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In five countries (Belgium, Switzerland, Slovenia, Hungary, and the Netherlands), personal radio
frequency electromagnetic field measurements were performed in different microenvironments
such as homes, public transports, or outdoors using the same exposure meters. From the mean
personal field exposure levels (excluding mobile phone exposure), whole-body absorption values
in a 1-year-old child and adult male model were calculated using a statistical multipath exposure
method and compared for the five countries. All mean absorptions (maximal total absorption of
3.4 wW/kg for the child and 1.8 pwW/kg for the adult) were well below the International Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP) basic restriction of 0.08 W/kg for the gener-
al public. Generally, incident field exposure levels were well correlated with whole-body
absorptions (SARyy), although the type of microenvironment, frequency of the signals, and
dimensions of the considered phantom modify the relationship between these exposure measures.
Exposure to the television and Digital Audio Broadcasting band caused relatively higher SAR,
values (up to 65%) for the 1-year-old child than signals at higher frequencies due to the body
size-dependent absorption rates. Frequency Modulation (FM) caused relatively higher absorptions
(up to 80%) in the adult male. Bioelectromagnetics © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Personal radio frequency electromagnetic field
(RF-EMF) exposure of the general public is assessed
nowadays using personal exposure meters (exposime-
ters). Several countries have performed separate
measurement studies and various results have been
published [Bolte et al., 2008; Joseph et al., 2008;
Ro6sli et al., 2008; Thomas et al., 2008a,b; Thurdczy
et al., 2008; Frei et al., 2009; Viel et al., 2009].
Ro06sli et al. [2010] and Mann [2010] discussed mea-
surement protocols for exposimeters and personal
exposure measurements. In Joseph et al. [2010b],

© 2012 Wiley Periodicals, Inc.

Grant sponsors: Swiss National Science Foundation (405740-
113595); Ministry of Health (ETT-037/2006); The Netherlands
Organisation for Health Research and Development (ZonMw).

*Correspondence to: Wout Joseph, Department of Information
Technology, Ghent University/IBBT, Gaston Crommenlaan 8§,
B-9050 Ghent, Belgium. E-mail: wout.joseph@intec.ugent.be

Received for review 13 December 2011; Accepted 27 April 2012

DOI 10.1002/bem.21737
Published online in Wiley Online Library
(wileyonlinelibrary.com).



2 Josephetal.

mean field strength levels obtained from personal
RF-EMF measurements in different real environ-
ments (called microenvironments in this article) were
compared between urban areas in five European
countries by applying the same data analysis meth-
ods. From a biological perspective, absorbed radia-
tion may be more relevant than the electric field
occurring at the body surface (incident field). Thus,
Joseph et al. [2010a] proposed a method to calculate
whole-body specific absorption rates (SAR,,) from
personal exposimeter data for different human spher-
oid phantoms. Single plane-wave exposure for differ-
ent phantoms and frequencies have been discussed
by Dimbylow [2002], Joseph and Martens [2003],
Wang et al. [2006], Conil et al. [2008], Dimbylow
et al. [2008], Vermeeren et al. [2008b], Kiihn et al.
[2009], and Uusitupa et al. [2010]. These studies
showed that the SAR depends very much on the type
of phantom, anatomy, and posture. Vermeeren et al.
[2008a,b] and Joseph et al. [2010a] determined
absorption in real environments using a statistical
multipath exposure method.

The objective of this article is to compare and
calculate the SAR,,, for a child and adult model in
five countries (Belgium, Switzerland, Slovenia,
Hungary, the Netherlands) for different wireless sig-
nals, based on the mean exposure levels measured
with personal exposimeters in different microenviron-
ments that were published by Joseph et al. [2010b].
For this purpose, the pooled data from the countries
are combined and the method of Joseph et al.
[2010a] is applied to determine the actual whole-
body SAR in the human phantom.

This article is the first one where a comparison
of SARy,, (for child and adult models) based on per-
sonal exposure between different countries is made,
and it enables the field exposure situation to be com-
pared with the actual absorption in real circumstan-
ces. In most epidemiological studies, exposure is
characterized using measured field strengths, and the
results of this study give more insight into how well
actual mean absorption is represented by the average
field strengths.

