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In MRI, healthcare workers may be exposed to strong static and
dynamic magnetic fields outside of the imager. Body motion
through the strong, non-uniform static magnetic field gener-
ated by the main superconducting magnet and exposure to
gradient-pulsed magnetic fields can result in the induction of
electric fields and current densities in the tissue. The interac-
tion of these fields and occupational workers has attracted an
increasing awareness. To protect occupational workers from
overexposure, the member states of the European Union are
required to incorporate the Physical Agents Directive (PAD)
2004/40/EC into their legislation. This study presents numerical
evaluations of electric fields and current densities in anatomi-
cally equivalent male and female human models (healthcare
workers) as they lean towards the bores of three superconduct-
ing magnet models (1.5, 4, and 7 T) and x-, y-, and z- gradient
coils. The combined effect of the 1.5 T superconducting magnet
and the three gradient coils on the body models is compared
with the contributions of the magnet and gradient coils in sep-
aration. The simulation results indicate that it is possible to
induce field quantities of physiological significance, especially
when the MRI operator is bending close towards the main
magnet and all three gradient coils are switched
simultaneously. Magn Reson Med 59:410–422, 2008. © 2008
Wiley-Liss, Inc.
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With the latest developments in MRI technology, the in-
teraction of electromagnetic fields generated by the new-
generation imagers and healthcare workers has recently
attracted substantial awareness and consideration. The re-
cent progress in high-field superconducting magnets has
resulted in a significant increase in occupational worker
exposure to very large static magnetic fields of up to sev-
eral Tesla (1–5). Apart from exerting hydrodynamic trans-
lational forces on the moving charge carriers of the blood
stream (6–8), strong static magnetic fields could also lead
to substantial induction of in situ currents during body
motion through the non-uniform 3D static field pattern. In
a computational study involving a whole-body human
voxel model, Crozier and Liu (9) have shown that body
motions around a realistic 4 T superconducting main mag-
net can induce field quantities in the tissue near the levels
of physiological significance.

A number of physiological responses have been re-
ported, such as headaches, nausea, vertigo, phosphenes

(light flashes), numbness and tingling, loss of propriore-
ception and balance, and a metallic taste in the mouth
associated with vigorous head movement (10,11). Whether
these reactions are directly related to the motion-induced
electric fields in the tissue is presently under debate and
investigation (12). Some of these responses might be ex-
plained in terms of synapse excitations in the central ner-
vous system (CNS). The CNS consists of the brain, the
spinal cord, and the cerebrospinal fluid (CSF), where the
CSF contains no nerve synapses. Also, it is still not under-
stood how different static field strengths and patterns pro-
duced by new-generation imagers relate to the distribution
and magnitudes of induced field quantities in both male
and female MRI healthcare workers, particularly as they
lean towards the imager bore for routine attendance of
patients.

Another safety concern in MRI is related to the human
exposure to low-frequency magnetic fields generated by
pulsed gradient coils at frequencies of around 1 kHz (12–
19). The interaction of time-dependent gradient fields and
tissue can lead to depolarization of voltage-sensitive ion-
channels/membranes and subsequent nerve excitation
(13–19). Patients who are situated inside an MRI bore and
are subjected to time-varying magnetic fields have experi-
enced physiological reactions that are mainly attributed to
the excitation of peripheral nerves in skin and subcutane-
ous fat. Peripheral nerve stimulation (PNS) can range from
harmless tingling feelings in the skin to burning sensations
and even pain. Symptoms such as muscle twitching and
spasms, headaches, changes in heart activity, and vertigo
have been noted. There is current speculation as to
whether the fields produced by the gradient coils can lead
to similar levels of field induction in healthcare workers,
particularly when they are standing near or bending to-
wards the gradient set entrance (12).

In these theoretical investigations, we have computed
the electric fields and current densities induced in whole-
body male and female anatomically equivalent models of
occupational workers as they lean towards the bores of
three realistic MRI magnet models, the principal gradient
coils and combinations of those coils. The simulations are
based on an in-house, efficient quasi-static finite-differ-
ence (QSFD) numerical solver for static and time-har-
monic problems (19). The objective of the research re-
ported here is to evaluate exposure scenarios at various
bend angles and positions near the imager entrance. Vari-
ous measures of electric field and 1 cm2-averaged current
densities are reported for tissues of the CNS, heart, muscle,
skin, and fat, and the results are compared with limits
recommended by the International Commission for Non-
ionizing Radiation Protection (ICNIRP) guidelines (10) and
Institute of Electrical and Electronics Engineers standard
C-95.6 (IEEE) (11). In addition, the results are compared
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with legally enforceable limits specified in the Physical
Agents Directive 2004/40/EC of the European Parliament
and of the Council (20). It is hoped that these simulation
data will better inform the MRI community regarding the
likely levels and distributions of in situ field quantities in
healthcare workers during routine clinical practice.

MATERIALS AND METHODS

Computational Resources

Main Superconducting Magnets

For whole-body MRI systems, magnetic field strength can
be divided into high field (1.0–3.0 T), very high field
(3.0–7.0T), and ultra high field (�7 T). To evaluate numer-
ically the influence of different magnetic field strengths
and spatial profiles on healthcare workers, we have con-
sidered three realistic symmetric magnet models: the 1.5 T
Infinion (actively shielded) (21), 4 T Siemens (actively
shielded), and 7 T in-house-designed magnet (un-
shielded). Table 1 details the geometries of these three
magnets.

The magnets were placed 1.15 m above ground relative
to their central cylinder axis (r � 0), as this is the vertical
elevation common to most clinical MRI scanners. In addi-

tion, it has been assumed that the superconducting coils of
the 1.5 and 4 T magnets were embedded in a cryostat
vessel, which extended the magnets by 0.1 m both radially
and axially. However, in the case of 7 T, the cryostat vessel
extended the magnet by 0.1 m axially and 0.25 m radially.
Figure 1 shows the magnetic field profiles of the three
main magnets.

