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GERNERAL INTRODUCTION

Background of the mobile phone
‘We won!’ shouted the Greek soldier Pheidippides in 490 BC after he had run nonstop 
from the battlefield of Marathon to Athens. According to legend, after delivering the 
message to the people of Athens, Pheidippides collapsed and died. In those days, quickly 
sending a message over a large distance was not easy, not without apparent danger to the 
messenger’s health or life! Communication is an essential part of (human) life, and thus, 
many studies and experiments have been conducted to develop easier ways of sending a 
message from one place to another. After centuries of mainly direct verbal, nonverbal and 
written communication, Scottish inventor Alexander Graham Bell patented the telephone 
in 1876. It was the first device which enabled people to speak to each other across large 
distances. Appropriately enough, the word telephone originates from the Greek language: 
τήλε (tèle) means ‘far’ and φωνή (phónè) means ‘sound’.

The traditional telephone was (and is) physically connected to the telephone network 
with the use of wires. Soon, the need for a portable phone arose so that people could 
talk to others from anywhere. The first mobile phone call with an apparatus which is 
comparable to what is now known as the mobile phone was made in 1973. Martin Cooper, 
a Motorola researcher and executive, walked down a New York street while talking on the 
phone. This device weighed about one kilogram and was given the nickname ‘the brick’ (1). 
Subsequently, mobile phones developed rapidly, and in 2015, there were more than seven 
billion mobile phone subscriptions worldwide (2). From 2001 to 2015, the proportion of 
the world population covered by the second generation (2G) mobile network grew from 
58% to 95%. Additionally, broadband networks (third generation [3G] or above) now reach 
84% of the global population (3).

Parallel to this expansion, the application of radiofrequency electromagnetic fields (RF-
EMF) increased; this was necessary to make the increased mobile phone traffic possible. 
RF-EMF will be mentioned several times in this thesis. Some background information on 
this physical phenomenon by which mobile phones function is provided here.

In 1865, another Scot, James Clerk Max well, described the electromagnetic theory for the 
first time in ‘A dynamical theory of the electromagnetic field’ (4). He demonstrated that electric 

and magnetic fields travel through space in 
the form of waves at the constant speed of 
light in a vacuum. An electromagnetic field 
is a field in which electric current flows and 
is measured in amperes per meter (A/m). 
It extends indefinitely throughout space 
and is one of the four fundamental forces 
of nature. A particular form of the more 

general electromagnetic field is electromagnetic radiation (EMR); it can be defined as a 
form of energy (photons) that is emitted and absorbed by charged particles and that travels 

CHAPTER	1	
General	introduction	
Background	of	the	mobile	phone	

‘We	 won!’	 shouted	 the	 Greek	 soldier	 Pheidippides	 in	 490	 BC	 after	 he	 had	 run	 nonstop	 from	 the	
battlefield	of	Marathon	to	Athens.	According	to	legend,	after	delivering	the	message	to	the	people	of	
Athens,	 Pheidippides	 collapsed	 and	 died.	 In	 those	 days,	 quickly	 sending	 a	 message	 over	 a	 large	
distance	 was	 not	 easy,	 not	 without	 apparent	 danger	 to	 the	 messenger’s	 health	 or	 life!	
Communication	 is	 an	essential	 part	 of	 (human)	 life,	 and	 thus,	many	 studies	 and	experiments	have	
been	 conducted	 to	 develop	 easier	 ways	 of	 sending	 a	 message	 from	 one	 place	 to	 another.	 After	
centuries	of	mainly	direct	verbal,	nonverbal	and	written	communication,	Scottish	inventor	Alexander	
Graham	Bell	patented	the	telephone	in	1876.	It	was	the	first	device	which	enabled	people	to	speak	to	
each	 other	 across	 large	 distances.	 Appropriately	 enough,	 the	word	 telephone	 originates	 from	 the	
Greek	language:	τήλε	(tèle)	means	‘far’	and	φωνή	(phónè)	means	‘sound’.	

The	traditional	telephone	was	(and	is)	physically	connected	to	the	telephone	network	with	the	use	of	
wires.	Soon,	the	need	for	a	portable	phone	arose	so	that	people	could	talk	to	others	from	anywhere.	
The	 first	mobile	 phone	 call	 with	 an	 apparatus	which	 is	 comparable	 to	what	 is	 now	 known	 as	 the	
mobile	phone	was	made	in	1973.	Martin	Cooper,	a	Motorola	researcher	and	executive,	walked	down	
a	New	York	street	while	talking	on	the	phone.	This	device	weighed	about	one	kilogram	and	was	given	
the	 nickname	 ‘the	 brick’	 (1).	 Subsequently,	 mobile	 phones	 developed	 rapidly,	 and	 in	 2015,	 there	
were	more	 than	 seven	 billion	mobile	 phone	 subscriptions	worldwide	 (2).	 From	 2001	 to	 2015,	 the	
proportion	 of	 the	 world	 population	 covered	 by	 the	 second	 generation	 (2G)	mobile	 network	 grew	
from	58%	to	95%.	Additionally,	broadband	networks	(third	generation	[3G]	or	above)	now	reach	84%	
of	the	global	population	(3).	

Parallel	 to	 this	 expansion,	 the	 application	 of	 radiofrequency	 electromagnetic	 fields	 (RF-EMF)	
increased;	 this	was	necessary	 to	make	 the	 increased	mobile	phone	 traffic	possible.	RF-EMF	will	be	
mentioned	several	times	in	this	thesis.	Some	background	information	on	this	physical	phenomenon	
by	which	mobile	phones	function	is	provided	here.	

In	 1865,	 another	 Scot,	 James	Clerk	Maxwell,	 described	
the	 electromagnetic	 theory	 for	 the	 first	 time	 in	 ‘A	
dynamical	 theory	 of	 the	 electromagnetic	 field’	 (4).	 He	
demonstrated	 that	 electric	 and	 magnetic	 fields	 travel	
through	 space	 in	 the	 form	 of	 waves	 at	 the	 constant	
speed	of	light	in	a	vacuum.	An	electromagnetic	field	is	a	
field	 in	which	electric	current	 flows	and	 is	measured	 in	
amperes	 per	 meter	 (A/m).	 It	 extends	 indefinitely	

throughout	space	and	is	one	of	the	four	fundamental	forces	of	nature.	A	particular	form	of	the	more	
general	 electromagnetic	 field	 is	 electromagnetic	 radiation	 (EMR);	 it	 can	 be	 defined	 as	 a	 form	 of	
energy	(photons)	that	is	emitted	and	absorbed	by	charged	particles	and	that	travels	through	material	
or	through	space	in	a	wave-like	form.	EMR	is	classified	by	the	frequency	of	its	waves.	The	wavelength	
varies	from	very	short	waves	which	are	smaller	than	atom	nuclei	to	long	waves	that	are	comparable	
to	the	size	of	buildings.	The	following	types	of	EMR	can	be	approximately	distinguished	 in	order	of	
increasing	frequency	and	decreasing	wavelength:	radio	waves,	microwaves,	infrared	radiation,	visible	
light,	ultraviolet	radiation,	X-rays	and	gamma	rays.	

The	 frequency	 of	 EMR	 determines	 its	 behaviour.	 Lower	 frequencies	 have	 longer	wavelengths	 and	

higher	 frequencies	 have	 shorter	 wavelengths.	 According	 to	 the	 formula	 ! = ℎ$ = 	 &'( 	
(where	!=	energy,	ℎ	 =	 Planck’s	 constant,	$	 =	 frequency	of	 the	wave,	)	 is	wavelength	and	*	 =	 the	
speed	of	 light),	high	 frequency/short	wavelength	 types	of	 radiation	are	associated	with	photons	of	
higher	 energy.	 When	 EMR	 interacts	 with	 matter,	 its	 frequency	 changes	 and	 electric	 currents	 are	
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through material or through space in a wave-like form. EMR is classified by the frequency 
of its waves. The wavelength varies from very short waves which are smaller than atom 
nuclei to long waves that are comparable to the size of buildings. The following types of 
EMR can be approximately distinguished in order of increasing frequency and decreasing 
wavelength: radio waves, microwaves, infrared radiation, visible light, ultraviolet radiation, 
X-rays and gamma rays.

The frequency of EMR determines its behaviour. Lower frequencies have longer 
wavelengths and higher frequencies have shorter wavelengths. According to the formula  
(where = energy,  = Planck’s constant,  = frequency of the wave,  is wavelength and  = the 
speed of light), high frequency/short wavelength types of radiation are associated with 
photons of higher energy. When EMR interacts with matter, its frequency changes and 
electric currents are spread out over the affected atoms. In electrical conductors, such 
as the antennas of a mobile phone, EMR is absorbed. These interactions produce electric 
currents, heat or both. At the high end of the ultraviolet range, the photon energy becomes 
large enough to part electrons from the atom (E > 10 eV and  < 124 nm, 33 eV is needed 
to ionize a water molecule). This process is called photo-ionization. EMR with these and 
smaller wavelengths are called ionizing radiation. Note that there are also other kinds of 
ionizing radiation made from nonelectromagnetic particles.

 

Figure 1. EMF spectrum (adapted from Schuz et al. (5))

In the mobile phone radiation literature, EMR is classified as RF-EMF, although mobile 
phones radiate both in the radio frequency as well as in the microwave range. At first, 
mobile phones used an analogue system for dialling. After generation zero (0G) and the 
first generation (1G) of mobile phone technology, the digital second generation (2G) 
technology, which worked more efficiently, came along. Most of these networks operated 
in the 900 or 1800 MHz band.

spread	out	over	the	affected	atoms.	In	electrical	conductors,	such	as	the	antennas	of	a	mobile	phone,	
EMR	is	absorbed.	These	interactions	produce	electric	currents,	heat	or	both.	At	the	high	end	of	the	
ultraviolet	range,	the	photon	energy	becomes	large	enough	to	part	electrons	from	the	atom	(E	>	10	
eV	 and	 )	 <	 124	 nm,	 33	 eV	 is	 needed	 to	 ionize	 a	 water	 molecule).	 This	 process	 is	 called	 photo-
ionization.	EMR	with	these	and	smaller	wavelengths	are	called	ionizing	radiation.	Note	that	there	are	
also	other	kinds	of	ionizing	radiation	made	from	nonelectromagnetic	particles.	
	

	 	
Figure	1.	EMF	spectrum	(adapted	from	Schuz	et	al.	(5))	

	
In	the	mobile	phone	radiation	literature,	EMR	is	classified	as	RF-EMF,	although	mobile	phones	radiate	
both	 in	 the	 radio	 frequency	 as	 well	 as	 in	 the	 microwave	 range.	 At	 first,	 mobile	 phones	 used	 an	
analogue	 system	 for	 dialling.	 After	 generation	 zero	 (0G)	 and	 the	 first	 generation	 (1G)	 of	 mobile	
phone	 technology,	 the	 digital	 second	 generation	 (2G)	 technology,	 which	 worked	more	 efficiently,	
came	along.	Most	of	these	networks	operated	in	the	900	or	1800	MHz	band.	
Next,	3G	was	developed.	Unlike	2G,	3G	transmits	data	in	megabytes	per	second	instead	of	kilobytes	
per	 second,	 which	 makes	 it	 easier	 to	 use	 for	 multimedia	 purposes.	 Most	 3G	 networks	 in	 Europe	
operate	 in	 the	 2100	MHz	 frequency	band.	 4G	 is	 able	 to	 transmit	more	data	 compared	 to	 3G.	 The	
frequency	 bands	 in	 which	 it	 operates	 are	 those	 of	 800	MHz,	 1800	MHz	 and	 2600	MHz.	 The	 fifth	
generation	is	being	developed	and	used	as	well,	but	it	is	not	being	used	by	the	general	public	yet.	It	is	
projected	to	be	available	by	2025.	
The	energy	of	RF-EMF	produced	by	mobile	phones	 is	absorbed	by	human	tissue.	The	rate	at	which	
energy	 is	absorbed	per	unit	of	biological	 tissue	 is	denoted	by	the	 ‘specific	absorption	rate’	 (SAR)	 in	
watts	per	kilogram	(W/kg).	The	SAR	value	is	different	for	every	mobile	phone.	For	EMR	up	to	10	GHz	
and	 averaged	 over	 a	 six-minute	 period,	 the	 International	 Commission	 on	 Non-Ionizing	 Radiation	
Protection	has	recommended	a	SAR-limit	of	0.08	W/kg	average	for	the	entire	body	and	a	SAR-limit	of	
2W/kg	average	for	the	head	(6).	These	values	are	maintained	by	many	European	countries,	but	some	
countries,	like	the	United	States,	maintain	lower	values.	In	some	countries,	like	Germany	and	France,	
the	government	advises	the	public	on	how	to	use	a	mobile	phone,	whereas	 in	other	countries,	 the	
government	does	not.	This	advice	most	often	contains	the	message	that	(young)	children	should	not	
be	exposed	to	mobile	phones.	There	is	no	consent	about	whether	or	not	preventive	measures	should	
be	taken	or	what	the	best	preventive	measures	are.	
	
Concerns	about	health	
After	 the	 invention	 of	 the	 mobile	 phone,	 which	 matched	 the	 need	 for	 a	 portable	 far	 distance	
communication	tool,	and	the	development	of	many	applications	for	this	device,	critical	voices	have	
been	raised	about	its	possible	side	effects:	Are	there,	like	there	was	for	Pheidippides	in	ancient	times,	
health	risks	inherent	to	this	modern	method	of	communication?	
The	question	is	why	critical	voices	arose	regarding	the	seemingly	innocent	act	of	making	a	phone	call.	
As	mentioned	before,	several	types	of	radiation	exist.	Natural	background	radiation	is	a	phenomenon	
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Next, 3G was developed. Unlike 2G, 3G transmits data in megabytes per second instead 
of kilobytes per second, which makes it easier to use for multimedia purposes. Most 3G 
networks in Europe operate in the 2100 MHz frequency band. 4G is able to transmit more 
data compared to 3G. The frequency bands in which it operates are those of 800 MHz, 
1800 MHz and 2600 MHz. The fifth generation is being developed and used as well, but it is 
not being used by the general public yet. It is projected to be available by 2025.

The energy of RF-EMF produced by mobile phones is absorbed by human tissue. The 
rate at which energy is absorbed per unit of biological tissue is denoted by the ‘specific 
absorption rate’ (SAR) in watts per kilogram (W/kg). The SAR value is different for 
every mobile phone. For EMR up to 10 GHz and averaged over a six-minute period, the 
International Commission on Non-Ionizing Radiation Protection has recommended a SAR-
limit of 0.08 W/kg average for the entire body and a SAR-limit of 2W/kg average for the head 
(6). These values are maintained by many European countries, but some countries, like the 
United States, maintain lower values. In some countries, like Germany and France, the 
government advises the public on how to use a mobile phone, whereas in other countries, 
the government does not. This advice most often contains the message that (young) 
children should not be exposed to mobile phones. There is no consent about whether or 
not preventive measures should be taken or what the best preventive measures are.

Concerns about health
After the invention of the mobile phone, which matched the need for a portable far 
distance communication tool, and the development of many applications for this device, 
critical voices have been raised about its possible side effects: Are there, like there 
was for Pheidippides in ancient times, health risks inherent to this modern method of 
communication?

The question is why critical voices arose regarding the seemingly innocent act of making 
a phone call. As mentioned before, several types of radiation exist. Natural background 
radiation is a phenomenon everybody is exposed to: cosmic rays are present everywhere, 
and there is natural radioactivity in food. In general, we cannot sense radiation: it cannot be 
seen, felt, heard, smelled or tasted. However, after 1945, when Little Boy and Fat Man, the 
atomic bombs which were dropped on Hiroshima and Nagasaki, the health effects of ionizing 
radiation became painfully visible. In the years after 26 April 1986, when the Chernobyl 
disaster – which was considered to be the worst nuclear power plant accident in history – 
took place, the world was again confronted with the destructive power of extremely high 
doses of ionizing radiation. Unfortunately, a comparable accident (the only other disaster 
to measure level 7 on the International Nuclear Event Scale (7)) happened recently in 2011, 
when the nuclear power plant in Fukushima was affected after the Tohoku earthquake 
and tsunami. Ionizing radiation in these doses led to proven direct DNA interactions or to 
genetic lesions due to the formation of highly reactive free radicals. Ionizing radiation is 
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most likely to induce DNA strand breaks. Because of these strand breaks, chromosomal 
rearrangements like deletions, additions, translocations and inversions can develop. Cell 
death or DNA repair can make these rearrangements disappear, but they can also lead to 
malignant transformations (8). The more common form of ionizing radiation, used in daily 
medical practice, is the X-ray. Nevertheless, this type of radiation also increases the risk of 
developmental problems and cancer. In particular, long-term exposure increases this risk 
(9). In conclusion, the harmful effect of ionizing radiation is generally acknowledged. 

The exact point where nonionizing radiation (NIR) becomes ionizing is debated. The 
energy of radiation particles is said to be greater than the ionization energy (the amount 
of energy required to remove an electron from that atom or molecule) of the target 
material. The atom becomes ionized (or charged) when it collides with ionizing radiation. 
This sounds straightforward, but there are difficulties with this explanation. One difficulty 
is that targets are rarely composed of one type of atom. Another difficulty pertains to the 
fact that sometimes only part of the energy is transferred to the target. A third difficulty is 
that the probability of photo-ionization increases in a long exposure scenario. Therefore, 
the term ionizing radiation is elastic, and it cannot be definitively stated that the process 
of photo-ionizing starts from wavelengths of a certain length, because this depends on 
several factors. Once it was acknowledged that this explanation, which offered a more or 
less dichotomous distinction, was not so straightforward, doubts about the innocence of 
radiation characterized by lower wavelengths were expressed, and the line of investigation 
on this topic had to be broadened.

The expansion of radiation research resulted in experiments with ultraviolet light, the 
direct adjacent spectral region (between 180 and 400 nm) to ionizing radiation. In the 
1970s, it had already been shown that a certain dose of ultraviolet radiation is associated 
with painful eyes, skin burns, skin aging and even skin cancer (10).

Types of radiation that are clearly below the so-called ‘ionizing threshold’ are called NIR. 
NIR can originate from various sources, from natural sources (e.g. sunlight) to man-made 
(e.g. mobile phones) ones (11). NIR is roughly divided into four regions: static electric and 
magnetic fields (0 Hz); extremely low frequency fields (> 0 Hz to 300 Hz); radiofrequency 
and microwave radiation (300 Hz to 300 GHz); and optical types of radiation, containing 
infrared (760 – 10 nm), visible light (400–760 nm) and ultraviolet (100–400 nm) (6, 11).

Like ionizing radiation, NIR is able to heat material. This heating causes electrons to move 
towards a higher energy state. This process, called excitation, brings the target material 
closer to its ionizing temperature. The heating effect of biological tissues by RF radiation 
is referred to as the ‘thermal effect’. A temperature change is usually well regulated 
in the body. It is not clear to what extent RF radiation is tolerated without subsequent 
adverse health effects. In addition to thermal effects, ‘nonthermal effects’ might also exist. 
Nonthermal effects refer to the direct and indirect possible effects of absorbed energy 
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inside biological tissue. However, there is no general understanding of the underlying 
mechanisms or processes that take place in the cells (11, 12).

In sum: ionizing radiation leads to the indisputable impairment of health. It is also clear 
that NIR is associated with biological effects (heating). However, it is still uncertain whether 
NIR (besides ultraviolet radiation) also causes adverse health effects.

The paragraph above mainly focused on the obvious adverse health effects of radiation. 
However, it should be noted that, despite these disturbing effects, the application of 
radiation can still be valuable in, for example, health care. Some examples of its use are 
the aforementioned X-rays as well as CT scans, laser utilities and radiotherapy (e.g. to bring 
carcinogenic processes to a halt).

Research investigating the effects of mobile phone radiation
The previous section ended with the unresolved issue of whether or not the broad spectrum 
of NIR may lead to adverse health effects. Research on the effects of mobile phones involves 
the more restricted range of RF radiation. As mentioned earlier, the biological effects of this 
type of radiation have been proven (13). It is important to note that biological effects do 
not necessarily lead to adverse health effects. RF radiation is produced by a large variety 
of sources, such as wireless networks, electricity pylons, radio and television broadcasting, 
pagers, satellite communication, radars, and microwaves. Additionally, the amount of RF 
radiation produced by mobile phones is increasing every day. It is important to find out how 
this constant, expanding exposure interacts with the human body and whether prolonged 
RF radiation exposure may result in (negative) health effects. Special interest in mobile 
phone research is justified, since a mobile phone is mostly carried on, and kept close, to 
the body, enabling optimal energy transfer. This probably explains the increasing number 
of publications on the effects of mobile phone radiation on several human systems.

To explore the research field, in the following section, a short overview will be given 
of the (hypothesized) general effects of mobile phone radiation on humans; the research 
conducted on carcinogenesis, infertility, electrophysiological research and behavioural and 
psychological research; and the effects of mobile phone radiation on children.

General effects on human body
Possible interactions between RF-EMF and molecules in biological systems are thought to 
take place once radiation is absorbed. This is why the above-mentioned SAR value was 
developed. However, the SAR value is difficult to determine when a diversity of factors is 
involved. The energy transfer, for example, depends on the composition of the human body 
and tissue, which is different for each individual. The SAR value of a certain mobile phone 
can best be interpreted as an indication of absorbed energy, and its value can be compared 
with other mobile phones. The well-known thermal effect is explained by dielectric heating. 

1
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The dielectric material (i.e. human tissue) heats up as a result of polar molecule rotations 
induced by the electromagnetic field. The body is able to deal with this type of heating, but 
the eyes are an exception, since they do not have a temperature-regulating mechanism 
and can thus be damaged by very high doses of RF radiation. An illustrative example is the 
formation of cataracts in rabbits (14). 

Besides this thermal effect, which is assumed to cause no harm, nonthermal effects are 
also suspected to exist (12, 15-23). In short, the nonthermal effects of NIR are thought 
to act as a trigger for cellular stress response and other protein changes due to reactive 
oxygen species, which could lead to DNA altering or change in tissue permeability. Further, 
other hypotheses exist for nonthermal effects, but this theory and several mechanisms 
within this theory have been described most frequently in the literature. To draw more 
definite conclusions about the nonthermal effects, however, more research is needed. It is 
important to note that thus far, no generally accepted mechanism for nonthermal effects 
exists.

Carcinogenesis research
A major concern is the possibility that RF-EMF is involved in the development of cancer. In 
addition to studies investigating the above-mentioned theories about how DNA damage 
can occur, a lot of epidemiological research has been conducted to investigate whether 
there is a causal relationship between the incidence of (brain) tumours and mobile phone 
use. The largest project to investigate this matter was carried out by the INTERPHONE 
Study Group. In this project, 13 countries used the same protocol to investigate whether 
glioma, meningioma and acoustic neuronoma were associated with mobile phone use (24, 
25). An association could not be demonstrated when all exposure levels were included. 
However, there was an indication of an increased risk of glioma at the highest exposure 
levels. Other studies did not find evidence for increased brain tumour risk due to mobile 
phone use at all (26-29). At the same time, there have also been studies which reported an 
association between long-term mobile phone use and the development of brain tumours 
(30-33). An increased risk of acoustic neuroma (benign tumour) has been found for people 
using a mobile phone for more than 10 years (34). Another observation has been made 
that mobile phone users are more likely to develop a tumour on the ‘dialling side’ of the 
head (30). 

Some critical notes with regard to the aforementioned studies are that their data do 
not give insight into long-lasting exposure (not longer than approximately 12 years). The 
patients in the studies were generally not exposed to mobile phones during childhood, and 
the mobile phone network and technology were different from the networks (3G and 4G) 
and technology currently in use.
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Infertility and its effects on offspring – Research 
An important part of mobile phone research is the effect of mobile phones on the reproductive 
system. Infertility is a worldwide problem which is associated with several environmental 
factors (35). Since many people tend to keep their standby mobile phone in their pocket, 
relatively close to the reproductive organs, the hypothetical link is plausible. Several animal 
studies using similar designs have been conducted with rats, mice and rabbits. A recent 
review has shown that sperm count and mobility decreased and oxidative stress increased 
in exposed rodents compared to control rodents (36). Human studies have focused on RF-
EMF’s effects directly on spermatozoa and on sperm parameters for men by contrasting 
mobile phone users and nonusers. The effects on spermatozoa were decreased motility, 
morphometric abnormalities and increased oxidative stress (20, 36-40). These outcomes are 
robust, and a meta-analysis has confirmed the effects (40). These abnormalities seem directly 
related to the duration of mobile phone usage. Another important concern is the issue of 
whether or not mobile phone usage can have prenatal (and postnatal) influences. There 
have been some indications that exposure leads to an increase in behavioural difficulties in 
children, although these associations might be due to confounding variables (41). 

Electrophysiological research
To gain further knowledge of the possible effects of mobile phone radiation on human 
health and to identify neurobiological mechanisms, the interference of radiation with brain 
activity (a complex electrophysiological network) is being studied. 

Electroencephalography (EEG) has been studied under mobile phone exposure in mainly 
two ways: resting EEG and sleep EEG. When investigating resting EEG, most studies have 
found rather consistent enhanced alpha activity (8–12 Hz) due to mobile phone exposure 
(42-45). However, other studies have not reported such effects (46, 47). 

Some studies have investigated whether event-related potentials (for example auditory) 
are processed differently under mobile phone exposure. No consistent findings exist (48-
50). One study investigated whether or not radiation itself can cause an event-related 
potential (51), and there were indications that this was indeed the case.

In 2011, a study showed that a 50-minute mobile phone exposure causes increased brain 
glucose metabolism in the region close to the antenna, which suggests excitability of the 
brain due to RF-EMF (52).

Furthermore, in studies on rat brains, a leakage of albumin into the brain via a permeated 
blood-brain barrier has been found, when the brain was exposed to EMR with a SAR value 
of 0.12 W/kg (53, 54).

Finally, other electrophysiological measures like heart rate, heart rate variability and 
skin resistance have shown trends towards change when a subject is exposed to mobile 
phones. However, no consistently significant changes due to mobile phone exposure were 
demonstrated in a review (55).

1
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Behavioural and psychological research
A lot of studies have been conducted in this, more psychological, area of research. The 
majority of studies focused on the question of whether or not mobile phone use leads 
to addiction/abuse. The problem with this type of research is the lack of clear concepts 
of abuse and addiction in relation to mobile phones. There are numerous instruments 
for the assessment of these concepts. As a result, there is a large variability in estimated 
prevalence, ranging from 0–38% according to a recent review of the literature (56-58). 
Low self-esteem is the personality trait most associated with addiction (56). Extraversion is 
associated with more extensive usage. The most commonly associated psychopathological 
symptom with mobile phone use is depression, and the other symptoms are stress and 
sleep disturbances (56, 59, 60). 

Research on children
Although rare, brain tumours are the second most common cancer type among children 
under the age of 15 (after leukaemia). Although no obvious increased risk of brain tumours 
have been found for users of mobile phones, most of these studies have been conducted 
with adults. A very important point is that the investigated adults were not exposed to 
mobile phones in childhood (when their brains and bodies were developing). Furthermore, 
because of, among other things, children’s thinner skulls, the relative SAR value tends to be 
higher in children than in adult brain tissue. The age at which people start using a mobile 
phone is decreasing. Fisher-Price has even designed a ‘drool-proof’ rattle–iPhone case that 
allows toddlers to play apps that have been especially developed for this age group. 

A recent review concluded that few studies on RF radiation exposure and its health effects 
on children have been conducted and that there are methodological limitations to the 
available studies. This prevents conclusions from being drawn about the causal effects of 
RF radiation exposure on health outcomes in children and adolescents (61). It is important 
to conduct further studies to obtain a more definite conclusion on the possible effects 
of RF radiation on children. Currently, a major study called MOBI-Kids is investigating the 
potential effects of childhood and adolescent exposure to EMF from mobile communication 
on brain tumour risk (62).

Current state of the literature
Remarkably, many of the research fields mentioned above contain proof of indeed an 
effect of mobile phones on health and proof of no effect on human health. Why is there no 
clear evidence yet? The variability in the results probably indicates that there are no large, 
overt, and evident effects in the short term. Negative health effects like brain tumours 
do not seem to appear in people after 10 years of intensive usage. Therefore, if there are 
health effects, they probably become apparent in the long term. Although 20 years sounds 
like a long period, the omnipresent existence of the mobile phone is a new phenomenon; 
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in fact, it is hardly a generation old. During the last 20 years, mobile phone technology has 
been continuously developing, making it difficult to compare a modern phone to a phone 
from, for example, 2000. Furthermore, not much longitudinal research on the topic exists. 
The longitudinal research that has been conducted hitherto has, as test subjects, used 
adults who did not use a mobile phone when they were children. The generation that use 
a mobile phone in their first years is yet to grow up. Another methodological, problematic 
issue is the lack of a good control group/condition in which subjects are not at all exposed 
to radiation. The final point that needs to be made here, because it can influence research 
outcomes, is the large percentage of sponsored research by the telecom industry in this 
field. In a systematic review conducted in 2007, it was found that studies (researching 
the effects of low-level radiofrequency radiation) funded exclusively by the industry were 
substantially less likely to report statistically significant effects on a range of end points that 
may be relevant to health compared to research without any such conflicts of interest (63). 

