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BACKGROUND

H
umans can be exposed to non-ionizing electromagnetic fields
originating from anthropogenic sources superimposed on the
Earth’s natural magnetic field (varying between 25 and 65
µT)1-3. Such exposure can occur in the general environment4,5

as well as in occupational settings6. 
The discussion whether exposure to magnetic fields has an impact on

biological tissue has a long history, and written evidence on its medical
applications exist already from the Roman period (Pliny the Younger, 62-
114 AD)7. The German physician and alchemist Paracelsus (Philippus
Theophrastus Aureolus Bombastus von Hohenheim (1492-1541))8

promoted the therapeutic powers of powdered magnetic iron oxides
already in the 16th century. He was however opposed by William Gilbert9,
who argued that using a magnetic lodestone powder would weaken its
magnetic influence to the vanishing point10,11.

Another important historical figure was the Switzerland born physician
Franz Anton Mesmer (1734-1815), who became extremely successful
through his animal magnetism practice in Paris12. However, a committee
appointed by Louis XIV concluded that the clinical improvement among
his patients were the result of his ability to manipulate their imaginations
and not the use of magnets. 

It was however not until the end of the Nineteenth century that the first
effects of electromagnetic radiation on biological organisms (description
of phosphenes in man) were observed by Jacques Arsène d’Arsonval
(1851-1940) in 1896 and Nikola Tesla (1856-1943) independently7.

The controversy has continued to exist to the present time13. New
applications of magnetic fields have been found in the use of magnetic
bracelets14,15 and necklaces, and as a therapy for pain relief16. At the
same time, evidence based applications like transcranial magnetic 
stimulation (TMS)17-19 have emerged as possible treatments for depres-
sion and Parkinson’s disease, and, to a lesser extent, schizophrenia,
obsessive-compulsive disorder among others20,21.

The discovery of Nuclear Magnetic Resonance (NMR) in 194622 led 
initially to applications to determine chemical compositions of materials.
In the 1970s it resulted in the introduction of Magnetic Resonance
Imaging1 (the word nuclear was intentionally dropped to avoid scaring
patients) (MRI)23,24, which has evolved into a major routine medical
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imaging technique and tool for in vivo biomedical research from the
1980s onwards25,26.

MAGNETIC RESONANCE IMAGING

MRI is an imaging modality, which makes use of electromagnetic fields
and provides detailed images of soft tissue and is therefore very well

suited for anatomical imaging. Image contrasts are the result of differ-
ences in water binding, concentration of macromolecules in tissue, 
concentration of iron containing molecules, and others. Furthermore, it
can also be used to measure dynamic physiological processes like blood
flow, tissue perfusion or changes in blood oxygenation, beating of the
heart, digestion of a meal, among others26.

MRI is based on the concept that due to the magnetic moment of
nuclei, when placed in a magnetic field, they have a fixed energy status,
which is dependent on the Larmor frequency of the nuclei. This 
frequency, also referred to as the precession (spinning) frequency,
depends on the nucleus itself, but also on local factors such as the applied
magnetic field strength and the chemical environment of the nucleus. By
applying a short radio frequency (RF) pulse (at the same, and thus 
resonant, frequency as the nuclei are spinning), the energy status of the
nuclei can be raised temporarily (the nuclei are exited). When the pulse
is stopped, the nuclei will return (relaxate) to their original energy status
(with specific relaxation times T1 and T2) which will induce a voltage that
can be registered. To code for spatial position of the signal a small 
spatial gradient magnetic field is applied superposed to the homogeneous
static magnetic field.

The magnetic field strength (H) is expressed in Ampère per meter
(A/m). The total number of lines of magnetic force in a material is called
the magnetic flux, which is expressed in the unit of a Weber (Wb) (1x108

field lines). The number of magnetic lines of force cutting through a plane
of a given area at a right angle is known as the magnetic flux density (B)
and is expressed in Tesla (T) (1 Wb/m2) or in Gauss (G) (1x10-4 Tesla).

An MRI system consists of a large superconducting magnet to 
generate a strong static magnetic field (B0). For whole-body MRI sys-
tems, magnetic flux densities are usually divided into low field (0.2-1.0
Tesla), high field (1.0-3.0 Tesla), very high field (3.0-7.0 Tesla) and ultra  
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Figure 1.1. Measured static magnetic fields (B0) for various cylindrical and open
(1.0T) magnets along a line through the iso-centre, or 50cm (1.0T) or 25 cm
from the magnet centre.

high field (>= 7 Tesla)27. In addition to the homogeneous static 
magnetic field in the magnet borehole, gradient coils generate a small
gradient magnetic field (in the order of 20 mT/m switched in 1 
millisecond for routine systems, although systems with higher 
performance have been developed) in all three orthogonal directions and
allow for spatial coding of the MR signal. Furthermore, radio frequency
(RF) coils generate RF pulses (10-20 µT) and register the MR-signal.

Most MRI systems apply a cylindrical magnet, but modern low field 
systems also may have a bipolar vertical magnetic field (the so-called
open systems)28. In the centre of the magnet bore the generated 
magnetic field is as homogeneous as possible in all three directions
(dB0/dxfor x=x, x=y and x=z), while a spatial gradient is present near the
edges of the bore. This magnetic gradient field extends to the area 
surrounding the magnet (spatial magnetic stray field). The magnetic flux
density of this stray field is inhomogeneous, depending on characteristics
of the MRI system and is in general characterized by a rapid drop off with
distance from the magnet (Figure 1.1). The flux density of the stray field
at a specific position can be expressed as a spatial magnetic gradient
(dB0/dx) and the measured gradient fields at different spatial positions
along a line through the iso-centre and along a line 25 cm from the 
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Figure 1.2a. Measured static magnetic gradient fields for various cylindrical 

and open (1.0T) magnets along a line through the iso-centre.

Figure 1.2b. Measured static magnetic gradient fields for various cylindrical and
open (1.0T) magnets along a line 25 cm from the magnet.

magnet centre are shown graphically for several cylindrical and open
MR-systems in Figures 1.2a and 12.b.

Magnet shielding is used to limit the distance from the magnet where
strong magnetic fields are still present by either a metal box around the 
magnet (i.e. in the walls of the room to avoid strong magnetic fields in
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adjacent rooms or corridors), or actively, by building a second magnet
with opposite field orientation on the outside of the main magnet27. 

In actively self-shielded magnets however, the magnetic field strength
at the edges of the bore can be somewhat greater than the field strength
at the magnet’s isocenter29 (see Figure 1.1 for the 1.5 T and 3.0 T 
magnets). Furthermore, at present technical limitations prohibit actively
self-shielded magnets at ultra-high field, although it is expected that self-
shielded 7 T systems will become available within a few years25.

EXPOSURE TO ELECTRO-MAGNETIC FIELDS IN MRI

At present approximately 20.000 MRI-systems routinely operate at 0.5
to 3.0 T in the clinical setting world-wide, with most systems operat-

ing at 1.5 T (~70%). Presence in, or near, these systems exposes
patients as well as engineers and medical staff to both a large static field
(B0), a spatial magnetic gradient outside the magnet (dB0/dx), and a
time-varying field (dB0/dt) induced by moving through the spatial 
magnetic stray field. During scanning, patients and sometimes 
employees are also exposed to time-varying fields in the milliTesla (mT)
range from spatial gradient fields that are switched on and off rapidly, as
well as an RF field that exposes them to extremely rapidly varying fields
in the µT range26.

The largest group of occupationally exposed workers are radiogra-
phers26, who operate the scanner and look after the patient’s comfort and
safety. Consequently, they need to lean into the magnet bore and walk in
the stray field regularly. Furthermore, radiologists are responsible for the
clinical quality of the scanning process, and enter the static field in the
same way as radiographers, in particular to administer contrast agent if
required. Anaesthesiologists are also sometimes involved in scanning
patients and will be in the proximity of patients during scanning. 

Studies have shown30,31 that MRI operators are regularly exposed to
fields up to 5 mT, but exposure to 100-150 mT could already easily be
achieved while in the vicinity of a 0.02 or 0.5 T clinical MRI system. A
trend towards an increase of interventional MRI procedures however, will
greatly increase the duration of exposure of radiologists, anaesthesiolo-
gists and operating teams to magnetic fields, including the gradient and
RF fields in the mT-range from other equipment in the operating room32,
as they will inevitably have to be near the patient during scanning.
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Outside the clinical setting, engineers involved in constructing, testing
and maintaining the scanners are also exposed to static magnetic fields.
Furthermore, physicists, engineers and development staff might 
potentially also receive considerable exposure since they often use novel
systems or use standard scanners in non-standard ways26. Finally, to
optimize systems or settings it is often necessary to use human volun-
teers because test phantoms can only adequately mimic a fraction of the
human body and are certainly not suitable to mimic human physiology
(including respiration, heart beat, blood flow, perfusion and diffusions of
body liquids etc.).

Small-bore magnets are used to scan animals and other objects in
research institutions, and they are used in the pharmaceutical industry
where imaging allows the time course of the effect of the drugs to be
studied. Although often of higher static field strength (~7T) than clinical
scanners, the smaller bore (~30cm) makes it harder for staff to expose
more than a small part of their bodies to high field strength26.

Exposure to static magnetic fields is also found in other occupational
settings, but at lower intensity. Workers in the aluminium production and
chloralkali industry are exposed to fields ranging from 4 to 5 mT. Railway
workers on train systems operating from DC power supplies are exposed
to fields up to 50 mT31, and some welding processes also produce static
magnetic fields in the µT range6,33,34.

TRENDS

At present two main trends are driving the development of new MRI
systems25,26. In all applications a drive towards the use of higher

magnet fields is present. While imaging of humans was first achieved at
0.04 T35, the current routine MRI magnetic field strength is 1.5 T13.  3 T
systems however, are rapidly replacing  1.5 T systems, and even ultra-
high field magnets (>7 Tesla) have started to appear25,26. For 
experimental animal research, 9.4 Tesla systems are becoming the 
standard, but a first 11.7 T system was already operational in 200425.
Trends in functional MRI studies and  interventional MR are also towards
higher field strength25,36. 

Higher field strengths are associated with a better “signal to noise”-
ratio in an image, which can be used to increase spatial resolution and
reduce imaging time. The shorter imaging time can be used for shorter
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examination time, but also for dynamic studies of changing systems such
as functional MRI studies and in MR angiography. Secondly, higher fields
lead to an increased NMR relaxation time, which is an advantage in 
studies to measure blood flow or tissue perfusion using blood as an intrin-
sic contrast agent26.

A second important trend is an increase in the development and use of
MRI systems for interventional procedures with both open and closed MRI
systems, which allow medical staff to perform therapeutic and diagnostic
procedures on a patient28, while simultaneously being guided by MRI37-

45 (Figure 1.3). At present, MRI systems for interventional procedures do
not exceed 0.5 Tesla37, although combinations of MR suites with operat-
ing rooms exist at higher field strengths46. 

Figure 1.3. Example of an interventional procedure 
guided by MRI (neuro-imaging).

Interaction with materials and biological tissue
A number of dangers inherent to the use of strong magnetic fields,

such as the danger of ferromagnetic objects being pulled into the 
magnet, were early recognized47-49 and, since they might result in 
serious injury or death of the scanned individual10,13,50,51, should be
adequately controlled. Electrical equipment might also get damaged
when it is exposed to strong magnetic fields, which might be lethal in the
case of for example non-MR compatible cardiac pacemakers52,53.

Three mechanisms have been proposed through which static magnetic
fields (SMFs) can interact with biological tissue7:
(1) Mechanical effects: i.e. changes in orientation of dia- and paramag-
netic molecules; (2) SMFs can exert Lorentz forces on moving ions which,
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in general, induces Hall electric fields and associated currents; and (3)
interactions of some chemical reactions that involve radicals with 
intermediate states.

The magnitude of the response of an object to an external magnetic
field is proportionally to the strength of the magnetic field and the 
material’s magnetic susceptibility (χ). Diamagnetic materials 
(-1.0 < χ <0) are repelled from regions of strong fields. Most elements
in the periodic table, including copper, silver, and gold, are diamagnetic.
Paramagnetic materials (0 < χ < 0.01), which include the vast majority
of common materials including almost all living tissue, are often consid-
ered as non-magnetic. (Ferro)magnetic materials (χ >= 0.01), such as
iron and nickel, respond very strongly to an applied magnetic field.

Objects in a magnetic field experience forces that tend to move it in
space, and torques which tend to align it with respect to the direction of
the magnetic field. In biological situations where the magnetized body is
small and the induced magnetization is similar in the whole object
(isotropic) and the absolute value of the susceptibility is also small, any
torques will be  negligible54.

In addition, when a cluster of macromolecules or cells are bound
together with the same orientation to the magnetic field (crystalline or
quasi-crystalline structure) the alignment torque is proportional to the
number of molecules and the cluster volume (anisotropic susceptibility).
This phenomenon seems to be the explanation why shape-dependent
torques in tissues have been demonstrated in sickle cells in vitro55, but
not in vivo56 nor in normal red cells.

Movement in strong magnetic fields10 can induce electrical currents
since, according to Maxwell’s equation, any time-dependent magnetic
field (dB0/dt) will be accompanied by an electrical field (E) such that:

In a static electric field, the electric current density (J) in tissues is 
determined by J=σ·E, where σ is the tissue’s electrical conductivity and E
is the electric field. If the tissue moves with a velocity (v) relative to the
static field, there is an additional term for the current density, 
J=σ(E + v·B), where v·B is the motion-induced electric field. 

The induced currents can have a variety of effects on the tissue, such
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as nerve stimulation observed during gradient switching in MRI13 and
transcranial magnetic stimulation (TMS)57, and tissue heating related to
the tissue’s Specific Absorption Rate (SAR) which is a measure for the RF
energy absorption as a result of the RF field in MRI13. 

HEALTH EFFECTS

Traditionally, the main focus of research on health effects and biologi-
cal mechanisms of non-ionizing radiation has been on exposure to

alternating electromagnetic fields; more specifically on extremely low 
frequency (ELF) fields and more recently, especially after the widespread
use of mobile phone use, on radiofrequency (RF) electromagnetic
fields2,58-61. Research on health effects of static magnetic fields, the
focus of this thesis, has been rather limited58,62.

Although effects of exposure to electromagnetic fields are typically
expressed as complaints of poor concentration, impaired attention, and
abnormal memory, similar to early warnings for neurotoxic exposure63,
acute health effects solely to the interaction of static magnetic fields and
human are at present not well characterized. Soon after the introduction
of MRI, a few small studies on patients scanned at 0.5 Tesla did not find
any effects on the electroencephalogram (EEG)64, nor was cognitive 
performance affected after being scanned at 0.5 or 1.5 T64,65. With the
development of ultra-high magnetic fields several experimental studies
were initiated, which either found no effects on cognition and cardiac
function66, or only a small, non-clinical, increase of systolic blood 
pressure67 and decrease in short-term memory performance68.
Furthermore, although a number of individuals have reported 
non-specific symptoms that they relate to low exposure to electromag-
netic fields, no causal relation between “electromagnetic hypersensitivity
(EHS)” and EMF exposure has been established69.

Nevertheless, reported fatigue, dizziness, sleeplessness, headache,
heart pain70 and vertigo, metallic taste and nausea71 have been related
to presence in magnetic fields. The latter could be limited by the rate and
frequency of motion within the field, suggesting that they may be 
related to induced currents from time-varying magnetic fields.
Presumably, these symptoms are attributable to electric fields induced by
movement within static magnetic fields. They can also artificially be
induced by magnetic pulses in (repetitive) transcranial magnetic stimula-
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tion ((r)TMS) studies17,72-75. These induced currents can result76 in
direct depolarization of nerve and sensory cells, with experienced pain,
peripheral nerve stimulation (PNS)77-79 and magneto-phosphenes
(although the emergence of phosphenes also depends on the attention of
the subject80) as the most prominent effect10,54. Furthermore, diamag-
netic anisotropy in the cupula might produce torque and deflection of its
structure13, thereby distorting ion-specific channels sufficiently to alter
their function81,82 which can result in vestibular effects. Vertigo might be
more specifically caused by magneto-hydrodynamic forces acting on the
endolymph of the semi-circular canals54, which does not hamper hearing
itself83. Studies in laboratory animals suggest that movement in static 
magnetic fields equal to or larger than 4T, but not at lower levels84,85, is
unpleasant86-90. In combination with switched gradient fields, rats’ 
spatial discrimination learning was reduced at exposure to 2 T91. 

These responses were consistent with vestibular stimulation92 and 
fairly similar to motion sickness93,94, which is characterized by transient
experiences of vertigo/dizziness, nystagmus, ataxia, and nausea93.
Motion sickness is generally regarded as a normal and transient response
to unfamiliar or unnatural motion stimuli94,95, and involves complex 
central nervous system integration of various physiological and psycho-
logical cues96, with a largelyunknown aetiology. Thealmost97 universally
accepted explanation94 is that it is triggered by a variance in the signals 
transmitted by the eyes, the vestibular system and the non-vestibular
proprioceptors, and with what is expected on the basis of previous
actions within the environment. The extent and severity of these 
symptoms are assumed to be directly related to the extent of mismatch.

Most vestibular syndromes involve both semicircular canal and otolith
function93, but  symptoms (in different degrees of severity) of semi-
circular canal dysfunction are commonly reported as rotational vertigo,
deviation of perceived straight-ahead, postural imbalance, spontaneous
vestibular nystagmus, and nausea and vomiting, whereas otolith 
dysfunction are reported as symptoms of falls, linear motion or tilt 
suggestions, or postural orienting and balancing difficulties98.

An important part of the vestibular system is the vestibule-ocular reflex
(VOR)99, which  connects a set of extra-ocular eye muscles in response
to information from the visual system, the otolith organs, the 
semi-circular canals, and other parts of the vestibular system. If the

1177

SYMPTOMS AND COGNITIVE EFFECTS OF EXPOSURE TO MAGNETIC STRAy Fields of MRI Scanners

GENERAL INTRODUCTION



information to the VOR is at variance, this is expressed in gaze instabili-
ty, which presumably aggravates the conflict between visual, vestibular,
andproprioceptive inputs. 

Long-term effects of exposure to static magnetic fields that have been
studied are very few6, but include fertility100,101, pregnancy 
outcomes100,102, and immune parameters103. No relations with 
MF-exposure were found in these studies.

Also, no long-term studies have been done exclusively for exposure to
static magnetic fields and cancer risk. Studies in the aluminium industry,
chloralkali industry6 and among welders104,105 focussed on chemical
exposures, and static magnetic fields were only assessed to a lesser
extent6. In 2002, the International Agency for Research on Cancer106

concluded that there is inadequate evidence (group 3) in humans for the
carcinogenicity of static electric or magnetic fields, and no relevant data
were available from experimental animal studies.

If however, any relation exists between exposure to strong magnetic
fields of MRI scanners and cancer it is likely to emerge in the upcoming
decades since MRI has been widely used only since the 1980s, while it
typically takes several decades between exposure and onset of solid
malignant tumours2.

ASSESSING NEUROBEHAVIORAL EFFECTS

Neurobehavioral test batteries can be used in research to detect acute,
subtle, and reversible, changes in central nervous system function

resulting from occupational and environmental exposures107-110. In 
general, these test batteries are used in experimental designs (in a 
controlled environment) where volunteers are exposed to different levels
or duration of exposure. However, to study acute effects they have also
been used in quasi-experimental designs in the workplace110. 

In general, these tests provide a powerful and relatively inexpensive
tool to detect transient effects, but administering a complete test battery
can be labour and time intensive110. Most batteries drew on already
existing neuropsychological tests for their development108, or were newly
assembled from existing tests111, depending on the research questions.
However, many tests were initially developed for diagnostic purposes, but
were nonetheless used for research107-110. In addition, it has been
argued112 to include tests assessing visual acuity and visual contrast 
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sensitivity in neurobehavioral test batteries to avoid interpreting visual
deficits as cognitive effects.

Many of these tests are prone to a practice, or learning, effect113,114,
and studies assessing repeated measurements with neurobehavioral
tests indicated that, in general, this effect is strongest between the first
and the second time a test is administered. The magnitude of the 
practice effect attenuates in following trials, and performance stabilizes
after four trials for most tests115-117. Furthermore, data suggests that
practice effects can still be present with weeks or months between two
subsequent trials118-121.

Finally, despite the wide-spread use of neuropsychological test 
batteries in clinical practice and research, the relation between 
test performance and functional capacity in daily living, occupational 
capacity, etcetera remains largely unknown, since it has not been
explored frequently63.

Aims and outline of this thesis

The results presented and discussed in this thesis are the result of a
series of studies to understand and quantitatively assess effects of

working in the vicinity of MRI magnets. More specifically, the objectives
of the studies described in this thesis were:
(1) to assess type and frequency of health complaints as well as neurobe-
havioral effects that are experienced by engineers who assemble and test
new magnetic resonance imaging systems, and
(2) to investigate the relation between neurobehavioral performance and
exposure to stray fields generated by high, very high, and ultra-high MRI
magnets.

Chapter two describes the first study, which assessed health 
complaints and neurobehavioral performance of employees at an MRI
production company. In addition, mercury levels in urine were analyzed
to investigate whether experiencing a metal taste in the vicinity of a 
magnet, a regularly occurring sensory complaint, might be due to 
amalgam release from dental fillings.

