments in Belgium
(po0.05) (Table 4). However, the exposure in Australia was found
to be higher than the corresponding exposure in Belgium for the
five microenvironments (p o0.05) – city center, tram, train, re-
sidential outdoor (rural/suburban), and residential indoor (rural/
suburban) and the airport. Furthermore, the total exposure levels
for the bicycle (urban) and bus microenvironments in Australia
and Belgium did not show any significant difference. Although the
train station microenvironment in Australia provided higher ex-
posure than that in Belgium, the difference was not statistically
significant (p¼0.32).

The microenvironmental comparisons for total and total DL
median exposures in both countries showed strong positive cor-
relations: rs¼0.74 (p¼0.006) for total, and rs¼0.73 (p¼0.0007) for
total DL exposures. Furthermore, there were no significant or weak
correlations for the total UL and total broadcast exposures
(rs¼0.086, p¼0.74 for total UL, and rs¼0.46, p¼0.06 for total
broadcast).

In Australia, total, total DL, and total UL exposures across ur-
ban microenvironments were higher than those across rural/
suburban microenvironments (p¼0.03). However, there was no
difference between urban and rural/suburban microenviromental
exposures for total broadcast (p¼0.28). Nor were there sig-
nificant differences in total, total DL, total UL and total broadcast
exposures between mobile and stationary microenvironments
(p¼0.64–0.90).

In Belgium, total, total DL and total broadcast exposures in
urban microenvironments were higher than those in rural/sub-
urban microenvironments (p¼0.006 for total, p¼0.02 for total
DL, and 0.01 for total broadcast). Whereas there was no differ-
ence in the total UL exposure in urban and that in rural/suburban
microenvironments (p¼0.09). There were no significant
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Table 2
Summary of the frequency-specific and total personal RF-EMF exposure levels of all microenvironments in Australia (n¼19) and Belgium (n¼19) [single non-on-body calibrated ExpoM-RF 64 data vs concurrently used on-body
calibrated ExpoM-RF 64 and ExpoM-RF 40 data].

Frequency bands Summary statistics (mean, median, 25th, 75th and 95th percentiles)

Australia Belgium

Erms (with a single exposimeter) Erms (with two exposimeters) Erms (with a single exposimeter) Erms (with two exposimeters)

Mean (SD) median (25th, 75th and 95th
percentiles)

Mean (SD) median (25th, 75th and 95th
percentiles)

Mean (SD) median (25th, 75th and 95th
percentiles)

Mean (SD) median (25th, 75th and 95th
percentiles)

FM radio (87.5–108 MHz) 0.02 (0.03) 0.01 (0.01, 0.03, 0.14) 0.03 (0.03) 0.01 (0.01, 0.03, 0.13) 0.05 (0.03) 0.04 (0.01, 0.08, 0.10) 0.05 (0.04) 0.05 (0.01, 0.09, 0.12)
DVB-T (470–790 MHz) 0.03 (0.06) 0.007 (0.003, 0.04, 0.25) 0.08 (0.15) 0.02 (0.007, 0.08, 0.69) 0.03 (0.03) 0.02 (0.003, 0.05, 0.09) 0.07 (0.07) 0.05 (0.007, 0.11, 0.23)
800 UL (832–862 MHz) 0.009 (0.01) 0.003 (0.005, 0.01, 0.05) 0.02 (0.02) 0.009 (0.006, 0.02, 0.10) 0.003 (0.005) 0.003 (0.003, 0.003, 0.005) 0.007 (0.001) 0.006 (0.006, 0.006, 0.01)
800 DL (791–821 MHz) 0.005 (0.002) 0.003 (0.003, 0.006, 0.01) 0.009 (0.004) 0.007 (0.007, 0.01, 0.02) 0.05 (0.07) 0.02 (0.008, 0.09, 0.23) 0.10 (0.14) 0.03 (0.01, 0.19, 0.47)
900UL (880–915 MHz) 0.04 (0.03) 0.03 (0.008, 0.06, 0.12) 0.08 (0.07) 0.07 (0.01, 0.11, 0.26) 0.008 (0.009) 0.003 (0.003, 0.005, 0.03) 0.01 (0.01) 0.007 (0.007, 0.01, 0.05)
900 DL (925–960 MHz) 0.08 (0.12) 0.03 (0.01, 0.12, 0.56) 0.24 (0.40) 0.07 (0.03, 0.31, 1.78) 0.13 (0.17) 0.07 (0.03, 0.24, 0.71) 0.30 (0.35) 0.11 (0.06, 0.54, 1.37)
1800 UL (1710–1785 MHz) 0.005 (0.005) 0.003 (0.003, 0.003, 0.02) 0.01 (0.01) 0.007 (0.007, 0.01, 0.06) 0.005 (0.002) 0.003 (0.003, 0.005, 0.01) 0.01 (0.007) 0.007 (0.007, 0.009, 0.03)
1800 DL (1805–1880 MHz) 0.10 (0.21) 0.03 (0.01, 0.11, 0.93) 0.27 (0.58) 0.08 (0.03, 0.28, 2.62) 0.06 (0.08) 0.02 (0.005, 0.09, 0.37) 0.14 (0.21) 0.06 (0.01, 0.23, 0.87)
DECT (1880–1900 MHz) 0.03 (0.05) 0.008 (0.003, 0.03, 0.24) 0.07 (0.14) 0.02 (0.007, 0.06, 0.61) 0.02 (0.04) 0.01 (0.003, 0.02, 0.18) 0.05 (0.08) 0.03 (0.007, 0.05, 0.37)
1900 UL (1920–1980 MHz) 0.007 (0.01) 0.002 (0.002, 0.003, 0.06) 0.01 (0.02) 0.003 (0.003, 0.006, 0.10) 0.003 (0.003) 0.002 (0.002, 0.003, 0.01) 0.005 (0.005) 0.003 (0.003, 0.007, 0.02)
2100 DL (2110–2170 MHz) 0.09 (0.25) 0.02 (0.004, 0.08, 1.13) 0.17 (0.49) 0.04 (0.007, 0.12, 2.18) 0.07 (0.09) 0.03 (0.008, 0.11, 0.39) 0.12 (0.16) 0.07 (0.01, 0.20, 0.68)
ISM 2.4 (2400–2485 MHz) 0.02 (0.02) 0.01 (0.01, 0.02, 0.06) 0.01 (0.01) 0.01 (0.008, 0.01, 0.06) 0.02 (0.01) 0.02 (0.01, 0.02, 0.05) 0.02 (0.01) 0.02 (0.008, 0.02, 0.04)
2600 UL (2500–2570 MHz) 0.002 (0.001) 0.002 (0.002, 0.002, 0.006) 0.002 (0.001) 0.002 (0.002, 0.002, 0.005) 0 (0) 0 (0, 0, 0) 0 (0) 0 (0, 0, 0)
2600 DL (2620–2690 MHz) 0.03 (0.07) 0.002 (0.002, 0.02, 0.33) 0.04 (0.11) 0.003 (0.003, 0.03, 0.47) 0 (0) 0 (0, 0, 0) 0 (0) 0 (0, 0, 0)
WiMAX 3.5 (3400–
3600 MHz)

0.002 (0.002) 0.002 (0.002, 0.02, 0.009) 0.003 (0.003) 0.003 (0.003, 0.003, 0.01) 0.003 (0.006) 0.002 (0.002, 0.002, 0.02) 0.003 (0.004) 0.003 (0, 0.003, 0.02)

ISM 5.8 (5150–5875 MHz) 0.02 (0.06) 0 (0, 0.03, 0.26) 0.01 (0.02) 0 (0, 0.01, 0.11) 0.02 (0.02) 0 (0, 0.03, 0.08) 0.0006
(0.008)

0 (0, 0.01, 0.003)

Total 0.20 (0.36) 0.10 (0.03, 0.19, 1.67) 0.52 (0.95) 0.38 (0.06, 0.48, 4.34) 0.21 (0.22) 0.12 (0.07, 0.33, 0.95) 0.46 (0.47) 0.30 (0.12, 0.77, 1.95)

Abbreviations: DVB-T: Digital Video Broadcasting–Terrestrial, DL: Downlink, DECT: Digital Enhanced Cordless Telecommunications, FM: Frequency Modulated, ISM: Industrial, Scientific and Medical, SD: Standard deviation, UL:
Uplink, WiMAX: Worldwide Interoperability for Microwave Access; †majority of the measured data have replaced values of the LOD/√2 for these frequency bands
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Table 3
Personal total, total downlink, total uplink and total broadcast exposures (Erms) across various microenvironments in Australia (n¼19) and Belgium (n¼19).

Microenvironments Total (V/m) Total downlink (V/m) Total uplinks (V/m) Total broadcast (V/m)

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Residential outdoor (urban)
Australia 0.93 (0.62) 0.75 0.41, 1.32, 2.05 0.90 (0.61) 0.70 0.39, 1.28, 2.01 0.17 (0.10) 0.14 0.10, 0.22, 0.36 0.05 (0.02) 0.04 0.03, 0.05, 0.08
Belgium 0.92 (0.40) 0.87 0.70, 1.13, 1.64 0.91 (0.40) 0.86 0.68, 1.12, 1.64 0.01

(0.004)
0.01 0.01, 0.01, 0.02 0.11 (0.04) 0.11 0.09, 0.14, 0.18

Residential indoor (urban)
Australia 0.15 (0.06) 0.13 0.10, 0.20, 0.26 0.14 (0.06) 0.11 0.09, 0.19, 0.24 0.05 (0.01) 0.04 0.04, 0.06, 0.08 0.02 (0.004) 0.02 0.02, 0.02, 0.03
Belgium 0.24 (0.08) 0.25 0.20, 0.30, 0.37 0.23 (0.08) 0.23 0.18, 0.28, 0.35 0.05 (0.01) 0.01 0.01, 0.03, 0.04 0.07 (0.03) 0.07 0.05, 0.08, 0.12

Office indoor (urban)
Australia 0.07 (0.02) 0.06 0.05, 0.09, 0.10 0.05 (0.02) 0.04 0.03, 0.06, 0.07 0.02 (0.01) 0.02 0.02, 0.03, 0.05 0.03 (0.01) 0.02 0.01, 0.04, 0.05
Belgium 0.11 (0.06) 0.10 0.074, 0.14, 0.23 0.07 (0.03) 0.061 0.05, 0.08, 0.15 0.03 (0.02) 0.02 0.01, 0.03, 0.08 0.02 (0.004) 0.01 0.01, 0.02, 0.02

Park (urban)
Australia 0.75 (0.45) 0.75 0.38, 0.95, 1.30 0.70 (0.44) 0.70 0.34, 0.90, 1.26 0.19 (0.10) 0.17 0.11, 0.25, 0.41 0.08 (0.03) 0.08 0.06, 0.10, 0.14
Belgium 0.96 (0.45) 0.90 0.59, 1.18, 1.82 0.90 (0.46) 0.85 0.54, 1.13, 1.77 0.01

(0.004)
0.01 0.01, 0.01, 0.02 0.25 (0.09) 0.26 0.20, 0.31, 0.39

City center
Australia 4.50 (1.31) 4.33 3.55, 5.34, 6.84 4.36 (1.31) 4.20 3.42, 5.18, 6.62 0.31 (0.11) 0.29 0.24, 0.35, 0.55 0.73 (0.23) 0.69 0.56, 0.86, 1.21
Belgium 1.16 (0.70) 0.95 0.58, 1.65, 2.42 1.12 (0.70) 0.93 0.54, 1.61, 2.37 0.03 (0.02) 0.02 0.02, 0.03, 0.06 0.20 (0.06) 0.02 0.16, 0.23, 0.30

Library (urban)
Australia 0.11 (0.03) 0.10 0.09, 0.12, 0.15 0.09 (0.02) 0.09 0.07, 0.10, 0.13 0.04 (0.01) 0.04 0.04, 0.05, 0.06 0.02 (0.002) 0.02 0.01, 0.02, 0.02
aBelgium 0.99 (0.51) 0.77 0.63, 1.22, 2.02 0.94 (0.47) 0.74 0.60, 1.18, 1.92 0.01

(0.001)
0.01 0.01, 0.01, 0.01 0.14 (0.04) 0.14 0.11, 0.16, 0.20

Shopping center (urban)
Australia 0.06 (0.05) 0.04 0.04, 0.05, 0.14 0.04 (0.04) 0.02 0.02, 0.03, 0.09 0.03 (0.02) 0.02 0.01, 0.03, 0.06 0.02 (0.02) 0.02 0.01, 0.02, 0.06
aBelgium 0.14 (0.05) 0.13 0.10, 0.17, 0.24 0.08 (0.05) 0.07 0.05, 0.09, 0.16 0.07 (0.05) 0.06 0.04, 0.08, 0.14 0.06 (0.04) 0.04 0.03, 0.07, 0.13

Train station (urban)
Australia 0.47 (0.13) 0.48 0.39, 0.55, 0.64 0.40 (0.11) 0.41 0.32, 0.47, 0.56 0.08 (0.04) 0.07 0.06, 0.09, 0.16 0.10 (0.08) 0.08 0.07, 0.11, 0.18
aBelgium 0.89 (1.14) 0.30 0.13, 1.14, 3.29 0.82 (1.12) 0.11 0.07, 1.12, 3.15 0.06 (0.04) 0.05 0.03, 0.08, 0.14 0.11 (0.06) 0.12 0.08, 0.14, 0.18

Train
Australia 0.42 (0.23) 0.38 0.25, 0.54, 0.8 0.17 (0.14) 0.13 0.06, 0.23, 0.49 0.32 (0.26) 0.02 0.11, 0.45, 0.77 0.06 (0.06) 0.05 0.02, 0.08, 0.19
Belgium 0.34 (0.32) 0.24 0.14, 0.40, 1.02 0.13 (0.10) 0.11 0.05, 0.17, 0.32 0.25 (0.35) 0.09 0.03, 0.32, 1.02 0.05 (0.07) 0.01 0.01, 0.04, 0.20

Tram station (urban)
Australia 0.44 (0.11) 0.43 0.36, 0.51, 0.64 0.40 (0.10) 0.40 0.32, 0.47, 0.60 0.11 (0.03) 0.11 0.09, 0.13, 0.17 0.11 (0.03) 0.11 0.09, 0.13, 0.16
aBelgium 1.97 (0.48) 1.95 1.61, 2.32, 2.77 1.91 (0.46) 1.91 1.58, 2.23, 2.69 0.02 (0.01) 0.01 0.01, 0.02, 0.03 0.18 (0.04) 0.17 0.15, 0.20, 0.24

Tram (urban)
Australia 0.62 (0.44) 0.47 0.33, 0.78, 1.52 0.53 (0.46) 0.39 0.19, 0.69, 1.47 0.17 (0.11) 0.15 0.09, 0.23, 0.38 0.15 (0.08) 0.12 0.09, 0.19, 0.30
aBelgium 0.53 (0.35) 0.43 0.24, 0.75, 1.20 0.45 (0.38) 0.33 0.14, 0.71, 1.18 0.04 (0.04) 0.02 0.01, 0.05, 0.16 0.17 (0.11) 0.15 0.11, 0.20, 0.37

Bus (urban)
Australia 0.45 (0.29) 0.45 0.17, 0.65, 0.93 0.39 (0.27) 0.40 0.12, 0.58, 0.82 0.15 (0.12) 0.12 0.08, 0.19, 0.40 0.09 (0.06) 0.08 0.04, 0.13 0.20
aBelgium 0.45 (0.28) 0.41 0.22, 0.61, 1.01 0.33 (0.25) 0.26 0.16, 0.45, 0.76 0.03 (0.03) 0.02 0.01, 0.04, 0.10 0.25 (0.21) 0.19 0.09, 0.36, 0.70

Subway station & ride (urban)
aAustralia 0.43 (0.19) 0.41 0.32, 0.54, 0.75 0.19 (0.11) 0.20 0.09, 0.27, 0.40 0.21 (0.22) 0.10 0.05, 0.32, 0.68 0.12 (0.08) 0.12 0.04, 0.18, 0.24

Airport indoor
aAustralia 0.27 (0.13) 0.24 0.17, 0.35, 0.51 0.15 (0.16) 0.05 0.04, 0.26, 0.47 0.16 (0.10) 0.12 0.08, 0.21, 0.38 0.16 (0.10) 0.01 0.01, 0.02, 0.11
aBelgium 0.17 (0.05) 0.16 0.13, 0.20, 0.26 0.15 (0.05) 0.14 0.11, 0.17, 0.24 0.06 (0.04) 0.05 0.04, 0.08, 0.13 0.02 (0.003) 0.01 0.01, 0.01, 0.02
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Table 3 (continued )

Microenvironments Total (V/m) Total downlink (V/m) Total uplinks (V/m) Total broadcast (V/m)

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Mean (SD) Median 25th, 75th & 95th
percentiles

Bicycle (urban)
Australia 0.90 (0.65) 0.71 0.40, 1.22, 2.34 0.82 (0.63) 0.64 0.33, 1.14, 2.19 0.21 (0.17) 0.14 0.09, 0.28, 0.55 0.21 (0.16) 0.01 0.01, 0.02, 0.05
aBelgium 0.78 (0.30) 0.73 0.57, 0.97, 1.33 0.74 (0.31) 0.69 0.55, 0.93, 1.29 0.01 (0.02) 0.01 0.01, 0.01, 0.02 0.02 (0.07) 0.20 0.15, 0.25, 0.31

Bicycle (rural/suburban)
aBelgium 0.15 (0.09) 0.12 0.09, 0.18, 0.36 0.15 (0.09) 0.11 0.08, 0.17, 0.36 0.01

(0.002)
0.01 0.01, 0.01, 0.01 0.02 (0.002) 0.01 0.01, 0.01, 0.02

Car (urban/suburban)
Australia

0.07 (0.06) 0.05 0.03, 0.09, 0.22 0.06 (0.06) 0.03 0.02, 0.06, 0.19 0.02 (0.02) 0.01 0.01, 0.02, 0.07 0.02 (0.02) 0.01 0.01, 0.02, 0.06

Belgium 0.40 (0.26) 0.31 0.20, 0.54, 0.95 0.37 (0.26) 0.29 0.18, 0.52, 0.92 0.01 (0.01) 0.01 0.01, 0.01, 0.03 0.09 (0.06) 0.08 0.06, 0.11, 0.22

Car (rural/suburban)
aBelgium 0.14 (0.11) 0.11 0.05, 0.19, 0.35 0.12 (0.11) 0.09 0.03, 0.18, 0.33 0.01

(0.007)
0.01 0.01, 0.01, 0.01 0.02 (0.01) 0.01 0.01, 0.01, 0.05

Residential outdoor (rural/suburban)
Australia 0.09 (0.02) 0.10 0.08, 0.11, 0.12 0.08 (0.02) 0.08 0.07, 0.09, 0.10 0.03

(0.008)
0.03 0.02, 0.03, 0.04 0.04 (0.01) 0.03 0.03, 0.04, 0.06

Belgium 0.07 (0.04) 0.07 0.05, 0.09, 0.12 0.07 (0.03) 0.06 0.04, 0.09, 0.12 0.01 (0.03) 0.01 0.01, 0.01, 0.01 0.01 (0.001) 0.01 0.01, 0.01, 0.02

Residential indoor (rural/suburban)
aAustralia 0.05 (0.01) 0.05 0.04, 0.05, 0.06 0.03 (0.002) 0.03 0.03, 0.03, 0.03 0.01

(0.006)
0.01 0.01, 0.01, 0.01 0.03 (0.01) 0.03 0.02, 0.04, 0.05

Belgium 0.04 (0.03) 0.04 0.03 0.04, 0.09 0.02 (0.001) 0.02 0.02, 0.02, 0.02 (0.005) 0.01 0.01, 0.01, 0.01 0.01
(0.0002)

0.01 0.01, 0.01, 0.01

Mountain/forest (rural)
aAustralia 0.02

(0.0007)
0.02 0.02, 0.02, 0.02 0.01

(0.0005)
0.01 0.01, 0.02, 0.02 0.007 (0) 0.007 0.007, 0.007, 0.007 0.007 (0) 0.01 0.01, 0.01, 0.01

aSingle measurement, SD: Standard deviation.
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differences in total, total DL, total UL and total broadcast ex-
posures between mobile and stationary microenvironments (
p¼0.36–0.96).

3.5. Assessment of the variability in exposures

Wilcoxon rank sum tests were undertaken to evaluate the re-
peated measurements of the RF-EMF exposure levels. The results
have been tabulated in Table 4. Overall, half of the microenviron-
ments (10 of 20 in both countries) showed that repeated measure-
ments provided different total median exposure levels.

Of the 13 microenvironments repeated in Australia, nine
showed statistically different total exposure levels at the first and
second measurements (po0.001–0.04) (Table 4), whereas four did
not show any significant difference (p 4 0.05) between the ex-
posure levels. For the tram and residential outdoor (rural/sub-
urban) microenvironments, the total exposures during the two
measurement sessions showed little difference, though the p va-
lues were statistically significant.

