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ABSTRACT Magnetic resonance imaging (MRI) is a non-invasive diagnostic technique widely used in
medicine with more than 60 million exams per year performed worldwide. MRI personnel are always
exposed to static and spatially heterogeneous magnetic fields (fringe or stray fields) and motion-induced
time-varying magnetic fields during the working day. This kind of exposure can evoke vertigo and other
sensory perceptions such as nausea, visual sensations, and a metallic taste which are not considered
hazardous per se, but can be disturbing and may impair working ability. Up to now, no standardized
procedures have been available in the literature for the assessment of occupational exposure in an MRI
environment. The goal of this paper is to give some indications about the analytical models underlying the
development of digital tools for occupational exposure assessment in MRI environments, to have easy but
interactive educational tools, for educating MRI staff to avoid higher-risk conditions, and to draw up the
best practices. Analysis of the models for the estimation of the magnetic field spatial distribution and the
representation of the workers’ movements is described and finally, some recommendations for an accurate
methodology to use in simulation tools for exposure assessment are given.

INDEX TERMS MRI safety, occupational exposure, static magnetic field, time-varying magnetic field,
induced electric field, human movements.

I. INTRODUCTION
Magnetic resonance imaging (MRI) is a non-invasive diag-
nostic technique widely used in medicine with about 50,000
MRI machines worldwide. Nowadays it is estimated that
more than 60 million exams per year are performed world-
wide [1].

MRI does not pose ionizing radiation risk but, mainly
because of the rapid development of MR technologies, possi-
ble health hazards have recently gained increased attention.
Specifically, MRI personnel are always exposed to static
and spatially heterogeneous magnetic fields (fringe or stray
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fields) during the working day [2], [3]. Also, moving around
theMR room to perform their functions, technicians and other
workers are exposed to a slowly time-varying magnetic field,
that induces electrical currents and fields in the body. This
exposure leads to the onset of transient symptoms. Dizziness,
vertigo, visual disturbances, nystagmus, and metallic taste
were the most frequently reported symptoms induced by
worker movements in the fringe field [4]. Many studies high-
lighted the occurrence of transient symptoms, often defined
as sensory effects [5], [6], [7], [8].

In the last few decades, studies have been published regard-
ing the long-term biological effects of static magnetic fields;
however, the results are often contradictory and confusing.
Some studies on genotoxic or carcinogenic effects have been
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conducted [9], [10], [11], but the available evidence is not
sufficient to draw firm conclusions. Only a few epidemiolog-
ical studies have been conducted [11] addressing the effects
of magnetic field exposure in terms of cancer risk but they
lack accuracy. Effects on cardiovascular function, including
arterial blood pressure and peripheral blood flow, are less
clear [12]. In general, chronic and long-term effects due to
exposure to magnetic fields have been reported in only a few
studies [13], [14].

International Commission on Non-Ionizing Radiation Pro-
tection published several guidelines that set exposure lim-
its [15], [16], [17], [18] and include them to those imposed
by the Directive [19], [20], [21] issued by the European
Parliament and the Council of the European Union.

In particular, the ICNIRP guidelines [15] show that the
movement-induced electric field can evoke vertigo and other
sensory perceptions such as nausea, visual sensations (known
as magnetophosphenes), and a metallic taste if the field
intensity is high enough. There is also the possibility of
acute neurocognitive effects with subtle changes in attention,
concentration, and visuospatial orientation [22], [23], [24].
These effects are not considered hazardous per se, but they
can be disturbing and may impair working ability. By follow-
ing ICNIRP and European regulations, MRI workers should
receive all necessary information about the outcome of the
risk assessment, including preventive measures taken to min-
imize exposure, and they should be trained about the possibil-
ity of transient symptoms and sensations, and how to detect
and report adverse effects of such exposure. A good and
detailed training should also include the complete knowledge
of the specific exposure conditions.