TABLE 1. Considered Microenvironments for Comparison

MATERIALS AND METHODS

Microenvironments

Five typical microenvironments for the general
public were defined in order to enable a comparison
between the different countries. The five microenvir-
onments are denoted with a short name of the form:
“location—environment—time”’: (i) outdoor—urban—
day, (ii) indoor—office—day, (iii) indoor—train—day,
(iv) indoor—car/bus—day, (v) indoor—urban home—day/
night. Details are provided in Joseph et al. [2010b].
To minimize heterogeneity among the studies, urban
areas are defined as areas with more than 400 per-
sons per square km, and offices as working places of
employees working at desks. Daytime and nighttime
are here defined with respect to working hours: “day-
time” is defined as the period from 6 am to 6 pm
(working hours) and ‘““nighttime” as the period where
most people do not work or are sleeping, thus the
period after 6 pm and before 6 am. Table 1 lists
the considered microenvironments.

Measurements in Participating Countries

In each of the countries, electric field measure-
ments were performed using an isotropic personal
exposimeter (Model DSP90-120-121 EME Spy, SAT-
IMO, Courtaboeuf, France). The exposimeter meas-
ures 12 frequency bands: Frequency Modulation
(FM); television (TV); digital radio or Digital Audio
Broadcasting (DAB); Terrestrial Trunked Radio
(TETRA); Global System for Mobile Communica-
tions at 900 MHz (GSM900): downlink (DL; i.e.,
communication from base station to mobile phone)
and uplink (UL; i.e., communication from mobile
phone to base station)), GSM at 1800 MHz
(GSM1800) down and uplink; Digital Enhanced
Cordless Telecommunications (DECT); Universal
Mobile Telecommunications System (UMTS) down
and uplink; and wireless Ethernet for wireless local
area networks (WiFi). The measurement procedures
and number of samples and subjects are summarized
in Joseph et al. [2010b]. The measurements were per-
formed in the period from 2007 to 2009. In the

Logical name Microenvironment

Description

Out—urban Outdoor—urban—day
Office Indoor—office—day
Train Indoor—train—day
Car/bus Indoor—car/bus—day

Urban-home Indoor—urban home—day/night

Outdoor walking, standing, sitting in an urban environment
during the daytime with >400 persons/km>

Office environment (employees)

Exposure in train

Exposure in car or bus (driving)

In home in an urban area with >400 persons/km>
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studies of Belgium and the Netherlands, measure-
ments were performed on hired staff whereas the
studies of Switzerland, Slovenia, and Hungary
were based on volunteers from a population sample.
The exposimeters were calibrated on a regular basis
and described in the studies of the participating coun-
tries [Bolte et al., 2008, 2011; Joseph et al., 2008;
Thuréezy et al., 2008; Frei et al., 2009].

Procedure and Data Analysis

Figure 1 shows a flow chart of the procedure
used to compare the data from the different countries
and to convert the data to SAR,y. The procedure
consisted mainly of three steps. Firstly, exposimeter
data were collected from the different national stud-
ies. The robust regression on order statistics (ROS)
method was used to compute mean exposure levels
[Roosli et al.,, 2008] (Fig. 1). Secondly, a human
body model was selected; and thirdly, SAR,,;, in the
phantom was calculated for the mean power density
using the statistical tool of Vermeeren et al.
[2008a,b] and the method proposed by Joseph et al.
[2010a], and was compared for the different
countries.

Field Data Analysis

In all countries, all the measurements taken in
each microenvironment were combined and analyzed
(step 1 in Fig. 1). Since a large proportion of the
measurements was censored, that is, below the lower
detection limit of the exposimeter (0.0067 mW/m?),
we applied the ROS method proposed by Roosli
et al. [2008] to determine the mean values of the
power density S (mW/m?) for each microenviron-
ment. Exposimeter data of all participating countries
were processed in exactly the same way using the
ROS algorithm with statistical software R (www.r-

step 1
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project.org), which is discussed in detail in Helsel
[2005].

The total exposure S (mW/m?) was calculated
by summing up the mean power density values of all
frequency bands:

Sot=Y_Si (W/m’) (1

where S is the total power density of all signals,
and S; is the power density for each source at its spe-
cific frequency i (different sources are considered).