Aims and outline of this thesis 
The ultimate aim of the studies examined in this thesis and of this thesis itself is to gain 
more insight into the hypothesized effects of a mobile phone in the short term. Many 
research groups have focused on manifesting undisputed negative health effects such as 
brain tumours and addictive behaviour. Since these issues remain unresolved thus far, it 
has been considered opportune to investigate the existence of mobile phone use effects on 
human physiology and psychology on a more basic level. ECG and EEG are representatives 
of direct electrical human physiology and are considered to be adequate parameters to 
subject to mobile phone radiation. To overcome the controversies in mobile phone studies 
investigating electrophysiological parameters, it is considered worthwhile to contribute to 
this part of mobile phone research. To investigate an even more precise area of the EEG, 
this thesis focuses on whether or not a radiation peak can be detected in brain activity in 
the form of event-related potentials. On a psychological level, the experience sampling 
method (ESM) is a powerful tool to investigate subtle changes in affect (emotions) in the 
context of daily life. To our knowledge, the use of this structured diary method in which 
participants are asked to rate their feelings and circumstances in real time has not been 
attempted before to evaluate the influence of a mobile phone. 

Below, the research question for each chapter is described, and some information on the 
methodology is given.

Chapter 2 describes the outcome of a pilot study in which one test subject was tested 
during four sessions. The research question was whether dialling a mobile phone would 
cause a change in heart rate. Heart rate was measured using an electrode placed on 
the fifth intercostal space at the mid-clavicular line (V4). Setting up this first experiment 
involved trial and error. First, a radiation detector was deemed necessary to get insight 
into the radiation produced by an active mobile phone. Then, a connection between the 

1
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radiation detector and measurement equipment had to be established. Second, it was 
tested whether mobile phone radiation influenced the test set-up. A test experiment 
showed that mobile phone radiation did not have a direct effect on the analogue/digital 
converter of the amplifier. Third, the try-out phase continued with the search for an answer 
to a series of methodological questions such as the following: Which type of mobile phone 
should be used? What is the best location for a mobile phone? How to control radiation 
sources in one’s direct surroundings? How long should the exposure last? How to analyse 
the obtained data?

After the pilot study, the line of research was expanded and continued. In chapters 3 and 
4, the outcomes of the subsequent study are presented. EEG was added in this study. 
EEG implies a measurement of cortical electrical activity due to neuronal activity through 
electrodes placed on the skull. A comparable experimental design to the pilot study was 
used, but with the following important modifications: a sample size of 31 subjects, two 
sessions per subject instead of four and placement of the mobile phone on the chest and 
ear instead of the chest only. Data analysis showed that the detection of ECG characteristics 
(e.g. R-peaks) with the processing program was not accurate for some subjects. 
Additionally, a script for a more reliable detection did not result in a satisfactory detection 
rate. Therefore, only brain activity was used as the effect parameter. In addition to being 
used to study frequency bands, EEG can also be used to investigate so called ‘event-related 
potentials’ (ERP), in which cortical stimulus-processing is investigated. It was hypothesized 
in the study that a radiation peak (as detected by the radiation detector) can be considered 
as a stimulus. The question of whether a radiation peak results in a measurable ERP is 
described in chapter 4.

Since repeatedly measured physiological data are highly correlated, this interrelationship 
should be corrected. Consequently, an autoregressive covariance structure, modelled 
within multilevel regression analysis, was applied. Multilevel techniques also took the 
nested structure of the data into account (physiological data were nested within sessions, 
days and subjects). 
The following questions were investigated: 
1 Is EEG activity influenced by the presence of a dialling mobile phone? Based on the 

literature, an increase in alpha activity (8–13 Hz, associated with relaxed wakefulness) 
during exposure was expected.

2 Does the distance from the mobile phone to the brain (placement on the chest 
compared to placement on the ear) make a difference in the effect on EEG? 

3 Does a radiation peak cause an ERP?

In Chapter 5, a third experiment and its outcomes are described. Analyses of the previous 
experiment showed that entering the experimental room in between mobile phone 
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conditions had an effect on the electrophysiological activity of the subject. Entering the 
experimenting room was found undesirable. After discussing the methodology with others 
(physicians, technicians and the department’s statistician), a ‘definite’ third experiment was 
conducted. Exposure to a dialling phone and the control condition was remote controlled 
and was frequently and randomly alternated. A stronger proof of effect could thus be 
obtained. The main research question was as follows: Does the power of EEG frequency 
bands change because of a dialling mobile phone compared to a standby condition?

Chapter 6 addresses a very different area of mobile phone research. First, the relationship 
between smartphone use and positive/negative affect in daily life situations is addressed. 
The connection between this study and the previous one is the assessment of short-term 
and subtle, not directly visible, effects. In the three months during which the experiment 
was conducted, two healthy test subjects who did not consider their phone use to be 
problematic participated. In this study, ESM was applied: the subjects were asked 10 
times per day to record their present emotional and behavioural state using a mobile 
phone application. The central research question was whether increased phone usage is 
accompanied by higher scores on negative affect, lower levels of positive affect, and lower 
levels of concentration.

Chapter 7 contains a general critical retrospect on the studies mentioned above. 
Additionally, notes on how these studies should be placed within the research field and 
future directions with respect to mobile phone research will be explored.

1
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ABSTRACT 

Objectives: To investigate to what degree radiofrequency electromagnetic radiation, 
induced by a mobile phone placed on the chest, impacts cardiac rhythm.

Design: n=1, single blinded pilot study.

Setting: Academic hospital, Maastricht, the Netherlands.

Participants: One healthy female 24 years old participant.

Interventions: The participant underwent four experimental sessions, spread over four 
days. A session consisted of four consecutive minute conditions, three with a sham phone 
and one with a dialing mobile phone. The participant was blind for the condition. During 
each condition, per-millisecond electrocardiac activity (lead V4) and radiofrequency 
radiation was recorded jointly. 

Primary outcome measures: Heart rate. The association with radiation was analysed at 
two levels, (i) at macrolevel, based on averaged condition effects, and (ii) at microlevel, 
focusing on radiation peak-related effects within the exposure condition. 

Results: The macrolevel analysis clearly indicated that heart rate was lowered during the 
radiation exposure condition. The heart rate during the preceding and subsequent sham 
phone condition was respectively 1.014 beats/minute (p < 0.001) and 1.009 beats/minute 
(p < 0.001) higher compared to the radiation exposure condition. In order to conduct 
radiation-detector controlled microlevel analyses, 142 critical segments were identified, 
in which a radiation-free period was followed by a radiation peak. The heart rate during 
the radiation-free period showed a mean increase, whereas the radiation peak period was 
associated with a mean decrease in heart rate (time*period interaction: p=0.001). Thus, 
the macrolevel finding was confirmed at microlevel. 

Conclusions: Mobile phone radiation may impact heart rate, suggesting urgent further 
study to assess physiological safety parameters.
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INTRODUCTION 

The number of mobile phones and the amount of mobile phone usage has expanded 
massively in the last decennium. In 2011 there were 5.9 billion mobile phone subscriptions, 
whilst about 16.7 billion text messages were sent each day in 2010 (64). In addition to the 
basic phone function, many other functions have been developed, transforming mobile 
phones into multimedia devices. For young people, mobile phones have become an 
integrated part of everyday behavioural interactions. A less conspicuous statistic, showing 
a parallel increase, is the level of exposure to radiofrequency electromagnetic fields (RF-
EMF), necessary for mobile phone connections, particularly in densely populated countries. 
The electromagnetic field is classified according to wavelengths. It contains the following 
varieties of radiation: ionizing radiation, ultraviolet, visible light, infrared, radiofrequency 
(10 kHz-300 GHz, mobile phones are within this range) and extremely low frequencies. 
For ionizing radiation, the photon energy is large enough to knock out electrons from 
atoms and molecules. It is acknowledged that ionizing radiation leads to cellular damage 
in biological tissue. Lower frequencies of the electromagnetic spectrum are called ‘non-
ionizing radiation’. There is debate to what degree non-ionizing radiation may also induce 
biological changes. It has been demonstrated that electromagnetic fields from 100 kHz and 
higher cause a thermal, heating effect (13). Apart from thermal effects, mobile phone use 
may also induce non-thermal effects. Non-thermal effects refer to the possible direct and 
indirect effects of absorbed energy inside biological tissue. However, how these may be 
mediated at cellular level remains unclear (12). 

For thermal effects, the rate at which energy is absorbed per unit of biological tissue 
is known as the ‘specific absorption rate’ (SAR), expressed in watts per kilogram (W/kg). 
The International Commission on Non-Ionizing Radiation Protection has recommended a 
SAR-limit of 0.08 W/kg average for the entire body and a SAR-limit of 2W/kg average for 
the head. For electromagnetic radiation up to 10 GHz, the localized SAR averaging mass 
is any 10 grams of contiguous tissue, averaged over a 6 minute period (6). These values 
are maintained by several countries, but substantial differences exist between countries in 
public recommendations in relation to mobile phone use. 

As opposed to RF-EMF producing devices such as televisions and microwaves, the 
radiation caused by a mobile phone may be more invasive, as direct body contact with 
a mobile phone is the norm and the radiation the device emits is practically inescapable. 
In recent years, intense use of mobile phones has raised concerns about possible adverse 
health effects. The number of studies on this topic is increasing rapidly, with a primary 
focus on pathological effects, such as hypothesized carcinogenesis and infertility. However, 
despite the large body of work, results remain largely inconclusive due to contradictory 
findings. A possible explanation is that mobile phone radiation may not produce harmful 
health effects in the short term. However, possible adverse health effects, particularly 
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in the long-term, cannot be entirely discarded. In addition, the field is rife with possible 
conflicting interests (63). 

Within the broad spectrum of mobile phone radiation research, effects on electro-
physiological functioning have also been examined. Although a large number of studies 
exist on the effects on electroencephalography, relatively few studies have been performed 
to investigate the possible cardiovascular effects of RF-EMF. Given that the heart is a vital 
organ, the functions of which are subserved by electrically excitable tissue, more research 
is required to unequivocally assess its susceptibility to RF-EMF, particularly given the fact 
that phones often are carried in proximity to the heart. The hypothesis that RF-EMF has 
systemic effects on the autonomic nervous system has been voiced frequently (65-69), 
however the majority of studies investigating RF-EMF effects on heart rate (HR) showed 
non-significant results (66, 68-78). Nevertheless, an animal study as well as experiments 
on human subjects show a strong tendency towards lowering of the HR under RF-EMF 
exposure (55, 79, 80).

An important source of variability between studies concerns the use of different exposure 
methods. Whereas some studies use a continuously radiating module or a computer-
controlled cellular phone (68-70, 74-76, 78, 80), other studies use a regular mobile 
phone. Although a module may be preferred to exactly control the radiation exposure, 
it may not represent an accurate simulation of reality. To our knowledge, no studies have 
investigated a direct relationship between a radiation peak and the immediate subsequent 
change in cardiac function. In addition, effect analyses are regularly based on averaged 
radiation (condition) effects, whereas it may be argued that a more fundamental and 
important question is to what degree radiation peaks (caused by a mobile phone) impact 
on subsequent electrocardiac activity. A further issue is that consecutive heart rate values 
are strongly interdependent. In the analysis, this interdependency should be taken into 
account. 

A pilot study was set up to test the hypothesis whether radiation, induced by a mobile 
phone, causes a decrease in heart rate. In addition to the standard ‘macrolevel’ analysis 
(based on averaged condition effects), analyses were also carried out at ‘microlevel’ (i.e. 
radiation peak-related effects), taking into account interdependency among observations. 
This study was also intended to trial a new procedure for a larger programme of research.

MATERIALS AND METHODS 

Participant
The participant was a 24-year old healthy female, non-smoking, with a BMI of 21.7. The 
ECG was regular and there was no history of cardiac or nervous system disorders. 

The participant had used a mobile phone in the previous 9 years and had been using a 
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smart-phone over the last 10 months, with approximately 1 hour of mobile phone usage 
per day. 

On experimental days, no caffeine-containing beverages were used 3 hours before the 
start of the session. No alcohol was used during the 12 previous hours. At least 8 hours of 
sleep were ensured and care was taken that the participant’s private mobile phone was 
switched off the night before each experimental session. 

Experimental procedures 
The pilot study consisted of four sessions, each session taking place on a separate day. 
At each session, an ECG was administered using three electrodes: the first, lead V4, was 
placed in the fifth intercostal space at the mid-clavicular line, the second electrode was 
placed on the manubrium as a reference and the third ground-electrode was placed in the 
abdominal region on the right hand side. The electrodes were connected to a BrainAmp ExG 
amplifier (Brain Products). Both ECG- and radiation data were sampled with 1000Hz using 
Brain Vision Recorder software. As per the schedule shown in table 1, the participant was 
exposed to four consecutive conditions during each session: three with a sham phone, and 
one with a dialing mobile phone. In order to ensure blinding, the order of the conditions 
was variable and unknown to the participant, with two days during which the ‘dialing’ 
condition was second, and two days during which the ‘dialing’ condition was third. The 
experimenter changed the telephone every 15 minutes as per the schedule in table 1. At 
the end of each 15 minute condition, the experimenter entered the experimenting room to 
change the telephone according to the schedule in table 1. In the case of two consecutive 
sham phone conditions, the same procedure was followed. 

The telephone characteristics were as follows: 

• A ‘smartphone’ was used. During exposure conditions, the phone was dialled from a 
fixed line in another room. No sound was exchanged (mute settings), in order to ensure 
that the participant could not identify the dialing condition. 

• The frequency band was a combination of GPRS (general packet radio service, including 
the Global System for Mobile communication GSM) and UMTS (Universal Mobile 
Telecommunications System) - the default setting the phone. These bands operate in the 
following frequencies: GSM: 800-900 MHz and 1.8-1.9 GHz and UMTS: 1.9-2.2 GHz. 

• The SAR level was 0.353W/kg (81). 
• The sham phone was a non-functioning replica, of the same weight and the same 

characteristics as the smartphone. 

As described in the introduction, a real mobile phone was used as inductor of RF-EMF. The 
timing of radiation-peaks was detected with a radiation detector (type: HF59B, Gigahertz 
Solutions), connected to an omnidirectional antenna. This detector was connected from 
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the DC output with an auxiliary plug to the ExG-amplifier. The detector was placed in the 
upright position, 30 cm above the table (at which the participant was sitting) and 20 cm 
left from the participant. The phone was placed adjacent to the left side of the sternum, 
bordering the sternoclavicular joint at the caudal side, thus ensuring that there was no 
contact between the phone and the V4 lead. Previous testing experiments showed that 
there was no direct disturbing interference of the mobile phone impacting on either the 
V4 electrode or the amplifier (tested with a shielded and non-shielded electrode). The 
backside of the phone was placed on the skin. The phone was fixed using an elastic band. In 
order to maintain the participant’s alertness and to guarantee a relatively stable mood, she 
read affectively neutral sections of a book during the experiment. All experimental sessions 
were carried out in the afternoon. 

Table 1 Experimental design. The sequence was randomly defined by the experimenter to ensure blinding of the 

participant. In conditions labelled as ‘not used’, an identical sham telephone was placed in the same way as in the pre- 

and post-exposure conditions. 

ECG analysis 
ECG data were analysed offline with the software program Brain Vision Analyser 2.0. Data 
were filtered using a high cut-off filter of 40 Hz and a low cut-off filter of 0.5 Hz. R-peaks 
were detected by the program and manually checked. The SPSS dataset was constructed in 
such a way that each record contained one heartbeat (amplitude measured in microvolts 
and time measured in milliseconds), including the following related variables: (i) heart rate, 
estimated as the difference in milliseconds with the previous heartbeat and (ii) radiation 
intensity, calculated as the sum of radiation values over the previous thousand milliseconds. 

Statistical analysis 
Analyses were split into macro- and microlevel analyses, in which ‘macro’ refers to averaged 
condition effects (comparing pre-exposure (PRE), exposure (EXP) and post-exposure 
(POST)), and ‘micro’ refers to radiation peak-related electrophysiological effects. 

Macrolevel analysis 
A linear regression was used to compare the averaged condition effects. The dependent 
variable was the log10-transformed heart rate (log-HR). This transformation was performed 

 15 minutes 15 minutes 15 minutes 15 minutes

Day 1 and 4 Pre-exposure Exposure Post-exposure Not used

Day 2 and 3 Not used Pre-exposure Exposure Post-exposure 
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because of a positively skewed distribution. The categorical condition variable (PRE, EXP and 
POST) was recoded into two dummy variables which were used as predictor variables. As 
mentioned in the introduction, consecutive heart rate values are strongly interdependent. 
A time series analysis was performed to adjust for autocorrelation and to check whether 
the macrolevel effect of the linear regression would remain significant. Thus, a time series 
model, using an ARIMA structure with 10 lags of autocorrelation, with the two condition 
predictor variables, was carried out. 

Microlevel analyses 
Case-control radiation peak finding within EXP: For this analysis, radiation information 
was used. A mobile telephone does not produce and receive radiation continuously. In 
this analysis, radiation peaks within EXP were detected. In order to achieve this goal, a 
dichotomous radiation-peak-variable was computed. Within the exposure condition the 
radiation level of all records were recoded into a ‘0’ or a ‘1’. A value of ‘0’ represented a 
relatively low radiation level, a value of ‘1’ a radiation peak. The cut-off point for ‘0’ was 
a value lower than the mean radiation level (of all records) plus half a standard deviation. 
Higher radiation levels were recoded into a ‘1’. Identification of case-control elements 
was based on the finding of ‘0011’ patterns, in which’00’ stands for two consecutive ‘non-
radiated’ records, immediately followed by two ‘11’ peak-radiated records (see Figure. 1). 
This pattern was found 142 times over the four exposure sessions. 

For the statistical analysis, a within-subject ANOVA model for repeated measures was 
used. There were two within-subject factors, as depicted in Figure. 1: (i) ‘case-control’, 
contrasting the ‘00’ non-radiated records with the ‘11’ peak-radiated records and (ii) ‘time-
effect’: testing the time effect within the ‘00’ and ‘11’ (i.e. the effect from the first 0 to the 
second 0 and the first 1 to the second 1, respectively). The dependent variable was log-HR. 
The critical interaction to be tested was ‘case-control*time-effect’. 

 

Figure 1. ‘0011’ pattern. Horizontally, time passes by per heartbeat; the blue line represents an emerging radiation 

peak after a relatively low radiation level. The interaction of interest is the ‘case-control*time-effect’ (blue 00 11* green 

01 01).

	
Figure	 1.	 ‘0011’	 pattern.	Horizontally,	 time	 passes	 by	 per	 heartbeat;	 the	 blue	 line	 represents	 an	 emerging	

radiation	peak	after	a	relatively	low	radiation	level.	The	interaction	of	interest	is	the	‘case-control*time-effect’	

(blue	00	11*	green	01	01).		

	

Control	finding	within	PRE:	In	order	to	obtain	control	heartbeats	for	the	‘0011’	patterns	in	EXP	‘0000’,	
patterns	 were	 identified	 only	 in	 PRE	 (given	 that	 POST	 may	 be	 biased	 by	 EXP).	 The	 goal	 was	 to	

compare	 the	 ‘0011’	patterns	 from	EXP	with	 the	 radiation	 free	 ‘0000’	pattern,	derived	 from	PRE.	A	

‘0000’	pattern	represents	a	radiation	level	lower	than	the	median	radiation	value	in	four	consecutive	

records	in	the	PRE	condition.	In	order	to	balance	the	amount	of	controls	with	the	cases	(defined	as	

‘0011’	 found	 in	 EXP),	 a	 random	 sample	 of	 142	 ‘0000’	 patterns	 were	 used	 for	 the	 analysis.	 A	

comparable	within-subject	ANOVA	model	was	 used,	 but	with	 the	 inclusion	 of	 a	 between-subjects-

factor	 (‘condition’),	 contrasting	 EXP	 with	 PRE.	 The	 critical	 interaction	 to	 be	 tested	 was	 the	 ‘case-

control*time-effect*condition’.	

	

RESULTS		
	

Validity	of	radiation		

During	the	four	sessions,	level	of	radiation	in	the	experimenting	room	was	collected	with	the	aid	of	

the	 radiation	 detector.	 Figure	 2	 shows	 an	 overview	 of	 the	 level	 of	 radiation	 during	 the	 four	

experimental	sessions.	Radiation	activity	was	relatively	high	during	the	EXP	conditions.	Low	levels	of	

radiation	peaks	in	PRE	and	POST	are	likely	associated	with	unknown	background	radiation	processes	

including	 the	 elevator	 near	 the	 experimenting	 room	 and/or	 other	 mobile	 telephone	 users	 in	 the	

building.		
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Control finding within PRE: In order to obtain control heartbeats for the ‘0011’ patterns 
in EXP ‘0000’, patterns were identified only in PRE (given that POST may be biased by 
EXP). The goal was to compare the ‘0011’ patterns from EXP with the radiation free ‘0000’ 
pattern, derived from PRE. A ‘0000’ pattern represents a radiation level lower than the 
median radiation value in four consecutive records in the PRE condition. In order to balance 
the amount of controls with the cases (defined as ‘0011’ found in EXP), a random sample of 
142 ‘0000’ patterns were used for the analysis. A comparable within-subject ANOVA model 
was used, but with the inclusion of a between-subjects-factor (‘condition’), contrasting EXP 
with PRE. The critical interaction to be tested was the ‘case-control*time-effect*condition’.

RESULTS 

Validity of radiation 
During the four sessions, level of radiation in the experimenting room was collected with 
the aid of the radiation detector. Figure 2 shows an overview of the level of radiation 
during the four experimental sessions. Radiation activity was relatively high during the 
EXP conditions. Low levels of radiation peaks in PRE and POST are likely associated with 
unknown background radiation processes including the elevator near the experimenting 
room and/or other mobile telephone users in the building. 

Figure 2. Overview of radiation levels over four days of testing.  

Over the four sessions, the mean time distance between radiation peaks was 25.6 seconds (SD = 23.6 sec). The mean 

duration of a radiation peak was 2.5 seconds (SD = 3.1).

	
Figure	2.	Overview	of	radiation	levels	over	four	days	of	testing.		
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Macrolevel	analysis		

Compared	to	EXP,	the	mean	HR	in	PRE	was	1.014	beats	per	minute	higher	(95%	CI	1.009-1.019).	POST	

displayed	an	almost	 identical	 inversed	effect:	a	higher	mean	HR	of	1.009	beats	per	minute	(95%	CI	

1.007-1.014),	compared	to	EXP.	The	regression	model	with	the	two	dummy	variables	was	significant	
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Macrolevel analysis 
Compared to EXP, the mean HR in PRE was 1.014 beats per minute higher (95% CI 1.009-
1.019). POST displayed an almost identical inversed effect: a higher mean HR of 1.009 beats 
per minute (95% CI 1.007-1.014), compared to EXP. The regression model with the two 
dummy variables was significant (F= 27.5, p < 0.001; R Square = 0.004). The dummy variable 
contrasting PRE vs. EXP had a t-value of 7.1 (p < 0.001) and the dummy variable contrasting 
POST vs. EXP had a t-value of 5.2 (p < 0.001). Figure 3 shows the mean estimated HR for 
each of the three conditions. 

Figure 3. Estimated heart rate values for the three conditions

A strong interdependency between heart beats was apparent; for example, the correlation 
with lag1 heart rate was > 0.9. Therefore, the regression assumption of independence of 
observations was not fulfilled. A time series model, using an ARIMA structure with 10 lags 
of autocorrelation and the two condition predictor variables was carried out. The results of 
this analysis indicated that the condition effects obtained by the linear regression analysis 
remained significant: the estimated HR in PRE was 1.0 beats per minute higher compared 
to EXP (t-value = 3.7; p < 0.001) and POST was 1.0 beats per minute higher than EXP (t-value 
= 4.7; p < 0.001). 

The residuals of two models, as provided by the SPSS output, with and without the 10 
lags of autocorrelation, are depicted in Figure. 4. It is evident that the residuals deviate less 
from zero in the corrected model compared to the original model, thus demonstrating the 
surplus value of the autoregressive model. 
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Figure	4.	Residual	plots	without	and	with	correction	for	autocorrelation.	ACF:	autocorrelation	function,	UCL:	

upper	confidence	limits,	LCL:	lower	confidence	limits	for	the	values	(95%).		
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Figure 4. Residual plots without and with correction for autocorrelation. ACF: autocorrelation function, UCL: upper 

confidence limits, LCL: lower confidence limits for the values (95%). 

Microlevel analyses 
Case-control radiation peak finding within EXP: The mean values for the 0011 pattern are 
displayed in Figure. 5, indicating that the no-radiation period (‘00’) showed an increase in 
heart rate, whereas the radiation period (‘11’) demonstrated a decrease. The hypothesized 
time-effect*case-control interaction (as explained earlier), differed significantly (F(Hotelling’s 
Trace)= 10.5; p = 0.001), between case and control observations. 
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Microlevel	analyses		

Case-control	radiation	peak	finding	within	EXP:	The	mean	values	for	the	0011	pattern	are	displayed	in	

Figure.	5,	indicating	that	the	no-radiation	period	(‘00’)	showed	an	increase	in	heart	rate,	whereas	the	

radiation	 period	 (‘11’)	 demonstrated	 a	 decrease.	 The	 hypothesized	 time-effect*case-control	

interaction	 (as	 explained	 earlier),	 differed	 significantly	 (F(Hotelling’s	 Trace)=	 10.5;	 p	 =	 0.001),	

between	case	and	control	observations.		

	
Figure	5.	Microlevel	analysis	in	EXP:	mean	heart	rates	in	a	0011	pattern.		

	

Control	finding	within	PRE:	Figure	6	displays	the	mean	values	for	the	0011	pattern	in	EXP	(red	line),	

compared	 to	 the	 ‘0000’	 pattern	 in	 PRE	 (blue	 line).	 The	 time	 course	 of	 the	 four	 radiation-free	

moments	 in	 PRE	 was	 different	 from	 the	 ‘0011’	 pattern.	 The	 critical	 time-effect*case-

control*condition	 interaction	 indicated	 significant	 differences	 between	 case	 and	 control	

observations	(F(Hotelling’s	Trace)	=	8.5;	p	=	0.004).		

Figure 5. Microlevel analysis in EXP: mean heart rates in a 0011 pattern.
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Control finding within PRE: Figure 6 displays the mean values for the 0011 pattern in EXP 
(red line), compared to the ‘0000’ pattern in PRE (blue line). The time course of the four 
radiation-free moments in PRE was different from the ‘0011’ pattern. The critical time-
effect*case-control*condition interaction indicated significant differences between case 
and control observations (F(Hotelling’s Trace) = 8.5; p = 0.004). 

DISCUSSION 

In this pilot study a significant drop in heart rate, due to the placement of a dialling mobile 
phone on the chest, was found, thus confirming the hypothesis. Compared to the sham 
phone condition in the preceding 15 minutes, heart rate was lowered with approximately 
one beat per minute during the radiation condition. Heart rate returned to approximately 
the same level as before the radiation exposure in the subsequent sham phone condition. 
The results of the microlevel analyses were in line with the macrolevel finding that heart 
rate drops after the onset of a radiation peak. The macrolevel effect remained significant 
after correction for the autoregressive nature of the heart rate data. 

A significantly lowered heart rate under RF-EMF exposure has also been reported in a 

	
Figure	6.	Microlevel	analysis	contrasting	PRE	and	EXP.	Mean	heart	rates	in	a	0011	vs.	0000	pattern.	

	

DISCUSSION		

	

In	this	pilot	study	a	significant	drop	in	heart	rate,	due	to	the	placement	of	a	dialling	mobile	phone	on	

the	chest,	was	found,	thus	confirming	the	hypothesis.	Compared	to	the	sham	phone	condition	in	the	

preceding	15	minutes,	heart	 rate	was	 lowered	with	approximately	one	beat	per	minute	during	 the	

radiation	 condition.	 Heart	 rate	 returned	 to	 approximately	 the	 same	 level	 as	 before	 the	 radiation	

exposure	 in	 the	 subsequent	 sham	phone	 condition.	 The	 results	 of	 the	microlevel	 analyses	were	 in	

line	 with	 the	 macrolevel	 finding	 that	 heart	 rate	 drops	 after	 the	 onset	 of	 a	 radiation	 peak.	 The	

macrolevel	 effect	 remained	 significant	 after	 correction	 for	 the	 autoregressive	 nature	 of	 the	 heart	

rate	data.		

