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Abstract

In modern magnetic resonance imaging , both patients and health care workers are exposed to strong,
non-uniform static magnetic fields inside and outside of the scanner, in which body movement may be able
to induce electric currents in tissues which could be potentially harmful. This paper presents theoretical
investigations into the spatial distribution of induced E-fields in a tissue-equivalent human model when
moving at various positions around the magnet. The numerical calculations are based on an efficient, quasi-
static, finite-difference scheme. Three-dimensional field profiles from an actively shielded 4 T magnet system
are used and the body model projected through the field profile with normalized velocity. The simulation
shows that it is possible to induce E-fields/currents near the level of physiological significance under some
circumstances and provides insight into the spatial characteristics of the induced fields. The methodology
presented herein can be extrapolated to very high field strengths for the evaluation of the effects of motion
at a variety of field strengths and velocities.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decade, there has been a concerted effort to enable magnetic resonance imaging
(MRI) at very high field strengths. The most common system in current clinical use has a 1.5 T
see front matter r 2004 Elsevier Ltd. All rights reserved.
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central field, but research systems from 4 to 9.4 T are now being developed for clinical imaging
and 3T systems are perhaps close to being accepted for routine clinical work. As the field strength
of the MRI system increases, so does the potential for tissue/field interactions of a variety of types.
Understanding the interactions between the electromagnetic fields generated by MRI systems and
the human body has become more significant with this push to high field strengths (Schenck, 2000;
Schmitt et al., 1998; Kangarlu and Robitaille, 2000; Liu et al., 2003a). The safety issues for
those patients and health workers exposed to such strong magnetic fields need to be carefully
considered.

The static magnetic fields used in MRI may be associated, in varying degrees, with biological
influences such as diamagnetic and paramagnetic effects (Kangarlu and Robitaille, 2000).
Another concern in high-field MRI is related not to the strength of the static field, but to
electromagnetic induction. The three-dimensional (3D) pattern of the static magnetic field can
induce current in moving conductive objects, such as the body. Motivated by the anecdotal
evidence that some patients experience uncomfortable sensations when moved into MRI or when
moving their head during entry to the scanner or once in the system, we have studied the induced
fields inside a patient model (Liu et al., 2003b). Reported sensations include a feeling of falling,
magnetophosphenes (light flashes), a loss of proprioreception and balance, a metallic taste in the
mouth or muscle twitching (peripheral nerve stimulation). In this paper, we review the work
relating to motion-induced effects in patients and expand the scope of the work to investigate the
eddy currents induced in an occupationally exposed worker (radiographer or MRI technician)
moving around the magnet. It is hoped that this study will help in the evaluation of the risks
involved with health workers and patients in moving through non-homogeneous, intense, static
magnetic fields.
2. Methodology

2.1. Human body model

The human model used in this work was obtained from the United States Air Force Research
Laboratory (http://www.brooks.af.mil/AFRL/HED/hedr/), which represents a large male. The
original spatial resolution of the model is 1mm. For the computations presented here, the model
is mapped onto a 4-mm grid with volume-averaged conductive properties.
2.2. Static magnetic field

For whole-body MRI systems, magnetic field strengths might be divided into high field
(1.0–3.0T), very high field (3.0–7.0T) and ultra high field (X7 T). For this work, 4.0T static fields
are generated by a compact, symmetric, actively shielded MRI magnet (Crozier et al., 2001). In
this magnet, the total coil length is 1.5 m with a homogeneous imaging region (or diameter
spherical volume (DSV)) of 50 cm; the shielding area (to 0.5mT) is 4.5 m in the z-direction and
4.0 m in the radial direction from the magnet iso-centre. We now summarize our numerical
method for the calculation of the static magnetic field.

http://www.brooks.af.mil/AFRL/HED/hedr/
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Based on our previous work (Forbes et al., 1997), the magnetic vector potential A can be
calculated from the coil structure of the magnet by