Chapter three describes an experimental pilot study among 20 
company volunteers to assess whether neurobehavioral changes due to
exposure to a static magnetic stray field from a 1.5 Tesla cylindrical MRI

1199

SYMPTOMS AND COGNITIVE EFFECTS OF EXPOSURE TO MAGNETIC STRAy Fields of MRI Scanners

GENERAL INTRODUCTION



scanner could be measured using a collection of standard, non-comput-
erized, neurobehavioral tests.

Chapter four evaluates recent studies assessing acute health effects
and cognitive effects of exposure to static magnetic fields from high and
ultra-high MRI scanners. More specifically, chapter four evaluates the
results of the study described in chapter three in combination with results
from a similar study by a different research group67,68. This combination
resulted in the generation of a hypothesis for a study on exposure-
response relations. 

Chapter five describes a follow-up study with twenty company 
volunteers to assess relations between the magnitude of magnetic stray
fields from 1.5 and 3.0 Tesla MRI magnets and effects on performance on
a neurobehavioral test battery addressing a number of cognitive
domains.

Chapter six deals with a study performed at the Sir Peter Mansfield 
MR-Centre at the University of Nottingham assessing neurobehavioral
performance in the stray field of an ultra-high 7 Tesla MRI magnet. This
study was done with twenty-seven naive volunteers recruited through
ads at the university campus.

Chapter seven describes the main findings of this thesis and discusses
a number of factors that might have influenced the results. In addition,
it discusses results of a pooled analysis of results of the individual 
studies (details are presented in the Appendix). Furthermore, additional
knowledge about biological mechanism of exposure to static magnetic
stray fields is provided, and implications of results and provides directions
for future research discussed.
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A B S T R A C T

PPPP urpose: To assess sensory effects and other health 
complaints that are reported by system testers working near
MRI magnets, realizing that it is believed that exposure up to
8 Tesla is safe for humans.

Materials and Methods: Levels of exposure to static magnetic fields
(SMFs), movement speed during exposure, health complaints, and 
cognitive performance among employees in a MRI-manufacturing 
department and at a reference department have been analysed. Mercury
concentrations in urine samples were determined to analyze whether
they depend on exposure to SMFs.   
Results: Average exposure of system testers was 25.9 mT/8 hours at a
1.0 T system and 40.4 mT/8 hours at a 1.5 T system. Vertigo, metal
taste, and concentration problems were more reported among workers of 
MR-fabrication than in the reference department. Cognitive performance
was tested outside the SMF, and no significant changes were detected.
Conclusion: This study suggests that any effects on cognitive functions
are acute and transient and disappear rapidly after exposure has ended.
All complaints, except for headaches, were more frequently reported by
“fast movers” than by “slow movers”, and depended on field strength and
duration of exposure. Mercury-levels in urine were not affected.  
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INTRODUCTION

I
t is widely believed71,83 that exposure to static magnetic fields up
to 2 T (International Commission on Non-Ionizing Radiation
Protection (ICNIRP))3 and to 8 T (Center for Devices and
Radiological Health (CDRH) of the US Food and Drug

Administration)122 is safe for human beings. However, several transient
sensory effects, including magnetophosphenes, dizziness, a metal taste,
lack of concentration, headaches, and tiredness, have been reported at
lower SMF strengths10,71,123. In rats, graded effects on behaviour were
observed after exposure to 7 and 14 T89, while other studies did not find
any effects after exposure from 0.15 to 1.89 T124-126. In human volun-
teers, no clinical significant effects on human cognition were found 
during exposure to 8 T, although a small, not clinically meaningful,
decrease in a test for recognition memory was noted68. Furthermore,
systolic blood pressure was shown to increase with exposure to 8 T67.
Other studies on human volunteers showed that during movement of the
head and torso in the vicinity of a 1.5 T magnetic resonance imaging
(MRI) magnet,eye-hand coordination and visual contrast sensitivity were
affected (chapter 3). In a follow-up study it was shown that eye-hand
coordination and processing of visual and auditive information was 
affected while moving one’s head in the vicinity of a 1.5 and a 3.0 T MRI
magnet (chapter 5). Furthermore, it was shown that these effects
depended on the strength of the magnetic field, which supports the 
concept of a field-dependent biological mechanism as suggested for 
sensory effects54. 

Following a concern from an MRI-manufacturing company regarding an
increased prevalence of complaints of employees working in a depart-
ment where MRI scanners were assembled and tested, we conducted a
study assessing occupational exposure to magnetic fields, complaints,
and cognitive performance. In addition, because workers also reported
experiencing a metallic taste during exposure to magnetic fields and it
was postulated that this could be due to a release of mercury from 
amalgam teeth fillings127, we assessed mercury levels in urine samples
of exposed employees and workers from the reference group. To our
knowledge, this is the first study among employees manufacturing MRI-
scanners focusing on the effects of occupational exposure to high SMFs.
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Figure 2.1. Top view of the spatial distribution of surrounding 
SMF B0 of the 1.5-T magnet.

Figure 2.2. Top view of the distribution of the spatial 
gradient of B0, |grad|B0|| for the 1.5-T magnet.

MATERIALS AND METHODS
System

Exposure to SMFs was analyzed on five standard magnet-testing 
procedures, two at a system of 1.0 T and three at a 1.5 T system.

Exposure was estimated by dividing the working area in several zones,
along the magnetic field lines with equal magnetic field (MF) strength,
ranging from 1 mT at the edge of the radiofrequency (RF) cage to 1.2 or
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1.7 T in the bore of the magnet. The horizontal field lines were projected
on the ground and divided the work area in five zones of 1-10 mT, 
10-100 mT, 100-500 mT, 500 mT-1T and the area inside the bore of the
magnet, respectively. Although there is also variation in MF strength in
the vertical axis, we assumed that exposure at the height of the 
iso-center is an approximation of the average MF strength over the whole
human body. The spatial distributions of the surrounding of the SMF (B0)
and of the spatial gradient of B0 (dB/dx) are shown in Figures 2.1 and
2.2. Although the possible effects of exposure to different values of the
spatial gradients of the SMF were not taken into account in this study,
Figures 2.1 and 2.2 have been provided for future references to effects
from exposure to the spatial gradients.

Population

Complaints were registered for all system testers working in the MRI
systems manufacturing department (MRI) (n=18). As a reference

population, employees from the same factory, but working in the X-ray
cardiovascular systems department (X-ray) (n=20) were used. Both
groups were comparable in terms of age distribution (mean 34.5 and
36.3 in the MRI and X-ray departments, respectively), years of education
(15.3 and 14.6, respectively) and level of education.

Figure 2.3. Footage from two cameras placed in the 

RF cage and two inbore cameras during a standard system testing procedure.
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Video system

Standard system testing procedures were recorded with four video
cameras. Two cameras were placed in the RF cage aimed at the 

working area in the front and at the back of the magnet, and two other
so-called inbore cameras were also aimed at these working areas but
from inside the magnet bore (Fig. 2.3). Footage of all four cameras was
simultaneously projected on a television set in one frame. Employees
themselves switched the video recorders on when entering the RF cage
and switched them off again when leaving the cage.

The duration employees were present in a certain area was based on
the footage from the four cameras and was recorded precisely using a
handheld computer with software package called The Observer (Noldus
Technology, 1995). We used this package, developed for recording task
durations, to precisely mark (based on four simultaneously projected
video footages (Figure 2.3)) when an employee entered or left a marked
area. Consequently, the software package estimated total time 
employees spent in each area and estimated time-weighted exposure to
the SMF.

In addition, based on observations of two standard testing procedures
(adjusting headcoils and placing of bottles and phantoms), the 
employees were divided into groups of fast and slow movers. First, based
on the video footage, four scores were assigned to each employee:

(1) speed of movements in the RF cage
(2) number of movements in the RF cage
(3) speed of movements in the bore of the magnet
(4) number of movements in the bore of the magnet

Each measure was assigned an ordinal score of 1 (few or slow) to 5 (very
much or very rapidly) and finally all scores were multiplied to derive an
estimate of a worker’s movement (Table 2.1). An analysis of variance
showed that the way a worker moved in the RF cage was mainly a per-
sonal characteristic and did not differ significantly between the observed
procedures (79% of the variability in the final scores was due to differ-
ences between individuals). The median value of the individual averaged
scores was used to divide the exposed population into groups of slow and
fast movers. 
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Table 2.1. Assigned Mover Group and Observation Scores (1-5) Based on Video
Footage for Speed and Number of Movements for Two System Tests (Days) for
Each Worker.

1 = assigned score for speed of movements in the RF-cage; 
2 = score for number of movements in the RF-cage; 
3 = score for speed of movements in the bore of the magnet; 
4 = score for number of movements in the bore of the magnet.
a Total-score calculated by multiplying 1,2,3, and 4; 
b Average total-score.

Questionnaire

During three consecutive weeks employees from MRI manufacturing
and X-ray cardiovascular manufacturing departments completed a

questionnaire after each working day. This questionnaire contained 15
different complaints, for which the employees had to indicate whether
complaints occurred during the working day, were already present before
the working day, or whether complaints from the day before lasted
throughout the previous evening. The 15 evaluated complaints consisted
of 11 complaints mentioned in the literature to originate from exposure
to magnetic fields (headache, vertigo, muscle stimulation, concentration
problems, tiredness, metal taste, suggestion of head ringing, irregular
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System test 1 (day 1) System test 2 (day 2) Mover
groupEmployee 1 2 3 4 Scorea 1 2 3 4 Scorea Meanb

1 2 3 3 2 36 2 3 3 2 36 36 Slow
2 1 2 3 3 18 1 2 3 3 18 18 Slow
3 2 3 3 3 54 1 2 1 2 4 29 Slow
4 4 4 5 5 400 4 4 5 4 320 360 Fast
5 2 2 4 4 144 2 2 4 4 144 144 Fast
6 2 2 2 2 16 2 2 2 3 24 20 Slow
7 2 2 3 2 24 3 3 3 3 81 52.5 Fast
8 3 3 3 3 81 3 4 4 4 192 136.5 Fast
9 3 3 3 3 81 2 3 3 3 54 67.5 Fast

10 2 2 2 3 24 2 2 2 3 24 24 Slow
11 4 4 5 5 400 4 4 4 4 256 328 Fast
12 1 1 1 1 4 1 2 1 2 12 8 Slow
13 2 3 2 4 48 3 3 3 3 81 64.5 Fast
14 2 3 2 4 48 2 3 2 4 48 48 Slow
15 3 3 3 3 81 3 3 3 3 81 81 Fast
16 2 2 3 2 24 2 2 2 3 24 24 Slow
17 2 2 2 2 16 2 2 2 2 16 16 Slow
18 2 3 4 3 72 2 3 4 4 96 84 Fast

Between employee variance 79%
Within employee variance 21%



hearth rhythm, nausea, magneto-phosphenes and forgetfulness) as well
as from reference complaints from studies on allergic complaints (running
nose, sneezing, watery eyes and red and itchy skin). 

In addition, employees were asked to estimate total time they had
been working in the RF cage during a particular day, as well as more 
specific questions on activities performed with the start and end time of
each activity. 

Neurobehavioral tests

Aneurobehavioral testing battery was administered to the employees
working at MRI manufacturing and to the control group working at

the X-ray cardiovascular department. Six computer-administered 
cognitive tests were selected from The Neurobehavioral Evaluation
System (NES2) test battery to evaluate cognitive performance. This test
battery were developed by Baker and Letz128 based upon recommenda-
tions of the World Health Organization (WHO)129, and adapted for use in
The Netherlands by TNO Netherlands130. The selected tests evaluated
motor-reaction (finger tapping), eye-hand coordination (sinusoide and
saw shaped), attention (simple reaction time and changing attention),
visuomotor speed (symbol/digit substitution test), and short-term 
memory (digit span [backwards]). The test battery was administered to
subjects from MRI manufacturing on two days, before and directly after
a working shift. On one day subjects were not exposed, or were exposed
less than 10 minutes, to the magnetic field and on the second day they
were exposed longer than 20 minutes. Individuals from the control group
were tested on only one day, also before and directly after a working
shift.

In addition, a small questionnaire was administered to all subjects
about possible confounders (use of medication, alcohol consumption,
tiredness, stress, and experience with computer games), as well as 
age, years of education, and level of education.

Long-term effects were evaluated by comparing the morning test
scores of both groups, while semi-acute effects were evaluated by 
comparing the test scores in the morning with those after the working
day. Furthermore, differences in test performance were also evaluated
between fast and slow movers in the MRI-manufacturing department.
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Determination of mercury in urine

To analyse whether exposure to strong magnetic fields increases
release of mercury ions from amalgam fillings in the mouth, the 

concentration of mercury in urine samples of the MRI system testers and
workers of the control group was determined. 

The mercury concentration was determined in urine on Thursday 
morning for two consecutive weeks. Average concentrations in urine were
compared for both groups and compared with a “normal value” of 3.5
µmol per mol creatinine. Mercury concentrations were determined with
the Flow Inject Mercury-method (Perkin Elmer). Organically bound 
mercury is destructed with kalium permagnate and free anorganic mer-
cury is reduced to metallic mercury with sodiumboriumhydroxide. Metallic
mercury in turn is vaporized with a gas/liquid separator and the amount
of mercury is determined with a mercury lamp.  

In addition, all employees were asked to provide an estimate of their
total time in the RF cage (on a daily basis) as well as the number of 
amalgam dental fillings.

Statistical analyses

Differences in the occurrence of complaints between departments,
exposure levels, and duration of exposure were analyzed using the

non-parametric Kruskal-Wallis test. In addition, trends between total
number of complaints and exposure level or duration of exposure were
assessed using linear regression techniques. Finally, changes in neurobe-
havioral test performance over a shift between exposure groups were
analyzed using linear mixed effects models (chapter 3), which take into
account natural heterogeneity in test performance between subjects in
the study131-133. All analyses were conducted using SAS version 8.02
statistical software. 

RESULTS
Exposure to the magnetic field

Exposure to SMF at the 1.0 T and 1.5 T magnets of system testers was
estimated on the basis of video images (Table 2.2). Due to technical

limitations it was only possible to obtain video footage during five 
standard activities of a system test and not during unexpected problems
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during the system tests. Estimated (arithmetic mean [AM]) 8-hour 
time-weighted average (TWA) exposure for technicians during system
testing was 25.9 mT/8 hours at the 1.0 T scanner and 40.4 mT/8 hours
at the 1.5 T system. However, differences between individuals were 
relatively large, with subjects exposed from only 4.2 mT/8 hours up to
91.0 mT/8 hours at the 1.0 T system and subjects exposed from 2.2
mT/8 hours up to 75.8 mT/8 hours at the 1.5 T system.

Table 2.2. Eight-Hour Time Weighted Average Exposure to Static Magnetic Fields
in mT, Estimated from Video Images.

am = arithmetic mean, sd = arithmetic standard deviation.

Table 2.3. Number (and Percentage) of Self-Reported Complaints in MRI
Manufacturing Department and in Reference X-Ray-Cardiovascular Manufacturing
Department. 

* P-value Kruskal-Wallis test <0.05; ** P-value Kruskal-Wallis test <0.01.
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System
(Tesla) # Days

Time-weighted average exposure 
(milliTesla per day)

am sd Minimum Maximum

1.0 8 25.9 28.5 4.2 91.0

1.5 11 40.4 23.3 2.2 75.8

X-Ray cardiovascular MRI manufacturing
Complaint complaints subjects complaints subjects
Headache 12 (5%) 5 (10%) 6 (3%) 5 (27%)

Running nose 2 (1%) 2 (10%) 1 (0%) 1 (5%)
Sneezing 2 (1%) 1 (5%) 0 0

Watery eyes 0 0 0 0
Red, itchy skin 0 0 0 0

Vertigo 0 0 12 (6%)** 4 (22%)*
Muscle stimulation 0 0 0 0

Concentration problems 1 (0%) 1 (5%) 6 (3%)* 3 (16%)
Tiredness 11 (5%) 6 (30%) 12 (6%) 5 (27%)
Metal taste 0 0 22 (10%)** 2 (11%)

Suggestion of head ringing 7 (3%) 1 (5%) 11 (5%) 1 (6%)
Irregular heart rhythm 0 0 0 0

Nausea 0 0 0 0
Magnetophosphenes 0 0 0 0

Forgetfulness 2 (1%) 2 (10%) 1 (6%) 1 (6%)

N (persons) 20 18
Persons >1 complaint 12 (60%) 18 (67%)

N (complaints) 37 (15%) 70 (32%)
N (days) 245 215
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Complaints

Results of the questionnaire are summarized in Tables 2.3-2.6. Vertigo,
metal taste, and concentration complaints were significantly (PKruskal-

Wallis < 0.05) more frequently reported in the MRI fabrication department
than in the control X-ray departments. Furthermore, the number of 
individual workers reporting vertigo, but not concentration problems or
metal taste, was significantly larger in the MRI fabrication department
than in the X-ray department.

Table 2.4. Complaints Stratified by Magnetic Field Strength.

a Significant different from 0 Tesla at the 5%-level (Kruskal-Wallis test).
b Increase of total complaints with magnetic field strength not statistically 
significant (P-value = 0.23).

In Table 2.4 the complaints are stratified by magnetic field strength in
which the system testers worked. A statistically significant increase in the
frequency of reported metal taste and suggestion of head ringing were
found at 1.5 T. Furthermore, concentration problems, metal taste, and a
suggestion of head ringing were only reported by system testers who
worked at the 1.5 T system. Although an increase of “total complaints”
with increasing magnetic field strength of the system can be perceived
from Table 2.4, this trend did not reach statistical significance. Overall,
the total number of complaints increased significantly with duration of
exposure to SMFs (P < 0.05) (Table 2.5). For all specific complaints but
concentration problems, Table 2.5 suggested an increase with prolonged
duration of exposure, but did not reach statistical significance. Table 2.6
shows that, except for the occurrence of headaches and vertigo, all 
complaints were significantly (P < 0.05) more often reported by individ-
uals classified as fast movers than by those classified as slow movers.
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Complaint 0 Tesla 0.5 Tesla 1.0 Tesla 1.5 Tesla

Headache 0 1 (2%) 4 (7%) 1 (1%)

Vertigo 1 (5%) 0 3 (5%) 8 (9%)

Concentration problems 0 0 0 6 (6%)

Tiredness 2 (9%) 0 2 (3%) 8 (9%)

Metal taste 0 0 0 22 (23%)a

Suggestion of head ringing 0 0 0 11 (12%)a

Total 3 (14%) 1(2%) 9(16%) 56 (60%)b

Person days 22 41 58 94 3311



Table 2.5. Complaints Stratified by Duration of Presence in Magnetic Field.

a 20 minutes is the median of exposure duration (when magnetic field was 
present); 
b Significantly different from 0 Tesla at the 5%-level (Kruskal-Wallis test);
c increase of total complaints with duration of exposure statistically significant at
the 5%-level.

Table 2.6. Complaints Stratified by Moving Speed. 

* P-value Kruskal-Wallis test <0.05; 
** P-value Kruskal-Wallis test <0.01.

Cognitive tests

Mean test scores of all cognitive tests for the morning and afternoon
test sessions, as well as the P-values of the mixed effects models,

are presented in Table 2.7. None of the possible confounders had a 
significant effect on test outcomes. 
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Duration a

Complaint 0 Tesla <=20 minutes > 20 minutes

Headache 0 1(1%) 5(6%)

Vertigo 2(5%) 4(4%) 6(8%)

Concentration problems 1(3%) 2(2%) 3(4%)

Tiredness 2(5%) 1(1%) 9(12%)

Metal taste 1(3%) 15(15%) b 6(8%)

Suggestion of head ringing 1(3%) 8(8%) 2(3%)

Total 7(19%) 31(31%) 31(40%) c

Person days 37 101 77

Complaint Slow movers Fast movers

Headache 4 (4%) 2 (2%)

Vertigo 4 (4%) 8 (8%)

Concentration problems 1 (1%) 5 (5%)*

Tiredness 2 (2%) 10 (10%)**

Metal taste 0 22 (21%)**

Suggestion of head ringing 0 11 (11%)**

Total 11 (10%) 58 (56%)

Persons 10 8

Days 111 104



Table 2.7. Mean Test Scores (Standard Deviation) of the Morning and Afternoon
Test Sessions for the Three Exposure Groups and P-values for the Differences in
the Changes in Test Performance Over a Working Shift Between Exposure Groups.

a Number of taps; b Number of pixels; c Milliseconds; d Seconds; e Number of
remembered digits.
* P-value of mixed effects models for the difference between morning and 
afternoon test scores.