A	significantly	lowered	heart	rate	under	RF-EMF	exposure	has	also	been	reported	in	a	study	on	rats	

(79)	and	in	a	Finnish	study	on	human	subjects	(using	by	a	900	MHz	mobile	phone)	(80).	Although	the	

authors	of	 the	 latter	study	attributed	the	observed	 lowered	heart	 rate	to	 initial	“mental	strain	and	

nervousness	 of	 the	 volunteers”,	 their	 observed	 decrease	 might	 in	 fact	 be	 due	 to	 mobile	 phone	

radiation.	This	alternative	explanation	would	then	be	 in	accordance	with	the	results	of	 the	present	

study.	 However,	 the	 effect	 of	 a	 decrease	 in	 heart	 rate	 in	 this	 n=1	 study,	 due	 to	 mobile	 phone	

radiation,	needs	to	be	placed	into	perspective	since	the	majority	of	studies	(66,	68-78)	did	not	report	

large	or	significant	effects.	Nevertheless,	in	a	recent	meta-analysis	on	this	topic,	the	direction	of	the	

effect,	albeit	statistically	 inconclusive,	 is	towards	 lower	heart	rate	 in	association	with	mobile	phone	

radiation	(55).		

Figure 6. Microlevel analysis contrasting PRE and EXP. Mean heart rates in a 0011 vs. 0000 pattern.
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study on rats (79) and in a Finnish study on human subjects (using by a 900 MHz mobile 
phone) (80). Although the authors of the latter study attributed the observed lowered 
heart rate to initial “mental strain and nervousness of the volunteers”, their observed 
decrease might in fact be due to mobile phone radiation. This alternative explanation 
would then be in accordance with the results of the present study. However, the effect 
of a decrease in heart rate in this n=1 study, due to mobile phone radiation, needs to be 
placed into perspective since the majority of studies (66, 68-78) did not report large or 
significant effects. Nevertheless, in a recent meta-analysis on this topic, the direction of 
the effect, albeit statistically inconclusive, is towards lower heart rate in association with 
mobile phone radiation (55). 

In order to compare the results of the present study with those from others, it should 
be noted that the methodology of the present study differs in several aspects. First, in the 
current study, the mobile phone was placed on the chest instead of the ear. This placement 
in the proximity to the heart may have increased the effect size (and thus the significance 
level). Second, in contrast to all other studies, this study was based on the data of a single 
participant. Although each of the four experimental days contained one exposure and 
two sham conditions, there was no between-subject factor. Third, the RF-EMF exposure 
condition in this study was always directly preceded and followed by a sham condition, 
whereas in other studies the sham-condition was regularly performed on a separate day. 
Fourth, with respect to data analysis, the current study also focused on immediate radiation 
peak (microlevel) effects, which may represent a more sensitive way to detect radiation-
related impact on heart rate. 

A possible mechanism for the observed drop in heart rate has been proposed in the 
literature, suggesting that RF-EMF may activate the autonomic nerve system resulting in 
a slow diastolic depolarization (65, 66, 68, 69, 82). The microlevel finding of an increase 
in heart rate directly preceded by radiation peaks (see Figure. 5) could be explained as a 
‘compensatory’ effect for the decrease in heart rate caused by earlier radiation peaks. Both 
the direct radiation peak effect as well as the compensating effect were absent (Figure. 
6 even suggests a trend in the opposite direction) in the PRE phase, thus providing more 
support for the notion of a genuine radiation peak effect in the EXP phase. 

The observed heart rate effect needs to be interpreted in a clinical perspective. Although 
the effect is significant, the short reversible change of one beat per minute unlikely 
represents a large or clinically relevant change in healthy individuals in the short term. 
The goal of this pilot study was not to demonstrate risk, but to investigate whether there 
are electrocardiac changes at all. The results indicate that more research is required to 
examine long-term effects. It is also recommended to investigate the effects of mobile 
phone radiation in specific (vulnerable) subgroups, such as children(61). 

Limitations Some critical limitations require consideration. First, the fact that the 
reported results are based on a n=1 sample restricts the generalisability of the findings. A 
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replication study with a larger sample size is necessary. Significant findings may be due to 
a (relatively) high susceptibility to RF-EMF of the participant (74, 75, 78, 80, 83). Although 
the participant in the current study did not report RF-EMF sensitivity (headaches or other 
complaints) it cannot be ruled out that individual susceptibility played a role. Another 
critical issue is the fact that this study was single blinded. It is, however, unlikely that the 
non-blindness of the experimenter influenced the results. Third, as can be seen in Figure. 
2, radiation level decreased over the four days of testing. A post-hoc explanation may be 
that this effect was due to randomly different occupation of the telecom network over the 
four days. A final critical aspect pertains to the chosen setting of the frequency band GPRS/
UMTS. This setting was chosen because it mimics real phone usage. As a consequence, 
however, the exact frequency in which radiation took place was unknown (although the 
exact timing of radiation was). 

Future studies are required to further explore the interference of RF-EMF with human 
physiology. Within the field of electrophysiology, heart rate variability, EEG and respiratory 
rate would be interesting parameters to explore RF-EMF influence on the autonomic 
nervous system. Another aspect to elaborate further is the microlevel technique of 
analysis. In order to unravel microlevel peak-related radiation effects, a radiation detector 
is indispensable. Finally, because of its potentially global relevance, it is important to set up 
longitudinal studies to examine whether there are also long-term effects of RF-EMF. 
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ABSTRACT

The aim of this study was to investigate whether a 15-minute placement of a 3G dialing 
mobile phone causes direct changes in EEG activity compared to the placement of a sham 
phone. Furthermore, it was investigated whether placement of the mobile phone on the ear 
or the heart would result in different outcomes. Thirty-one healthy females participated. 
All subjects were measured twice: on one of the two days the mobile phone was attached 
to the ear, the other day to the chest. In this single-blind, cross-over design, assessments 
in the sham phone condition were conducted directly preceding and following the mobile 
phone exposure. During each assessment, EEG activity and radiofrequency radiation were 
recorded jointly. Delta, theta, alpha, slowbeta, fastbeta, and gamma activity was computed. 
The association between radiation exposure and the EEG was tested using multilevel 
random regression analyses with radiation as predictor of main interest. Significant 
radiation effects were found for the alpha, slowbeta, fastbeta, and gamma bands. When 
analyzed separately, ear location of the phone was associated with significant results, 
while chest placement was not. The results support the notion that EEG alterations are 
associated with mobile phone usage and that the effect is dependent on site of placement. 
Further studies are required to demonstrate the physiological relevance of these findings.
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INTRODUCTION

Mobile phone usage has become an integrated part of modern society. In recent years, 
number and level of usage of mobile phones has increased rapidly. In 2013, 6.8 billion 
mobile phone subscriptions were registered (84). In recent years, new technology of 3rd 
generation (3G) or universal mobile telecommunication system (UMTS), using the 1.9 – 
2.1 GHz frequency band has been introduced, followed by the 4th generation. Although 
there are some worries (85) about the potential negative effects of RF-EMF on health, 
large sections of the population are avid customers. The number of studies investigating 
whether or not RF-EMF has adverse health effects has increased rapidly. The research field 
is broad since several areas are explored, ranging from carcinogenesis and infertility to 
basic effects on physiological parameters. In general, results are conflicting and inconclusive 
(86-89). While a number of studies demonstrate influence of radiation on health, others 
cannot replicate these findings. Nevertheless, the International Agency for Research on 
Cancer concluded that there is “limited evidence in humans” and in 2011 it was decided 
to classify mobile phone radiation in group 2B - possibly carcinogenic (85). In contrast, 
the 2012 overview report of the Mobile Telecommunications and Health Research (MTHR) 
Programme concluded that there is no evidence of carcinogenic effects due to exposure to 
mobile phone signals (90). However, examining possible effects due to long-term exposure 
and the effects on other outcomes were suggested as priority research areas. Also in the 
WHO Research Agenda for Radiofrequency Fields of 2011, “provocation studies to identify 
neurobiological mechanisms underlying possible effects of RF on brain function, including 
sleep and resting EEG” are considered to have a high priority (91). 

The effects of mobile phone radiation on electroencephalography (EEG) have been 
studied since the mid-nineties (92). There are a number of studies which have investigated 
the effects of mobile phone radiation on resting EEG, on sleep EEG, on the performance 
of cognitive tasks, and on event related potentials (ERP) of conscious sensory stimuli. 
Apart from a relative consistent finding (42-44, 92-95) of an increased power in the alpha 
band, no consistent results have been reported. A possible contributing factor to these 
varying results may be found in the diversity of designs and in the statistical analyses. Some 
examples are: type of exposure (network 2G/3G and a real mobile phone versus a radiating 
module), duration of exposure (ranging from minutes to several hours), and statistical tests 
(parametric versus non-parametric tests). Apart from these methodological aspects, it 
has been suggested that source of funding might influence the results (63). It has been 
shown that 87% of brain activity studies are sponsored by the mobile phone industry (87). 
Although this does not necessarily imply that the results of these articles are biased, the 
issue of conflict of interest cannot be neglected.

To shed further light on this topic, it was decided to set up a basic experiment to investigate 
whether EEG is influenced by mobile phone radiation. The focus on EEG as the dependent 
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variable was deliberate since functioning of brain tissue is based on electrochemical 
processes (96) and interference by an electromagnetic device (mobile phone) placed 
directly against the head is, from a physical point of view, very likely to occur. Despite this 
plausible physical interference mechanism, adverse effects are rarely reported. 

Before setting up the experiment, several methodological issues were considered. First, 
in most studies a control session was included on a separate day (43, 44, 94, 95, 97). It is 
known, however, that resting EEGs can differ across days, even without any intervention 
(98). Therefore, it was decided to compare an exposure condition with two control 
measurements, directly preceding and following the exposure condition. In addition, a 
control-exposure-control session was conducted on two different days in order to test 
whether the location of placement of the mobile phone might be of influence. Apart from 
the obvious placement of the mobile phone on the ear, it was decided to also place the 
phone on the chest. Any differences in outcome between placement locations may be 
informative about a working mechanism. Third, an actual mobile phone was used instead 
of a GSM module or other method to simulate mobile phone radiation. This decision was 
made to represent reality as accurately as possible. In order to ensure that the radiation 
did not have a direct effect on the measurement equipment, shielded EEG electrodes 
were used. Finally, multilevel random regression analysis was used instead of ANOVA 
techniques. The main reason is that EEG data show hierarchical clustering in at least four 
levels: subjects, sessions, conditions and EEG segments. Multilevel regression analysis also 
allows modulation of random effects (regression coefficients may vary between subjects) 
as well as the incorporation of an autoregressive covariance structure (since consecutive 
EEG segments are highly correlated).

Two a priori hypotheses were tested. Based on existing literature, an increase in alpha 
activity during exposure was expected. Second, because of the smaller distance to the 
brain, the influence on the EEG of radiation was expected to be larger with ear placement 
as compared to chest placement.

MATERIALS AND METHODS

Participants
Thirty-one female participants (mean age of 26.7 years; SD=8.5), non-smoking, and without 
a medical history of cardiac or nervous system disorders were included. Four hours prior to 
the start of the session, no caffeine-containing beverages were used. No alcohol was used 
in the preceding 12 hours and sufficient night rest was ensured. After reading a document 
with detailed information about the study and having discussed any possible concerns 
with the researcher, subjects gave their verbal and written informed consent. Complete 
participation was compensated with €50,-.
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Experimental procedures
The study consisted of two sessions, each session taking place on a separate day, with a 
maximum of two days in between the two sessions. The experiments were conducted in 
an electrically non-shielded, room. The sequence of placement on the ear or heart was 
counterbalanced between the sessions. EEG was measured using shielded electrodes. 
Each shielded electrode had a separate ground plug, which was connected into a general 
ground-device. The following EEG electrodes were placed in accordance to the 10-20 
system (99): Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz, O1, and O2. All electrodes were fixed 
using conductive paste (29). A reference was placed on each ear lobe. To check for possible 
eye movements, an electro-oculogram (EOG) electrode was placed 1 centimetre under 
the midline of both eyes. The electrodes were connected to a BrainAmp amplifier (Brain 
Products). Impedances were maintained below 5 kΩ. Spike artefacts due to radiation, 
which are mentioned in other articles (87, 100), were not observed in the data. Both EEG 
and radiation data were sampled with 1000 Hz using Brain Vision Recorder software. Each 
participant was exposed to four consecutive conditions during each session, according 
to the schedule shown in Table 1. There were three conditions with a sham phone, and 
one condition with a dialling mobile phone. The experimenter entered the room at the 
end of each 15 minute condition to change the phone. During this exchange of phones, 
no electrophysiological measurements took place. In the case of two consecutive sham 
phone conditions, the same procedure was followed (a second sham phone was placed). 
In order to ensure blinding, the order of the conditions was unknown to the participant, 
thus achieving a single-blind experiment. In one session, the ‘dialling’ condition was in the 
second quarter of an hour and in the other session the ‘dialling’ condition was in the third 
quarter. This sequence order was balanced over the subjects. Subjects were not aware of 
the different phones used.

Table 1. Experimental design

The sequence was randomly determined in order to ensure blinding of the participant. In conditions labelled as ‘not 

used’, an identical sham phone was placed in the same way as in the pre- and post-exposure conditions.

 15 minutes 15 minutes 15 minutes 15 minutes

Day 1 or 2 Pre-exposure Exposure Post-exposure Not used

 (PRE) (EXP) (POST)

Day 1 or 2 Not used Pre-exposure Exposure Post-exposure 

  (PRE) (EXP) (POST)
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Exposure
• A 3G smartphone was used. During exposure conditions, the phone was dialled from a 

fixed line in another room. No sound was exchanged (mute settings), and vibration mode 
was off, in order to ensure that the participant could not identify the dialling condition.

• The SAR level of the phone was reported as 0.69 W/kg (head) in the manual.
• The sham phone was a non-functioning replica of the same weight and the same 

characteristics as the functioning smartphone. The sham phone contained the same type 
of battery as the real phone and care was taken that the battery was inactive in the sham 
condition. In a pilot study before the start of the actual experiment, no evidence was 
found that participants could detect differences between the actual mobile phone and 
the sham phone. As a check, subjects were asked whether they noticed any differences 
between phone placements after each session in the experiment.

Radiation activity was detected with a radiation detector (HF59B, Gigahertz Solutions), 
connected to an omnidirectional antenna. This detector was connected (from the DC 
output) to the BrainAmp headbox with an auxiliary plug. The detector was placed in the 
upright position, 30 cm above the table (at which the participant was sitting) and 20 cm 
left from the participant. In one of the two sessions, the phone/sham-phone was placed 
directly onto the left ear, ensuring that there was no contact between the phone and the 
EEG electrodes. The position of the phone was comparable to a typical dialling position, 
in an angle of approximately 45 degrees. During the other session, the phone was placed 
adjacent to the left side of the sternum, bordering the sternoclavicular joint. Previous tests 
showed that there was neither a direct interference of the mobile phone radiation on the 
shielded electrodes nor on the internal ADC converter of the amplifier. The rear side of the 
phone was placed on the skin in both sessions. The phone was fixed using an elastic band.

In order to investigate radiation exposure, a Network Analyzer, Agilent Technologies, E5061B 
ENA Series, 5 Hz - 3 GHz was used. The frequency band operated in the following frequency: 
1.9291 to 1.9397 GHz. A radiation peak as measured with the radiation detector, equalled a 
power of approximately 10 dbm measured next to the ear with the Network Analyzer.

In order to maintain the participant’s alertness and to guarantee a relatively stable mood, 
participants watched an affectively neutral documentary about the development of the 
earth. All experimental sessions were performed between 09.00 and 17.00 o’clock.

Data reduction
EEG data was analysed offline with the software program BrainVision Analyzer 2.0 (Brain 
Products, München, Germany). Data were filtered using a high cut-off filter of 50 Hz and a low 
cut-off filter of 0.5 Hz. Each measurement was divided in epochs of 32768ms. Subsequently, 
a fast Fourier transformation (FFT) was executed for each epoch. The following frequency 
bands were computed: delta ranging from 0.5 to 4.0 Hz, theta (4.0 to 7.5 Hz), alpha (7.5 
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to 13.0 Hz), slow beta (13.0 to 20.0 Hz), fast beta (20.0 to 30.0 Hz), and gamma (30.0 to 
47.0 Hz). Data was exported to SPSS 21.0. The SPSS dataset was constructed in such a way 
that each record contained the unified information of the EEG bands per 32768 ms. This 
means that each 15 minute condition was subdivided into 27 consecutive ‘segments’. All 
EEG variables were log

10-transformed because of a positively skewed distribution. In order 
to reduce the total number of 72 EEG dependent variables (12 locations x 6 bands), the 
locations were bundled into brain regions per frequency band: left – midline – right and 
frontal – central – parietal – occipital. For example ‘frontal-alpha’ was computed as the 
average of the (log

10-transformed) Fz, F3, and F4 alpha activity.
EOG and radiation data were also divided into 32768ms epochs, but no FFT was carried 

out in this data. The sum of EOG activity was computed for each segment. The same 
procedure was performed for radiation.

Statistical analysis
Statistical analyses were performed using SPSS 21.0. Multilevel random regression analyses 
were used to investigate the effect of radiation on the EEG outcome measures. The 27 
consecutive segments within each condition were treated as the repeated measure variable. 
The multilevel regression analyses contained four levels: subject, session (every subject 
was measured on two separate days), condition (three conditions within each session), 
and segment (27 within each condition). As mentioned in the introduction, EEG activity 
of consecutive segments is strongly interdependent. An autoregressive (AR1) covariance 
structure was found to be most suitable, for the residuals at the fourth (segment) level. In order 
to find the optimal covariance structure, likelihood ratio tests were conducted to compare 
models with different covariance structures (independent, autoregressive and autoregressive 
moving average structures were compared). This is a well-established approach for selecting 
amongst various structures [23, 24]. An SPSS syntax example of this model is shown below.

MIXED mean_delta_left WITH PRE POST radiation segment session age ear_heart timing_
of_exposure EOGleft EOGright  /CRITERIA=CIN(95)MXITER(100)MXSTEP(10)SCORING(1)
SINGULAR(0.000000000001) HCONVERGE(0, ABSOLUTE) LCONVERGE(0, ABSOLUTE) 
PCONVERGE(0.000001, ABSOLUTE)
/FIXED= radiation session segment EOGleft EOGright ear_heart timing_of_exposure age
PRE POST | SSTYPE(3) 
/METHOD=REML
/PRINT=SOLUTION TESTCOV
/RANDOM=INTERCEPT segment | SUBJECT(subject) COVTYPE(VC)
/RANDOM=INTERCEPT segment | SUBJECT(subject *session) COVTYPE(VC) 
/RANDOM=INTERCEPT segment | SUBJECT(subject *session*condition) COVTYPE(VC)
/REPEATED=segment | SUBJECT(subject *session* condition) COVTYPE(AR1).
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All segments with outlying (above percentile 99) EOG activity were rejected from the 
analyses (2.3% of all segments). Furthermore, all remaining EOG information (the summed 
activity per segment) was included in all statistical models as a covariate. The main predictor 
of interest was the summed radiation for each segment. Furthermore, five design factors 
were included in the analyses as covariates: condition (PRE, EXP, and POST recoded into 
two dummy variables), phone placement location (ear or heart), session (day 1 or day 2), 
segment (added as a quantitative covariate), and the timing of exposure (second or third 
15 minute quarter of the experiment, see table 1). In addition, we controlled for the effects 
of age in all analyses by including age as an additional covariate. The statistical Benjamini-
Hochberg procedure controls the false discovery rate (FDR) and was used in retrospection 
to correct for multiple testing.

RESULTS

After each session, subjects were asked if they noticed any temperature change, or other 
difference between the conditions. None of the participants could identify noticeable 
differences.

Table 2 shows the mean spectral power densities of the mean midline (average of Fz, Cz, 
Pz, and Oz) activity per condition. As can be seen from the raw data in this table, there is 
a marginally elevated activity during EXP. Considering the standard errors, this elevation is 
clearly not significant.

Table 2. Mean values in the three conditions

Mean spectral power densities (μV2) in the six frequency bands for PRE, EXP and POST (standard deviation SD and 

standard error SE are given). 

 Mean midline (Fz, Cz, Pz and Oz)

 PRE (sham) EXP (dialing phone) POST (sham)

 mean SD SE mean SD SE mean SD SE

Delta (.5 - 4 Hz) 1.93 0.18 0.03 1.94 0.18  0.03 1.93  0.18  0.03

Theta (4 - 7.5 Hz) 1.42 0.16  0.03 1.42  0.16  0.03 1.42  0.17  0.03

Alpha (7.5 - 13 Hz) 1.22  0.27 0.05 1.24  0.28  0.05 1.23  0.28  0.05

Slow-beta (13 - 20 Hz) 0.86  0.21  0.04 0.87  0.21  0.04 0.86  0.21  0.04

Fast-beta (20 - 30 Hz) 0.65  0.18  0.03 0.67  0.18  0.03 0.67  0.19  0.03

Gamma (30 - 47 Hz) 0.42  0.18  0.03 0.44  0.20  0.04 0.43  0.20  0.04
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Next, multilevel random regression analyses were performed to test whether an influence of 
radiation existed on EEG activity, while controlling for the abovementioned series of covariates.

Figure. 1 demonstrates the p-values of the predictor of main interest (radiation) in the 
eighteen (six EEG bands × three areas) analyses. The three areas refer to the left side of 
the brain (F3, C3, P3, O1), the midline (Fz, Cz, Pz, Oz), and the right side (F4, C4, P4, O2). 
All estimates were positive, indicating that an increase in radiation is associated with an 
increase of EEG band power. The alpha, slow-beta, fast-beta, and gamma bands have 
significant p-values and q-values. Post-hoc left-right contrasts were tested. Slow beta 
activity showed a significant left-right difference (P=0.01), in which the estimates in the left 
hemisphere were more positive than right. With respect to the covariates, segment had 
significant p-values in sixteen of the eighteen analyses, especially in the slow beta band 
(p-values <0.001, left and midline: q-values<0.01). There was an increasing trend within the 
conditions. In addition, EOG proved, as expected, to be a significantly related to EEG in all 
analyses (p-values <0.002).
The AR1 covariance structure was justified since all AR1 estimates were highly significant 
(all Wald Z values > 4 for the rho estimates). Random intercepts were also significant for 
all models (Wald Z > 3). The random slope for segment was significant (Wald Z > 2) for all 

	

Figure.	 1.	 Left	 midline	 right.	 Each	 symbol	 represents	 the	 p-value	 of	 the	 main	 predictor	 ‘radiation’	 in	 the	

relevant	area.	*	 in	the	graph	 indicates	a	significant	 left-right	contrast.	Below	the	graph	a	table	depicts	the	p-

values.	 *	 in	 the	 table	 represents	 a	 significant	q-value	 (q<0.05)	 after	 correction	 for	multiple	 testing	using	 the	

false	 discovery	 rate	 (FDR)	 method.	 **	 significant	 q-value	 (q<0.01)	 after	 correction	 for	 multiple	 testing.	 All	

values	of	this	table	were	included	for	the	FDR	computation.	

The	AR1	covariance	structure	was	justified	since	all	AR1	estimates	were	highly	significant	(all	Wald	Z	

values	>	4	for	the	rho	estimates).	Random	intercepts	were	also	significant	for	all	models	(Wald	Z	>	3).	

The	random	slope	for	segment	was	significant	(Wald	Z	>	2)	for	all	frequency	bands,	except	delta.	The	

latter	means	that	each	person,	in	each	session	and	condition	has	a	significantly	unique	time	course	of	

EEG	activity	(segment	representing	time).	

Similar	analyses	were	performed,	 this	 time	for	 the	 four	cortical	 regions:	 frontal	 (Fz,	F3,	F4),	central	

(Cz,	C3,	C4),	parietal	(Pz,	P3,	P4),	and	occipital	(Oz,	O1,	O2).	Significant	radiation	effects	were	found	in	

the	 alpha,	 slowbeta,	 fastbeta,	 and	 gamma	 bands	 (Figure.	 2).	 With	 respect	 to	 the	 covariates	 and	

random	effects,	comparable	results	were	obtained	as	reported	in	the	previous	set	of	analyses.	

Figure. 1. Left midline right. Each symbol represents the p-value of the main predictor ‘radiation’ in the relevant 

area. * in the graph indicates a significant left-right contrast. Below the graph a table depicts the p-values. * in the 

table represents a significant q-value (q<0.05) after correction for multiple testing using the false discovery rate (FDR) 

method. ** significant q-value (q<0.01) after correction for multiple testing. All values of this table were included for 

the FDR computation.
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frequency bands, except delta. The latter means that each person, in each session and 
condition has a significantly unique time course of EEG activity (segment representing 
time).

Similar analyses were performed, this time for the four cortical regions: frontal (Fz, 
F3, F4), central (Cz, C3, C4), parietal (Pz, P3, P4), and occipital (Oz, O1, O2). Significant 
radiation effects were found in the alpha, slowbeta, fastbeta, and gamma bands (Figure. 
2). With respect to the covariates and random effects, comparable results were obtained 
as reported in the previous set of analyses.

Figure. 2. Cortical regions. Each symbol represents the p-value of the main predictor ‘radiation’ in the relevant area. 

Below the graph a table depicts the p-values. * significant q-value (q<0.05) after correction for multiple testing using 

the false discovery rate (FDR) method. ** significant q-value (q<0.01) after correction for multiple testing. All values of 

this table were included for the FDR computation.

In the analyses above, the radiation effect was controlled for a main (fixed) effect of location 
of placement. To further investigate the influence of placement, an interaction between 
radiation and location of placement was incorporated in the model of the left – midline – 
right analyses. Figure. 3 depicts the p-values of this placement*radiation effect. The theta 
and alpha range show statistical significance of the interaction. All other interactions, 
except for fastbeta – left, were not significant. The estimates were negative, which has 
to be interpreted as a lower effect of radiation on EEG power for the chest placement 
compared to the ear.

	

Figure.	2.	Cortical	regions.	Each	symbol	represents	the	p-value	of	the	main	predictor	‘radiation’	in	the	relevant	

area.	Below	the	graph	a	table	depicts	the	p-values.	*	significant	q-value	(q<0.05)	after	correction	for	multiple	

testing	using	the	false	discovery	rate	(FDR)	method.	**	significant	q-value	(q<0.01)	after	correction	for	multiple	

testing.	All	values	of	this	table	were	included	for	the	FDR	computation.	

In	 the	 analyses	 above,	 the	 radiation	 effect	 was	 controlled	 for	 a	 main	 (fixed)	 effect	 of	 location	 of	

placement.	To	further	investigate	the	influence	of	placement,	an	interaction	between	radiation	and	

location	of	placement	was	incorporated	in	the	model	of	the	left	–	midline	–	right	analyses.	Figure.	3	

depicts	 the	p-values	of	 this	placement*radiation	effect.	 The	 theta	and	alpha	 range	 show	statistical	

significance	of	the	interaction.	All	other	interactions,	except	for	fastbeta	–	left,	were	not	significant.	

The	 estimates	 were	 negative,	 which	 has	 to	 be	 interpreted	 as	 a	 lower	 effect	 of	 radiation	 on	 EEG	

power	for	the	chest	placement	compared	to	the	ear.	
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Figure. 3. Interaction variable placement*radiation. Each symbol represents the p-value of the interaction variable 

in the relevant area. Below the graph a table depicts the p-values. * significant q-value (q<0.05) after correction for 

multiple testing using the false discovery rate (FDR) method. ** significant q-value (q<0.01) after correction for multiple 

testing. All values of this table were included for the FDR computation.

	

Figure.	 3.	 Interaction	 variable	 placement*radiation.	 Each	 symbol	 represents	 the	 p-value	 of	 the	 interaction	

variable	in	the	relevant	area.	Below	the	graph	a	table	depicts	the	p-values.	*	significant	q-value	(q<0.05)	after	

correction	for	multiple	testing	using	the	false	discovery	rate	(FDR)	method.	**	significant	q-value	(q<0.01)	after	

correction	for	multiple	testing.	All	values	of	this	table	were	included	for	the	FDR	computation.	

The	main	radiation	effect	was	analyzed	again	for	ear	and	heart	sessions	separately	(Figure.	4).	None	

of	the	analyses	which	were	performed	on	the	heart	placement	data	showed	a	significant	outcome,	

while	 almost	 all	 (except	 for	 delta)	 analyses	 that	were	 performed	on	 the	 ear	 placement	 data	were	

significant.	The	interaction	effect	on	the	theta	and	alpha	band	are	evident	in	this	graph.	

	

	

Figure.	4.	Radiation	effects	on	EEG:	ear	and	heart	sessions	analyzed	separately.	Each	symbol	represents	the	p-

value	of	 the	main	predictor	 ‘radiation’	 in	 the	 relevant	 area.	 Below	 the	 graph	 a	 table	 depicts	 the	p-values.	 *	

significant	q-value	(q<0.05)	after	correction	for	multiple	testing	using	the	false	discovery	rate	(FDR)	method.	**	

significant	q-value	(q<0.01)	after	correction	for	multiple	testing.	All	values	of	this	table	were	 included	for	the	

FDR	computation.	