Ayðr; zÞ ¼
XM
m¼1

mJ0ðmÞ

2p

Z z2ðmÞ

z0¼z1ðmÞ

Z R2ðmÞ

r0¼R1ðmÞ

Nðr0; z0; r; zÞdr0 dz0; (1)

Nðr0; z0; r; zÞ ¼

Z p

0

cos bdbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr0Þ2 þ r2 � 2r0r cos bþ ðz0 � zÞ2

q ; (2)

where m ¼ 1; 2; . . . ; M is the number of the thick circular solenoids, J0 ðA=m2Þ is the current
density within the coils, the primed variables refer to the source points within the solenoid, and the
unprimed variables denote field points outside it. Thus, ðr0; z0Þ is the position vector of a source
point and (r, z) is a field point, and so on. For each solenoid, R1; R2 are the inner and outer radii,
and z1; z2 are the positions in the z-direction. The kernel function Nðr0; z0; r; zÞ can be evaluated
by complete elliptic integrals; however, for the expressions of the magnetic induction fields BðrÞ; a
more rapid integral approach (Forbes et al., 1997) is easily employed without introducing special
functions.

The calculated magnetic field of the magnet is shown in Fig. 1. In this figure, the z component of
magnetic field is evaluated by Bz ¼ ð1=rÞðq=qrÞðrAyÞ: By examining the field pattern, it is
straightforward to see the strong inhomogeneity of the fields near the scanner, and that the
shielding performance is very good (i.e. the field drops off rapidly with distance outside the
Fig. 1. Profile of the main static fields B0 (T, z component).



ARTICLE IN PRESS

S. Crozier, F. Liu / Progress in Biophysics and Molecular Biology 87 (2005) 267–278270
magnet). The large field gradients at the magnet ends imply that these are the most likely positions
to induce substantial fields in the body.

The calculated variations of the vector magnetic potential components in the body model are
illustrated in Fig. 2. The vector magnetic potential components are used to calculate the induced
fields inside the body.

2.3. Numerical calculation of the induced E-fields

The calculation of the E-fields induced by the relative movement of the body inside the static
magnetic field is based on a previously developed finite difference scheme (Liu et al., 2003a).
Briefly, according to the conservation of current density within the human body, the governing
equation isZ

S

ðsrFÞdS ¼

Z
S

s
qA
qt

� �
dS; (3)

where A and F are the vector magnetic and scalar electric potentials, respectively, s is the sample’s
conductivity and S denotes the surface of the integral region.

Eq. (3) is subject to the boundary condition that the component of the current density normal
to the surface of the conductive object is zero. To calculate the scalar potential F; we divide the
Fig. 2. Profile of the vector magnetic potential Ay in the cross section at y ¼ 0:05m inside the human model. Two

positions near the magnet are shown (left: in Fig. 1; right: in Fig. 1).
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computational space into a large number of cubic cells and then the relationship described by
Eq. (3) is approximated for each cell. After discretization and rearrangement, the scalar potential
for cell (i, j, k) can be expressed as

Fi;j;k ¼
1P1

m¼0

ðsa
iþm;j;k þ sa

i;jþm;k þ sa
i;jþm;kÞ

X1

m¼0

ðFiþm;j;ksa
iþm;j;k þ Fi;jþm;ksa

i;jþm;k þ Fi;j;kþmsa
i;j;kþmÞ � f ðAÞh
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; ð4Þ

where f ðAÞ is defined as
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in which i, j, k indicate the cell index, m indicates two cell faces (represented by ‘‘0, 1’’) in x, y, z
directions, respectively, ŝ is the unit vector normal to the cell faces, h is the cell size, sa is the local
harmonic averaged conductivity and g is the motion direction (x�; y � or z�). Here, the time-
varying magnetic flux is expressed by the difference of vector potentials dA of two neighbouring
cells divided by the time difference dt ¼ h=vg: The spatial precision of the displacement is therefore
restricted to the cell size. We note that this formulation supports multi-direction translation using
vector analyses of velocity. In addition, in an attempt to simulate a realistic human movement, the
velocity of different parts of the body can be set to different values.

