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Abstract

In modern magnetic resonance imaging (MRI), patients are exposed to strong, nonuniform static magnetic fields outside the
central imaging region, in which the movement of the body may be able to induce electric currents in tissues which could be possibly
harmful. This paper presents theoretical investigations into the spatial distribution of induced electric fields and currents in the
patient when moving into the MRI scanner and also for head motion at various positions in the magnet. The numerical calculations
are based on an efficient, quasi-static, finite-difference scheme and an anatomically realistic, full-body, male model. 3D field profiles
from an actively shielded 4 T magnet system are used and the body model projected through the field profile with a range of ve-
locities. The simulation shows that it possible to induce electric fields/currents near the level of physiological significance under some
circumstances and provides insight into the spatial characteristics of the induced fields. The results are extrapolated to very high field
strengths and tabulated data shows the expected induced currents and fields with both movement velocity and field strength.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Technological advances in magnetic resonance im-
aging (MRI) (higher static fields, faster gradients,
stronger RF transmitters) have appeared rapidly and
thus the potential for unwanted side effects of MRI in-
creases. Many questions regarding the safety of these
developments remain unanswered [1-6]. For example, to
enhance the signal to noise ratio (SNR) and chemical
shift dispersion (CSD), the static magnetic field strength
has been increased and many high field MRI systems
above 3T are in use. Understanding the interactions
between the electromagnetic fields generated by MRI
systems and the human body has become more signifi-
cant with the push to high field strengths. The safety
considerations for patients exposed to pulsed gradient
and RF fields in MRI have, and continue to be, inves-
tigated extensively.

* Corresponding author. Fax: +61-7-3365-4999.
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The static magnetic fields used in MRI may be as-
sociated, in varying degrees, with biological influences
such as diamagnetic and paramagnetic effects [5,6].
Another concern in high-field MRI is related not to the
strength of the static magnetic field, but to electromag-
netic induction. The 3D pattern of the static magnetic
field can induce current in moving conductive objects.
This study is 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. Re-
ported sensations include a feeling of falling, magnet-
ophosphenes (light flashes), a loss of proprioreception, a
metallic taste in the mouth or muscle twitching (pe-
ripheral nerve stimulation).

This paper provides a numerical solution for the cal-
culation of the spatial distributions of the induced cur-
rents and fields for magnetic stimulation by movement
through static field distributions. In the literature, there
are a variety of numerical approaches, including finite-
difference time/frequency-domain (FDTD/FDFD), finite
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element (FE) or method of moment (MOM) techniques
have been developed to calculate the fields induced in
anatomic models of the human body [5]. Although the
FE method is adaptable to irregular objects and together
with the FDTD method provides the full-wave solutions,
they usually require long computation times, especially
when studying millimetre-resolution human models. In
this work, we have used an efficient quasi-static finite
difference formulation and a realistic model of an adult
male with segmented tissue types. It is hoped that this
study will help in the evaluation of the risks involved with
patient movement in intense static fields.

2. Methods
2.1. Computational method

In order to calculate the induced fields during patient
movement we first review the proposed computational
method. According to Faraday’s law, electric field E in a
sample can be generated by time-varying magnetic
fields. Introducing the potential functions, the induced
electric field can be expressed by

E=—— Vo 1
- Vo, (1)

where A and @ are the vector magnetic potential and
scalar electric potential, respectively.

In conductive samples, changes in the magnetic field
B =V x A cause a flow of current J; = 6(—0A/0t), o
being the sample’s conductivity. Any conductivity dif-
ferences along the path of the current cause nonunifor-
mity of accumulating electric charges, giving rise to
scalar potential @, the negative gradient of which causes
a flow of current J; = o(—V®).

In nonmagnetic material space, conservation of cur-
rent density J = J; + J, dictates that

V-J=V-(¢E) =0. 2)

In this continuity equation, the charge term 0p/0f is
ignored by assuming that the subject motion is slow
enough for this term to be insignificant.

According to the divergence theorem, Eq. (2) can be
solved in integral form and then converted from a vol-
ume integral into a closed surface integral, resulting in

/S(an))-dS:/S (o—%—‘?) .dSs. (3)

This is the governing equation subject to the boundary
condition that the component of the current density
(and, therefore, the E-field) normal to the surface of the
conductive object is zero.

This relationship can be solved for the scalar poten-
tial using a finite difference approximation method. We
divide the computational space into a large number of
cubic cells and then Eq. (3) is approximated for each

elementary cell. After discretization and rearrangement,
the scalar potential for cell (i, j, k) can be expressed as

(p,' ik —
ik
1 a a a g
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(4)
where f(A) is defined as
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in which i, j, k indicate the cell index, m indicates two
faces (represented by “0, 1”) in x,y,z directions, re-
spectively, § is the unit vector normal to the cell faces
and / is the cell size, ¢“ is the local harmonic averaged
conductivity.

Eq. (4) can be solved directly using an iterative al-
gorithm that we have recently developed [7]. After the
scalar potential has been calculated, the electric field
components can found using Eq. (1). The method was
verified against analytic solutions for a low frequency
problem, full details are given in [7], which indicated
that the quasi-static assumption is reasonable for the
analysis of lossy dielectrics in these circumstances.