	

DISCUSSION	

In	 this	placebo-controlled,	 single-blind,	 cross-over	 study,	we	 investigated	whether	 a	15	minute	RF-

EMF	exposure	by	a	3G	mobile	phone	impacts	EEG	activity.	It	was	demonstrated	that	the	results	(and	

conclusions)	strongly	depend	on	the	method	of	analysis.	Analysed	in	the	traditional	fashion,	that	is,	

not	controlling	for	the	nested	structure	of	the	data,	no	significant	differences	could	be	demonstrated	

(see	 table	 2),	 a	 finding	which	 is	 in	 accordance	with	 several	 other	 studies	 (97,	 101-104).	 However,	

when	the	data	were	analysed	with	an	appropriate	multilevel	statistical	model,	 ‘radiation’	proved	to	

be	a	significant	predictor	of	the	alpha,	slow	beta,	fast	beta,	and	gamma	frequency	bands	over	almost	

all	 brain	 regions	 (Figure.	 1	 and	 2).	 There	 is	 a	 trend	 for	 the	 radiation	 effect	 to	 be	 stronger	 on	 the	

ipsilateral	 side.	 The	 positive	 significant	 time	 effect	 (segment)	 within	 conditions,	 observed	 in	 all	

regions	and	frequency	bands,	was	unexpected	and	an	explanation	is	lacking	at	this	moment.	Guided	

by	 the	 significant	 placement*radiation	 interactions,	 separate	 analyses	 for	 the	 ear	 and	 heart	

placements	made	 clear	 that	 the	 radiation	 effect	was	mainly	 present	 in	 sessions	where	 the	mobile	

phone	was	placed	on	 the	 ear	 (Figure.	 3	 and	4).	 To	our	 knowledge,	 this	 ear-heart	 contrast	 has	not	

been	 studied	 before.	 The	 present	 data	 suggest	 that	 a	 greater	 distance	 to	 the	 brain	 in	 case	 of	 the	

chest	placement	results	in	less	EEG	effects.	

Although	there	are	some	studies	which	found	an	increase	in	the	alpha	frequency	band	due	to	RF-EMF	

(42-44,	92-95),	the	extent	to	which	the	different	EEG	bands	are	affected	in	the	present	study	has	not	

been	 reported	 in	 literature	 to	 date.	 This	 discrepancy	 needs	 clarification	 and	 probably	 has	 to	 be	

sought	in	methodological	differences	with	other	studies.	As	mentioned	above,	the	type	of	statistical	

Figure. 4. Radiation effects on EEG: ear and heart sessions analyzed separately. Each symbol represents the p-value 

of the main predictor ‘radiation’ in the relevant area. Below the graph a table depicts the p-values. * significant q-value 

(q<0.05) after correction for multiple testing using the false discovery rate (FDR) method. ** significant q-value (q<0.01) 

after correction for multiple testing. All values of this table were included for the FDR computation.
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The main radiation effect was analyzed again for ear and heart sessions separately (Figure. 
4). None of the analyses which were performed on the heart placement data showed a 
significant outcome, while almost all (except for delta) analyses that were performed on 
the ear placement data were significant. The interaction effect on the theta and alpha band 
are evident in this graph.

DISCUSSION

In this placebo-controlled, single-blind, cross-over study, we investigated whether a 15 
minute RF-EMF exposure by a 3G mobile phone impacts EEG activity. It was demonstrated 
that the results (and conclusions) strongly depend on the method of analysis. Analysed 
in the traditional fashion, that is, not controlling for the nested structure of the data, no 
significant differences could be demonstrated (see table 2), a finding which is in accordance 
with several other studies (97, 101-104). However, when the data were analysed with an 
appropriate multilevel statistical model, ‘radiation’ proved to be a significant predictor of 
the alpha, slow beta, fast beta, and gamma frequency bands over almost all brain regions 
(Figure. 1 and 2). There is a trend for the radiation effect to be stronger on the ipsilateral side. 
The positive significant time effect (segment) within conditions, observed in all regions and 
frequency bands, was unexpected and an explanation is lacking at this moment. Guided by 
the significant placement*radiation interactions, separate analyses for the ear and heart 
placements made clear that the radiation effect was mainly present in sessions where the 
mobile phone was placed on the ear (Figure. 3 and 4). To our knowledge, this ear-heart 
contrast has not been studied before. The present data suggest that a greater distance to 
the brain in case of the chest placement results in less EEG effects.

Although there are some studies which found an increase in the alpha frequency band 
due to RF-EMF (42-44, 92-95), the extent to which the different EEG bands are affected 
in the present study has not been reported in literature to date. This discrepancy needs 
clarification and probably has to be sought in methodological differences with other 
studies. As mentioned above, the type of statistical approach is an important factor in this 
issue. The multilevel approach is the preferred approach given the present study design. As 
stated in the introduction, this approach allows for modelling clustered data, to correct for 
autocorrelation, and for modelling random effects. In addition, in this study radiation was 
used as the predictor of primary interest instead of a general condition (exposed vs. non-
exposed conditions) effect. This was made possible by connecting the radiation detector to 
the amplifier. Another methodological difference may lie in the usage of shielded electrodes 
(most articles do not describe this specific information) which prevents a direct influence 
of RF-EMF on the wires. Yet another difference is that in the present study an actual mobile 
phone was used functioning within the UMTS bandwidth (instead of 2G). The studies which 
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also used UMTS do not find EEG effects (97, 103, 105). A final difference pertains to the 
control measurement. Whereas most studies had the control session on a separate day, 
the present study used a crossover moment in the same session, directly preceding and 
following the exposure session.

Some limitations have to be considered. First, the study was performed with adult female 
subjects only. The generalizability of the results to, for example, male subjects, children, 
and the elderly has to be demonstrated in future research. Second, a sample size of thirty-
one is relatively small. Future studies with larger sample sizes are required. Two other 
critical points are exposure time and follow up measurements. In this study, only one 
exposure condition (15 minutes) was used and a (long term) follow up measurement was 
not included. It would be interesting to investigate what the effects are of other (shorter 
or longer) exposure periods to mobile phone radiation, as well as to find out what the 
effects are of frequent experimental exposure to radiation in the long term. Fifth, no inner 
ear temperature was measured. As there is evidence that mobile phones cause a thermal, 
heating effect [30], it could be argued that inner ear temperature fluctuations between 
the conditions may have confounded the findings. On the other hand, it has also been 
reported that any changes in cerebral blood flow due to mobile phone radiation, assessed 
by positron emission tomography, are unlikely to be temperature-related [31,32]. This 
issue needs further investigation. Sixth, the experiment was performed in a non-shielded 
room, thus including environmental background radiation. It would be ideal to carry 
out such experiments in a radiation-free environment. As a seventh point of concern, in 
retrospect it would have been preferable to not enter the experimenting room in-between 
conditions to change phones. Ideally the phone should be programmed from outside the 
room. Furthermore, a note should be made with respect to the number of tests performed. 
For example, Figure. 1 contains eighteen test results. When corrected with the Bonferroni 
procedure, only two p-values (slow-beta left and midline) would remain significant. 
However, at least some of the findings would hold up under such a correction and it should 
be noted that the Bonferroni method is actually overly conservative for multiple correlated 
tests. (106) Instead, the ‘False discovery rate’ (FDR) was used to correct for multiple testing. 
Most results were still significant after correction. Finally, information on other (psycho)
physiological and biological measures may be included in future work.

The question is whether the (temporary) EEG changes, induced by mobile phone radiation, 
have clinical/adverse consequences. Answering this question is complex and beyond the 
scope of the present manuscript. First, it is unknown whether mobile phones change EEG 
activity in the long term. Second, EEG is a reflection of very complex cerebral processes. It 
is thought that the activity in the different frequency bands represents underlying cortical 
functions. An example is the thalamocortical network, which plays an important role in the 
generation of alpha activity (107). Beta activity, however, only plays a role in the cortex and 
can, for example, be related to active concentration (108). Since the functional role of the 
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different frequency bands is still not fully understood, it is also hard to draw conclusions on 
the (clinical) implications of EEG changes.

In future studies other indicators of brain activity may be included. For example, 
transcranial magnetic stimulation is a method to test brain excitability. There are several 
indications that brain excitability is modified due to mobile phone radiation [36-38].

This study attempted to approach the question whether or not mobile phones cause 
(short-term) changes in EEG activity. There was evidence that mobile phone radiation is 
associated with increased activity of the alpha, beta, and gamma frequency bands in nearly 
every brain region. The distance of the mobile phone to the brain was relevant, a larger 
distance resulting in less or no EEG interference. Replication of the present findings and 
investigation of possible long term (clinically relevant) effects is urgently required.
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ABSTRACT

This study aimed to investigate whether third generation mobile phone radiation peaks 
result in event related potentials. Thirty-one healthy females participated. In this single-
blind, cross-over design, a 15 minutes mobile phone exposure was compared to two 15 
minutes sham phone conditions, one preceding and one following the exposure condition. 
Each participant was measured on two separate days, where mobile phone placement 
was varied between the ear and heart. EEG activity and radiofrequency radiation were 
recorded jointly. Epochs of 1200ms, starting 200ms before and lasting until 1000ms 
after the onset of a radiation peak, were extracted from the exposure condition. Control 
epochs were randomly selected from the two sham phone conditions. The main a-priori 
hypothesis to be tested concerned an increase of the area in the 240-500ms post-stimulus 
interval, in the exposure session with ear-placement. Using multilevel regression analyses 
the placement*exposure interaction effect was significant for the frontal and central 
cortical regions, indicating that only in the mobile phone exposure with ear-placement, an 
enlarged cortical reactivity was found. Post-hoc analyses based on visual inspection of the 
ERPs, showed a second significantly increased area between 500-1000ms post-stimulus 
for almost every EEG location measured. It was concluded that, when a dialing mobile 
phone is placed on the ear, its radiation, although unconsciously, is electrically detected by 
the brain. The question whether or not this cortical reactivity results in a negative health 
outcome has to be answered in future longitudinal experiments.
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INTRODUCTION

Whether or not mobile phone radiation has an influence on human physiology and 
especially on brain activity is a research topic of increasing interest. Typically, people 
do not report bodily effects due to mobile phone use. Considered from a physical point 
of view, however, it is conceivable that the complex, sensitive electrochemical network 
that encompasses the brain, detects the electromagnetic radiation emitted by a mobile 
phone held against the head. An already known effect is that of heat transfer from mobile 
phones to the body (6, 13, 109), an effect which can be eliminated by the body. Next to 
this thermal process it is proposed that so called ‘non-thermal effects’ also take place while 
using a mobile phone. In short, it is thought that radio frequent electromagnetic fields (RF-
EMF) may act as a trigger for the cellular stress response. No working mechanisms have 
been proven, but it is hypothesized that protein changes take place, which in turn could 
ultimately lead to undesired alterations like DNA damage which in turn could lead to tumor 
promoting effects and increase in permeability of the Sertoli cell barrier which could lead 
to male infertility (12). In the mean while also studies are performed which focus on the 
measurement of direct electrophysiological effects of exposure to mobile phone radiation. 
Several studies with cortical activity as the dependent variable have been performed: 
experiments focusing on effects in waking and sleep EEG, as well as studies assessing event 
related potentials (ERP). In waking EEG studies, the most consistent finding is an increase 
in the alpha frequency band (8-12 Hz) activity during mobile phone radiation exposure 
(43, 93, 105). In sleep EEG studies an increase of the sleep spindle frequency range (12-15 
Hz) in non-rapid-eye-movement sleep has been reported repeatedly (89, 110-112). ERP is 
another often applied method to study brain activity, in which cortical stimulus-processing 
is investigated. Most studies in the field of mobile phone research investigate whether 
auditory stimuli (cochlear and brainstem auditory processes) are processed differently by 
the brain in the presence of a mobile phone (113). The idea behind this hypothesized effect 
is that auditory organs absorb most of the radiation energy from the mobile phone in a 
dialing position (114). However, not enough evidence has been reported to conclude that 
the presence of an active mobile phone alters the processing of these auditory stimuli 
(88, 93). In 2010, Carrubba and collegues proposed that mobile phone radiation pulses 
(instead of auditory stimuli), can be considered as stimuli (115). Twenty participants were 
included and in 90% of the participants evoked potentials were observed at a latency of 
approximately 270 ms in response to mobile phone radiation pulses. Strictly speaking, this 
study investigated the ERP response of an unconscious/subliminal stimulus. Evidence has 
been reported that ERPs of subliminal stimuli have a comparable morphological structure 
to ERPs of supraliminal stimuli. However, the amplitudes produced by subliminal stimuli 
are smaller (116).
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Recently a study was set up by our research team to investigate whether waking EEG 
frequency bands are influenced by mobile phone radiation (117). In this study, significant 
radiation effects were found for the alpha, slowbeta, fastbeta, and gamma bands. 
Interestingly, it was found that the effects depended on placement location of the mobile 
phone (ear versus chest), the ear placement showing larger effects compared to the chest 
placement.

Considering a radiation pulse/peak as a stimulus, thereby following the idea proposed by 
Carrubba, is probably the most profound method to investigate whether radiation causes 
a direct change in the brain physiology. It was decided to re-analyse the above mentioned 
dataset of Roggeveen et al (117), to investigate whether a mobile phone radiation peak 
results in an event (radiation peak) related potential (ERP). Thus, instead of investigating 
change in the EEG frequency bands, in the present article the data of the same study was 
used to investigate the hypothesized presence of ERP in response to radiation peaks. In 
contrast to the study of Carrubba et al., the radiation source was a functioning mobile 
phone instead of a simulator and a 3G mobile phone network was used instead of a 2G 
network. As a consequence of the choice for a mobile phone as radiation source, a radiation 
detector was used to detect peaks (stimuli). Further, it was decided to apply a recently 
published technique to quantify ERP data: the so called ‘Event Related Fixed Interval Area’ 
(ERFIA) method. This method is appealing since it focuses on areas instead of specific peak 
amplitudes (118). Because in some ERP studies, investigating subliminal stimuli, a P300 is 
observed, it was decided to create one ERFIA, ranging from 240-500ms, as the outcome 
measure of main interest. As a final methodological difference with Carrubba’s study, 
multilevel regression analysis was used, since EEG/ERP data contain a nested structure.

Since the results on Roggeveen’s dataset (117) demonstrated that the EEG-effects of 
mobile phone exposure were especially pronounced during mobile phone placement on 
the ear (compared to the chest), an a-priori placement*exposure interaction effect was 
expected.

MATERIALS AND METHODS

Participants 
Thirty-one female participants (mean age of 26.7; SD=8.5), non-smoking, and without a 
medical history of cardiac or nervous system disorders were included. Four hours prior to 
the start of the session, no caffeine-containing beverages were used. No alcohol was used 
in the preceding 12 hours and sufficient night rest was ensured. After reading a document 
with detailed information about the study and having discussed any possible concerns 
with the researcher, subjects gave their verbal and written informed consent. Complete 
participation was compensated with €50,-.
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Experimental procedures
The study consisted of two sessions, each session taking place on a separate day, with a 
maximum of two days in between the two sessions. The experiments were conducted in 
an electrically non-shielded, room. The sequence of placement on the ear or heart was 
counterbalanced between the sessions. EEG was measured using shielded electrodes. Each 
shielded electrode had a separate ground plug, which was connected into a general ground-
device. The following EEG electrodes were placed in accordance to the 10-20 system (99): 
Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz, O1, and O2. All electrodes were fixed using conductive 
paste (29). A reference was placed on each ear lobe. To check for possible eye movements, 
an electro-oculogram (EOG) electrode was placed 1 centimetre under the midline of both 
eyes. The electrodes were connected to a BrainAmp amplifier (Brain Products). Impedances 
were maintained below 5 kΩ. Spike artefacts due to radiation, which are mentioned in 
other articles (87, 100), were not observed in the data. Both EEG and radiation data were 
sampled with 1000 Hz using Brain Vision Recorder software. Each participant was exposed 
to four consecutive 15 minute conditions during each session, according to the schedule 
shown in Table 1. There were three conditions with a sham phone, and one condition with 
a dialling mobile phone. The experimenter entered the room at the end of each 15 minute 
condition to change the phone. During this exchange of phones, no electrophysiological 
measurements took place. In the case of two consecutive sham phone conditions, the same 
procedure was followed (a second sham phone was placed). In order to ensure blinding, 
the order of the conditions was unknown to the participant, thus achieving a single-blind 
experiment. The experimenters were not blinded. In one session, the ‘dialling’ condition 
was in the second quarter of an hour and in the other session the ‘dialling’ condition was in 
the third quarter. This sequence order was balanced over the subjects. Subjects were not 
aware of the different phones used.

Table 1. Experimental design

The sequence was randomly determined in order to ensure blinding of the participant. In conditions labelled as ‘not 

used’, an identical sham phone was placed in the same way as in the pre- and post-exposure conditions.

 15 minutes 15 minutes 15 minutes 15 minutes

Day 1 or 2 Pre-exposure Exposure Post-exposure Not used

 (PRE) (EXP) (POST)

Day 1 or 2 Not used Pre-exposure Exposure Post-exposure 

  (PRE) (EXP) (POST)

4
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Exposure
• A 3G smartphone was used. During exposure conditions, the phone was dialled from a 

fixed line in another room. No sound was exchanged (mute settings), and vibration mode 
was off, in order to ensure that the participant could not identify the dialling condition.

• The SAR level of the phone was reported as 0.69 W/kg (head) in the manual.
• The sham phone was a non-functioning replica of the same weight and with the same 

characteristics as the functioning smartphone. In a pilot study before the start of the 
actual experiment, no evidence was found that participants could detect differences 
between the actual mobile phone and the sham phone.

Radiation activity was detected with a radiation detector (HF59B, Gigahertz Solutions), 
connected to an omnidirectional antenna. This detector was connected (from the DC 
output) to the BrainAmp headbox with an auxiliary plug. The detector was placed in the 
upright position, 30 cm above the table (at which the participant was sitting) and 20 cm 
left from the participant. In one of the two sessions, the phone/sham-phone was placed 
directly onto the left ear, ensuring that there was no contact between the phone and the 
EEG electrodes. The position of the phone was comparable to a typical dialling position, in 
an angle of approximately 45 degrees in relation to the perpendicular, tilted to the back of 
the head. During the other session, the phone was placed adjacent to the left side of the 
sternum, bordering the sternoclavicular joint. Previous tests showed that there was neither 
a direct interference of the mobile phone radiation on the shielded electrodes nor on the 
internal ADC converter of the amplifier. The rear side of the phone was placed on the skin 
in both sessions. The phone was fixed using an elastic band.

In order to investigate radiation exposure, a Network Analyzer, Agilent Technologies, 
E5061B ENA Series, 5 Hz - 3 GHz was used. The frequency band operated in the following 
frequency: 1.9291 to 1.9397 GHz. A radiation peak as measured with the radiation detector, 
equalled a power of approximately 10 dbm measured next to the ear with the Network 
Analyzer.

In order to maintain the participant’s alertness and to guarantee a relatively stable mood, 
participants watched an affectively neutral documentary about the development of the 
earth. All experimental sessions were performed between 09.00 and 17.00 o’clock.

Data reduction
EEG data was analysed offline with the software program BrainVision Analyser 2.0, Brain 
Products, München, Germany. EEG data was filtered using a high cut-off filter of 50 Hz 
and a low cut-off filter of 0.5 Hz, to remove noise from the data. In the exposure condition 
(EXP, 15 minute dialling exposure)mobile phone radiation peaks were identified and 
manually marked as such. Based on these markers time segments, further called epochs, 
of 1200 ms were created, starting 200ms before and lasting until 1000ms after the onset 
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of a radiation peak. After segmentation a baseline correction (interval -200 to 0 ms) was 
performed. EOG data and radiation data were also divided into 1200 ms epochs. In the PRE 
and POST condition for each individual the same amount of markers was placed randomly. 
Twenty-millisecond ERFIAs (118) were calculated from -200 to 1000 ms, resulting in 60 
ERFIAs per radiation peak per participant. For the analyses in this article, 4 aggregated 
ERFIAs were computed: -200 to 0ms, 0 to 240 ms, 240 to 500ms and 500-1000ms. On the 
average 40 radiation peaks were present during EXP. The same amount of epochs were 
randomly selected from PRE and POST. The three PRE-EXP-POST condition were reduced to 
one dichotomous variable, contrasting a dialing mobile phone (EXP) versus a sham phone 
condition (PRE and POST).

Statistical analysis
Multilevel random regression analyses were used to investigate the effect of the radiation 
on the raw EEG outcome measures. The consecutive number of radiation peaks within 
each condition was the repeated measure variable. The multilevel regression analyses 
contained four levels: subject, session (every subject was measured on two separate days), 
condition (three conditions within each session) and radiation peak number (or its controls 
in PRE and POST). An autoregressive (AR1) covariance structure was used on the fourth 
level of radiation peak number in order to correct for the interdependency of the data. In 
all models a random intercept was included. An example of this model is shown in S1.

S1 Text. Example of SPSS syntax for multilevel regression analysis. 
The main outcome variable was computed as the area of 240-500 ms post stimulus. For 
the post-hoc analyses (see the results section) a second outcome variable was created: the 
area between 500 and 1000 ms post-stimulus. In order to demonstrate that there were no 
pre-stimulus effects a so called ‘baseline’ measure was computed, being the area from 200 
ms pre-stimulus to zero.

To correct for eye blinking/movements, data with outlying electro-oculogram (EOG) 
activity were rejected from the analyses. Besides this rejection, the remaining EOG 
information was used as a covariate in the statistical models. In all regression models the 
outcome variable was predicted by the following main effects: exposure (dialling versus 
sham), placement of the phone (ear versus heart), EOG activity, session (day 1 or day 2) 
and radiation peak number. In addition, the interaction variable placement*exposure was 
included in all models.

P-values <= 0.05 were considered to be significant. All statistical analyses were performed 
with SPSS 22.0.

4
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RESULTS

In order to visualize radiation intensity during the epochs, a graph was created with the 
mean radiation values in the two conditions (dialling/EXP versus sham) (figure 1). As 
can be seen, the sham epochs (consisting of the PRE and POST conditions) show a flat 
line of radiation at approximately 0.1W/m2. This baseline-level can be considered as the 
background radiation level within the experimenting room. The radiation level during EXP 
epochs is, on the average, clearly above SHAM epochs. Even the radiation level of the 
-200ms to 0ms baseline period is significantly heightened. This is explained by a general 
raise in radiation level during phone calls. In EXP epochs an immediate increase of radiation 
from 0 ms onward can be observed. The maximum of 5.6 W/m2 is reached at 260 ms after 
the onset of the peak. There was variability between radiation epochs during the EXP (SDs 
ranged from MIN/MAX), however the difference between SHAM and EXP was significant 
(p<0.0001). Radiation mainly fluctuated between days, due to a different burden on the 
mobile phone network. It is worth noting, that after 1000 ms the radiation level has not 
yet returned to the level before the onset of the peak. The average amount of peaks during 
EXP per 15 minute session was 34.56 (2.30/minute) with a maximum of 100 peaks and a 
minimum of 14 peaks per 15 minutes. In total there were 2143 radiation peaks. 

Figure 1. Mean radiation intensity of exposed and sham exposed epochs ± 2 standard error of the mean.

The 4 grand averages of the non-conscious evoked related potentials of the twelve different 
locations are depicted in Figure 2. A visual inspection makes clear that the pre-stimulus 
baseline area (-200-0ms) does not show remarkable differences between the four grand 
averages. In the post-stimulus area, the exposed ear session is the only condition which has 
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Figure	1.	Mean	radiation	intensity	of	exposed	and	sham	exposed	epochs	±	2	standard	error	of	the	mean.	

The	 4	 grand	 averages	 of	 the	 non-conscious	 evoked	 related	 potentials	 of	 the	 twelve	 different	

locations	are	depicted	in	Figure	2.	A	visual	inspection	makes	clear	that	the	pre-stimulus	baseline	area	

(-200-0ms)	 does	 not	 show	 remarkable	 differences	 between	 the	 four	 grand	 averages.	 In	 the	 post-

stimulus	area,	the	exposed	ear	session	is	the	only	condition	which	has	a	distinct	course.	This	effect	is	

especially	prominent	in	the	240-500ms	frontal	and	central	post-stimulus	areas.	Except	Fz	and	F4,	 in	

which	a	P300-like	peak	can	be	detected,	the	morphology	is	not	similar	to	that	of	most	conscious	ERP	

responses:	a	N200	is	missing	and	the	ERP	has	a	smaller	amplitude	in	general.	Moving	from	frontal	to	

occipital,	 the	 ‘P300	 peak’	 seems	 to	 diminish	 and	 a	 later	 effect,	 from	 500-1000ms,	 becomes	more	

noticeable.	 These	 are	 no	 obvious	 visual	 left-right	 hemispherical	 differences.	 Figure	 3	 shows	 the	

topography	of	the	grand	averages.	
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Figure 2. Event Related Fixed Interval Area (per 20ms) grand averages in twelve EEG locations
	

Figure	2.	Event	Related	Fixed	Interval	Area	(per	20ms)	grand	averages	in	twelve	EEG	locations	
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a distinct course. This effect is especially prominent in the 240-500ms frontal and central 
post-stimulus areas. Except Fz and F4, in which a P300-like peak can be detected, the 
morphology is not similar to that of most conscious ERP responses: a N200 is missing and 
the ERP has a smaller amplitude in general. Moving from frontal to occipital, the ‘P300 peak’ 
seems to diminish and a later effect, from 500-1000ms, becomes more noticeable. These 
are no obvious visual left-right hemispherical differences. Figure 3 shows the topography 
of the grand averages.

Figure 3. Topography of EEG activity

In table 2 the t-values (and their corresponding p-values) of the main outcome variable 
are presented: the interaction effect between placement and exposure. As expected, the 
baseline (-200-0ms) never reaches significance. The same applies for the first post-stimulus 
period ranging from 0 to 240ms. In the critical range from 240-500ms the frontal and 
central regions show a significant elevation for the ear exposed condition compared to 
the other conditions. Based on the visual inspection of the grand averages, it was decided 
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Table	2.		

	 -200	to	0ms	 0	to	240ms	 240	to	500ms	 500	to	1000ms	

	 t-value	 p-value	 t-value	 p-value	 t-value	 p-value	 t-value	 p-value	

Fz	 1.889	 0.059	 -0.047	 0.963	 -3.030	 0.002*	 -2.123	 0.034	

F3	 1.243	 0.214	 -0.543	 0.588	 -2.532	 0.011	 -2.648	 0.008	

F4	 1.106	 0.269	 -0.477	 0.634	 -3.121	 0.002*	 -1.033	 0.302	

Cz	 1.880	 0.060	 0.163	 0.871	 -2.152	 0.031	 -2.436	 0.015	

C3	 1.379	 0.168	 -0.537	 0.592	 -2.567	 0.010	 -2.990	 0.003*	

C4	 1.360	 0.174	 -0.344	 0.731	 -2.442	 0.015	 -1.750	 0.080	
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Table 2. 

T-values and p-values of the predictor; the interaction variable placement*exposure. The area in the first row is the 

dependent variable. An example of the statistical model used can be seen in S1. * significant after Bonferroni correction.

to perform a series of post hoc analyses on the ERFIA range of 500-1000ms post-stimulus. 
A significant elevation for the exposed ear condition was found for all electrodes except 
for F4 and C4. Finally, when correcting for multiple testing (12 locations) by means of the 
Bonferroni procedure (pcritical-corrected (0.05/12) = 0.004), an asterisk is placed in column ‘C’ 
when the p-value remains significant.

DISCUSSION

Several studies have demonstrated altered EEG frequency bands due to the presence of 
an active mobile phone (7-9). However, the causal mechanisms for this effect are, to our 
knowledge, not yet uncovered. Supposed electromagnetic radiation causes changes in EEG 
activity, a dose-response relationship should be demonstrable. In the present study it was 
hypothesized that 3G radiation peaks, short-term elevations of electromagnetic radiation, 
produce an immediate change in EEG activity, compared to a ‘non-radiation’ sham phone 
control condition. Radiation peaks were conceptualized as non-conscious stimuli which 
may produce event related potentials (ERPs). In other words, the key question to be 
answered was whether or not a 3G radiation peak (being a subliminal stimulus) can be 

 -200 to 0ms 0 to 240ms 240 to 500ms 500 to 1000ms

 t-value p-value t-value p-value t-value p-value t-value p-value

Fz 1.889 0.059 -0.047 0.963 -3.030 0.002* -2.123 0.034

F3 1.243 0.214 -0.543 0.588 -2.532 0.011 -2.648 0.008

F4 1.106 0.269 -0.477 0.634 -3.121 0.002* -1.033 0.302

Cz 1.880 0.060 0.163 0.871 -2.152 0.031 -2.436 0.015

C3 1.379 0.168 -0.537 0.592 -2.567 0.010 -2.990 0.003*

C4 1.360 0.174 -0.344 0.731 -2.442 0.015 -1.750 0.080

Pz .891 0.373 0.246 0.805 -0.721 0.471 -2.814 0.005

P3 .841 0.400 -0.060 0.952 -1.360 0.174 -2.855 0.004*

P4 .736 0.462 -0.328 0.743 -1.171 0.242 -2.379 0.017

Oz .540 0.589 0.372 0.710 0.583 0.560 -3.291 0.001*

O1 .388 0.698 0.030 0.976 -0.008 0.994 -3.265 0.001*

O2 .417 0.676 0.230 0.818 0.580 0.562 -2.956 0.003*
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detected by the brain, without assuming a response typical for a supraliminal stimulus. 
In the experimental design subjects were both exposed to a mobile phone placed on the 
ear, and to a mobile phone placed on the chest. These measurements took place on two 
separate days. The a-priori expected effect on the post-stimulus ERFIA range of 240-500ms, 
was evident: Not only a clear visual effect was observed, also the placement times exposure 
interaction was statistically significant, meaning an increase of cortical activity, only during 
the ear exposure condition and only in the frontal and central regions. Although this effect 
is not as large, regarding the amplitude, as observed in studies investigating supraliminal 
stimuli, it is comparable to effects of subliminal stimuli (116). 