Gradient Coils

In addition to the static magnetic field generated by the
main magnet, gradient coils are employed in MRI to pro-
vide a small magnetic field gradient of Bz along each Car-
tesian coordinate (x, y and z) for spatial encoding and
hence generation of images. For this computational inves-
tigation, both longitudinal (z-axis) and transverse (x- and
y-axis) actively shielded, whole-body, symmetric gradient
coils were designed. The three coils have approximately
the same length (�1.4 m), yet they remain radially sepa-
rated, i.e., the six coil layers (primary and secondary) are
allocated to different radii assuming a layer thickness (in-
cluding former, etc) of 5 mm. The axial length of �1.4 m
has been chosen so that the gradient coils would fit inside
most conventional 1.5 T MRI magnets (see, for example,
ref. 21) (or larger scanners) and yet be able to provide
maximum (i.e., worst-case) exposure to the healthcare
worker. Similar to the main magnets, all three gradient
coils were situated 1.15 m above ground floor relative to
their central cylinder axis (r � 0).

It is assumed that each coil generates a normalized gra-
dient field strength of 40 mT/m in the working volume.
However, this does not limit linear extrapolation of simu-
lation results to other gradient field strengths of interest.
All three gradient coils are symmetric and therefore create

Table 1
Superconducting Magnet Geometry

Magnet
DSV size
(m � m)

Length
(m)

Inner radius
(m)

Outer radius
(m)

1.5 T 40 � 50 1.27 0.48 0.87
4.0 T N/A 2.09 0.52 1.02
7.0 T 52 � 52 2.60 0.49 0.77

FIG. 1. Total magnetic field pro-
files generated by the 1.5, 4, and
7 T magnets, and the combina-
tion of x-, y-, and z-gradient coils
each operating at 40 mT/m.
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the same magnetic field profiles and strengths at each end
of the coil. Table 2 lists geometrical gradient coil parame-
ters and Fig. 1 illustrates the total magnetic field profile of
the three gradient coils in combination.

It is assumed that the gradient coils are pulsed trapezoi-
dally at a frequency of 1 kHz with a short rise time of 100
�sec (i.e., maximum gradient field exposure in accordance
with modern MRI systems).

Human Body Models

Both male (NORMAN) (22) and female (NAOMI) (23)
whole-body voxel models were used to model healthcare
workers who are undergoing a bending motion through the
static and gradient-pulsed magnetic fields near the imager
entrance. With 37 and 40 tissues identified in the male and
female body model, respectively, each voxel was assigned
a measured (24,25) conductivity value corresponding to its
tissue type and appropriate to the frequency of interest.
The numbers of voxels in the x-, y-, and z-dimensions for
the male body model were 277 � 148 � 871, whereas the
voxel dimensions were 2.021 mm (in x and y) and
2.077 mm (in z). The female model had 294 � 124 � 791
cells along the Cartesian dimensions with voxel dimen-
sions of 1.948 mm (in x and y) and 2.061 mm (in z).

However, due to the large computational burden associ-
ated with the high-resolution (�2 mm) simulations, the
models were initially decreased in resolution to about
8 mm. These lower resolution body models were then
employed first to estimate quickly the locations and bend-
ing angles near the MRI system end where largest electric
fields and current densities are induced in the models,
after which the high-resolution body models were engaged
for more detailed field evaluations at the indicated spatial
positions around the MRI scanner. The low-resolution
male and female body models had 70 � 37� 218 and 74 �
31 � 198 voxels along the Cartesian coordinates, respec-
tively. The conductivities of the downscaled cells in the
low-resolution models were taken as the volume averages
of the component voxels.

Computational Scheme

This study considers that a spatially distributed time-vary-
ing magnetic flux density that arises directly from a trap-
ezoidally oscillating current in the gradient coil(s) and/or
as a conducting object, in this case human body, is moving
through a spatially non-uniform magnetic field generated
by the main superconducting magnet. By Faraday’s law of

induction, a time-varying magnetic field incident on a
conductor induces in situ a time-variant electric field.

At low source frequencies, where the dimensions of the
material medium are small compared with the wave-
length, the induced fields can be treated quasi-statically.
According to Faraday’s law, the electric field E� in a sample
is induced by a time-varying magnetic field H� due to a
source. In terms of electric and magnetic potentials, the
total electric field inside the body model can be split into
primary field E1 and secondary field E2, according to (19):

E� � E� 1 � E� 2 [1]

E� 1 � �
�A�

�t
[2]

E� 2 � � �� � � �

�x
x̂ �

�

�y
ŷ �

�

�z
ẑ�� [3]

Here, A� denotes the vector magnetic potential due to the
source (main magnet and/or gradient coil), � is the scalar
electric potential, and � is the usual gradient operator. The
primary electric field E� 1 causes a flow of current J�1

� �E� 1 in the sample with the conductivity �. Any con-
ductivity variations along the path of the current, includ-
ing the air-tissue interfaces, cause non-uniformities of ac-
cumulating electric charges, giving rise to scalar potential
�, of which the negative spatial gradient is the secondary
field E� 2 that causes a flow of current J�2 � �E� 2.

