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The use of wireless communication devices has
rapidly increased in modern society. Existing mobile
phone networks are continuously being expanded to
facilitate the growing demand for wireless communica-
tion, while simultaneously novel technologies are being
introduced. Adults as well as children are using (smart)
phones, tablets, and other devices on a daily basis
[S€udwest, 2013]. The increase in use of wireless
communication devices has led to an increase in the
number of people exposed to radiofrequency electro-
magnetic fields (RF-EMF). Wireless local area networks
(WLAN) based on WiFi technology are gaining popu-
larity in schools, where devices such as tablets and
laptops are being introduced as educational tools.
Information on RF-EMF exposure of children in schools
is sparse, with studies mostly sampling a limited number
of school locations [Juh�asz et al., 2011; Markakis and
Samaras, 2013; Vermeeren et al., 2013; Verloock et al.,
2014a,b]. The objective of our study was to assess
indoor RF-EMF levels to which children are exposed in
a large number of primary schools in Amsterdam.

Measurements were taken at 102 out of 213
primary schools in the Amsterdam area, the
Netherlands, between July 2011 and 2012 (Fig. S1,
Supplementary Online Materials). The measurement
campaign was nested within the Amsterdam Born
Children and their Development (ABCD) study [van
Eijsden et al., 2011]. We selected primary schools that
were located in the Amsterdam area and that were
attended by at least one child participating in the
ABCD study. Within each school, two classrooms
were selected based on the presence of children

participating in the ABCD study. When more than two
classrooms were available, the two classrooms furthest
apart were selected for RF-EMF measurements. When
there was only one child participating in the study in a
school, only one classroom was measured. Measure-
ments in each classroom consisted of at least seven
spot measurements of 2min each, taking a reading
once every 4 s. One measurement was taken in each
corner of the room at 1.5m above the floor and 1.5m
away from the walls. Three measurements were taken
in the center of the room at 1.1, 1.5, and 1.7m above
the floor, respectively. Up to three additional spot
measurements were performed in irregular shaped
rooms (87 classrooms). These additional spot measure-
ments were taken at a height of 1.5m above the
floor. This method was adapted from measurement
recommendations by CENELEC [2008] and used
previously by B€urgi et al. [2010], who found that this
method provides stable average exposure estimates.
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An adjustable wooden tripod was used to minimize
interference of radio waves by metallic objects. Study
assistants and any other persons present in the room
were asked to turn off their mobile phones and to keep
a distance of at least 1.5m during measurements to
minimize interference with background exposure in the
room. Measurements were taken in the afternoon
directly after school hours, usually between 13:00 and
17:00 h. The presence of DECT (digital enhanced
cordless telecommunications) or WiFi base stations in
or within 5m of the classroom was registered. An
EME SPY 140 exposure meter (SATIMO, EMF
Measurement & Simulation Tools, Brest, France) with
the ability to measure 14 different frequency bands,
ranging from FM to WiFi 5G, was used. The detection
limit for mobile phone and WiFi frequency bands is
6.64�10�2mWm�2 while the detection limits for other
bands are higher (i.e., less sensitive): TETRA
(2.65�10�1mWm�2), TV3 (1.06mWm�2), and FM
(6.63mWm�2). The expanded uncertainty was pro-
vided by the manufacturer following the revised ECC
Recommendation (02)04 [Electronic Communications
Committee, 2007], including calibration uncertainty,
axial isotropy, and filters, and can be found in Table 1.
It was calibrated before the measurement campaign.
The SATIMO device registers measurements below
the detection limit as the value of the detection limit.
For statistical analysis, measurements below the respec-
tive detection limits (censored values) were imputed
using the robust regression order statistics (ROS)
method per spot measurement sample. In this method,
a log-normal distribution is fitted to the observed data
and used to model censored values. Modeled censored
values are then combined with observed values [R€o€osli

et al., 2008]. All statistical calculations were performed
using R version 3.2.2 [R Core Team, 2015].