For example, the identification of the area in which
the magnetic spatial field gradient is maximal is a crucial
point [25]. Moreover, a classification of the categories and/or
procedures for which exposure to motion-induced time-
varying magnetic fields is highest could be very important
to provide complete information and best practices for the
workers [26].
Many studies can be found in the literature regarding the

assessment of MRI staff exposure to static magnetic fields
and slowly time-varying magnetic fields owing to the move-
ment in a spatially heterogeneous magnetic field [27], [28],
[29], [30], [31], [32], [33], [34], [35]. Most of these studies
were based on theoretical models or personal measurements
of exposure to magnetic fields, using dosimeters. For exam-
ple, in [27] and [28], Hartwig and colleagues presented, for
the first time, a digital tool to simulate the linear path followed
by an MRI worker during a routine procedure and calculate
the induced electric field: the tool used the spatial distribution
of the stray magnetic field obtained by the knowledge of
the isogauss line map of a specific MR scanner. A similar
tool was then used by Sannino et al. [29] to estimate the
motion-induced time-varying electric fields during a study
of biomonitoring of MRI staff. On the back of these studies,
Gurrera et al. [30] presented an analytical model to verify the
compliance of the exposure with the Directive: the model was

based on the 3D map of the stray field of a magnetic dipole.
Later, they added to the model an accurate humanmovements
analysis: full body motion was recorded in a gait laboratory
arranged to reproduce the workspace of a room with an MRI
full-body scanner, by using a stereophotogrammetric system
to obtain speed trend during the movements [31]. Commer-
cial personal dosimeters were instead used by Acri et al. [32]
to measure the magnetic flux density related to the operator
movement inside the MRI room and then calculate the cor-
responding dB/dt curves. The dB/dt peak values have been
compared with the reference level (RL) proposed by ICNIRP.
Similar measurements were carried out later [33] in different
MRI facilities for two classes ofMRIworkers concluding that
the RL always exceeds during measurements on the 3.0 T
scanner and sometimes on 1.5 T. Finally, Belguerras et al. [34]
combined an analytical model to estimate the magnetic field
exposure during movements, with a vision-based system to
detect the person’s body parts. In this study, a homemade per-
sonal dosimeter [36] was also used to measure the magnetic
field at the neck level of the worker and validate the proposed
approach.

Regarding the assessment of occupational exposure in an
MRI environment, especially when dealing with static mag-
netic fields and time-varying magnetic fields due to move-
ment, no standardized procedures have been available in the
literature up to now.

The purpose of this work is hence to shed light on this
issue, starting from the analysis of somemathematical models
that are the basis of a rigorous methodology to assess MRI
staff exposure. Analysis of the models for the estimation of
the magnetic field spatial distribution and the representation
of the workers’ movements is described. Recommendations
for an accurate methodology to use in simulation tools for
exposure assessment are finally given.

II. METHODS
A. INDUCED ELECTRIC FIELD CALCULATION
From the electromagnetic field theory, an electric conductor,
such as the human body, which moves in spatial hetero-
geneous static magnetic fields B (fringe field), induces an
electrical field E, according to Faraday’s law. The induced
field can be calculated as suggested in the guidelines of the
ICNIRP [15]:

E = C(dB/dt) = C(dB/ds)v (1)

where dB/dt is the time derivative of magnetic flux density,
dB/ds is the spatial gradient of the magnetic flux density, and
v is the walking speed of the exposed workers.
C is ‘‘a conversion factor that depends on the location