Computation of E� 1 Due to the Main Magnet

In 2D axial-symmetric cylindrical coordinates, the vector
magnetic potential components can be expressed as:

A	
r,z� � �
m�1

M
�J0
m�

2� �
zS�z1
m�

z2
m� �
rS�R1
m�

R2
m�


rS,zS;r,z�drSdzS,


rS,zS;r,z� � �
0

� cos�d�

�
rS�2 � r2 � 2rSrcos� � 
zS � z�2 [4]

and Ar
r,z� � Az
r,z� � 0,

Since the superconducting magnet coils that are produc-
ing the field are axially symmetric, only the azimuthal
component A	 of the vector magnetic potential A� is non-
zero. In Eq. [4], m � 1,2. . .,M denotes the number of the
thick circular solenoids, � is the permeability of the me-
dium, J0 is the current density within the coil m [in Am�2],
and the primed and unprimed cylindrical coordinate vari-
ables (i.e., rS, zS, and r, z) refer to the source points within
the solenoid and to the field points inside the body model,
respectively. For each solenoid m, R1
m� and R2
m� are the
inner and outer radii, while z1
m� and z2
m� are the coil
start and end positions in the z-direction. The kernel func-
tion  can be evaluated by complete elliptic integrals.

For the expressions of the magnetic induction fields
B(r,z), however, a more rapid integral approach (26) is
easily employed without introducing special functions.

Table 2
Geometrical Properties of Gradient Coils*

Parameter X-gradient Y-gradient Z-gradient

1st layer-Z (m) 1.18 1.20 1.29
2nd layer-Z (m) 1.37 1.40 1.40
1st layer-R (m) 0.31 0.32 0.33
2nd layer-R (m) 0.36 0.37 0.39
DSV: r (m) � z (m) 0.42 � 0.42 0.42 � 0.42 0.50 � 0.56

*Z denotes axial length and R denotes the radius of the primary and
secondary gradient coil layers. The DSV size is given as the region
where the gradient field is uniform to 5% peak-peak and is ex-
pressed as diameter by length in meters.
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The vector potentials in Eq. [4] are converted from 2D
cylindrical to 3D Cartesian coordinates using the following
unit vector matrix transform:

� ax

ay

az

� � � cos	 � sin	 0
sin	 cos	 0

0 0 1
�� ar

a	

az

� [5]

Then, the primary electric field E� 1 is expressed by the
negative difference � dA of the vector potentials of two
neighboring voxels divided by the time difference dt
� h/v�, where � is the direction of motion in Cartesian
coordinates, h is the voxel size in the direction of motion
in meters, and v is the body velocity in meters per second.
The spatial precision of the displacement is therefore re-
stricted to the cell size. We note that this formulation
supports multi-directional translation using vector analy-
ses of velocity, which has been used in modeling the
bending motion of the body model.

Computation of E� 1 due to the Gradient Coil(s)

First Fourier harmonic decomposition of the trapezoidally
driven gradient coil current is performed (27):

F
t� � �
n�1

�

Cnsin

2n � 1�wt�

Cn �
4Asin

2n � 1�w��


2n � 1�2w��
[6]

where A is the amplitude of the gradient coil current in
Amps, t is transient time in seconds, � is rise-time in
seconds, T is the period of the trapezoidal sequence in
seconds, w is the angular frequency in rad/sec, and n is the
order of the Fourier harmonic.

Then, for each Fourier harmonic n, the vector potential
A� due to the gradient coil(s) can be evaluated using the
Biot-Savart’s method in Cartesian coordinates. This is ac-
complished by segmenting the gradient coil into small
current carrying wire elements. The x- and y-axis gradient
coils were modeled with 11,192 wire elements, while the
z-gradient coil had a total of 4400 segments. The vector
magnetic potential in the body and boundary air region
due to one gradient coil is given by:

A
x,y,z� �
�0

4��
c�1

C �
	1

c

	2
c

Ic

sin	
d	 �

�0

4��
c�1

c

Iclog(tan
	/2�)�
	1

c

	2
c

[7]

where C is the total number of wire segments in the gra-
dient coil, �0 is magnetic permeability of air, Ic is the
current flowing in the wire segment c, A
x,y,z� denotes
vector potential at field point P
x,y,z�, and 	1,	2 are the
angles between the field point and two source points P1

c

and P2
c, i.e., the start and end node of the wire element c.

The permeability of the body is assumed to be same as that

of air. Once the vector potential is obtained, the primary
electric field E� is:

E� 1 � � 	 �A�

�t
	 � � wA� � 2�fA� [8]

At least n � 7 Fourier harmonics have been employed in
the synthesis of the trapezoidal gradient waveform. Based
on this decomposition, the induced electric fields are cal-
culated at each frequency and summed accordingly.

Computation of E� 2 due to Variations in Tissue Conductiv-
ity

Based on our quasi-static finite difference implementation
(QSFD) (19), the computation of the electric fields is given
by the governing surface integral equation:

�
s

��
�A
�t � � dS � �

s


���� � dS [9]

where S represents the surface of the integral region and �
is the sample conductivity. The governing Eq. [9] is subject
to a boundary condition of the Neumann type:

��

�n
� n̂ � ��

�A
�t � [10]

which indicates that the normal component of the induced
eddy current J � �E on the tissue-air boundary is zero
inside the body. To calculate the scalar potential �, we
divide the computational space into a large number of
cubic cells, and then Eq. [9] is approximated for each
elementary cell. After discretization and rearrangement,
the scalar potential for cell (i, j, k) can be expressed as:

�i,j,k

�

�
q�0

1


�i�q,j,k�i�q,j,k
a � �i,j�q,k�i,j�q,k

a � �i,j,k�q�i,j,k�q
a � � f
A�h

�
q�0

1


�i�q,j,k
a � �i,j�q,k
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a �

[11]
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 ��
i,�q,j,k�
a

�A
�t
i�q,j,k�

� � Sx
q �

��
i,j,�q,k�
a

�A
�t
i,j�q,k�

� � Sy
q �

��
i,j,k�q�
a

�A
�t
i,j,k�q�

� � Sz
q

�
in which subscripts i, j, and k indicate the cell indices,
subscript q indicates two faces (0 or 1) in x, y, and z
directions, respectively, s is the unit vector normal to
the cell faces, h is the cell size, and �a is the local
harmonic averaged conductivity. The governing equa-
tion in finite-difference from Eq. [11] can be solved

Field Evaluation of Healthcare Workers 413



using an iterative technique such as the Successive Over
Relaxation (SOR) algorithm (19) with the advantage of
rapid convergence. The total in situ electric field is then
obtained based on the relationship in Eq. [1], whereby
the current density is related to the total electric field by
multiplying by tissue conductivity. The entire compu-
tational scheme was coded in C. The complete compu-
tational method outlined herein has been verified
against other known solutions, and the full validation
details are given in ref. 28.