In all three exposure groups the test performance was enhanced in the
afternoon test session compared to the morning session. No significant
differences were found in the three motor-reaction tests between 
subjects in the reference X-ray, MRI low exposure, and MRI high 
exposure groups.  Only motor-reaction with the non-dominant hand
reached borderline significance (P = 0.06), with a smaller increase of 
finger taps over the working shift at the MRI department than at the 
reference department. 
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X-Ray MRI low exposure MRI high exposure

Cognitive test morning afternoon morning afternoon morning afternoon P-value*

Finger tapping dominant
hand a

177 
(29)

194 
(24)

180 
(24)

188 
(32)

179 
(23)

189 
(29) 0.49

Finger tapping non-domi-
nant hand a

165 
(23)

177 
(17)

168 
(30)

170 
(31)

162 
(26)

168 
(24) 0.06

Vinger tapping both a
228 
(51)

252 
(43)

197 
(71)

224 
(45)

218 
(63)

232 
(52) 0.69

Eye-hand coordination
(sinusoide) b

1.53
(0.30)

1.33 
(0.29)

1.48
(0.41)

1.27 
(0.28)

1.33
(0.28)

1.22 
(0.25) 0.48

Eye-hand coordination
(saw) b

1.84
(0.34)

1.71 
(0.23)

1.92
(0.28)

1.74 
(0.20)

1.84
(0.22)

1.72 
(0.17) 0.59

Simple reaction time b
237 
(21)

235 
(19)

231 
(31)

237 
(30)

236 
(30)

242 
(41) 0.47

Attention (square) c
276 
(39)

261 
(27)

274 
(40)

258 
(43)

258 
(37)

260 
(36) 0.18

Attention (arrow) c
407 
(62)

373 
(52)

385 
(57)

377 
(57)

377 
(55)

379 
(50) 0.20

Attention (square/arrow) c
628 

(199)
498 

(128)
612

(204)
492 

(143)
520

(174)
444 

(130) 0.61

Symbol digit d
2.22

(0.25)
2.02 

(0.18)
2.25

(0.23)
2.11 

(0.21)
2.18

(0.27)
2.06 

(0.19) 0.44

Digit span (backwards) e
5.62

(1.19)
6.03 

(1.36)
6.15

(1.28)
6.54 

(1.28)
6.70

(1.02)
7.02 

(1.20) 0.15



Hand-eye coordination tests were not negatively affected after being
exposed to the SMF. Again, test performance was improved in afternoon
sessions compared to morning sessions for all three groups. In the MRI
department (high and low exposure) simple reaction time was slightly
negatively affected during the work shift, although not statistically 
significant at the 5%-level, while it was not affected in the X-ray 
department. All attention tests (arrow, square and combined) were done
better in the afternoon session than in the morning session, but no 
overall differences were found between departments. No differences were
found between the morning and the afternoon test sessions for 
perception and coding ability (symbol digit and digit span tests) in all
departments. 

Mercury in urine

Mean mercury concentrations in the urine of subjects working in the
X-ray or MRI departments are presented in Table 2.8. As shown,

these concentrations range from 0.00 to 3.00 µmol Hg per mol creatinine.
Overall, mean mercury concentrations were somewhat higher among
subjects working at the reference X-ray department, although not 
statistically significant at the 5%-level, while the number of fillings was
about the same (2.6 on average in MRI and 2.3 on average in X-ray). 

Table 2.8. Mean Mercury in Morning Urine in µµmol Hg Per Mol Creatinine. 

Duration of exposure to the magnetic field and concentration of 
mercury in urine at the MRI department were not related in the first week 
(correlation r=0.19), nor in the second week (r=0.13). However, a 
moderate correlation (r=0.60) was found between mercury in urine 
samples and number of fillings of employees. 
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Department
Mean SD Minimum Maximum

MRI manufacturing

Week 1 0.80 0.64 0.07 2.62

Week 2 0.89 0.76 0.00 3.00

X-Ray cardiovascular

Week 1 1.30 0.67 0.20 2.30

Week 2 1.18 0.83 0.20 2.70



DISCUSSION

Average exposure to the magnetic field was estimated from video
footage to be at 34.3 mT/8 hours (range 2.2-91 mT/8 hours), which

is well below the occupational exposure limit of 200 mT/8 hours3.
However, especially during trouble shoot situations such as “spikes 
detection”, when an employee can be in the bore of the magnet for as
long as one hour (based on information from the questionnaire), expo-
sure is likely to exceed 200 mT/8 hours. 

To estimate exposure, subjects had to manually switch on the video
system when they entered the RF-cage and switch it off when leaving.
This was not always done immediately, which resulted in partially 
missing tasks and minor under-estimation of true exposure. Furthermore,
exposure to SMFs was estimated based on the time a subject was 
working in a specified “zone” and not on actual personal exposure 
measurements with a dosimeter. At the time of the study no personal
dosimeters were existent that could be operated safely in an environment
with such strong magnetic fields. 

Dizziness, concentration problems, metal taste, and suggestions of
head ringing were significantly more reported by exposed workers, with
the latter two only being reported near 1.5 T MRI systems. An earlier
study71 found field-dependent sensory effects (nausea, vertigo and metal
taste) at higher field strengths of 1.5 and 4.0 T. Our results suggested
that these field-dependent sensory effects also occur at lower field
strength, although the relatively small number of workers in this study 
(N = 38) precluded finding a statistically significant relation. The 
prevalence of reported headaches was, however, not related to the
strength of the magnetic field in both studies. The total number of 
relevant complaints increased with duration of exposure to SMFs. 

The system testers themselves estimated duration of the presence in
the RF cage. Comparing their estimates with estimated duration from the
video images showed that these estimates were relatively accurate
(r=0.67) (data not shown). However, for individual situations, estimated
presence in the RF cage could have been over- or underestimated, which
could have resulted in non-differential misclassification of duration of
exposure. 

It has been postulated25,134 that effects on cognitive functions and
consequently experiencing several transient complaints is not caused by

3355

SYMPTOMS AND COGNITIVE EFFECTS OF EXPOSURE TO MAGNETIC STRAy Fields of MRI Scanners

EXPOSURE, HEALTH COMPLAINTS AND COGNITIVE PERFORMANCE



exposure to SMFs, but that moving in a static field activates highly 
sensitive sensory tissues by very weak electrical currents induced in 
tissue. Furthermore, sensations of nausea are probably the result of
extraneous excitation of motion sensations by weak magneto-
hydrodynamic forces in the semicircular canals of the inner ear and the
resulting conflict between the position sensing apparatus of the 
vestibular and visual systems, or that these forces could arise from a 
diamagnetic anisotropy of the inner ear receptors. Our results show that
employees from an MRI manufacturing department who moved more
rapidly in the RF cage and consequently generated a stronger dynamic
field, indeed reported more complaints than individuals who moved at a
slower pace through the SMFs. Furthermore, moving speed and intensity
was found to be to a large extent a personal characteristic, with a large
between-subject and a small within-subject variance. This could explain
why some individuals seem to be more sensitive to exposure to 
magnetic fields than others as suggested by the fact that although a two-
fold higher percentage of complaints was found in the MRI department
than in the X-ray departments (32% versus 15%, respectively), the 
number of individuals reporting complaints was similar (67% vs. 60%,
respectively).

Cognitive tests only showed a small non-clinical negative effect of
working in magnetic fields on finger tapping with the non-dominant hand.
These findings are in line with results found in studies with volunteers at
8 T systems68. Effects on eye-hand coordination, visual contrast 
sensitivity and processing of visual and auditive information have been
reported when measured in the direct vicinity of a 1.5 T (chapter 3 and
5) or 3.0 T (chapter 5) MRI magnet.  Results in this study, where 
cognitive functions were tested outside the static magnetic field at least
five minutes after exposure to the static magnetic fields had ended, 
suggest that effects on cognitive functions are acute and transient and
are likely to disappear rapidly after exposure to static magnetic fields has
ended. 

No differences were found in the concentration of mercury in urine
between exposed subjects and the reference group. These results are
similar to those found in other studies127,134 and show that metal taste
experienced while present in a strong magnetic field is not caused by
mercury that dissolves or vaporises from amalgam fillings. It has been
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postulated83 that this effect is caused by small electrical currents on the
surface of the tongue generated by moving in a magnetic field.

Although the effects reported in this study are of a subtle and transient
nature, they can hamper employees during their work in these strong
magnetic fields. Therefore, these results also suggest that from a 
practical viewpoint, employees working with MRI scanners should be
instructed to consciously limit the speed with which they move while in
strong magnetic fields.

CONCLUSION

In conclusion, this first study among employees exposed to SMFs 
during the manufacturing of MRI scanners has shown that especially

fast moving workers, building and testing 1.5 T MRI systems for more
than 20 minutes per shift, more often report typical complaints like 
vertigo, metal taste, head ringing and concentration problems.
Computerized tests indicated no prolonged neurobehavioral effects after
exposure to SMFs ended. The metallic taste could not be contributed to
release of mercury from amalgam fillings. Future studies should focus on
MRI systems operated at stronger SMFs (3 T) that are starting to replace
systems evaluated in this study. Given the relative small sizes of occupa-
tionally exposed populations, studies with (larger) groups of volunteers
should be considered. Finally, further studies will be necessary to 
determine the precise physiological basis of these effects.
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A B S T R A C T

TTTT he interactive use of magnetic resonance imaging (MRI)
techniques is increasing in operating theatres. A study was
performed on 17 male company volunteers to assess the
neurobehavioral effects of exposure to magnetic fields from

a 1.5 Tesla MRI system. The subjects’ neurobehavioral performances on
a neurobehavioral test battery were compared in four 1-hr sessions with
and without exposure to magnetic fields, and with and without 
performing additional movements. Adverse effects were found for hand
coordination (-4%, P < 0.05; Pursuit Aiming II) and near visual contrast
sensitivity (-16% and –15%, P < 0.10; Vistech 6000™). The results from
the remaining tests were inconclusive due to a strong learning effect. No
additional effect from gradient fields was detected. The results indicate
that working near a 1.5 Tesla MRI system may lead to neurobehavioral
effects. Further research is recommended, especially in members of
operating teams using interactive MRI systems.
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INTRODUCTION

M
agnetic resonance imaging (MRI) systems are starting to find
their way into operating theatres, particularly in neuro-
surgery, where interactive MR systems can be used to help
plan acute surgical corridors, confirm the accomplishment of

operative objectives, and detect acute complications135,136. It is 
widely believed that exposure to static magnetic fields up to 2 Tesla
(ICNIRP) and 8 Tesla (CDRH) is safe for human beings3,71,83,122.
However, several sensory effects, such as magnetophosphenes, 
dizziness, a metal taste, lack of concentration, headaches, tiredness, and
muscle stimulation have been reported at lower static magnetic
fields10,71,123. The muscle stimulation can plausibly be ascribed to the
activation of highly sensitive sensory tissues by very weak electrical 
currents induced in tissues by motion of the body through magnetic
fields10,54,123. In a previous study in rats, graded effects on behaviour
were observed after exposure to 7 or 14 Tesla89. Other studies have
found no effects after exposure from 0.15 up to 1.89 Tesla124-126.

Consequently, the increase in interactive use of MRI systems in 
operating theatres, and the exposure of operating teams to static and
gradient magnetic fields, prompted us to study the neurobehavioral
effects of exposure to these fields from a 1.5 Tesla magnet in 17 male
company volunteers. The main objective of the study was to determine
whether temporary effects on the human nervous system could be
detected with the help of a neurobehavioral test battery during exposure
to a 1.5 Tesla magnetic field.  

METHODS
Study population

The initial study population consisted of 20 healthy male volunteers
(38-57 years old, average age = 44 years) who worked in the 

departments of Magnetic Resonance Development and Magnetic
Resonance Marketing at Philips Medical Systems, The Netherlands. The
subjects’ educational levels varied from B.Sc. to Ph.D. level. 

Study design

During four sessions with and without exposure to the magnetic field
of a cylindrical magnet of a 1.5 Tesla Philips Intera system, each 

subject performed six tests that evaluated cognitive-motor, cognitive,
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and sensory areas of the subjects’ neurobehavioral system. A short
description of all tests included in the test battery is provided in Table 3.1.

Table 3.1. Short description of the neurological testing battery.  

(* World Health Organization Neurobehavioral Core Testing Battery)
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Neurobehavioral test Target area Descriptions Score

WHO-NCTB*

Cognitive-motor

Santa-Ana Motor coordination, 
dexterity

180 degrees rotation of pegs
in a peg-board, twice with
the right and twice with the
left hand (each time for 30

seconds)

Total number of 
correctly rotated pegs

Pursuit Aiming II Precision 
Placing dots in circles with-
out touching the edge; as

quickly as possible (60 sec.)

Precision: Number of
correctly placed dots

divided by total number
of dots

(hand coordination),
Motor speed

Motor speed: 
Total number of dots

Cognitive

Digit Span (backwards) Verbal attention
Repetition 

(in reversed order) of 
random series of digits 

Total number of 
correctly repeated

series

Digit symbol substitution Visuomotor speed

In 90 seconds as many 
symbols have to be paired

with digits 
(from a key of pairs)

Total number of 
correctly paired 

symbols

Additional test

STROOP Visuoverbal 
interference

Report colors of color 
names printed in 

incongruously colored ink
(randomly assigned)

Total number of good
colour-word 

combinations

Sensory

Vistech 6000™ Near visual contrast
sensitivity 

for 1.5, 3, 6, 12, and 18
cycles per degree -

Recognizing the direction of
lines for shrinking contrasts

with one blinded eye

For each eye, highest
score obtained twice is

registered. 
Subsequently the 

average score of both
eyes is calculated



Neurobehavioral tests were assembled from the WHO Neurobehavioral
Core Test Battery129,137,138 and extended with the STROOP test138 and
Vistech 6000™139. The tests were selected on the basis of two 
criteria: (1) ability to evaluate different neurobehavioral areas, and 
(2) ability to be performed in the magnetic field.

A case-crossover design140 was used for this study. This is a variant of
a case-control design141, where case and control units are defined as 
different periods within the subject, which are as a result matched on
individual factors142. It is important to use this type of design to 
eliminate error, since neurobehavioral test performance can be influenced
by personal characteristics such as age, educational level, and 
intelligence. However, repeated application of neurobehavioral tests to
the same subjects may lead to a “learning/practice effect”, meaning that
test performance improves the first few times as a result of the subject’s
experience. To minimize the learning effect in the current study, the 
volunteers performed all tests once prior to the actual tests under 
experimental conditions.

While the subjects performed the neurobehavioral tests, they sat or
stood (Santa Ana dexterity test) at a table located as close to the bore of
the magnet as possible. This location was comparable to the position that
members of an operating crew would have when using MRI systems in
operating theatres.  As such, the subject’s head was positioned in an area
where the static field was in the order of 700 milliTesla (measured with a
3-axis Hall Teslameter (Metrolab Instruments SA)), and where the 
gradient of the magnetic field (dB0/dx) was maximal. 

The subjects performed tests under standardized conditions for a 1-hr
period (the maximum allowed exposure time in a 1.5 Tesla magnetic
field, calculated from the ICNIRP guideline on exposure to static 
magnetic fields3). Four different exposure conditions were used over a 
4-week period:

(1) the magnet was switched off, and the subjects did not perform
additional movements (week 1); 

(2) the magnet was switched off, and the subjects performed
additional movements (week 2); 

(3) the magnet was switched on, and the subjects performed 
additional movements (week 3); and 
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(4) the magnet was switched on, and the subjects did not perform 
additional movements (week 4). 

The magnet was energized overnight. At the start of each measure-
ment session, the subjects were unaware of the magnet’s status. The 
1-hr measurement sessions consisted of repeated 4-min intervals of 
waiting (during a session without additional movements by the subjects),
or making standardized movements (during a session including 
additional movements), immediately followed by a manual test of the
neurobehavioral testing battery. The STROOP test was performed twice
(once after 4 minutes and once after 55 minutes) to measure the 
possible effects of increased exposure. See Table 3.2 for a description of
the entire test sequence. 

The subjects’ movements were described in a protocol and were meant
to simulate a surgeon’s movements during interventional procedures. The
researcher (F.V.) who administered the test battery to the subjects also
instructed subjects with regard to their movements. The movements 
consisted of putting an object into the bore of the magnet and taking it
out, with a standardized time interval of 10s. In the presence of a 
magnetic field, such additional movements generate additional gradient
fields. 

Finally, personal characteristics, such as coffee and alcohol 
consumption, and feeling tired on the day of the measurement, were
evaluated by a questionnaire.

Table 3.2. neurological test sequence in all exposure periods.
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Sequence Neurological test Time (minutes)

Start of measurement 0

1 STROOP 1st time 4

2 Pursuit Aiming II 12

3 Digit Memory Span 18

4 Digit/Symbol substition 24

5 Santa Ana dexterity 30

6 Vistech 6000™ 40

7 STROOP 2nd time 55

End of measurement 60



Exposure assessment

Three copper coils oriented in three dimensions (x, y and z) were
placed on the volunteers’ head during the experiments to 

characterize the actual intensity of the gradient fields generated by the
subject’s movements. Movement in the static magnetic field induced 
electric pulses in all of the copper coils. These were registered using the 
equation: 

(dB/dt)x,y,z=(Vx,y,z)/A   [1]

Where V is the electrical potential difference (Volt), A is the coil area
(m2), and dB/dt is in Tesla/s. 
The intensity of the total gradient field was calculated using: 

(total gradient field)=square root(x2+y2+z2) [2]

where x, y and z are the gradient fields generated in the x-, y- and z-
directions, respectively.

Statistical analysis 

Test results for all four measurement sessions were obtained from 17
of 20 subjects, and these were included in the statistical analyses. To

account for the repeated-measures structure of the observations and
enable the use of 68 (4 x 17) measurements in the analyses, the test
results were analyzed with generalized linear mixed models
(GLMMs)131,132 using PROC MIXED in SAS v8.02™. GLMMs include both
fixed and random factors in the model. Like a common regression model,
the fixed effects provide estimates of the average test-scores of the 
subjects during the different measurement sessions. 

Random effects account for the natural heterogeneity in the responses
between subjects, and enable the analysis of repeated measurements on
individuals. Random effects were assessed by the use of a compound
symmetry (CS) covariance matrix, which assumes similar correlations
between repeated measurements for all individuals. The use of the CS
covariance matrix had no effect on the estimates for the fixed effects (i.e.
effect of exposure). The residuals of the models were normally 
distributed.  To minimize the learning effect, the volunteers performed all
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tests once prior to the actual tests under experimental conditions. We
adjusted the statistical models for a residual learning effect by entering
the order of the experiments in the models (model 1; Eq. [3]):

Yijk= (µ + αi) + β1*learning effect + β2*magnet + β3*movements +
β4*(movements*magnet) + εijk [3]

where: 
Yijk = test score of subject i with exposure condition k during test j.
(µ + αi) = test score for each subject i (random subject ~N(0,σb

2))
β1*learning effect = adjustment for learning effect (fixed effect)
β2*magnet = fixed effect of magnet turned on.
β3*movements = fixed effect of additional movements.
β4*(movements*magnet) = fixed effect of movements in the static field
(gradient field).
εijk = random error in test score (~ N(0,σw

2)

Since no additional effects were seen in the movements or the gradient
field, analyses were also performed using the reduced model (model 2;
Eq. [4]): 

Yijk= (µ + αi) + β1* learning effect + β2*magnet + βijk [4]

where:
Yijk = test score of subject i with exposure condition j during test k.
(µ + αi) = test score for each subject i (random subject ~N(0, σb

2))
β1*learning effect = adjustment for learning effect (fixed effect)
β2*magnet = fixed effect of magnet turned on.
βijk = random error in test score (~ N(0, σw

2)

We assessed whether effects (β’s) were significantly different from 0 at
a 10% confidence level. 

RESULTS

Since no additional effect of the presence or intensity (range = 7-50
Tesla/s) of the gradient fields was noted, only the results of model 2

are presented in Table 3.3. Overall, the results showed that a residual
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learning effect was prominent in four of the six tests. After adjustment
for the learning effect, speed and precision (Pursuit Aiming II) and near
visual contrast sensitivity (Vistech 6000™; 1.5 and 3.0 cycles per degree)
were negatively influenced (–4% (P < 0.05), –16% and –15% (P < 0.10)
respectively) when subjects were exposed to static and gradient fields
generated by the 1.5 Tesla MRI magnet (Table 3.3). 

Table 3.3. Neurobehavioral test battery scores and effects due to a 1.5 Tesla 
magnetic field.

* P<0.05 ; ** P<0.10 
a adjusted for “learning effect”; c % change estimated based on a mixed model;
b number of correct responses unless specified otherwise; d (total number of cor-
rect responses/ total number of responses).

DISCUSSION AND CONCLUSIONS

This experimental study is the first to show neurobehavioral effects
measured by a test battery administered to individuals exposed to

static and gradient magnetic fields from MRI systems. All of these tests
in this study were performed on individuals during exposure to the 
static and gradient fields. This is in contrast to earlier studies in which
neurobehavioral tests were done either immediately after exposure to an
8 Tesla magnetic field66 or several days following NMR imaging of the
brain with exposure to a 0.04 Tesla magnetic field, with a maximum field
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Neurobehavioral test
meana (se) 
test scoreb

magnet off

meana (se)
test scoreb

magnet on

effect 
magnetic field

(se)

Relative effect
magnetic fieldc

Digit Span (backwards) 7.3 (0.8) 7.2 (1.2) -0.1 (1.4) -0.0%
Digit Symbol 73.6 (2.0) 75.5 (2.8) -0.1 (3.4) +2.6%

STROOP (4 min) 55.5 (3.0) 57.6 (5.2) +2.1 (6.0) +3.8%
STROOP (50 min) 63.7 (2.8) 66.3 (2.6) +2.6 (3.8) +4.0%

Santa-Ana 68.1 (2.5) 67.6 (4.4) -0.5 (5.1) -0.7%
Pursuit Aiming II (Precision) 0.93 (0.0)d 0.90 (0.0)d -0.03 (0.02) -3.9%*

Pursuit Aiming II (Speed) 244.7 (6.9) 246.7 (6.7) +2.0 (9.62) +0.8%

VISTECH 6000TM(mean of both eyes)
(cycles per degree)

1.5 77.6 (7.6) 64.9 (6.7) -12.7 (10.1) -16.5%**
3.0 133.8 (12.2) 113.2 (10.7) -20.6 (16.2) -15.4%**
6.0 146.2 (13.6) 138.0 (12.2) -8.2 (18.3) -5.6%

12.0 86.5 (9.6) 82.8 (8.8) -3.7 (13.0) -4.3%
18.0 36.0 (5.1) 33.4 (4.5) -2.6 (6.8) -7.2%



change of 0.12 Tesla/second65. Neither of these previous studies 
detected cognitive effects, which suggests that the field strength was too
low65, the effects disappeared rapidly after exposure, or the cognitive
area remained unaffected by the exposure. The latter notion agrees with
the current findings, as no adverse effects were detected for the two tests
in the cognitive area. However, it is important to note that the applied
cognitive tests were prone to a strong learning effect and therefore could
not produce conclusive results.