The non-significant interaction effects during the 200ms baseline may be considered as a 
validation of the just mentioned post-stimulus effects. Although the ERFIA grand averages 
of the exposed ear condition visually started from zero onwards, non-significant effects of 
the 0-240ms region were found. This might be due to a lack of power or may be the result 
of a non-optimal chosen ERFIA range.

By means of a visual inspection of the grand average ERFIA plots (figure 2), it was noted 
that a second region (or to be considered as an extension of the first), from 500-1000ms, 
is affected during the ear-placement condition in all cortical regions. The placement times 
exposure interaction in this late region turned out to be significant in almost every EEG 
location. Although a profound interpretation of this late effect is lacking, it has to be noted 
that, in contrast to most ERP studies, the experimental stimulus (in this study a radiation 
peak) is active during the entire post-stimulus interval. Typically, the duration of a stimulus 
in an ERP study is relatively short (<100ms). The mean radiation peak (figure 1), however, 
did not return to baseline after 1000ms. It therefore might be that EEG effects are more 
extended in time, compared to regular ERP studies. A post hoc explanation for the late 
(500-1000ms) effect might be that the maximum radiation intensity is reached after 
260ms. Interestingly, this late effect turned out to be statistically greater compared to the 
240-500ms effect.

To our knowledge, only the study of Carrubba et al (115) tested a comparable hypothesis 
to that of the present study. Although there are important methodological differences 
between these two studies (see introduction), it is worthwhile to compare the results. The 
timeframe in which an evoked potential was found in Carruba et al. was from 267 to 529ms 
post-stimulus. The largest ERFIA amplitudes of the present study were found in almost the 
same range. This resemblance might indicate a certain robustness of the radiation effect on 
cortical activity, quantified with ERP / ERFIA.

Several limitations of this study have to be mentioned. First, a relatively small and 
homogeneous population of 31 healthy females was included. A larger sample size, selected 
from the general population is needed to investigate the replicability and generalizability of 
the results. A second limitation concerns the, strictly speaking, non-experimental control 
of the radiation peaks. Although the exposure condition contained a lot of radiation peaks, 
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there was no active control on both the size and the timing of these peaks. In addition, by 
using an active mobile phone, the brain is exposed to both electromagnetic and thermal 
processes. The usage of a device which experimentally simulates controlled radiation 
peaks comparable to that of a mobile phone might be preferred. On the other hand – 
and this was the main reason choosing a mobile phone in this study – a mobile phone 
provides the best representation of reality. Moreover, the finding of an immediate change 
in cortical activity after a radiation peak makes an explanation in terms of only thermal 
effects unlikely. Third, the design compared a 15 minutes dialling condition with a PRE and 
POST 15 minute sham phone condition. It could be argued that a more frequent alternating 
dialling schedule would be a more preferred method than the chosen ABA design. Fourth, 
since the duration of a mean radiation peak is longer than 1000ms, it would be interesting 
to experiment with a segment extending 1000ms. Fifth, the experimenter was not blinded. 
However, it is implausible that this lack of blinding has influenced the results. Finally, it 
seems unlikely that, executing the experiment in a non-shielded room (thereby allowing 
background radiation), has had a substantial effect on the EEG measured around radiation 
peaks.

In sum, this study demonstrates that non-consciously sensed radiation peaks, produced 
by a dialing 3G mobile phone, are detected by the brain in terms of short-term increased 
cortical activity. In addition, the ear placement specificity (compared to the chest) of the 
radiation effect on the cortex is striking. The crucial question whether or not the immediate 
effect of radiation on cortical activity may have an (negative) influence on health, cannot 
be answered yet. It would be ideal, but challenging, to perform longitudinal prospective 
research with differentially RF-EMF exposed groups in relation to several health outcomes. 
Next to EEG, transcranial magnetic stimulation might be used to test brain excitability, which 
has also shown changes in brain excitability due to mobile phone usage [25]. In addition, 
there is scope for investigation of effects at the cellular level, especially DNA change due 
to radiation, which will probably become more practical with the advent of novel imaging 
techniques.
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ABSTRACT

This study investigated whether an active, dialing 3G mobile phone, in comparison with 
a standby mobile phone, causes a change in EEG. Fifty subjects underwent a protocol 
in which a mobile phone was placed next to the ear. The condition of the mobile phone 
was remotely alternated between standby and dialing. Each 30-second period, during a 
one-hour measurement, was individually, randomly allocated to either dialing or standby. 
A twelve-lead EEG and radiofrequency radiation were recorded simultaneously. Six EEG 
frequency bands (delta, theta, alpha, slowbeta, fastbeta and gamma) were computed. 
Guided by previous work, it was hypothesized that a dialing mobile phone would be 
associated with increased EEG activity. Using multilevel random regression analyses, no 
significant differences between the standby and dialing condition were apparent, although 
a trend towards increased EEG activity was present during the dialing condition across all 
bands. The contrast with standby as a control condition, rather than a dummy state, may 
represent a post-hoc explanation for the inconclusive results. Follow-up work is required 
to test the hypothesis of a possible ‘standby’ effect on EEG, contrasting standby versus 
dummy versus dialing.
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INTRODUCTION

Two-thirds of the world population owns a mobile phone, whilst twenty years ago this 
was only 3% (119). Growth is still expanding and it is expected that 1 trillion objects will 
be connected to the Internet in 2025 (119). Every sector of the economy will be, or is 
already, digital, which makes it a necessity to be an active digital user in a large part of the 
world.  Most digital products involve a degree of exposure to electromagnetic radiation. 
The spectrum of radiation is broad. The bands of 1885-2025 MHz and 2110-2200 MHz 
were intended for use of the 3G network on a worldwide basis (120).

The possible impact of mobile phone radiation on physical, psychological and ecological 
measures remains an important topic of research, since the technology is changing 
constantly and the phenomenon is relatively new. There are, for instance, indications 
that the usage of mobile phones can lead to an increased risk of stress, altered sleep and 
symptoms of depression (59). However, contrasting results have been found, ranging 
from findings that mobile phone usage causes an increased risk of brain tumors (30-33) to 
findings in which mobile phone use is not found to be harmful (26, 27, 29). Currently, no 
clear conclusions about (health) effects of mobile phone usage can be drawn.

One area of research focusses on the question whether or not mobile phone radiation 
causes any physiological change at all. This research mostly involves the brain, since a 
dialing mobile phone is normally held against the ear. The brain represents a complex 
electrophysiological network which may be influenced by electromagnetic radiation of 
mobile phones. It remains uncertain to what degree mobile phone radiation impacts brain 
activity. Several conflicting results have been published (121, 122), and an increase in 
power of the alpha frequency band in response to an active mobile phone was reported 
recurrently (42-45, 92, 94, 105, 113). We recently investigated possible direct effects 
of mobile phone radiation on electrocortical activity (123, 124). In one experiment, it 
was investigated whether radiation peaks, as measured during a dialing mobile phone 
condition, could cause an event related potential (ERP). Evidence suggested that radiation 
peaks may cause a so-called subliminal (unconscious) ERP. In a second report, an increase 
in EEG activity in the alpha, but also slowbeta, fastbeta and gamma frequency bands under 
exposure of a 3G dialing mobile phone compared to a dummy phone was described (123). 
An ABA design was applied, in which the 15-minute exposure duration was preceded and 
followed by a 15-minute dummy phone condition. 

In the present study, we wished to test more frequent randomly alternating mobile 
phone conditions for superior replication and proof of principle of earlier findings. A 
remote controlled system was created to change mobile phone settings from a distance, 
including up to approximately 30 switches in condition per session. As a mobile phone was 
used, instead of a radiation simulation device, it was not possible to turn off the emission 
of radiation of the mobile phone completely during the control condition. Therefore, the 
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control condition in this study was the mobile phone standby state. To have standby as 
control condition, rather than a dummy telephone, has the advantage that it closely mimics 
reality since people often carry their mobile phone in standby condition. The difference 
in radiation level between the conditions was measured by the presence of a radiation 
detector. In the double-blind, randomized paradigm, subjects attended a single session. 
During the course of the protocol, electroencephalography and radiation activity were 
measured simultaneously with a 1000 Hz sampling rate.

The experiment was set up to investigate the following research question. We wished 
to examine whether the power of EEG frequency bands is altered due to a mobile phone 
dialing condition as compared to a standby condition. The hypothesis, guided by previous 
experiments, was that the power of the alpha and higher frequency bands would increase 
during the dialing condition. 

MATERIALS AND METHODS

Participants
Fifty healthy participants, 20 men and 30 women, aged 18-29 years, participated in the 
experiment (age: μ=21.8 σ=2.6, ♂: μ=22.2 σ=2.9, ♀: μ=21.6 σ=2.3). All participants were in 
the possession of a smartphone (inclusion criterion) and had no medical history of cardiac 
or nervous system disorders (exclusion criteria). On the day the experiment took place, 
no caffeine-containing beverages were used. No alcohol was used during the 12 previous 
hours and sufficient night rest was ensured. Subjects were asked to provide an overview of 
their mobile phone usage (dialing minutes and MB usage) of the past 3 months as charged 
by their phone provider. After reading a document with detailed information about the 
study and having discussed any possible concerns with the researcher, subjects provided 
written informed consent. Participation was compensated with €20,-.

Experimental procedures
Each participant underwent a single session, lasting about two hours and taking place 
between 9 am and 5 pm. The experiments were performed in an academic mental health 
care institute at the outskirts of the city; the experimental room (which was not electrically 
shielded) was located on the second floor. EEG was measured using shielded electrodes. 
Each shielded electrode had a separate ground plug, which was connected to the amplifier 
ground. The following EEG electrodes were placed in accordance to the 10-20 system 
(125): Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz, O1 and O2. All electrodes were fixed using 10-
20 conductive paste (126). A reference was placed on each ear lobe. To check for possible 
eye movements, an electro-oculogram (EOG) shielded electrode was placed 1 centimeter 
under the midline of both eyes. The electrodes were connected to a BrainAmp amplifier 
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(Brain Products). Impedances were maintained below 5 kΩ. Spike artefacts due to radiation, 
described in other articles (121), were not observed. Both EEG- and radiation data were 
sampled with 1000 Hz using Brain Vision Recorder software. A mobile phone was placed 
with the rear side to the participant’s left ear with an elastic band avoiding direct contact 
between the phone and the electrodes. The position was in an angle of approximately 45 
degrees (Fig. 1).

                   Fig. 1. Test set-up 

The randomized, remote-controlled system to control the mobile phone conditions was 
constructed as follows. The desired contrast was between alternating standby and dialing 
conditions. The whole experiment lasted 70 minutes. A baseline phase was created based 
on standby state during the first 10 minutes. The following 60 minutes were divided in 
120 segments of 30 seconds. In each participant, each 30 second segment was randomly 
allocated to the standby or dialing condition. Consequently, each participant had a different, 
random dialing schedule. This is illustrated in Fig. 2. This allocation implicated that several 
successive dialing or standby segments could be formed. The mean length of a dialing 
segment was 59.81s (SD±42.20s) and 58.89s (SD±43.21s) for a standby segment. In order 
to execute participant-specific dialing schedules from a distance, a free application, which 
allowed for answering a call automatically, was installed on the mobile phone. Second, an 
executive program with commands for the 60 distinct dialing schedules was installed on 
a PC. Using this program, each schedule could be activated separately. When activated, 

Participants	

Fifty	healthy	participants,	20	men	and	30	women,	aged	18-29	years,	participated	in	the	experiment	
(age:	μ=21.8	σ=2.6,	♂:	μ=22.2	σ=2.9,	♀:	μ=21.6	σ=2.3).	All	participants	were	 in	the	possession	of	a	
smartphone	(inclusion	criterion)	and	had	no	medical	history	of	cardiac	or	nervous	system	disorders	
(exclusion	 criteria).	 On	 the	 day	 the	 experiment	 took	 place,	 no	 caffeine-containing	 beverages	were	
used.	 No	 alcohol	 was	 used	 during	 the	 12	 previous	 hours	 and	 sufficient	 night	 rest	 was	 ensured.	
Subjects	were	asked	 to	provide	an	overview	of	 their	mobile	phone	usage	 (dialing	minutes	and	MB	
usage)	 of	 the	 past	 3	months	 as	 charged	 by	 their	 phone	 provider.	 After	 reading	 a	 document	 with	
detailed	 information	 about	 the	 study	 and	 having	 discussed	 any	 possible	 concerns	 with	 the	
researcher,	subjects	provided	written	informed	consent.	Participation	was	compensated	with	€20,-.	

Experimental	procedures	

Each	participant	underwent	a	single	session,	lasting	about	two	hours	and	taking	place	between	9	am	
and	 5	 pm.	 The	 experiments	 were	 performed	 in	 an	 academic	 mental	 health	 care	 institute	 at	 the	
outskirts	of	the	city;	the	experimental	room	(which	was	not	electrically	shielded)	was	located	on	the	
second	floor.	EEG	was	measured	using	shielded	electrodes.	Each	shielded	electrode	had	a	separate	
ground	 plug,	 which	 was	 connected	 to	 the	 amplifier	 ground.	 The	 following	 EEG	 electrodes	 were	
placed	in	accordance	to	the	10-20	system	(125):	Fz,	F3,	F4,	Cz,	C3,	C4,	Pz,	P3,	P4,	Oz,	O1	and	O2.	All	
electrodes	were	fixed	using	10-20	conductive	paste	(126).	A	reference	was	placed	on	each	ear	lobe.	
To	check	for	possible	eye	movements,	an	electro-oculogram	(EOG)	shielded	electrode	was	placed	1	
centimeter	under	the	midline	of	both	eyes.	The	electrodes	were	connected	to	a	BrainAmp	amplifier	
(Brain	 Products).	 Impedances	 were	 maintained	 below	 5	 kΩ.	 Spike	 artefacts	 due	 to	 radiation,	
described	 in	 other	 articles	 (121),	were	 not	 observed.	 Both	 EEG-	 and	 radiation	 data	were	 sampled	
with	1000	Hz	using	Brain	Vision	Recorder	software.	A	mobile	phone	was	placed	with	the	rear	side	to	
the	 participant’s	 left	 ear	with	 an	 elastic	 band	 avoiding	 direct	 contact	 between	 the	 phone	 and	 the	
electrodes.	The	position	was	in	an	angle	of	approximately	45	degrees	(Fig.	1).	

	
Fig.	1.	Test	set-up		

The	randomized,	remote-controlled	system	to	control	the	mobile	phone	conditions	was	constructed	
as	follows.	The	desired	contrast	was	between	alternating	standby	and	dialing	conditions.	The	whole	
experiment	lasted	70	minutes.	A	baseline	phase	was	created	based	on	standby	state	during	the	first	
10	 minutes.	 The	 following	 60	 minutes	 were	 divided	 in	 120	 segments	 of	 30	 seconds.	 In	 each	
participant,	 each	 30	 second	 segment	 was	 randomly	 allocated	 to	 the	 standby	 or	 dialing	 condition.	
Consequently,	each	participant	had	a	different,	random	dialing	schedule.	This	is	 illustrated	in	Fig.	2.	
This	allocation	implicated	that	several	successive	dialing	or	standby	segments	could	be	formed.	The	
mean	 length	 of	 a	 dialing	 segment	 was	 59.81s	 (SD±42.20s)	 and	 58.89s	 (SD±43.21s)	 for	 a	 standby	
segment.	 In	 order	 to	 execute	 participant-specific	 dialing	 schedules	 from	 a	 distance,	 a	 free	
application,	which	 allowed	 for	 answering	 a	 call	 automatically,	 was	 installed	 on	 the	mobile	 phone.	
Second,	an	executive	program	with	commands	for	the	60	distinct	dialing	schedules	was	installed	on	a	
PC.	 Using	 this	 program,	 each	 schedule	 could	 be	 activated	 separately.	 When	 activated,	 an	 online	
connection	was	made	to	a	(paid)	dialing	account.	Simultaneously,	a	connection	was	made	to	a	cloud	
where	the	commands	for	the	several	dialing/standby	durations	was	encoded,	allowing	execution	of	
the	activated	dialing	schedule.	

Fig. 2. Dialing schedule. The first 10 minutes were always in standby condition. After this baseline, each participant was 

exposed to an individual dialing schedule in which each half-minute period was randomly assigned to either the dialing 

or the standby condition. Blue represents a 30 second standby segment, red a 30 second dialing segment.

	

	

Fig.	 2.	 Dialing	 schedule.	 The	 first	 10	 minutes	 were	 always	 in	 standby	 condition.	 After	 this	 baseline,	 each	
participant	 was	 exposed	 to	 an	 individual	 dialing	 schedule	 in	 which	 each	 half-minute	 period	 was	 randomly	
assigned	to	either	the	dialing	or	the	standby	condition.	Blue	represents	a	30	second	standby	segment,	red	a	30	
second	dialing	segment.	

	

	Exposure:		

•	 A	 3G	 smartphone,	 identical	 to	 the	 phone	 used	 in	 the	 previous	 study	 (127)	 was	 used.	 No	
sound	 was	 exchanged	 (mute	 settings),	 in	 order	 to	 ensure	 that	 the	 participant	 could	 not	
identify	the	dialing	condition.	

•	 The	SAR	level	of	the	phone	is	reported	as	0.69	W/kg	(head)	in	the	manual.	

Radiation	 activity	 was	 detected	 throughout	 the	 experiment	 with	 a	 radiation	 detector	 (HF59B,	
Gigahertz	Solutions),	connected	to	an	omnidirectional	antenna.	This	detector	was	connected	 (from	
the	 DC	 output)	 to	 the	 BrainAmp	 headbox	 with	 an	 auxiliary	 plug.	 The	 detector	 was	 placed	 in	 the	
upright	position,	30	cm	above	the	table	at	which	the	participant	was	sitting	and	20	cm	left	from	the	
participant.	 Previous	 tests	 showed	 that	 there	 was	 no	 direct	 interference	 of	 the	 mobile	 phone	
radiation	with	either	the	shielded	electrodes	or	the	internal	ADC	converter	of	the	amplifier.		

In	order	to	investigate	the	administered	radiation,	a	Network	Analyzer,	Agilent	Technologies,	E5061B	
ENA	Series,	5	Hz	-	3	GHz	was	used.	The	frequency	band	operated	at	the	following	frequency:	1.9291	
to	1.9397	GHz.	Second,	a	radiation	peak	as	measured	next	to	the	ear	with	the	radiation	detector	was	
approximately	10	dbm.	In	order	to	maintain	the	participant’s	alertness	and	to	guarantee	a	relatively	
stable	mood,	participants	watched	an	affectively	neutral	documentary	about	mammals.	Before	 the	
start	of	the	experiment,	participants	were	encouraged	to	pay	close	attention	to	the	video	and	they	
were	 told	 that	 they	would	be	 tested	afterwards	with	 regard	 to	 the	content	of	 the	documentary.	A	
small	financial	recompense	was	promised	for	the	participant	with	the	best	test	performance.	

	

Data	reduction	

Brainvision	Analyzer	2.0	(Brain	Products,	München,	Germany)	was	used	to	analyse	the	data	offline.	In	
order	to	create	EEG	frequency	bands,	the	data	were	filtered	using	a	high	cut-off	filter	of	50	Hz	and	a	
low	cut-off	filter	of	0.5	Hz,	as	customary	for	EEG	data.	The	start	of	each	dialing/control	condition	was	
marked.	After	each	marker,	a	MatLab	script	created	consecutive	segments	of	1024	ms.	A	fast	Fourier	
transformation	(FFT)	was	performed	for	each	epoch.	The	following	frequency	bands	were	computed:	
delta	(from	0.5	to	4.0	Hz),	theta	(from	4.0	to	7.5	Hz),	alpha	(from	7.5	to	13.0	Hz)	slow	beta	(from	13.0	
to	20.0	Hz),	fast	beta	(from	20.0	to	30.0	Hz)	and	gamma	(from	30.0	to	47.0	Hz).	After,	EEG-data	were	
exported	 to	 SPSS	 21.0.	 The	 dataset	 was	 set	 up	 in	 such	 a	 way	 that	 each	 record	 contained	 the	
information	of	 approximately	 a	half-minute	period;	 each	 record	 consisted	of	 an	 FFT	 average	of	29	
consecutive	epochs	(29*1024ms=29696ms).	A	variable	called	‘half_minute_block’	was	created	to	use	
as	 time	 variable	 in	 the	 models.	 This	 was	 necessary	 as	 dialing/control	 segments	 were	 always	 a	
multitude	of	30	 seconds.	All	EEG	variables	were	 log10-transformed	because	of	a	positively	 skewed	
distribution.	EOG	and	radiation	data	were	also	divided	in	1024ms	epochs,	but	were	exported	to	SPSS	
without	FFT	transformation.	

Statistical	analysis	

To	investigate	the	effect	of	the	two	different	conditions	(dialing	and	standby)	on	the	EEG	variables,	
multilevel	random	regression	analyses	were	used.	The	‘half_minute_block’	variable	was	used	as	the	
repeated	measure	variable.	The	model	contained	two	levels,	in	which	consecutive	half-minute-blocks	
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an online connection was made to a (paid) dialing account. Simultaneously, a connection 
was made to a cloud where the commands for the several dialing/standby durations was 
encoded, allowing execution of the activated dialing schedule.

 Exposure
• A 3G smartphone, identical to the phone used in the previous study (127) was used. No 

sound was exchanged (mute settings), in order to ensure that the participant could not 
identify the dialing condition.

• The SAR level of the phone is reported as 0.69 W/kg (head) in the manual.

Radiation activity was detected throughout the experiment with a radiation detector 
(HF59B, Gigahertz Solutions), connected to an omnidirectional antenna. This detector 
was connected (from the DC output) to the BrainAmp headbox with an auxiliary plug. The 
detector was placed in the upright position, 30 cm above the table at which the participant 
was sitting and 20 cm left from the participant. Previous tests showed that there was no 
direct interference of the mobile phone radiation with either the shielded electrodes or the 
internal ADC converter of the amplifier. 

In order to investigate the administered radiation, a Network Analyzer, Agilent 
Technologies, E5061B ENA Series, 5 Hz - 3 GHz was used. The frequency band operated 
at the following frequency: 1.9291 to 1.9397 GHz. Second, a radiation peak as measured 
next to the ear with the radiation detector was approximately 10 dbm. In order to maintain 
the participant’s alertness and to guarantee a relatively stable mood, participants watched 
an affectively neutral documentary about mammals. Before the start of the experiment, 
participants were encouraged to pay close attention to the video and they were told that 
they would be tested afterwards with regard to the content of the documentary. A small 
financial recompense was promised for the participant with the best test performance.

Data reduction
Brainvision Analyzer 2.0 (Brain Products, München, Germany) was used to analyse the data 
offline. In order to create EEG frequency bands, the data were filtered using a high cut-off 
filter of 50 Hz and a low cut-off filter of 0.5 Hz, as customary for EEG data. The start of 
each dialing/control condition was marked. After each marker, a MatLab script created 
consecutive segments of 1024 ms. A fast Fourier transformation (FFT) was performed for 
each epoch. The following frequency bands were computed: delta (from 0.5 to 4.0 Hz), 
theta (from 4.0 to 7.5 Hz), alpha (from 7.5 to 13.0 Hz) slow beta (from 13.0 to 20.0 Hz), 
fast beta (from 20.0 to 30.0 Hz) and gamma (from 30.0 to 47.0 Hz). After, EEG-data were 
exported to SPSS 21.0. The dataset was set up in such a way that each record contained 
the information of approximately a half-minute period; each record consisted of an FFT 
average of 29 consecutive epochs (29*1024ms=29696ms). A variable called ‘half_minute_
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block’ was created to use as time variable in the models. This was necessary as dialing/
control segments were always a multitude of 30 seconds. All EEG variables were log10-
transformed because of a positively skewed distribution. EOG and radiation data were also 
divided in 1024ms epochs, but were exported to SPSS without FFT transformation.

Statistical analysis
To investigate the effect of the two different conditions (dialing and standby) on the EEG 
variables, multilevel random regression analyses were used. The ‘half_minute_block’ 
variable was used as the repeated measure variable. The model contained two levels, in 
which consecutive half-minute-blocks were nested within subjects. There were 72 (12 
electrodes * 6 EEG frequency bands) dependent variables. In total 12*6=72 analyses 
were performed. Since EEG activity of consecutive EEG segments is interdependent, an 
autoregressive (AR1) covariance structure was used to correct for this interdependency.

To correct for EOG activity, outlying EOG activity was rejected from the analyses (0.5% of 
the data rejected). The remaining EOG activity was included in all models as a covariate. 
The main predictor was the dichotomous condition variable (dialing or standby). Age, sex, 
and half_minute_block were included as covariates in all models. Next to the fixed effects, 
for the following variables random effects were included: intercept, the condition variable 
and half_minute_block. 

For all the models, p-values <=0.05 were considered significant. All statistical analyses 
were performed with SPSS 21.0.

RESULTS

After the experiment, participants were asked whether they had noticed changes in the 
state of the mobile phone during the session. None of the subjects reported impression of 
changes in condition.

Condition
Multilevel random regression analyses were performed to test whether EEG data was 
impacted by condition of the mobile phone (dialing or standby). Fig. 3 shows the t-values 
of the condition variable, which reached significance in only three instances (delta P4, delta 
C4 and slowbeta C4). Taking into account multiple testing (72 tests, each performed at 
0.05 level), findings were not significant. The EOG covariates were very significant, with 
p-values < 0.001 across models. Time was not a significant covariate, as was age. Sex was a 
significant covariate in most models. 
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Fig. 3. Condition effects (t-values) of the 12 lead EEG. A value >=2 represents a significant association.

Post-hoc
Few condition effects were present in the data. Post-hoc analyses were performed to further 
investigate the non-hypothesized result, comparing the intensity of radiation across the 
standby condition with a dummy condition as recorded in a previous study (127). The first 
10 minutes of both studies were investigated. This confirmed that the radiation intensity in 
the standby condition was significantly higher compared to the dummy condition.

Next, all models testing the condition effects were run again with all covariates omitted. 
More specifically, only condition remained as predictor and EOG, time, sex and age were 
removed as covariates. This simplified model resulted in more (13 versus 3) significant 
effects (Fig. 4). Almost all frequency bands at C4 and P4 had positive, significant estimates 
in the hypothesized direction: more EEG power was observed during the dialing condition 
compared to the standby condition. Stepwise removal techniques of the covariates, 
demonstrated that EOG was the covariate that acted most strongly as a confounding 
variable.

were	 nested	 within	 subjects.	 There	 were	 72	 (12	 electrodes	 *	 6	 EEG	 frequency	 bands)	 dependent	
variables.	In	total	12*6=72	analyses	were	performed.	Since	EEG	activity	of	consecutive	EEG	segments	
is	 interdependent,	 an	 autoregressive	 (AR1)	 covariance	 structure	 was	 used	 to	 correct	 for	 this	
interdependency.	

To	correct	 for	EOG	activity,	outlying	EOG	activity	was	rejected	 from	the	analyses	 (0.5%	of	 the	data	
rejected).	The	remaining	EOG	activity	was	 included	in	all	models	as	a	covariate.	The	main	predictor	
was	the	dichotomous	condition	variable	(dialing	or	standby).	Age,	sex,	and	half_minute_block	were	
included	 as	 covariates	 in	 all	models.	 Next	 to	 the	 fixed	 effects,	 for	 the	 following	 variables	 random	
effects	were	included:	intercept,	the	condition	variable	and	half_minute_block.		

For	 all	 the	 models,	 p-values	 <=0.05	 were	 considered	 significant.	 All	 statistical	 analyses	 were	
performed	with	SPSS	21.0.	

	

RESULTS	
After	the	experiment,	participants	were	asked	whether	they	had	noticed	changes	in	the	state	of	the	
mobile	phone	during	the	session.	None	of	the	subjects	reported	impression	of	changes	in	condition.	

Condition	
Multilevel	 random	regression	analyses	were	performed	to	 test	whether	EEG	data	was	 impacted	by	
condition	 of	 the	 mobile	 phone	 (dialing	 or	 standby).	 Fig.	 3	 shows	 the	 t-values	 of	 the	 condition	
variable,	 which	 reached	 significance	 in	 only	 three	 instances	 (delta	 P4,	 delta	 C4	 and	 slowbeta	 C4).	
Taking	 into	 account	 multiple	 testing	 (72	 tests,	 each	 performed	 at	 0.05	 level),	 findings	 were	 not	
significant.	The	EOG	covariates	were	very	significant,	with	p-values	<	0.001	across	models.	Time	was	
not	a	significant	covariate,	as	was	age.	Sex	was	a	significant	covariate	in	most	models.		