Modeling of Body Bending

This section describes the methodology used in modeling
the bending of the voxel models towards the bores of main
magnets, gradient coils, and combinations therein. For the
case of a body model that is leaning towards a main mag-
net, the assignment of velocities to model voxels undergo-
ing a rotating motion is detailed.

Physical Body Bending

Each voxel in the upper half of the body model is physi-
cally rotated forward at an angle �, relative to the bending
pivot, as illustrated in Fig. 2. Here, the bending pivot is
treated as a line that is parallel to the x-axis and is located
at the frontal body side/surface between the upper and
lower half of the body model. The lower half of the voxel
model remains stationary in this case. A back projection
method is then engaged to match each voxel of the pro-
jected body to the original standing model. This coarsely
mimics the natural stretching of muscles, tissues, and skel-
eton movement while the body is bending. In the ideal
case, it would be possible to model the precise bone/joint
mechanisms of movement; however, this was beyond the
scope of this study. Once the model is physically bent
forward, the Cartesian vector potential fields due to the
source(s) are computed at every voxel using Eqs. [4], [5],
and/or [7].

Assignment of Voxel Velocities

For the upper half of the body model that is bending, it was
assumed that the magnitude of the velocity �v�max� in the
direction of motion is normalized to 1 msec �1 at reference
voxel(s) that is/are 1 m away from the bending pivot. Other
bending involved voxels have the same angular velocity as
the reference voxels to the pivot, as shown in Fig. 2.
Therefore, the velocity vector v�max is tangential to the circle
swept by the voxel(s) undergoing the rotation. Since the
angular velocity is constant and the distance between any
voxel and the pivot line is varying, the velocities of voxels
furthest away from the pivot are largest and for those that
are closest to the pivot, the total tangential velocities are
the smallest:

�v� v� � wBrv [12]

where �v�v� is the total velocity magnitude of voxel V in
msec�1, wB is the angular velocity of the upper half of the
body model in rads�1, and rv is the radius or distance
between the voxel V and the pivot line in meters. The
voxel-dependent total velocities are then split into its Car-
tesian component vectors relative to the direction of mo-
tion and the angle �. The magnitudes of the component
vectors are then used to evaluate the primary electric field
E� 1 as discussed below in the section entitled Region Scan-
ning Using Low-Resolution Body Models. Since the lower
half of the body model is assumed to be stationary, it has
no velocity components and thus no electric fields are
induced.

Evaluation of E-Fields/Currents Induced During Body
Bending

We have evaluated exposures of male and female whole-
body tissue-equivalent voxel models to:

i)Main 1.5, 4, and 7 T superconducting magnets (no
pulsed gradients)

FIG. 2. Sketch of the male body model in front of
the imager entrance. Illustrated are TYPE I and
TYPE II region scan setups.
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ii)Combination of all three gradient coils (without static
field gradients)

iii)A 1.5 T magnet (with cryostat) and all three gradient
coils

as the body models undergo a bending motion towards the
bore entrance of the designated system. In evaluations ii)
and iii), each gradient coil is assumed to produce a 40
mT/m gradient field within the imaging volume. In iii), the
exposure to static and dynamic fields is modeled sepa-
rately at first, after which the induced electric field com-
ponents are added appropriately to obtain the combined
effect of exposure. The minimum distance between the
model surface and the edge of the imager end (including
the cryostat) was assumed to be 10 mm, i.e., the body
model is not allowed to touch/coincide physically with
any of the MRI systems, as this could unrealistically in-
duce numerical singularities in evaluated in situ field re-
sults.

Region Scanning Using Low-Resolution Body Models

In order to evaluate the peak E-fields/currents induced in
the body model that correspond to a particular combina-
tion of bend angle and position near the device entrance, it
is necessary to perform computations with the model
movement beginning at numerous locations and bend an-
gles. Employing the high-resolution body models (�2 mm)
would consume a considerable amount of computing time.
Therefore, the low-resolution voxel models are engaged
first to register the locations near the imager end and bend
angles that correspond to the peak in situ field induction
in the models, after which a higher resolution simulation
at the position/ bend angle of interest is performed.

Similar to other voxel-based models, the body models of
NORMAN and NAOMI contain sharp corners and edges,
especially near the armpits and in the groin region where
the legs meet. In addition, large variations in conductivity
might exist between neighboring cells and where isolated
voxels appear embedded inside another tissue. These can
introduce artificially high maximum values, associated
with possible edge singularities in the induced fields. In
the presence of such numerical staircase errors, Dawson
and associates (29) have proposed 1-percentile thresholds
(limits exceeded in 1% of tissue voxels) that serve, to a
degree, as a more satisfactory estimate of maximum field
levels. Hence, for all low-resolution simulations, the 1%-
thresholded total electric field and current density evalu-
ations have been adopted. This can effectively remove any
statistically insignificant numerical errors and singulari-
ties. In this investigation, two types of region scanning
were performed.