To evaluate contributions of indoor or outdoor
sources to total exposure, the 14 frequency bands were
additionally grouped into six categories: (i) broadcast
(FM, TV3, TV45); (ii) TETRA; (iii) mobile phone
uplink (GSM900, GSM1800, UMTS); (iv) mobile
phone downlink (GSM900, GSM1800, UMTS); (v)
DECT (i.e., cordless landline phones); and (vi) WiFi
(WiFi 2G, WiFi 5G, WiMAX). A second distinction
was made between outdoor sources (broadcast,
TETRA, mobile phone download) and indoor sources
(mobile phone upload, DECT, WiFi).

Selected primary schools were located through-
out the city of Amsterdam. The 102 schools accounted
for 48% of all primary schools in Amsterdam. Spot
measurements were taken in 201 classrooms. In
general, two classrooms were measured, with an
additional classroom measured in the first two schools
visited, and a single classroom measured in five
schools that were attended by only a single ABCD
study child. The average power density across all
schools was 70.5 [Interquartile range 8.9–58.1] mW
m�2 (0.16Vm�1). Figure S2 (Supplementary Online
Materials) shows the cumulative distribution function.
For comparison, ICNIRP guidelines [ICNIRP, 1998],
which are followed in the Netherlands, vary between
28Vm�1 and 61Vm�1 depending on the frequency.
Table 1 summarizes the measurement results for each
frequency band as well as their respective contribu-
tions to total average power density. WiFi 5GHz
signals were not detected in any of the classrooms.
Figure 1 shows the relative contribution of the six
aforementioned categories to overall power density.

TABLE 1. Frequency Bands, Expanded Uncertainty, and Results, Average Power Density (mWm�2) (n¼ 201)

Band Sources Range (MHz) Contributionc Mean SD Expanded uncertainty (dB)

FM Radio 88–108 5.47% 0.94 1.70 3.77
TV3 Digital audio 173–223 0.71% 0.12 0.36 2.60
TV45 Television 380–390 3.77% 1.56 8.39 3.04
TETRA Terrestrial trunked radio 470–830 2.53% 2.11 13.10 2.89
GSM900 ULa GSM mobile devices 880–915 7.77% 2.90 12.29 2.87
GSM900 DLa GSM base stations 925–960 23.37% 12.35 30.88 2.90
GSM1800 ULa GSM mobile devices 1710–1785 3.33% 1.06 3.05 2.75
GSM1800 DLa GSM base stations 1805–1880 14.56% 8.39 26.81 2.73
DECT Digital enhanced cordless telephony 1880–1900 27.28% 35.18 162.18 1.85
UMTS ULa 3G mobile devices 1920–1980 0.81% 0.10 0.44 1.80
UMTS DLa 3G base stations 2110–2170 5.86% 3.43 8.69 2.22
WiFi 2G Wireless networks 2400–2500 4.51% 2.40 11.90 2.72
WiFi 5Gb Wireless networks 3400–3800 – – – 5.93
WiMax Wireless networks 5150–5850 0.02% 0.01 0.04 4.65

aUplink (UL) and downlink (DL) from point of view of mobile device.
bNo measurements above detection limit.
cPercentage of total RF-EMF levels detected.

398 vanWel et al.

Bioelectromagnetics



All categories, with the exception of mobile phone
downlink exposures, were strongly skewed to the
right. The relative contribution varied strongly, in
particular for mobile phone downlink signals (median
44.4% [Interquartile range 7.5–78.2]). TETRA and
WiFi categories had small interquartile ranges, indi-
cating low variability. They would contribute more
than 50% to overall power density in only a few
classrooms. Figure 2 shows overall power densities
for the six categories, stratified by the recorded
absence or presence of WiFi routers, or DECT base
stations. The contribution of broadcast signals
remained similar over all four groups, while the other
categories varied more strongly. The contribution of
WiFi was higher in the groups with a recorded WiFi
router. Conversely, DECT contribution was highest in
the group where no DECT base station or WiFi router
was registered. Overall, mobile phone downlink and
DECT signals contributed most to total RF-EMF
levels, followed by broadcast and mobile uplink. WiFi
contributed only a small fraction (4.5%) to total RF-
EMF levels. The contribution to average power
density from outdoor sources was somewhat higher
(56.3%) compared to indoor sources (43.7%).