Of the seven microenvironments repeated in Belgium, six
showed statistically different total exposure levels at the first and
second measurements (po0.001–0.002). However, despite having
significant p values, office indoor (urban), residential indoor, and
residential outdoor (rural/suburban) provided a little difference in
exposure between the first and second measurements. Residential
outdoor (urban) did not show statistically significant variation in
the exposure levels measured during the repeated measurements
(p¼0.16).

4. Discussion

We have evaluated far-field personal RF-EMF exposures
across the different microenvironments in Australia and Bel-
gium by employing two on-body calibrated exposimeters.
Measurement of exposures in microenvironments allowed us
to: i) identify typical exposure levels in the specific micro-
environments, ii) monitor exposure trends across these

Table 4
Evaluation of the variability in total personal exposure (V/m) during the 1st (m1) and 2nd measurements (m2) in Australia (n¼13) and Belgium (n¼7).

Microenvironments Total exposure levels (m1 ) [V/m] Total exposure levels (m2 ) [V/m] †p values

Mean (SD) Median 25th, 75th & 95th percentiles Mean (SD) Median 25th, 75th & 95th percentiles

Residential outdoor (urban)
Australia 1.06 (0.68) 0.89 0.46, 1.57, 2.40 0.80 (0.52) 0.67 0.38, 1.10, 1.68 o0.001
Belgium 0.93 (0.37) 0.90 0.73, 1.14, 1.56 0.91 (0.42) 0.85 0.67, 1.13, 1.72 0.16

Residential indoor (urban)
Australia 0.18 (0.05) 0.19 0.13, 0.22, 0.27 0.12 (0.04) 0.11 0.10, 0.12, 0.23 o0.001
Belgium 0.20 (0.07) 0.21 0.13, 0.25, 0.30 0.29 (0.08) 0.30 0.25, 0.33, 0.41 o0.001

Office indoor (urban)
Australia 0.06 (0.02) 0.06 0.05, 0.07, 0.10 0.07 (0.02) 0.08 0.04, 0.09, 0.10 0.19
Belgium 0.13 (0.07) 0.11 0.08, 0.16, 0.31 0.09 (0.04) 0.08 0.06, 0.12, 0.16 o0.001

Park (urban)
Australia 0.69 (0.32) 0.67 0.45, 0.89, 1.16 0.79 (0.52) 0.79 0.35, 0.99, 1.43 0.05
Belgium 0.87 (0.36) 0.80 0.56, 1.13, 1.54 1.07 (0.52) 0.98 0.73, 1.25, 2.12 o0.001

City center
Australia 4.58 (1.30) 4.39 3.61, 5.24, 7.13 4.38 (1.32) 4.28 3.27, 5.51, 6.41 0.17

Library (urban)
Australia 0.10 (0.02) 0.10 0.09, 0.11, 0.14 0.11 (0.03) 0.11 0.08, 0.13, 0.16 0.06

Train station (urban)
Australia 0.50 (0.09) 0.51 0.43, 0.57, 0.62 0.44 (0.15) 0.43 0.32, 0.52, 0.65 o0.001

Train
Australia 0.48 (0.17) 0.46 0.37, 0.59, 0.78 0.37 (0.27) 0.28 0.20, 0.45, 0.84 o0.001
Belgium 0.17 (0.09) 0.14 0.10, 0.29, 0.36 0.50 (0.38) 0.38 0.23, 0.60, 1.33 o0.001

Tram station (urban)
Australia 0.50 (0.10) 0.49 0.43, 0.55, 0.67 0.38 (0.08) 0.37 0.32, 0.43, 0.53 o0.001

Tram (urban)
Australia 0.59 (0.45) 0.46 0.23, 0.73, 1.52 0.65 (0.42) 0.49 0.38, 0.80, 1.56 o0.001

Bicycle (urban)
Australia 0.88 (0.66) 0.74 0.33, 1.23, 2.28 0.93 (0.65) 0.69 0.44, 1.22, 2.42 0.04

Bus (urban)
Australia 0.43 (0.33) 0.38 0.13, 0.67, 0.97 0.47 (0.24) 0.50 0.25, 0.63, 0.89 0.004

Car (urban) 0.28 0.17, 0.47, 0.83 0.34 0.22, 0.58, 1.08 o0.001

Residential indoor (rural/suburban)
Belgium 0.04 (0.01) 0.03 0.03, 0.04, 0.08 0.05 (0.03) 0.04 0.03, 0.04, 0.10 o0.001

Residential outdoor (rural/suburban)
Australia 0.09 (0.02) 0.09 0.08, 0.10, 0.12 0.10 (0.02) 107 0.09, 0.11, 0.13 o0.001
Belgium 0.08 (0.05) 0.07 0.05, 0.10, 0.13 0.07 (0.02) 0.06 0.05, 0.08, 0.11 0.002

†p values o0.05 statistically significant different exposure levels, SD: Standard deviation
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microenvironments over time, and iii) help characterize per-
sonal exposure assuming a person occupies a specific micro-
environment for a certain amount of time (Dürrenberger et al.,
2014). Since most of our exposure data characterized non-
normal or non-lognormal distribution, we have preferred to
present our results in terms of median and percentiles. Similar
presentation of RF-EMF summary statistics have been provided
elsewhere (e.g. Bhatt et al., 2016a; Najera et al., 2016). The use
of two exposimeters to assess exposure in this study demon-
strated that the exposimeters may measure different amounts
of RF-EMF signals simultaneously whilst on the body. The
proportion of detected signals was high for the mobile phone
DL and Wi-Fi bands, which is due to the fact that these signals
were relatively common across all microenvironments.

4.1. Exposure characteristics in Australia and Belgium

Our study found that mobile phone base downlink exposures
contributed the largest share to total exposures (Table 3). Si-
milar results have been reported elsewhere (e.g. Sagar et al.,
2016; Urbinello et al., 2014c). The usage of mobile phones and
degree of evolution of mobile phone network signals (e.g. Global
System for Mobile communication 900 and 1800, Universal
Mobile Telecommunications System, and Long-Term Evolution)
in Australia and Belgium are not quite the same (International
Telecommunication Union, 2010; Kumar, 2004; Spec-
trumMonitoring, 2016a, 2016b). This perhaps explains the dif-
ferent contribution of frequency band-specific exposures to to-
tal RF-EMF exposure in the two countries. We also demon-
strated that the concurrent use of two on-body calibrated ex-
posimeters provided the average exposure levels of 1.35 and
1.6 times higher in Australia and Belgium respectively, than
those provided with a single non-on-body calibrated ex-
posimeter. This is in line with earlier studies (Bolte et al., 2011;
Neubauer et al., 2010; Thielens et al., 2015a) that demonstrated
that a non-on-body calibrated exposimeter would under-
estimate personal exposure to incident RF EMFs due to the
shielding of the body. Previous controlled measurements or
modelling studies (Blas et al., 2007; Iskra et al., 2010; Neubauer
et al., 2010) also found an underestimation of RF-EMF exposures
due to body shielding, which is comparable to that estimated in
our study. Future research should investigate this further in
order to better explain the magnitude of effect that body
shielding may have in underestimating microenvironmental
personal RF-EMF exposure measurements.

Mobile phone frequency bands of 2600 MHz, WiMax 3.5 GHz,
and ISM 5.8 GHz provided very little exposure. In Melbourne,
2600 MHz has recently been allocated to be used by mobile net-
work providers; however, signals are mostly limited to some urban
areas. The band has been officially sold for use in Belgium, but
operation has not yet started (SpectrumMonitoring, 2016b). ISM
2.4 GHz shared a small portion of total exposures in both countries
(see Table 2), and overall, there was no significant difference be-
tween indoor and outdoor microenviromental Wi-Fi 2.4 exposures
in either country (results not shown).

Three or four microenvironments in the two countries shared
the highest total exposures: the city center, urban parks, and
outdoor residential areas. The fourth was a tram station in Bel-
gium, which was located in the city center. The total exposure
differences observed across the microenvironments in these two
countries may be attributed to the differences in population den-
sity and physical infrastructure of Ghent and Melbourne. The ex-
posure difference between the compared microenvironments in
both countries was likely to be largely due to the contribution of

total downlink exposure, which is generally higher for the mi-
croenvironments in Belgium.

The city center, train and airport in Australia (Melbourne)
demonstrated higher exposures compared to the corresponding
microenvironments in Belgium. Melbourne city center has
higher population density and larger number of base stations
providing higher capacity of telecommunication signals com-
pared to the Ghent city center (OpenSignal, 2016; Antenna Site
Register, 2016). The train travels in both countries involved
journeys through the respective open areas of Melbourne and
Ghent. In case of the train travel in Melbourne, high mobile
phone signals can occur within the urban region (OpenSignal,
2016), especially with many people on board. Contrary to this,
train travel from Ghent to Antwerp, a journey mostly through
suburban and rural regions, the strength of RF-EMF signals,
particularly of mobile phone base stations was weaker (Antenna
Site Register, 2016). The total downlink exposure in the train in
Belgium was found to be lower than that in the train in Aus-
tralia, whereas the total uplink exposure scenario was found to
be the opposite. This may be due to a higher path loss between
the user and the network, which increases the DL signal that can
reach the user and simultaneously increases the UL signal that is
necessary to connect to the network. Furthermore, the train in
Belgium had windows with metallic coating (Bhatt et al., 2016a),
which provided highly attenuated DL signals and the mobile
phone has to transmit at a higher power level to get past the
metallic coating. Car travel in Australia was done in a less dense
urban and suburban area of Melbourne, unlike in Belgiumwhere
it was mostly in highly dense urban areas. The resultant lower
exposures in Australia for urban car travel were most likely due
to this lower urban density.

The total exposure levels, including total DL and total uplink
exposures, measured in our study are higher than those re-
ported for similar European microenvironments, including
Ghent (Bolte and Eikelboom, 2012; Joseph et al., 2010; Urbinello
et al., 2014a, 2014b, 2014c). This could be because these studies
did not correct for the consequence of body shielding on the
measured personal exposure levels, which generally under-
estimates personal exposure levels (Bolte et al., 2011; Neubauer
et al., 2010; Thielens et al., 2015a). However our study took this
issue into account by using frequency-specific on-body calibra-
tion factors while estimating personal exposure levels. Fur-
thermore, previous studies used different protocols (e.g. a single
non-on-body calibrated exposimeter), measurement devices
and analysis approaches compared to ours. Our study observed
that personal exposures in urban microenvironments were
much higher than those in rural and suburban microenviron-
ments in Australia and Belgium. Furthermore, the exposure le-
vels across indoor microenvironments were much lower than
those across outdoor microenvironments. These findings are in
line with the studies conducted in Europe (Bolte and Eikelboom,
2012; Joseph et al., 2010; Urbinello et al., 2014a, Vermeeren
et al., 2013). In general, mobile phone base station exposure, the
principal contributor to total RF-EMF exposure, is generally
stronger in urban environments compared to rural and sub-
urban environments (Antenna Site Register, 2016; OpenSignal,
2016; Radio Frequency National Site Archive, 2016). Amongst
indoor stationary microenvironments, the library in Belgium
and the airport in Australia provided the highest exposure le-
vels. Interestingly, the library in Ghent was about 200 m from a
nearby base station, which was exactly in line-of-sight. This also
applied to the tram station in Ghent, which characterized the
highest exposure level for outdoor microenvironments in
Belgium.
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The results demonstrated that total RF-EMF exposure levels
varied for the majority of microenvironments in both countries.
It is likely that relatively low dispersion of measurements (e.g.
residential indoor and residential outdoor (rural/suburban) in
Belgium) provide statistically significant differences in ex-
posures, without having much differences in median exposures.
While comparing these results, we therefore agree that ex-
posure differences should not be solely interpreted on the basis
of p-values (The American Statistical Association, 2016). Urbi-
nello et al. (2014c) also showed that the environmental ex-
posure levels of mobile phone DL signals varied across the same
areas. Mobile phone DL signals, are the main contributor to the
total exposure, and their subsequent variation, has a large effect
in the total exposure. In general, diurnal variation in mobile
phone signals in human environments is likely due to the var-
iation of spatio-temporal factors (Manassas et al., 2012; Ver-
meeren et al., 2013; Urbinello et al., 2014c). Spatial factors, such
as the location of the measurement sites (urban, suburban,
rural, outdoor, indoor etc.), the proximity and number of nearby
base stations; temporal factors (e.g. day, time and season when
the measurements were performed), measurement path fol-
lowed, and existing mobile phone traffic also affect the exposure
levels (Bolte, 2016; Bolte and Eikelboom, 2012; Joseph and
Verloock, 2010; Manassas et al., 2012; Roderíguez et al., 2011;
Urbinello et al., 2014b; Viel et al., 2009; Vermeeren et al., 2013).
The exposure variability in various microenvironments needs to
be further examined with longer measurement times, at more
spots within each microenvironment, and taking a greater
number of repeated measurements controlling for spatio-tem-
poral factors.

All exposure levels measured in our study were well below the
reference levels for the general public as provided by the guide-
lines of the International Commission on Non-Ionizing Radiation
Protection (ICNIRP, 1998) and the Australian Radiation Protection
and Nuclear Safety Agency (ARPANSA) (Radiation Protection
Standard, 2002). However, these guidelines are fundamentally
designed to protect against acute (very short-term) RF-EMF health
effects, particularly tissue heating. Biological effects have been
shown at or below some levels we measured, including decrease
in reproductive capacity, apoptotic cell death, and stress responses
(Panagopoulos et al., 2010; Augner et al., 2010).

Since most of the exposure data measured in our study did
not follow lognormal distributions, we were not able to apply a
similar approach to deal with the censored data as used in
previous studies (Bolte and Eikelboom, 2012; Frei et al., 2009;
Joseph et al., 2010; Juhász et al., 2011; Urbinello et al., 2014a,
2014b). These studies used robust regression on order statistics
(ROS) to treat the censored data in order to calculate summary
statistics. In addition to ROS, there are other approaches to deal
with censored data (i.e. non-detected): substitution, maximum
likelihood estimation (MLE) methods, and Kaplan–Meier meth-
ods (Ganser and Hewett, 2010). However, the three most com-
monly used methods are substitution by LOD, LOD/2 and LOD/
√2 (Hewett, 2007, Hewett and Ganser, 2007). The performance
of these methods has been evaluated using simulations on sin-
gle and contaminated lognormal data and it was found that

√LOD/ 2 substitution method provided slightly positively biased
means and negatively biased 95th percentiles, yet plausible
results compared to more advanced approaches (Hewett and
Ganser, 2007). Substitution methods have been used in RF-EMF
personal exposure assessment elsewhere (Ibrani et al., 2016;
Thomas et al., 2008; Röösli et al., 2008).

The evaluation of ROS and substitution (i.e. LOD) methods for
RF-EMF exposure generally provided higher values of frequency

band-specific summary statistics of exposures (i.e. means, med-
ians, 25th, 75th and 95th percentiles) compared to the former
method (Röösli et al., 2008). Röösli et al. (2008) also observed that
the larger the proportion of censored data, the larger was the
difference between the substitution (by LOD) and the ROS mean.
The frequency-specific LODs for the exposimeter used in our study
were lower compared to those employed in previous studies (EME
SPY) (Bhatt et al., 2016b), which suggest that our devices were
more sensitive than EME SPY.

4.2. Calibration of the exposimeters

As shown in Table 1, a majority (12 of 15) of the responses R
were lower than 1, which indicated that the ExpoM-RF under-
estimated personal exposure in these frequency bands without
compensation. The responses in the 2600 MHz and the ISM
2.4 band were close to one. In the ISM 5.8 band, we found an
overestimation of exposure by uncorrected measurements. The
same underestimation was demonstrated previously (Bolte
et al., 2011), where all but one frequency band showed a
response o1; and Thielens et al. (2015a) showed that all but
two frequency bands showed a median response o1.

The PI50 values measured for the ExpoM-RF 64 ranged from
6.3 to 10 dB and no clear frequency dependence was observed.
Thielens et al. (2015a) showed that the PI50 values measured for
individual exposimeters worn on the hip ranged from approxi-
mately 7 to 13 dB. Bolte et al. (2011) demonstrated these values to
be up to approximately 20 dB. The PI50 values are reduced in all
frequency bands when an average over two ExpoM-RFs is con-
sidered, which is in agreement with previous findings (Thielens
et al., 2015a; Bolte et al., 2011). The main reason for this reduction
in PI50 is the mirrored RF-EMF pattern of both ExpoM-RFs with
regard to the sagittal plane of the subject. For certain azimuthal
angles of incidence of RF-EMFs, one ExpoM-RF experiences a re-
duction in received power due to shadowing of the body, while the
other ExpoM-RF experiences less or no shadowing at the same
time. This consequently results in a more isotropic, average RF-
EMF pattern and provides less variation in the distribution of the
geometric averaged response.

The high cross-talk shown by the ISM 5.8 band was expected
since this frequency band was the highest one, and had the
highest potential to register harmonics from lower frequency
bands. Similarly, DVB-T induced most cross-talk in other fre-
quency bands, since it was the lowest frequency band. The
cross-talk measured DVB-T was closer to a diagonal matrix than
the one reported by Thielens et al. (2015a) using another type of
exposimeter (EME SPY), where more off-diagonal elements
were observed. Though the cross-talk observed in this study
was determined using only the central frequencies of the bands,
in reality the signals can also be emitted at the edges of the
frequency bands and could thus induce a higher cross talk.
Therefore, we also calibrated the ExpoM-RF 64 in a free space,
using not only the central frequency, but also the two edges of
the frequency bands.

The differences in the diagonal elements (shown in Tables B1
and B2, Appendix B) were higher than those obtained on the body
for the lowest 10 frequency bands and higher than those pre-
sented in Table B1 for the five highest frequency bands. This was
expected since there was no attenuating body next to the ExpoM-
RF in free space. The off-diagonal elements were relatively low in a
majority of the cases. Relatively high off-diagonal cross-talk values
were measured between 800 DL and DVB-T and between 1800 DL
and DECT bands. These values would be expected, since there is a
relatively small difference of 1 MHz (800 DL and DVB-T) and
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o1 MHz (DECT and 1800 DL) between the edges of the considered
frequency bands, respectively, in comparison to the bandwidth of
the considered frequency bands. The highest off-diagonal cross-
talk values in these frequency bands were also observed for either
the lowest or highest frequency in the studied bands, which in-
dicates that signals can also be emitted close to the edge of a band
in reality, the on-body cross-talk values presented in Table B1
(Appendix B) might be higher as well. Relatively high off-diagonal
cross-talk values were also found in the ISM 5.8 band in Table B1,
Appendix B. We also observed cross-talk in the on-body matrix in
Table B1 (Appendix B) in the same frequency band, but with a
lower magnitude.

4.3. Strengths, limitations and implications

This is the first microenvironmental exposure study to assess
far-field RF-EMF exposures from multiple sources across different
microenvironments using a pair of on-body calibrated ex-
posimeters. Consequently, our measurements have taken into ac-
count body shielding by using frequency-band specific calibration
factors or the averaged response of two exposimeters. This means
the exposures levels reported in this study provide reduced
measurement uncertainties related to body shielding and are
corrected for the underestimation caused by the absorption of RF-
EMF by the human body. Our study is also the first micro-en-
vironmental RF-EMF exposure study which evaluated the perfor-
mance of the exposimeters by using cross-talk measurements,
which can be used to interpret the data collected. Furthermore, we
evaluated exposure in the 2.6 GHz, WiMaX 3.5 GHz, and ISM
5.8 GHz bands, which were not included in previous studies. Only
one recent study (Ibrani et al., 2016), has included evaluation of
personal exposures from WiMax 3.5 GHz and ISM 5.8 bands. The
exposimeters used in our study are more sensitive than other
available and commonly used exposimeters (Bhatt et al., 2016b).
The results of this study also allow us to make a valid comparison
of the exposure levels across microenvironments in Australia and
Belgium, which are characterized by different infrastructure, geo-
physical, environmental and weather conditions. Therefore, the
issue of measurements below the LODs is much less critical, which
has been a major challenge in previous exposure assessments
(Bolte and Eikelboom, 2012; Frei et al., 2009; Gajsek et al., 2013;
Joseph et al., 2010; Juhász et al., 2011; Thomas et al., 2008; Urbi-
nello et al., 2014b).

However, the study has the following limitations: i) we only
involved one site/route per microenvironment and therefore our
findings could only provide an estimate for microenvironmental
exposure characterization, ii) not all measurements were repeated,
iii) each measurement duration was only 15 min, iv) assessment of
exposure variability involved only two measurements (15 min
each), and v) many other sources of RF-EMF exposure in both
countries (Australian Radiofrequency Spectrum Plan, 2013; Belgian
Institute for Postal Services and Telecommunications, 2016;
SpectrumMonitoring, 2016a, 2016b) could not be assessed due to
the limitation of the measurement device. For instance, AM radio,
which is a major source of environmental RF-EMF exposure in
Melbourne (Henderson et al., 2014).

We have successfully performed personal far-field RF-EMF
exposure assessment using on-body calibrated exposimeters.
Therefore the approach contributes towards the development of
improved exposure assessment methodology for epidemiologi-
cal studies. Nevertheless, the application of multiple on-body
calibrated exposimeters in epidemiological research may not
always be the most rational approach. This is primarily because
an on-body calibration is a resource intensive procedure, which

is not achievable for large numbers of participants in epide-
miological studies. In addition, it is not yet well understood how
the results from a limited number of on-body calibrations for a
small set of subjects can be translated into a general calibration
factor useful for the whole population characterized with dif-
ferent body types (Bhatt et al., 2016a). However, it may still be
useful to evaluate calibration factors for various body types,
which could potentially be applied in exposure assessment for
general populations.