Region scan TYPE I. In this particular scenario, the low-
resolution body models were facing the device entrance
and were situated a certain distance away from the device
end so that there would be a 10-mm gap between the head
and the device end at the bend angle of � � 90�. In other
words, the model head did not protrude inside the device
opening. The body model was then positioned along a
radial line from r � -1 � 1 m (here: r � x) in increments of
r � 0.05 m, whereby at each location r, the bend angle is
varied from � � 0 � 80� in increments of �� � 5�. For

each combination of radial position and bend angle, the
E-fields and currents were evaluated within the low-reso-
lution body models.

Region scan TYPE II. In this study, the low-resolution
body models were facing the device entrance at r � 0 m
and were situated a certain axial distance away from the
device end so that the body (mainly the neck and head)
protrudes maximally into the device bore for an angle of
� � 90�, yet maintaining a minimum distance of 10 mm
between the body model surface and the device structure.
The bending angle was varied from � � 0 � 80� in incre-
ments of �� � 5�. Figure 2 illustrates a sketch of the TYPE
I and II region scans and overall body positions. The re-
sults of TYPE I and II region scans are presented as peak
1%-thresholded electric field and current density records
as a function of position and/or bend angle. All three
exposure scenaria (i.e., i), ii), and iii)) have been performed
for the male and female voxel model using the TYPE I and
II region scans.

Detailed Field Evaluations With High Model Resolution

Once the combination of bend angle and model location
near the device entrance that corresponds to the peak J99
is determined during the two region scans, we perform
detailed field computations with the high-resolution
(�2 mm) body models. A number of computational studies
imply that there is a distinguished influence of voxel size
on the calculated maximum in situ electric field and cur-
rent density (22,30–31; O.P. Gandhi, personal communi-
cation of data and tables to J. P. Reilly, 2000). For instance,
as the cell size decreases, the peak value of current density
increases. It seems that the averaging of conductivity in
rescaled cells of lower resolution models and the associ-
ated masking of high-conductivity voxels decrease with
smaller voxel size. Also, the geometrical indentations in
the apex of armpits and top of the legs, where tissue-air
and air-tissue boundaries with large conductivity contrasts
meet in a small localized space, can lead to tightening of
“current lines” and thus to an unrealistically large induced
electric field and current density.

Therefore there is a need to average the current over a
finite area. The ICNIRP (10) guideline states that for each
tissue identified in the body model, the perpendicular
current density components should be averaged over a
square with 1 cm edges centered on the voxel and parallel
to the three principal Cartesian planes. Similarly, the
Physical Agents Directive 2004/40/EC (20) recommends
the same averaging process but only for CNS tissue. In
contrast, the IEEE C95.6 guideline (11) requires spatial
averaging of electric fields over 5 mm. According to Daw-
son et al. (29), in the presence of complex heterogeneous
models and non-uniform fields, this definition is, at best,
ill defined, as it can be estimated in two distinct ways. In
one algorithm the averaging takes into account the current
flowing in neighboring, dissimilar tissues. The magnitude
of the tissue-specific averaged current will therefore de-
pend on the nature of the adjacent tissues. In that regard
the algorithm treats the interfaces between dissimilar tis-
sues as a continuous zone and can be classified as a full
averaging algorithm.

The other algorithm (tissue specific) works on the same
principle as full averaging algorithm, but it zero-weights
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the neighboring current values of dissimilar tissue type. By
performing a simple analytical example, Dawson et al. (17)
were able to show that the tissue-specific algorithm can
easily underestimate the averaged values in both regions
and in particular in organ/tissues of small spatial extent
with local high conductivity ratios. However, the full av-
eraging algorithm can overestimate the values in lower
conductivity material and somewhat underestimate the
values in the higher conductivity material. During MRI
imaging/segmentation and generation of the numerical
voxel models (here: NORMAN and NAOMI), it is generally
difficult to ascertain the clear boundary between two dif-
ferent organs or tissue types. Furthermore, this study aims
to determine the worst-case scenarios, and so the contin-
gencies in averaged current densities, rather than under-
estimates, are preferred. In that regard, the full averaging
algorithm is clearly a better candidate and thus has been
adopted in all high-resolution evaluations of this study.

The final results of these high-resolution simulations are
presented as electric field and current distributions in the
male and female voxel models. Tables and graphs are used
to detail the average and 1%-thresholded tissue-specific
electric fields, current densities and 1 cm2-averaged cur-
rent densities, in tissues of the CNS, heart, muscle, skin,
and fat. Standard deviations for each of the aforemen-
tioned quantities were computed to assess the statistical
significance of recorded values relative to the mean.

RESULTS AND DISCUSSION

Region Scanning Using Low-Resolution Body Models

Here, the low-resolution body models are engaged first to
estimate the combination of the location and bend angle
around the magnetic device that corresponds to the peak
1%-thresholded electric field and current density values
induced in the male and female voxel model during TYPE
I and II region scans. The low-resolution simulations con-
verge in about 12,000 SOR iterations, and the typical com-
putation time for one entire scan is around 1 hr on an SGI
HPC. For all combinations of magnets, gradient coils, body
models, and scan types, 29 low-resolution simulations
were performed in total.

Figure 3 illustrates the TYPE I region scan results of the
peak 1%-thresholded electric and current density values
recorded at different bend angles and positions in front of
the device bore for both low-resolution body models.