within the body, the size of the body, the shape of the body,
electrical properties of the tissue as well as on the direction
and distribution of the magnetic field’’ [15]. C is measured
in [V m−1Ts−1] and can be determined by using numerical
simulations on a realistic and heterogeneous model of the
human body or body region of interest [15].
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B. MAGNETIC FLUX DENSITY MODEL
The spatial distribution of the static magnetic field in the area
where the workers mainly move during their daily work was
estimated starting from the measurement of magnetic flux
density |B| using a commercial 20T-Hallprobe Three-axis
Hall Magnetometer THM1176 (Metrolab Instruments SA,
Switzerland). A total of 432 measurements were performed
at two representative heights above the ground (y1=1.15 m
and y2=1.6 m) following an 18 × 12 grid on the xz plane
(parallel to the ground plane) with a step of 0.10 m. For a
1.70 m tall worker, the chosen heights correspond to the chest
and the head respectively. The cover area was the frontal area
to the right of the patient’s bed (−1.40≤ x≤ −0.30 m, 1.00≤
z ≤ 2.70 m, y1 = 1.15 m, and y2 = 1.6 m). The magnetic
flux density field value at each point of the area of interest
(−1.40 ≤ x ≤ 1.40 m, 1.00 ≤ z ≤ 2.70 m, y1 = 1.15 m and
y2 = 1.6 m) was estimated by fitting the measured data using
a cubic spline interpolation, to obtain a detailed map (with
a resolution of 0.01 m) for each plane. The magnetic flux
density map obtained by this model was then compared with
the data obtained by isogauss lines (approximated to ellipses)
which have been interpolated using first a triangulation-based
natural neighbor interpolation (below ‘‘natural’’) and then
a piecewise exponential model (below ‘‘exponential’’) [27].
The accuracy of the model was evaluated using the Symmet-
ricMeanAbsolute Percentage Error (sMAPE) [34] calculated
between simulated Best and measured Bmeas data as follows:

ε̄ =
1
N

∑i=1

N
100 · (2 · |Bimeas−B

i
est |/|Bimeas+Biest |) (2)

where N is the total number of |B| values.
Moreover, the relative error between simulated and mea-

sured data was calculated for each point of measurement
and shown as a heatmap. Correlation between estimated and
measured |B| values was also evaluated using Pearson’s cor-
relation coefficient R.

C. HUMAN BODY MODEL
For the calculation of the induced electric field, we consid-
ered a human body model standing in the MRI environment.
The body of a generic operator moving within the MRI room
was modelled by a rigid body that rotates and translates in
a three-dimensional space. The rigid body consisted of three
elliptical closed loops, two for limbs and one for the trunk,
while a circular loop was chosen to model the head. The
dimensions of all parts of the body were defined according to
the anthropometric tables [37] which contain data on human
body size and shape and are the basis upon which all digital
human models are constructed. In these tables, all the mea-
surements are derived as a proportion of the height.

With this representation of the human body, the conversion
factor C was calculated using the following equation for the
head (Equation 2) and for the trunk (Equation 3) [38]:

C = r/2 [Vm−1Ts−1] (3)

considering a circular loop with radius r for the head, and

C = (a2b)/(a2 + b2) [Vm−1Ts−1] (4)

considering elliptical loops for the trunk, where a is the semi-
length of the major axis, and b is the semi-length of the minor
axis of each ellipse. In our model, the major axis 2∗a of the
ellipse is equal to the length of the trunk, while the minor
axis 2∗b of the ellipse is the width. The radius of circular
loop r is the radius of the model’s head. These parameters
were calculated using the anthropometric tables starting from
the knowledge of the worker’s height and sex. For using the
conversion factor, the component of the magnetic flux density
must be normal to the loop surface.

D. TRANSLATION AND ROTATION MOVEMENTS
Besides of the translation movements, we also considered
the rotation of the human model with respect to the vertical
axes y. Specifically, two rotation joints have been added to
the model to simulate the relative rotation of the trunk with
respect to the floor and the relative rotation of the head
with respect to the trunk. To describe the movements of the
rigid body in the three-dimensional space we considered the
global reference system positioned at the isocenter of theMRI
scanner and the local reference system of the rigid body posi-
tioned at the foot of the human body model. Both reference
systems had the x, y, and z-axis directed as specified by the
isogauss lines map given by the MRI scanner manufacturer.
As reference configuration, the operator was positioned at the
MRI room door location, so the local reference system was
shifted from the global reference system considering the size
of the MRI room.

To describe the rigid body motion in space, Euclidean
transformations have been used, to preserve the Euclidean
distance between every pair of points in the model [39]. Any
rigid transformation was decomposed in a rotation followed
by a translation. The operator’s final position after his move-
ment is described by homogeneous matrices.