Generally, (4) can be solved directly using an iterative, successive over-relaxation (SOR)
algorithm (Liu et al., 2003a). After the scalar potential has been calculated, the E-field
components can be found using the relationship

E ¼ �
qA
qt

� rF; (6)

and the eddy currents can be evaluated by

J ¼ sE: (7)

The numerical method has been verified against analytic solutions for the EMF distributions
inside homogeneous and multi-layered spherical volume conductors. Full details are given in Liu
et al. (2003a) and Liu and Crozier (2004), which indicated that the quasi-static assumption is
reasonable for the analysis of lossy dielectrics in these circumstances.
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3. Results

During the period when the body is moving around the magnet, we register the transient
induced fields at each position in the body relative to the magnet centre. Then the peak values and
their positions in the human body are obtained for further evaluation. A region analysis can also
be performed where a histogram is recorded for the induced field property and a threshold
determined (i.e. the 1% threshold, where 1% of the values in that region are above this field
value). To speed up the calculation, the human body is studied at different resolutions; we have
employed large cell size (10 mm) for the determination of positions with peak or histogram
threshold values, and finer resolution (4mm) for detailed field profiles where these values occur.
For 4mm resolution, the entire computational domain is divided into an x 	 y 	 z ¼ 145 	 83 	

470 
 5:66 	 106 voxel region and the body model is embedded in this bounding box. For coarser
resolution, the simulation converged in an average of 2000 iterations and the typical computation
time is just 7 min on a SUN Enterprise 450 workstation; however, for finer resolution, the
convergence is slower and it requires about 4000 steps.

In the simulation, two cases are considered for body movement: case 1: movement along the
magnet cylinder from its centre towards its end (in the z-direction); case 2: movement near the
magnet end (in the r-direction). For case 1, a range of distances of z ¼ 021:5m is considered, and
the body model is close to the magnet (say x ¼ 0:2m). For case 2, the induced potentials are
computed at positions r 2 021:5m; where the field gradients are larger. In all of these studies, a
normalized velocity vg ðg ¼ x; y; zÞ; i.e. 1m/s, is used, and the simulation of movement in each
direction is made in a similar fashion. For instance, in case 2, the time-varying magnetic flux in (5)
is expressed by the difference of vector potentials dA of two neighboring cells in the x-direction,
and the time step was h=vx: It is noted that the motion direction is defined as left–right ðx�Þ;
front–back ðy�Þ and up–down ðz�Þ:

Fig. 3 provides curves describing the peak E-fields and current densities induced in the human
model for all the positions near the magnet. In Fig. 3(a, c), the E-field and current density curves
are both provided. These curves depict the obviously stronger electromagnetic induction when the
body moves near a magnet-end, where the magnetic field gradient is large. Figs. 3(b, d) show the
amplitudes of the E-fields for maximum induction at various layers within the body. An example
of histogram distributions is given in Figs. 4(a, b) for the front–back movement along the end of
the magnet. For the skin/subcutaneous fat regions of the body (i.e. those we might expect most
sensitive to peripheral nerve stimulation (Stuchly and Dawson, 2000; Dawson and Stuchly,
1998)), the largest induced E-field (1% threshold) was 2.0 V/m. For deeper structures in the chest,
however, the value was 3.1 V/m.

In Figs. 5 and 6, the distributions of the induced currents in two different sections, x � z; x � y;
in the human model are shown for those transient positions with the largest threshold values
(see Fig. 3). From these two figures, it can be seen that the induced quantities have complicated
distributions due to the 3-D magnetic field patterns and the electrical heterogeneity of the body.
It shows that the directions of the induced currents change markedly during body translation.
The electromagnetic induction was stronger at positions near the end of the magnet than at all
other places.

We have previously detailed calculations of induced field during patient movement and head-
shake while in the magnet, Fig. 7a shows typical induced field results for movement at 0.5 m/s in
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Fig. 3. Curves of the induced fields for the body moving around the magnet at 1 m/s. (a,b) Peak E-fields and current

densities in the human model for all the positions (0–1.5m) when the body is moving around the 4T magnet ((a) near

the magnet end; (b) along the cylinder). (c,d) Amplitudes of the E-fields for various layers of the human body model.