Selection of Human Phantoms

An appropriate human phantom had to be
selected (step 2 in Fig. 1). We selected a spheroid
human body model because this simple model gives
a realistic estimation of the SAR,, [Durney et al.,
1986]. The homogeneous tissues of the spheroid
human body phantoms were assigned the dielectric
properties tissues suggested by the International
Electrotechnical Commission (IEC) Standard 62209
[IEC, 2005] for compliance testing for the different
frequencies. Here, we investigated the adult male
phantom and the 1-year-old child phantom (highest
whole-body absorptions are obtained for this phan-
tom as explained in Joseph et al. [2010a]). The sizes
of these phantoms were taken from Durney et al.
[1986].

Calculation of the Whole-Body SAR and
Comparison

In a realistic exposure environment exposure to
EMF is constantly changing. Consequently, a single
measured incident field value can be caused by dif-
ferent exposures (i.e., combinations of incident plane
waves). Hence, for a single measured incident

microenvironments || exposimeter data | ROS

step 3
T I e e
i
i
mean § [Wm”] for statistical tool: :
diffirent RF sources [TH caleulate - SAR,, H
SAR from E-fields H
H

H
H F Y

comparison between
different countries

selection of human body | 3
model i

Fig. 1. Flow chart of the procedure to determine and compare SAR,,, between countries

(ROS = robust regression on order statistics).
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field value a distribution of SAR,, values exists.
Estimation of the SAR,,, from measured incident
field values is based on the statistical tool of Vermee-
ren et al. [2008a,b] and is extensively described by
Joseph et al. [2008, 2010a]. This method is applied
in this work to calculate the distribution of the
SAR,; values in a child and an adult human
body model for every measured incident field value
at the corresponding communication frequency (5000
realistic exposure samples are generated to obtain
statistically relevant results; step 3 in Fig. 1). From
the SAR,, distribution, the mean SAR,;, value is
determined. Next, the parameters of the relationship
between mean SAR,, values and the measured
incident electric field samples are obtained by per-
forming minimum least-square error fits of the fol-
lowing relation between SAR,, and E [Joseph et al.,
2010a]:

(SARyp);= a x ((E))* =a x 377 x (S);, (W/kg)
)

where (SARyyp); represents the mean value of the
whole-body SAR at frequency i, and parameter a
(m*/(Qkg)) depends on the type of phantom, the
different frequencies, and the type of environment
[Joseph et al., 2010a]. E represents the electric field
(V/m) and S the power density (W/m?); (.), denotes
mean values for a source at its specific frequency i.
Here, we calculated the mean SAR,,;, from the mean
power densities (S) provided by each country for the
different microenvironments.

The SAR,,, was determined for 9 RF sources out
of the 12 frequency bands measured by the exposime-
ter: 100 MHz (FM), 200 MHz (TV/DAB), 400 MHz
(TETRA), 600 MHz (TV), 950 MHz (GSM900 DL),
1850 MHz (GSM1800 DL), 1900 MHz (DECT),
2150 MHz (UMTS), and 2450 MHz (WiFi). For up-
link (GSM900 UL, GSM1800 UL, and UMTS UL),
SAR,,, was not determined because personal exposure
measurements do not allow differentiation between up-
link from the personal phone producing localized ex-
posure and uplink from other people’s phones
producing a generally more homogenous whole-body
exposure. Without such a differentiation, SAR,,, calcu-
lations would not be reliable.

Appropriate environments have to be selected
when calculating SAR,,;, [Vermeeren et al., 2008a;
Joseph et al., 2010a]. For urban—outdoor, the ‘“‘urban
macro/micro-cell environment” was selected for the
statistical tool for all sources (i.e., outdoor sources)
except for WiFi and DECT, where the ‘“‘outdoor—
indoor environment” was chosen because WiFi
and DECT are mainly located inside houses and
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buildings. For office, train, car/bus, and urban—-home
(indoor sources) the ‘“outdoor—indoor environment”
was selected for all sources except WiFi and DECT,
where the “indoor pico-cell environment” was
selected.