2.2. The human 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 (see Fig. 1). The original spatial
resolution of the model is 2mm and the height of the
model is 1.87m. For the computations presented here,
the model is mapped onto a 6-mm grid with volume-
averaged dielectric and conductive properties. These
properties change with frequency.

2.3. Static magnetic field

For the whole-body MRI systems, magnetic field
strengths can perhaps be divided into high field (1.0-
3.0T), very high field (3.0-7.0T) and ultra high field
(=7T). For this work, 4.0 T static magnetic fields are
generated by a compact, symmetric, actively shielded
MRI magnet [8,9]. For this magnet, the total coil length
is 1.5m with a homogeneous imaging region (DSV)
of diameter is 50 cm, the shielding area (to 0.5mT) is
4.5m in the Z-direction and 4.0 m in the radial direction
from the magnet iso-center.

The magnetic field pattern of the magnet is contoured
for the y = 0 coronal plane in Fig. 1(a). In this figure,
the contours are of constant values of the z-component


http://www.brooks.af.mil/AFRL/HED/hedr/

F. Liu et al. | Journal of Magnetic Resonance 161 (2003) 99-107

101

[ NNNNNNNRNEEEEN

| [] Bo(T)

0.000 0.006 0.034 0.205 0.818 1.432 2.045 2.659

| [N EEN
3.273 3.886 4.000 4.500

(

I

>

W

BT T T TTTTTT T J]AWbm
(b) -8.3E-01 -5.5E-01 -2.8E-01 0.0E+00 2.8E-01 5.5E-01 8.3E-01
?Magnf;th ! 7
II 1 1 L I 1 1 1 1 I I' 1 1 1 I 1 1 IEI I 1 L 1 1 I 1 1 1 1 I
-300 -200 -100 0 100 200 300
©) Z (cm)

Fig. 1. The model of the human body moving into the cylindrical MRI Scanner: (a) the profile of the main static fields By (Tesla, z-component) in the
y = 0 plane; (b) the profile of the vector magnetic potential 49 (Wb/m) in the y = 0 plane (in this plane, the radial component 4, = 0); (c) the human

body model moving into the main magnet.

of magnetic field, B,. By examining the contours it is
straightforward to see a bunching of the contours at the
ends of the magnet (see also Fig. 1(c)). This is where the
gradients of the static field are the largest. Specifically,
within the zone occupied by human body, the maximum
numerical value of 0B,/0z and B.0B,/0z are 12.9 T/m (at
(r,z) =(0.33m,0.79m) and 458T?/m (at (r,z) =
(0.33m, 0.75m), respectively. On the z-axis, the peak
0B./0z, B,0B,/0z are 6.4T/m (at (r,z) = (0m,0.87m)
and 17.7 T?/m (at (r,z) = (0m,0.78 m), respectively. The
strong inhomogeneity of the fields in these regions
means that they are likely places for inducing fields in
the body.

3. Results and discussion
3.1. Simulation results

In this simulation, the human body is studied at a cell
size of 6 mm and so the entire computational domain is
divided into a x xy x z=98 x 57 x 313 ~ 1.75 x 10°
voxel region and the body model is embedded in this
bounding box. During the period when the human
model is moving into the magnet, we register the tran-
sient induced currents and electric fields at each position
in the body with respect to the DSV centre. Then the
peak values and their positions in the human body are
obtained for further evaluation.

We have calculated three Cartesian components
Ay, A,,A. for each of the locations within the human
body model. The calculated variations of the vector

magnetic potential components are sketched in Fig.
1(b). For the magnet coils, the currents are in circum-
ferential direction with no Z-direction components, so
A, =0 for each cell. After the vector potential is ob-
tained, the scalar potential can be calculated using an
iterative, successive over relaxation (SOR) algorithm [7].
The simulation converged in an average of about 2500
iterations. The typical computation time is a few min-
utes on a SUN Enterprise 450 workstation.

We firstly consider movement of the body in the
Z-direction into the scanner, consistent with a patient
on an automated table. The second study examines the
case of a patient moving his (the model is male) head in
the X- or Y-direction.

3.2. Patient moving into the scanner

For the simulation of the whole body moving into the
magnet, a range of distances between the bed end and
DSV centre of z= —3.0-3.0m is considered and a ve-
locity v, of 0.5m/s is first tested.