These induced values are calculated when peak E-fields occur in (a,b). In all the figures, ‘‘x-, y-, z-’’ denotes the body

motion direction: ‘‘x-’’: left–right direction; ‘‘y-’’: front–back direction; ‘‘z-’’: up–down direction (see motion

demonstration in this figure).
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the 4 T magnet, which indicates E-fields around the 2.0V/m range at maximum, and Fig. 7b gives
extrapolated results to higher fields and velocities. Note that at higher fields, magnets are
unshielded and significantly longer and the curves in Fig. 7b do not account for that—they give
indicative values only. Importantly, the threshold for induced current to result in PNS is estimated
to be about 0.48A/m2 (Kangarlu and Robitaille, 2000) and so Fig. 7b gives a rough indication of
the field strengths and patient velocities capable of such induction. At 7T, for example, it is
estimated that a body velocity of about 0.8m/s would result in induced current at that level.
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Fig. 4. Histogram distributions for the front–back movement along the end of the magnet at 1m/s. For the skin/

subcutaneous fat regions of the body (i.e. those we might expect most sensitive to peripheral nerve stimulation), the

largest induced E-field (1% threshold) was 2.0V/m. For deeper structures in the chest (around the heart), however, the

value was 3.1V/m.
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Generally, this simulation shows that field magnitudes induced by body movement are less than
those of gradient coils reported in the literature (Schmitt et al., 1998; Bowtell and Bowley, 2000).
While the simulated values are all within the range of safety limits, the magnitudes of the current
densities and the E-fields are in the same order as those induced by time-varying gradient fields in
MRI and should not be ignored.

For occupationally exposed workers, it is not clear what cumulative doses of induced
fields are common. Further work will examine aspects of cumulative dose and will investigate in
detail 7, 8 and 9.4 T commercial magnet fields and their potential for induction. It is, as yet,
unclear whether reduced gradients at the end of the magnets due to the higher field
strength systems being unshielded will balance the increases in net static field and result
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Fig. 5. Distribution of the current densities (A/m2) in a cross-section at y ¼ 0:05m for those positions with peak fields

(see Fig. 3). (a,b): Near magnet end ((a) x-, (b) y-). (c,d) Near magnet cylinder, (c): x�, (d): y�. Here, x�, y� z�

denotes motion direction; for an explanation, see Fig. 3.
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in similar or elevated risk factors in terms of induced fields. In addition, the impact of
model variations (Caputa et al., 2002; Dimbylow, 1997) on the results will be further investi-
gated.
4. Conclusion

In this report, a heterogeneous volume conductor model of an adult male along with an
efficient finite difference scheme was used to calculate the induced eddy current distributions when
the body model moves outside and inside the high-field MRI scanners. The simulations show that
the induced fields and currents should not be ignored at ultrahigh fields. The data can be
extrapolated to evaluate the potential safety issue at a variety of field strengths and
motion velocities. Surprisingly high values for the induced quantities may be generated for
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Fig. 6. Distribution of the current densities (A/m2) in a cross-section near the chest for those positions with the largest

threshold fields (see Fig. 3). The arrows show the local current direction (x-, y- z-: motion direction; for an explanation,

see Fig. 3).
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health workers who move rapidly in the fields, particularly very close to the ends of the magnet
systems. It is hoped that these results will better inform the MRI community concerning safe
movements in and around an MRI system. Again, the adage ‘‘slower is better’’ is apt in this
regard.
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Fig. 7. Curves of the induced fields for the body moving inside the magnet. (a) shows typical induced field results for

movement at 0.5m/s in the 4T magnet which indicates E-fields around the 2.0V/m range at maximum and (b) gives

extrapolated results to higher fields and velocities. Note that at higher fields magnets are unshielded and significantly

longer and the curves in (b) do not account for that—they give indicative values only.
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