5. Conclusions

We measured personal far-field RF-EMF exposure, frequency
range 88 MHz to 5.8 GHz, in Australia and Belgium across var-
ious microenvironments using on-body calibrated exposimeters.
Therefore, our study demonstrated that it was feasible to em-
ploy two exposimeters concurrently to estimate personal ex-
posure minimizing the consequences of body shielding. Fur-
thermore, our findings showed that the concurrent use of two
on-body calibrated exposimeters provided the average exposure
levels of 1.35 and 1.6 times higher in Australia and Belgium
respectively, than those provided with a single non-on-body
calibrated exposimeter. This implies that exposure assessment
with the use of two on-body calibrated exposimeters has ben-
efits over the use of a single non-on-body calibrated ex-
posimeter and hence is recommended, if possible. Mobile phone
base downlink exposures contributed the largest share to total
exposures. Of 17 microenvironments compared, nine of them
provided lower exposure levels in Melbourne (Australia) than
the corresponding microenvironments in Ghent (Belgium). The
personal exposures across urban microenvironments were
lower than those in rural and suburban microenvironments.
Similarly, exposure levels found across indoor microenviron-
ments were lower than outdoors. Further studies are needed to
provide more accurate exposure characterization considering
multiple sites/routes per microenvironment.
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Table A1
Proportion of measured data (%) falling below the LODs of ExpoM-RFs across various microenvironments in Australia (n¼19) and Belgium (n¼19).

Microenvironments Countries ExpoM-RF
IDs

FM DVT-T 800 UL 800 DL 900 UL 900 DL 1800 UL 1800 DL DECT 1900 UL 2100 DL ISM 2.4 2600 UL 2600 DL WiMax 3.5 ISM 5.8

Residential outdoor (urban) Australia 40 73, 76 0, 0 75, 78 40, 49 0, 0 0, 0 68, 91 0, 0 0, 0 96, 99 0, 0 9, 19 99, 100 16, 7 99, 99 53, 81
64 58, 68 4, 0 10, 37 31, 36 0, 0 0, 0 68, 89 0, 0 0, 0 96, 99 0, 0 0, 0 100, 100 16, 9 93, 97 63, 89

Belgium 40 7, 0 0, 0 16, 8 93, 99 95, 91 0, 0 41, 36 0, 0 0, 0 99, 98 0, 0 0, 0 100, 100 100, 100 100, 98 54, 50
64 3, 0 3, 0 0, 0 97, 96 91, 83 0, 0 95, 76 0, 0 6, 0 99, 98 0, 0 0, 0 100, 100 100, 100 100, 100 85, 8

Residential indoor (urban) Australia 40 100, 100 99, 4 96, 97 99, 100 0, 0 0, 0 97, 99 0, 0 4, 7 99, 99 0, 0 9, 21 100, 100 0, 0 100, 100 100, 100
64 100, 100 84, 40 72, 15 97, 99 0, 0 0, 0 97, 99 0, 0 19, 11 99, 99 0, 0 0, 0 100, 100 0, 0 100, 100 100, 100

Belgium 40 14, 3 3, 0 20, 8 100, 32 96, 98 0, 0 94, 98 0, 0 24, 9 100, 100 0, 0 0, 0 100, 98 100, 100 100, 100 100, 100
64 17, 1 23, 12 0, 0 100, 8 97, 98 0, 0 99, 98 0, 0 89, 18 100, 100 0, 0 0, 0 100, 100 100, 100 99, 100 99, 100

Office indoor (urban) Australia 40 88, 98 38, 40 97, 100 83, 97 34, 45 0, 0 92, 69 2, 4 68, 48 33, 40 0, 0 7, 5 100, 100 87, 86 100, 100 100, 100
64 99, 100 44, 44 80, 70 58, 46 7, 41 0, 0 95, 79 3, 13 80, 48 32, 45 0, 1 0, 0 100, 100 68, 48 100, 100 100, 100

Belgium 40 94, 83 79, 64 18, 51 82, 66 58, 77 0, 0 76, 64 15, 26 23, 31 74, 66 6, 16 4, 8 85, 100 97, 100 100, 100 44, 71
64 85, 86 100, 99 3, 3 81, 59 52, 76 0, 0 80, 70 18, 20 25, 29 74, 64 8, 16 0, 0 78, 100 96, 100 97, 100 68, 83

Park (urban) Australia 40 82, 96 0, 0 55, 41 5, 0 0, 0 0, 0 92, 93 0, 0 0, 0 100, 99 0, 0 34, 19 100, 100 1, 1 99, 97 75, 62
64 67, 90 0, 0 0, 10 0, 0 0, 0 0, 0 94, 96 0, 0 0, 0 99, 99 0, 0 0, 0 100, 100 0, 0 98, 95 94, 92

Belgium 40 0, 0 0, 0 0, 0 99, 96 92, 92 0, 0 87, 85 0, 0 0, 0 99, 98 0, 0 35, 13 100, 100 100, 100 54, 21 94, 81
64 1, 0 0, 0 0, 0 100, 98 90, 88 0, 0 93, 90 0, 0 6, 0 100, 99 0, 0 0, 0 100, 100 100, 100 34, 13 98, 93

City center Australia 40 0, 0 0, 0 25, 47 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 30, 39 0, 0 0, 0 29, 71 0, 0 5, 17 0, 0
64 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 85, 84 0, 0 0, 0 1, 6 0, 0 2, 10 0, 0

Belgium 40 0, 0 0, 0 0, 0 66, 90 57, 53 0, 0 17, 33 0, 0 0, 4 97, 92 0, 0 0, 1 100, 100 100, 100 89, 70 53, 89
64 0, 0 0, 0 0, 0 67, 87 38, 33 0, 0 16, 40 0, 0 0, 3 97, 88 0, 0 0, 0 100, 100 100, 100 74, 38 64, 95

Library (urban) Australia 40 98, 94 14, 13 100, 100 99, 99 1, 3 0, 0 92, 81 2, 0 13, 14 80, 77 0, 1 1, 7 100, 100 100, 100 100, 100 98, 94
64 99, 96 88, 76 100, 100 69, 80 0, 0 0, 0 94, 91 4, 0 26, 42 80, 81 0, 0 0, 0 100, 100 100, 100 100, 100 99, 97

aBelgium 40 0 0 0 99 96 0 84 0 0 97 0 0 100 100 2 67
64 0 0 0 99 90 0 91 0 0 100 0 0 100 100 1 35

Shopping center (urban) Australia 40 99, 98 73, 52 99, 99 60, 55 71, 35 0, 0 69, 27 66, 66 85, 90 68, 61 31, 43 0, 5 99, 100 79, 84 100, 100 100, 100
64 99, 96 73, 60 98, 83 56, 40 64, 18 0, 0 71, 50 65, 65 82, 91 66, 60 32, 41 0, 0 98, 99 55, 59 100, 100 100, 100

aBelgium 40 5 12 44 59 8 0 26 5 6 10 3 0 100 100 97 99
64 11 54 5 44 5 0 33 7 8 6 4 0 100 100 97 100

Train station (urban) Australia 40 85, 99 0, 0 100, 100 0, 10 0, 0 0, 0 8, 24 0, 0 0, 0 52, 56 0, 0 0, 0 94, 96 3, 0 100, 100 14, 29
64 91, 91 0, 0 93, 91 0, 0 0, 0 0, 0 49, 43 0, 0 0, 0 48, 50 0, 0 0, 0 89, 99 0, 1 100, 100 48, 66

aBelgium 40 1 1 56 77 13 0 31 1 17 46 0 9 98 100 81 77
64 3 4 13 51 9 0 38 8 22 50 0 0 100 100 55 81

Tram station (urban) Australia 40 84, 59 0, 0 31, 38 3, 2 0, 0 0, 0 71, 72 0, 0 0, 0 86, 90 0, 0 2, 1 100, 99 0, 0 100, 100 99, 100
64 79, 48 0, 0 0, 0 0, 0 0, 0 0, 0 82, 80 0, 0 0, 0 90, 86 0, 0 0, 0 98, 96 0, 0 100, 100 100, 100

aBelgium 40 0 0 0 100 77 0 64 0 0 100 0 97 100 100 0 7
64 0 0 0 77 36 0 34 0 0 99 0 96 98 100 0 9

Bicycle (urban) Australia 40 14, 27 0, 0 50, 32 4, 3 0, 0 0, 0 64, 65 0, 0 2, 1 86, 89 0, 0 9, 11 92, 97 3, 1 95, 93 67, 66
64 15, 4 1, 8 21, 14 0, 1 0, 0 0, 0 75, 71 0, 0 4, 3 86, 90 0, 0 0, 0 93, 94 1, 0 97, 95 79, 76

aBelgium 40 1 0 1 99 96 0 88 0 0 99 0 36 100 100 59 98
64 0 1 0 95 85 0 85 0 0 96 0 0 100 100 30 94

Bicycle (rural/suburban) aBelgium 40 95 78 97 18 97 0 100 55 93 100 2 88 100 100 100 100
64 88 92 95 0 98 0 100 60 97 100 5 4 100 100 100 100

Bus (urban) Australia 40 100, 54 7, 0 72, 88 54, 36 0, 0 0, 0 77, 97 0, 0 56, 24 21, 67 0, 0 34, 33 100, 100 100, 95 100, 100 84, 95
64 99, 68 30, 0 56, 71 33, 12 0, 0 0, 0 95, 98 0, 0 60, 26 7, 66 1, 0 0, 0 100, 100 100, 91 99, 100 92, 98

Belgium 40 0, 3 0, 14 6, 31 86, 100 77, 92 0, 0 70, 74 0, 16 4, 41 88, 3 0, 0 0, 66 100, 100 100, 100 70, 90 95, 100
64 0, 13 0, 29 0, 4 84, 99 75, 92 0, 0 78, 75 0, 21 10, 49 87, 12 1, 0 0, 0 100, 100 100, 100 62, 89 98, 100

Car (urban/suburban) Australia 40 72, 87 72, 75 100, 99 98, 98 74, 42 0, 0 99, 99 39, 33 85, 63 99, 100 28, 48 98, 99 100, 100 100, 100 100, 100 100, 100
64 63, 87 91, 90 91, 83 94, 96 62, 25 0, 0 99, 99 48, 31 84, 65 99, 99 31, 50 0, 0 100, 100 100, 100 100, 100 100, 100
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Table A1 (continued )

Microenvironments Countries ExpoM-RF
IDs

FM DVT-T 800 UL 800 DL 900 UL 900 DL 1800 UL 1800 DL DECT 1900 UL 2100 DL ISM 2.4 2600 UL 2600 DL WiMax 3.5 ISM 5.8

Belgium 40 3, 20 1, 0 18, 13 100, 99 92, 89 0, 0 86, 65 3, 0 11, 0 96, 100 0, 0 38, 38 100, 100 100, 100 71, 100 98, 91
64 41, 19 3, 34 2, 0 97, 100 90, 91 0, 0 91, 69 4, 0 14, 1 97, 100 1, 0 0, 0 100, 100 100, 100 60, 99 99, 100

Car (rural/suburban) aBelgium 40 100 63 99 52 97 0 100 60 65 100 32 32 84 100 100 100
64 100 73 99 34 98 0 99 60 66 99 35 0 65 100 100 100

Tram (urban) Australia 40 17, 25 0, 0 59, 52 44, 38 0, 0 0, 0 45, 14 0, 0 19, 22 49, 29 0, 0 2, 10 81, 85 0, 0 98, 99 81, 75
64 13, 10 0, 0 17, 8 12, 0 0, 0 0, 0 54, 17 0, 0 22, 36 46, 26 0, 0 0, 0 73, 84 0, 0 98, 98 86, 84

aBelgium 40 0 0 23 53 71 0 66 0 2 62 0 2 100 100 70 96
64 0 0 0 40 68 0 73 0 2 69 0 0 100 100 96 97

Train Australia 40 99, 100 12, 5 78, 80 46, 27 0, 0 0, 0 0, 19 14, 7 32, 26 1, 10 18, 3 0, 18 88, 98 78, 8 99, 100 70, 89
64 99, 100 28, 22 21, 34 1, 12 0, 0 0, 0 3, 24 8, 7 27, 31 2, 10 16, 5 0, 0 74, 91 70, 73 99, 99 85, 97

Belgium 40 78, 81 47, 73 53, 59 71, 60 70, 2 0, 0 94, 66 42, 51 58, 71 57, 3 22, 9 94, 43 100, 100 100, 100 96, 97 100, 84
64 59, 83 56, 77 7, 10 68, 50 68, 1 0, 0 94, 62 41, 47 62, 77 59, 3 20, 14 0, 0 100, 92 100, 100 93, 94 100, 91

aSubway station/ride (urban) Australia 40 24 95 98 63 2 0 94 12 8 58 96 47 100 100 100 97
64 5 84 59 85 0 0 94 8 7 58 95 0 98 100 100 97

Residential outdoor (rural/
suburban)

Australia 40 28, 4 11, 6 100, 100 99, 100 11, 4 0, 0 100, 100 11, 1 56, 23 100, 99 0, 0 97, 81 100, 100 100, 100 100, 100 100, 100
64 3, 15 46, 53 96, 100 89, 98 1, 0 0, 0 100, 100 11, 4 77, 34 100, 100 0, 1 0, 0 100, 100 100, 100 100, 100 100, 100

Belgium 40 100, 100 100, 58 31, 16 99, 100 96, 99 0, 0 98, 100 43, 50 98, 98 100, 99 25, 16 42, 74 100, 100 98, 100 99, 100 99, 100
64 99, 100 100, 99 0, 0 98, 100 98, 98 0, 0 98, 100 53, 55 99, 100 99, 100 34, 20 13, 0 99, 100 100, 100 99, 100 100, 100

Residential indoor (rural/
suburban)

aAustralia 40 4 99 100 99 98 0 100 2 76 100 41 91 100 100 100 100
64 15 100 99 100 72 0 100 7 100 100 63 0 100 100 100 100

Belgium 40 100, 100 100, 99 100, 100 99, 100 92, 100 0, 0 100, 100 99, 100 99, 100 99, 100 100, 99 0, 0 100, 99 100, 100 100, 100 100, 100
64 100, 100 100, 99 89, 59 99, 100 91, 99 4, 0 100, 100 99, 100 100, 99 99, 100 99, 100 0, 0 99, 100 100, 100 100, 100 100, 100

aAirport indoor Australia 40 100 65 95 85 7 0 53 5 62 16 0 0 100 48 100 73
64 100 67 78 67 4 0 54 2 61 16 0 0 95 41 100 89

Belgium 40 100 94 100 100 22 0 1 0 23 9 0 0 100 100 100 83
64 100 92 100 100 18 0 6 0 48 17 0 0 100 100 100 95

aMountain/forest (rural) Australia 40 100 91 100 100 100 0 100 100 100 100 100 100 99 100 100 100
64 100 100 99 100 100 0 100 100 100 100 100 100 100 100 100 100

aSingle measurement.
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Appendix B

Calibration procedure

The calibration procedure consisted of two steps. In step one, the
Einc emitted by the transmitting antenna (TX) was measured with-
out the subject present. For this, measurements of Einc were carried
out along a vertical axis on the future assigned position of the
subject in the measurement set-up using a Narda NBM-550
broadband field meter (Narda, Hauppauge, NY, USA). The (quad-
ratic) Einc values were then averaged over the height of the subject.
This was repeated for two orthogonal polarizations of the TX: par-
allel to the four walls of the chamber (V polarization) and parallel to
the floor of the chamber (H polarization). This was also repeated for
every center frequency of the 15 frequency bands (DVB-T and
higher) that could be calibrated in the available chamber.

In step two, the subject equipped with the ExpoM-RF 64 took
place on the rotational platform in the far field of the TX (see
Fig. 1a). The subject was rotated over 360° in azimuthal direction,
while being exposed to the previously measured constant incident
Einc, which was V-polarized during a first rotation and then H-po-
larized. This rotation is executed in order to emulate an unknown
orientation of the subject in an exposure situation (Thielens et al.,
2013). During these rotations the TX subsequently emitted each one
of the central frequencies of the studied frequency bands, while the
ExpoM-RF recorded the electric fields on the body (Ebody). This re-
sulted in 60 measurements of Ebody per rotation (one each 6°) for
two polarizations and 15 frequency bands.

The recorded Ebody values were not the same as the incident
fields (Thielens et al., 2015a), but rather provided a distribution
depending on the angle of incidence and the incident polarization
(Thielens et al., 2013, 2015b; Vanveerdeghem et al., 2015). There-
fore, the ratio of Ebody and Einc was studied using the ExpoM-RF’s
response, R ¼ Ebody/Einc, where R 41 indicated an overestimation
of Einc, and R o1 indicated an underestimation. R was determined
in the post-processing of the calibration measurements, where a
uniformly random angle of incidence and polarization was con-
sidered to determine the distribution of R. This distribution is
characterized by its median value (p50(R)) and its 50% prediction
interval (PI50):

=
( )
( ) ( )

PI
p R

p R 1
50

75

25

with p75(R) and p25(R) indicating the 75th and 25th percentiles of
R, respectively. A small value of PI50 is desirable.

During the exposure assessment in the microenvironments, the
ExpoM-RFs measured Ebody values, which were used to estimate

incident field strengths (Êinc), using this response. In this study, we

estimated Êinc, using the median (p50(R)):

^ =
( ) ( )

E
E
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50

with Emeas, the measured electric field strength. The uncertainty on
this estimation is quantified using the PI50.

Thielens et al. (2015a, (2015b) demonstrated that the PI50 value
can be reduced, when multiple exposimeters are used simulta-
neously. Therefore, the subject was equipped with one ExpoM-RF
on each hip, during the exposure assessment. Since only one Ex-
poM-RF was calibrated on the body, the same response was as-
sumed for the second one, with this difference that the angular
dependence was reflected with respect to the sagittal plane of the
subject. The measured electric field values were averaged using a
geometric average and were corrected for the influence of the
body using Eq. (2).

During the calibration measurements, Ebody values were regis-
tered in each frequency band, regardless of the emitted frequency.
These measurements were used to determine the cross-talk of the
ExpoM-RF. Cross-talk is defined as the ratio of the electric field
strength value registered in a certain frequency band and the in-
cident field strength in the band in which the electric field was
actually emitted. Ideally, the cross-talk matrix equals the identity
matrix: one on the main diagonal and zero off-diagonal. However,
Thielens et al. (2015a) demonstrated that exposimeters can exhibit
large off-diagonal cross-talk values. Cross-talk is problematic for
personal exposure measurements, since it causes the registration
of non-existent exposure values.

Following the on-body calibration, the ExpoM-RF 64 was also
calibrated in free-space in the same anechoic chamber. Firstly, the
ExpoM-RF 64 was placed vertically at a height of 1.5 m above the
rotating platform supported by a polystyrene arm, while the TX
was oriented vertically as well. The TX subsequently emitted a
continuous wave at the lowest frequency, the central frequency,
and the highest frequency in each of the 15 studied frequency
bands, with a constant input power in the antenna. Simulta-
neously, the ExpoM-RF recorded electric field values (Eexpom).
These were then divided by the Einc values measured in the pre-
vious on-body calibration in order to determine the free-space
cross-talk and responses (see Table B2, Appendix B).

(See Tables B1 and B2).

Table B1
Median cross-talk values of ExpoM-RF 64 measured on the body of the subject.

Received

Emitted DVB-T 800 UL 800 DL 900 UL 900 DL 1800 UL 1800 DL DECT 1900 UL 2100 DL ISM 2.4 2600 UL 2600 DL WiMAX 3.5 ISM 5.8

DVB-T 0.48 0.05 0.04 0.05 0.08 0.02 0.02 0.02 0.01 0.02 0.07 0.02 0.02 0.02 0.03
800 UL 0.03 0.58 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
800 DL 0.00 0.02 0.47 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02
900 UL 0.00 0.01 0.01 0.53 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
900 DL 0.00 0.01 0.01 0.01 0.44 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
1800 UL 0.00 0.01 0.01 0.01 0.02 0.55 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.07
1800 DL 0.00 0.01 0.01 0.01 0.02 0.01 0.43 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.07
DECT 0.00 0.01 0.01 0.01 0.02 0.01 0.25 0.49 0.00 0.00 0.02 0.01 0.00 0.00 0.07
1900 UL 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.73 0.01 0.02 0.01 0.00 0.01 0.13
2100 DL 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.72 0.02 0.01 0.00 0.01 0.10
ISM 2.4 0.01 0.02 0.01 0.01 0.03 0.01 0.01 0.00 0.00 0.01 0.99 0.01 0.01 0.01 0.02
2600 UL 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01 0.02 1.29 0.01 0.01 0.05
2600 DL 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 1.07 0.01 0.09
WiMAX 3.5 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.89 0.35
ISM 5.8 0.01 0.02 0.02 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 3.13

C.R. Bhatt et al. / Environmental Research 151 (2016) 547–563 561

67



Table B2
Median cross-talk values of ExpoM-RF 64 measured off-body for a vertically polarized TX antenna and a vertically placed ExpoM-RF 64 for the lower edge, the middle, and the upper edge of the listed frequency bands, respectively.