E. MOVEMENT SPEED MODEL
A theoretical model of the operator movements was created
by combining rotation and translation motions. In particular,
it has been considered a circular motion of an infinitesimal
element placed at the end of the minor axis of the elliptical
loop, for each limb, or at the end of the radius of the circular
loop, for the head. Each element had a speed given by the
sum of the speed of linear translation applied to the center
of gravity and the speed due to the rotation around the axis
passing through its center of gravity and perpendicular to
the floor. An inverted pendulum model has been applied for
the translational movement of each leg: during the support
phase, the center of mass of the model runs an arc trajectory
of a circle of radius equal to the length of the leg. To travel
this trajectory, the centre of mass needs a centripetal force,
depending on body speed. By these considerations, the max-
imum walking speed vmax was obtained as follows:

vmax =
√
Lg (5)
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where L is the length of the leg (obtained from the anthropo-
metric tables) and g is the acceleration of gravity.

For example, choosing a height of 1.70 m, L is equal to
about 0.90 m, and hence the vmax results of about 3 m/s.
For the rotational component of the movement, an angular

speed was calculated considering the rotation angle θ and the
time. The final speed was equal to:

vtrasl + vrot = vtrasl + rdθ/dt (6)

where r is the distance between the infinitesimal element and
the rotation axes.

A dynamic speed model, which results in a trapezoidal
profile, can be chosen so the maximum value is reached
when the user has finished the rotation. The path has been
divided into three sections on which the following equations
have been applied to obtain the required profile. The speed
model considers an initial accelerated motion, followed by a
constant motion and then a decelerated motion.

The selected maximum translation speed is 1 m/s to which
the rotational speed has been added. For the deceleration
section, it was assumed that the user decelerates with the same
acceleration.

Regarding the only rotational movements, such as the
rotation of the head with the feet fixed at the same point,
we considered a worker standing near the patient bed with the
shoulders facing the patient which rotates the head 90◦ from
the panel placed on the gantry side to the patient. The rotation
speed was chosen as 180◦/s. In this case, we considered the
magnetic flux density field map at y2= 1.6 m, corresponding
to the head height from the ground for a worker 1.70 m tall.

F. TEST SCENARIO
For the validation of the simulation tool, we need some
scenarios that should approximate real situations. One of the
most suitable methodologies is using digital video cameras
to record the movements of operators during their routine
work. For research purposes, it is also possible to use a
camera stereophotogrammetric system and related process-
ing software opportunely arranged. All these solutions can
obtain the essential information to be passed to the model,
i.e. translation speed, linear trajectory, and points of change
of direction.

Using a digital video camera placed in front of the
window of the MRI console room, we captured a video
during the patient preparation for standard clinical MRI
exams.

Then, the video was analyzed by using video process-
ing software (VirtualDub 1.10.4) to obtain the trajectory to
reproduce in the simulation tool (walking path characteris-
tics as starting/finish points, direction, position. . . ). For this
scenario, we calculated the exposure parameters, in terms
of |dB/dt| and |E|, and the speed trend corresponding to the
specific analysed movements.

All the calculations have been performed using a home-
made dedicated software and its updating [27], [28].

FIGURE 1. 3D representation of the MRI scanner (left) and ground plan
representation of the isogauss lines (unperturbed magnetic flux density)
(right).

FIGURE 2. Comparison of |B| data estimated by isogauss lines (using two
different models) and measured.

III. RESULTS
First of all, a detailed 3D map of the specific MR room
was obtained using both graphical maps and physical mea-
surements. Figure 1 shows the 3D representation of the MR
scanner inside the dedicated facility (GE_Signa_HD 3T at
Fondazione Toscana G. Monasterio, Italy) as well as was
reproduced inside the simulation tool. The 3D map also
shows the human body model placed at the room door loca-
tion.

Figure 1 also shows (on the right) the ground plan rep-
resentation of the unperturbed magnetic flux density using
isogauss lines, as provided by the manufacturer, relative to
the scanner isocentre quote from the ground (@1.15 m).

Figure 2 shows the comparison of |B| data estimated by
isogauss lines (using two different models) and measured.
Results of linear fitting are shown for the triangulation-based
natural neighbor interpolation (iso natural) and the piecewise
exponential model (iso exp).