From these results we note that, during model exposures
to main magnets, peak fields are induced when the body is
bent at the maximum angle of 80o while positioned close to
the inner edges of superconducting coil windings (i.e., �
r � �0.5 m). Similarly, for the combination of the three
gradient coils, the peak-induced fields are recorded also at
the maximum bend angle and near the inner edges of the
gradient coil windings (i.e., � r � �0.2–0.3 m). These
peak field distributions were anticipated, as in general,
strong fields are produced very close to the coil, while the
strongest bending of magnetic flux lines occurs usually
between two (or more) coils where currents are flowing in
opposing directions as well as close to the entrance edges
of the coil bore. In all TYPE I simulation cases, however,
the peak recorded magnitudes in the female body model

are always slightly larger than those induced in the male.
This difference is most probably a consequence of anatom-
ical disparities between the male and female models. For
instance, the induced electric field and current density
profiles are tailored by the overall geometry/size and in-
ternal body structure/composition of the model.

More importantly, the peak 1%-thresholded field
quantities induced in both body models increase with
the increasing static field strength. However, a strict
scaling law between induced in situ electric field/ cur-
rent densities and investigated static field strengths
could not be established due to the effect of differing
field profiles. Furthermore, the resulting two peaks in
recorded fields near the main magnet inner edges as
shown in Fig. 3 become less resolved as the static mag-
netic field strength is increased. A very similar behavior
is also observed in the magnetic field patterns illustrated
in Fig. 1. According to the results of body model expo-
sure to the combination of 1.5 T main magnet and all
three gradient coils (Fig. 3e), where each gradient coil
produces a 40-mT/m gradient in the imaging volume,
around 95% of entire field induction is attributed to
gradient switching and only around 5% of stimulation is
due to nominal bending motion through the 1.5 T static
magnetic field. Table 3 details the position along the
r-axis (x-axis) and the bend angle at which the maximum
peak 1%-thresholded current density value occurs in
each case of magnet, gradient coils, body model, and
scan type.

Figure 4 illustrates TYPE II region scan results where
each body model was situated at the center of the bore
entrance and the upper body was allowed to bend forward
and maximally protrude into the MRI machine bore. The
simulation results of body model exposure to static mag-
netic fields of 1.5 and 4 T indicate peculiar electric field
and current density oscillations at bend angles of �40–
50o, i.e., as the forward-bending upper body (mainly head
and neck) is trespassing very close to the inner edge of the
superconducting end-coil winding. This effect is, how-
ever, not observed during the bending motions towards the
7 T main magnet and gradient coils in separation. Appar-
ently, the observed oscillatory effect is present in actively
shielded main magnets (i.e., 1.5 and 4 T) and not in un-
shielded systems (i.e., 7 T) in this case. The recorded line
patterns are quite similar for both the male and female
body model cases under all assumed conditions of expo-
sure. Similar to the TYPE I region scan, the recorded peak
field values induced in the body models increase in mag-
nitude for increasing static magnetic field strength, al-
though no conclusive mathematical relation could be es-
tablished. Furthermore, the induced fields also increase
for increasing bend angle. Similar to Fig. 3, Fig. 4 illus-
trates the dominating field induction effect of switched
gradient coils over the 1.5 T main magnet, when these are
considered in combination.

Detailed Field Evaluations With High Model Resolution

Based on the positions and bend angles listed in Table 3
(i.e., position and angle at which largest induced peak
1%-thresholded current density values are induced in the
body during TYPE I and II region scans), the high-resolu-
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tion body models were engaged to calculate the tissue-
specific electric fields and current densities. The high-
resolution simulations converge in about 100,000 SOR
iterations and consume approximately 1.9 GB RAM/10 hr
CPU-time and 1.55 GB RAM/9.5 hr CPU-time for the
whole-body male and female models, respectively.
Twelve high-resolution simulations were performed in
total.

Figure 5 illustrates selected results in terms of sagittal
profiles of electric field and eddy current densities along
the central axis of the female body model obtained dur-
ing bending motions in front of all three superconduct-
ing magnets at the bend angle that corresponds to the
worst-case field induction determined by the TYPE I
region scan. Similarly, Fig. 6 illustrates selected results
of the male body model exposure to a 1.5 T supercon-

FIG. 3. Records of 1%-thresholded electric field E and current density J during TYPE I region scans for both the male and female body
model. The subplots along rows are in terms of exposures to: a: 1.5 T magnet; b: 4 T magnet; c: 7 T magnet; d: all three gradient coils; and
e: combination of 1.5 T magnet and all three gradient coils.

Field Evaluation of Healthcare Workers 417



ducting magnet, the three gradient coils, and combina-
tion of the 1.5 T magnet and the gradient coils.

Body regions of large and small field magnitudes are
illustrated in color gradation from red to blue, respec-
tively. From Fig. 5 it is evident that the induced field
quantities increase for increasing static field strength. As
observed previously in low-resolution region scans, the
field induction attributed to exposure of the body to
pulsed gradient coils dominates significantly over the in-
duction of fields during nominal bending motion through
the 1.5 T field profile, as Fig. 6 shows. From Faraday’s law,
it follows that the largest values of circumferentially in-
duced electric field normal to the direction of applied
magnetic field will localize in the outermost body surfaces.
Since the body models are inhomogeneous in conductivity
distribution due to different tissues, current flow will be
modified by the boundary conditions at these tissue inter-
faces.

Furthermore, in static field exposures, the magnitudes of
induced field quantities are largely dependent on the scale
of total velocity of the tissue compartment where the fields

are evaluated. Therefore, high values of induced electric
field are notable on the peripheries of the head and trunk
(larger velocities) with low electric field values in the
middle and lower parts of the body close to the bending
pivot (smaller velocities). It follows that the induction of
electric fields in the heart (located close to the middle of
the torso) compared with other tissues close to the body
surface is reasonably small, as Figs. 5 and 6 show.