Received

Emitted DVB-T 800 UL 800 DL 900 UL 900 DL 1800 UL 1800 DL DECT 1900 UL 2100 DL ISM 2.4 2600 UL 2600 DL WiMAX 3.5 ISM 5.8

DVB-T 2.12–2.6–
1.38

0.06–0.05–
6.05

0.05–0.04–
0.05

0.04–0.04–
0.04

0.09–0.09–
0.09

0.03–0.03–
0.03

0.02–0.02–
0.02

0.02–0.02–
0.02

0.02–0.02–
0.02

0.02–0.02–
0.02

0.08–0.07–
0.07

0.02–0.02–
0.02

0.02–0.02–
0.02

0.02–0.02–
0.02

0.04–0.05–
0.05

800 UL 0.35–0.15–
0.01

1.62–1.81–
1.6

0.01–0.01–
0.02

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 0–0–0 0.02–0.02–
0.02

0.01–0.01–
0.01

0–0–0 0.01–0.01–.01 0.02–0.01–
0.01

800 DL 0.01–0.01–
0.01

0.03–0.04–
0.02

1.2–1.43–
1.14

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 0–0–0 0.02–0.01–
0.01

0–0–0 0–0–0 0–0–0 0.01–0.01–
0.02

900 UL 0–0–0 0.02–0.01–
0.01

0.01–0.01–
0.01

1.03–1.29–
0.59

0.02–0.02–
0.02

0.01–0–0.01 0–0–0 0–0–0 0–0–0 0–0–0 0.01–0.01–
0.02

0–0–0 0–0–0 0–0–0 0.01–0.01–
0.01

900 DL 0–0–0 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

1.2–0.67–
0.32

0.01–0.01–
0.01

0–0–0 0–0–0 0–0–0 0–0–0 0.02–0.02–
0.02

0–0–0 0–0–0 0–0–0 0.01–0.01–
0.02

1800 UL 0–0–0 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.99–1.25–
1.01

0–0–0.05 0–0–0 0–0–0 0–0–0 0.01–0.01–
0.01

0–0–0 0–0–0 0–0–0 0.12–0.17–
0.18

1800 DL 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.02–
0.02

0.01–0.01–
0.01

0.88–0.97–
0.8

0–0.02–
1.04

0–0–0 0–0–0.01 0.03–0.05–
0.04

0–0.01–0.01 0–0–0 0–0–0 0.19–0.17–
0.07

DECT 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.85–0.53–
0.06

1.1–1.06–1 0–0.01–0.08 0.01–0.01–
0.01

0.04–0.03–
0.02

0.01–0.01–
0.01

0–0–0 0–0–0 0.07–0.15–
0.11

1900 UL 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0–0 1.2–0.98–0.71 0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0–0–0 0.01–0.01–
0.01

0.1–0.2–
0.22

2100 DL 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 1.34–1.2–
0.89

0.03–0.03–
0.03

0.01–0.01–
0.01

0–0–0 0.01–0.01–
0.01

0.18–0.17–
0.13

ISM 2.4 0.01–0.01–
0.01

0.02–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 0.01–0.01–
0.01

1.18–1.26–
0.51

0.01–0.01–
0.36

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.03–
0.04

2600 UL 0.01–0.01–
0.01

0.02–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 0.01–0.01–
0.01

0.02–0.02–
0.02

0.61–1.02–
1.26

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.04–
0.04

2600 DL 0.01–0.01–
0.01

0.02–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.03–
0.03

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.77–0.64–
0.79

0.01–0.01–
0.01

0.06–0.06–
0.07

WiMAX 3.5 0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.02–0.02–
0.02

0.01–0.01–
0.01

0.01–0.01–
0.01

0–0–0 0–0–0 0–0–0 0.02–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.7–0.38–0.2 0.19–0.14–
0.05

ISM 5.8 0.01–0.01–
0.01

0.02–0.02–
0.02

0.02–0.02–
0.02

0.02–0.02–
0.02

0.04–0.04–
0.04

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

0.03–0.03–
0.03

0.01–0.01–
0.01

0.01–0.01–
0.01

0.01–0.01–
0.01

1.3–2.17–
1.23
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Chapter 5: RF-EMF Exposure in Kindergarten Children 

 

Overview 

This chapter involves the assessment of RF-EMF exposure in children at different 

kindergartens across Greater Melbourne, Australia. Therefore, this chapter broadens the 

range of the age groups covered for RF-EMF exposure assessment in the thesis. The 

exposures from different RF-EMF sources such as FM radio/television, mobile phone base 

stations (various frequencies of 2G, 3G and 4G) and Wi-Fi were measured in classrooms and 

playgrounds. In addition, the personal exposures were also reported. The chapter identifies 

the key sources of RF-EMF exposure to children in preschool settings and quantifies their 

respective contributions to total RF-EMF measured across 16 frequency bands (88 MHz-5.8 

GHz). The total environmental exposures for kindergartens sited < 300 m from the nearest 

base station were compared to those sited > 300 m. 

 

 

The chapter concludes that the three highest sources of environmental RF-EMF exposures 

were 900 MHz downlink, 2.1 GHz downlink, and 900 MHz uplink. Furthermore, the three 

highest personal exposure sources were 900 MHz downlink; 2.1 GHz downlink, 900 MHz 

uplink and 1.8 GHz downlink; and Frequency Modulation radio, Wi-Fi 2.4 GHz and Digital 

Video Broadcasting-Terrestrial. The exposures at kindergartens sited < 300 m from the 

nearest base station were higher compared to those sited > 300 m. 

 

 

 

 



 

71 

Declaration for Thesis Chapter 5 

Manuscript: Bhatt CR, Billah B, Redmayne M, Abramson MJ, Benke G. Radiofrequency-

electromagnetic field exposure in kindergarten children. Journal of Exposure Science and 

Environmental Epidemiology, 2016 October 19; doi: 10.1038/jes.2016.55. 

 

Declaration by candidate 

In the case of Chapter 5, the nature and extent of my contribution to the work was the 

following: 

 

Nature of contribution Extent of contribution (%) 

Study concept and design, ethics approval, study funding, 

data collection, data analysis, manuscript preparation and 

editing, and revision of submitted manuscript 

80% 

 
The following co-authors contributed to the work. Where co-authors are students at Monash 

University, the extent of their contribution in percentage terms is stated: 

 
Names Nature of contribution 

Baki Billah Data analysis, data interpretation, manuscript editing, and revision of 

submitted manuscript 

Mary 

Redmayne  

Study concept and design, study funding, ethics approval, data collection, 

data analysis, manuscript editing, revision of submitted manuscript, and 

supervision 

Michael J 

Abramson  

Study concept and design, study funding, ethics approval, data 

interpretation, manuscript editing, revision of submitted manuscript, and 

supervision 



 

72 

Geza Benke Study concept and design, study funding, ethics approval, data collection, 

data analysis, manuscript editing, revision of submitted manuscript, and 

supervision 

 
 
 
The undersigned hereby certify that the above declaration correctly reflects the nature and 

extent of the candidate’s and co-authors’ contribution to this work. 

 

Candidate’s 

Signature 
 

Date 

28/04/2017 

 

Main 

Supervisor’s 

Signature 

 
Date 

28/04/2017 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

73 

Chapter 5 contains a manuscript that was published in Journal of Exposure Science and 

Environmental Epidemiology, the official and peer-reviewed journal of International Society 

of Exposure Science.  

 

The citation is as follows:  

Bhatt CR, Billah B, Redmayne M, Abramson MJ, Benke G. Radiofrequency-

electromagnetic field exposure in kindergarten children. Journal of Exposure Science and 

Environmental Epidemiology. Doi: 10.1038/jes.2016.55.  

 

 

 

 

 

 

 

 

 

 

 
 

 
 



ORIGINAL ARTICLE

Radiofrequency-electromagnetic field exposures in
kindergarten children
Chhavi Raj Bhatt1, Mary Redmayne1, Baki Billah2, Michael J. Abramson1 and Geza Benke1

The aim of this study was to assess environmental and personal radiofrequency-electromagnetic field (RF-EMF) exposures in
kindergarten children. Ten children and 20 kindergartens in Melbourne, Australia participated in personal and environmental
exposure measurements, respectively. Order statistics of RF-EMF exposures were computed for 16 frequency bands between
88 MHz and 5.8 GHz. Of the 16 bands, the three highest sources of environmental RF-EMF exposures were: Global System for Mobile
Communications (GSM) 900 MHz downlink (82 mV/m); Universal Mobile Telecommunications System (UMTS) 2100MHz downlink
(51 mV/m); and GSM 900 MHz uplink (45 mV/m). Similarly, the three highest personal exposure sources were: GSM 900 MHz
downlink (50 mV/m); UMTS 2100 MHz downlink, GSM 900 MHz uplink and GSM 1800 MHz downlink (20 mV/m); and Frequency
Modulation radio, Wi-Fi 2.4 GHz and Digital Video Broadcasting-Terrestrial (10 mV/m). The median environmental exposures were:
179 mV/m (total all bands), 123 mV/m (total mobile phone base station downlinks), 46 mV/m (total mobile phone base station
uplinks), and 16 mV/m (Wi-Fi 2.4 GHz). Similarly, the median personal exposures were: 81 mV/m (total all bands), 62 mV/m
(total mobile phone base station downlinks), 21 mV/m (total mobile phone base station uplinks), and 9 mV/m (Wi-Fi 2.4 GHz).
The measurements showed that environmental RF-EMF exposure levels exceeded the personal RF-EMF exposure levels at
kindergartens.

Journal of Exposure Science and Environmental Epidemiology advance online publication, 19 October 2016; doi:10.1038/jes.2016.55

Keywords: environmental RF-EMF exposure; kindergarten; personal RF-EMF exposure; radiofrequency-electromagnetic field
exposure

INTRODUCTION
People are being increasingly exposed to man-made sources of
radiofrequency-electromagnetic fields (RF-EMFs). The RF-EMF
exposure sources are broadly classified as near-field sources
(mobile phones, iPad, tablets, laptops, and so on) and far-field
sources (mobile phone base stations, Wi-Fi routers, radio/
television broadcasting towers, and so on).1 The exposure to
RF-EMFs has been linked with the occurrence of possible adverse
biological and health effects in humans, including in children.2–5

However, several studies failed to detect statistically significant
associations between RF-EMF exposure and health effects.6–10 The
International Agency for Research on Cancer has categorized
RF-EMF as a possible human carcinogen (Group 2B).11 The World
Health Organization emphasizes the need of measuring RF-EMF
personal exposures for performing human epidemiological
studies.12

Several studies have been conducted to evaluate environmen-
tal and far-field personal RF-EMF exposures.13–19 These studies
have mainly focused on exposure assessment in adult popu-
lations. There is limited information on RF-EMF exposure levels
among children and their relevant environments such as
kindergartens and schools.20,21 Some studies have estimated that
absorption of RF-EMF from both near-22,23 and far-field24 sources
is greater in children than adults. Age could be one of the

parameters to influence differential biological effects of RF-EMF
exposures.25 A review by Foster and Chou26 did not support that
children absorb more RF-EMF from mobile phones than adults.
However, this conclusion has been challenged.23 In light of these
scientific controversies, children’s exposure to RF-EMF is a societal
and public health concern worldwide.27–30

The purposes of this study were: (i) to assess environmental
RF-EMF exposure levels in kindergartens and (ii) to evaluate personal
RF-EMF exposure levels in the children attending kindergartens.

MATERIALS AND METHODS
The study included 20 kindergartens across Melbourne, Australia (Figure 1)
to evaluate preschool children’s environmental and personal RF-EMF
exposures. The kindergartens were randomly selected from the list of
kindergartens in metropolitan Melbourne accessed via the Australian
online child care resource.31 This study included kindergartens and
crèches, located in Greater Melbourne region.
The study consisted of two components: (i) measuring environmental

exposures and (ii) measuring personal exposures in selected children at the
kindergartens. The kindergartens received an invitation letter along with
an explanatory statement and consent form, inviting them to take part in
the study. The directors of interested kindergartens provided written
signed consent to allow the investigator to visit their kindergartens for
RF-EMF exposure measurements.
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Assessment of Environmental Exposure
The first author visited the kindergartens in the morning following receipt
of consent from the kindergarten director. The director introduced him to
staff and children explaining the purpose of his visit. Environmental
RF-EMF exposures were measured at 10 different measurement points —
five indoor points within one of the main classrooms and five outdoor
points, in the playground of each kindergarten. The kindergarten classrooms
and playground areas were of fairly square or rectangular shape. The
measurement points were selected such that there was one point at each
corner and one at the centre, of both the classroom and playground. For a
kindergarten with more than one classroom, the measurements were
performed in the largest classroom. The distance between each point was
5 and 10 m (on average) for the classroom and playground measurements,
respectively. This standard measurement plan was followed consistently
across all the kindergartens. The points were at least 1 m away from the
walls (if any, for outdoor measurements) and windows in the case of indoor
measurements. All measurements were performed between 0900 and
1300 hours (August–December 2015). A 6-min measurement was under-
taken at each point providing 30 min of indoor and 30 min of outdoor
measurements per kindergarten. The 6-min measurement period was based
on the suggested exposure averaging period.32

Root mean square (RMS) environmental electric field strengths (ERMS in
V/m) were measured with an exposimeter, ExpoM-RF 64 (Fields at Work
GmbH, Zürich, Switzerland), collecting data from the following 16 different
frequency bands (88 MHz–5.8 GHz): Frequency Modulation (FM) radio,
Digital Video Broadcasting-Terrestrial (DVB-T), Long-Term Evolution (LTE)
800 MHz uplink (UL) and downlink (DL), Global System For Mobile
Communications (GSM) 900 MHz UL and DL, GSM 1800 MHz UL and DL,
Digital-Enhanced Cordless Telecommunications (DECTs), Universal Mobile
Telecommunications System (UMTS) 2100 MHz UL and DL, Industrial,
Scientific and Medical (ISM) 2.4 GHz or Wi-Fi 2.4 GHz, LTE 2600 MHz UL and
DL, Worldwide Interoperability for Microwave Access (WiMax) 3.5 GHz and
ISM 5.8 GHz. The device had the following lower limits of detection (LOD):
20 mV/m (FM radio), 50 mV/m (ISM 5.8 GHz), 3 mV/m (LTE and WiMax), and
5 mV/m (the other frequencies).1 The exposimeter was capable of
assessing both environmental (ambient) and far-field personal RF-EMF
exposure.1,33 This meter did not measure other RF-EMF frequency bands
that are used in Australia, such as AM radio, LTE 700 MHz, or WiMax
2.3 GHz, among others.34

The ExpoM-RF was affixed to a non-metallic tripod at a height of 1 m
above ground level (Figures 2a and b). There was no physical obstruction
between the ExpoM-RF and the closest window. The ExpoM-RF measure-
ment system was moved from one point to another while performing spot
measurements. The measurement interval of the ExpoM-RF was 3 s, and
120 data points were collected per measurement. A total of at least 1440
data signals were collected, comprising 720 each from indoor and outdoor
environments.

Assessment of Personal Exposure
Personal exposure required a two-tier process for obtaining consent —
first from the kindergarten and second from the parents who provided
consent for their children to take part in the assessment. Following consent
from the kindergarten director, each distributed invitation letters,
explanatory letters, and consent forms to randomly selected parents of
children aged 4–5 years requesting their child take part in the personal
exposure measurements. Interested parents provided written consent to
the director and/or the investigator. The personal exposure measurements
were performed with the participating children on the day(s) following the
environmental measurements, depending on the number of children
participating and their attendance at kindergarten. A maximum of two
children per kindergarten were measured in a single day. Some directors
set a limit on the number of individuals who could participate, in which
case selection was based on the earliest consent forms returned. If only
one or two children were involved, we carried out the measurement in a
single day. However, for kindergartens with more than two children
involved, personal measurements were performed on different days
having two children measured per day.
A total of 10 children, aged 4–5 years (6 boys and 4 girls), from five

kindergartens took part in the personal measurements. The measurements
were performed between 0830 and 1330 hours (October–December 2015).
The ExpoM-RF 64 and ExpoM-RF 61 were used in the personal exposure
measurements. The exposimeters were placed in small traveling bags,
which were provided to participating children to wear around the chest for
3 h (Figure 2c). The investigator observed the children during the entire
measurement while the children performed their usual kindergarten
activities. A diary was used to gather information on activities undertaken
by children and their locations (indoor or outdoor) during the measure-
ments. If children felt tired or uncomfortable having the bag tied around

Figure 1. A map of Greater Melbourne showing approximate locations of participating kindergartens marked with red plus signs (source:
http://maps.land.vic.gov.au/lassi/LassiUI.jsp).
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the chest during the entire measurement, the investigator adjusted the
ExpoM-RF and tied it to the other side of the chest. Alternatively, the bag
was also attached to the hips for some time. It ensured that children had
the bag attached to their bodies throughout the measurement. Each
personal measurement collected at least 3600 data points.
A short structured questionnaire was also used to collect information

regarding the types and numbers of RF-EMF emitting devices in the
kindergartens such as Wi-Fi router(s), cordless phone(s), microwave oven
(s), and smart meters. Similarly, information on the presence of any radio/
TV/mobile phone base station transmitter within 300 m from the
kindergartens was also collected. The director of each kindergarten
provided the information. In addition, the investigator also conducted a
visual inspection of area to identify any nearby mobile phone base
stations. The location and distance of nearest base station(s) was also
verified with the information available online at the Australian Radio
Frequency National Site Archive site.35 No identifiable individual informa-
tion about any kindergarten and child was collected.
The study received approval from the Monash University Human

Research Ethics Committee. The investigator (CRB) obtained a Working
with Children Check certificate.

Statistical Analysis
Analysis commenced with an assessment of the proportion of environ-
mental and personal exposure data falling below the LODs of the
respective frequency bands of the ExpoM-RFs. Shapiro–Wilk tests were
performed on the untransformed and log-transformed data to evaluate
normality. Visual inspection of histograms and the normal Q–Q plots was
also carried out.
We used the substitution approach to derive summary statistics. All left

censored (i.e. o the LODs) were replaced with their frequency-specific
respective values of LOD=O2.36,37 In the LTE 2600 MHz data, the values
oLOD were replaced with zeros for the measurements of kindergarten
when the measurement locations were found to be sited in areas not
covered with LTE 2600 MHz network.35 The censored values of 11
environmental and nine personal measurement data were substituted
with zero in the LTE 2600 MHz DL and UL bands. In the ISM 5.8 GHz band, a
majority of the data oLOD had considerable number of zero readings.
The values o20 mV/m were, in fact, automatically set to zero by the
device as they were measured due to cross-talk. Therefore, we only
replaced the non-zero values oLOD with LOD=O2.
Summary statistics for frequency-band-specific exposure levels were

then computed using the data above the LODs and the substitute values
for oLOD readings. This is an accepted method in practice in the field of
environmental exposure assessment.36–39 The exposure levels (ERMS) were
computed in terms of four exposure categories: (i) total exposure — RMS
sum of the 16 frequency bands, (ii) mobile phone base station DLs
exposure — RMS sum of all DLs (LTE 800 MHz, GSM 900 MHz, GSM
1800 MHz, UMTS 2100 MHz and LTE 2600 MHz), (iii) mobile phone base
station UL exposure — RMS sum of all ULs (LTE 800 MHz, GSM 900 MHz,

GSM 1800 MHz, UMTS 2100 MHz, and LTE 2600 MHz), and (iv) Wi-Fi 2.4
(ISM 2.4) exposure. Normality was tested for these groups of exposures.
Median exposure levels were computed to estimate environmental and

personal RF-EMF exposures for each kindergarten and individual. Summary
statistics (25th, 50th, 75th, and 99th percentiles) were then computed for
all environmental and personal exposures from the median exposures of
all kindergartens. Environmental analysis was undertaken for both indoor
and outdoor environments; personal exposure analysis did not differenti-
ate between indoor and outdoor environments. The median total, total DL,
total UL, and Wi-Fi 2.4 GHz environmental exposures were calculated and
compared for the kindergartens that were sited o300 and 4300 m away
from the nearest mobile phone base station.
Median total personal exposures (n=10) and median total environ-

mental exposures (indoors and outdoors combined) (n= 5) were compared
for those kindergartens where both exposures were measured.
Wilcoxon's rank-sum tests were performed on the exposure data to

evaluate the difference between: (i) indoor and outdoor environmental RF-
EMF exposures, (ii) environmental exposures of kindergartens sited o300
and 4300 m away from the mobile phone base stations, and (iii) personal
and environmental total RF-EMF exposure levels. For all statistical tests,
Po0.05 (two sided) was considered as statistically significant. All data
analysis was carried out using STATA ver13.1 (StataCorp, College Station,
TX, USA).