Table 1 reports the minimum (errmin) and maximum
(errmax) relative error values for both the interpolation meth-
ods with respect to the measured data, the value of sMAPE
(ε̄), and the correlation coefficient R together with the
p-value.

According to these results, the triangulation-based natural
neighbor interpolation was more accurate compared to the
piecewise exponential model for the |B| mapping. Figure 3
reports the heatmap of the relative error between simulated
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TABLE 1. Results of comparison between B field mapping methods.

data, calculated with triangulation-based natural neighbor
interpolation, and measured data for each point of measure-
ment.

FIGURE 3. Heatmap of the relative error between simulated data,
(triangulation-based natural neighbor interpolation) and measured data.

Figure 4 shows the coloured scale map of the magnetic flux
density in the area where the workers mainly move during
their daily work, calculated from the measurements (repre-
sented with circles in the figure) using cubic spline interpo-
lation, for the xz plane parallel to the ground (@1.15 m).
The magnetic flux density spatial distribution was used in
the simulation tool to calculate the |B| values along the
simulated trajectory of the test scenario and then all the other
exposure parameters, i.e. induced electric field and magnetic
field changes over time.

Figure 5 shows some frames extracted from the video
acquired during the test procedure (a radiology technician
performing the patient preparation for a brain MRI examina-
tion): enters the scanner room (AB), reaches the gantry (BC),
moves away from the gantry (CD), exits the scanner room
(DE).

In Figure 6, the results for the chosen test scenario are
shown together with the representation of the walking path
in the MRI scanner room divided into four parts (AB-BC-
CD-DE). The graph on the right shows the |B|, |E| and v
values along the specified paths (x-axis is relative to the linear
movements in the room expressed in meters). Calculated
parameters for the test scenario are reported in Table 2: for
each path section the maximum value of |B|, |E|, and v is
shown. The last column reports the maximum value of |E|

calculated using a constant speedmodel vcost with 1m/s as the

FIGURE 4. Magnetic flux density calculated from the measurement (cubic
spline interpolation); xz plane @y =1.15 m.

FIGURE 5. Frames extracted from the video acquired during the test
procedure.

FIGURE 6. Results for the test scenario: representation of the walking
path (left); |B|, |E| and v values along the specified paths (right). ICNIRP
Basic restriction for controlled exposure conditions is also shown (|E| =

1.1 mV).

nominal value, instead of the dynamic speed model described
in the specific method section.
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TABLE 2. Calculated parameters for test scenario.

Regarding the head rotation movement, Figure 7 shows the
results for the exposure parameters in the specific case of a
worker standing close to the gantry (x=35 cm, z=105 cm),
with the shoulders facing the patient bed, which rotates the
head of 90◦ from the gantry to the patient.

FIGURE 7. Results for the head rotation movement in the proximity of the
gantry. ICNIRP Basic restriction for controlled exposure conditions is also
shown (|E| = 1.1 mV).

Table 3 shows the results for the head rotation movements
considering different positions of the worker in the proximity
of the scanner. The last column reports the maximum value
of |E| calculated using a constant rotation speed of ωcost =

180◦/s as the nominal value.

TABLE 3. Calculated parameters for head rotation @ ω = 180◦/s.

IV. DISCUSSION
The exposure assessment to the time-varying magnetic field
due to the movements of the workers in the MRI scanner
room is of particular importance mainly to avoid transient
symptoms such as dizziness, vertigo, visual disturbances,
nystagmus, and metallic taste. Symptoms such as these, even
if they do not pose a health risk, can affect the proper perfor-
mance of work, especially in emergencies. For this reason,
it is necessary to have a simple tool to evaluate the exposure
in specific facilities and under specific conditions, mainly to
teach the MRI staff the best practices.