Surprisingly, no additional effects from the gradient fields generated by
the volunteers’ movements were found. We hypothesize that the 
intensity of the additional movements in a static magnetic field of <=0.7
Tesla was not high enough to pick up a dose-response relation with the
testing battery used in this study. However, it remains unclear whether
the neurological effects measured can be solely explained by exposure to
a static field, because the movements made by the subjects when they
performed the neurobehavioral tests generated a gradient field as well.
Likewise, operating crews performing interventional procedures are also
exposed to the static and gradient fields of an MRI magnet 
simultaneously.

Most interventional MRI studies are currently performed with open MRI
systems at a field strength <= 0.6 T. However, the current experiments
were performed in an magnetic field of the cylindrical magnet of a 1.5
Tesla Philips Intera system because: (1) previous studies have described
operations performed with cylindrical 1.5 Tesla systems136,143; (2) it is
expected that, given their improved imaging capabilities, higher field-
strength MRI scanners will be used for interventional applications in the
near future; and (3) neurobehavioral effects are expected to be more 
pronounced at higher magnetic field strengths.

All of the volunteers selected for this study were accustomed to 
working near (high static) magnetic fields. Consequently, the results were
not influenced by the psychological effects of being in such an 
environment for the first time, as was noted in a previous study 
involving a sample of the general population10,71. Furthermore, all 
volunteers were interviewed immediately following the test. One of the
questions asked was, “Was the magnetic field in your opinion on or off?”
With the magnet turned on, 61% of the volunteers did not experience any
effects, and thought the magnet was off. With additional movements in
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the gradient field, 35% of the subjects still did not experience any effects
of exposure. This indicates that any trend in test performance was 
probably not caused by familiarity with an MRI system. 

The current study shows that neurobehavioral tests can be used to
assess the effects of working in an environment with high static and 
gradient magnetic field. However, the results of the Santa Ana, Digit
Span, Digit Symbol substitution and STROOP tests were strongly 
influenced by the learning effect, which made them unsuitable for use in
evaluating the study objectives. Another drawback of the neurobehavioral
test performances is that they cannot be related to a quantitative 
estimation of impairment on an actual surgeon’s performance during
interventional procedures. It remains unclear how a reduction of 4% in
speed and precision (as measured by Pursuit Aiming II), and a 15% and
16% reduction in near visual contrast sensitivity will affect a surgeons’
performance. On the other hand, it is obvious that changes in 
neurobehavioral functions can have important implications for how well a
surgeon performs his or her job. 

In conclusion, the current results indicate that working near a 1.5 Tesla
MRI system may lead to measurable (probably temporary) neurobehav-
ioral effects, even after a short exposure. Since these effects could 
influence the performance of an operating crew during interventional 
procedures, further research is recommended to reproduce these 
findings, especially in members of operating teams using interactive MRI
systems, with even stronger magnets, in operating theatre.
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A B S T R A C T

GGGG oal: This paper reviews recent studies evaluating human
subjects for physiologic or neuro-cognitive function
adverse effects resulting from exposure to static 
magnetic fields of magnetic resonance imaging systems. 

Material and Methods: The results of three studies are summarized.  Two
studies evaluated expose to a maximum of 8 Tesla (T).  The first series
studied   25 normal human subjects’ sequential vital signs (heart rate,
blood pressure, blood oxygenation, core temperature, ECG, respiratory
rate)   measured at different magnetic field strengths to a maximum of 8
T.  A second series of 25 subjects were studied at 0.05 and 8 T (out and
in the bore of the magnet), performing 12 different standardized 
neuro-psychological tests and auditory- motor reaction times. The 
subjects’ comments were recorded immediately following the study and
after a three-month interval. The third study contained 17 subjects,
placed near the bore of a 1.5 T magnet, and it used six different 
cognitive, cognitive-motor, or sensory tests. 
Results: There were no clinically significant changes in the subjects’ 
physiologic measurements at 8 T. There was a slight increase in the sys-
tolic blood pressure with increasing magnetic field strength. There did not
appear to be any adverse effect on the cognitive performance of the 
subjects at 8 T.  A few subjects commented at the time of initial exposure
on dizziness, metallic taste in the mouth, or discomfort related to the
measurement instruments or the head coil. There were no adverse 
comments at 3 months. The 1.5 T study had two of the four 
neuro-behavioral domains exhibiting adverse effects (sensory and 
cognitive-motor).   
Conclusions: These studies did not demonstrate any clinically relevant
adverse effects on neuro-cognitive testing or vital sign changes.  One
short-term memory, one sensory and one cognitive-motor test 
demonstrated adverse effects, but the significance is not clear. 
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INTRODUCTION

M
agnetic resonance imaging (MRI) has become a very 
important standard medical imaging modality. Hundreds of
millions of patient examinations have been safely completed
using MR. MRI has many advantages, including: no ionizing

radiation, extreme imaging flexibility, high patient acceptance, evaluation
capability of both anatomic and physiologic parameters, acquisition of
unique clinical information, and it is non-invasive. MRI requires a static
magnetic field, transient magnetic field gradients, and a radio frequency
(RF) transmitter and receiver system. There have been very few safety
problems reported with MRI systems relative to the huge number of
exams that have been completed. The most commonly reported problem
is claustrophobia and patient anxiety related to the confined space 
within the magnet. The most common significant safety complication is
related to RF burns from localized heating. Much less common, but 
potentially life threatening safety problems can be caused by magnetic
projectiles pulled into the magnet, torque on metallic foreign bodies or
implants, and magnetic or RF interference with medical devices. A few
MRI fatalities have been reported144,145.

Safety problems related solely to the interaction of static magnetic
fields and humans (with no metallic hardware involved) are much less
common, and are presently not well characterized64-66. There are many
studies showing interaction between medical equipment and a static
magnetic field146,147. In the past, the primary safety concerns have
focused on patients, since technologists and physicians are only 
transiently near the magnet. With the advent of interventional MRI, 
interventional procedures are completed in or adjacent to the magnet,
and the potential effects of acute and/or long-term exposure to the med-
ical staff are much greater40,148,149. In this case, the potential exists for
medical staff to actually be inside the magnetic field for hours for each
procedure and thus potentially for significant period of time per year. If
interventional MRI studies become more common40, then additional
extended high-field safety exposure studies are advisable. 

This paper reviews a number of recent papers related to the potential
for adverse effects resulting from the static magnetic fields associated
with MRI systems on human volunteers evaluated with systematic 
testing in the magnetic field (chapter 3)67,68.  
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MATERIALS, METHODS AND RESULTS
MRI Systems

All studies were done under investigational review board supervision
and with informed consent. All of the subjects were normal 

volunteers. The subject’s vital sign measurements were normal and they
had no significant known medical problems that would increase their risk
of exposure or would affect their performance on neuro-behavioral tests.
The 1.5T study volunteers were also employees of the MRI manufacturer.
Two of the studies were made using an ultra-high-field research 
prototype MRI 8 Tesla (T) system (Abingdon, UK)67,68. 

The 8 T study used a Magnex-General Electric 80 cm bore magnet. An
asymmetric gradient coil and a 32 cm long transverse electromagnetic RF
coil were used, although they were not operational for these studies since
there was no imaging involved. The other study utilized the magnet of a
routine clinical 1.5 T Philips Intera system with the gradient coils removed
(chapter 3).  In all of the 8 T studies, the magnet was not ramped down.
The subject was placed at various field strength locations (relative to the
head) and instructed not to move. The system utilized a movable can-
tilevered table. 

The 1.5 T subjects were seated as close to the bore of the magnet as
possible. The maximum local magnetic field strength at this location was
approximately 700 mT. Some of the 1.5T studies were done with the field
on and others with the field off. The subjects were not aware of the 
magnet’s field status. Furthermore, measurements were done once with
motion and once without motion, both when the magnet was turned on
and when it was turned off.

Subject comments related to magnetic field exposures up to 8 T

The 8 T subjects were asked to make any comments related to their
exposure immediately following the study and after a 3-month 

interval. No subject complained of any serious adverse effect. A number
of subjects commented on transient metallic taste in the mouth, 
dizziness, or vertigo associated with entering or leaving the bore of the
magnet. The subjects on the table were intentionally moved slowly
through this region in order to minimize potential symptoms. It was not
possible to avoid all subject symptoms.  Other subject comments related
to the cold temperature, the small bore, or the uncomfortable vital sign
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monitoring equipment. There were no comments related to magneto-
phosphenes (transient light flashes) in this group. At 3 months there
were no reported delayed problems. 

At 1.5 T, there were no differences in the frequency and type of 
complaints when the magnet was turned on and when it was turned off. 

Sequential vital sign evaluation related to field strength or 
neuro-cognitive testing stress at 8 T

One of the 8 T studies focused on potential physiologic changes 
related to static magnetic field exposure67. Control measurements of

the study included measurements made in both the sitting and supine
position out of the magnet, in the control room out of the magnetic field.
The other control was an identical series of supine measurements made
outside of the field. 

The next 8 T study focused on neuro-cognitive performance of the 
subjects, and sequential vital sign measurements were made in a similar
fashion. The sequential measurements included temperature of the
external auditory canal, respiratory rate, systolic blood pressure, diastolic
blood pressure, pulse rate, finger oxygenation level, oral sublingual fibre
optic temperature, and electrocardiogram (ECG).  

The external auditory canal temperature and the respiratory rate were
only measured out of the magnetic field. Both sitting and supine 
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Figure 4.1. Changes in the electrocardiogram
related to magnetic field strength. 
This figure demonstrates the ECG recording of a
single individual pre-exposure (0 T), 8, 6, 4.5, 3,
1.5 T and post- exposure (0 T).  Note the 
distortions of the ECG with increasing magnetic
field strengths.  The ECG returns to normal after
the magnetic exposure.   The field strengths are
related to the head locations.  
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measurements were made. The dedicated physiologic study made meas-
urements every 5 min at multiple decreasing field strengths at the head
corresponding to strengths of 8, 6, 4.5, 3, 1.5, and 0 T. 

The order of whether the subject was first evaluated “out” of the 
magnet for the series of measurements or first “in” was randomized.  The
measurement data was statistically analyzed by a repeated measures
analysis of variance to determine the significance of the different 
potential effects. A cardiologist reviewed the ECG data for changes.    

The results (Figure 4.1) showed that there were statistically significant
changes in many of the physiologic parameters measured in the supine
compared to the sitting position, including heart rate and blood pressure
changes. The only physiologic parameter that statically correlated with
field strength exposure was a small, but measurable change in systolic
blood pressure. The systolic blood pressure was slightly higher at higher
field strengths. The maximum change for 8 T was approximately 3.6 mm
Hg. This actual measured change was only one-half the systolic blood
pressure change observed when the subject moved from a supine to a
sitting position when not exposed to any field. There were characteristic
changes of the ECG with magneto-hydrodynamic effects150; however,
there were no significant changes of the pre- and post-exposure ECGs.
Some transient episodes of sinus tachycardia were measured for the 
subjects undergoing neuro-cognitive testing. These resolved quickly and
directly correlated to the stress levels some subjects felt when taking the
more difficult verbal testing segments (for example, longer number series
to recall). There were no symptomatic physiologic changes recorded at
any time.  

Cognitive and motor function testing at 8 T

This study evaluated subjects at 0.05 and 8 T68, performing 11 
different standardized neuro-psychological measures and auditory-

motor reaction times measuring the short-term memory, working 
memory and the attention cognitive domains (i.e. tasks evaluating the
same cognitive function of the brain)151. Physiologic monitoring was 
completed throughout the exam. The examinations were done with the
head centred at either 8 T or at 0.05 T, the effective field present at the
door of the system room. Efforts were made at the 0.05 T location to 
simulate the 8 T magnet room environment as closely as possible. The
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order of the testing was random as to whether the tests were first made
“in” or “out” of the magnet. One investigator communicated via a 
microphone in the control room with the patient. The patient wore 
auditory headphones connected by tubing to speakers outside of the MRI
room. A second investigator communicated with the subject and stood
next to them to record their responses. A series of 11 standardized
neuro-cognitive tests evaluated learning, retention, recognition, fluency,
digit span forward, digit span backwards, and number-letter trials. There
was also an auditory-motor reaction time test in which a computer 
program generated three tones, and upon hearing the third tone, the
subject squeezed a hand-held button to test reaction time. The reaction
times and number of errors (premature reaction times) were recorded.
All data were statistically evaluated using standard neuro-cognitive 
software (Statistical Package for the Social Sciences version 10). A series
of univariate comparison (t-test for correlated means) was used. 

The results showed that there were no clinically significant (statistically
significant at the 5% level and a change that could be significant in terms
of anticipated normal performance) neuro-cognitive effects on the 
subjects resulting from exposure to the 8 T magnetic field. In fact, more
testing measures were higher when the subjects were inside the magnet
compared to the scores recorded outside the field, but this was not 
statistically significant (P < 0.05). The word recognition test was the only
test that had any statistically significant findings, although they were not
clinically significant since the actual values were very close to each other.
Almost all of the subjects had correct responses for this segment of the
exams.

Cognitive and motor function testing at 1.5 T

In this study, 17 company volunteers were seated in the vicinity of a 1.5
Tesla magnet, two times with the magnet turned on and two times with

the magnet turned off (chapter 3). In addition, standardized additional
movements of the head and torso (aimed at mimicking a surgeon during
an interventional procedure) were done once when the magnet was on
and once when it was off to analyze any additional effects of moving in
the static MF. Subjects were unaware of the status of the magnet. 

In a 1-hour period, six different cognitive tests were done, evaluating
the cognitive, the cognitive-motor, and the sensory domains. Results
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were analyzed statistically using generalized linear mixed models to
account for the within-subject repeated measurements.

The results showed that eye-hand coordination and near-visual 
contrast sensitivity were negatively influenced by exposure to the static
magnetic field. The mean reduction in test performance was –4% for 
eye-hand coordination and –16% for visual contrast sensitivity. Dexterity,
visuomotor speed, visuoverbal interference, and verbal attention were
not affected. 

DISCUSSION

No clear hypothesis has been proposed that would account for serious
health effects on biological systems when exposed to static 

magnetic fields. Most biological tissues are weakly magnetic and 
diamagnetic. In contrast to ionizing radiation, where  risk was recognized
early, there is little data to demonstrate any serious health risks related
to static magnetic field exposure of humans. No adverse effects have
been seen on small animals and cell cultures, even with extended 
intervals of exposure to very strong static magnetic fields up to 
10 T152,153. 

Most of the safety problems related to MRI have not been related to a
direct biological effect of the magnetic field on human subjects or the
medical staff. Instead, non-field problems related to RF heat deposition
are much more common154,155. The better-understood health risks of
magnetic fields relate to magnetic projectiles, medical hardware 
interference (cardiac pacemakers or neuro-stimulators), or torque on
metal structures such as aneurysm clips144. All of these interactions have
been associated with fatalities. 

There are no good long-term high-field exposure studies to confirm
there is no significant or long-term biologic injury to humans. Also, due
to the long latency time between exposure and the manifestation of solid
tumours, any excess risk for malignant tumours caused by exposure to
high magnetic fields was not likely to show up in epidemiological studies
previously, given that 1.5T clinical MRI-systems were the state-of-the-art
only 2 decades ago and several 3 and 4T experimental human systems
were only introduced and put into research use 15 years ago156,157. 

There is one complicating safety issue though, and that is that though
the magnetic field may be static, when an individual moves through the
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field it is not homogenous. As a result of this, patients entering and 
leaving the magnet, as well as the medical staff moving around the 
magnet, are exposed to varying magnetic fields. This movement is 
associated with the production of secondary induced electrical currents.
For interventional MRI procedures, the medical staff moves around 
extensively in the field. Organs and liquid tissues also move within the
field, even if the patient or medical staff is stationary. For these reasons,
it is important to take motion variables into account when analyzing 
static magnetic field effects.  

In general, for most magnetic designs, particularly standard cylindrical
magnets, the highest static magnetic field gradient is centred in the bore
of the magnet. This is the location where most individuals report 
symptoms related to static magnetic fields. It is also the location 
exhibiting the greatest force on magnetic materials. The magnetic field
strength and the magnet design (for example, self-shielded magnets or
external shielding), influence the actual configuration of the static 
magnetic field and all may be important factors in human studies. Human
exposure to the local magnetic field gradients will vary widely. For 
example, a patient having a brain MRI will have their head in the centre
of the magnet, where the field is much more homogeneous. In contrast,
a patient having an MRI of the foot may have their head positioned at the
bore of the magnet. Also, certain tests require engineers to work in the
bore of the magnet, while others require them (or operating teams 
during interventional procedures) to work outside, but in the vicinity of,
the MRI magnet. It is important to characterize the relationship of the
subject to the static field and the motion they are undertaking since the
field exposure varies with these differences. 

The biological effects that a subject tends to recognize are not usually
related solely to exposure to a static magnetic field, but rather to the 
subject’s motion across a magnetic gradient. Subjects in the centre of the
8 T magnetic field rarely have any comment on any symptoms perceived
even when moving at this location, though symptoms are sometimes 
perceived while moving in or out of the magnetic field. One biologic 
marker of movement through a static magnetic field gradient may include
a transient metallic taste in the mouth, probably due to electrolysis of
metallic fillings in the teeth induced from local current generation (since
moving a conductor through a magnetic field will induce an electrical 
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current). It is possible that direct neural alterations similar to visual 
stimuli could occur in the tongue, but less likely since electrolysis is 
anticipated. Transient sensations of amorphous “lights” in the eyes, called
magneto-phosphenes, have also been reported. This effect is similar to
that observed when squeezing a closed eye tightly. This transient finding
is uncommon and is clearly not harmful to the subject, but is something
that should be avoided during interventional procedures. This phenome-
non is most likely caused by the diamagnetism of the retinal rods, which
when rotated experience a slight torque that is responsible for this 
illusory stimulation47.  

Perhaps the most distressing symptom for most subjects related to
high magnetic field exposure (usually above 2T) is a feeling of dizziness
or vertigo when moving through the field. This has been postulated to
arise from magneto-hydrodynamic forces within the inner ear. Motion of
the head within a magnetic field gives rise to magneto-hydrodynamic
forces that are misinterpreted by the brain arising from an angular 
rotation. This conflicts with the information received from the visual 
system, giving rise to similar effects as those found in travel sickness25.
This only rarely leads to nausea or vomiting, but it can be transiently 
distressing or disorienting to some subjects. Most intervals of dizziness
are very brief, in the range of 1 min or less, but any symptom producing
a feeling of disequilibrium is usually reported as adverse by subjects.
Perceived dizziness or vertigo only rarely would lead to an interruption or
cancellation of an examination. Individuals moving around in the 
proximity of very high-field magnets can develop these symptoms 
without actually entering the magnet and this can consequently interfere
with the work of technicians and physicians. More subtle effects on 
balance and motor control could adversely affect motor and cognitive
performance. This could lead to potentially significant alteration of 
complicated procedures by a surgeon during interventional procedures in
the operating room. Although the neuro-behavioural tests used in these
studies cannot be directly related to a reduction in actual performance of
surgeons (chapter 3), significant reductions were found when exposed to
the magnetic fields of a 1.5T MRI magnet. It is anticipated that in the
near future the magnetic field strengths for human applications will
increase, as well as the number of interventional procedures25, and to
our knowledge it is still unclear whether there is a dose-response 
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relationship between magnetic field strength and balance, motor control
or visual contrast sensitivity.    

Changes in the ECG are not apparent to the subject. There did not
appear to be any permanent change in the cardiac performance related
to field exposure, though there was a minor insignificant increase in blood
pressure.  No arrhythmias were recorded. Both of these effects relate to
magneto-hydrodynamic effects, in which blood moving perpendicular to
the magnetic field generates a small current150. This is most prominent
in a horizontal bore superconducting magnetic in the arch of the aorta.
The descending and ascending aortas are more parallel to the magnetic
field and therefore generate less current. These induced currents produce
small electrical potentials that are superimposed on the routine ECG,
generating an amorphous pulse, primarily during systole (Fig. 4.1). Other
smaller flows and flow-related effects can also influence the ECG, and, in
general, the higher the field, the greater the observed ECG distortion.
Despite being measurable, this change in the ECG does not appear to
have any clinical significance, and is probably just an artefact. Detailed
studies of patients with conduction disorders at high field have not been
completed. 

The only physiologic parameter that was found to be minimally altered
statistically significant by high-field exposure was a change in measured
systolic blood pressure. This observed increase in systolic blood pressure
is consistent with a hemodynamic compensatory mechanism to 
counteract the magneto-hydrodynamic slowing of the blood flow. In this
case, the current generation produces its own magnetic field that is
counter to the local magnetic field, producing increased flow resistance.
In theory, at field strengths of 8 T there could be a reduction in blood 
volume flow rate of –3%158. A change in the systolic blood flow in that
range is recorded with a compensatory increase in the blood pressure.   