RESULTS
Kindergarten and Exposure Data Characteristics
Of 20 kindergartens, 17 were community run not-for-profit,
whereas 3 were private kindergartens. Fifteen kindergartens
catered for children aged 3–5 years, three also catered for
toddlers, and two catered for children aged 2.5–5 years.
All kindergartens had cordless phones (median = 2) in opera-

tion. All but two kindergartens had Wi-Fi routers (median = 1).
Similarly, all kindergartens except two had microwave ovens
(median = 1). Forty percent of kindergartens (n= 8) reported
“smart” meters installed in their building, whereas the remainder
(n= 12) were unaware of the presence of smart meters. Sixty
percent of kindergartens (n= 12) had at least one mobile phone
base station at a distance of o300 m. None of the kindergartens
were within 300 m of a radio or TV station antenna.
In the case of personal exposure assessments, on average the

participants spent nearly equal amounts of time in the indoor and
outdoor environments. The mean indoor and outdoor times were
88 and 92 min, respectively. The children’s key activities included
playing in a group (indoor and outdoor), attending a classroom
activity, and having morning tea and lunch. All participating
children experienced only far-field RF-EMF exposure during the
time they wore the ExpoM-RF device as none of them used a

Figure 2. Measurement setups: an indoor (a), outdoor (b) (environmental) and personal (c) exposure measurements in a kindergarten (pictures
taken with the permission of the kindergarten directors).
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personal device such as a laptop, mobile phone, and so on over
that period.
Some RF-EMF frequency bands had a substantial proportion

of the results that showed values oLODs (Tables 1 and 2).
However, these bands most likely had no nearby sources or had
distant sources with low level of exposure. Most of the data
measured above the LODs did not follow typical normal/
lognormal distributions, rather the data followed inconsistent
distributions.

Environmental and Personal Exposures
The environmental and personal exposure levels of all kindergar-
tens and children are summarized for each measured frequency
band (Table 3). The five highest median environmental RF-EMF
exposures and their contributing sources were: GSM 900 MHz DL
(82 mV/m); UMTS 2100 MHz DL (51 mV/m); GSM 900 MHz UL
(45 mV/m); FM radio (29 mV/m); and DVB-T (18 mV/m). Similarly,
the five highest sources of personal RF-EMF exposures were: GSM
900 MHz DL (50 mV/m); UMTS 2100 MHz DL; GSM 900 MHz UL and
GSM 1800 MHz DL (20 mV/m); FM radio, Wi-Fi 2.4 GHz and DVB-T
(10 mV/m), DECT (6 mV/m); and LTE 800 MHz DL (5 mV/m).

The summary statistics (25th, 50th, 75th, and 99th percentiles)
of environmental exposure for all kindergartens and those located
o300 and 4300 m away from the nearest base station are
summarized in terms of total, total DL, total UL, and Wi-Fi 2.4 GHz
exposures (Table 4).
The median total exposures for total environment (indoor plus

outdoor), indoor, and outdoor environments of all kindergartens
was 179, 127, and 233 mV/m, respectively.
For the total, total DL, and total UL exposures, the median

outdoor exposure levels were higher compared with the
corresponding indoor exposure levels (P-values 0.01, 0.01, and
0.02 for total, total DL, and total UL, respectively). There was no
statistically significant difference between the median indoor and
outdoor environmental exposure levels of Wi-Fi 2.4 GHz (P= 0.6).
The median exposure levels for those kindergartens o300 m
from the nearest mobile phone base station were significantly
higher compared with the medians for those 4300 m away
(P-values 0.01–0.003).

The personal exposures (25th, 50th, 75th, and 99th percentiles)
of all children were: 47, 81, 154, and 255 mV/m (total); 33, 60, 129,
and 213 mV/m (total DL); 8, 21, 47, and 81 mV/m (total UL); and 5,
9, 10, and 12 mV/m (Wi-Fi 2.4 GHz), respectively (data not shown).

Table 1. Proportion of measured environmental exposure data (%) falling below the LODs of ExpoM-RF across KGs (n= 20).

KG ID FM DVB-T LTE
800 DL

LTE
800 UL

GSM
900 UL

GSM
900 DL

GSM
1800 UL

GSM
1800 DL

DECT UMTS UL UMTS DL ISM 2.4 LTE
2600 UL

LTE
2600 DL

WiMax 3.5 ISM 5.8

1 52 51 100 50 0 0 98 0 77 99 0 0 96 100 100 100
2 22 0 4 33 0 0 98 0 39 96 0 0 98 69 100 100
3 49 4 3 63 0 0 90 0 50 100 0 0 98 100 100 99
4 0 0 18 0 0 0 100 0 0 100 0 0 83 0 94 85
5 48 0 56 96 0 0 94 0 0 99 0 0 87 100 100 94
6 70 83 100 96 0 0 98 1 76 91 0 3 99 100 100 100
7 21 50 59 48 0 0 99 0 25 99 0 0 95 100 100 100
8 5 50 100 100 3 0 100 41 100 100 0 0 95 100 100 100
9 18 0 52 11 0 0 100 0 0 100 0 0 76 100 100 89
10 1 10 100 27 0 0 98 24 97 100 6 0 94 95 100 99
11 0 16 53 96 0 0 99 0 0 100 0 0 65 100 100 96
12 53 0 0 24 0 0 72 0 0 100 0 0 80 100 99 73
13 60 0 10 6 0 0 90 0 0 100 0 0 99 100 92 81
14 1 3 100 42 0 0 100 2 99 100 0 0 99 100 100 100
15 0 0 100 39 0 0 100 0 33 100 0 26 97 100 100 100
16 69 0 100 63 0 0 99 0 6 100 0 33 100 100 100 100
17 47 0 50 0 0 0 69 0 0 100 0 0 91 92 74 66
18 63 100 56 35 0 0 100 0 19 100 0 0 88 100 100 100
19 29 66 58 50 2 0 99 7 45 100 4 0 85 100 100 100
20 0 45 2 86 0 0 98 0 73 98 12 0 95 100 100 100

Abbreviations: DECT, Digital-Enhanced Cordless Telecommunication; DL, downlink; DVB-T, Digital Video Broadcasting-Terrestrial; FM, Frequency Modulation;
GSM, Global System For Mobile Communication; ISM, Industrial, Scientific and Medical; KG, kindergarten; LOD, limits of detection; LTE, Long-Term Evolution;
UL, uplink; UMTS, Universal Mobile Telecommunications System; WiMax, Worldwide Interoperability for Microwave Access.

Table 2. Proportion of measured personal exposure data (%) falling below the LODs of ExpoM-RF across different kindergartens (n= 5).

Child
IDs

FM
radio

DVB-T LTE
800 DL

LTE
800 UL

GSM
900 UL

GSM
900 DL

GSM
1800 UL

GSM
1800 DL

DECT UMTS UL UMTS DL ISM 2.4 LTE
2600 UL

LTE
2600 DL

WiMax 3.5 ISM 5.8

1 9 17 18 34 0 0 99 0 5 100 0 0 98 100 100 98
2 99 0 100 55 0 0 99 0 1 100 0 72 99 100 100 86
3 100 37 37 48 0 0 99 0 18 100 0 0 96 100 100 99
4 99 98 44 99 34 0 99 72 98 100 0 0 99 100 100 100
5 98 24 100 99 74 0 99 88 99 100 0 49 100 100 100 100
6 99 99 71 96 50 0 99 87 97 100 0 0 99 100 100 100
7 78 0 72 14 0 0 100 0 1 100 0 0 99 100 100 100
8 53 0 100 82 5 0 100 16 100 100 0 69 100 100 100 100
9 47 75 48 69 3 0 100 26 100 100 1 2 100 100 100 99
10 99 12 22 24 0 0 100 0 12 100 0 0 99 99 100 96

Abbreviations: DECT, Digital-Enhanced Cordless Telecommunication; DL, downlink; DVB-T, Digital Video Broadcasting-Terrestrial; FM, Frequency Modulation;
GSM, Global System For Mobile Communication; ISM, Industrial, Scientific and Medical; KG, kindergarten; LOD, limits of detection; LTE, Long-Term Evolution;
UL, uplink; UMTS, Universal Mobile Telecommunications System; WiMax, Worldwide Interoperability for Microwave Access.
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The median total, total DL, total UL, and Wi-Fi 2.4 GHz personal
exposures for individual children are shown in Figure 3. Further-
more, Table 5 summarizes total personal exposures of children
and environmental exposures at their associated kindergartens. All
kindergartens that were involved in children’s personal exposure
measurements had Wi-Fi routers. Median total personal exposures
for all children were lower compared with their median total
environmental exposures (Po0.001 for all cases and P= 0.003 for
child 2 and kindergarten 1). Children 1, 2, and 3 belonged
to kindergarten 1, IDs 4, 5, and 6 belonged to kindergarten 2.
Similarly, child IDs 8 and 9 belonged to kindergarten 4 and child
IDs 7 and 10 belonged to kindergartens 3 and 5, respectively.

Children 1, 2, 3, 7, and 10 belonged to the kindergartens sited
o300 m from the nearest base station, whereas the rest of the
children belonged to kindergartens 4300 m away.

DISCUSSION
This study presents the first findings on total environmental
(indoor and outdoor) and far-field personal RF-EMF exposures in
kindergarten children. The exposure levels found were well below
the reference levels (o1%) for the general public as provided in
the guidelines of the International Commission on Non-Ionizing
Radiation Protection,32 and the Australian Radiation Protection

Table 3. Average combined indoor and outdoor environmental and personal exposure levels of all kindergartens (n= 20) and children (n= 10)
across different RF-EMF frequency bands.

Frequency bands Environmental exposure levels (mV/m) Personal exposure levels (mV/m)

Median 25th, 75th, 99th percentiles Median 25th, 75th, 99th percentiles

FM radio 29 14, 41, 120 10 10, 10, 21
DVB-T 18 5, 46, 87 10 3, 30, 46
LTE 800 MHz DL 3 3, 7, 19 5 3, 5, 6
LTE 800 MHz UL 5 3, 6, 18 3 3, 5, 7
GSM 900 MHz UL 45 19, 103, 236 20 6, 50, 81
GSM 900 MHz DL 82 32, 147, 352 50 30, 90, 194
GSM 1800 MHz UL 3 3, 3, 4 3 3, 3, 3
GSM 1800 MHz DL 39 16, 104, 165 20 3,50, 74
DECT 7 3, 22, 52 6 3, 10, 16
UMTS 2100 MHz UL 2 2, 2, 2 2 2, 2, 2
UMTS 2100 MHz DL 51 13, 99, 151 20 10, 40, 80
ISM 2.4 GHz 16 10, 22, 29 10 5, 10, 12
LTE 2600 MHz UL 0 0, 2, 2 0 0, 0, 2
LTE 2600 MHz DL 0 0, 2, 5 0 0, 0, 2
WiMax 3.5 GHz 2 2, 2, 2 2 2, 2, 2
ISM 5.8 GHz 0 0, 35, 35 0 0, 30, 40

aTotal 179 75, 269, 431 70 40, 150, 255

Abbreviations: DECT, Digital-Enhanced Cordless Telecommunications; DL, downlink; DVB-T, Digital Video Broadcasting-Terrestrial; ERMS, root mean square
environmental electric field strength; GSM, Global System for Mobile Communications; ISM, Industrial, Scientific and Medical; LTE, Long-Term Evolution; RF-
EMF, radiofrequency-electromagnetic field; UL, uplink; UMTS, Universal Mobile Telecommunications System; WiMAX, Worldwide Interoperability for Microwave
Access. aTotal exposure is the root mean square sum of the ERMS from all enlisted frequency bands.

Table 4. Environmental exposure levels of the kindergartens (n= 20) in terms of total, total downlink, total uplink, and Wi-Fi 2.4 GHz exposures.

Environments Total exposure (mV/m) Total downlink exposure
(mV/m)

Total uplink exposure
(mV/m)

Wi-Fi 2.4 GHz exposure
(mV/m)

Median 25th, 75th, 99th
percentiles

Median 25th, 75th, 99th
percentiles

Median 25th,75th, 99th
percentiles

Median 25th,75th, 99th
percentiles

Total environment 179 75, 268, 431 123 44, 230, 388 46 20, 104, 236 16 9, 22, 29
Indoor environment 127 52, 185, 217 66 25, 138, 191 25 14, 67, 139 20 11, 22, 31
Outdoor environment 233 92, 393, 913 172 60, 306, 797 63 28, 157, 431 19 8, 24, 29

o300 m away from the nearest base station
Total environmenta 258 159, 348, 431 221 91, 281, 388 93 37, 126, 237 15 10, 24, 29
Indoor environmenta 168 120, 203, 217 130 60, 169, 192 54 24, 82, 139 19 11, 23, 31
Outdoor environmenta 357 210, 458, 913 298 159, 412, 797 119 56, 244, 431 21 8, 26, 29

4300 m away from the nearest base station
Total environmentb 75 63, 137, 211 49 30, 74, 168 20 19, 39, 94 18 9, 22, 23
Indoor environmentb 52 44, 102, 163 27 22, 37, 97 14 10, 21, 42 20 13, 22, 25
Outdoor environmentb 92 71, 133, 281 68 34, 86, 215 28 24, 52, 172 14 7, 22, 24

aNumber of kindergartens n= 12. bNumber of kindergartens n= 8; median exposure levels for kindergartens o300 m from the nearest base station were
significantly higher compared with the medians for those 4300 m away (P-values 0.01–0.003).
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and Nuclear Safety Agency (ARPANSA).40 It should be noted that
in the context of standards and guidelines, the RF-EMF exposure
limits are frequency range-dependent.32,40 For compliance pur-
poses, the measured frequency-band-specific environmental and
personal exposures (99th percentile values) in terms of percentage
of the ARPANSA reference levels are as follows: 0.88% (environ-
mental) and 0.15% (personal) (FM radio), 0.25% (environmental),
and 0.13% (personal) (DVB-T), 0.05% (environmental) and
0.01% (personal) (LTE 800 MHz DL), 0.04% (environmental), and
0.01% (personal) (LTE 800 MHz UL), 0.57% (environmental)
and 0.20% (personal) (GSM 900 MHz UL), 0.83% (environmental)
and 0.46% (personal) (GSM 900 MHz DL), 0.007% (environ-
mental) and 0.005% (personal) (GSM 1800 MHz UL), 0.28 %
(environmental) and 0.13 % (personal) (GSM 1800 MHz DL), 0.09%
(environmental) and 0.03% (personal) (DECT), 0.003% (environ-
mental and personal) (UMTS 2100 MHz UL), 0.24% (environmental)
and 0.13% (personal) (UMTS 2100 MHz DL), 0.05% (environmental)
and 0.02% (personal) (ISM 2.4 GHz), 0.003% (environmental
and personal) (LTE 2600 MHz UL and WiMax 3.5 GHz), 0.008%
(environmental) and 0.003% (personal) (LTE 2600 MHz DL), and
0.06% (environmental and personal) (ISM 5.8 GHz).The total,
total DL, and total UL exposures provided in our paper may be
relevant when comparing these exposures and those reported
elsewhere.13,18

The exposure from mobile phone base stations was observed to
be the largest source of environmental and far-field personal
exposures. This finding is in line with previous studies that
identified mobile phone base stations to be a major source of
RF-EMF exposure.13–15,20,21,41 Of mobile phone base station
exposures, GSM 900 MHz DL contributed the highest share of
total exposure. Similar findings have been reported elsewhere in
the contexts of kindergartens and crèches.20,21 The results of the
indoor environmental RF-EMF levels in our study can be compared
to crèche and school measurements performed in Belgium and
Greece.20 The average total and frequency-band-specific RF-EMF
exposures in the schools and crèche in Belgium and in schools in
Greece were higher compared with the median corresponding
exposure levels found in our study.
Similarly, personal exposures of the kindergarten staff reported

in Hungary were higher compared with the personal exposure of
kindergarten children found in our study.21 It is likely that staff had
other RF-EMF sources, such as personal mobile handsets, which
were likely to affect measured personal RF-EMF exposures.19 In
general, mobile phone base station 900 MHz DL exposure in
Australia was lower compared with that in Belgium.42 The present
study also found personal exposures of children to be lower
compared with their environmental exposures. This could be
largely due to body shielding, as described in literature.43 Our
finding suggests that environmental exposure may not be a good
proxy for personal exposure in kindergartens.
The higher levels of total environmental exposures at kinder-

gartens located o300 m from the nearest base station is likely to
be due to RF-EMF exposure from the base station. Similarly,
personal exposure for children attending kindergartens sited
o300 m from the nearest base station were higher compared
with those children attending kindergartens 4300 away. The
maxima of RF-EMF exposure lie within the distance between 50
and 300 m from the base station, if we neglect interference from
the objects in RF-EMF beam path.44

Wi-Fi contributed an insignificant component of the overall
environmental and personal RF-EMF exposures compared with
other RF-EMF sources, particularly mobile phone base stations. In
these preschool settings, the base station associated exposures
were also observed to be higher compared with Wi-Fi 2.4 GHz
exposure in indoor environments. Wi-Fi exposure was detected in
all kindergartens, including those that did not have a Wi-Fi router.
In the latter instance, Wi-Fi signals are likely to have emanated
from nearby buildings. Although some cities now offer free
outdoor Wi-Fi, this did not apply to the areas included in this
study. It should be borne in mind that personal Wi-Fi exposure
would increase if a Wi-Fi-enabled device was being used or
carried. Generally, indoor Wi-Fi exposure levels are expected to be
higher compared with the outdoor Wi-Fi exposure levels.45

Nevertheless, the similar indoor and outdoor Wi-Fi exposures
observed in our study may be attributed to the likely contribution
from mobile phone base station exposure emitted at 2.3 GHz
band (4G mobile phone frequency used by one of the network
providers in Melbourne), which could have been measured at the
Wi-Fi 2.4 GHz due to cross-talk.
Earlier studies of personal RF-EMF exposure of young children

have been challenging owing to the lack of adequate compliance
among children to follow measurement protocols, possible
damage to (expensive) exposimeters, and size of the exposimeter
that could discourage children from wearing it for an entire day.21

Furthermore, response rates from kindergarten staff and parents
were low. Ideally, measurement duration of at least 24 h would be
optimal for personal RF-EMF measurements in adult humans.46

However, this could not be met in our case as none of the
kindergartens/parents provided consent when we initially
approached 75 kindergartens proposing measurement duration
of 24 h. Therefore, we chose 3 h measurement duration in this
study to enable it to be carried out during a single session. This
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Figure 3. Median personal exposures of children (n= 10) and their
total, total downlink, total uplink and Wi-Fi 2.4 GHz exposures.

Table 5. A comparison of personal and environmental total RF-EMF
exposure levels (mV/m).

Child IDs KG IDsa Personal exposure
(mV/m)

Environmental exposure
(mV/m)

Median 25th, 75th, 99th
percentiles

Median 25th, 75th, 99th
percentiles

Child 1 1 126 92, 198, 556 211 112, 279, 650
Child 2 167 135, 233, 586
Child 3 94 72, 135, 282
Child 4 2 47 43, 55, 76 72 45, 91,115
Child 5 42 29, 52, 86
Child 6 31 27, 40, 79
Child 7 3 154 126, 184, 342 251 158, 353, 583
Child 8 4 68 55, 82, 139 147 118, 178, 209
Child 9 49 34, 65, 129
Child 10 5 255 115, 459, 1128 412 196, 923, 2927

Abbreviations: KG, kindergarten; RF-EMF, radiofrequency-electro-
magnetic field. aKGs 1, 3, and 5 were sited o300 m away from the
nearest base station; median total personal exposures were omedian
total environmental exposures (Po0.001 for all, and P= 0.003 for child
2, KG 1).
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also allowed us to take an accurate diary of location (indoors or
outdoors) throughout the period. Other kindergartens declined to
take part because staff and parents of the children were
concerned about the prospect of having an external adult in the
kindergarten facility for security reasons, and because of the
anxiety of kindergarten staff regarding the possibility of high
exposures and this raising subsequent potential health concerns.
Two children, whose parents initially consented eventually,
decided not take part because the exposimeter was causing
discomfort when it was being fitted.
Some frequency bands in this study showed high censoring,

depending upon the band and site of measurements. Various
approaches are available to deal with the left censored environ-
mental data: substitution, log-probit regression/robust regression
on order statistics (ROS), maximum-likelihood estimation methods
and Kaplan–Meier methods.36,37 The three common substitution
methods in practice are substitution by LOD, LOD/2, and
LOD=O2.36,37 The performance of these methods has been
evaluated using simulations on lognormal data and it was found
that LOD/√2 substitution method provided slightly positively
biased means and negatively biased 95th percentiles, yet
comparable results compared with the other advanced
approaches.37 Furthermore, the evaluation of ROS and substitu-
tion (i.e. LOD) methods for RF-EMF exposure generally provided
higher values of frequency-band-specific summary statistics of
exposures (means, medians, 25th, 75th, and 95th percentiles)
compared with the former method.47 The more sensitive LODs of
the exposimeters used in the present study resulted in far fewer
censored data than eventuated from using earlier exposimeters.1

This is the first study to investigate kindergarten children’s
environmental and personal RF-EMF exposures. Therefore,
the study provides a proof of concept to perform RF-EMF
exposure assessment in young children for future RF-EMF
epidemiological studies. In turn, our findings have implications
for the design of larger studies and improving RF-EMF-related
policies in Australia and worldwide. However, our study has the
limitation that the exposures from some RF-EMF frequency bands,
including AM radio,34,48 are not measured. Furthermore, we
observed a low response rate for personal exposure assessment.
In conclusion, this study provides evidence to support that of

the 16 frequency bands measured the mobile phone base station
DL exposure of GSM 900 MHz is the largest contributor to the total
environmental and personal RF-EMF exposures in kindergartens in
Melbourne. Wi-Fi exposure was found to be very low compared
with mobile phone base station exposure. Environmental expo-
sure levels at kindergartens located o300 m away from the
nearest base station were higher compared with those located
4300 m. The measurements suggested that the personal RF-EMF
exposure levels were lower compared with the environmental RF-
EMF levels at kindergartens.
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Chapter 6: Use of mobile and cordless phones and change in cognitive 

function 

 

Overview 

In previous chapters, far-field RF-EMF exposure assessments in human environments were 

discussed. Therefore, the work mainly addressed the WHO’s high priority research agenda 

particularly related to RF-EMF dosimetry (50). This chapter, on the other hand, discusses the 

research performed to address the WHO’s another high priority RF-EMF research agenda 

related to epidemiology - performance of prospective cohort studies of children with 

outcomes including behavioural and neurological disorders (50). In this chapter, I assessed 

psychological health outcomes, particularly cognitive development of young children in 

relation to their use of mobile and cordless phones (i.e. near-field exposure). The cross-

sectional findings on the associations between the use of mobile phones (MPs) and cordless 

phones (CPs) in primary school children and effects on their cognitive function were 

published in 2016 (18). This chapter examines possible longitudinal associations between the 

use of MPs and CPs in a cohort of primary school children and effects on their cognitive 

function over a one year period. 