The total SAR,,;, values due to the considered
sources (88-2450 MHz) were determined and
compared to the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) limit of
0.08 W/kg for the general public. They were calcu-
lated as [ICNIRP, 1998]:

2450 MHz
SARublow= > SARw|; (W/kg) ©)
i=100 MHz

where SARup| . and SARyy|; are the total whole-
body SAR and the whole-body SAR for each source
at its specific frequency i (nine sources are consid-
ered), respectively.

Values for Parameter a per Phantom, Frequency,
and Environment

Figure 2 shows the parameter a from
Equation (2) for mean SAR,,, values of the 1-year-
old child and adult male for the different environ-
ments (urban-macro-cell, indoor—outdoor, indoor
pico-cell). The value of parameter a equals the value
of SAR,; for an incident electric field of 1 V/m
(power density of 1/377 W/m?). Thus, Figure 2 pro-
vides the SAR,,, values for normalized incident
fields. The parameter a depends on the frequency,
posture, and size of the human body model. Obvious-
ly, parameter a is higher for the child than for the
adult phantom due to its smaller dimensions, as
clearly shown in Figure 2. For both phantoms, the
whole-body absorption decreases with increasing fre-
quencies. For the 1-year-old child, absorption is high-
est at about 200 MHz, while for the adult phantom it
is highest at about 73 MHz [Durney et al., 1986].

Method for Ranking Environments for Mean
SAR,,, and Power Densities

To compare which microenvironment causes the
highest absorptions and the highest (incident) power
densities (S), we normalize SAR,,, and S as follows:

SARyb(c,e,b)
(SARyp(c, e, b))

SARu(c,e,b) — )

max
ecallenv

b € all bodies

where SAR(c, e,b) (¢ = country, e = environment,
nment, and b = body model) denotes the normalized
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Fig. 2. Parameter a for 1-year-old child and adult male model
(mean SAR,, values) for different environments. UM: urban—
macro-cell, Ol: outdoor—indoor, IP: indoor pico-cell (the value of a
corresponds with the value of SAR,,,, for an incident field strength
of1 V/m).

total SAR,,;, due to a RF source for each country (in
interval [0, 1]), all env denotes all environments, and
all bodies denotes the considered 1-year-old child
phantom and the adult male phantom. And:

B  S(eve)
S(e:€) = —nax (S(c.e))

e callenv

&)

where S(c, e) is the normalized incident power densi-
ty due to a RF source for each country (in interval
[0, 1]). These quantities will enable comparison of
the ranking of absorptions and power densities in the
different environments.

Validation of the Applied Methods

Several validations have been conducted for the
steps used in the procedure described in this article.
The statistical multipath tool has been validated in
several journal papers [Vermeeren et al., 2008a,b]
and compared with finite-difference time-domain
(FDTD) simulations as a validation. Deviations of
less than 1% for the SAR,,;, were obtained. The ROS
method for calculation of mean values from exposim-
eter measurements has been shown to produce
reliable results of personal measurements with a sub-
stantial proportion of nondetects [RoOosli et al.,
2008]. The combination of exposimeter data as input
to the statistical tool has been validated in Joseph
et al. [2010a]. Both parameters a and b were fitted
(as a validation) in Equation (1) from Joseph et al.
[2010a], describing the relation between the SAR
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and electric field. As shown in Table 3 of Joseph
et al. [2010a], a value of b equal to 2 was obtained
for all the fits, as expected. Here, we use b = 2 in
Equation (2), (shown as an exponent), because we
know this is the value for the relation between SAR
and E. Propagation analysis and the application of
statistical distributions per environment is a known
approach as well. Propagation analysis is, in practice,
done according to the type of environment [Oestges
and Clerckx, 2007; Tanghe et al., 2008] and propaga-
tion models are provided for different types of envi-
ronments (office, urban, rural, etc.). So, we assumed
the same parameters and same distribution types for
all home environments in the different countries, for
example (similar for other environments).