Two of the studies evaluated neuro-cognitive function at 8 and 1.5 T,
respectively. The neuro-cognitive tests used evaluated a number of dif-
ferent parameters, including short-term memory, working memory, and
attention in the 8 T study and psychomotor, short-term memory, 
attention, and visual contrast sensitivity in the 1.5 T study (Table 4.1). Of
these, only short-term memory and attention were evaluated in both
studies. Only in the 8 T study was a small negative effect on short-term
memory noted. In addition, no influence on working memory was found
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in the 8 T study, but this was not analyzed in the 1.5 T study. These test
results suggest that these cognitive functions are not very sensitive to
magnetic field effects, even when the field is very high. This finding 
confirms results from older studies65, though the reason for this 
finding is unclear. It may be that the dimensional scale of the cellular 
components associated with cognitive functions is miniscule or is based
on chemical alterations; if this is the case, a magnetic field interaction
effect might not cause an alteration in local neural function.

Table 4.1. Comparison of neurobehavioral test results 8 T and 1.5 T studies.

Adverse changes in performance were observed in two domains in the
1.5 T study, but these were not tested in the 8 T studies. Performance in
the eye-hand coordination tests was reduced on average by 4% and
near-visual contrast sensitivity by 16%. An additional effect of the head
and torso movements could not be demonstrated in this study, but it was
hypothesized that this was caused by the fact that either the movement
intensity was too low or too much movements was generated during test
performance in all four testing periods to be able to separate any 
additional effects from movements only.

In the 1.5T study, motor coordination and eye-hand coordination were
evaluated with and without significant movements of the head and torso
in the magnetic field. In the 8 T study, an auditory- motor response was
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De Vocht et al., 2003 Chakeres et al., 2003b

Subjects 17 25

Measurements 68 50

Exposure assessment

MRI system 0 + 1.5 Tesla 0.05 + 8.0 Tesla

Area Vicinity of magnet Inside and outside of bore

Exposure <700 mT 0.05 + 8.0 Tesla

Movement in MF yes No

Tests in MF yes Yes

Neurobehavioral test # tests #positive tests # tests #positive tests

Psychomotor 2 1 - -

Short-term memory 1 0 3 1

Attention 2 0 3 0

Visuo-sensory 1 1 - -

Working memory - - 2 0
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measured. The possibilities for motion testing within the magnet bore are
very limited, so an ideal test to evaluate movement may not have been
utilized. However, for evaluating the effects of exposure to magnetic
fields on personnel working in the vicinity of the magnet, it is not 
necessary to measure inside the magnet bore, making motion testing 
relatively easy. At present, it is not possible to directly link test perform-
ance to work performance “in the field”. Furthermore, during motion 
testing volunteers move in the magnetic field and consequently create an
additional exposure to dynamic magnetic fields. Determining whether any
motion effects are related to the static magnetic field or to the dynamic
magnetic field will be complicated, although the latter is generally
assumed.  

CONCLUSION

There are no findings to suggest any permanent adverse effect on
human subjects when exposed to static magnetic fields in strengths

of up to 8 T.  There is no evidence of any clinically relevant alteration in
human neuro-cognitive function related to static magnetic field exposure.
Results suggest that the cognitive-motor (eye-hand coordination) and the
sensory (near visual contrast sensitivity) are negatively influenced by
exposure to magnetic fields as low as 700 mT. Although these effects are
undesirable in interventional MRI procedures, it is not clear how these
transient effects relate to actual performance in a clinical setting. The
risks related to the interaction of a static magnetic field and magnetic or
electrical hardware are much greater than the apparent biological 
interaction risks to human subjects alone.  
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A B S T R A C T

PPPP urpose: To assessed exposure-response relations between
exposure to magnetic fields and neurobehavioral effects.
Materials and Methods: Twenty company volunteers 
completed a neurobehavioral test battery after moving their

heads with the magnetic field absent, and while moving their heads in the
inhomogeneous stray fields of 1.5 and of 3.0 T MRI magnets.
Results: The value of the stray fields at the position of the head of the
volunteer was estimated to be 0.6T and 1.0T at the 1.5T and 3.0T 
systems, respectively.
Exposure-response relations were found for visual (-2.1% / 100 mT) and
auditory (-1.0% / 100 mT) working memory, eye-hand coordination
speed (-1.0% / 100 mT) and visual tracking tasks (-3.1% / 100 mT).
Eye-hand precision, scanning speed, and visual contrast sensitivity were
apparently not influenced by the magnetic field strength.
Conclusion: Additional research should focus on the potential side effects
of interventional MR procedures because of the exposure to strong 
magnetic fields of these systems.
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INTRODUCTION

R
ecent trends in diagnostic MRI procedures include a more
extensive use of interventional procedures40,159,160 and the use
of stronger magnets25. Although these procedures have certain
advantages, they also expose the operating teams to high 

static, inhomogeneous magnetic fields generated by these systems
because the operating teams operate in the stray field of the magnet.
Although it has been shown that reports of field-induced sensory effects
in the vicinity of MRI magnets can be elicited even when the magnet is
ramped down71, the incidence of reports of sensations of nausea, 
vertigo, metallic taste and magneto-phosphenes (brief flashing lights)
increases with the magnetic field strength71,161. This supports the 
concept of field-dependent sensory effects54. In addition, a recent study
suggested that exposure to the magnetic fields generated by a 1.5 T MRI
magnet temporarily affects the subject’s performance in the 
psychomotor and the visuo-sensory domains, but not in the short-term
memory and attention domain (chapter 3). The latter finding was 
supported by a study with an 8 T magnetic field68. The affected 
performance in the psychomotor and visuosensory domains could 
potentially influence work of operating personnel performing
interventional procedures (chapter 4). 

In this study we evaluated exposure-response relations between 
exposure to magnetic fields and neurobehavioral effects. The results 
provide additional evidence for a causal relation between exposure and
effects.

MATERIALS AND METHODS
Study Population

Twenty healthy male volunteers (age = 25 to 59: mean = 42 years)
were selected from the business unit of a company that developed

and manufactured MRI magnets. The volunteers were familiar with strong
magnetic fields and MRI scanners, but did not necessarily work with the
scanners on a daily basis. Their education varied from secondary voca-
tional education (N = 5) to B.Sc. (N = 12) and Ph.D. (N = 3) levels.  

Exposure Assessment

All subjects were exposed for 30 minutes in three different sessions to
the stray field of the static magnetic field (SMF) of a 3 and a 1.5 T
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cylindrical Philips Intera magnet, and finally to a magnet in which the
magnetic field was absent. No RF energy or switched gradient 
magnetic fields were utilized in this study (i.e., no MR images were
acquired). The sequence of the exposure periods was unknown to the
subjects, but was known to the researcher who administered the 
neurobehavioral tests (i.e., a single blind experimental set-up)162. After
the session each subject was interviewed and asked about the applied
value of the magnetic field during this session. The answers to these
questions were random (i.e., correct answers did not differ significantly
from 33%), indicating that the experiment was indeed a true single blind
study. The sequence of exposure was the same for all subjects and was
selected for practical reasons in terms of the organization of the 
experiments.

In addition to questions about basic information such as age, years of
employment at the company, use of glasses, use of medication, colour-
blindness, and familiarity with MRI scanners, a small questionnaire was
administered before each session to all subjects regarding possible 
confounders such as the use of coffee, tea, and alcohol; tiredness; and
stress. The subjects did not perform the tests at a fixed moment during
a working day (e.g., early in the morning or late in the afternoon); rather,
the tests were assigned at random for each measurement.

Figure 5.1. Position of the volunteer’s head (top-view) in the stray field of the 1.5
Tesla cylindrical MRI-magnet. Additional head movements prompted by following
a series of successively burning lights are indicated.
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Each measurement session was divided into short periods of 20 
seconds (exposure period), followed by periods of neurobehavioral 
testing (test period). In the exposure periods, the subject was placed
(sitting on a chair as close as possible to the system) with his back to the
bore of the MRI magnet facing outward. The centre of the subject’s head
was positioned approximately on the axis of symmetry of the actively 
shielded MRI magnet. The practical exposure level to the static 

Figure 5.2. Position of the head of the volunteer’s head (side-view) in the stray
field of the 3.0 Tesla cylindrical MRI-magnet. 

magnetic field (SMF) for the head of the subject was approximately 600
mT for the 1.5 T scanner and 1 T for the 3.0 T scanner. To generate an
additional dynamic magnetic field component, the subject had to follow a
series of consecutively burning lights (one sequence took two seconds),
provoking 10 side-side movements of the head of approximately 0.4 
m/second. The angle of displacement (i.e., the change of direction in
which the subject looks) was about 90°. The movement of the subject’s
head introduced a change of the magnetic field superimposed on the SMF,
which led to a change in the field magnitude as well as the field direction
over the volume of the subject’s head (hereafter referred to as the
“dynamic field”). Figures 5.1 and 5.2 show the position of the volunteer
in front of the magnet, with top and side views of the actual situation,
magnet field lines for the 1.5T and 3.0T magnets, and an indication of the
motion of the head requested from the volunteers. The dynamic field
components are considered to be the trigger for reported complaints such
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as dizziness, forgetfulness, etc.25. Time-varying magnet gradient fields
generated by the gradient coils of the system were not applied during the
study. 

After the examination none of the subjects complained about dizziness
or any of the other effects mentioned before. 

Table 5.1. Description of the Neurological test battery. 

* 5 different spatial frequencies (1.5, 3.0, 6.0, 12.0, 18.0 cycles per degree).

Neurobehavioral effects

Immediately after each exposure period the subjects had to complete
one test in the neurobehavioral test battery while still exposed to the

SMF. Based on reported complaints10 and results from our earlier study
(chapter 3), the neurological testing battery consisted of a selection of
tests aimed at measuring the effect of exposure to SMFs on working
memory, visual inference, and eye-hand coordination neurological
domains (Table 5.1). The eye-hand coordination (pursuit aiming II-test)
and visual contrast sensitivity (Vistech VCTS 6000-test (Vistech consult-
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Neurological Domain Cognitive test description

working memory
Visual memory Reproduction of series of visual

stimuli in reversed order

Auditive memory Reproduction of series of auditive
stimuli in reversed order

Eye-hand coordination

Pursuit aiming II (2 repeats) Placing dots in circles without
touching the edge (speed)

Correct places dots divided by 
total number of dots (precision)

Pursuit aiming (small) As Pursuit Aiming (speed), 
but with smaller circles

As Pursuit Aiming (precision), 
but with smaller circles

visual

Visual tracking (2 versions) Tracking of multiple tangled 
lines on paper

Visual scanning Scanning lists of numbers and
marking all numbers ‘6’

Vistech 6000 Contrastsensitivity*

Correct identification of lowest 
contrast of contrast patches com-

posed of sinusoidal gratings at 
different spatial frequencies.



ants)) tests were similar to those used in our previous study (chapter 3).
In addition, cognitive tests for visual or auditive processing of 
information (letter-number sequencing, Wechsler Adults Intelligence
Scale (WAIS III) 111), as well as tests to assess scanning and tracking of
visual stimuli were added111 in an attempt to localize the point of 
disturbance of the cognitive process. To assess a possible effect of 
exposure duration, the pursuit aiming II-test was administered twice:
once after one minute of exposure to the magnetic field, and once after
25 minutes of exposure. To assess the effect of different levels of test 
difficulty, a version of the pursuit aiming II-test with smaller circles, as
well as a more difficult and an easier version of the visual tracking tests,
were administered. 

As noted before in our previous study (chapter 3) and in other 
studies113,116, most cognitive tests are subject to a learning or practice
effect. To minimize or eliminate these effects a pre-study training session
was held in which the complete test battery was explained and practiced
once before the actual measurements were obtained. In addition, a 
relative long period of three weeks was used between the three 
consecutive sessions to further eliminate any residual learning effect. An
overview of the test protocol is shown graphically in Fig. 5.3.

Figure 5.3. overview of the test protocol.
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Statistical analyses

The study was performed with a case-crossover design140, and can be
regarded as a variant to a matched case-control study with the case

and control units defined as different periods within a subject142. This
design was kept for the statistical analyses. Generalized linear mixed
models (GLMMs)131 were applied using PROC MIXED in SAS version 8.02
(SAS systems, Cary, NC, USA): 

Yij=(µ + αi) + βT*Tesla + (βc*confounder) + εij [1]            

where:
Yij = test score for each of the neurobehavioral tests of the battery

(normally distributed); 
µ = intercept, or average test score of all individuals;   
αi = random intercept adjustment, or between-subject variance, 
with (αi~N(0,σ2

between subject), where between-subject variance  is 
approximately normally distributed with mean 0 and variance σ2

bs; 
βT*Tesla = average effect (fixed) of the magnetic field on the test
score; 
βc*confounder = adjustment (fixed) for potential confounders; 
εij = residual error, or within-subject variance: (εij~N(0,σ2

within subject),
where within-subject variance  is approximately normally distributed
with mean 0 and variance σ2

ws.

Similarly to a common least-squares regression model, the intercept
(µ) and the fixed parameter (βT) of this model estimate the average test
score of all individuals and the average effect of exposure to the 
magnetic field on all individuals. In addition, the random intercept 
adjustment (αi) accounts for natural differences between individuals in
terms of their baseline test performance. Random effects were modelled
with a compound symmetric covariance matrix for within-subject 
covariance, which assumes similar correlations between repeated 
measurements, and a variance components covariance matrix for
between-subject covariance, which assumes there is no correlation
between subjects. Potential confounders such as consumption of coffee,
tea, and alcohol; tiredness; and stress level, were added to the GLMM
one by one to analyze their influence on test performance at different 
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exposure levels. However, none were found to have a statistically 
significant (P < 0.10) effect on test performance, and consequently none
were used in the final model. The test-scores were all Gaussian 
distributed, except for the VISTECH VCTS 6000TM contrast sensitivity
scores, which were analyzed after log10 conversions163, and the visual
scanning scores, which were loge-transformed. The residuals of the 
statistical models were all approximately Gaussian distributed.

Because of the relatively small amount of subjects examined, 
a statistical significance level of 10% was used, since P-values are a 
function of the magnitude of the differences at different exposures, the
number of participants, and the standard deviation (SD) of test 
performance for this group of participants. Because we tested only 20
participants in this exploratory study, the magnitude of the difference in
performance is a better indicator of any neurobehavioral effect than 
P-values alone. 

RESULTS

Results were obtained for all 20 subjects, for a total of 60 measure-
ments in a 10-week period. The mean test scores and SDs for all

tests and magnetic field strengths are presented in Table 5.2. 
Applying Eq. [1], statistically significant negative exposure-response

relations of 2.1% and 1.0% per 100 mT were found for visual and 
auditive working memory, respectively (Table 5.3). 

Significant exposure-response relations were seen for speed of 
eye-hand coordination of –0.9%, -1.1% and –0.7% per 100 mT for the
first test (speed 1), the second test (speed 2), and the difficult version of
the pursuit aiming II-test (speed small), respectively. No significant 
exposure-response relations were found for precision of eye-hand 
coordination (P = 0.88, P = 0.16, and P = 0.11, respectively).

In the visual domain, negative exposure-response relations of 3.1%
and 3.0% per 100 mT exposure were found for both the more difficult
and easier versions of the visual tracking tasks (P < 0.01). However, 
visual scanning speed and visual contrast sensitivity did not show any
decline of performance with increasing exposure to SMFs. 
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Table 5.2. Average test performance and standard deviation for each 
neurobehavioral test near the 0, 1.5 and 3.0 Tesla system. 

a arithmetic mean; b arithmetic standard deviation; c higher values means
worse performance; d cycles per degree; 
** actual exposure level for the subject was about 0.6T; 
*** actual exposure level for the subject was about 1.0T.

DISCUSSION 

In this study we aimed to analyzing exposure-response relations
between SMF strength and subject’s performance on neurobehavioral

tests.  The working memory, eye-hand coordination, and visual neurolo-
gical domains were evaluated. Negative exposure-response relations
were found for visual and auditory working memory, eye-hand coordina-
tion speed, and visual tracking tasks during exposure to stray fields up to
1 T of magnets up to 3 T. Performance in eye-hand precision, scanning
speed, and visual contrast sensitivity tests apparently did not depend on
strength of the SMF. 

In agreement with our previous study, in which performance at the
pursuit aiming II-test was reduced by 4% during exposure to the stray
magnetic fields of a 1.5 T magnet (approximately 700 mT), in this study
performance in eye-hand coordination tests was reduced by 
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Neurological 
Domain test battery

0 Tesla 1.5 Tesla** 3 Tesla ***

ama stdb ama stdb ama stdb

Working 
memory

visual 16.7 2.9 14.2 3.5 13.3 2.9
auditive 12.6 2.6 11.9 2.7 11.3 2.3

Eye-hand 
coordination

speed 1 251.6 54.5 240.7 54.4 227.5 52.3
speed 2 (25 min.) 268.0 59.4 266.2 55.0 237.1 51.1

speed (small) 118.2 26.8 120.4 23.0 109.4 24.6
precision 1 0.99 0.02 0.99 0.01 0.99 0.03

precision 2 (25 min.) 0.99 0.01 0.98 0.03 0.98 0.04
precision (small) 0.94 0.05 0.96 0.06 0.96 0.06

Visual

Visual tracking 1  42.9c 12.1 44.2c 10.8 56.5c 20.9
Visual tracking 2  32.8c 11.0 36.5c 11.1 42.7c 17.2
visual scanning 129.7c 50.1 143.8c 97.5 143.0c 95.7

contrastsensitivityd

1.5 159.8 51.5 153.7 41.1 149.5 58.0
3.0 279.9 83.6 295.1 103.2 257.2 70.0
6.0 311.3 103.8 312.9 120.2 307.8 109.6

12.0 189.4 89.6 186.4 93.3 180.7 92.3
18.0 58.5 27.0 57.3 26.9 60.2 33.0
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0.9%/100 mT for the first trial, and 1.1%/100mT for the second trail
after 25 minutes of exposure. The smaller, more difficult version of the
test was also reduced by 0.7% per 100 mT exposure. Whereas in the 
previous study eye-hand precision was affected, in the present study
eye-hand coordination speed was affected. It remains unclear whether
this difference is caused by differences in exposure to the SMF or the 
generated additional dynamic magnetic fields, or that it is an artefact of
the study design. The absolute test scores in both studies are 
comparable for eye-hand coordination speed, but the eye-hand 
coordination scores show that fewer errors were made in the second
study than in the first. I should be noted that the outcome precision and
speed of the pursuit aiming II-test are closely related. Compensational
behaviour might increase precision of eye-hand coordination, but might
have a negative effect on speed.

Table 5.3. Estimated trends of performance at neurobehavioral tests 

and exposure to static magnetic fields.

* percentage calculated from mean test-score at 0 Tesla; 
** contrast in cycles per degree
a average trends based on mixed effects model in percentage per 100 milliTesla
exposure.
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Neurological Domain test battery P–value
Estimated trend per

100mTa

working memory
visual <0.01 -2.1%*

auditive 0.01 -1.0%*

Eye-hand coordination

speed 1 <0.01 -0.9%*
speed 2 <0.01 -1.1%*

speed small <0.05 -0.7%*
precision 1 0.88 -0.0%*
precision 2 0.16 -0.1%

precision (small) 0.11 +0.2%

visual

Visual tracking 1  <0.01 -3.1%*
Visual tracking 2  <0.01 -3.0%*
visual scanning 0.14 +0.5%

Contrast sensitivity**   
1.5 0.22 -0.8%
3.0 0.16 -0.7%
6.0 0.84 -0.1%

12.0 0.62 -0.6%
18.0 1.00 -0.0%
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Visual contrast sensitivity was also measured in both our previous
study (chapter 3) and the current study. Although a statistically signifi-
cant (P < 0.10) reduction was found during exposure to the stray 
magnetic fields of a 1.5 Tesla MRI magnet in our previous study, a 
statistical significant exposure-response relation was not found for any
spatial frequency in the present study. Presumably this reflects the 
relatively small population examined and the large confidence intervals in
the present study, since the strongest exposure-response relations of
0.8% per 100 mT (P = 0.22 and P = 0.16, respectively) were found at
1.5 and 3.0 cycles per degree, which are the same spatial frequencies
that showed an effect previously. The results of the VISTECH VCTS 6000-
test were analyzed after a log10 conversion, as suggested by Gilmore163.
This was done because sensory systems respond in a logarithmic manner
to changes in sensory stimulation. In our previous study the results were
not log10-transformed; however, re-analyses did not significantly alter
our previous findings.

For other tests in the visual domain that were not administered in our
previous study, an exposure-response was found for visual tracking tasks
of –3.1%/100 mT exposure for the difficult version and –3.0%/100mT for
the easier version, but not for visual scanning speed tasks. The absolute
scanning speed scores (Table 5.2) suggest that performance was reduced
when the subjects were exposed to a magnetic field, but reduction in 
performance did not increase with increasing field strength. The large
variance between subjects precluded finding any statistically significant
findings. 

Exposure-response relations were also found for the processing of
information from visual (-2.1%/100 mT) and auditive (-1.0%/100 mT)
stimuli. This suggests that the distortion of eye-hand coordination and
visual-tracking tasks resulting from exposure to high magnetic fields
occurs in the processing of the presented stimuli, and not so much in
hearing or vision itself. 