 

The findings showed that children’s ownership or use of a MP was low (compared to use of a 

CP), but increased from baseline to follow-up. The use of a CP at home remained fairly equal 

at baseline and follow-up. The ‘increase’ in MP usage was associated with: i) larger reduction 

in response time for the Go/NoGo task, ii) smaller reduction in the number of total errors for 

spatial problem solving task, and iii) larger increase in response time for a Stroop interference 

task. The increase in CP usage had no significant effect on most of the changes in cognitive 

outcomes. However, the ‘increase’ in number of CP calls weekly group had smaller increase 
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in accuracy in the detection task compared to those in the ‘no change or decrease’ group. The 

overall findings suggest that there was limited evidence that change in the use of MPs/CPs in 

primary school children was associated with change in cognitive function. 
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Use of mobile and cordless phones and change in cognitive function: a prospective 

cohort analysis of Australian primary school children 

 

ABSTRACT  

Background: Some previous studies have suggested an association between children’s use of 

mobile phones (MPs)/cordless phones (CPs) and development of cognitive function. We 

evaluated possible longitudinal associations between the use of MPs and CPs in a cohort of 

primary school children and effects on their cognitive function. 

Methods: Data on children’s socio-demographics, use of MPs and CPs, and cognitive 

function were collected at baseline (2010–2012) and follow-up (2012–2013). Cognitive 

outcomes were evaluated with the CogHealth™ test battery and Stroop Color-Word test. The 

change in the number of MP/CP voice calls weekly from baseline to follow-up was 

dichotomized: “an increase in calls” or a “decrease/no change in calls”. Multiple linear 

regression analyses, adjusting for confounders and clustering by school, were performed to 

evaluate the associations between the change in cognitive outcomes and change in MP and 

CP exposures.  

Results: A larger proportion of children used a CP (76% at baseline and follow-up), 

compared to a MP (31% at baseline and 43% at follow-up). Of 26 comparisons of changes in 

cognitive outcomes, four demonstrated significant associations. The increase in MP usage 

was associated with faster response time for response inhibition, lower accuracy for spatial 

problem solving and slower response time for the Stroop interference task. Except for 

reduced detection task accuracy, the increase in CP usage had no effect on the changes in 

cognitive outcomes.  
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Conclusion We found limited evidence that change in the use of MPs or CPs in primary 

school children was associated with change in cognitive function. 

 

Background 

The use of mobile phones (MPs) and cordless phones (CPs) by young children has become 

common worldwide [1-6]. This has raised concerns regarding the potential health and 

psychological effects of MPs and CPs on the developing brains of children [7-11]. The World 

Health Organization has identified research into children’s behavioral and neurological 

outcomes associated with radio-frequency electromagnetic field (RF-EMF) exposure as a 

high priority RF-EMF agenda [8]. 

 

The use of MPs or/and CPs in children has been associated with negative consequences in 

cognitive functioning [1, 12], including memory performance [11] and emotional and 

behavior difficulties [13].  However, there are few community-based epidemiological studies 

involving children that assessed effects of MP and/or CP use on cognitive functioning [1, 10-

12, 14]. The findings of these studies are inconclusive [1, 11, 12, 14]. A recent Swiss study 

involving adolescents found a negative association between MP and CP use with figural 

memory [11]. The Amsterdam Born Children and their Development (ABCD) study showed 

inconsistent associations between MP and CP use and cognitive function [14]. Furthermore, 

our cross-sectional analysis of the ExPOSURE (Examination of Psychological Outcomes in 

Students Using Radiofrequency dEvices) study found little evidence for an association 

between the use of MPs and CPs and cognitive effects in a cohort of primary school children 

in Australia [10].  
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The aim of this prospective analysis of the ExPOSURE study data was to evaluate possible 

longitudinal associations between the use of MPs and CPs in a cohort of primary school 

children and effects on their cognitive function. 

 

Methods 

Study design and participants

A longitudinal study was undertaken among primary school children (the 4th year) in 

Melbourne and Wollongong, Australia. Baseline (n=619) and follow-up (n=412) data were 

collected from 36 schools during November 2010 – February 2012 and March 2012 – March 

2013, respectively.   

 

Written or verbal informed consent was obtained from the parent/guardian of each student, 

teachers of the participating classes, and principals of the participating schools. The study 

also received approvals from the Victorian Department of Education and Early Childhood 

Development, New South Wales Department of Education and Communities, Catholic 

Education Offices of Victoria and New South Wales, Monash University Human Research 

Ethics Committee and the University of Wollongong Human Research Ethics Committee.  

 

The information on socio-demographics and that related to MP or/and CP use or ownership 

were collected at baseline and follow-up. Cognitive outcomes were also assessed at the two 

time points. 

 

Exposure assessment 

The parents/guardians of participating children completed a modified and validated 

questionnaire from the Interphone study [15], which collected information on their children’s 

MP and CP use, such as average number of MP calls (made and received) weekly, duration 
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of each (outgoing and incoming) MP call, average number of text messages or SMS (sent and 

received) weekly, average number of CP calls (made and received) weekly, and duration of 

each call on CP weekly. In addition, we also gathered socio-demographic information such as 

age, sex, country of birth, ethnicity (languages other than English spoken at home) and 

residential post code. The parents were also asked about their perception of their and their 

family’s health risk in relation to MP use. The children, assisted by research staff, completed 

a questionnaire about whether or not they owned or used a MP, laterality of MP use, 

handedness (right or left handed), and the amount of gaming and computer/Internet use. 

 

Outcome assessment 

Cognitive outcomes were assessed with a computerized CogHealth™ test battery (CogState, 

Melbourne, AU, 2005)[1, 10, 12], and the Stroop Color-Word test [16].  

 

CogHealth™ evaluated signal detection (simple reaction), identification (choice reaction), 

one-back (working memory), one card learning (visual attention), Go/No-Go (response 

inhibition), and Groton maze learning (spatial and executive ability) [10]. Further details of 

testing administration are discussed elsewhere [10, 12]. The total number of errors for the 

spatial problem solving function, and response times (ms) and accuracy (%) for the rest of the 

CogHealth™ cognitive tests were assessed.  

 

The Stroop Color-Word test: This test assessed the ability to name colors and words that are 

presented in conjunction with interfering stimulus characteristics (e.g. naming the written 

word ‘red’, presented in blue hue) [17]. The task has four sub-tests, two to provide baseline 

information (no interference), and two interference conditions [1, 12]. These tests measured 
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response time for each form and time ratios were subsequently estimated. Further details of 

the test can be found in the literature [1, 16]. 

 

Statistical analyses 

Descriptive analyses were performed for socio-demographics and MP and CP use. The 

descriptive analyses for exposure measures, CogHealth™ tasks, Stroop Color-Word test, and 

regression analyses were performed for the students taking part both in baseline and follow-

up (n=412). Socio-economic status (SES) was estimated from socio-economic indexes for 

areas in accordance with children’s residential postal codes [18].  

 

RF-EMF exposure measures were the total number of voice calls (made and received) weekly 

for MP and CP separately. We used reported numbers of MP and CP calls as the proxies for 

MP and CP exposures, respectively [1, 10, 12], because they may be more accurate in 

ascertaining the phone use compared to the ‘duration of calls’ [19, 20]. We did not consider 

SMS use as an exposure, firstly because RF-EMF exposure to the head due to SMS would be 

very low, and secondly because SMS use was very low in this age group. MP use was low in 

both surveys. For the MP/CP users, the numbers of reported voice calls weekly on MPs and 

CPs were low (i.e. median at baseline = 2), with no use of MP/CP represented as zero calls. 

Therefore, the exposure metrics at baseline and follow-up were further classified in terms of 

the three groups: no use (‘none’), < 2 voice calls weekly on MP/CP (‘some’), and > 2 voice 

calls weekly on MP/CP (‘more’).  Cognitive parameters were summarized across these three 

groups. The mean response time of each test was log10 transformed and the square root of 

each accuracy score was arcsine transformed [1, 12]. The Stroop Color-Word test data were 

analyzed by comparing the time ratios of response times (in seconds) of form B and form A 

[i.e. (B-A)/A], and those of form D and form C [i.e. (D-C)/C].  
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Multiple linear regression models with robust standard errors, allowing for clustering of 

students within schools, were used to assess the association between the change in cognitive 

outcome (follow-up minus baseline) in children who increased their MP (or CP) weekly calls 

from baseline to follow-up, and those who did not increase their MP (or CP) usage. The 

models were adjusted for age at baseline, sex, ethnicity, SES (classified into quintiles), lag 

time between baseline and follow-up, handedness and total screen time weekly (i.e. gaming 

and computer/Internet use). 

 

Changes in MP and CP voice calls weekly from baseline to follow up were dichotomized as 

follows: 0 = decrease or no change in number of MP and CP voice calls weekly, or 1 = 

increase in number of MP and CP voice calls weekly. The models also considered the 

potential interaction between gender and MP and CP use in an exploratory analysis. Seven 

children with attention deficit hyperactivity disorder were excluded from the regression 

analysis. For all analyses, p <0.05 (two-sided) was considered as statistically significant. Data 

analysis was performed with STATA ver13.1 (StataCorp, College Station, TX, USA) or 

SPSS (version 22, IBM Corp, Armonk, NY, USA). 
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Results 

Descriptive data 

Table 1 shows socio-demographic characteristics, and MP and CP use of the children taking 

part in baseline and follow-up.  Of 619 baseline participants, 412 (66.5%) took part in the 

follow-up study. The mean (± SD) time lag between the baseline and follow-up studies was 

12.4 ± 2 months. Most of the participants at baseline and follow-up were from high socio-

economic areas. Ethnicity (language other than English spoken at home) and country of birth 

(Australia) of children was similar at baseline and follow-up. The handedness also remained 

largely unchanged from baseline and follow-up – right (87%), left (10.3%), no preference 

(2.2%) [baseline], and right (86%), left (10%) and no preference (~ 4%) [follow-up]. 

 

According to the parental responses, nearly 31% of children at baseline and 43% at follow-up 

owned or used a MP. In contrast, 57% of children at baseline and 68% at follow-up reported 

having owned or used a MP. The use of a CP at home was reported for 76% of the children 

both at baseline and follow-up.  

 

Table 2 shows MP and CP calls, MP SMS, and MP and CP use for the children who took part 

both in baseline and follow-up. Overall, weekly MP voice calls and SMS significantly 

increased (p<0.001 for both), whereas weekly CP voice calls remained unchanged (p=0.26), 

from baseline to follow-up. For the MP/CP users, the median numbers of voice calls (made 

and received) weekly for MP and CP were 2 and 2 at baseline, and 2.5 and 2 at follow-up, 

respectively. 
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Of the parents taking part in both waves of surveys, 33.6% at baseline and 31% at follow-up 

considered that MPs posed low risk to them and their family’s health. Likewise, 21% at 

baseline and 22% at follow-up considered that MPs posed moderate risk. However 37% at 

baseline and follow-up did not know if MP use posed a health risk. Only a few parents 

(nearly 5% at baseline and follow-up) considered MPs to represent a high health risk. Five 

percent at baseline and follow-up also considered MP use to pose no health risk. 
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Table 1 Socio-demographic, mobile and cordless phone use characteristics of children  

Variables Baseline [n=619] Follow-up [n=412]  

Age (mean + SD) 10 + 0.4 years 11 + 0.5 years  

Sex 53% (n=329) girls  55% (n=227) girls  

Ownership/use of a MP (parent’s response) 31.0% (n=187)  43.3% (n=168) 

Ownership/and use of a MP (children’s response) 57.3% (n=353) 67.9% (n=279)  

Laterality of MP use Right: 68.2% (n=262) 

Left: 11.5% (n=44) 

Both: 18.5% (n=71) 

Right: 74.2% (n=250) 

Left: 10.7% (n=36) 

Both: 14.0% (n=47) 

 

Use of a CP at home  76% (n=470) 76.2% (n=314)  

Average duration per call (minutes) weekly Median  

(25th, 75th percentiles) 

Median  

(25th, 75th percentiles) 

 

A call dialed on MP  2 (1, 3)  2 (1, 3)  

A call received on MP 1.5 (0, 3)  1.5 (0.5, 3)  

Call (dialed & received) on CP  3.5 (2, 5)  4 (2, 5.5)  
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Table 2 MP and CP exposure measures [baseline & follow-up participants (n=412)]    

 Total number of MP and CP calls/SMS  weeklya Baseline Follow-up  

 Median (25th, 75th percentiles) bp-value 

MP voice calls (dialed & received)  2 (1,5) 2.5 (1,5.2) <0.001 

MP SMS (sent & received)   0.5 (0,4) 2 (0,7.5) <0.001 

CP voice calls (dialed & received)  2 (1,4) 2 (1,4) 0.26 

MP and CP usagec                                                                                                                                                                Proportion (number) of children  

MP voice calls 

                       No use 

                       Some use (< 2 calls weekly) 

                       More use (> 2 calls weekly) 

 

  69.7 % (n=279) 

15.3% (n=61) 

15.0% (n=60) 

 

  57.6% (n=220) 

22.0% (n=84) 

20.4% (n=78) 

 

<0.001d 

CP voice calls 

                       No use 

                       Some use (< 2 calls weekly) 

                       More use (> 2 calls weekly) 

 

                  17% (n=67) 

47.5% (n=186) 

35.5% (n=139) 

 

                         20% (n=76) 

46% (n=177) 

34% (n=129) 

 

0.04 d 

aData included MP & CP users only, bWilcoxon signed-rank test,  cData included both non-users and users, d Fleiss-Everitt Chi square test based on non-

missing data 
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There were no significant differences between those who continued to participate (n=412) 

and drop outs (n=207) in age, sex, ethnicity, ownership or use of MP, laterality of MP use, 

handedness, total average number of calls (made and received) weekly on MPs, total average 

number of calls (made and received) weekly on CPs, total average number of SMS messages 

(sent and received) weekly on MPs.  Nor were there differences in their baseline response 

times for the detection task, visual recognition and attention, and working memory; response 

time and accuracy for the identification task, or response inhibition task.   

 

Compared to the children who were followed-up, the drop-outs were more likely to be in the 

lower two quintiles of SES, rather than the higher three quintiles of SES. The drop-outs also 

owned and used MPs and CPs less, had higher Stroop time ratios, response inhibition task, 

less accuracy in the Groton maze and detection tasks, visual recognition and attention and 

working memory (data not shown). 

 

Tables 3, 4 and 5 summarize cognitive outcome data of the children who used MP and CP 

and took part in both waves of surveys. Table 3 compares data of CogHealth™ cognitive 

outcomes (untransformed) in those children who used MPs. Table 4 compares the data of the 

cognitive outcomes in those children who used CPs.  Table 5 summarizes the cognitive 

outcome data of the Stroop Color-Word tests. The response times tended to be faster and 

accuracy similar or better at follow-up compared to baseline in the most of cases.  
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Association between change in cognitive function, and change in the use of mobile and 

cordless phones   

Table 6 compares the change in cognitive outcome (follow-up minus baseline) between those 

who increased their MP/CP weekly calls from baseline to follow-up, and those who did not 

increase their MP/CP usage.  

Compared to the ‘no change or decrease’ group, the ‘increase’ in total average number of MP 

calls weekly group had significantly: i) lower mean response time for the Go/NoGo task, ii) 

higher mean number of total errors in executing the Groton maze learning task, and iii) 

higher mean response time for the Stroop time ratio ((B-A)/A). 

The change in CP usage had no significant effect on most of the changes in cognitive 

outcomes. However, the ‘increase’ in number of CP calls weekly group had lower mean 

accuracy in the detection task compared to those in the ‘no change or decrease’ group. 

We did not find gender to be an effect modifier (results not shown). 
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Table 3 Descriptive statistics for mobile phone voice call use and CogHealth™ tasks [median (25th, 75th percentiles)]a  

Tests Parameters  Baseline Follow-up  

Groups (n) Median (25th, 75th percentiles) Groups (n) Median (25th, 75th percentiles) 

Simple reaction time 
(Detection task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (276) 
Some (59) 
More (57) 
 
None (278) 
Some (61) 
More (58) 

344 (302, 413) 
350 (297, 410) 
380 (321, 417) 
 
97 (92, 100) 
97 (92, 100) 
96 (83, 96) 

None (243) 
Some (57) 
More (83) 
 
None (243) 
Some (57) 
More (83) 

317 (288, 359) 
315 (284, 342) 
316 (282, 362) 
 
97 (95, 100) 
97 (95, 100) 
97 (93, 100) 

Choice reaction time 
(Identification task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (277) 
Some (61) 
More (58) 
 
None (278) 
Some (61) 
More (58) 

588 (524, 686) 
579 (518, 655) 
607 (550, 699) 
 
94 (86, 97) 
94 (88, 97) 
94 (86, 97) 

None (243) 
Some (57) 
More (83) 
 
None (243) 
Some (57) 
More (83) 

549 (481, 619) 
525 (484, 577) 
558 (493, 601) 
 
94 (88, 97) 
94 (88, 97) 
94 (89, 97) 

One-back task 
(Working memory) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (278) 
Some (61) 
More (57) 
 
None (278) 
Some (61) 
More (58) 

965 (792, 1113) 
1023 (793, 1164) 
976 (826, 1158) 
 
88 (77, 94) 
94 (81, 97) 
86 (69, 94) 

None (243) 
Some (57) 
More (83) 
 
None (243) 
Some (57) 
More (83) 

863 (707, 1035) 
860 (741, 971) 
930 (748, 998) 
 
94 (86, 97) 
92 (86, 97) 
94 (82, 97) 
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One card learning task 
(Visual recognition memory 
& attention) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (278) 
Some (61) 
More (58) 
 
None (278) 
Some (61) 
More (58) 

1072 (885, 1322) 
1130 (881, 1387) 
1143 (887, 1293) 
 
59 (49, 66) 
57 (50, 64) 
58 (49, 64) 

None (243) 
Some (57) 
More (83) 
 
None (243) 
Some (57) 
More (83) 

1047 (854, 1273) 
1004 (875, 1170) 
1052 (936, 1225) 
 
64 (54, 71) 
63 (53, 68) 
64 (56, 70) 

Go/NoGo  
(Response inhibition task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (276) 
Some (60) 
More (58) 
 
None (277) 
Some (61) 
More (58) 

628 (539, 710) 
600 (557, 707) 
669 (599, 740) 
 
98 (94, 100) 
98 (94, 98) 
96 (91, 98) 

None (243) 
Some (57) 
More (83) 
 
None (243) 
Some (57) 
More (83) 

592 (505, 676) 
549 (484, 628) 
574 (516, 655) 
 
98 (96, 100) 
98 (94, 98) 
98 (96, 100) 

Groton maze learning task 
(Spatial & executive ability) 

Total number of errors None (278) 
Some (61) 
More (58) 

69 (54, 86) 
65 (56, 76) 
72 (55, 89) 

None (243) 
Some (57) 
More (83) 

55 (46, 67) 
56 (49, 69) 
59 (49, 72) 

a Statistics of children who took part in baseline and follow-up (n=412)
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Table 4 Descriptive statistics for cordless phone voice call use and CogHealth™ tasks [median (25th, 75th percentiles)]a  

Tests Parameters                          Baseline                      Follow-up 

   Groups (n) Median (25th, 75th percentiles) Groups (n) Median (25th, 75th 
percentiles) 

Simple reaction time 
(Detection task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (66) 
Some (183) 
More (135) 
 