Some digital tools are found in the literature mainly based
on mapping the stray field in the MRI room and simulating
the movements of the workers. For the reconstruction of the

magnetic field spatial distribution, isogauss line provided by
the scanner manufacturers can be used, but these generally do
not cover the entire distribution of the magnetic fields near
magnets, and hence they permit only obtaining an approxi-
mate method for the evaluation of workers’ exposure [27],
[28]. The two models based on isogauss lines analysed here,
seem both adherent to the measured values (Pearson’s coef-
ficient > 0.97) with a sMAPE <15%. Despite this, our
results show that |B| values, obtained by the two different
interpolation methods from isogauss lines, in some positions,
are very different if compared with the values obtained by
measurements. The interpolation of the isogauss lines leads to
a relative error up to 61.59% with respect to the |B| measured
values, right in the operating area in proximity of the gantry,
where the |B| value and its spatial gradient are higher. Hence,
the presented results show taking |B| measurement over a
non-dense grid and using a cubic spline interpolation, permits
to obtain a more accurate map of the stray field. This can be
made for different quotes from the ground.

Regarding the simulation of human movements in the MRI
scanner room, a rigorous and detailed reproduction should
involve a careful analysis of the behavioural aspects of staff
operating in an MRI environment. Specifically, particular
attention should be paid when the MRI operator moves close
to the bore for the patient assistance or positioning of coils,
but also for the machine setting. In the most simple model,
theMRI workers can be supposed to move translationally and
with constant speed [27], [28], [30]. To obtain amore rigorous
model, it would be necessary to have a full body kinematic
characterization of real MRI operators at work, obtained by
human movement analysis (HMA) using stereophotogram-
metry, an established technique that allows for accurate 3D
tracking in the space of the body segments during the exe-
cution of locomotion tasks [31]. This gait analysis requires
a specific laboratory and instrumentation which are not gen-
erally available in MRI facilities. So, a simple speed model
can be used: our results show here that using a constant-speed
model leads to an overestimation of the induced electric field,
both for linear and rotation movements, with respect to using
a dynamic speed model (acceleration-constant-deceleration)
that better simulates the human gait [40].

In our opinion, using digital video cameras, placed exter-
nally to the MRI scanner room, for recording the actual
movements of the workers during daily work it is very useful
to create a sort of case history of procedures to reproduce with
simulation tools. This kind of setup does not require specific
and expensive instruments but can be a simple and low-cost
means to classify the categories and/or procedures for which
exposure to motion-induced time-varying magnetic fields is
highest.

Regarding the linear and rotation movements, given the
obtained results, we can assert that fast head rotation close
to the gantry results in the highest value of induced electric
field (see Table 3). However, by changing the head placement,
it is very easy to find the lowest exposure conditions. For
example, as it is possible to note from Table 3, if the operator
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moves only 15 cm away from the bed along the x-axis, the
calculated induced electric field is reduced by about 90%.

The results presented here in terms of induced electric
field, are valid under the chosen specific exposure conditions
and for the chosen modelling parameters. For this reason,
a comparisonwith results reported in similar works [29], [30],
[31] is difficult, also since the lack of a standard procedure
to estimate the electric fields induced by exposure to time-
varying magnetic fields.

Moreover, a rigorous procedure to verify the compliance of
the exposure metrics with the imposed limits should include
a frequency analysis [28] and the implementation of the
weighted peak method (WPM), according to ICNIRP guide-
lines [15], [17].

V. CONCLUSION
The main scope of this paper is to give some indications
about the analytical models underlying the development of
digital tools for occupational exposure assessment in MRI
environments.

The aim of this approach is not so much the verification of
compliance with the imposed safety limits, but rather to have
easy but interactive educational tools, for educatingMRI staff
to avoid higher-risk conditions, and draw up best practices.

In this context, the following tips can be deduced from the
analysis carried out in this work:

1. A detailed map of the stray field can be obtained by
some measurement of |B| in the MRI room and a cubic spline
interpolation model

2. Capturing MRI staff at work can be useful to collect
information about procedures and paths, to reproduce actual
exposure conditions using digital tools

3. Both translational and rotation movements should be
considered. Fast head rotations in proximity to the gantry
induce the highest electric field

4. A constant-speed model overestimates the induced elec-
tric field value, in comparison to a dynamic-speed model
(acceleration-constant-deceleration).
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