One of the major drawbacks of our previous study was the presence of
a confounding improvement of test-performance by repetition of 
neurobehavioral tests (i.e., the learning or practice effect), which made
correction for this learning effect essential. In this study we attempted to
eliminate this effect by again performing a pre-study training, but also by
using a three-week period between each repeated test instead of the
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one-week period used before. Although because of logistical problems we
were not able to use a completely random distribution of subjects over
exposures, these results do not support the presence of a strong learn-
ing effect that could have confounded the test outcomes. Nevertheless,
any residual learning effect would be more profound in neurobehavioral
tests that are repeated each session (e.g., pursuit aiming II, visual 
scanning), and less profound when different versions are presented 
during each session (e.g., visual and auditive working memory and 
visual tracking) or for the VISTECH VCTS 6000 test, which tests the 
sensitivity of the eyes to see contrasts. Furthermore, previous studies118-

120,164 have shown that the greatest practice effects occur between the
first and the second trials (or in our study, between the pre-study 
training session and the first measurement). It should be noted, 
however, that randomly assigning the level of exposure to the three 
sessions in this study resulted in a sequence of exposure scenarios that
would enhance any residual practice effect.

Together with the results from our previous study (chapter 3), this
study confirms that eye-hand coordination and the visual domain are
affected by exposure to SMFs. In addition, our results suggest that 
processing of visual and auditive information is also affected, and that an
exposure-response relation exists for visual and auditive working 
memory, eye-hand coordination speed, and visual tracking tasks.
However, since the stray fields to which the volunteers were exposed
were very inhomogeneous, it was difficult to assess the actual exposure
in a given time interval. Therefore, it remains unclear whether the speed
of motion in combination with the gradient or the SMF strength is the
more important factor in causing the neurobehavioral effects.

Other research in this area with even stronger magnets (8 T) did not
show any effects on working memory tests68. However, the working
memory task presented in our study, was of a more complicated nature,
since letters and digits had to be remembered, separated, and 
reproduced while the subject followed a series of consecutively burning
lights. In contrast, in the study by Chakeres et al.68, a series of digits and 
letters had to be separated and reproduced immediately after they were
presented. Furthermore, the volunteers in that study were placed inside
the bore of the magnet (and were thus exposed to a much higher SMF)
and did not perform additional standardized movements with their head
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and torso to generate an additional dynamic magnetic field. 
Earlier studies on humans did not find the same effects observed in the

present study65,66,124,165. This can be plausibly ascribed to the fact that
our studies measured neurobehavioral performance during actual 
exposure to the static, gradient, and dynamic magnetic field instead of
minutes to hours after exposure. This suggests that these effects are
temporary and disappear shortly after exposure has stopped (chapter 2).

In conclusion, these results suggest that processing of visual and 
auditory information in the brain, and speed of eye-hand coordination are
affected by exposure to static and local dynamic magnetic fields. In 
addition, it was shown that these effects depend on the strength of the
SMF in which participants moved their heads, supporting the concept of
a field-dependent biological mechanism (as previously suggested for 
sensory effects54). However, it remains unclear whether the actual 
performance of operating personnel during interventional therapy will be
affected, since our findings resulted from a (worst-case) test situation
involving frequent head movements. Nevertheless, with the increasing
development and use of both interventional operation procedures and
MRI systems with stronger magnets25, these effects might become
apparent. Additional research should examine these effects in different
control groups and assess the potential side effects of interventional 
procedures and the use of even stronger magnets in these important
medical diagnostic systems.
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A B S T R A C T

NNNN eurobehavioral performance during exposure to the 
magnetic stray field of a 7 Tesla MRI scanner was
assessed, as well as the impact of exposure on cognition,
which would confound fMRI studies.

27 volunteers completed four sessions, which exposed them to 
approximately 1600 milliTesla (twice), 800mT and negligible static field 
exposure. The order of exposure was assigned at random and was
masked by placing volunteers in a tent to hide their position relative to
the magnet bore. Volunteers completed a test battery assessing 
auditory working memory, eye-hand coordination and visual perception.
During three sessions the volunteers were instructed to complete a series
of standardized head movements to generate additional time-varying
fields (~300 mT·s-1 and ~150 mT·s-1 r.m.s.). In one session, volunteers
were instructed to keep their heads as still as possible.
Performance on a visual tracking task was negatively influenced 
(P < 0.01) by 1.3% 100mT-1. Furthermore, there was a trend for 
performance on two cognitive-motor tests to be decreased (P < 0.10). 
No effects were observed on working memory.
Taken together with results of earlier studies, these results suggest that
there are effects on visual perception and hand-eye co-ordination, but
these are weak and variable between studies. The magnitude of these
effects may depend on the magnitude of time-varying fields and not so
much on the static field. While it appears that the use of ultra-high field
will not be a significant confound in fMRI studies of cognitive function,
future work should assess whether they may impair performance of
employees working in the vicinity of these magnets.
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INTRODUCTION
Magnetic Resonance Imaging (MRI) is a powerful diagnostic imaging
technique that has been in use since the late 1970s10. It has some clear
advantages over the competing medical imaging techniques, but there
are acute risks associated with the use of strong static magnetic fields,
switched gradient fields and radio-frequency (RF) energy used in MRI.
Patient and staff safety is maintained by eliminating magnetic objects
from the vicinity of the magnet, screening patients for pace-makers and
aneurysm clips before they undergo a scan, limiting the strength of the
rapidly switching gradient fields to avoid peripheral nerve stimulation,
minimizing radiofrequency induced heating and taking steps to avoid RF
burns10. Besides these potential acute risks, no adverse health effects
have been associated with MRI10,66,67,71. However, with the introduction
of interventional MR procedures40,148,149,160 that involve medical staff
working in the vicinity of the scanner for extended periods, any potential
effects of short and/or long-term exposure would be inevitably increased
(chapter 4). 

Presence in these stray fields has been related to an increase of 
subjective complaints such as dizziness, nausea, tiredness, headaches
etc. (chapter 2, 54,166). Furthermore, volunteer studies in the stray field
of a 1.5 Tesla (T) (chapter 3) or of a 1.5 T and 3.0 T MRI magnet 
(chapter 5) have suggested that eye-hand coordination, visual contrast
sensitivity, visual tracking tasks and working memory are negatively
affected during exposure. Results from animal studies have also 
suggested that exposure to strong magnetic fields (7, 9.4 and 14.1 T)
leads to a disturbance of the vestibular system90 and to an increase of 
c-Fos expression, a marker for neural activation, similar to expression
found after rotation88.

In addition to concerns about possible hazards of exposure, it has
become increasingly important for scientific reasons to establish whether
strong magnetic fields might have any effect on neural processing. It is
widely assumed that   functional magnetic resonance imaging techniques
offer non-invasive method of detecting and mapping human brain 
activation167. However, the increasing use of high and ultra-high fields
makes it important to assess the validity of this assumption.

This manuscript describes a single-blind volunteer study of transient
neurobehavioral effects of exposure to the stray field of a 7 T, whole-
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body, clinical MRI scanner, assessing the effects of exposure to the 
static stray field and of time-varying (dynamic) magnetic field 
components evoked by voluntary movement, extending the work 
previously carried out at lower field strengths (chapter 3 and 5). 

METHODS
Population

This study was performed at the University of Nottingham, with local
ethics committee approval. Twenty-seven volunteers were recruited

for the experiments from a database of volunteers available at the
department (n=6), from department members (n=3), or from students
recruited through advertisements at university campus (n=18) (Table
6.1). Fourteen were female and 13 were male. Their age ranged from 18
up to 51 years, with a median age of 20 years. Education ranged from
1st-year undergraduate students to PhD. All study subjects underwent
standard, local MR safety screening and were also asked to remove any
metal objects, including metal in clothing, before the start of the 
measurements to ensure that they were blind to their exposure. 

Table 6.1. Characteristics of study population and effect modifiers.
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Population characteristics levels N

27

Gender
Male 13

Female 14

Age Arithmetic mean (range) 25.0 (18-51)

Education

BSc 20

MSc 3

PhD 4

Hand of preference
Left 4

Right 23

Glasses
Yes 13

No 14

Reading difficulties

Yes 2

No 24

Unknown 1

Consumption of coffee within 2
hours prior to measurements

Yes (# cups) 7 (1-2)

No 20

Consumption of alcohol evening
prior to measurements

Yes (# glasses) 5 (2-7)

No 22
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Test sessions

Each volunteer performed the neurobehavioral test battery four 
times (twice at high , once at medium and once at low field strength).

The battery took approximately 30 minutes to complete each time, with
a short break in between sessions. The sequence of the exposure levels
was assigned at random and the volunteers were unaware of their 
exposure during the sessions, although the exposure could not be
masked for the researcher administering the neurobehavioral test 
battery. Three sessions (once at each field strength) included short 
periods where volunteers performed standardized head movements to
generate a time varying magnetic field component (dB0/dt). For the 
additional session at high field, the subject remained stationary.  

Before the first test session, volunteers were asked to complete a short
questionnaire on potential effect modifiers and confounders, (Table 6.1).
After completing the questionnaire, the volunteers were blindfolded and
guided to the magnet hall by one of the researchers. In the magnet hall,
the volunteers were guided into a small tent (101cm by 109cm and
205cm high) to blind them to their distance from the magnet, and thus
their exposure. Volunteers were instructed to remove their blindfold when

Figure 6.1. Overview of the magnetic stray field of the 7 Tesla magnet and 
approximate position of the volunteers* in all four sessions.
*: high exposure (~1600mT) in black, medium exposure (~800mT) in grey and 
un-exposed position outside the magnet room in white.
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they were in the tent to enable them to sit down. A wooden chair, a small
table, artificial lights and a bar with small red lights (described below)
used to provoke standardized head movements during the exposure 
periods, were present. 

Exposure to the static magnetic field

The tents in which the volunteers sat during the test sessions were
placed at one of three pre-marked positions from the bore of the

whole-body, 7 T 80 cm MAGNEX MRI magnet (Figure 6.1). No RF energy
or switched gradients magnetic fields were used in this study. High 
exposure to the stray field was obtained by placing the chair with its back
right against the bore of the magnet within the tent. Medium exposure
was obtained by placing the tent at 52 cm from the bore of the magnet.
This position was chosen to expose volunteers to a magnetic field
strength comparable to that in a previous study performed around a 3.0
T clinical MRI magnet (chapter 5). Low exposure was obtained by placing
the tent in a room adjacent to the room containing the 7 T magnet.

Additional movements

It has been postulated (chapter 3, 4, 5, and 66,71) that sensory effects
in static magnetic fields might be caused by movement in those fields

and the resulting time-varying magnetic fields components (dB0/dt). To
investigate this, standardized head movements (described below) were
performed at each exposure level, with one test session at high exposure
carried out without head movements.

Four red lights were attached to a horizontal bar placed at eye level on
the far side of the tent from where the volunteers sat. These lights could
be illuminated in turn back and forth across the bar and volunteers were
instructed to follow the lights, by moving only their head. This provoked
a head movement over approximately 90° at a frequency of 5/8 Hz. After
ten complete head movements, the lights were switched off and the first
neurobehavioral test was administered to the volunteer.

The induced time-varying magnetic field was measured for one 
volunteer using an in-house built dB0/dt meter, fixed laterally to the side
of the head (sphenoid bone region) by means of a headband166. 
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Neurobehavioral test battery

Aneurobehavioral test battery was assembled from existing neurobe-
havioral tests111 that evaluate auditory working memory, eye-hand

coordination and the visual cognitive domain (Table 6.2). To further 
evaluate eye-hand coordination an existing neurobehavioral test,
designed to detect visual spatial neglect111 was adapted for use in this

Table 6.2. Description and Sequence of the Cognitive Tests in the Test Battery.
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Cognitive domain Neurobehavioral
test Description Sequence

within battery

Eye-hand 
coordination Pursuit Aiming II

A subject has 60 seconds to place as many dots in
small circles on a piece of paper with a pencil 

(2 trials).
Outcome scores are the number of correctly

placed dots (speed) and speed relative to total
number of dots (precision)

1

Working memory Digits & Letters
(WAIS III)

A random series of digits and letters is presented
with a pre-recorded tape. The subject needs to
remember them during mandatory head move-

ments. The letters need to be recalled in alphabeti-
cal order and the numbers in increasing order.

A new (longer) series is presented the test stops
when subject failed at three consecutive trials

2

Visual VISTECH 
contrast sensitivity

Contrast between lines and background decreases.
Subject needs to identify orientation of a grating at

5 different spatial frequencies. Outcome is a 
minimum contrast that can be identified. 

3

Eye-hand 
coordination

Adapted 
line-bisection

Subject has to mark the middle point of 32 lines as
fast as possible.

Outcome scores are time (sec) and average 
deviation. series of 10 digits are presented verbally

4

Working memory N-back

Subject says “yes” when the same digit is 
repeated immediately after a similar digits (1-back).

After every three trials the number of digits
between the 1st and 2nd similar 

Number increases with one the test stops when
subject failed at three consecutive trials

5

Visual Tracking

Subject needs to track entangled lines on paper
with their eyes from left to right and mark where

they end. 
Outcome scores are time to complete the test and

errors

6



study by adding additional lines scattered on the test-form. Similar to 
the Pursuit Aiming II test, accuracy was assessed, but in contrast to the
Pursuit Aiming II test, it had to be completed as quickly as possible
instead of assessing performance in a given time period. 

To minimize practice effects113,117, different versions115 of the  WAIS
III D&L, adapted line bisection, N-back and visual tracking tasks were
used on each trial, with their order varying randomly across subjects.
The sequence of the tests in the test battery is given in table 6.2.

Statistical analyses

Because volunteers switched from exposed to non-exposed (or visa
versa) within the same study, the repeated measures study design

could be regarded as case-crossover140,168. Linear mixed effects models
were used to analyse the data131, using SAS software version 8.02 
(SAS systems, Cary, NC, USA). Performance on the neurobehavioral tests
was adjusted for differences between the different test versions and for
a practice effect. Furthermore, all statistical models were adjusted for 
significant (P < 0.10) potential confounding variables from the self-
administered questionnaire. 

The effect of the intensity of the magnetic field was assessed by
analysing the measurements of the three test sessions at different fields
including head movements (n=81). The effect of the time-varying field
generated by the head movements was analysed by comparing the 
session without movements to the session with movements in the same
static magnetic field (~1.6T) (n=54). 
The following linear mixed effects model was used [Equation 1]:

Yij= β0 + β1xij + β2xij + β3xij + β4xij... + βpxij + U0j + Rij

where:

Yij= performance of a volunteer at a neurobehavioral test in each test session. 

β0= intercept, or underlying mean test performance

β1= average change in test performance caused by exposure 

β2= adjustment for practice effect 

β3= adjustment for different test versions

β4-βp= adjustment for confounding variables

U0j= random intercept adjustment to account for natural heterogeneity in test

performance between volunteers (between-subject variance)

Rij= residual, or within-subject variance
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U0j and Rij resembled a Gaussian distribution (~N(0,σ2
between-subject or

within-subject), but the test performances at the adapted line-bisection test
and the visual tracking tasks had to be loge converted. The between-
subject variance (U0j) was modelled assuming no correlation between

Table 6.3. Weighted least squares means estimates of test performance, 
estimated trends per 100 milliTesla exposure and probability values of mixed
effects models. 

Additional effect modifiers: 
1 education; 2 none; 3 none; 4 test version*practice effect (time only) and
glasses yes/no; 5 practice effect/test version interaction; 6 none.
a weighted least squares means estimates from mixed effects models; 
b cycles per degree; 
c trend estimated by adding estimated exposure to B0 to the statistical models as

a continuous variable.

*: P = 0.0643
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Neurobehavioral test battery Exposurea

domain test Test score 0 Tesla ~800mT ~1600mT P-value Trendc/100 mT
(P-value)

Working
memory

D&L WAIS
III1

Correct
repeats 9.76 9.40 9.93 0.3563 +0.01 extra

(0.6078)

N-back2 Max N-back 11.55 11.11 11.59 0.4234 +0.003 extra
(0.8871)

Eye-hand
coordination

Pursuit
Aiming II3

Speed (# cor-
rect dots) 291.4 294.6 294.3 0.6702 +0.17 dots

(0.4705)

Precision 96.5% 95.8% 95.5% 0.2271 -0.06% 
(0.0930)

Line-bisec-
tion4

Time (sec) 28.67 28.89 30.44 0.1400 +0.17 sec
(0.0657)

Deviation (mm) 2.49 2.40 2.31 0.2278 -0.45% 
(0.0839)

Visual

Tracking5 Time (sec) 39.27 45.18 49.20 0.0012 +1.32% 
(0.0003)

VISTECH6,b

1.5 Score 60.84 66.33 60.37 0.6291 -0.03% (0.9672)

3.0 Score 102.19 80.41* 97.95 0.1429 -0.21% (0.7817)

6.0 Score 88.82 79.54 80.37 0.5560 -0.55% (0.6450)

12.0 Score 34.71 30.76 31.30 0.6556 -0.60% (0.4745)

18.0 Score 11.89 12.53 13.39 0.7383 +0.71% (0.4340)



the test scores of different volunteers (variance component structure).
Within-subject variance (Rij) was modelled assuming a similar correlation
between different test scores for each volunteer (compound symmetric
structure). 

Test scores for the VISTECH contrast sensitivity tests where log10-
transformed because the sensory systems respond in a logarithmic 
manner to changes in sensory stimulation163. Statistical significance was
defined as F-test outcomes with a probability value less than 0.05 (<5%),
and marginal differences were defined as F-test outcomes with a P-value
less than 0.10 (<10%). 

No correction for multiple comparisons were done169, but instead the
actual P-values170 are provided in Tables 6.3 and 6.4.

RESULTS
Exposure assessment

For the high exposure level condition, the level of exposure at the head
of a seated volunteer was approximately 1.5-2.0 T, depending on the

height and posture of each volunteer. This reduced to approximately 
0.8-1.0 T if a volunteer leaned forward during the head movements and
500-800mT when a volunteer was doing a neurobehavioral test requiring
a pencil and paper. The medium exposure level was approximately 800
mT when the volunteer was seated in the chair. Exposure to the static
magnetic field at the low exposure level was approximately 2 mT. The
r.m.s. time-varying magnetic field, dB/dt, for one volunteer performing
the standardized movements at the position closest to the magnet bore,
was measured to be approximately 300 mT·s-1. This was reduced by
approximately a factor of two to 150 mT·s-1 at the medium exposure
position. No time-varying magnetic field was detected at the negligible
exposure position. 

Neurobehavioral test battery

Results of the neurobehavioral test battery for the three sessions with
head movements are shown in Table 6.3. Analyses of confounding

variables resulted in adjusting the “auditory working memory test” (D&L
WAIS III) for level of education. The “adapted line-bisection test” was
adjusted for different practice effect curves for different versions of the
test as well as for wearing of glasses. The “visual tracking test” was
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adjusted for level of education education and also for different practice
effect curves for different versions of the test.

As shown, only visual tracking performance differed significantly 
(P < 0.01) between different levels of static magnetic field exposure, and
the magnitude of the effect also depended on the magnitude of the 
exposure (p < 0.01). Performance of the Pursuit Aiming II-test (P = 0.09)
and the time to complete the line bisection-test (P = 0.06) showed a
trend towards dependence on the magnitude of exposure, with borderline
statistical significant differences. There was also a trend for the average
deviance in the line bisection-test to improve with increased exposure 
(P = 0.08).

Table 6.4. Weighted least squares means estimates of test performance with and
without mandatory head movements at ~1600mT of mixed effects models 
(n=54; Nvolunteer=27). 

1 interaction not added to the model; 
a weighted least squares means estimates from mixed effects models;
b cycles per degree. 
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Neurobehavioral test battery Mandatory head movements

domain test Test score yesa noa P-value

Working memory
D&L WAIS III Correct repeats 9.92 9.49 0.3297

N-back Max N-back 11.55 11.35 0.5629

Eye-hand 
coordination

Pursuit Aiming
II

Speed 
(# correct dots) 293.64 293.62 0.9996

Precision 95.5% 96.6% 0.0809

Line-bisection1 Time (seconds) 30.67 29.34 0.1049

Deviation (mm) 2.37 2.56 0.0585

visual

Tracking1 Time (seconds) 53.03 48.50 0.0683

VISTECHb

1.5 Score 59.54 63.50 0.5510

3.0 Score 96.65 105.46 0.4448

6.0 Score 79.41 93.89 0.0757

12.0 Score 30.95 32.85 0.5413

18.0 Score 12.80 11.48 0.5206



Table 6.4 shows that head movements seemed to reduce precision on
the Pursuit Aiming II-test (P = 0.08), time needed to complete the line
bisection test (P = 0.10), visual tracking (P = 0.06) and the VISTECH test
at 6.0 cycles per degree (P = 0.08), but none of these was significant at
the 5%-level. In contrast, the average deviance at the line bisection-test
appeared to be somewhat better with the mandatory head movements 
(P = 0.06). 

DISCUSSION AND CONCLUSION

To our knowledge, this is the first study to assess transient 
neurobehavioral effects of exposure to the stray field of a 7 Tesla

whole-body clinical MRI scanner. As far as we know, only two other 
studies assessed cognitive function at such high field strength, but in 
contrast to the present study cognitive performance was assessed in the
homogeneous high magnetic field in the centre of the bore of an 8 T 
scanner, rather than in the stray fields gradients surrounding it, and 
without additional time varying fields. No effects66, or only a small, but
statistically significant, reduction on a short-term memory test 
(chapter 4)68 were found in the earlier studies. 