RESULTS

SAR for Different Environments and Countries

Figure 3a,b summarizes the total mean SAR,
values for all the microenvironments and countries
for the 1-year-old child and adult male model, re-
spectively. The same scale is used in both figures to
enable easy comparison. All mean absorptions in
Figure 3 satisfied the ICNIRP basic restriction of
0.08 W/kg for all considered environments and coun-
tries [ICNIRP, 1998], which is the basis for exposure
limits in the considered countries. Some countries
have more restrictive limits with respect to field
strength values: in Flanders, Belgium, for example
(four times lower than the ICNIRP guidelines and
additionally 3 V/m at 900 MHz) and for specific sit-
uations in Slovenia and Switzerland (10 times lower
than the ICNIRP guidelines at places of sensitive use
(homes and offices)).

Absorptions were of the same order of magni-
tude in all countries. Total mean absorptions in the
adult phantom (Fig. 3b) were lower than for the
1-year-old child (Fig. 3a) because of the larger
dimensions of the adult. The highest total mean
SARy, values (for mean exposure) were obtained in
a Belgian office and were 3.4 wW/kg for the child
and 1.8 wW/kg for the adult male.

Other microenvironments with relatively higher
whole-body absorptions (>1 wW/kg) were outdoor—
urban in Belgium and the Netherlands, and car/bus in
Slovenia and Hungary (Fig. 3). Lowest whole-body
absorptions occurred in urban homes in all countries.

Ranking of Environments for Mean SAR,, and
Power Densities

Figure 4 compares the ranking of each environ-
ment for the normalized quantities (SARyp(c,e,b)

Bioelectromagnetics
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Fig. 3. Mean total whole-body absorptions (wW/kg) in (a) the 1-
year-old child model and (b) the adult male model for all consid-
ered microenvironments in all countries (no data are available for
trains in Slovania and Hungary and for outdoor—urban in
Hungary).

and S(c,e)) per country for both phantoms. This fig-
ure enables the ranking of environments per country
with respect to the SAR for both phantoms (black
and gray bars; there was no train info for Slovenia
and Hungary and no info for outdoor—urban areas in
Hungary because no or too few measurements were
taken in these microenvironments [Joseph et al.,
2010b]) and comparison of this ranking with the one
of the incident power densities measured with the
exposimeter (white bars, excluding uplink). In gener-
al, the ranking of SAR;, for the five microenviron-
ment in each country was equal to the ranking of the
total power densities (Sy,). However, exceptions oc-
cur; for instance, in Belgium the highest absorptions
were found in offices, contrary to the highest power
densities in outdoor—urban environments. The total
mean absorption in the 1-year-old child is higher
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than the absorption in the adult (black bars vs. gray
bars in Fig. 4).

Contribution of RF Sources

Table 2 lists the SAR,,;, in the 1-year-old child
for all sources, environments, and countries. Table 3
lists the corresponding absorptions for the adult
male. The highest SAR,,;, values for the 1-year-old
were obtained in Belgium for TV/DAB (200 MHz)
in offices and GSM DL in outdoor—urban environ-
ments (about 2.2 wW/kg). Higher SAR; values
again corresponded with the higher power densities
(S) given in Joseph et al. [2010b] (e.g., for outdoor—
urban, 0.33 mW/m? for downlink in Table 4 of
Joseph et al. [2010b] corresponded with 2.2 pW/kg
for GSM900 DL in this study) but also depended on
the frequency of the signal and dimensions of the
phantom. For the adult model, the highest values
were obtained for FM (100 MHz) in offices
(1.2 wW/kg in Belgium), trains (0.2 wW/kg in the
Netherlands), car/bus (0.5 pW/kg in Belgium), and
homes (0.4 pwW/kg in Belgium).

For FM and TV/DAB, relatively lower power
densities were obtained in Joseph et al. [2010b] but
due to the frequency of the signal and the dimensions
of the phantom, relatively higher SAR,, values are
observed for the 1-year-old phantom (Table 2). This
effect is also present for the adult male phantom for
FM (100 MHz; Table 3) but less pronounced because
of its larger dimensions.

Figure 5 shows the contribution of the different
sources to the total SAR,,, in the five microenviron-
ments for all countries for the 1-year-old child
and the adult male. In all microenvironments,
absorption to downlink mobile telecommunication
was important and clearly dominates for outdoor—
urban environments (>65%). FM radio absorptions
were present in all countries (typically 10% or
higher for the 1-year-old child) and were important
for adults in urban-homes, office, car/bus, and
trains. For both the SAR and incident power density,
contributions from mobile telecommunication signals
were important in all environments [Joseph et al.,
2010b].