	

	
Fig.	3.	Condition	effects	(t-values)	of	the	12	lead	EEG.	A	value	>=2	represents	a	significant	association.	

	

Post-hoc	
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Fig. 4. T-values of main predictor condition when analyzed in a simplified model. A value >=2 represents a significant 

outcome.

DISCUSSION

A relatively large number of subjects (N=50) took part in this experimental study to 
investigate whether or not a dialing mobile phone impacts brain activity. The dependent 
variable was the power of EEG frequency bands. The key issue was to investigate whether 
condition effects could be identified. 

Condition effects
The hypothesis was that the effects of dialing found in the previous study  (127) would be 
replicated. Thus, increased power of all EEG frequency bands in the dialing condition was 
hypothesized. However, the analyses revealed a null finding. This discrepancy between the 
results of the two studies requires an explanation. 

Three explanations can be considered. i) The outcome of the first experiment was 
false-positive, ii) the results of the present experiment are false-negative and iii) both 

Few	 condition	 effects	 were	 present	 in	 the	 data.	 Post-hoc	 analyses	 were	 performed	 to	 further	
investigate	 the	 non-hypothesized	 result,	 comparing	 the	 intensity	 of	 radiation	 across	 the	 standby	
condition	with	a	dummy	condition	as	recorded	in	a	previous	study	(127).	The	first	10	minutes	of	both	
studies	were	 investigated.	This	confirmed	that	 the	 radiation	 intensity	 in	 the	standby	condition	was	
significantly	higher	compared	to	the	dummy	condition.	

Next,	 all	 models	 testing	 the	 condition	 effects	 were	 run	 again	 with	 all	 covariates	 omitted.	 More	
specifically,	 only	 condition	 remained	 as	 predictor	 and	 EOG,	 time,	 sex	 and	 age	 were	 removed	 as	
covariates.	This	simplified	model	resulted	in	more	(13	versus	3)	significant	effects	(Fig.	4).	Almost	all	
frequency	bands	at	C4	and	P4	had	positive,	significant	estimates	in	the	hypothesized	direction:	more	
EEG	power	was	observed	during	the	dialing	condition	compared	to	the	standby	condition.	Stepwise	
removal	 techniques	 of	 the	 covariates,	 demonstrated	 that	 EOG	was	 the	 covariate	 that	 acted	most	
strongly	as	a	confounding	variable.	

	

	
Fig.	4.	T-values	of	main	predictor	condition	when	analyzed	 in	a	 simplified	model.	A	value	>=2	 represents	a	
significant	outcome.	

	

DISCUSSION	

A	 relatively	 large	 number	 of	 subjects	 (N=50)	 took	 part	 in	 this	 experimental	 study	 to	 investigate	
whether	or	not	a	dialing	mobile	phone	impacts	brain	activity.	The	dependent	variable	was	the	power	
of	 EEG	 frequency	 bands.	 The	 key	 issue	 was	 to	 investigate	 whether	 condition	 effects	 could	 be	
identified.		

Condition	effects	

The	hypothesis	was	that	the	effects	of	dialing	found	in	the	previous	study		(127)	would	be	replicated.	
Thus,	 increased	 power	 of	 all	 EEG	 frequency	 bands	 in	 the	 dialing	 condition	 was	 hypothesized.	
However,	 the	 analyses	 revealed	 a	 null	 finding.	 This	 discrepancy	 between	 the	 results	 of	 the	 two	
studies	requires	an	explanation.		

Three	explanations	can	be	considered.	 i)	The	outcome	of	the	first	experiment	was	false-positive,	 ii)	
the	 results	 of	 the	 present	 experiment	 are	 false-negative	 and	 iii)	 both	 studies	 are	 true	 but	 not	
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studies are true but not comparable. Based on a critical methodological evaluation of the 
studies, the first two explanations, but maybe not the latter, are implausible. Although 
the methodology of the present experiment was correct, it may not sufficiently match the 
research question. The methodological decision to include a standby state as the control 
condition may represent a mismatch. It was expected that the standby condition would 
be neutral and comparable to a dummy state. In retrospect, this assumption may not be 
correct.  Some of the electrical components in a mobile phone are active in the standby 
mode, as all electronic devices cause interference when switched on. For this reason, a 
dummy phone may yield different results compared to a phone in standby mode. A low 
dose of radiation (as in the standby condition) may already affect brain activity. Post-hoc 
testing revealed that the standby condition was associated with a significantly higher level 
of radiation compared to the dummy condition. Therefore, in setting up a study design 
aimed at providing ‘proof of principle’ of EEG effects of a dialing mobile phone,  the control 
(standby) condition as used in the present study may represent insufficient contrast. A 
dummy condition is required as well.

Other issues may be relevant. First, in the previous study a consecutive 15-minute dialing 
exposure condition was used, whereas dialing in the current study varied between 30 and 
300 seconds and was repeatedly interrupted by the standby control condition. An EEG 
effect may require a minimal uninterrupted time of exposure (e.g. >10 minutes). It was not 
possible to test this post-hoc explanation, since the number of uninterrupted, long-lasting 
exposures (300 seconds) was tiny (N=2).

A second issue is related to statistical modelling. Ideally, only variables which are under 
direct experimental control should be included in the statistical models. In the present 
experiment, the dichotomous variable condition (contrasting the dialing with the standby 
condition) is the predictor of main interest and was under experimental control. The actual 
models also contained other covariates which may confound associations and are often 
controlled for in EEG analyses. Of these, EOG acted as a confounder for the condition 
effect, as removing EOG from the model revealed a trend towards increased EEG activity 
in the dialing condition. It is possible that EOG itself is also influenced by mobile phone 
radiation (there are suggestions in the literature (14, 128) that for example eye fluids can 
be influenced by mobile phone radiation). In accordance with this post hoc hypothesis, it 
has to be noted that the present study contains 70 minutes of exposure (standby cannot 
be considered radiation free) compared to 15 minutes of exposure in the previous study.
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CONCLUSION

The design of the present study is adequate to answer the question whether a dialing 
mobile phone has a different effect on brain activity compared to a standby mobile phone. 
No significantly different brain activity was observed. For future research it is recommended 
to carry out an experiment contrasting a standby mode versus a dummy state, taking into 
account the methodological considerations of this study. As a final statement, standby is 
often considered a relatively ‘innocent/inactive’ phone condition, but the outcomes of this 
study raise the possibility that standby could also affect EEG. 
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ABSTRACT

In an n=2 pilot study, the possible impact of mobile phone usage on mental state was 
investigated with the experience sampling method. The ESM-based PsyMate™ application 
was installed on the mobile phones of two healthy 20-year old participants. Over a period 
of three months, participants rated their mental states at 10 semi-random moments in 
the flow of daily life. Each assessment included present state emotions, environmental 
circumstances and phone usage. Multilevel regression analyses indicated that an increase 
in mobile phone use was associated with a small increase in negative affect (particularly 
feeling bored and feeling lonely), and small decreases in positive affect and concentration. 
Treating the data as two separate n=1 studies revealed that the association with negative 
affect was present in both participants, whereas the associations with positive affect and 
concentration were evident in only one of the two participants. This pilot study suggests 
that mobile phone usage may be associated with person-specific and group-level changes 
in emotional state. A larger study is required to study these associations, possible causality 
and factors driving underlying heterogeneity in the pattern of associations.
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INTRODUCTION

Given widespread use of mobile phones, research has been conducted to investigate 
possible side effects. For example, mobile phone use is associated with slower response 
whilst driving (129) and cyber bullying (130). Furthermore, mobile phone use may be 
excessive or even compulsive, which was coined as ‘problematic mobile phone use’ (131). 
At least eleven different questionnaires have been used to test the construct of mobile 
phone use addiction (131-141), mostly based on criteria for dependence as described 
in the DSM-IV-TR (142). The term ‘nomophobia’ (the fear of being out of mobile phone 
contact) was proposed in 2014 (143). The related fear of missing out (FoMO) was defined 
as ‘a pervasive apprehension that others might be having rewarding experiences from 
which one is absent’(144). In addition to a possible addictive component, associations 
have been reported between mobile phone use and depression, anxiety, stress and sleep 
problems (58, 59, 135, 139, 145-147). Estimates of problematic mobile phone use, across 
these different outcomes, differ widely, ranging from 0-38% (148). 

Associations between mobile phone use and mental health may be mediated by 
personality traits such as self-esteem and extraversion. Lower levels of self-esteem were 
consistently associated with problematic mobile phone use across different studies (131, 
145, 149, 150); higher levels of extraversion were associated with more frequent mobile 
phone usage (131, 151). 

Although mobile phone use is a highly dynamic process, varying from moment to moment 
in daily life, studies in this area majorly use traditional retrospective questionnaires that are 
associated with several well-known forms of bias and cannot capture dynamic variation of 
mental states associated with daily life phone use (152). A data acquisition method which 
is relatively free of these kinds of bias is the Experience Sampling Method (ESM)(153). 
ESM is a valid and reliable method which is able to contribute to the understanding of the 
relationship between environmental phenomena and mental experience (154). Another 
advantage of this method is the ability to detect possible subtle (unconscious) changes in 
affect in the context of daily life in relation to mobile phone use. ESM has, to our knowledge, 
never before been applied in this research area.

In order to pilot the use of ESM in the context of mobile phone use, an n=2 ESM pilot 
study was conducted in order to examine associations between mobile phone use and 
subtle changes in mental states. In ESM studies, participants are ‘beeped’ at semi-random 
moments to record their in-the-moment emotional and behavioural states several times 
during the day (usually 6-10 times) (154). In addition, the actual circumstances (where and 
with whom a participant is) are also rated. This dynamic repeated measure design allows 
for prospective modelling of behavioural and affective dynamic patterns during the day as 
well as for examining associations with context (154). 

Guided by previous literature, the following hypotheses were postulated: (i) A general 
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increase of phone usage will be associated with higher scores on negative affect, lower 
levels of positive affect and lower levels of concentration (59, 155); (ii) whenever a person 
cannot engage in mobile phone use, increased levels of negative affect will ensue.

MATERIALS AND METHODS

Participants
Recruitment took place in September 2016, using posters distributed at Maastricht 
University Medical Centre in Maastricht, The Netherlands. Inclusion criteria were: age 20-25 
years, healthy, good understanding of the Dutch language and smartphone usage. Exclusion 
criteria were a psychiatric diagnosis and pregnancy. Two healthy, female volunteers, both 
20 years of age and students at Maastricht University, were thus enrolled. Participants 
were frequent smartphone users, used to carry a smartphone with them at all times, who 
did not experience their phone usage as problematic. Participation was compensated with 
€150, - per participant.

Procedures 

Briefing
During the briefing, participants were helped to download the ESM PsyMate™ application 
on their smartphone (using the App store/Google play store). They were instructed on how 
to use the application. It was stressed that participants should not change their daily life 
routines; they were asked to carry their smartphone with them at all times in order to miss 
as few beeps as possible. In addition to the ESM scheme, participants filled in a separate 
morning and an evening questionnaire. In the morning questionnaire, before the first beep 
of the day, participants were asked to answer some questions about the quality of sleep 
and the location of the mobile phone in the past night (Appendix 1). In the evening, after 
the last beep, some additional questions were asked about the use of the PsyMate™ app 
and its possible impact on the participant (Appendix 1). At all times during the study, a 
researcher (SR) was available for questions. After the briefing session, the study period of 
three months started. 

Data collection
In order to collect ESM data, the PsyMate™ application (www.psymate.eu) was installed 
on the personal smartphone of participants. Data collection took place over a period of 
three months. The PsyMate™ app emitted ten beeps per day at semi-random intervals 
in each of ten 90-minutes time blocks between 7:30 AM and 10:00 PM. The application 
worked independently of internet connectivity. After each beep, participants were asked 
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to answer the ESM items as soon as possible (thus capturing information about the in-the-
moment state). Items should be answered within 15 minutes in order to safeguard real-
time assessment (156). There were four positive affect ESM items (cheerful, mentally fit, 
relaxed and globally feeling well). Six items indexed negative affect (irritated, bored, lonely, 
gloomy, stressed and worried). Next, current context and activities (physical activity, daily 
life activities, persons present) as well as physical items (tired, level of concentration and 
pain) were rated. Finally, mobile phone use since the last beep (frequency, frustration when 
not able to use the mobile phone) was measured. An overview of ESM items is presented 
in appendix 1. The affect items were rated on a 7-point Likert scale, ranging from ‘not at all’ 
to ‘very much’. Mobile phone use was rated as follows. At each beep, the participant was 
asked to give an estimate of the frequency of mobile phone usage between the last beep 
and the present beep. Zero represents no usage, one represents once, two represents 2-5 
times, three 5-10 times and four more than 10 times. Over the total period, participant 1 
had a mean between-beep mobile phone usage of 1.72 (SD 1.06) and participant 2 a mean 
of 0.81 (SD 0.975).

After the three month ESM period, a debriefing session was held with both participants. 
Participants were asked to what degree the past three months were representative for 
their daily life and to what extent PsyMate™ had interfered with their normal routines. 

Data reduction 
App-data were directly transferred to an internet cloud, when internet connectivity was 
available. When there was no connection to the internet, data were temporarily stored on 
the mobile phone. The data of both participants was directly extracted from the cloud and 
imported in an SPSS datafile.

PsyMate™ studies have shown that positive and negative affect (PA and NA, respectively) 
items can be reliably (Cronbach alpha>0.7) and consistently (154) scaled into two factors: 
a PA and an NA factor.

Analyses
Data on momentary mental state at beep moment t and level of phone usage between the 
last beep (t-1) and the present (t) was retrieved, in order to model affect parameters as the 
dependent and phone usage as the independent variable in the analyses.  

Statistical analyses were conducted with SPSS 24.0 (157). The data were hierarchically 
structured, since multiple assessments were performed and clustered within days that in 
turn were clustered within participants. Multilevel random regression analyses were used 
to test the relationship between mobile phone usage and affect, taking the hierarchical 
structure into account. In order to model time effects, beep number and beep time interval 
were incorporated as covariates in all analyses. In order to correct for interdependence of 
the data over successive beeps, an autoregressive (AR1) covariance structure was selected. 
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Since there were two participants, allowing for investigation of person-specific patterns, 
data was also analysed as two n=1 studies. To this end, linear regression analyses, using 
affect as dependent parameter and mobile phone usage as predictor were performed 
separately for participant 1 and 2. In these regression analyses, beep number and beep 
time interval were also incorporated as covariates.

A two-sided p-value < 0.05 was considered statistically significant.

Ethics statement
Approval was obtained from the medical ethics committee of the Academic Hospital 
Maastricht, on May, 19th, 2016. All participants provided written informed consent.

RESULTS

Participant 1 used the PsyMate™ application during 96 days and responded to 399/960 
beeps (42%). Thus, on average 4.2 out of 10 beeps each day were completed. Participant 2 
completed 506/930 beeps (54%) or 5.4 beeps out of 10 each day. Guided by previous work 

Table 1. Results from ‘evening questionnaire’ in both participants.

Responding to Pymate 

beeps has influenced my 

mood

Without PsyMate™, I would 

have done other things 

today

After responding to Pysmate 

beeps, I used my mobile 

phone

The PsyMate™ has 

influenced my normal 

phone usage today

Today, I experienced fear of 

missing out

Mean 

participant 1

(min-max)

(scale 1-7)

1.54 (1-6)

1.12 (1-7)

2.98 (1-6)

2.17 (1-5)

3.62 (1-7)

SD 

1.24

0.83

1.85

1.32

1.57

N (days)

52

52

52

52

52

Mean 

participant 2

(min-max)

(scale 1-7)

1.82 (1-5)

1.02 (1-2)

4.11 (1-7)

1.44 (1-6)

1.39 (1-4)

SD

0.88

0.153

1.73

0.91

0.70

N (days)

84

84

84

84

84



83

DOES MOBILE PHONE USE IMPACT MENTAL STATE? A PILOT STUDY USING THE EXPERIENCE SAMPLING METHOD

with this ESM scheme, a response of 30% to the ESM beeps was considered the minimum 
for inclusion in the analysis (158). 

In order to model change in affect from beep to beep in relation to mobile phone use, an 
a priori limit was set on days with at least 4 completed beeps. In participant 1, 62 of 96 days 
met this requirement (65% of all the days), with an average of 5.2 completed beeps per 
day. In participant 2, 78 days (84% of all days) met the requirement, with an average of 6.0 
beeps per day. Setting the a priori limit caused an ESM data reduction of 19% in participant 
1 and 8% in participant 2.

Table 2. Estimates of ‘mobile phone usage’. Vertical columns represent dependent variables. In the first two columns, 

the association with phone use in the combined dataset with both participants is shown, using multilevel analyses. The 

remaining columns show the outcomes per participant, obtained using linear regression analyses. *p < 0.05 **p < 0.01 

***p <0.001

Negative affect 

Irritated

Bored

Lonely

Sadness

Stressed

Worried

Positive affect

Mentally fit

Cheerful

Relaxed

Globally well

Other

Tired

Concentrated

Estimate 

mobile 

phone 

usage 

n=2 

0.47

0.07

0.22

0.12

0.05

0.04

0.03

-0.29

0.00

-0.10

-0.09

-0.11

0.05

-0.13

t-value

4.07***  

1.71

5.37***

4.60***

1.44

1.19

0.88

-3.09**

0.14

-2.72**

-2.39*

-3.37**

1.18

-3.26**

Estimate 

mobile 

phone 

usage 

participant 

1

0.67

0.06

0.31

0.22

0.05

0.01

0.03

-0.41

0.04

-0.16

-0.19

-0.09

-0.06

-0.26

t-value

2.54*

0.72

3.87***

3.89***

0.62

0.09

0.43

-1.90

0.67

-2.16*

-2.58*

-1.38

-0.69

-3.54***

Estimate 

mobile 

phone 

usage 

participant 

2

0.33

0.08

0.14

0.05

0.03

0.01

0.04

-0.08

0.024

-0.04

-0.01

-0.06

0.06

-0.05

t-value

2.62**

1.94

3.30**

1.76

0.66

0.15

0.76

-0.69

0.74

-0.85

-0.27

-1.67

0.89

-0.97
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Both participants remarked during the debriefing session that responding to the PsyMate™ 
beeps over the three-month period was feasible and not annoying. Table 1 shows that 
responding to PsyMate beeps generally was not rated as impacting mood or normal phone 
usage. One change was that normally participants would not carry their phones with them 
at all times, but because of the study they now did do so. Furthermore, participants noted 
that it was tempting to take a look at their phone after a PsyMate™ beep some of the time. 
A difference in response between the two participants can be noted in ‘fear of missing out’: 
participant 1 experienced this feeling more often than participant 2.

In table 2, an overview of the results of multilevel (results of the two participants together) 
and linear (results per participant) regression analyses is provided. The frequency of mobile 
phone usage between the previous and the current beep was modelled as predictor 
of current affect variables. In the combined dataset, higher levels of mobile phone use 
was associated with more NA and less PA. Decomposing NA and PA into their separate 
constituents revealed that ‘bored’ and ‘lonely’ stood out in strength of association among 
the NA items, whereas ‘cheerful’, ‘relaxed’ and ‘globally feeling well’ stood out among the 
PA items. The item ‘concentration’ was also negatively associated with higher levels of 
phone use. Analysing the participants separately revealed that the association between 
frequency of phone use and NA was consistent across participants. The association with PA 
was consistent across the two participants, although only significant in participant 1.

Cohen’s d for negative affect was 0.14 and 0.11 for positive affect. 

The second hypothesis, that when a participant was not allowed/capable to use a mobile 
phone, he/she would report more negative affect parameters, could not be tested, due to 
a lack of data. For example, participant 1 only reported ‘no phone usage’ in 56 beeps, of 
which only 8 could be attributed to being not allowed/capable to use a mobile phone.

DISCUSSION

In this n=2 pilot study, participants answered questions in the PsyMate™ application about 
their mental state and mobile phone use over a three-month period. The goal was to 
investigate whether an association between the two could be demonstrated as a prelude 
to a larger study. Guided by previous work, it was hypothesized that a general increase 
of phone usage would be associated with higher scores on negative affect, lower levels 
of positive affect and lower levels of concentration (59, 155). The results show that these 
hypotheses were confirmed. Although all the negative affect items showed a positive 
association, the NA items ‘lonely’ and ‘bored’ stood out. Based on the literature, it was also 
expected that other components of NA such as ‘sadness’ would be significantly associated 
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with mobile phone use. This item was directionally associated with mobile phone us but 
below the conventional limit of significance. The significant decrease of positive affect after 
an increase of phone use was seen in 3 out of 4 components of PA. While the association 
with NA affect was replicated across the two participants, the association with PA and 
concentration appeared to be person-specific. Person-specific moderators may play a role, 
such as level of self-esteem and extraversion that have been linked to problematic phone 
use, as well as other personality traits (159). In the current analysis, participant 1 reported 
more ‘fear-of-missing-out’ (FoMO). The experience of FoMO may also underlie person-
specific results in the association between mental state and mobile phone use. 

It was not possible to investigate the hypothesis that not being allowed/capable to use a 
mobile phone would result in higher levels of negative affect. This was due to a lack of data 
resulting in lack of variability.

This study indicates that in-the-moment associations between mobile phone use 
and affect may be subtle and difficult to report using retrospective reports from cross-
sectional questionnaires. Participants in this study appeared to differ in their global and 
in-the-moment reports. If the outcomes of this study can be replicated in a larger study 
population, combining group-level and person-specific approaches of analysis, it may be 
easier to develop person-specific and evidence-based approaches for ‘problematic mobile 
phone use’.

Limitations and recommendations
This was a pilot study and results must be considered preliminary. A larger study is required 
to further study the associations described in this analysis. Second, based on the results 
from table 1, it may be hypothesized that the use of a mobile phone ESM app to collect 
the data may have influenced mobile phone use to some extent, with a potential for bias. 
To what degree this may impact the results has to be investigated in future studies. Third, 
in this pilot the level of mobile phone use (in minutes) was estimated at each beep by the 
participants themselves. It would have been more accurate to (also) measure phone usage 
digitally in duration and type (distinguishing between e.g. e-mail and social media).

In future research, the above considerations need to be taken into account. In addition, 
there are some other recommendations for future research. First, it would be instructive 
to investigate the effects of mobile phone use on the quality of sleep, as an association was 
suggested in previous studies (59, 155). In this study, the questionnaire was embodied but 
analyses could not be performed due to lack of variability in the data. Second, as observed 
in the ‘evening questionnaire’ of this ESM pilot, FoMO can vary greatly between individuals 
and it would be desirable to add this question to the beeps.
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Appendix 1 PsyMate™ questionnaire 

Domain

affect

context

other

dependency

evaluation

Description

I feel cheerful
I feel irritated
I feel mentally fit
I feel bored
I feel relaxed
I feel lonely
I feel sad
I feel stressed
I am worried
Overall I feel well
Activity, I am …

At the moment I am …

I am doing this because …

This costs effort 
I would rather do something else
At the moment I am at…

At the moment I am in the 
company of…

This is agreeable
I am tired
I am concentrated
I have physical complaints
Location of pain

These complaints have … since 
the last beep

I have used my phone since the 
last beep

I have not used my phone 
because…

It was frustrating to not be able to 
use my phone

The last time I used my phone 
was …

This beep disturbed me

Scale

1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=lying 2=sitting 3=walking 4=biking 5=sports 

6=other
1=eating/drinking 2=hygiene 3=work/school 

4=resting 5=PC/tablet 6=phone 7=household 
8=TV 9=face to face conversation 10=going out 
11=other

1= general health 2=fun 3=distraction 4=obligatory 
5=other

1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=home 2=someone else’s home 3=at work/school 

4=public space 5=on the road
1=nobody 2=partner 3=family 4=friends 

5=colleagues 6= acquaintances 7=strangers
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=not 4=moderate 7=very
1=head 2=neck 3=back 4=abdomen 5=hands 

6=other
1=reduced 2=stayed the same 3=increased

0=not 1=once 2=2-5x 3=5-10x 4=>10, when 0

1=forbidden 2=not possible 3=no need

1=not 4=moderate 7=very

1=<5min ago 2=5-15min ago 3=15-45min ago 
4=>45 min ago

1=not 4=moderate 7=very
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Appendix 2 Morning questionnaire 

Appendix 3 Evening questionnaire

1

2

3

4

5

Item

How long did it take to fall 

asleep yesterday evening?

How often did you wake up 

during the night?

I slept well

How many hours did you sleep?

How many alcoholic bevarages 

did you drink yesterday evening?

Scale

1=0-5min 2=5-15min 3=15-30min 4=30-60min 

5=1-2hours 6=2-4hours 7=>4hours

0->5

1=not 4=average 7=very

1=<3hours 2=4-5hours 3=6hours 4=7hours 

5=8hours 6=9hours 7=>10hours

1=0 2=1-2 3=3-5 4=6-10 5=>10

1

2

3

4

5

6

Item

Answering the PyMate™ beeps has 

influenced my mood

Without PsyMate™ I would have 

done other things today

After answering the Pysmate beeps 

I have used my mobile phone

The PsyMate™ has influenced my 

normal phone usage today

Today I experienced fear of missing 

out

Where was my phone mostly today 

Scale

1=not 4=average 7=very

1=not 4=average 7=very

1=not 4=average 7=very

1=not 4=average 7=very

1=not 4=average 7=very

1=on/against my body 2=bag 3=elsewhere whithin 

easy reach 4=out of reach 5=not with me
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7 General discussion
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GENERAL DISCUSSION

This thesis does not primarily investigate the question to what degree of mobile phone 
usage may be harmful to human health. Rather, we develop proof of principle to investigate 
potential effects on aspects of central nervous system functioning. To date, mobile 
phone usage has not been associated with noticeable immediate health effects and/or a 
shortened life span. Since (intensive) mobile phone usage is a phenomenon that has only 
become common in the past twenty years, long-term effect studies are relatively scarce. 
It is therefore reasonable to assume that the effects, when scientifically demonstrated, 
are small, at least in the short term. In fact, this assumption formed the basis for our line 
of investigation. Short term, direct influences of mobile phones on electrophysiology and 
emotions were studied in detail to build a more stable basis for the mobile phone literature 
and to conduct long-term longitudinal research in the future. Overviewing the scientific 
literature so far, it was concluded that short-term mobile phone effects are a relatively 
underexplored research area. Although this thesis only gives answer to some aspects of 
short-term mobile phone effects on electrophysiology and emotions, it represents an 
independent and novel effort in this complex area of research. 

The early chapters (2–5) focused on the effects of mobile phones (radiation) on 
electrophysiology. Chapter 2 contained a pilot study on a single test person and had to 
be considered as an experiment for gaining knowledge of the design and execution of 
this type of experiment. However, it was considered relevant to add this chapter to the 
thesis, since it provided important insights into the methodological aspects of this type of 
research and was the basis for developing subsequent experiments. In the pilot study, it 
was found that a radiation detector could be used to gain control over the administered 
dose of radiation. The detector was acquired and connected to the amplifier to register 
radiation levels per millisecond. The presence of this radiation detector made ‘microlevel’ 
analyses possible, in which heart rate directly followed by a radiation peak was analysed. 
These ‘microlevel’ analyses, which conceptually resembled the event-related potential (in 
chapter 4), provided additional support for the findings at the ‘macrolevel’, encompassing 
the comparison of 15-minute conditions of dialling with dummy. The smaller details of 
what happens directly after a radiation peak were examined to arrive at the central theme 
of the investigation: short-term, direct effects. Of course, the outcome of lowered heart 
rate due to mobile phone exposure could not be generalized because of the sample size 
of n=1. 

Using a larger experiment – described in chapters 3 and 4 – the effect of a 3G, dialling 
mobile phone compared to a dummy telephone was investigated in relation to electric 
brain activity. At the so-called macrolevel – that is, the entire condition of a mobile phone 
compared to that of a dummy telephone – an increase in alpha, beta and gamma EEG 
frequency bands was found in relation to mobile phone exposure. At the microlevel, it was 
hypothesized that the radiation peak can be interpreted as a stimulus. It turned out that 
radiation peaks, caused by dialling a 3G mobile phone, resulted in subconscious event-
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related potentials. To our knowledge, this finding has been reported only once before. 
A third experiment was set up to create a ‘proof of principle’ experiment for the 

examination of EEG effects. In this study, dialling and standby were alternated frequently. 
Contrary to the hypothesis, no significant changes in EEG frequency bands could be 
demonstrated between the conditions.

The final chapter described an n=2 pilot study investigating the influence of mobile 
phone usage on emotions using the ESM, a frequently used research method for studying 
daily-life contextual effects (160, 161). The results of this study were in line with our a priori 
hypotheses: an increase of phone use was associated with an increase in negative affect 
and decrease in positive affect and concentration.