We also note that the fields induced below the bending
pivot are zero in exposures to static fields (Fig. 5), as the
body (i.e., legs and pelvis) is assumed to be stationary in
that region. In Fig. 6, however, the body regions below the
pivot are further away from the strong magnetic fields of
the gradient coils, and therefore minimal induction is ob-
served. As the current density relates to the electric field
by multiplying by tissue conductivity, high values of cur-
rent density occur when high values of conductivity com-
bine with enhanced electric field values such as in the
muscles and CSF. From the results illustrated in Fig. 5, the
largest field quantities are induced in the brainstem, cere-
bellum, temporal and frontal lobes, brain surface, eyes,
nose, mouth, thyroid, and muscle tissue of the upper back.
Frequently reported physiological responses of nerve ex-
citation under 4 T (10,11), include headaches (brain sur-
face), nausea and vertigo (brain in general), phosphenes
(eyes), numbness and tingling (back muscle), loss of pro-
prioreception and balance, and a metallic taste in the
mouth (nose and mouth). However, some of these physio-
logical reactions, in particular headaches and vertigo,
could potentially be a partial consequence of tissue expo-
sure to pulsed gradient coils (sources of strong field induc-
tion), as the sites of peak induced field quantities attrib-
uted to gradient switching (Fig. 6) have a reasonably sim-

Table 3
Positions Along r-Axis (m) Where Maximum Peak J 99 Values
Occur During TYPE I Region Scan (all with the bending angle of
80 degrees)*

Case NAOMI NORMAN

1.5 T � 0.50 � 0.45
4.0 T � 0.45 � 0.40
7.0 T � 0.40 � 0.30
Gradient coil combination � 0.20 � 0.20
1.5 T magnet � gradient coils � 0.50 � 0.45

*For TYPE II region scan, r � 0 m for all combinations.

FIG. 4. Records of 1%-thresholded electric field E
and current density J during TYPE II region scans
for both the male and female body model: A) 1.5 T
magnet; B) 4 T magnet; C) 7 T magnet; D) all three
gradient coils; and E) combination of 1.5 T magnet
and all three gradient coils.
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ilar distribution to those obtained during exposure to static
fields alone (Fig. 5).

Table 4 lists the average, 1%-thresholded and standard
deviation quantities of the electric field and current den-
sity in the tissues of the CNS, heart, muscle, skin, and fat
of the male body model for all designated exposure set-
tings. Table 5 details analogous results to Table 4 for the
female body model. Note that the results obtained for CSF,
brain, and spine tissue are listed separately in Tables 4 and
5. The inclusion of CSF will tend to result in an overesti-
mate of the spatially averaged current density in CNS
tissues, as the conductivity of CSF is higher than those of
brain and spinal cord.

According to Tables 4 and 5, the 1%-thresholded 1 cm2-
averaged current densities for all exposures to main mag-
nets can be up to 9 larger than the threshold of 40 mAm�2

-rms. (or 56.57 mAm�2-peak) for the head and trunk de-
fined in the ICNIRP guidelines for static field strengths
(10). This clearly suggests that considerable current levels
can be induced in the CNS and other body tissues even
during simple bending motions towards the 1.5 T imager
bore. Evidently, the field quantities induced in all tissues

increase in magnitude for increasing static field strength,
as previously observed in the field distributions of Fig. 4.
The worst-case 1%-thresholded electric fields induced ex-
ceed the IEEE C95.6 standard (11) of 25.03 mV/m-peak for
brain tissue, while in some circumstances the electric
fields exceed the value of 0.75 V/m-peak that is attributed
to experimentally observed alternation of neural activity
in hippocampal slices of the rat brain (11). The magnitudes
of 1%-thresholded electric field in the heart are below the
IEEE threshold of 1.33 V/m-peak for all examined static
field strengths (11).

It is important to mention that the results of exposure
to gradient coils detailed in Tables 4 and 5 are based on
central gradient field strengths of 40 mT/m, as a com-
mon maximum used in clinical MRI. Nevertheless, the
induced field quantities during body exposure to gradi-
ent coils (only) can be linearly scaled to other gradient
strengths of interest. The maximum induced field quan-
tities when the models are exposed to switched gradient
coils are of very similar magnitude to the fields induced
in the patients inside the MRI machine (14 –18) and
therefore should not be ignored on grounds of PNS. This
was anticipated, as the healthcare worker’s upper body
protrudes maximally into the coil opening at the bend
angle of 80° and thus is exposed to the same field levels
as the patient.

The induced field quantities attributed to the exposure
of the body to gradient coils dominates over the field
induction due to nominal bending motion through the
static magnetic fields by a factor of at least 8. This is also
evident in the comparison of induced field quantities from

FIG. 6. High-resolution electric field and current density distribu-
tions in NORMAN at the maximum bend angle of 80° and radial
position of r � 0 for exposures to the 1.5 T magnet, all three gradient
coils, and combination of 1.5 T magnet and all three gradient coils.

FIG. 5. High-resolution electric field and current density distribu-
tions in NAOMI for exposures to 1.5, 4, and 7 T designated mag-
nets, at the maximum bend angle of 80° and radial position of r � 0.
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body exposure to 1.5 T magnet/gradient coils and gradient
coils alone, as Tables 4 and 5 detail. Furthermore, the
induced field levels in the female model during gradient
switching are larger than those stimulated in the male,
particularly in the skin, fat, muscle, and brain tissue. It is
anticipated that the disturbance of the static field homo-
geneity in the imaging volume due to eddy currents in-
duced in the healthcare worker would be much smaller
than the disturbance generated by the residual eddy cur-
rent fields during gradient switching.