DISCUSSION

Our study compares the mean whole-body
absorptions in two phantoms and the contributions of
RF sources in five relevant microenvironments in dif-
ferent European countries (Belgium, Switzerland,
Slovenia, Hungary, and the Netherlands). Mean
absorptions were generally far below the standard
limits and the ranking of mean absorptions was very
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Fig. 4. Whole-body absorptions (1-year-old child and adult male) normalized to the maximum
SAR of each country and incident power density normalized to the maximum S of each country for
all considered microenvironments (no data are available for trains in Slovania and Hungary and for

outdoor—urbanin Hungary).

similar to that of the mean field strengths measured
by the exposimeters.

Strengths and Limitations

This article is the first one where a comparison
of absorptions in phantoms with personal RF-EMF
exposure data in real environments in urban areas in
different countries is made. The proposed methodolo-
gy combined with the application of a statistical mul-
tipath exposure method enabled us to compare

whole-body absorptions from exposimeter data in
different countries. In a realistic environment, elec-
tromagnetic waves travel along multiple paths. It is
obvious that the homogeneous exposure of a single
plane wave is not representative of the multipath
exposure in a realistic environment. Therefore, to as-
sess the statistics of the absorption correctly and cor-
relate it with the incident field levels, the method of
Vermeeren et al. [2008a] was used. Although the
measurements were performed solely on adults, we

Bioelectromagnetics
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Fig. 5. Comparison of the contribution of the different sources of exposure to SAR,,;, in child
and adult models for all countries (no data are available for trains in Slovania and Hungary and for
outdoor—urbanin Hungary).
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chose to consider the absorption in a 1-year-old child
as well to be able to compare absorptions in adults
and children in the same setting.

The differences in study design, the selection of
study participants in the population surveys, and
a limited number of measurements in some micro-
environments (e.g., offices in the Netherlands and
Belgium) are limitations of the study and are dis-
cussed in detail in Joseph et al. [2010b]. Also, due to
the effect of shielding of the human body when
exposimeters are carried on the body, some measure-
ment values might be underestimated by up to
6.5 dB [Knafl et al., 2008; Iskra et al., 2010, 2011;
Joseph et al., 2010b; Bolte et al., 2011].

In the current study, we considered whole-
body absorptions from various sources emitting RF-
EMF in the frequency range between 80 MHz and
2.5 GHz. However, we did not consider uplink expo-
sure from mobile phones because the SAR calcula-
tions require far-field conditions. Uplink exposure
from personal mobile phones cause highly localized
exposures, which does not fulfill this assumption of
far-field conditions and would require a different cal-
culation procedure. For whole-body absorptions,
spheroid human body models give a realistic estima-
tion of the SARy;, [Durney et al., 1986] while hetero-
geneous models would be needed for localized
exposure. Uplink from other people’s phones would
generally fulfill the far-field assumption, and Frei
et al. [2010] demonstrated that this contribution is
relevant for the average personal exposure. Thus, our
SAR,,;, values somewhat underestimate the total far-
field absorption.

We used different propagation models for the
different types of microenvironments. Within one mi-
croenvironment, the same models were used for all
countries (in combination with different measured
field values). There are possibly some differences in
the microenvironments between countries (probably
also within countries) but we do not expect these dif-
ferences to have a major impact on our analyses,
where we were interested in average values and gen-
eral patterns.

Interpretation

We observed quite consistently in all countries
that the highest whole-body absorption contributions
were from GSM DL, FM, TV/DAB, and DECT, and
mainly for outdoor—urban and office environments
(also car/bus in Slovenia). A similar pattern was ob-
served for the power density. This demonstrates that
the choice of the exposure surrogate in epidemiology
might not be very crucial if interested in the