RF-EMF exposure levels were determined for
201 classrooms in 102 primary schools in Amsterdam,
resulting in an average power density of 70.5mWm�2

(0.16Vm�1). Main contributors to total RF-EMF
levels were mobile phone downlink and DECT
signals. Over half of detected signals (56.3%) origi-
nated from outdoor sources (e.g., mobile phone
downlink, TETRA, broadcast). When looking at
signals that originated from indoor sources (e.g.,
DECT, WiFi, mobile uplink), DECT was the main

contributor, followed by mobile phone uplink. Most
variance was explained by differences between rooms,
suggesting that measuring one single classroom per
school is not enough to accurately represent RF-EMF
levels for the entire school building. Individual spots
inside a classroom were near each other. Even so,
variance within/between spots accounted for 13.0%,
indicating a location-driven variation. The presence of
a WiFi router and classroom floor appeared to have an
effect on RF-EMF levels. The presence of a DECT
base station, however, did not.

The main strength of our study was the large
sample size, covering nearly half of all primary schools
in Amsterdam, representing an urban setting. Limita-
tions of our study include that measurements were
done after school hours. As such, the influence of
mobile communication devices used by children was
not included. Mobile phones were turned off during
measurements so that they would not provide an
additional indoor source. This means that the contribu-
tion of indoor sources has most likely been under-
estimated. Since the time of our measurement
campaign, LTE networks and WiFi 5GHz have
become more common; thus this exposure would likely
be detected nowadays. Secondly, with 7–10 measure-
ment spots, the measurement time per classroom was
limited to 14–20min. This means that information on
temporal variation is limited. The authors previously
repeated outdoor RF-EMF measurements over several
months and found that exposure levels remained quite
stable over time [Urbinello et al., 2014].

Fig. 2. Average power density (mWm�2), stratified for pres-
ence of WiFi and/or DECT base stations. Roomsmissing infor-
mation on WiFi or DECT base stations were excluded from
this graph (n¼166).

Fig. 1. Relative contribution to average power density of all
six categories (n¼ 201).
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Other studies in school environments carried out
in Belgium and Greece by Verloock et al. [2014b] and
Vermeeren et al. [2013] found RF-EMF levels of
0.40Vm�1 and 0.35Vm�1, respectively, roughly
double the RF-EMF levels that were measured in this
study. Possibly these differences could have been
introduced by differences in measurement protocols.
Verloock et al. [2014b] focused their selection on
schools with WiFi availability and the presence of
other indoor RF sources. Similarly, Vermeeren et al.
[2013] performed measurements in rooms where
highest exposure was expected (i.e., containing DECT
base stations and/or WiFi access points). It was found
that on average 43.4% of RF-EMF levels originated
from indoor sources, with DECT being the main
contributor. When comparing average contributions to
previously reported levels, both similarities and differ-
ences could be found. It was found that the main
overall contributor to total exposure was mobile
phone downlink, which is in line with results from
Markakis and Samaras [2013] and Vermeeren et al.
[2013]. Similarly, Frei et al. [2009] found mobile
phone downlink to be the main contributor during
personal exposure measurements. The contribution of
other bands differs, with DECT contribution in other
publications ranging from 4% to 33% [Frei et al.,
2009; Markakis and Samaras, 2013; Vermeeren et al.,
2013]. While absolute levels were low, indoor sources
may be of interest because they represent a source of
exposure that can be influenced/changed.

Low RF-EMF levels were found in a large
sample of primary schools in Amsterdam, with mobile
phone downlink (37.9%) and DECT (27.3%) signals
being the major contributors. While our analysis
indicates that presence of a WiFi router has a small
influence on RF-EMF levels, absolute levels were low
with WiFi signals in classrooms contributing just
4.5% of total RF-EMF levels. While the absolute
RF-EMF levels were low, some influence can still be
exerted by controlling indoor sources.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.
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