As the physiology and dielectric properties of each and
every person is different to a degree, and since the body is
a highly nonlinear medium, it is quite difficult to predict
the exact mechanisms of induced fields and their effects
on the physiology. It still remains unknown to what degree
low-frequency electromagnetic fields can be harmful to
humans in long-term exposures. Nevertheless, it is possi-
ble to gain useful information by evaluating the peak fields
relative to different positions of the radiologist/technician

around the imager and to use this to inform clinical prac-
tice.

CONCLUSION

In this work we have modeled various exposures of male
and female occupational workers as they bend towards
static magnets with central fields strengths of 1.5, 4, and 7
T and the combination of pulsed magnetic field x-, y-, and
z-gradient coils. These gradients and static magnets are
intended to be typical of currently available systems but
do not cover all commercially available devices and there-
fore provide indicative results only. The simulation results
of healthcare worker exposure to gradient coils indicate
that the induced field quantities can be of very similar
magnitude to those induced in patients during MRI imag-
ing and therefore should not be ignored. In terms of worker
exposure to static magnetic fields, the relevant ICNIRP and

Table 4
The Average, 1%-Thresholded and Standard Deviation Values of E, J, and 1 cm2-Averaged J in Selected Tissues of NORMAN for All
Designated Exposure Cases*

Case Tissue
E (mV/m) J (mA/m2) 1 cm2 Javg (mA/m2)

Avg 1% Std Avg 1% Std Avg 1% Std

1.5 T CSF 22.50 74.68 19.06 45.00 233.02 38.13 19.29 46.25 11.55
Brain 56.83 164.17 35.48 1.56 4.36 0.98 4.81 37.72 6.71
Spine 23.31 52.26 13.28 0.40 0.89 0.23 7.01 23.57 6.73
Heart 29.35 68.27 15.92 1.58 3.67 0.85 2.89 10.45 1.96
Skin 10.58 51.13 21.36 0.00 0.01 0.00 0.20 2.86 0.50
Fat 10.32 39.10 18.60 0.13 0.47 0.23 0.41 2.87 0.96
Muscle 9.35 38.93 14.75 1.89 7.86 3.03 1.68 7.10 2.65

4 T CSF 48.19 173.75 45.45 96.39 542.11 90.90 40.67 107.98 27.38
Brain 128.62 382.10 83.54 3.54 10.15 2.30 11.02 87.71 15.74
Spine 39.79 100.64 23.93 0.68 1.72 0.41 11.64 37.92 11.04
Heart 47.34 110.91 25.71 2.54 5.95 1.38 4.66 16.97 3.16
Skin 18.78 109.43 41.05 0.00 0.02 0.01 0.36 6.76 0.97
Fat 17.69 83.55 33.35 0.22 1.02 0.41 0.70 6.93 1.70
Muscle 15.76 83.48 25.79 3.18 16.86 5.16 2.83 16.67 4.61

7T CSF 71.82 254.71 66.58 143.64 794.71 133.16 60.76 158.29 40.13
Brain 188.88 560.15 122.82 5.20 14.87 3.38 16.19 128.58 23.18
Spine 62.21 146.35 35.22 1.07 2.50 0.60 18.31 61.46 16.99
Heart 74.75 173.26 41.21 4.01 9.32 2.21 7.36 26.72 5.01
Skin 29.66 159.18 61.49 0.01 0.03 0.01 0.56 9.92 1.45
Fat 29.05 121.58 51.00 0.35 1.48 0.62 1.15 10.21 2.60
Muscle 25.17 121.39 38.93 5.08 24.51 7.96 4.51 24.44 6.96

Gradients CSF 229.20 469.64 215.60 458.00 1465.44 431.60 212.40 387.68 178.40
Brain 486.00 899.71 281.20 48.00 85.79 27.60 80.80 306.57 83.20
Spine 118.80 568.21 99.20 3.60 16.42 2.80 34.00 200.21 33.20
Heart 86.40 170.89 42.80 9.20 18.22 4.40 13.60 43.56 8.00
Skin 74.00 436.78 154.00 0.00 0.09 0.01 2.00 18.04 5.20
Fat 76.00 316.19 122.00 1.60 7.09 2.80 4.40 25.20 8.80
Muscle 58.40 368.53 84.80 18.80 118.33 27.20 16.80 52.73 23.60

1.5 T �
gradients CSF 251.70 544.32 234.66 503.00 1698.46 469.73 231.69 433.94 189.95

Brain 542.83 1063.88 316.68 49.56 90.15 28.58 85.61 344.29 89.91
Spine 142.11 620.47 112.48 4.00 17.31 3.03 41.01 223.78 39.93
Heart 115.75 239.16 58.72 10.78 21.89 5.25 16.49 54.00 9.96
Skin 84.58 487.91 175.36 0.00 0.10 0.01 2.20 20.91 5.70
Fat 86.32 355.28 140.60 1.73 7.56 3.03 4.81 28.07 9.76
Muscle 67.75 407.46 99.55 20.69 126.19 30.23 18.48 59.83 26.25

*Conductivities of tissue (24,25): CSF � 2.00 Sm�1; brain � 0.03 Sm�1; spine � 0.02 Sm�1; heart � 0.05 Sm�1; skin � 2.00e-4 Sm�1; fat �
0.01 Sm�1; muscle � 0.20 Sm�1.
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IEEE C95.6 thresholds can be exceeded in particular at
ultra-high field strengths.

More importantly, it was observed that field induction
due to pulsed gradient coils dominates significantly over
induction attributed to the body bending motion through
non-uniform and strong static magnetic fields. Future
work will investigate the relationships between MRI
worker height/pectoral length and overall exposure to
fields produced by various MRI machines, such as open
type and those that involve the new cancellation coils (32).
In particular, it would be of interest to model the expo-
sures of MRI operators to radiofrequency fields produced
by body coils. It is hoped that these results will better
inform the MRI community regarding compliant practices
in MRI settings.
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