Between-Country Comparison of SAR 1

ranking of exposure only. Nevertheless, the relative
importance of the TV/DAB contribution is consider-
ably increased in the child phantom compared to the
power density; for the adult SAR, the relative impor-
tance of FM is increased. The reason for the
high values of the SAR,,, for TV/DAB in the child
phantom at 200 MHz (or lower frequencies such as
FM) are because of the dimensions of the 1-year-old
child (length of 0.74 m and width of 0.16 m in
Durney et al. [1986]). The resonance frequency of
the 1-year-old child model is about 200 MHz for a
vertically polarized plane wave arriving at a zero
elevation angle [Durney et al., 1986], and half
the wavelength at 200 MHz is 0.75 m while the
length of the 1-year-old child is 0.74 m. Figure 2
explains this too, with higher values for a for
FM and TV/DAB for the child than for telecommuni-
cation frequencies of 950 MHz or higher. The contri-
bution of FM at 100 MHz is clearly higher in the
adult than for the 1-year-old child because FM is
closer to the resonance frequency of the adult man
than the frequencies of the other signals and sources
(73 MHz for the adult according to Durney et al.
[1986]).

In some cases, the variations in SAR values be-
tween the countries were quite large (Tables 2
and 3). For example, for the TV/DAB band, much
lower values occurred in Switzerland in all environ-
ments compared to other countries (e.g., Belgium).
One reason for this could be that the nationwide cov-
erage of the DAB signal was not yet completed at
the time of the measurements in Switzerland. There-
fore, mean power densities obtained with the
exposimeter and the resulting SAR values were quite
low. Absorptions were generally lower in homes,
which is a relevant environment in terms of cumula-
tive absorption because one usually spends most of
the time at home. Indoor levels are lower due to pen-
etration losses of outdoor sources into homes; this
results in lower absorptions compared to outdoors.
Also, fewer sources such as WiFi and DECT might
be present in homes than in offices. Total power den-
sities in the homes in Joseph et al. [2010b] were
quite similar in the different countries and this was
also the case for whole-body absorptions, despite
the different source contributions in the various
countries. The only consistent pattern is that whole-
body absorption due to (downlink) mobile telecom-
munication and FM is important in all countries.
However, the exposure contributions in urban
homes have to be interpreted with caution. Different
recruitment strategies and the limited numbers of
participants or microenvironments make a direct
comparison difficult.
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In trains, the lowest whole-body absorptions oc-
cur because uplink exposure was not considered.
Several studies demonstrated that uplink is the main
exposure source in trains [Frei et al., 2009; Joseph
et al., 2010b]. For downlink signals, the metalized
windows in trains cause high penetration losses,
resulting in low power density values and thus low
absorptions. In general, higher absorptions occur in
car/bus because of the lower penetration losses com-
pared to trains (no metalized windows), and the fact
that buses drive mainly in urban regions while trains
have trajectories, which are in less densely populated
areas containing fewer base stations. However, the
absorptions in cars in Slovenia have to be treated
with caution because of the limited number of sam-
ples available [Joseph et al., 2010a]. Likewise, for
power density values, the whole-body absorptions in
all countries are of the same order of magnitude
(Table 2) because the same RF-EMF sources and
technologies (base stations, FM radio, TV/DAB) are
present in similar amounts and densities.

CONCLUSIONS

In this article, a comparison of the whole-body
absorption (for child and adult models) based on per-
sonal exposure between different countries is made.
This enables distinguishing between the field expo-
sure situation and the actual absorption in real
circumstances.

Generally, absorption levels were far below the
standard limits. It is important to conclude that the
higher power densities mostly correspond to higher
whole-body absorptions. This implies that field
strengths can be considered a valid proxy for absorp-
tion when used in epidemiological studies since the
ranking between persons is most important in such
studies. Nevertheless, exposure to the TV/DAB band
caused relatively higher whole-body absorption val-
ues for the 1-year-old child (FM for the adult) than
signals at higher frequencies due to the body size-
dependent absorption rates.

Future research should investigate more envi-
ronments, such as schools and nurseries, and investi-
gate the effect of different propagation models,
distributions, and parameters on the obtained SAR,,.
Future developments should also include localized
absorptions. Estimations of localized SAR based on
exposimeter data is, however, a very challenging task
as one will have to distinguish between a partici-
pant’s own mobile phone exposure and local expo-
sure from the surrounding mobile phones of other
people. Nevertheless, the more that appropriate inter-
nal exposure can be estimated, the more that reliable

Bioelectromagnetics

exposure comparisons can be made and the more ac-
curate future studies will be, relying on such expo-
sure measures.
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