The remaining portion of this discussion involves a critical re-evaluation of the 
methodological choices made in the studies. Furthermore, the EEG results of the 
experiment presented in chapter 3 are compared with the most recent literature. Next, the 
conflicting EEG results of the two electrophysiological studies within this thesis (chapters 
3 and 5) are discussed. Further, the relation between mobile phone usage and affect is 
examined, the actual literature is put into perspective, and an attempt is made to integrate 
the electrophysiological and psychological lines of research. Finally, general conclusions 
and recommendations for future research are given.

A re-evaluation of the chosen electrophysiological methodology
In the literature, there is no standard investigation format for measuring the possible effects 
of mobile phone radiation on electrophysiological outcomes. Basically, each research group 
has its own ideas about ‘the best way’ to tackle the issue of how possible effects on brain 
functioning due to mobile phone radiation should be measured. We were no different, and 
with the wisdom of hindsight, we came to consider the first year of experimentation as a 
series of trial-and-error procedures. Even when setting up a so-called ‘proof of principle’ 
experiment (chapter 5), post-hoc methodological limitations were detected. Looking back 
in the course of writing this thesis, it should be noted that more electro technical knowledge 
and expertise about the physics of radiation would have been beneficial. Additionally, 
setting up the methodology of an experiment should, theoretically, be straightforward, but 
it actually proved to be very complex, since choices between many compatible possibilities 
had to be made. Nevertheless, ‘mistakes’ are never really mistakes, but should be seen as 
opportunities to achieve new insights, especially in a relatively young research field like 
mobile phone research.

Table 1 shows the most important methodological features of the three electrophysio-
logical studies in this dissertation. Some methodological aspects did not change, while 
others were adjusted in subsequent studies. The first study was a pilot study and used only 
a single test person. Based on the results of this pilot study, a larger study was conducted 
to investigate whether the findings could be replicated and extended to other ECG 
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components as dependent variables. Unfortunately, the available software did not reliably 
detect ECG waves in all test subjects. From that point, the focus was on brain activity. 
The reason ERP was not investigated in the second study was twofold; first, the study was 
initially set up to ultimately test EEG waves, and second, after no differences were found 
between the dialling and standby conditions, post-hoc ERP analyses did not seem justified 
since no adequate control condition was present. 

Table 1. Methodological parameters in the three electrophysiological studies. The pilot study is described in chapter 

2, study 1 in chapter 3 and 4 and study 2 in chapter 5.

Table 1 provides a general overview of the studies. In addition to these key methodological 
decisions, there were several other methodological factors that need to be discussed. 
• Mobile phone. A mobile phone was purposefully chosen to mimic real life as closely 

as possible. The limitation of this decision was that it was not possible to switch the 
radiation off entirely without entering the room. Another limitation was the presence of 
other electromechanical processes running in a mobile phone besides radiofrequency 
EMR, such as heat produced by the battery, programmes running in the background, and 
low frequency radiation. Therefore, it remains uncertain which part of mobile phone 
activity causes the ‘macro’ effects explained in chapter 2. This is not the case for ‘micro’ 
effects, like the ERP in response to a radiation peak. The alternative would have been 
to use a device which simulated high frequency mobile phone radiation, an apparatus 

Study 

Pilot 

study

Study 1

Study 2

N

1

♀

31

♀

30

♀ 

20

♂

Outcome 

measure

Heart rate 

(macro- 

and 
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EEG and 
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EEG
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one ear
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phone on 

ear 
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3G, 

dialling

3G, 

dialling

Duration

15 minutes  

per session

15 minutes  

per session
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30 min 

Phone

Dummy phone

Dummy phone

3G, standby

Duration 

2x15 minutes  

per session
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per session

Approx.  

30 min
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which is used in most existing studies. The undeniable advantage of such a device is the 
strict experimental control of radiation. Nevertheless, the fact that it was possible to 
mimic a real-life situation was the factor that led us to choose the current design. 

• Network. A mobile phone which functioned on the 3G network was used. Despite the 
fact that most research before the start of our experiments was conducted with a 2G 
network, we selected a 3G device, since most people are using the 3G network at that 
moment. In 2018, 3G is still the standard, but 4G is becoming popular. There seems to be 
a tendency of greater influence on brain activity by 2G compared to 3G networks (105).

• Mobile phone activity. In all three studies, we used a dialling phone as the exposure 
condition, meaning that a possible speech connection was established. This exposure 
method was chosen since dialling is the traditional way to use a mobile phone. Alternatives 
could have been to have an active connection to the Wi-Fi, GPS or Bluetooth. These 
functions were all switched off in the experiments. Most other studies have also chosen 
a dialling mobile phone as the exposure condition. 

• Radiation detector. A radiation detector connected to a PC was used in all studies 
(radiation frequency was measured with 1000 Hz). The detector served two goals: 
first, to keep track of the dose of radiation produced by the mobile phone and, second, 
to investigate effects on a micro level, that is, effects directly preceded by radiation 
outbursts. Unfortunately, the radiation detector could not specify the source of radiation. 
Most other research groups do not use radiation detectors. 

• Within-subjects design. The choice of a within-subjects design was evident for our 
research team: first, fewer subjects are needed for this design compared to a between-
subjects design. Second, in a within-subjects design, large EEG differences between days 
are often observed. We tried to tackle these large EEG day effects by conducting the 
experiment in one session, alternating exposure and control conditions. Most other 
studies also used a within-subjects design. However, in the majority of these studies, the 
control condition was on a separate day or moment, thus leading to (unwanted) daily 
variation of brain activity.

• Correction for autocorrelation. Correction for autocorrelation was necessary since 
successive physiological data are highly correlated. It was interesting to note that most 
other studies computed averaged EEG values for the statistical models, at the cost of 
losing information. 

The methodological parameters below were changed based on new insights or new 
research phases.
• Exposure duration. In the first two studies, a 15-minute exposure duration was chosen 

(compared to 2x15 minutes in the control condition). In the last study, we decided to use 
a more frequent alternation between exposure and control conditions to obtain stronger 
evidence of the replicability of the exposure effect. Each 30-second segment in one hour 
was individually, randomly appointed to exposure or control. The consequence of this 
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decision was that the frequency of the exposure and control conditions was much higher 
compared to the first two studies. However, the average duration of the consecutive 
conditions was much shorter. In other studies, the exposure duration varied from 1 
minute to 50 minutes.

• Control condition. With the shortening of the exposure duration, the control condition 
had to be changed from a dummy condition to a standby condition, since it was not 
possible to change the mobile phone from a dialling state to a completely switched off 
state from outside the testing room. The mobile phone state which resembles a dummy 
phone most closely is a phone in a standby state. This was considered an acceptable 
change, since there was less radiation present in the standby state compared to the 
dialling condition. The alternative would have been to use a radiation simulating device 
(see above) which could be remotely controlled. 

• Amount of sessions and phone placement. In the first study, the participant was seen on 
four separate days. This was decided as there was only one participant, and an eventual 
effect could be replicated on different days. Regarding the second experiment, the 
reason for conducting the experiment on two separate days was to test two types of 
mobile phone placement: next to the ear and on the chest. In the second study, after 
demonstrating the effects in the ear placement condition, next to the ear placement was 
done only once. With respect to phone placement, most other studies have also chosen 
a placement next to the ear.

• Gender. The gender of the subjects was changed from only female in the first two studies 
to male and female in study 2. In the first two studies, the sources of variability were kept 
small; therefore, only one gender was included. For generalizability, it was a logical next 
step to investigate both genders in study 2.

• Electrically shielded electrodes. In the pilot study, standard electrodes were used 
to measure ECG (afterwards, we demonstrated that the ECG measurement was not 
influenced by radiation). In response to advice from technical colleagues, we decided to 
use electrically shielded electrodes instead of regular electrodes in subsequent studies, 
especially since the focus was on EEG measurement1.

• Statistical analyses. The pilot study used linear regression and ANOVA techniques to 
analyse the data, while the first and second study used multilevel regression analyses. 
Multilevel regression analysis was not used in the pilot because of the small dataset 
(n=1). One strength of multilevel regression analyses compared to other statistical 
methods was that it allowed the option to distinguish multiple levels (or clusters) of 
information in a model to reduce estimation error (162). 

1  In testing experiments it was demonstrated that regular electrodes are influenced by radiation when 

investigating EEG. This was not the case with shielded electrodes.
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Electrophysiological results from a broader perspective
The n=1 pilot study was valuable for developing a paradigm. The results provided hints of 
how heart rate might be influenced by the placement of a dialling mobile phone on the 
chest. However, the n=1 sample size was too small to make any generalizations. Other 
studies have also investigated heart rate. The overall conclusion, however, is still not clear. 
A recent double blind study investigating the effects of 3G mobile phone radiation on 
teenagers (n=26) and adults (n=26) showed no significant effects on heart rate, respiration 
rate, or heart rate variability (163). However, it should be mentioned that the statistical 
analyses used in the study could be criticized, since averages of the heart rate were analysed. 
Meanwhile, some studies have found significant effects of mobile phone radiation on heart 
rate, but they can also be criticized on methodological aspects (55, 79, 80). The majority of 
studies that have investigated ECG have investigated heart rate and heart rate variability as 
dependent variables. It would be worthwhile to determine whether other important ECG 
measures such as intervals and wave areas are influenced by mobile phone radiation.

As discussed in chapter 3, the first study (n=31) revealed an increase of EEG power on 
the alpha, beta and gamma frequency bands under exposure of a dialling mobile phone 
compared to a dummy telephone. An increase of alpha activity is found in other studies 
regularly, but changes in other EEG frequency bands are seldom found. It is worthwhile to 
place the findings of the results of chapter 3 into perspective. Table 2 provides an overview 
of the current literature on mobile phone effects on resting EEG.

Regarding Table 2, there were 26 peer-reviewed experimental studies which investigated 
the effect of mobile phone radiation on resting EEG. To select these articles, no other in- or 
exclusion criteria were used. Eighteen studies found significant EEG effects for the exposure 
condition in comparison with the control condition. Of these studies, 15 detected effects 
on the alpha frequency band, 12 reported an increase of alpha activity during exposure, 
and three reported a decrease in the alpha frequency band. With respect to the other 
frequency bands, no clear overall conclusion could be drawn. The last column shows the 
sponsors/organizations that were involved. As already mentioned in the introduction, it 
has been statistically proven that sponsored studies are more likely to find no significant 
results (63). In this research field, this does not seem to be the case: 35% of the studies are 
related to the mobile phone industry or a comparable stakeholder. Of these, 89% found a 
significant outcome, while 59% of the ‘independent’ studies found a significant outcome. 
Further, an important observation was that most studies on this subject have investigated 
the effect of the 2G mobile phone network instead of the more frequently used 3G and 4G 
networks (2G: 91%, 3G: 9%). The studies in this thesis have investigated 3G. It is important 
to note that radiation is transmitted differently in a 3G network than a 2G network, which 
could result in different EEG effects. At the same time, both 2G and 3G are still in the RF-
EMF. It is remarkable that the two studies that researched the effects of 3G did not find any 
significant effects. 
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In one study, low frequency fields did not seem to affect EEG, while both pulsed and 
continuous radiofrequency led to a change in the alpha frequency band (164). Therefore, 
the use of an actual mobile phone as an inductor of radiation in this thesis led to a change 
in EEG. This might not have been due to the low frequency waves which are also produced 
by an actual mobile phone. 

Perhaps the most important difference in the study in chapter 3 compared to the majority 
of the studies in Table 2 is the method of statistical analysis. In chapter 3, multilevel 
regression analyses were used. Most studies use more conventional (i.e. t-tests, ANOVA) 
statistical tests in which conditions are compared with computed averages. In chapter 3, it 
was demonstrated that an analysis of the mean condition difference yielded no significant 
effects, but when taking into account the clustering of the data (using multilevel regression 
analyses), significant effects could be demonstrated. It would be very interesting to 
reanalyse data on comparable studies with this type of modelling. In retrospect, statistical 
modelling is probably the most important explanatory factor for the discrepancy between 
the results of chapter 3 and the literature. In conclusion, the type of (statistical) analysis 
used in demonstrating small EEG effects due to mobile phone radiation is a crucial factor 
and needs to be considered carefully in future research.

In chapter 4, radiation peaks were considered as events and were analysed using the 
ERP method. Treating radiation peaks as events is an unconventional technique, since a 
radiation peak is not consciously experienced by the subject. The results showed that a 
subliminal ERP was detected in response to radiation peaks. This finding can be compared 
to Carrubba et al. (51), which is the only other study, to our knowledge, which used a 
comparable design. Carrubba et al. found similar results. Treating radiation outbursts as 
‘events’ is a promising technique, since it is almost certain that the radiation used for 
making connections to the network leads to the observed EEG change. This is not the case 
in other EEG frequency band studies, where other processes could, in theory, cause the 
effect (e.g. the active battery of the mobile phone).

In addition to comparing the results of this thesis to the results of the existing literature, 
it was necessary to explore the meaning of the results in a clinical context. As mentioned in 
the introduction to the discussion section, no statements about health can be made on the 
basis of the present results. It is, however, possible to outline the meaning of a change in 
EEG and, more specifically, a change in alpha and beta frequency band activity. 

EEG is a noninvasive registration method of electrical brain activity. In a clinical context, it 
is mainly used for diagnosing epilepsy and sleep disorder. In the research field, EEG is used 
in the fields of neuroscience, cognitive science, neurolinguistics and psychophysiology. It is 
important to note that the spatial resolution of an EEG measurement, based on 12 leads, is 
low. This means that it is not capable of indicating the source of activity in the brain. At the 
same time, EEG is a valuable tool because it has a high temporal sensitivity that is superior 
to that of magnetic resonance imaging or positron-emission tomography (MRI or PET). 
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The EEG frequency range, which is often found to be affected by mobile phone exposure, 
is the alpha frequency band (8-13Hz). Alpha is best registered in the posterior regions of the 
head, and it is generally related to a state of relaxation. The significance of an experimentally 
induced increase of the alpha frequency band (due to the activity of a mobile), however, 
is unclear. Briefly, it is very likely that radiation results in a change in EEG and, especially, 
in alpha activity. Future research is needed to gain more insight into the meaning of this 
increase.

Conflicting results between the first and second studies
The second study (chapter 5) of this thesis unexpectedly did not show a significant increase 
in EEG frequency bands due to the exposure condition, as was the case in the first study 
(chapter 3). In this paragraph, a final evaluation about this discrepancy will be made.

The most important difference between the two studies is the control condition. Standby 
cannot be considered as an optimal contrast for a dialling mobile phone since radiation is 
still present. The standby mode is active during periodic location updates, at a frequency 
set by the network operator. Furthermore, it is considered a passive radio receiver without 
microwave emission. In other words, a standby mobile phone might also cause EEG effects. 
This issue needs to be further investigated, since only one EEG study partly reported on this 
subject (165)H . 

As mentioned before, in the second study, the number of both exposure and control 
segments was increased, while the duration of these segments were shortened. This resulted 
in an alternating dialling/standby scheme which lasted for one hour. It is not clear what the 
implications of these changes were. Afterwards, it was hypothesized that to obtain clear and 
statistically significant EEG effects, longer, uninterrupted exposure durations are necessary.

In addition, there are two other critical aspects of EEG. First, EEG as a measure of brain 
activity represents the ultimate product of a host of rapidly changing processes and aspects, 
such as thoughts and changing sensory input. Beyond this complexity of electrophysiological 
activity, we were interested in distilling the presumed additional (small) effect of radiation 
emitted by a mobile phone. Therefore, it was worthwhile to a) have a sufficient sample 
size, b) try and keep many influential factors as constant as possible and c) have a frequent 
alternation of the exposure and control conditions. The second critical aspect was that 
of confounding factors. When EEG is measured, every electrical activity is measured 
instead of only the insinuated encephalic activity. The measured signal will, also include 
a certain amount of activity of the head and neck muscles. That is why, in a standard 
EEG measurement, electro-ocular activity (EOG) is measured. EOG is used to correct the 
confounded EEG for eye movement by means of data rejection and correction. Despite this 
convention, EOG was taken out of the statistical models in the post-hoc analyses of the 
second study. More significant effects in line with the first study could be demonstrated, as 
described in chapter 5. This means that EOG acted as a confounder for the condition effect, 
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since an obvious trend towards enlarged EEG activity in the dialling condition was observed 
without EOG in the models. 

Based on this observation, the data of the first study were reanalysed (these results were 
not published in a peer reviewed article). EOG was removed as a covariate in the statistical 
models. This adjustment did not change the results. Why EOG acted as a confounder in the 
second study, but not in the first study, is not entirely clear. It can be hypothesized that in 
the second study, EOG itself was influenced by mobile phone radiation. This might have 
occurred because of a longer-lasting exposure to radiation than in the first study, since 
the 70 minutes of exposure time (the standby periods cannot be considered as radiation 
free) in that study were much longer than the 15 minutes in the first study. This post-hoc 
hypothesis was rooted in the literature (166, 167), as mentioned in chapter 5. 

The purpose of the studies in this thesis was to measure the possible effects of a mobile 
phone on brain activity. If muscle activity is influenced by using a mobile phone, as 
hypothesized above, it is debatable whether EOG, a radiation-influenced variable, can be 
incorporated as a covariate. Figure 1 depicts this dilemma. The relation of interest is the one 
between mobile phone radiation and brain activity. The method to measure brain activity 
is EEG, including both brain as well as muscle activity. To compensate for this mix-up of 
information, EOG is also measured. However, EOG is also a mix-up, since it partly contains 
brain activity. After conducting the second study, it was realized that muscle activity itself 
might be influenced by mobile phone radiation.

 

The	purpose	of	the	studies	 in	this	thesis	was	to	measure	the	possible	effects	of	a	mobile	phone	on	
brain	activity.	 If	muscle	activity	 is	 influenced	by	using	a	mobile	phone,	as	hypothesized	above,	 it	 is	
debatable	whether	EOG,	a	radiation-influenced	variable,	can	be	incorporated	as	a	covariate.	Figure	1	
depicts	this	dilemma.	The	relation	of	interest	is	the	one	between	mobile	phone	radiation	and	brain	
activity.	The	method	to	measure	brain	activity	is	EEG,	including	both	brain	as	well	as	muscle	activity.	
To	compensate	for	this	mix-up	of	information,	EOG	is	also	measured.	However,	EOG	is	also	a	mix-up,	
since	it	partly	contains	brain	activity.	After	conducting	the	second	study,	it	was	realized	that	muscle	
activity	itself	might	be	influenced	by	mobile	phone	radiation.	

	

Figure	1.	Mix-up	of	brain	and	muscle	activity	in	measurements.		

To	conclude,	it	is	not	clear	why	the	second	study	did	not	find	increased	EEG	power	like	the	first	study,	
but	the	two	main	changes	in	methodology,	namely	the	standby	instead	of	the	dummy	as	the	control	
condition	 as	 well	 as	 the	 different	 exposure	 durations,	 probably	 played	 a	 role	 in	 this	 discrepancy.	
Furthermore,	 radiation	 might	 be	 able	 to	 influence	 EOG,	 which	 makes	 EOG	 a	 disputable	 covariate.	
Finally,	the	reader	might	ask	himself	or	herself	whether	the	results	of	chapter	3,	chapter	5,	or	even	
both	are	flawed.	Based	on	the	discussion	in	this	section,	the	most	plausible	answer	is	that	the	results	
of	 both	 studies	 are	 true.	 The	 final	 conclusion	 is	 that	 the	 subsequent	 attempt	 to	 compare	 the	
methodologies	(and	results)	of	both	studies	was	not	realistic.	

	

Mobile	phone	usage	and	psychological	outcome	measures	
The	addition	of	a	 sixth	 chapter	 to	 this	 thesis,	 in	which	emotions	and	behaviour	 (as	measured	with	
ESM)	are	linked	to	mobile	phone	usage,	might	seem	surprising	after	the	electrophysiological	studies.	
However,	 there	 are	 two	 more	 or	 less	 logical	 explanations	 for	 this	 choice.	 First,	 emotions	 and	
behaviour	cannot	be	treated	separately	from	brain	activity.	In	other	words,	emotions	and	behaviour	
cannot	exist	without	a	brain.	Although	 the	body-mind	dualism	as	explained	by	René	Descartes	 still	
has	a	considerable	influence	in	science	today,	the	mind–body	distinction	is	debatable.	For	example,	
an	 anxious	 (mind)	 person	 can	 get	 bowel	 problems	 (body)	 and	 high	 stress	 levels,	 which	 can	 be	
measured	simultaneously	(cortisol,	body).	The	more	medical	knowledge	is	gathered,	the	more	likely	
a	 mind–body	 connection	 is	 established.	 The	 ESM	 study	 provides	 a	 link	 between	 an	 external	
influencing	 factor	 (mobile	phone	usage)	and	 the	 final	outcome	 (emotions/behaviour)	of	a	 complex	
brain	process.	The	second	argument	for	incorporating	an	ESM	study	in	this	thesis	is	that	it	also	maps	

Figure 1. Mix-up of brain and muscle activity in measurements.

7



INTERFERENCE OF MOBILE PHONES WITH ELECTROPHYSIOLOGY AND EMOTIONS

100

To conclude, it is not clear why the second study did not find increased EEG power like the 
first study, but the two main changes in methodology, namely the standby instead of the 
dummy as the control condition as well as the different exposure durations, probably played 
a role in this discrepancy. Furthermore, radiation might be able to influence EOG, which 
makes EOG a disputable covariate. Finally, the reader might ask himself or herself whether 
the results of chapter 3, chapter 5, or even both are flawed. Based on the discussion in this 
section, the most plausible answer is that the results of both studies are true. The final 
conclusion is that the subsequent attempt to compare the methodologies (and results) of 
both studies was not realistic.

Mobile phone usage and psychological outcome measures
The addition of a sixth chapter to this thesis, in which emotions and behaviour (as 
measured with ESM) are linked to mobile phone usage, might seem surprising after the 
electrophysiological studies. However, there are two more or less logical explanations for 
this choice. First, emotions and behaviour cannot be treated separately from brain activity. 
In other words, emotions and behaviour cannot exist without a brain. Although the body-
mind dualism as explained by René Descartes still has a considerable influence in science 
today, the mind–body distinction is debatable. For example, an anxious (mind) person can 
get bowel problems (body) and high stress levels, which can be measured simultaneously 
(cortisol, body). The more medical knowledge is gathered, the more likely a mind–body 
connection is established. The ESM study provides a link between an external influencing 
factor (mobile phone usage) and the final outcome (emotions/behaviour) of a complex 
brain process. The second argument for incorporating an ESM study in this thesis is that 
it also maps out the subtle short-term psychological effects of mobile phone use. The 
primary goal of chapter six was to set up a pilot study to generate hypotheses (by means of 
demonstrating correlations).

The experience-sampling method has a repeated-measure design (in contrast to cross-
sectional questionnaire data), which allows for modelling behavioural and affective dynamic 
patterns during the day and offers the possibility of linking environmental phenomena to 
these patterns. It was therefore considered suitable for testing the relation between mobile 
phone usage during the day and affect. Although the pilot study in chapter 6 had only 
two subjects, a substantial amount of data over a course of three months was collected. 
Significant relationships between mobile phone usage and affect were found. It appeared 
that the amount of mobile phone usage corresponded with the emotional state of the user. 
It would be very interesting to investigate on a larger scale whether the influence of mobile 
phone use on affect can be linked with certain personality traits, as has been proposed in 
the literature (57). A possible limitation of the methodology is that the Psymate application 
on which the participants rated their emotions and phone usage was also installed on their 
mobile phones and influenced their phone usage.
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Other studies have found a relationship between mobile phone usage and psychological 
outcome measures. Significant relationships with mental disorder constructs like depression, 
anxiety and stress have been reported repeatedly (59, 168). An interesting study was 
conducted by Saeb et al. (169), in which the so called ‘Purple Robot’ phone app was used 
for two weeks and a short depression survey was conducted before and after the two 
weeks. This app collects phone sensors, such as GPS location and phone usage data, from 
participants. This passively collected data contained factors which could be related to 
depression symptom severity, such as circadian movement and location variance. 

Conclusions 
This thesis has clarified that the research on the effects of mobile phone usage on human 
functioning can be very complex. A large amount of confounding and or interacting 
variables is present. The following conclusions can be drawn:
• Exposure to a dialling 3G mobile phone for 15 minutes next to the ear compared to 

a dummy phone leads to an increase of the EEG frequency bands of alpha, beta and 
gamma.

• Exposure to radiation peaks caused by a dialling 3G mobile phone next to the ear leads 
to a subconscious event-related potential.

• A frequently alternating dialling/standby 3G mobile phone, over the course of one hour, 
does not lead to significant changes in EEG frequency bands between the dialling and 
standby conditions.

• There are indications that an increase in mobile phone usage is accompanied by an 
increase in negative affect, a decrease in positive affect and a decrease in concentration.

Recommendations for future research

Electrophysiology
In future research investigating the relationship of mobile phone radiation on electro-
physiological outcome measurements, close collaboration with technical and physics 
departments is recommended for the administration of radiation. Full control over the 
amount of administered radiation is key. Therefore, an apparatus which can mimic a mobile 
phone in detail, including low frequency radiation, would be ideal. This apparatus should 
be able to mimic different networks (2G, 3G, 4G, 5G) through remote control in dialling and 
standby states and also mimic other features like Wi-Fi and Bluetooth. 

In addition to this ‘perfect’ radiation-administering device, a different set of test subjects 
should be obtained if there are unlimited resources. As is the case for almost all mobile 
phone radiation research, there is no reference group of people who never use a mobile 
phone. Ideally, a large research group would be gathered, and some of the participants are 
not exposed to mobile phone radiation for a substantial amount of time while others are. 
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During this time, several parameters of electrophysiological data (EEG, ECG, EOG, EMG), 
and perhaps other outcome parameters such as MRI, blood and semen samples, should be 
measured repeatedly throughout the study to investigate the long-term effects of mobile 
phone usage on basic human functioning. In this design, in addition to long-term effects, 
short-term effects can be investigated using the radiation device discussed above at t=0 
and at the end of the experiment. To achieve the perfect research population, it is strongly 
recommended that children be included. It is generally acknowledged that the brain of 
children is more susceptible to electromagnetic fields (because of their thinner skulls) 
(170) (Schonborn, Burkhardt, & Kuster, 1998) (170) (170) compared to adults. Although 
few studies have investigated the effect of mobile phones and electromagnetic fields in 
general on children, it cannot be denied that many children are exposed to mobile phones, 
Wi-Fi and other sources of RF-EMF on a daily basis. Therefore, it is very important to gain 
insight into the effects of these new phenomena on future generations.

It would be worthwhile to reanalyse existing datasets with multilevel regression analysis. 
Future research should apply multilevel regression analyses in case of repeated-measure 
designs.

EEG (including frequency bands and ERP) is an adequate measure to objectify radiation 
effects. However, as long as the clinical meaning of a short-term change in EEG is not 
completely clear, the value of significant EEG outcomes should not be overestimated. 

ESM
The ESM pilot study needs to be replicated with a larger population to be able to draw 
definite conclusions. An objective measure of phone usage should be incorporated in 
addition to subjective measures. A combination of phone sensor data, as described above, 
would fulfil the need for objective phone usage measurement and would also provide extra 
information on, for example, location variance. Furthermore, personality traits could be 
linked to different responses to mobile phone use.
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SUMMARY

SUMMARy

For many people, mobile phones are increasingly becoming an integral part of life. Although 
the mobile phone is a very efficient communication device with many possibilities, it is 
unclear whether this relatively new ecological phenomenon has an impact on human 
health. Its potential impact in several domains is still being investigated. Until now in 2018 
there were conflicting findings in the literature. The most important obstacles to finding 
a definite answer were the following: i) the relatively limited presence of mobile phones 
and ii) the difficulty of finding a control group for longitudinal research, because almost 
everybody uses a mobile phone. This thesis focuses on the short-term effects of mobile 
phones. These short-term effects are being researched, because the obstacle of limited 
presence does not exist for short-term effects and to provide a basis for future long-term 
research. Several methods have been used to study how electrophysiological (brain) 
activity is influenced by the presence of 3G mobile phone radiation and how a mobile 
phone interferes with the affect of its user.

Chapter 1 contains the introduction of this thesis. The functioning of a mobile phone is 
roughly described and the position of mobile phone radiation within the electromagnetic 
spectrum is presented. Next, it is discussed in what way concerns about possible health 
effects of mobile phones arose. A short overview of the different lines of investigation 
of health effects due to mobile phone use in the existing literature is given. Afterwards, 
the realization of the studies in the subsequent chapters is discussed. A leading theme 
throughout this thesis is short-term effect research. The presence of a radiation detector, 
which was connected to the computer; the ERFIA method; and the experience of the 
department with the experience-sampling method made the research presented in this 
thesis possible. 