None (67) 
Some (185) 
More (137) 

336 (306, 394) 
347 (299, 404) 
350 (307, 414) 
 
95 (89, 100) 
97 (94, 100) 
95 (87, 100 

None (76) 
Some (177) 
More (123) 
 
None (76) 
Some (177) 
More (123) 

326 (294, 373) 
325 (288, 357) 
309 (279, 352) 
 
97 (95, 100) 
97 (95, 100) 
97 (93, 100 

Choice reaction time 
(Identification task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (67) 
Some (185) 
More (137) 
 
None (67) 
Some (185) 
More (137) 

573 (526, 662) 
589 (521, 665) 
596 (536, 685) 
 
91 (85, 97) 
94 (86, 97) 
94 (86, 97) 

None (76) 
Some (177) 
More (123) 
 
None (76) 
Some (177) 
More (123) 

545 (496, 595) 
559 (489, 611) 
529 (476, 592) 
 
94 (91, 97) 
94 (88, 97) 
94 (88, 97) 

One-back task 
(Working memory) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (67) 
Some (185) 
More (137) 
 
None (67) 
Some (185) 
More (137) 

958 (751, 1062) 
939 (793, 1114) 
992 (818, 1132) 
 
89 (74, 94) 
89 (77, 94) 
89 (74, 94) 

None (76) 
Some (177) 
More (123) 
 
None (76) 
Some (177) 
More (123) 

883 (729, 985) 
865 (715, 1022) 
865 (712, 1020) 
 
93 (86, 97) 
94 (86, 97) 
91 (84, 97) 
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One card learning task 
(Visual recognition memory & 
attention) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (67) 
Some (185) 
More (137) 
 
None (67) 
Some (185) 
More (137) 

1015 (827, 1274) 
1071 (887, 1312) 
1150 (874, 1340) 
 
56 (49, 65) 
60 (51, 66) 
59 (50, 65) 

None (76) 
Some (177) 
More (123) 
 
None (76) 
Some (177) 
More (123) 

1065 (940, 1345) 
1042 (875, 1218) 
1013 (862, 1224) 
 
64 (56, 70) 
65 (56, 72) 
61 (53, 69) 

Go/NoGo  
(Response inhibition task) 

Response time (ms) 
 
 
 
Accuracy (%) 

None (66) 
Some (185) 
More (136) 
 
None (67) 
Some (185) 
More (136) 

616 (558, 694) 
633 (541, 720) 
631 (565, 706) 
 
98 (94, 98) 
98 (94, 100) 
96 (94, 100) 

None (76) 
Some (177) 
More (123) 
 
None (76) 
Some (177) 
More (123) 

569 (517, 656) 
580 (503, 662) 
583 (503, 689) 
 
98 (96, 100) 
98 (96, 100) 
98 (94, 100) 

Groton maze learning task 
(Spatial & executive ability) 

Total number of errors None (67) 
Some (185) 
More (137) 

65 (55, 84) 
69 (54, 80) 
68 (55, 84) 

None (76) 
Some (177) 
More (123) 

56 (46, 67) 
56 (46, 68) 
58 (48, 70) 

a Statistics of children who took part in baseline and follow-up (n=412)
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Table 5 Descriptive statistics [median (25th, 75th percentiles)] for the Stroop Color-Word test time ratios vs phone use type [CP (cordless phone) or MP 

(mobile phone)]a 

Forms Parameters  Exposure type     Baseline  Exposure type               Follow-up  

  Groups (n) Median  
(25th, 75th percentiles) 

Groups (n) Median  
(25th, 75th percentiles) 

 

Stroop ratio 
((B-A)/A)  

Time ratio MP voice calls 
                 None (276) 
                 Some (60) 
                 More (60) 
 
CP voice calls 
                 None (66) 
                 Some (184) 
                 More (138) 

 
0.09 (0.02, 0.16) 
0.10 (0.02, 0.18) 
0.08 (0.003, 0.15) 
 

0.07 (0.01, 0.14) 
0.89 (0.007, 0.17) 
0.11 (0.04, 0.17) 

MP voice calls 
                 None (218) 
                 Some (84) 
                 More (78) 
 
CP voice calls 
                 None (76) 
                 Some (177) 
                 More (127) 

 
0.11 (0.03, 0.22) 
0.13 (0.06, 0.22) 
0.10 (0.05, 0.20) 
 

0.11 (0.04, 0.20) 
0.12 (0.04, 0.24) 
0.10 (0.04, 0.20) 

 

Stroop ratio 
((D-C)/C) 

Time ratio MP voice calls 
                 None (276) 
                 Some (60) 
                 More (60) 
 
CP voice calls 
                 None (66) 
                 Some (184) 
                 More (138) 

 
0.69 (0.53, 0.91) 
0.65 (0.52, 0.81) 
0.68 (0.59, 0.87) 

 
0.60 (0.52, 0.77) 
0.70 (0.53, 0.93) 
0.68 (0.57, 0.89) 

MP voice calls 
                 None (218) 
                 Some (84) 
                 More (78) 
 
CP voice calls 
                 None (76) 
                 Some (177) 
                 More (127) 

  
0.66 (0.52, 0.84) 
0.60 (0.45, 0.81) 
0.66 (0.50, 0.83) 

 
0.56 (0.46, 0.71) 
0.67 (0.53, 0.86) 
0.66 (0.52, 0.85) 

 

a Statistics of children who took part in baseline and follow-up (n=412) 
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Table 6 Regression results comparing the change in cognitive outcome (follow-up minus baseline) between those who increased their MP (or CP) calls 
weekly from baseline to follow-up, and those who did not increase their MP (or CP) usage 
 

  Difference in cognitive outcome means between those who increased MP (or CP) use and those did not increase 

or reduced their use 

                                                      Voice calls on MP           Voice calls on CP 

Tests Parameters Estimate 95% CI  Estimate 95% CI   

Detection task Response time (ms)a 

Accuracy (%)b 

-0.008  

0.024  

-0.042, 0.027 

-0.036, 0.084 

 0.007  

-0.069  

-0.019, 0.033 

-0.127, -0.012 

  

Identification task Response time (ms)a 

Accuracy (%)b 

-0.008  

0.012  

-0.034, 0.018 

-0.044, 0.067 

 0.007  

-0.047  

-0.011, 0.024 

-0.097, 0.002 

  

One-back memory task 

(Working memory) 

Response time (ms)a 

Accuracy (%)b 

0.009  

0.014  

-0.018, 0.036 

-0.048, 0.076 

 0.017  

-0.029  

-0.006, 0.041 

-0.077, 0.019 

  

One card learning task 

(Visual recognition memory & 

attention) 

Response time (ms)a 

Accuracy (%)b 

0.005  

-0.022  

-0.033, 0.043 

-0.054, 0.009 

 -0.0008  

-0.011  

-0.034, 0.032 

-0.049, 0.026 

  

Go/NoGo 

(Response inhibition task)  

Response time (ms)a 

Accuracy (%)b 

-0.030  

0.011  

-0.054, -0.006 

-0.037, 0.059 

 0.009  

-0.013  

-0.013, 0.032 

-0.060, 0.034 
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Groton maze learning task Accuracy  

(total no. of errors) 

6.22   2.13, 10.31  -2.77  -8.77, 3.24   

Time ratio ((B-A)/A) Response time (s) 0.056  0.021, 0.090  -0.028  -0.069, 0.013   

Time ratio ((D-C)/C) Response time (s) -0.048  -0.127, 0.033  -0.003  -0.066, 0.059   

Reference group: no change or decrease in total average number of MP or CP calls weekly (exposure dichotomized: “no change or decrease” and “increase” 
in total average number of MP and CP voice calls weekly). 
alog10 transformed data, bArcsine transformed hit rate 
Adjusted for age at baseline, sex, ethnicity, SES (classified into quintiles), lag time between baseline and follow-up, handedness, and total screen time weekly 
(gaming and computer/Internet use). 
The bold numbers represent significant assoctions  
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Discussion 

This community-based longitudinal cohort study investigated whether the change in MPs/CPs 

in primary school children was associated with changes in cognitive function. We found that 

number of calls and SMS weekly on MPs increased, whereas CP calls weekly remained 

unchanged from baseline to follow-up. Our results provide only limited evidence that change 

in the use of MPs/CPs in primary school children was associated with change in cognitive 

function. 

 

The usage/ownership of MPs found in this sample of Australian children was low, but 

comparable to rates reported elsewhere. In the US, the use of MPs in children (aged 8 and 

under) increased from 38% to 72% during 2011-2013 [21], In Europe, 33–83% of children 

aged up to 14 years [2, 4, 22], and 48% of Dutch children aged 5-6 years either used or 

owned a MP [14].  

 

A relatively larger proportion of children used a CP, compared to a MP, which is similar to 

that found in the Netherlands [14]. The number MP and CP calls reported in our study is also 

comparable to that observed elsewhere [3, 14]. We found that a lower percentage of primary 

school children own/use a MP compared to ownership/usage rates reported in secondary 

school children [1, 11].  

 

The follow-up analysis also showed that more children reported using/owning a MP than was 

reported by parents. A similar pattern was seen in our cross-sectional data [10]. This could be 

due to how the questions related to MP ownership and/or uses were asked and/or how they 

were understood by the parents and children. The potential implications of this for 

epidemiological studies have been discussed in the literature [1, 10, 23]. We suggest that the 
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findings associated with the use of CP could be more accurate since the CP was used only at 

home and parents may thus have directly observed their child’s CP exposures. 

 

The children had better cognitive performance at follow-up compared to baseline, which is 

expected as a natural part of development and has been reported in literature [24]. In the 

cross-sectional analysis [10], the ‘more’ MP users had slower responses for Go/NoGo task. 

However, this longitudinal analysis found that the ‘increase’ in MP calls group had faster 

response time for the task. Furthermore, the cross-sectional findings observed that the ‘more’ 

CP (but not MP) users took longer when trying to overcome distraction (Stroop). But, the 

longitudinal analysis showed that only the ‘increase’ in MP calls group had higher mean 

response time for the Stroop interference task ((B-A)/A). 

 

The cross-sectional analysis also showed the ‘more’ users of MPs had lower accuracy for 

visual recognition memory and attention, and identification tasks [10]. We did not see any 

significant findings in relation to these tasks in our longitudinal data analysis. The ‘increase’ 

in MP calls group had lower accuracy in executing the Groton maze learning task, similar 

pattern was not seen in the findings of the cross-sectional analysis. The ‘increase’ in the CP 

calls group had lower accuracy in the detection task compared to those in the ‘no change or 

decrease’ group. Similar results for the ‘more’ users of CP was not seen in the cross-sectional 

analysis. These inconsistences between our cross-sectional and follow-up findings suggest 

that these may represent chance findings.  

 

Our previous longitudinal study involving Australian secondary school children showed an 

increase in MP voice calls was associated with slower simple response time, but quicker 

working memory [1].  We did not find any similar results in the current study. A Swiss cohort 
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study found that brain RF-EMF exposure among a ‘high’ exposed group (aged 12-17 years) 

was associated with a decrease in figural memory [11]. The memory tasks (i.e. one–back and 

one card learning) used in our study and the figural memory task were different. Therefore, 

caution is advised when comparing the findings. In the Netherlands, children aged 5-6 years 

in the Netherlands showed that high CP users demonstrated slower response times in an 

inhibitory control and cognitive flexibility compared to non-users [14]. Although not 

identical, to the extent that the inhibitory control test and Go/NoGo task in our paper reflect 

the ‘inhibitory control’ cognitive process, and if CP/MP affects it, we would expect to see a 

similar pattern of results across the two studies. However, this was not the case: the 

Netherlands study reported slower reaction time in ‘high’ CP users, while we observed a 

faster reaction time amongst the group that increased their MP use. 

 

Our study is the first to evaluate a longitudinal association of MP/CP use and change in 

cognition in a representative community-based sample of young children. We prospectively 

collected data at two time points. The study cohort consisted of a relatively large sample size, 

compared to those employed in provocation studies [25-27]. We assessed eight cognitive 

tasks, compared to the Swiss study (which only assessed two tasks) and the ABCD study 

(which assessed four tasks). This allowed us to look for potential effects on different 

cognitive domains as well as for whether consistent patterns of effects were present across 

multiple tasks (vs just in one task) within a cognitive domain. 

 

The main limitation of the study was that phone exposure measures were self-reported. Our 

study was therefore likely to misclassify exposure and could provide biased findings. 

Objective exposure measurements using MP-based apps should be considered for prospective 

epidemiological studies, whenever possible [28]. Furthermore, the one-year follow-up time in 
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our study may not be long enough to detect potential changes in cognitive outcomes 

associated with MPs/CPs exposure. A further follow-up may be more sensitive at 

determining whether a long-term usage of MPs and CPs affects cognition [29]. 

 

Conclusions  

Our study shows that a larger proportion of children used CPs compared to MPs. The 

increase in MP usage was significantly associated with slower response time for response 

inhibition task, spatial problem solving and a Stroop interference task. The increase in CP 

usage had no significant effect on the most of the changes in cognitive outcomes. Due to the 

small numbers of mobile and cordless phone calls, the observed changes in cognitive tasks 

could be pure chance findings. The use of mobile phones, as reported by children and parents 

was different. This should be taken into account in future studies by performing objective 

measurements of mobile phone exposures, whenever possible.  
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Chapter 7. Discussion  

This project was carried out to inform and strengthen the knowledge of RF-EMF exposure 

assessment vis-à-vis mobile and cordless phones and other RF-EMF emitting sources and 

associated health effects. Therefore, my thesis addressed the two high priority RF-EMF 

research agendas of the WHO (50) – performance of RF-EMF exposure assessments 

(chapters 2, 3, 4 and 5) and prospective cohort epidemiological study in children (chapter 6). 

 

The thesis commenced with the review of literature (chapter 2) related to the tools that have 
 
been or can be used in the objective assessment of RF-EMF exposure for current and future 

epidemiological studies. Then I used some of these tools to evaluate environmental 

and micro-environmental personal RF-EMF exposure assessments (82, 93, 94). The micro- 

environment is regarded as spaces where members of the general public typically spend 

time during their everyday life, such as homes, offices, shopping centres, transportation, etc. 

The micro-environmental personal exposure characterises the personal RF-EMF 

exposures, as experienced by a particular person for that specific space and time (95, 96). I 

also measured environmental and personal far-field RF-EMF exposures in children. Finally, 

this thesis also evaluated cognitive health outcomes of primary school children in relation to 

their MP and CP usage.  

 

This chapter firstly reviews the key findings of the thesis. Secondly, the novel aspects and 

limitations of the thesis are discussed. Thirdly, the recommendations for the future research  

are presented and policy implications of the findings discussed. Finally, overall conclusions  

of the thesis are presented. 
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7.1. Review of main findings 

7.1.1. Instruments to measure personal and environmental RF-EMF exposures 

The instruments that are used to objectively quantify personal and environmental RF-EMF 

exposures fall broadly into two groups: mobile phone-based and exposimeters, which 

measure near-field exposures and far-field exposures, respectively. These tools provide 

measurements with high accuracy in the field of RF-EMF exposure assessment, which has 

been a real challenge in epidemiological research. The utilization of these tools will therefore 

enable reduction in misclassification of exposure in epidemiological studies. 

 

The review found three smartphone-based applications (apps): XMobiSens™ (97); Tawkon™ 

(98), and Quanta Monitor™ (99); these only run on Android™-based phones and tablets to 

evaluate RF-EMF exposures from these near-field RF-EMF sources. There were also two 

earlier MP-based instruments: Software Modified Phone (SMP) (100, 101) and Hardware 

Modified Phone (HMP) (102). These instruments allow a MP to provide the functionalities of 

a phone and a near-field RF-EMF dosimeter. Since these apps are not compatible with 

iPhones® (iOS), there is still a need for similar apps for iPhone exposure assessment. 

 

The review found three smartphone-based applications (apps): XMobiSens™ (97); 

Tawkon™ (98), and Quanta Monitor™ (99); these only run on Android™-based phones and 

tablets to evaluate RF-EMF exposures from these near-field RF-EMF sources. There were 

also two earlier MP-based instruments: Software Modified Phone (SMP) (100, 101) and 

Hardware Modified Phone (HMP) (102). These instruments allow a MP to provide the 

functionalities of a phone and a near-field RF-EMF dosimeter. Since these apps are not 

compatible with iPhones® (iOS), there is still a need for similar apps for iPhone exposure 

assessment. 
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XMobiSens™ provides data on some of the useful parameters, such as number and duration 

of voice calls, laterality of usage, phone received power, number of SMS, etc. (97), which are 

useful surrogates for RF-EMF exposure. The app has recently been validated and found to be 

useful for epidemiological studies (97). Tawkon™ only provides data on duration of calls (98), 

therefore has limited use in epidemiological research. The useful parameters estimated by 

Quanta Monitor™ are average power density (µW/m2) for phone networks and Wi-Fi, 

cumulative power density (µWh/m2) and exposure duration (99). Even though this tool seems 

to be useful, it lacks an independent validation. 

 

SMPs store data on number and duration of calls, output power level, cumulative emitted 

power, etc. (100, 101). HMPs collect data on number and duration of calls, power output, 

power fluctuations, phone tilts and rotations, etc. (102). Though these proxy measures of MP 

RF-EMF exposure are important information, SMP and HMP seem to offer limited 

applicability these days as a majority of people in Western countries use smart phones. 

 

Environmental and personal far-field RF-EMF exposures have been evaluated using the 

body-worn exposimeter(s) (69, 70, 72, 73, 103, 104). The exposimeters that are mostly in 

current use are: EME Spy 200™ (105), ESM 140™ (106), Narda exposimeters (Nardalert S3™, 

RadMan™ and RadMan XT™) (107), ExpoM-RF™ (108), and personal distributed 

exposimeters (PDEs) (93, 109). EME Spy series, ESM 140™ and ExpoM-RF™ have been 

used to assess RF-EMF exposures in multiple frequency bands ranging from 87 MHz (FM 

radio) to 5.8 GHz (WiMax) (28). Narda exposimeters have been particularly used for 

assessing occupational RF-EMF exposures (110, 111) as they  cover a much broader 

frequency range (100 kHz–50 GHz) (28). The PDEs (prototype versions) only cover two 
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frequency bands of 900 MHz downlink and 2.4 GHz (28). These instruments are not yet 

commercially available, as they are still under development.  

 

Currently available instruments for assessing RF-EMF exposure provide objective RF-EMF 

exposure data. Therefore, these instruments offer numerous potential benefits to 

epidemiological studies compared to traditionally used proxy measures of RF-EMF exposure 

such as questionnaires, billing records, distance to mobile phone base station(s)/RF-antenna, 

etc. 

 

7.1.2. Measuring personal exposure from 900 MHz mobile phone base stations  

This study employed a PDE to measure personal exposure from 900 MHz downlink 

frequency band across 34 microenvironments (n=17 each in Australia and Belgium) (93). The 

study established that it was feasible to measure personal RF-EMF exposures with PDEs. 

Furthermore, this also allowed a comparison of exposures across similar microenvironments 

located in two countries. 

 

The RF-EMF exposures (900 MHz downlink) across most of the microenvironments in 

Australia were found to be much lower than those across the microenvironments in Belgium 

(93). The study found that the exposures across urban microenvironments were higher than 

those in the rural or suburban microenvironments (93). Similarly, the RF-EMF exposure 

levels across the outdoor were higher than those for indoor microenvironments. The exposure 

levels found in this study were compared to those reported by previous studies conducted 

across Europe, including Belgium (72-74). However, the most novel approach of this study 

was that it employed three body-distributed RF-EMF antennas that resulted in the 
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measurements with minimum measurement uncertainties related to body shielding (see 

chapter 3). 

 

The measurements reported in this study were far below the general public reference levels – 

the mean exposures in Australia were 0.02–3.6% of the ARPANSA reference level, whereas 

those in Belgium were 0.03–2.7% of the ICNIRP reference level. It should be noted that a 

direct comparison between environmental RF-EMF exposures and the ICNIRP 

recommendations may not be very useful in terms of possible long-term low level RF-EMF 

exposure effects on health. The current ICNIRP guidelines were developed mainly to protect 

humans from the short-term established health effects of RF-EMF exposures, such as tissue 

heating, stimulation of peripheral nerves and muscles, and shocks and burns caused by 

touching conducting objects (112). Though the ICNIRP included safety factors, they 

necessarily do not cover possible health or biological effects related to long-term low-level 

RF-EMF exposures (113). In the case of potential long-term effects of RF-EMF exposure, 

such as an increased risk of cancer, ICNIRP concluded that available data were insufficient to 

provide a basis for setting exposure restrictions (32). 

 

7.1.3. Assessment of personal exposure from RF-EMFs  

This study assessed personal exposure from various RF-EMF sources (88 MHz-5.8 GHz) 

across 38 microenvironments (19 each in Australia and Belgium), with two on-body 

calibrated ExpoM-RFsTM. This work therefore accounted for the measurement uncertainties 

related to body shielding caused by single exposimeters (94). The concurrent use of two on-

body calibrated exposimeters provided much more accurate exposure data compared to those 

provided by a single non-on-body calibrated exposimeter (94). 
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The study allowed a comparison of the RF-EMF exposure levels measured for one site in 

each of several selected microenvironments in the two countries. The same human subject 

took part in an on-body calibration of the exposimeter and performed subsequent data 

collection (chapter 4). The study showed that it was feasible to employ two exposimeters 

concurrently to estimate personal RF-EMF exposures. 