Two other studies have been conducted using a similar set-up to that
described here, but at around lower field MRI systems and with slightly
different neurobehavioral test batteries. These studies were the first to
detect transient neurobehavioral effects of exposure to stray fields of MRI
magnets. In the pilot study (chapter 3; study A), neurobehavioral effects
of exposure in the stray field of a cylindrical 1.5 T MRI magnet were
assessed, and in a follow-up study (chapter 5; study B) neurobehavioral
effects of exposure to the stray fields of a 1.5 and of a 3.0 T MRI 
magnet was investigated. Study A included head and torso movements
and study B included movements similar to those used here.

In the present study, the most prominent effect of exposure to the
stray fields was on the time to complete the visual tracking task (1.3%
100mT-1, P < 0.01), which supported the results found in study B (3.1%
100mT-1 and 3.0% 100mT-1). Also in the visual domain, study A found
an effect on visual contrast sensitivity, and the present study did show a
trend for a reduced sensitivity at  3.0 c.p.d to exposure to 800mT 
(P < 0.10).  However, no effect was seen at other spatial frequencies or
field strengths.  Whether this is a chance finding or whether the visual
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sensory system is especially sensitive to a specific intensity of the static
magnetic field or dB/dt remains unclear. In future studies evaluating 
visual perception, more subjects should be tested, because large
between-subject variance might have precluded finding significant
results.

The results suggest that eye-hand coordination might also be 
negatively affected, as indicated by a trend for a decrease in accuracy on
the Pursuit Aiming II-test of 0.06% 100mT-1, and time to complete the
line bisection-test (0.6% 100 mT-1). Impaired accuracy of Pursuit Aiming
was also found in study A, while in study B speed but not accuracy was
affected. The speed and accuracy of performance on a neurobehavioral
test are likely to be closely related by compensation mechanisms
(speed/accuracy trade-off), and this could explain the unexpected trend
for improved accuracy of line bisection-test with increased exposure 
(-0.5% 100mT-1) in the present study.  

Study B had found an effect on visual and auditory working memory,
so we designed the present study to separate effects on working 
memory from any inference with the visual sensory system by using an
additional auditory working memory test (N-back). However, in contrast
to the results published for study B, no significant relation between 
exposure and auditory working memory was found in the present study.

Our results suggest that the observed effects may be associated to
time-varying magnetic fields. There was a trend for performances in the
eye-hand coordination domain (Pursuit Aiming II precision and line-
bisection time) and in the visual sensory domain (visual tracking and 
VISTECH at 6 c.p.d.) to be worse when additional head movements were
made prior to the test (P < 0.10).  The importance of time-varying 
components of the magnetic field have previously been shown in a study
where movement speed of MRI-technicians during work in magnetic fields
and subjective health complaints were analysed (chapter 2). 

A strength of the present study was that we were able to assign 
a priori the sequence of exposure randomly to each volunteer by varying
distance from the magnet, using the movable tents to mask the actual
exposure situation from the volunteers. Two different tents were used in
this study. One tent was used for the sessions close to the magnet
(~1600 mT and ~800 mT), whilst the second tent was used for the 
reference, negligible-exposure session. As noted, both tents were appar-
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ently identical and the chair, table and lights were moved between tents
as required. Only a few volunteers actually noted that the tents might
have been placed at different locations, and none noted that different
tents were used. The sound of the cryostat-pump might have influenced
performance as it was somewhat quieter for the low magnetic field 
exposure level.

Using multivariate statistical models we distinguished the effects of
exposure from practice effects, but this design increased overall 
variability in test performance, and resulted in a decrease of statistical
power. The larger size of the test group (27 versus 17 (previous study A)
and 20 (previous study B)) only partially counterbalanced this effect.
Exposure-response relations were evaluated by using the strength of the
magnetic field as a continuous variable in the statistical models, 
assuming that any association between exposure to magnetic fields and
neurobehavioral performance is linear. In practice an exposure-response
curve might have any shape, and might even not be monotonic. However,
more different magnetic field strengths need to be studied to investigate
this.

It remains unclear what biological mechanism might underlie any
observed effects. However, it is suggested10,54 that sensory effects can
be ascribed to the activation of highly sensitive sensory tissue by weak
electrical currents, by weak magneto-hydrodynamic forces (in the 
semicircular canals), or by diamagnetic anisotropy (of the inner ear
receptors). Since this and previous studies suggest that cognitive effects
occur particularly in the visual sensory domain, a possible mechanism
might be that the widely recognised ‘vertigo’ effect of moving in a 
magnetic field, might interfere with the vestibulo-ocular reflex95. The
resulting instability of gaze might then lead to the observed impairments
on perceptuo-motor tasks. This interpretation would indicate no direct
interference with cognitive processing, which would be consistent with
our observation of no impairment on the auditory working memory task.

In conclusion, these results suggest that exposure to the stray field of
a cylindrical, whole-body 7 Tesla MRI scanner affects the visual sensory
domain and to a lesser extent eye-hand coordination. The magnitude of
the effects seems to depend on the magnitude of the dynamic field 
component generated by the additional movements and not on the
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strength of the static magnetic stray field itself.  The effects found in this
study should be related to actual performance during clinical use or 
interventional procedures, and exposure guidelines should take into
account the effects of moving in magnetic fields as well as the strength
of the static magnetic fields. In addition, this study suggests that field
effects are not a significant confound in fMRI studies of normal cognitive
function, but that it would be wise to consider the possibility of make
allowance for some decrement in hand-eye coordination when assessing
responses.
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INTRODUCTION

T
he main objectives of this thesis were two-fold: (1) to assess
type and frequency of health complaints as well as neurobehav-
ioral effects that are experienced by engineers who assemble
and test new magnetic resonance imaging systems, and (2) to

investigate the relation between neurobehavioral performance and 
exposure to stray fields generated by high, very high, and ultra-high MRI
magnets. 

A number of self-reported acute symptoms experienced during 
working in the vicinity of MRI scanners could be related to exposure to
magnetic stray fields and additional exposure to switched magnetic 
gradient fields and RF pulses during scanning. More specifically, the 
frequency of experienced vertigo, concentration problems, tiredness,
metal taste and sensation of head ringing were related to the static 
magnetic field intensity, while especially tiredness was related to the
duration of presence in the magnetic stray field. 

Large differences in movement speed were found between different
MRI engineers, which could therefore be regarded as a personal charac-
teristic. In particular, moving rapidly in magnetic stray fields was related
to the occurrence of headaches, vertigo, concentration problems, tired-
ness, metal taste and suggestions of head ringing. 

The metal taste sometimes experienced during presence in stray fields
of MRI magnets could not be contributed to mercury release from 
amalgam fillings, since no increased levels of mercury in urine were found
after exposure. Urinary mercury levels were related to self-reported 
number of amalgam fillings, indicating that indeed a valid marker for
amalgam fillings was measured. Other potential explanations of the 
findings are electrolysis of metallic fillings in the teeth induced from local
current generation or excitation of sensitive nerve tissue in the tongue
which results in a “random” experience of metallic taste.

Head movement of volunteers in stray fields generated by MRI 
scanners of 1.5 Tesla and higher, negatively affects the visual sensory as
well as the cognitive-motor domain. The magnitude of these effects
depends to a large extent on the magnitude of exposure to time-varying
magnetic fields that are related to the magnitude of the spatial gradient
field and movement speed in those fields. The data presented in this 
thesis also suggest that reported symptoms and cognitive effects 
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disappear rapidly after exposure has ended, and no prolonged cognitive
effects of exposure to magnetic stray fields could be shown. 

Finally, the presented studies were inconclusive on whether working
memory was affected by exposure to static or time-varying magnetic
fields.

POOLED ANALYSES

Given a similar study set-up in the three experimental studies, the sta-
tistical issues of the relatively small sample sizes (and relaxation of

the traditional 5% p-value to 10%) could to some extent be overcome by
pooling the test outcomes for neurobehavioral tests included in all stud-
ies (i.e. the Pursuit Aiming-II cognitive-motor test and the VISTECH
6000™ visual contrast sensitivity test) and analyze them in a jointly fash-
ion. 

Table 7.1. Results pooled analyses of the Pursuit Aiming-II and VISTECH 6000™
test results. 

1 the stimulus expressed in cycles per degree (cpd); 2 trend estimated from data
at 0 mT, 600mT, 700mT, 800mT, 1000mT and 1600mT; 3 95% confidence limits;
i.e. the estimated trend (ββ) is estimated with 95% certainty to be between β
minus CL and β plus CL; 4 estimated average difference (and P-value) between
test performance during any exposure to the static magnetic field (and resulting
gradient and dynamic fields) and non-exposed sessions.

A pooled analysis using linear mixed effect models (Appendix) suggests
(Table 7.1) that eye-hand coordination precision (-0.1%/100mT 
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Neurobehavioral test Score Trend/100mT2 (CL3) P-value Any exp.4 P-value

Eye-hand coordination
Speed -0.01% (± 0.02)  0.88 -0.87% 0.34

Precision -0.09% (± 0.06) <0.01 -1.37% <0.01

Visual contrast sensitivity1

1.5 cpd -1.35% (± 2.65) 0.38 -1.19% 0.20

3.0 cpd -1.03% (± 2.02) 0.41 -0.74% 0.07

6.0 cpd -1.02% (± 2.01) 0.20 -0.68% 0.16

12.0 cpd +2.69% (± 5.28) 0.75 +1.41% 0.83

18.0 cpd +6.47% (± 12.69) 0.39 +3.69% 0.87



exposure), and not speed (P = 0.88), was statistically significantly
reduced during exposure to magnetic fields up to 1 Tesla, and depended
on the magnetic field strength. 

The results of the combined analysis of the VISTECH 6000™-test do
not show a statistical significant relation between magnetic field 
intensity and visual contrast sensitivity (0.20 <= P <= 0.75). However,
the results do suggest that visual contrast sensitivity is hampered by
exposure to magnetic fields as low as 600 mT, but that the magnitude of
the effect is not related to magnetic field strength. In particular, a 
reduction in visual contrast sensitivity of 0.74% at 3.0 cpd compared with
non-exposed measurements reached borderline significance (P = 0.07).
The sensitivity curves presented in Figure 7.1 do suggest a (non-
statistically significant) reduction in visual contrast threshold at contrasts
between 2 cps and 6 cpd. 

Whether the decrease in visual contrast threshold level did not 
dependent on the magnitude of exposure or whether the statistical power
of these pooled analyses was not enough to reach statistical significance
in the exposure-response analyses remains unclear. Alternatively, it has
been postulated that a frequency-, as well as an intensity-“window”
exists for exposure to electromagnetic fields within which biological
effects are maximal70,171-173. Additional studies are needed to address
these issues.

Figure 7.1. least squares estimates of VISTECH test-performance 
(and 95%-CL) when all studies are combined.
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Several issues which may have influenced the study results need to be
critically assessed, and in this chapter the choice of the study design,
population, exposure assessment methods, health and neurobehavioral
effect assessment methods and statistical methods will be critically
reviewed. 

Possible biological explanations of the shown effects as well as implica-
tions for occupational settings and directions for future research will be
discussed as well.

CHOICE OF STUDY DESIGN AND POPULATION

Selection bias within the studies was not possible because cases acted
as their own controls141,174 in these experimental case-crossover

studies. Furthermore, by using a repeated measurements design, these
studies could be controlled for natural intra-individual biological and 
psychological differences175-177 typically encountered in human experi-
mental studies assessing magnetic field effects. The study with MRI 
engineers was not designed as a case-crossover, but exposed and control
groups appeared to be comparable in distributions of age, socio-
economic status, education, geographical area, and presumably only 
differed in their exposure to magnetic fields from MRI scanners.

Since specific groups of (company) volunteers were used in these 
studies, as is common practice in these types of studies110, generalizabil-
ity of these results to the general population could be an issue. Most of
the studies in this thesis are performed with employees of one of the few
companies that build MRI scanners. Individuals involved in applications in
research or clinical settings however, were not part of the studies.

The observational study assessed effects of exposure to electric and
magnetic fields (static, extremely low frequency (ELF) and radiofrequency
(RF)) needed in the imaging process28. On the contrary, the 
experimental studies were done during exposure to the static magnetic
stray field only, and exposure to switched gradient fields and RF-
fields26,28 were not taken into account. However, the relevant exposure
metric to assess effects of exposure to static magnetic fields is still to a
large extent unknown2, especially since different physical mechanisms
might be relevant for different levels, types, and sources of exposure1.
Since these occur in different frequency ranges, it has been argued they
should also be assessed separately28.
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STATISTICAL METHODS

Case-crossover designs analysed with linear mixed effects 
models131,178-180 are generally more powerful than between-subject

designs for expected subtle and transient effects140,141,168 typically
encountered in magnetic field research181, and also take into account
natural heterogeneity in test performance between different 
volunteers175,176. The random intercept mixed effects models133,180 did
not take into account inter-subject differences in practice effects and 
susceptibility to magnetic fields. Furthermore, modelling fixed effects
slopes for the exposure-response relations did not take into account 
possible non-linear effects of magneto-biological processes70,172,173. The
relatively limited number of subjects and repeated measurements per
subject in these studies however, prohibited detailed analyses of these
relations. 

The covariance matrices in these studies were modelled using a 
variance components between-subject matrix and a compound symmet-
ric within-subject matrix, assuming that natural heterogeneity between
all subjects was similar, intra-individual correlation in test performances
uncorrelated and inter-individual test performance similar for all subjects.
Again, the relatively limited number of volunteers and repeated 
measurements did not allow for more detailed analyses of the structures
of the between-subject and within-subject covariance matrices. 

In these exploratory analyses with relatively small numbers of subjects
and subtle effects, for which it has been argued that reducing type I
errors should not be favoured over type II errors, the traditional P-value
was relaxed to 10%176,181-184. It has been argued185,186 that when a
number of independent outcomes are tested against the null hypothesis
this will dramatically increase the type I (Bonferroni inequality) and test
statistics should be corrected before interpretation of the results187,188.
However, similar findings in subsequent experimental studies is a better
indicator of possible effects189,190 than those based on rigorous use of 
P-values only169,191. Nevertheless, further confirmatory studies are
required184,190,191 to confirm the results and hypotheses generated in
this thesis.
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EXPOSURE ASSESSMENT METHODS

Static magnetic fields can be measured accurately using static 
magnetic field meters using a search coil or a Hall-probe3, and even

prototypes of personal dosimeters for monitoring exposure to static 
magnetic fields have been developed192,193. The intensity of the 
magnetic field at every position in the stray field can also be calculated
accurately and graphical plots of the magnetic stray field can be created
from measurements for every position around a magnet. Inherent to the
properties of magnetic fields27,194, static magnetic gradients will be 
different on different spatial positions around the magnet and can be very
large on specific positions not only related to distance to the magnet, but
also to the design of the magnet. 

In our studies, exposure to magnetic fields was assessed by either:
(1) Defining equal exposure zones around the magnet along the 
magnetic field lines in the vicinity of the magnet.
(2) Measuring the static magnetic field in the area where volunteers were
seated during neurobehavioral testing and assigning an average 
exposure to each position.
(3) Assigning scores for number and speed of movements in the stray
fields to employees as a proxy for exposure to time-varying magnetic
fields.
(4) Measuring time-dependent changes in magnetic field strength using
an experimental measurement device (described in chapter 3, 5 and 6
(similar to 192)).

These methods only provided crude estimates of true individual 
exposure to magnetic stray fields. The first method assumes that 
exposure is equal throughout the whole exposure zone, while in fact
there is a gradient present in the area outside the bore. By assigning the
average exposure to a specific zone, it was assumed that the 
accumulated exposure over a longer time period (i.e. working day) was
a good proxy for true exposure, or:

(for zones i)           
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This would have been true if B0 on a specific spatial position was only
related to the distance to the magnet. However, this also depends on
magnet specific factors. Because no actual exposure measurements were
done during this study, the magnitude and impact of this potential bias
on assigned exposure levels remains unclear. Furthermore, even though
it is known that the high spatial variability of the magnetic stray field will
also have created a gradient in areas smaller than a volunteer’s body, or
head, our methods assumed that exposure was equal (dB0/dx=0) in this
area to provide a single exposure estimate. This implies that differences
in effects caused by movement of the head (and resulting induced 
current and magneto-hydrodynamic effects) in this area, where
dB0/dx>0, have been ignored. The importance of this exposure relative
to our exposure estimates is unknown.

Assigning similar exposure to all volunteers at a given position is an
over-simplification of true exposure to the static magnetic field as well.
Although positioned at the same positions, the high spatial variability in
static magnetic gradient fields, as well as different physical characteris-
tics of the volunteers, were likely to have caused individual variance from
assigned exposure. However, combined with an end-point at the 
individual level, this a commonly used, and validated, method leading to
negligible bias in exposure-response relations178,195-198. 

The proxy for dB0/dt-exposure (assigned movement scores) for
employees working in the RF-cage provided a semi-quantitative estimate
of true exposure. This estimate could only be used for ranking of 
employees according to average number and speed of movements in a
given time period, but does not provide any insight in actual levels of
exposure, nor does it take into account peak-exposures. In the 
experimental studies prototypes of measurements devices were used for
time-varying magnetic fields, but these were not extensively 
validated at the time of the studies and were consequently only used for
relative ranking of volunteers and to provide group-estimates of average
exposure. 

As discussed previously, effects on cognition were only transiently
present and disappeared rapidly after exposure had ended. However,
maximal exposure to time-varying magnetic fields was achieved during
additional head movements that were done in the magnetic stray field,
but prior to test assessment. Although the impact on test performance is
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unclear, this implies that the effects on the cognitive-motor and visual
sensory domains might have been an under-estimation of the true effects
caused by additional movements of torso or head.

EFFECT ASSESSMENT METHODS
Test administration

Neurobehavioral effects were analyzed by selecting neurobehavioral
tests assessing the cognitive-motor, cognitive and sensory

domains63,111, and were selected on three criteria:
(1) Assessing neurobehavioral domains relevant to exposure to 
magnetic fields (based on literature);
(2) Possibility of administering and completing the test during exposure
to strong magnetic fields; i.e. tests should not contain any magnetic parts
nor need electricity in the magnetic field;
(3) Evidence from previous studies showing cognitive domains affected
by exposure to magnetic fields.

In addition, where possible, time dependent tests were selected, since
these tests have a greater sensitivity to relative small or diffuse
changes63.

The use of these test batteries might theoretically have introduced two
sources of measurement bias. First, the manual registration of the time-
dependent tests could have introduced minor measurement error
because of variable reaction times of researchers and subjects. Secondly,
subjective input from researchers was required when a test required
presentation of stimuli to the study subject, or the subject’s response had
to be registered by the researcher. Although most likely both sources of
measurement error were non-differential, measurement error by the
researchers could theoretically have been differential because of the 
single-blind study set-up. Since no significant differences in average test
scores were found between both researchers and no significant in- or
decrease in test assessment was found between the same tests done at
the start and near the end of the study, measurement errors is assumed
to have been minimal.

It remains unclear how the measured effects on the cognitive-motor
and visual sensory domains should be extrapolated to functional 
performance of engineers, radiographers, nurses, and others when they 
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Figures 7.2.1-7.2.5. Estimated residual practice effect curves, relative to 

performance at the first trial for a number of neurobehavioral tests performed 

in the stray field of a 7.0 Tesla MRI magnet.
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are working routinely in the vicinity of MRI scanners, since the relation
between test performance and functional performance has not been
explored frequently63. 

Residual practice effects

To minimize any practice effects that might bias neurobehavioral tests
outcomes in non-randomized experimental studies, a recom-

mended116,117 pre-study training session, as well as alternate test 
versions115, and prolonged periods115 between subsequent trials were
used. 

The random design of the 7.0T-study allowed for estimation of the
practice effects curves from the mixed effects models, which are 
presented graphically in Figures 7.2.1 to 7.2.5. The results suggest, in
agreement with other studies assessing practice effects during repeated
measurements114-119,121, that practice effects were most prominent
between the first and second trial and attenuated rapidly in consecutive
trials. Practice effects (trials 2 and further) after the practice trial (#1)
were only present for tests evaluating eye-hand coordination. These
practice effects were thought to be much smaller than the -4.4% to 
-0.4% for the Pursuit Aiming II-test, and -3.7% to -2.8% for the adapt-
ed line-bisection test, respectively, since the actual trials were started
after 1-3 weeks instead of a five minute break (in the 7T study).

These estimated practice effects were fairly similar to practice effects
from a previous study115, which were 17% and 9% between the first and
second trail reported for different test batteries, with following sessions
showing an attenuating effect from 8% to <1% and 2% to <1% in four
consecutive sessions for different test batteries. This suggests that the
relation between neurobehavioral effects and exposure to static 
magnetic stray fields from MRI scanners can only to a lesser extent be
ascribed to residual practice effects. 

Implications for aetiological mechanisms

Although the studies described in this thesis were not designed 
specifically to address questions on biological mechanisms of effects

of exposure to strong static magnetic fields, the results provide 
additional evidence, in supplement to direct depolarization of nerve and
sensory tissue, diamagnetic anisotropy and magneto-hydrodynamic
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mechanisms13,54, for likely biological mechanism. Additional research
however, is needed to establish any causal mechanisms for exposure
leading to biological effects.

The extent and severity of a number of symptoms and performance at
tests assessing the cognitive-motor and visual sensory domains, were
related to intensity and duration of exposure, similar to proposed 
mechanisms for motion sickness93. This suggests that people susceptible
to magnetic field exposure might be the same as those susceptible 
to motion sickness. However, so far no single physiological or 
psychological parameter has been found of high enough sensitivity and
specificity to categorize individual motion sickness susceptibility95.