Chapter 2 presents the first pilot study, in which the influence of mobile phone radiation 
on heart frequency is investigated. Heart frequency is not often investigated as a dependent 
variable (15 studies were encountered in literature at that moment) and setting up this 
pilot was relatively easy to realize. A mobile phone was placed on the chest of a healthy 
female participant on four separate days. An ABA-design was applied blinded, in which 
15 minutes of exposure to a dialling mobile phone was preceded and followed by 15 
minutes of a dummy mobile phone. During the entire experiment, a radiation detector 
was present, which registered radiation information with a frequency of 1000 Hz along 
with electrophysiological heart activity. The obtained data was analysed on two levels: on 
the so-called macro- and microlevel. Macrolevel encompasses the comparison between 
heart frequency in the dialling and dummy conditions. Microlevel denotes the direct 
effect of heart frequency after radiation peaks, as observed with the radiation detector, 
in comparison with radiation-free moments in the dummy conditions. At the macrolevel, 
a heart rate decrease of approximately one heartbeat per minute was observed compared 

8
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to the previous 15-minute dummy condition. After the 15-minute exposure, the heart rate 
increased again by one heart beat per minute. At the microlevel, a decrease directly following 
a radiation peak was observed, which was a significant finding. A possible explanation for 
the decrease in heart rate was the activation of the autonomous nervous system due to 
the mobile phone radiation. Although the heart rate decrease was significant, a decrease 
of one beat per minute is clinically speaking, irrelevant. Because this was a pilot study with 
only one participant, no conclusions can be drawn, but the study did provide an impetus 
for the continuation of research in this field. 

Chapter 3 describes the second study. After the significant results of the pilot study, 
another study with a larger research population was conducted for more evidential value. A 
total of 31 healthy female participants were included in this study. For each participant, the 
experiment was conducted on two separate days within a period of four days. On one of the 
two days, the mobile phone was attached to the ear and on the other day to the chest (at 
approximately heart height). EEG was included in addition to ECG as an effect parameter. 
When the data was collected, it became clear that with the existing software, it was not 
possible to detect ECG peaks reliably for all participants. Therefore, only EEG was used as 
an effect parameter. The data of this study, like the data of the pilot study, were analysed 
on two levels: the macro- and microlevel. This led to two articles. The microlevel article is 
described in chapter 4, and the macrolevel article is described in this chapter. This study 
again consisted of an ABA design in which the participants were exposed to a dialling 3G 
mobile phone for 15 minutes. Before and after the exposure condition, they were exposed 
to a 15-minute dummy mobile phone (the control condition). The EEG was measured using 
12 electrodes which were placed on the skull. The different frequency bands that can be 
distinguished in an EEG measurement (‘delta’, ‘thèta’, ‘alpha’, ‘slowbèta’, ‘fastbèta’, and 
‘gamma’) were then calculated. At macrolevel, the difference in EEG frequency bands 
between the exposure condition in comparison to the control conditions before and after 
were analysed. Multilevel regression analyses were applied for statistical testing. With this 
type of statistical testing, it was possible to correct for clustering within the data on the 
following levels: participant, measurement (first or second), condition (three conditions per 
measurement), and segment (each condition was divided in 27 segments). Per segment, 
the average value of the power for the respective EEG frequency band per electrode was 
calculated. In the analyses, it was necessary to correct for the mutual dependency of these 
successive segments, since they were highly correlated. This correction was obtained by 
using an ‘autoregressive’ (called AR1) covariance structure in the statistical analyses. The 
use of multilevel regression analyses, which can correct for clustering in the data, was not 
applied in most of the prior research on EEG effects due to mobile phone radiation. The 
outcome of this study was a significant increase of the power of the EEG frequency bands 
of alpha, beta and gamma during the radiation exposed condition compared to the dummy 
conditions. When only the measurements in which the phone was placed next to the ear 
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were analysed, the difference between the exposure and control condition was more 
obvious and the power of the theta frequency band was significantly increased. 

Chapter 4 contains the coverage of the effects on the brain at the microlevel of the study 
which was described in chapter 3. Like in the pilot study, the radiation detector detected 
radiation peaks during the dialling exposure conditions and radiation data was measured 
from millisecond to millisecond. The research question was if these radiation peaks cause 
a direct brain activity response. To be able to answer this question, the ERFIA technique, 
derived from the event-related potential (ERP) technique, was used. With this technique, 
the brain activity directly after a radiation peak (the ‘event’) is investigated in a time segment 
(fixed interval). Normally, this technique is used to investigate the electrophysiological 
processing of stimuli, such as the processing of light or noise stimuli. In this study, it was 
investigated whether unconsciously observed stimuli of radiation peaks, as measured by 
the radiation detector, were processed by the brain. This method of research did show 
a significant brain response compared to randomly chosen fragments from the control 
conditions. This response was seen most clearly in the frontal region of the brain in the 
time segment of 240–500 ms after the radiation peak; an increase of electrical activity 
was observed. On almost all electrodes, but especially in the occipital brain area, a later 
response in the 500–1000 ms post stimulus was observed. It is important to note that the 
observed brain response is less prominent in comparison to consciously observed stimuli 
such as light stimuli. In conclusion, 3G radiation peaks are observed as a short-lived increase 
of cortical activity, peaks are thus subconsciously detected by the brain.

Chapter 5 presents the findings of a second multiperson study which investigated the 
effects of a dialling 3G mobile phone. A number of methodological adjustments compared 
to the previous study were made. First, the research population was increased from 31 to 
50 participants. Both men and women were included in this study (30 females, 20 males). 
Second, the exposure and control conditions were varied more frequently to obtain more 
powerful evidence. Every measurement started with a 10-minute baseline condition, 
followed by a one-hour dialling schedule. In this schedule, dialling was varied with the 
standby condition. Each participant was assigned an individual dialling schedule: the hour 
was divided into 30-second segments, and each segment was randomly assigned to either 
dialling or standby. Third, to avoid entering the investigation room between conditions 
for a condition switch, the phone conditions were switched from a distance. This was, 
according to the knowledge available at the time, only feasible when using the standby 
mode as the control condition instead of a dummy phone as in the previous study. It was 
believed that the standby condition would offer a good contrast to the dialling phone, since 
tests conducted before the experiment showed a significantly lower level of radiation for 
the standby condition compared to the dialling condition. Fourth, it was agreed that each 
participant would be seen once instead of twice and that the mobile phone would only be 
placed against the ear. This placement was chosen because the previous study showed that 
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this placement had the most influence on brain activity. The data analyses (using multilevel 
regression analyses) did not show any significant changes between the two conditions. 
Because this was against the a priori hypothesis, we looked for post-hoc explanations. The 
main post-hoc explanation was that the standby condition is not a radiation-free condition 
and therefore not an optimal control condition. In the literature, there is little data on the 
electrophysiological effects of a standby mobile phone. A second post-hoc explanation is 
the possible influence of the longer period of radiation exposure on the eyes. This could 
have influenced the outcomes, because electro-oculogram (EOG) data were used in the 
statistical models as a covariate. In post-hoc analyses, the removal of the EOG data from 
the models led to more significant outcomes in line with the previous study.

Chapter 6 covers the pilot study, in which two healthy female participants were 
offered a short questionnaire according to the ESM during a period of three months, 10 
times a day at random moments. The questionnaire was presented to the participants 
on their smartphone, using a ‘beep’ sent by the so-called Psymate application. If the 
participants were not in a position to fill out the questionnaire, the beep was skipped. 
The beep represented a questionnaire which contained a constant set of questions on the 
participants’ phone usage between the previous and the current beep, on their current 
emotions and complaints (pain, tiredness, level of concentration), and on the context at 
that moment (place, people in the surrounding area, activities). ESM makes it possible to 
link dynamic behavioural and affective patterns during the day to environmental factors 
like phone usage. This study was designed to investigate whether it is possible to show an 
association between emotions and phone usage using the ESM method. In this pilot study, 
a significant relation between mobile phone usage and emotions was found. An increase of 
phone usage was followed by an increase in negative affect and decrease in positive affect 
and concentration level. To gain more certainty about these outcomes, the study needs to 
be replicated with a larger research population.

Chapter 7 contains a general discussion on the contents of this thesis. The contents 
are integrated and placed within the context of the existing literature on the topic of 
the thesis. The significance of the outcomes is discussed, discrepancies are outlined and 
recommendations for future research are given. 
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Mobiele telefoons vormen voor velen, in toenemende mate, een integraal onderdeel 
van het leven. Hoewel de mobiele telefoon een zeer efficiënt communicatiemiddel is en 
vele mogelijkheden bevat, bestaat ook de vraag wat de potentiële impact van dit relatief 
nieuwe, ecologische fenomeen op de gezondheid van de mens is. Om hier achter te komen, 
wordt op verschillende domeinen onderzocht wat deze impact inhoudt. Tot op heden in 
2018, bestaan conflicterende resultaten in de literatuur. De voornaamste obstakels om een 
eenduidig antwoord te kunnen verkrijgen op de vraag of mobiele telefoons invloed op 
gezondheid hebben, zijn: i) de relatief korte aanwezigheid van mobiele telefoons en ii) 
het vinden van een geschikte controlegroep in longitudinaal onderzoek, aangezien vrijwel 
iedereen tegenwoordig intensief een mobiele telefoon gebruikt. Dit proefschrift richt zich 
op de effecten van een mobiele telefoon op de korte termijn. Kortetermijneffecten worden 
onderzocht, omdat het obstakel van de korte aanwezigheid van de mobiele telefoon 
vervalt en om een basis te kunnen bieden voor toekomstig langetermijnonderzoek. 
Er is op verschillende wijzen onderzocht hoe de elektrofysiologische (hersen)activiteit 
wordt beïnvloed door de aanwezigheid van 3G mobiele telefoonstraling en daarnaast is 
onderzocht hoe een mobiele telefoon in het dagelijks leven interfereert met de emoties 
van de gebruiker.

Hoofdstuk 1 omvat de introductie van dit proefschrift. Er wordt weergegeven hoe een 
mobiele telefoon grofweg functioneert en welke plaats mobiele telefoonstraling binnen 
het elektromagnetische spectrum inneemt. Vervolgens wordt besproken op welke wijze 
de zorgen over gezondheidseffecten als gevolg van mobiel telefoongebruik zijn ontstaan. 
Er wordt een kort overzicht gegeven van de verschillende onderzoeksrichtingen waarin 
onderzoek gedaan wordt naar gezondheidseffecten van mobiele telefoons en de tot dusver 
bekende bevindingen in de literatuur. Daarna wordt ingegaan op de totstandkoming van 
de studies die in de volgende hoofdstukken worden besproken. Een rode draad door 
het proefschrift is het onderzoek naar directe kortetermijneffecten. Dit onderzoek was 
mogelijk door de aanwezigheid van een op de computer aangesloten stralingsmeter, de 
beschikking over de ERFIA-methode en de ervaring van de vakgroep met de experience 
sampling methode.

Hoofdstuk 2 presenteert de eerste pilotstudie, waarin wordt onderzocht in hoeverre de 
hartfrequentie door mobiele telefoonstraling wordt beïnvloed. Hartslag als afhankelijke 
variabele was destijds nog niet veelvuldig onderzocht (15 studies in de literatuur gevonden 
op moment van initiatie) en als pilot was het meten van hartslag relatief eenvoudig te 
realiseren. Een mobiele telefoon werd gedurende vier dagen op de borstkas van een 
gezonde, vrouwelijke proefpersoon gelegd. Een ABA-design werd geblindeerd toegepast, 
waarbij een kwartier blootstelling aan een bellende mobiele telefoon werd voorafgegaan 
en werd gevolgd door een kwartier dummy telefoon. Tijdens het gehele experiment was 
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een stralingsmeter aanwezig die gelijktijdig met de elektrofysiologische hartactiviteit 
iedere milliseconde stralingsinformatie registreerde. De aldus verkregen data werd op 
twee niveaus onderzocht: op macro- en microniveau. Met macroniveau wordt gedoeld op 
de vergelijking van hartfrequentie tussen het kwartier dat de mobiele telefoon belt met 
de dummycondities. Het microniveau duidt op het directe effect van hartfrequentie na 
stralingspieken, zoals waargenomen met behulp van de stralingsmeter in vergelijking met 
stralingsvrije momenten uit de dummycondities. Op macroniveau werd een hartslagdaling 
gevonden van ongeveer een slag per minuut ten opzichte van het voorgaande kwartier in 
dummyconditie. Na het belaste kwartier steeg de hartslag weer met een slag per minuut. 
Op microniveau werd gevonden dat de hartslag direct na een stralingspiek daalt, tevens een 
significante bevinding. Een mogelijke verklaring voor de daling in hartslag is de activatie van 
het autonome zenuwstelsel door de mobiele telefoonstraling. Hoewel de hartslagdaling 
significant was, is een daling van een slag per minuut klinisch gezien irrelevant. Op basis 
van een pilotstudie waarin slechts op één persoon onderzoek is uitgevoerd, mogen geen 
conclusies worden getrokken. Echter, het onderzoek vormde wel de stimulus om verder 
onderzoek te doen.

Hoofdstuk 3 beschrijft de tweede studie. Na de significante uitkomsten in het 
pilotonderzoek werd besloten om meer bewijskracht te verkrijgen door deze volgende 
studie op een grotere onderzoekspopulatie uit te voeren. In dit onderzoek werden 31 
gezonde, vrouwelijke proefpersonen geïncludeerd. Per proefpersoon werd het experiment 
op twee verschillende dagen, binnen een periode van vier dagen, uitgevoerd. De ene dag 
werden de mobiele telefoon en de dummytelefoon aan het oor bevestigd en de andere dag 
op de borst ter hoogte van het hart. Er werd besloten om naast ECG tevens EEG op te nemen 
als effectparameter. Toen de data verzameld waren, bleek het met de bestaande software 
niet mogelijk om de ECG-toppen voor alle proefpersonen betrouwbaar te detecteren. 
Daarom werd besloten uitsluitend EEG als effectparameter te hanteren. Er werd besloten 
om de data van deze studie, evenals de pilotstudie, opnieuw op macro- en microniveau 
te bestuderen. Dit leidde tot twee artikelen, waarvan het macroniveau in dit hoofdstuk 
wordt beschreven en het microniveau in hoofdstuk vier. In deze studie was opnieuw sprake 
van een ABA-design waarbij de proefpersonen geblindeerd werden blootgesteld aan een 
3G-telefoon die gedurende vijftien minuten belde. Voorafgaand aan de bellende telefoon 
en nadien werden de proefpersonen gedurende vijftien minuten aan een dummytelefoon 
blootgesteld. Het EEG werd gemeten door 12 elektroden op de schedel te bevestigen. 
De verschillende frequentiebanden die in een EEG meting zijn te onderscheiden (‘delta’, 
‘thèta’, ‘alfa’, ‘slowbèta’, ‘fastbèta’, and ‘gamma’) werden vervolgens berekend.  Op 
macroniveau werd onderzocht wat het effect van de  bellende telefoon op deze EEG-
frequentiebanden was door de belconditie te vergelijken met de dummycondities. In de 
analyses werd met behulp van multilevel-regressieanalyses rekening gehouden met de 
volgende ‘clusters’: ‘proefpersoon’, ‘meting’ (eerste of tweede), ‘conditie’ (drie condities 
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per meting) en ‘segment’ (iedere conditie was opgedeeld in 27 segmenten). Per segment 
werd een gemiddelde waarde van de power van de desbetreffende EEG-frequentieband per 
electrode berekend. In de analyses moest rekening worden gehouden met de onderlinge 
afhankelijkheid van deze opeenvolgende segmenten, aangezien deze logischerwijs sterk 
met elkaar gecorreleerd zijn. Dit werd bereikt door een ‘autoregressive’ (AR1 genoemd) 
covariantiestructuur te gebruiken in de statistische analyses. Deze methode van analyse 
(multilevel regressieanalyse), die rekening kan houden met onderliggende clustering in data, 
is in het merendeel van het onderzoek naar de EEG-effecten van mobiele telefoonstraling, 
niet toegepast. De uitkomst van deze studie is dat de power van de EEG-frequentiebanden 
‘alfa’, ‘bèta’ en ‘gamma’ significant toeneemt gedurende de mobiele telefoonconditie ten 
opzichte van de dummycondities. Wanneer alleen de metingen worden geanalyseerd 
waarbij de telefoon aan het oor geplaatst werd, is het verschil tussen bellende telefoon en 
de controle conditie nog eenduidiger en is tevens de thèta-frequentieband significant in 
power toegenomen.

Hoofdstuk 4 is de rapportage van de herseneffecten op microniveau van de studie 
die reeds in hoofdstuk drie werd beschreven. Net als in de pilotstudie werd de 
stralingsinformatie van milliseconde tot milliseconde geregistreerd gelijktijdig met EEG 
en werden stralingspieken tijdens het bellen waargenomen. De onderzoeksvraag was of 
de stralingspieken direct tot een veranderde hersenactiviteit leidden. Om dit te kunnen 
onderzoeken, werd de ERFIA-techniek toegepast, die is afgeleid van de ERP-techniek. 
Hierbij wordt gedurende een bepaald tijdssegment (fixed interval) de hersenactiviteit direct 
volgend op een stralingspiek (event) onderzocht. Normaliter wordt dit soort onderzoek 
gedaan om de verwerking van bewust waargenomen prikkels zoals lichtflitsen of geluid 
te kunnen onderzoeken. In deze studie werd onderzocht of de niet bewust waargenomen 
stralingspieken, gemeten met behulp van de stralingsmeter, ook worden verwerkt en 
worden opgepikt in de hersenen. Deze opzet leverde een hersenreactie op die significant 
plaatsvond ten opzichte van willekeurig gekozen fragmenten van hersenactiviteit uit de 
controle condities. Deze reactie is met name te zien in de frontale regio van de hersenen 
in het tijdsegment van 240-500ms na de prikkel, wanneer een toename aan elektrische 
activiteit optreedt. Over vrijwel alle electroden, maar met name occipitaal, wordt een 
latere respons van 500-1000ms poststimulus waargenomen. Het is hierbij van belang om 
op te merken dat de geobserveerde hersenrespons minder prominent is in vergelijking 
met bewust waargenomen prikkels. Concluderend worden 3G-stralingspieken onbewust 
door de hersenen waargenomen, wat tot uiting komt door een kortdurende toegenomen 
corticale activiteit.

Hoofdstuk 5 presenteert de bevindingen van de tweede en grotere studie waarbij 
opnieuw de effecten van een bellende 3G-telefoon werden onderzocht. Een aantal 
methodologische aanpassingen ten opzichte van de eerste studie werden doorgevoerd. 
Ten eerste werd de onderzoekspopulatie vergroot van 31 naar 50 proefpersonen (30 
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vrouwen, 20 mannen). Ten tweede werden de bellende-mobiele-telefoonconditie en de 
controleconditie frequenter afgewisseld voor een sterkere bewijsvoering. Iedere meting 
werd gestart met een tien minuten durende baselineconditie, gevolgd door een belschema 
van een uur. In dit belschema werd bellen afgewisseld met de stand-by-conditie. Per persoon 
werd een individueel belschema gemaakt door het uur op te delen in halve minuten en 
iedere halve minuut gerandomiseerd toe te wijzen aan ofwel bellen ofwel stand-by-
stand. Ten derde werd besloten om de telefooncondities op afstand te besturen, zodat 
de onderzoeksruimte niet meer tussentijds betreden hoefde te worden. Dit kon, volgens 
het inzicht op dat moment, alleen gerealiseerd worden door voor de controleconditie 
een stand-by-toestand te gebruiken in plaats van een dummytelefoon zoals in de eerdere 
studie. Enkele tests voorafgaand aan de studie toonden aan dat de straling in de stand-
by-toestand lager was en daarom werd er aangenomen dat standby contrast voor de 
bellende conditie zou vormen. Ten vierde werd besloten om iedere proefpersoon eenmaal 
in plaats van tweemaal te zien, waarbij de mobiele telefoon aan het oor werd geplaatst. 
Deze opzet werd gekozen omdat in studie één was waargenomen dat deze plaatsing het 
meest teweegbracht op hersenniveau. De data-analyses (met multilevel-regressieanalyse) 
toonden geen significante verschillen tussen de twee condities. Aangezien deze uitkomst 
tegen de a-priori verwachting inging, is gezocht naar post-hoc verklaringen. De voornaamste 
post-hoc verklaring is dat stand-by geen stralingsvrije conditie is en dus geen optimale 
controleconditie is. In de literatuur is nog weinig onderzoek gedaan naar de effecten van 
een stand-by mobiele telefoon op hersenactiviteit. Een tweede post-hoc verklaring is dat de 
ogen onder deze relatief langdurende bestraling ook beïnvloed werden. Hierdoor kunnen 
de uitkomsten een vertekend beeld hebben gekregen, doordat de data van het gemaakte 
elektro-oculogram (EOG) als covariaat in de statistische modellen werd opgenomen. In 
post-hoc analyses bleek dat het verwijderen van EOG uit de modellen tot meer significante 
uitkomsten leidde in de richting van de voorgaande studie. 

Hoofdstuk 6 behandelt de pilotstudie waarin twee gezonde, vrouwelijke proefpersonen 
gedurende drie maanden dagelijks, tienmaal per dag, een korte vragenlijst volgens de 
experience sampling methode (ESM) kregen aangeboden. Dit gebeurde via de zogeheten 
Psymate-applicatie op hun smartphone, waarbij zij gewaarschuwd werden door middel 
van een ‘beep’ (een geluid door de mobiele telefoon). Deze vragenlijst werd ingevuld 
wanneer zij hiertoe in de gelegenheid waren. De beep vertegenwoordigt een vaste serie 
aan vragen, waarbij wordt gevraagd naar het telefoongebruik tussen de vorige beep en 
de huidige beep. Daarnaast worden emoties en klachten (pijn, vermoeidheid, mate van 
concentratie) op dat moment vastgelegd en wordt naar de context (plaats, personen in 
omgeving en activiteiten) gevraagd. De ESM-methode maakt het mogelijk om dynamische 
gedragspatronen en affectieve patronen gedurende de dag te linken aan omgevingsfactoren 
zoals mobiel telefoongebruik. Deze pilotstudie werd opgezet om te onderzoeken of er, 
middels ESM, een relatie bestaat tussen emoties en telefoongebruik. In deze pilot bleek 
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een significante relatie te bestaan tussen telefoongebruik en emoties. Een toename aan 
telefoongebruik werd gevolgd door een toename van negatief affect en een afname van 
positief affect en concentratievermogen. Dit onderzoek dient op een grotere populatie te 
worden uitgevoerd om zekerheid over de gevonden relatie te krijgen. 

Hoofdstuk 7 bestaat uit een algemene discussie over de inhoud van dit proefschrift. De 
inhoud wordt hier geïntegreerd en binnen de context van overig uitgevoerd onderzoek 
geplaatst. Daarnaast worden de betekenis van de bevindingen en discrepanties besproken 
en worden aanbevelingen voor de toekomst gedaan.

8
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The target audience of this thesis is the (potential) mobile phone using community. The 
societal relevance of this thesis, exploring health effects associated with mobile phone 
use, is therefore potentially large. The outcomes add knowledge to how mobile phones 
and the electrophysiology and emotions of human beings interact in the short term. It 
helps to build a more stable basis of knowledge about this interaction. This thesis explicitly 
did not aim to investigate whether mobile phone usage is harmful to human health. 
Ultimately, that would be the goal of mobile phone research but in order to investigate 
health consequences long term explorative research is required. 

There are no specific products or activities in which the outcomes of this thesis are 
being used. There were product developers of for example radiation shield materials who 
contacted us to prove the effects of their material, however at this stage of research these 
issues were not relevant. 

What can be called innovative is to have treated a 3G radiation peak as an ‘event’, to 
investigate directly the electrical cerebral response following a radiation peak. Further, 
statistical methods like multilevel regression analyses were used only very rarely in 
electrophysiological research. Finally, experience sampling technology has not been used 
before to investigate mobile phone use.

At the moment of publication of this thesis, the ESM article was under review and it is 
expected to be published soon. Especially this part of the research deserves a continuation, 
since it only has been piloted so far with two test subjects. It would be relevant to use 
more variables like GPS information, add pre and post questionnaires about for example 
depression and test the subject’s personality traits. It has been proposed in the literature 
that mobile phone usage can become more or less problematic, depending on certain 
personality traits. 

Today, mobile phones are being used very frequent and at an increasingly younger age. So 
far there is not much knowledge about the influence of mobile phones in the development 
of children. Therefore it is important to gain more knowledge on the effects of mobile 
phones on children. We therefore think it is instructive to also set up long term research 
including children.
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ontvangst en belangstelling.

Jim, het is een eer om jou als promotor te hebben. Ik heb je ervaren als een zeer scherpe, 
doortastende en, ondanks jouw waanzinnig drukke bestaan, toegankelijke professor. Tij-
dens ons eerste gesprek zat jij relaxed achterover en kon ik niet anders dan je spontaan tu-
toyeren! Je bent een inspirator voor collegae en voor patiënten. Veel geluk op jouw nieuwe 
werkplek in Utrecht.

Op Vijverdal heb ik met een aantal mensen met enige regelmaat samengewerkt. Vanaf 
het begin, vanaf mijn WESP, leerde ik Carine kennen. Carine, dank voor jouw altijd kritische 
blik en warme belangstelling. Met Rosan was het eigenlijk vooral gezellig, waarvoor veel 
dank! Lekker samen lachen deed altijd goed, jammer dat we elkaar tegenwoordig minder 
vaak zien. Lonneke, veel dank voor onze gezellige avondjes eten en Spaanse lessen, ik hoop 
dat de bakken tegenslag die je hebt doorgemaakt nu voor bakken geluk zijn verwisseld. Lie-
ve Marga, je bent een grote steun voor het ‘lab’ op Vijverdal, dank voor de altijd liefdevolle 
belangstelling en pas een beetje op Richel! Ron, dank voor het altijd mogen binnenlopen: 
gedurende de afgelopen jaren heb ik je ad hoc de gekste technische/ICT vragen gesteld.

Klaus Golombeck, Wolfgang Viechtbauer, Anne Marsman, Truda Driessen, Deborah Op ‘t 
Eijnde, Karel Borkelmans, Frenk Peeters, Philippe Delespaul, Jacqueline Strik, Elaine Schee-
pers, Mikal van Poll, Kelly Bemelmans, Anouk van Alphen, Trees Soute, Marjan Drukker, 
Peter, Johan Giellissen, Ron Hellenbrand, Jacco Ronner, Huub Hamers, Kevin van Schaijk, 
Jenna Arts en natuurlijk alle proefpersonen: dank voor jullie hulp en samenwerking. 

Tevens wil ik de leescommissie bedanken voor hun tijd en interesse in mijn proefschrift. 
Een groot deel van de promotietijd heb ik niet in Maastricht maar op andere werkplek-

ken doorgebracht: PsyQ Persoonlijkheid Heerlen, TKD groep op de VOHA, Huisartsenprak-
tijk de ZuiderEs, SEH Tjongerschans en Huisartsenpraktijk Hartvelt: alle collegae dank voor 
de samenwerking en de belangstelling voor de vordering van mijn wetenschappelijke be-
zigheden.

Veel dank gaat uit naar mijn familie en vrienden. Hoewel ik besef dat ik niet altijd even 
attent ben als ver weg wonende, door het land crossende vriendin, is een taak zoals een 
promotie afronden onmogelijk zonder veel goede afleiding en ik wil jullie bij deze danken 
voor de bijdrage daaraan! Ik prijs me gelukkig met de mensen die ik lief heb en met wie 
het direct goed aanvoelt als we dan toch samen zijn. Soes, naast deze afleiding, heb je mij 
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ook vaak onderdak geboden en hierdoor de promotie mede mogelijk gemaakt, dank dat 
je tijdens de verdediging naast mij wilt staan. In augustus zal ik naast jou staan! En Karlijn, 
carrière technisch gaan we altijd nek aan nek, het is nog de vraag wie het eerst in de verde-
digende en wie in de paranimf rol zal staan! 

Een bijzondere plaats neemt Jos in: dank voor jouw geweldige steun en hulp de afgelo-
pen tijd en voor onze gezellige Lumière avonden in Maastricht, door jou voel ik me altijd 
gesteund en heb ik me extra thuis gevoeld toen ik van het hoge noorden naar het zuiden 
vertrok op mijn 18e.

Lieve papa en mama, na jarenlang vrijwel onbezorgd leven hebben wij het de afgelopen 
jaren niet altijd gemakkelijk gehad. De ziekte van Parkinson is destructief en heeft jullie 
laatste tijd samen op zijn kop gezet, dit maakt me verdrietig omdat ik jullie graag samen 
gelukkig oud had zien worden. Dank jullie wel voor de onvoorwaardelijke liefde en zorg 
voor mij, ik zou niet weten hoe ik hier zonder jullie gekomen zou zijn. Me too from you! 2 

Tot slot: lieve Menno, zondagochtend (verbrand) croissant, poezen onderdompelen, ‘in 
het midden’, Jonen, lekker samen koken: niks zo fijn als de gewone dingen samen met jou! 
Dank voor jouw liefde, grappen en lust voor avontuur, zullen we dit nog een poosje samen 
voortzetten? 

2    Hoewel Kees op het moment van publicatie niet meer leeft, heb ik de tekst ongewijzigd gelaten, omdat hij 

deze woorden zo heeft gelezen.
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