 

The personal exposures measured across urban microenvironments were higher than those 

compared to rural or suburban microenvironments. Mobile phone base downlink exposures 

contributed the largest share to total exposures. Also, the exposure levels across outdoor 

microenvironments were higher than those compared to indoor microenvironments. These 

findings are similar to those shown by other studies (69, 72, 75, 114), including my previous 

study (93). 

 

7.1.4. RF-EMF exposures in kindergarten children 

This study described environmental and personal RF-EMF exposures in kindergarten children. 

The findings were based on the environmental RF-EMF exposures measured in 20 

kindergartens in Melbourne, Australia. Also, 10 children (age 3-5 years old) attending five 

kindergartens provided participated in personal RF-EMF exposure measurements (82). 

 

Of the 16 frequency bands (88 MHz–5.8 GHz) measured, the largest source of RF-EMF 

exposure was attributed to mobile phone base stations, particularly 900 MHz downlink (82). 

These measurements are comparable to recent school RF-EMF measurements (84), and the 

measurements of micro-environmental personal exposures reported here, both in Australia 

(93, 94). Wi-Fi exposure was found to be very low compared with mobile phone base station 

exposure. However, Wi-Fi exposure in schools could be higher due to the use of Wi-Fi 
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connected devices by students or staff (115). Environmental RF-EMF exposure levels at 

kindergartens located near base stations (i.e. <300 m) were higher compared with those 

further away (i.e. >300 m). The highest values of all frequency-band specific exposures were 

< 1% of the ARPANSA reference levels for general populations. However, as stated above, 

the reference levels are mainly developed to protect humans from RF-EMF exposure related 

heating effects, and therefore, may not necessarily protect from long-term RF-EMF 

exposures. 

 

It should be borne in mind that the results of this study are limited to far-field RF-EMF 

exposures. The near-field RF-EMF exposures due to the use of Wi-Fi enabled devices (e.g. 

MP, computers, tablets, etc.) are likely to be higher compared to far-field exposures. The 

exposure situations for children in homes may differ due to their use of other RF-EMF 

emitting devices by them and other family members. An active router connected to Wi-Fi 

enabled devices sends RF-EMF signals more often compared to an idle router (84, 115). 

 

7.1.5. Use of MP and CP and change in cognitive function 

This study provides results from personal use of phones amongst children and its subsequent 

effects on their psychological development. This is a prospective cohort epidemiological 

study, which supports one of the high priority RF-EMF research agendas recommended by 

the WHO (50). The cross-sectional findings on the effects of the children’s use of mobile and 

cordless phones in cognitive functions were published (18). The current study evaluated 

possible longitudinal associations between the use of MPs and CPs in a cohort of primary 

school children and effects on their cognitive function over a one year period. 
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The study showed that children’s ownership/use of a MP increased from baseline to follow-

up. In contrast, the use of a CP at home remained fairly the same. The ownership/usage of 

MPs found in this sample of Australian children was low, but comparable to rates reported 

elsewhere such as in the US and across several European countries (16, 20, 21, 116-118). The 

results indicated that a lesser proportion of primary school children owned/used a MP 

compared to secondary school children as found in the MoRPhEUS study (15). The increase 

in MP usage was significantly associated with larger reduction in response time for the 

response inhibition task, smaller reduction in the number of total errors for spatial problem 

solving and larger increase in response time for a Stroop interference task. However, the 

overall findings suggested that limited evidence that changes in the use of MPs/CPs in 

primary school children were associated with changes in cognitive function. A longitudinal 

cohort study of secondary school children showed that increase in MP usage was 

significantly associated with slower response time for signal detection task, but quicker 

working memory task (15). 

 

There is no well-known mechanism regarding how MP/CP RF-EMF exposure affects 

cognitive function. One of the hypotheses is related to the potential role of temperature 

elevation (thermal effect) of RF-EMF exposure (52). Furthermore, RF-EMF may change 

electrical field potentials generated by cells, and excitability of neurons resulting in polarised 

membranes (53). In addition to RF-EMF exposure, there are numerous behavioural and social 

factors that potentially affect children’s cognition (54). Though my study accounted for some 

of them, such as gaming, computer and Internet use, I acknowledge that the children’s 

cognition might have been also influenced by other unmeasured behavioural and social 

factors. 
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Human learning and memory processes are controlled by the hippocampus, which is 

anatomically situated within the temporal lobe of the brain. If RF-EMF exposure could 

potentially affect the learning and memory, this particular region should be influenced by the 

absorption of RF-EMF exposure. Interestingly, it has been demonstrated that the temporal 

lobe is the area where more than 50% of the MP-associated RF-EMF exposure is absorbed 

(119). Therefore, it could be hypothesised that the RF-EMF absorption that takes place in the 

temporal lobes of the brain due to MP usage may influence human cognitive function. 

However, it is still unclear exactly how RF-EMF exposure to hippocampus could affect 

cognitive tasks such as those related to learning and memory.  
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7.2. Novelty of the thesis 

In this thesis, I have applied the state-of-the art objective tools to assess the environmental 

and personal RF-EMF exposures with novel approaches while performing exposure 

measurements. 

 

Chapter 3 presented the first demonstration of how an on-body calibrated PDE could be used 

to measure personal exposure from 900 MHz downlink band across various 

microenvironments. Unlike a single receiving antenna used in the most of the body-worn 

exposimeters, the PDE had three antennas (two anterior, and one posterior) that were 

distributed over the body. This was done to minimise measurement uncertainties related to 

body shielding, which were generally encountered in the conventional approach to 

deployment of exposimeters (28, 89). 

 

Chapter 4 demonstrated the first effort towards the assessment of far-field 

microenvironmental RF-EMF exposures from multiple sources across different 

microenvironments using a pair of on-body calibrated exposimeters. Furthermore, my 

evaluation of the performance of the exposimeters by using cross-talk measurements allowed 

me to interpret the data collected. Measurements were also extended to 2.6 GHz, WiMaX 3.5 

GHz, and ISM 5.8 GHz bands, which were not considered in previous studies. 

 

Chapters 3 and 4 discussed how the same human subject was available for on-body 

calibration and subsequent field measurements in Belgium and Australia. This allowed me to 

make a valid and direct comparison of exposure levels across similar microenvironments of 

two countries. This contrasts to previous studies as either the measurement instruments or 
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approaches to data collection were different (72). For the first time, personal 

microenvironmental RF-EMF exposure levels were reported for Australia. 

 

My kindergarten study (chapter 5) presented the first findings on total environmental (indoor 

and outdoor) and children’s RF-EMF exposures in kindergartens. Furthermore, this chapter 

provided the first evidence of how far-field personal RF-EMF exposures could be directly 

measured in kindergarten children. The chapter also provided proof-of-concept to carry out 

RF-EMF exposure assessment amongst pre-school children for future RF-EMF 

epidemiological studies. 

 

Finally, findings of a longitudinal association of the use of mobile and cordless phones and 

change in cognition in a representative community-based sample of primary school children 

were reported (see chapter 6). The study involved a larger number of cognitive tasks 

compared to similar studies conducted elsewhere (20, 21). 

 

 

 

 

 

 

 

 

 



 

124 
 

7.3. Policy Implications and Recommendations 

The knowledge of RF-EMF exposures in human populations and potential health effects 

provides the basis for formulating evidence-based RF-EMF policies. Therefore, it is useful to 

update assessments of RF-EMF exposures and population health outcomes on a regular basis 

since human exposure sources and situations have been changing over time. The monitoring 

of RF-EMF exposures not only helps in understanding the existing exposure situations, but 

also facilitates carrying out risk assessments and interpreting RF-EMF epidemiological 

research. This could potentially help in risk management and risk communication processes 

and policies to RF-EMF. The future RF-EMF policies should therefore consider a RF-EMF 

exposure monitoring program as essential. 

 

The issue of children’s RF-EMF exposures from various RF-EMF sources, particularly 

mobile and cordless phones, and mobile phone base stations has been important due to their 

greater cumulative exposure and potential long-term health effects. There is still an ongoing 

scientific debate regarding the extent of RF-EMF exposure of children compared to adults 

(17, 46-48, 119). As a result of this, different countries have been adopting their own policies 

and advisory responses regarding children’s RF-EMF exposures (17). In Australia, 

ARPANSA adopts a policy of the precautionary principle – i) the concerned individuals 

should choose to limit their own or their children’s RF-EMF exposure, ii) parents should 

encourage their children to limit RF-EMF exposure (17). 

 

My kindergarten study findings may have policy implications regarding the siting of mobile 

phone base stations, particularly near to kindergartens or schools in view of likely continuous 

base station exposures. The mobile phone base stations closer to kindergartens and schools 

resulted in higher exposures to children compared to those situated further from the base 
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stations. Furthermore, the low far-field Wi-Fi exposures found in kindergartens may help 

placate the worries of those parents who have concerns regarding their children’s exposure 

from Wi-Fi routers at preschools. 

 

The ExPOSURE study participants had low MP usage. Therefore, the extent of possible 

cognitive function effects in the child population characterised by higher MP use requires 

further research. The study demonstrated no indication of consistent or substantial harmful 

effects on children’s cognitive function related to MP/CP usage. This is a reassuring finding 

per se, though my study has several limitations, including low use of MP and relatively short 

follow-up time (i.e. 1 year). 

 

The following recommendations are based on the findings in this thesis: 

1. Objective assessment of RF-EMF exposures should be preferably conducted in 

epidemiological studies, as currently available tools provide better measures of 

RFEMF exposures compared to the previously used proxy measures of exposures (e.g. 

questionnaires, billing records, distance to mobile phone base stations, etc.).  

2. An independent scientific validation of Quanta Monitor™ (MP-based app) is needed 

to assess the agreement between the values of exposure parameters provided by the 

app and those provided by other similar validated smart phone-based tools (e.g. 

XMobiSens™). Such assessment would provide valuable information regarding their 

suitability in future RF-EMF epidemiological studies.  

3. It is important that future exposure assessment devices should have the capability to 

objectively measure RF-EMF exposures from iPhones®, cordless phones and laptop 

devices.  
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4. Exposimeters need to be small and light-weight for convenience reasons. Furthermore, 

they should also have longer battery life and be able to measure a larger number of 

frequency bands with lower detection limits. This would enable long-term 

measurements of exposures from various RF-EMF sources in different geographical 

contexts. 

5. Whole body distributed exposimeters, such as the PDE, require further development 

to be more user-friendly, and should preferably be able to accommodate the 

simultaneous measurement of multiple frequency bands.  

6. It is clear that the RF-EMF exposure assessment applying a pair of on-body calibrated 

exposimeters has benefits over the use of a single non-on-body calibrated exposimeter 

in minimizing body-shielding related measurement uncertainties. Therefore, I 

recommend applying on-body calibrated exposimeters in future studies, whenever 

possible.  

7. Future studies should also consider performing repeated (i.e. more than two 

measurements) personal RF-EMF exposure measurements along different paths in the 

same microenvironment to examine if they provide the similar RF-EMF exposure 

levels.  

8. Environmental and personal RF-EMF exposure assessments should be continued in 

future in order to monitor change in the RF-EMF exposure levels and ascertain the 

different sources of RF-EMF exposures.  

9. The fact that environmental RF-EMF exposure levels in kindergarten were greater 

than the kindergarten children’s personal exposure levels should be interpreted 

cautiously. This often appears to be the case because the human body shields some of 

the ambient RF-EMF that goes unmeasured by the personal RF-EMF exposure 

measurement devices (e.g. ExpoM-RF) placed on the other side of the body.  
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10. Future longitudinal cohort studies in children may consider a longer follow-up period 

(> 1 year) with multiple waves of surveys, while assessing the effects of MP and CP 

use on cognitive development, if possible. These studies should also use objective 

measures of MP exposure (at least in the sub-sample of children), whenever possible. 

This will improve exposure assessment of MP RF-EMF exposure.  

11. Future RF-EMF epidemiological studies should ideally perform an integrated 

exposure assessment of both near-field (e.g. MP, CP, laptop, etc.) and far-field RF 

EMF exposures (mobile phone base stations, Wi-Fi hotspots/routers, radio/TV signals 

etc.). This would provide a more holistic description of RF-EMF exposure. 
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Chapter 8. Conclusions 

To minimise exposure misclassification for epidemiological research, it is important that the 

RF-EMF exposures should be measured with the best available objective tools that provide 

data on RF-EMF exposures from near-field and far-field RF-EMF sources. RF-EMF 

researchers should validate and use these tools, and provide relevant recommendations 

regarding the appropriateness, limitations and requirements vis-à-vis future epidemiological 

studies. 

 

Of all far-field RF-EMF exposure sources (88 MHz – 5.8 GHz), mobile phone base stations 

have been identified as one of the largest contributors to environmental and personal RF-

EMF exposures. Even though these exposure are typically far less than ICNIRP/ARPANSA 

reference levels, a periodic assessment of the exposures from mobile phone base stations 

becomes relevant, particularly in view of any potential health effects of long-term RF-EMF 

exposures. This would also inform the general public and policy makers regarding existing 

RF-EMF exposures in different human environments by comparing them to the 

ICNIRP/ARPANSA recommendations, providing the permitted/recommended exposures 

remain the same. This would also subsequently help policy makers formulate more evidence-

based RF-EMF policies in regard to human RF-EMF exposures. 

 

The findings in this thesis indicate that for the most part, children’s RF-EMF exposure in 

kindergartens which are not using Wi-Fi enabled devices during sessions is dependent on the 

distance to the nearby mobile phone base station(s). Therefore, future deployment of mobile 

phone base stations in the surroundings of preschools or schools should take this into 

consideration. 
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This thesis also found that a lower proportion of primary school children in Australia own/use 

MPs than CPs. Phone usage in the children was shown to be not affecting most of their 

cognitive tasks. This work is the best published effort to detect effects of MP/CP use on 

cognitive function in young children. It was longitudinal, included multiple measures of 

cognition, and had a moderately large sample. The study found no sign of consistent or 

substantial detriment on children’s cognition. This is reassuring, although my findings are not 

the final conclusion on the matter. The finding that increased use of phones was associated 

with improved cognitive function in some instances – the thesis did not put much weight on 

this, and it may be a chance finding given the large number of associations that were tested. 

Further research with better measures of use of phones, including exposure estimates 

provided by apps (such as XMobisensTM and Quanta MonitorTM) would be worth carrying out. 

This could largely overcome the potential issue of MP exposure misclassification.  
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Appendices 

Appendix 1. MUHREC approval for Kindergarten RF-EMF Exposure Study 
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Appendix 2. Kindergarten RF-EMF Exposure Study Questionnaire 

 

Dear Teacher/Head Teacher and parent, 

Please kindly provide us following information related to your participating 
preschool/kindergarten, and child and his/her home. 

1. Date of birth of the participating child:                 ……..………  
2. Gender of the child:                  Male ☐                       Female ☐   

 

3. Address of participating kindergarten/preschool:               …………………. 

 

4. Address of participating child’s home/postal 
code:                                  …………………. 

 

5. Types and number of radiofrequency-electromagnetic radiation emitting devices or 
installations available in your kindergarten/preschool or home. Please tick the correct 
boxes and mention their numbers in the bigger boxes next to the smaller boxes given 
below for each radiofrequency device/installation (you can tick more than one, if 
applicable) 
 

 

 

 

 

For investigator’s purpose only 

Preschool/kindergarten Code: 

Participating child identification code: 

Date and time of environmental exposure assessment: 
 
Date and time of personal exposure assessment: 
 
Contact person and telephone of the preschool/kindergarten:  
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Radiofrequency devices For school use only For parent’s use only 

Wi-Fi router(s) ☐ ☐ 

Cordless phone(s) ☐ ☐ 

Microwave Oven(s)    ☐ ☐ 

Smart Meter(s) in or 
outside your 
building/house/flat 

☐ ☐ 

Radio/TV/base station 
transmitter(within 300 
meters) 

☐ ☐ 
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Appendix 3. Consent form for parents (Kindergarten Study) 

 

Consent Form 

 

We have read and reviewed your invitation letter and explanatory statement regarding our 
child’s potential participation in your study titled ‘Assessment of radiofrequency-
electromagnetic radiation exposures in preschool children in Melbourne’.  

Our response to your letter (please encircle the one of the options) is as follows: 

 

□     We allow our child to take part in the personal exposure assessment   

       study and the researcher at Monash University should make further  

       contact with his/her kindergarten in regard to the study 

 

□     We decline to take part in the study and the researcher at Monash   

        University should not make further contact with our child’s  

        kindergarten in regard to the study 

 

Thank you! 

 

Signature: 

Name:  

Date:  

Name of the kindergarten/preschool:  

 

Please email this signed response copy to  
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Appendix 4. Consent form for principal (Kindergarten Study) 

Consent Form 

 

We have reviewed you invitation letter and explanatory statement regarding our 
kindergarten’s potential participation in your study titled ‘Assessment of radiofrequency-
electromagnetic radiation exposures in preschool children in Melbourne’.  

The response of our kindergarten/preschool to your letter (please encircle the one of the 
options) is as follows: 

 

□     We would like to take part in the study and the researcher at Monash   

        University should make further contact with our  

        kindergarten/preschool in regard to the study 

 

 

□     We do not like to take part in the study and the researcher at Monash   

        University should not make further contact with our  

        kindergarten/preschool in regard to the study 

 

Thank you! 

Signature: 

Name: 

Date:  

Name of the kindergarten/preschool:  

 

Please email this signed response copy to
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Appendix 5. MUHREC approval for Examination of Psychological Outcomes in  

                     Students Using Radiofrequency dEvices (ExPOSURE) Study 
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Appendix 6. ExPOSURE Study Parent’s Questionnaire 
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155 
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Appendix 7. ExPOSURE Study Student’s Questionnaire 
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Appendix 8. Consent form for principal (ExPOSURE Study) 
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Appendix 9. Consent form for class teacher (ExPOSURE Study) 
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Appendix 10. Consent form for parents/guardians (ExPOSURE Study) 
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Appendix 11. Acceptance letter from Environmental Health 

Date: 12 Apr 2017 

To: "Chhavi R. Bhatt"  From:"Environmental Health Editorial Office"  

Subject: Decision has been reached on your submission to Environmental Health - ENHE-D-17-00044R1 

Use of mobile and cordless phones and change in cognitive function: a prospective cohort analysis of Australian primary school children 

Chhavi R. Bhatt, MSc; Geza Benke, PhD; Catherine L. Smith, MSc, MPH; Mary Redmayne, PhD; Christina Dimitriadis, BA; Anna Dalecki, PhD; 
Skye Macleod, PhD; Malcolm R. Sim, MBBS, PhD; Rodney J. Croft, PhD; Rory Wolfe, PhD; Jordy Kaufman, PhD; Michael J. Abramson, MBBS, 
PhD 

Environmental Health 

Dear Mr Bhatt, 

I am pleased to inform you that your manuscript "Use of mobile and cordless phones and change in cognitive function: a prospective cohort analysis of 
Australian primary school children" (ENHE-D-17-00044R1) has been accepted for publication in Environmental Health. 

Before publication, our production team will check the format of your manuscript to ensure that it conforms to the standards of the journal. They will 
be in touch shortly to request any necessary changes, or to confirm that none are needed. 

Any final comments from our reviewers or editors can be found, below. Please quote your manuscript number, ENHE-D-17-00044R1, when inquiring 
about this submission. 

We look forward to publishing your manuscript and I do hope you will consider Environmental Health again in the future. 

Best wishes, 

David Ozonoff, MD, MPH 

Environmental Health
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Appendix 12. An end piece to chapter 6 (a published paper) 

This refers to my response to two queries of one of the examiners 

Query 1: Bias – it is correct (page 108 bottom of the page) that there is likely to be 

misclassification of exposure, and this can lead to bias. What kind of bias? In what direction 

might the measure of effect be shifted?  

Response:  

In the context of my study on the children’s use of MP/CP and their cognitive effects, RF-

EMF exposure measure was self-reported weekly number of calls on MP/CP (reported by a 

parent of each participant) categorised into increase or decrease/no change in MP/CP calls. 

Any deviation of the change in phone use would result in exposure misclassification, non-

differential or differential (1). Non-differential misclassification biases the estimated effect 

towards the null. On the other hand, differential misclassification of the exposure could bias 

the estimated effect away from null in either direction.  

Query 2: Further follow-up – “may be more sensitive”. Why? Are there likely to be lagged 

effects? Or an accumulation of small effects? Or is it just a matter of increasing the number 

of observations and reducing sampling error? 

Response: If longer follow-up times (> 1 year) were available; firstly, children’s phone use 

pattern could have changed (most likely to increase); secondly, their cognition would have 

changed as a natural mental development process irrespective of any influence of phone 

usage. In addition, cognition could have also been changed if their phone usage had any 

effect on it. Therefore, lagged effects due to the longer follow-up period would have provided 

better estimates of the effects of MP/CP use in any potential change in cognition (2). 
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