As hypothesised, effects on the cognitive-motor and visual sensory
domains could be contributed to gaze-instability by disturbance of the
vestibu-ocular reflex99. In agreement with this, other studies have shown
that subjects susceptible to motion sickness have a more intense 
vestibular reaction95 and higher gaze instability95,199, described by
delayed or impaired visual scanning and perception200 and onset of 
saccadic eye movement201, and an elevation in contrast threshold202.

Although still largely unknown80,203, it has been proposed203 that
magnetic pulses can randomly activate, or cause a breakdown in204, a
subpopulation of neurons which suppresses coordinated processes in
neural networks205,206. These can be very sensitive to small voltages
applied diffusively across elements of the network, depending on the 
frequency206 and intensity of the stimulus73,200,203. The resulting 
competition of the visual stimulus and the artificially induced excitation
results in excitation as well as a suppression of visual percep-
tion75,80,204,207,208, already below threshold for neuron excitation209,210. 

Similar to the neurobehavioral studies presented in this thesis, TMS
studies expose subjects to time-varying magnetic fields. There are a
number of differences between TMS studies and the experimental 
exposure-based studies presented in this thesis. The magnetic pulses in
TMS studies are more focal than the exposed area during movement in
stray fields of MRI scanners (i.e. the whole human body)204.
Furthermore, the pulses in TMS studies have a higher intensity (up to 2
Tesla) and are shorter (typically 100-500 µs73) than those induced in this
thesis, resulting in much higher exposure to time-varying magnetic fields
(dB0/dt). The results in this thesis do show however, that similar effects
can already be measured at much lower exposure. 
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Working Memory
Whether working memory211-213 is affected by exposure to 

magnetic fields remains an important issue with possible implications for
occupational exposure limits, but also for functional MRI studies. Results
from (r)TMS studies suggest that working memory can be 
affected by applying magnetic pulses to the brain cortex204,214. The
results presented in this thesis however are contradictious, but 
nevertheless suggest that if working memory is affected by exposure to
magnetic fields, effects are probably not significant enough to disturb
findings of fMRI studies at the presently used magnetic field strengths.

In two other recent volunteer studies in the homogeneous static 
magnetic field in the magnet bore of an 8 T system66,68, effects on 
working memory were not found, although a subtle effect on short-term
memory was noted68. When effects on working memory were found 
however, these were found in studies where working memory was
assessed during actual exposure (chapter 5) and not when assessed
immediately after exposure had ended (chapter 2), or in a homogeneous
magnetic field66,68. This suggests that if working memory is affected,
these are only transient, and not clinically harmful effects presumably
also caused by time-varying magnetic fields. Nevertheless, additional
research is needed to resolve this issue.

IMPLICATIONS

The results from this thesis implicate that movement speed while
working around MRI scanners should be minimized to reduce a 

number of symptoms from occurring, and possibly hampering the actual
work being performed. Although relevant for all people working with or
near these scanners, especially operating teams working on 
interventional MR systems should be made consciously aware of this.
Relatively small effects that are not immediately noticed (like symptoms
as dizziness and vertigo) on the cognitive-motor or the visual sensory
domain might theoretically have serious consequences for this group,
especially when interventional systems with higher magnetic field
strength, or with actively shielded magnets with an increased spatial 
gradient field, will be developed. However, whether the effects described
in this thesis will lead to an increase in errors when interventional 
procedures will be done using stronger magnets in the (near) future can,
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and should, be monitored.
Development of personal dosimeters might be used in the future to

register dB0/dt-exposure and could provide an early warning when 
movement speed has exceeded a relevant, yet to set, limit value.
However, at present these personal dosimeters are not yet commercially
available.

For the development of new dedicated interventional MRI systems, the
results from the studies presented in this thesis imply that magnets
should be developed such that magnetic gradient “hot-spots” do not
occur in areas where surgical teams in hospitals, and to a lesser extent
MR engineers, need to be present on regular basis, or for long periods at
a time. 

Furthermore, although additional research is needed to address this
issue, these results could imply that it is advisable to avoid the use of
actively shielded magnets to minimize high field gradients for newly built
dedicated interventional MR-sites at higher field strength then used at
present. 

FUTURE RESEARCH

The number of studies assessing occupational exposure, subjective
health complaints, biological parameters and neurobehavioral 

performance are still only limited, and a number of existing gaps in
knowledge about the relevant exposure metric, occupational exposure
levels and biological mechanisms have been identified1. Although the
data presented in this thesis suggests that the effects of exposure to 
static magnetic stray fields of MRI scanners addressed in this thesis are
not clinically harmful and disappear rapidly after exposure has finished,
they should be studied in more detail, similar to other non-clinical 
transient effects at the work floor that could hamper working 
performance, well-being and possibly health215-218. 

Furthermore, these issues should be assessed in the near future, since
if these gaps continue to exist, most likely problems concerning setting
of valid exposure limits for present and future applications in MRI29,219

will become more evident. 
Associations between exposure to static magnetic fields and health or

sensory effects could, in the few cases that replication studies were
undertaken, not be replicated1,176,206. Therefore, replication of the 
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studies presented in this thesis, as well as studies from other research
groups66,68,166, is urgently needed220. The case-crossover design seems
a valid and sensitive approach to study these subtle and transient effects
and should be applied in future studies assessing effects of the static
magnetic field (in the magnet bore), and spatial gradient and time-
varying magnetic fields of stray fields. Future studies should focus on an
a priori hypothesized cognitive or sensory domain and focus on a limited
number of different tests because administering neurobehavioral test
batteries is very time-consuming, especially in a case-crossover design
were volunteers need to complete the same test battery multiple times.
In the absence of measurement devices these can be conducted using
semi-quantitative methods to assess exposure, such as “exposure zones”
and ranking of subject according to movement speed or indicative dB0/dt
values, similar to the studies presented in this thesis. 

Studies on larger study populations should assess non-linear exposure-
response relations, since complex non-linear dependencies for biological
effects70,172,173 have been found in studies assessing magneto-biological
mechanisms. This might have important consequences for the use of
(interventional) MRI scanners at higher field strength, as well as for 
setting and formulation of occupational exposure limits. 

The studies in this thesis also did not take into account frequency-, and
intensity-“windows” for magneto-biological effects. Future studies should
assess these as well to measure a valid exposure metric and derive
appropriate exposure limits. 

Differences in magnetic field susceptibility between different 
individuals should also be studied, and these are present, whether it can
be predicted in advance. A relation between motion sickness and 
vestibulo-ocular reflexes (VOR)95,199,221,222 or salivary amylase 
levels222,223 has been studied, but no easy too apply screening method
was found. A standard questionnaire has been developed224 to quantify 
individual susceptibility to motion sickness. Future studies should assess
the applicability of this questionnaire, or of specially modified versions, to
assess its correlation with susceptibility for magnetic field exposure.
Ultimately, this might lead to screening of new employees in the MR 
manufacturing or clinical settings for magnetic field susceptibility before
they routinely work with these systems.

Of prime concern for future studies is the development and validation
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of measurement devices to measure personal exposure to such high 
static magnetic fields, spatial gradient fields and time-dependent 
magnetic fields from MRI scanners. Also, without proper personal 
measurement devices, establishing relevant occupational exposure
guidelines and regulations and controlling those will continue to be 
problematic. Similar to personal measurement devices used to measure
other exposures, these measurement devices should not constrain 
movement or hamper with the work being performed. But more 
importantly, since the most relevant exposure metric still has to be 
established, measurement devices should be developed to, ideally 
simultaneously, measure B0, dB0/dx and dB0/dt, and provide estimates
of the time-weighted averages (TWA) and peak exposures. Comparable 
prototypes of a measurement device for dynamic magnetic fields have
been used in this thesis, of which one has also been validated and used
in a study on sensory experiences of human volunteers166. Prototypes of
devices to measure exposure to the static magnetic field have been
developed192,193. 

Alternatively, especially in a situation with an immovable source such
as an MRI scanner, detailed field plots for the static field1,27 and the 
spatial gradient field can be calculated for all spatial positions around a
magnet and, in combination with observations of the movement patterns
of employees through the stray fields, fairly similar to the crude method
using “equal exposure zones” described in this thesis, be related to a 
subject’s personal exposure. These methods however will only be 
relevant for quasi-experimental studies, but cannot predict personal
exposure in different occupational settings and make inferences about
exposure guidelines and regulations.

Finally, it remains unclear how the effects on neurobehavioral 
performance are related to the occurrence of acute health complaints or
to decreases in performance during work. Future studies are needed to
assess the correlation between performance at these neurobehavioral
tests and performance during working conditions in MR manufacturing,
research and clinical MRI use.
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Methods Pooled 
Pursuit Aiming II and VISTECH 6000TM

analyses

Appendix



The Pursuit Aiming II test and the VISTECH 6000™ test were
used to assess eye-hand coordination and visual contrast sen-
sitivity respectively, in all three studies assessing 
neurobehavioral performance during exposure to magnetic

gradient fields (chapters 3, 5 and 6). As described, statistical significant
results was found for eye-hand coordination at the P < 0.10 level in these
studies, while a significant reduction in visual contrast sensitivity was
only found in the first study (chapter 3). In the two subsequent studies
(chapters 5 and 6) performance was not significantly reduced at 
P < 0.10, but the differences in absolute test performance in these 
studies did suggest a similar effect. 

Therefore, we conducted a pooled analysis of these test results for.
Only measurements were additional head movements were done were
used in the analyses, resulting in a final study population of 64 persons
with two (1.5 T study) or three repeated measurements per person. The
estimates of average static magnetic field intensities presented have
been used in the linear mixed effects model of the pooled analysis, 
resulting in the following model to analyze the results:

Yij= β00 + β10xij + β20xij + β30xij + U0j + Rij

where:
Yij= performance of a volunteer at the Pursuit Aiming II-test or at the

VISTECH test (log10 transformed). 
β00= intercept, or underlying mean test performance
β10= average change in test performance caused by exposure (0 Tesla,

0.6 T, 0.7 T, 0.8 T, 1.0 T and 1.6 T, respectively)
β20= adjustment for an average difference between the studies
β30= adjustment for practice effect
U0j= random intercept adjustment to account for natural heterogeneity

in test performance between volunteers (~N(0,σ2
between-subject)

Rij= residual, or within-subject variance (~N(0,σ2
within-subject)

The determinant to identify each study (β20) can be regarded as a
proxy for a number of factors that are different between the study; 
differences in natural test performance between the study populations in
all studies, the exact location in the stray field and the resulting exposure
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to B0 and dB0/dx; differences in the additional movements performed 
during exposure, and thus differences in dB0/dt exposure.
The results of these analyses are presented in Table 1, and graphically for
the VISTECH 6000™-test in Figure 1, in the General Discussion 
(chapter 7). 
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S U M M A R Y

IIII
ntensity and duration of occupational exposure to static magnetic
fields (SMF) from magnetic resonance imaging (MRI) systems is
likely to increase in the near future. The main reasons for this are
a drive towards the development and use of stronger magnets in

clinical practice, research and industry and an increase in the number of
interventional applications and procedures involving MRI in clinical 
practice. People working routinely with these systems have reported a
number of symptoms related to their presence in the inhomogeneous
static magnetic fields (the stray field) surrounding MRI scanners. 
In this thesis these symptoms, as well as neurobehavioral performance,
have been studied in relation to exposure to stray fields from MRI 
systems.

In an observational study among engineers manufacturing 0.5, 1.0 and
1.5 Tesla systems, experienced symptoms and neurobehavioral 
performance were assessed and compared to that of employees from a
reference department at the same company. Average exposure to static
magnetic fields of these workers during several standard procedures was
estimated at 25.9 mT/8h for working with a 1.0 T system and at 40.4
mT/8h for a 1.5 T system. Vertigo, metal taste, and concentration prob-
lems were more often reported by workers of the MRI-
manufacturing department than in the reference department, and were 
dependent on intensity and duration of exposure.  All symptoms, except
for headaches, were more frequently reported by engineers who moved
through the magnetic stray field more rapidly than others.

Mercury levels in urine samples were determined to assess whether
frequently reported metallic taste during presence in strong magnetic
fields could be caused by release of amalgam from teeth fillings. No 
correlation was found with exposure and most likely experiencing a metal
taste is being caused by “random” excitation of nerve tissue in the mouth
or to electrolysis of metallic fillings. 

In addition, a series of experimental studies on company or naive 
volunteers were conducted to quantitatively assess acute and transient
effects on neurobehavioral performance during exposure to static 
magnetic stray fields from MRI scanners up to 7.0 Tesla. Acute adverse
neurobehavioral effects could already be measured during exposure to
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approximately 600 mT, but no significant changes in performance were
found after exposure had ended. The visual sensory domain (visual 
tracking and visual contrast sensitivity) and the cognitive-motor (Pursuit
Aiming II (PAII) and adapted line-bisection (LB)) domain were affected
by exposure to magnetic fields. Performance at visual tracking (range 
-3.1 to -1.3%/100mT) and eye-hand coordination tasks (range
PAIIaccuracy=-0.10 to -0.56%/100mT and range LB=-0.17%/100mT)
depended on intensity of exposure. 

Additional pooled analyses showed that accuracy, and not speed, at the
PAII tests was affected (-0.10%/100mT). Visual contrast sensitivity at a
spatial frequency of 6 cycles per degree was slightly decreased by 
exposure (-0.74%), but an exposure-response relation was not found.
These effects were most likely related to movement in the stray fields,
and associated exposure to a time-varying magnetic field. Performances
at tests assessing visuo-verbal interference, verbal attention, visuo-
motor speed, dexterity and visual scanning were not affected. It
remained inconclusive whether working memory was affected, but most
likely effects are not significant enough to confound results from 
functional MRI studies.

Presumably, the reported symptoms are similar to motion sickness-like
symptoms and result from variance in information presented to the
vestibular system and resulting erogenous reactions in the vestibulo-
ocular reflex. 

The results presented in this thesis implicate that people regularly
working in the vicinity of MRI scanners, such as engineers in MR 
manufacturing or members of operating teams involved in interventional
procedures applying MRI, should be made consciously aware of these
potential hazards and should limit their movement speed and presence in
the stray fields of MRI scanners as much as possible. It remains unknown
what the measured neurobehavioral effects mean for functional capacity
in the occupational setting, since this relation has not been studied in this
thesis. 

In spite of rapid new developments in MRI systems and applications
existing gaps in knowledge about the effects of occupational exposure to
magnetic stray fields of MRI systems are evident. A lack of validated and
commercially available personal dosimeters to measure exposure to
strong static, spatial gradient and time-varying magnetic fields however
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prohibits studies evaluating occupational exposure to these fields as well
as standard setting. Finally, despite the fact that studies presented in this
thesis point at transient neurobehavioral effects in the visual sensory and
visuomotor domains, independent replicate studies are needed to confirm
these findings. 
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S A M E N V A T T I N G

DDDD
e blootstellingsintensiteit en –duur aan statische 
magneetvelden van magnetic resonance imaging (MRI) 
systemen zal naar alle waarschijnlijkheid in de nabije
toekomst toenemen. De belangrijkste redenen hiervoor zijn

de ontwikkeling en het gebruik van steeds sterkere magneten in de 
klinische praktijk, wetenschap en industrie en  een toename in het 
aantal interventionele procedures in de kliniek waarbij MRI wordt
gebruikt. Werknemers die regelmatig met deze systemen werken 
rapporteren echter een aantal gezondsklachten die over het algemeen
gerelateerd worden aan hun aanwezigheid in de inhomogene, statische
magneetvelden (strooivelden) die MRI scanners omgeven. In dit proef-
schrift is de frequentie van deze gerapporteerde gezondheidsklachten,
alsmede prestatie bij verschillende neuropsycho-logische testen om
effecten quantitatief te kunnen analyseren, in relatie tot blootstelling aan
strooivelden van deze MRI systemen bestudeerd.

Gerapporteerde gezondheidklachten en prestatie tijdens neuro-
psychologische testen zijn geanalyseerd bij technici die 0.5, 1.0 en 1.5
Tesla systemen ontwikkelen en bij een controlegroep van een andere
afdeling binnen hetzelfde bedrijf. De gemiddelde blootstelling aan 
statische magneetvelden van deze werknemers tijdens tijdens het 
uitvoeren van verschillende standaardprocedures werd geschat op 25.9
mT/8uur bij een 1.0 T systeem en op 40.4 mT/8u bij een 1.5 T 
systeem. Duizeligheid, metaalsmaak, en concentratieproblemen werden
vaker gerapporteerd op de MRI afdeling dan op de controle afdeling, en
was gerelateerd aan de intensiteit en de duur van de blootstelling.
Behalve hoofdpijn werden alle gezondheidsklachten vaker gerapporteerd
door de werknemers die zich sneller door de strooivelden bewogen dan
door diegene die hun werk langzamer uitvoerden. 

Om te analyseren of de gerapporteerde metaalsmaak werd 
veroorzaakt door een afgifte van amalgaam uit vullingen door bloot-
stelling aan een sterk magneetveld werd de kwik concentratie in de urine
van werknemers bepaald. Er werd echter geen correlatie gevonden met
de blootstelling. Meer waarschijnlijke oorzaken zijn een “random” prikke-
ling van gevoelig zenuwweefsel in de mond, of door elektrolyse van de
vullingen.
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In een serie experimentele studies bij bedrijfsvrijwilligers en bij 
vrijwilligers uit de algemene populatie werden acute, tijdelijke effecten op
de prestatie op neurolopsychologische testen tijdens blootstelling aan
strooivelden van MRI scanners tot 7 Tesla kwantitatief gemeten. Hoewel
al bij een blootstelling aan ongeveer 600mT een vermindering van de
prestatie op sommige testen kon worden gemeten, konden geen effecten
meer worden aangetoond na beeindiging van de blootstelling. 

Het visuele (visual tracking en visuele contrastgevoeligheid)  en het
cognitief-motorisch (Pursuit Aiming II (PAII) en de aangepaste line-
bisection test (LB)) domein werden beinvloed door de blootstelling.
Prestatie op de visual tracking (-3.1 tot -1.3% per 100mT blootstelling)
en de oog-hand coordinatie testen (PAIIprecisie = -0.10 tot -0.56% per
100mT en LB=-0.17%/100mT) was gerelateerd aan de intensiteit van de
blootstelling. Een gezamelijke analyse van de resultaten van de verschil-
lende studies liet zien dat precisie, en niet de snelheid, tijdens de PAII
test negatief werd beinvloed door de blootstelling (-0.10%/100mT).
Visuele contrastgevoeligheid werd lichtelijk beinvloed door blootstelling
aan het statische magneetveld bij een ruimtelijk contrast van 6 cpd 
(-0.74%), maar een blootstellings-effect relatie werd niet gevonden.
Zeer waarschijnlijk worden deze effecten veroorzaakt door het bewegen
in inhomogene magnetische strooivelden en de daarmee geassocieerde
veranderingen van het magneetveld in de tijd. Effecten op de prestatie
bij testen die visueel-verbale interferentie, concentratievermogen,
visueel-motorische snelheid, behendigheid en visuele scanvermogen
testen werden niet aangetoond. Op basis van de tegenstrijdige 
resultaten bij testen voor het werkgeheugen kunnen er geen conclusies
worden getrokken over beinvloeding van dit domein door blootstelling
aan magnetische strooivelden. De resultaten suggereren echter wel dat
als het werkgeheugen inderdaad beinvloed zou worden, deze effecten
niet groot genoeg zijn om de resulaten van functional MRI studies te 
kunnen verstoren.

De aangetoonde effecten zijn vergelijkbaar met symptomen die bij
bewegingsziekte worden ervaren, en worden waarschijnlijk veroorzaakt
door afwijkingingen in de informatie naar het vestibulaire systeem en de
resulterende fouten in de vestibulo-oculaire reflex.

De resultaten van de studies in dit proefschrift suggereren dat 
werknemers die regelmatig in de buurt van MRI scanners werken, zoals
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MR-technici en operatie teams tijdens interventionele procedures met
MRI, voorgelicht moeten worden over de relatie tussen blootstelling aan
magnetische strooivelden en het potentieel ervaren van verschillende
gezondheidsklachten en eventuele effecten op de uitvoering van hun
werk. Verder zouden bewust zowel hun snelheid in het magneetveld, als
de duur van hun aanwezigheid in het strooiveld, zoveel mogelijk moeten
worden gelimiteerd. Aangezien de relatie tussen prestatie op neuro-
psychologische testen en het dagelijks functioneren nog niet goed is
onderzocht blijft het echter nog onduidelijk in hoeverre de gevonden
effecten de prestatie op de werkvloer kunnen beinvloeden. 

Ondanks de snelle ontwikkeling van nieuwe MRI systemen en 
toepassingen, is er nog veel onbekend over de effecten van blootstelling
aan magnetische strooivelden van MRI scanners. Door het ontbreken van
gevalideerde, commercieel verkrijgbare, persoonlijke dosismeters om
blootstelling aan sterke statische magneetvelden, ruimtelijke 
gradientvelden en tijdsafhankelijke magneetvelden te meten, blijft het
ingewikkeld effecten van blootstelling aan deze velden goed te 
analyseren, alsmede adequate blootstellingslimieten vast te stellen.
Ondanks dat met name de resultaten gepresenteerd in dit proefschrift
wijzen in de richting van tijdelijke beinvloeding van het visuele en het
visuele-motot domein, is er dringende behoefte aan onafhankelijke her-
haling van deze studies om de resultaten te kunnen bevestigen. 
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