The induced potentials are calculated at each tran-
sient position of the patient bed relative to the magnet
center. The time-varying magnetic flux in Eq. (5) is ex-
pressed by the difference of vector potentials dA of two
neighbouring cells divided by the time difference
dt = h/v,. So the source is defined as

A A

a (i+m,jk+1) (i+m.j k) . om
. (Gi+m,j,k hjv. ) Sy +
A —A,
— a Zltmbt ) TR k) ) Gm
f(A) = E (Gi,j+n1,k h/v: ) S+l (6)

m=0 Ga A(i.j.k+ m+1)7A(i\j.k+m) . §m
ij,k+m h/vz z
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The spatial precision of the displacement is restricted to due to the spatial 3D magnetic field patterns and the

the cell-size and only translation in the Z-direction is electrical heterogeneity of the body. It also shows that

considered in this example. induced values of the electric fields can be larger than
The induced electric fields and currents in each cell of perhaps expected.

the human body model were calculated; selected planes In Figs. 2-4, the distribution of the EMFs in

are illustrated in Figs. 2-4. The simulations indicate that three different sections, X—-Z, X~Y and Y-Z in the

these induced quantities have complicated distributions human model are depicted for three transient positions:
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Fig. 2. The distribution of the current densities in a transverse section at the level of chest for three positions: (a) —2m; (b) —1.55m; and (c¢) —0.8 m
with respect to the 4 T magnet center. The patient velocity was 0.5 m/s. The greyscale shows the magnitude of the induced current densities, and the
arrows show the current direction. The unit is A/m?.
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Fig. 3. The distribution of the current densities in a cross-section at y = 0.05m for three positions: (a) —2m; (b) —1.55m; and (c) —0.8 m with respect
to the DSV. The greyscale shows the magnitude of the induced current densities (A/m?).
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Fig. 4. The distribution of the electric gradient amplitude (V/m?) in a cross-section at x = 0.0 m for five positions: (left—right: —2m, —1.6m, —=1.2m,
—0.8m, and —0.4m) with respect to the DSV. In this figures, a thresholding method (see legend) has been used for improved delineation.

(a) —2m; (b) —1.55m; and (c) —0.8 m with respect to the

DSV.

In Figs. 2 and 3, the greyscale shows the magnitude of
the induced current densities (A/m?), and the arrows
show the local current direction. For each position, the

field patterns are generally symmetrical in the X-direc-
tion due to the symmetry of the anatomy and electro-
magnetic source (see Figs. 1(a) and (b)). But in Figs. 2-4,
some asymmetry of the patterns of induced EMFs can
also be seen and are principally due to asymmetries of
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the human body anatomy and corresponding differences
in the local conductivity. Fig. 2 shows that the directions
of the induced currents changes markedly during patient
translation. The currents flow in different loops in dif-
ferent positions, and no normal currents flow at the
body surface. The electromagnetic induction was
stronger at positions near the end of the magnet than at
other places, presumably due to the presence of stronger
magnetic field gradients. This observation can be un-
derstood in simple terms as follows. Consider a circular
loop of radius a, area A, centered on the z-axis with its
plane perpendicular to this axis. The magnetic flux is
® = BA where B is the average value of B, over the loop.
The loop moves toward the magnet with velocity v. The
induced EMF is d®/d¢ and the induced E-field tangen-
tial to the loop is

1 d<15_1ta2 dB adBdz a dB
2ma dr 2made 2dzde 2 dz
Therefore, the induced E-field is maximal at the end of
the magnet where dB/dz is largest and zero at the
magnet center where dB/dz is zero.

In nerve stimulation research, it has been shown that
a peripheral nerve could be activated by the first deriv-
ative of the component of an induced E-field along a
long, straight nerve fiber, during magnetic stimulation
[10-12]. The locations with large values are usually the
stimulation points. Although there is an open debate on
this issue, the evaluation of the induced E-field gradients
may be important in MRI related PNS. Therefore, E-
field gradients are calculated in this study. Fig. 4 illus-
trates the induced E-field gradients pattern for the X =0
sagittal section. It shows that the induced E-field gra-
dients changes markedly during the translation of the
patient bed due to exposure to strong static magnetic
gradients. The field values are depicted using a thres-
holding method. These regions occurred in areas such as
the chest, back, lats, spine, hands, and groin. It is worth
noting that in this figure, the amplitude of the E-field
gradients are displayed. Detailed calculations of poten-
tial nerve stimulation should be based on both a full
gradient tensor and nerve fibre directionality. The sim-
ulation shows that E-field gradients are higher in regions
of the scapula, disk, arms, buttocks, and thigh. It is
evident that large E-field gradients occur in regions
where bones are close to the body surface and so these
zones may be more excitable by a given applied field.
Regions of high conductivity or large conductivity
transitions also appear to be regions of high risk.

In this simulation, the positions of the peak current
densities in the human model are registered and dis-
played in Fig. 5 (see black dots). These peak values
occur in the chest, chest-arm interface, groin, and hands.

Fig. 6 provides curves describing the peak electric
fields and current densities in the human model for all the
positions along Z-axis with the patient moving into the

Fig. 5. Registered positions of the peak current densities in the human
model for all the positions (z = —3.0-0m) when the patient is moving
into the 4T magnet.

magnet at 0.5m/s ((a) and (b)). In Fig. 6(a), the electric
field and current density curves are both provided. These
curves depict the obviously stronger electromagnetic in-
duction when the body moves near a magnet-end, where
the static magnetic field gradient is large. Fig. 6(b) shows
the amplitudes of the two electric fields and current
densities for maximum induction at various layers within
the body. In this figure, |E|, and |J|, are the induced
values when peak electric field (1.8 V/m) occurs, and |E|,
and |J|, are the values when peak current density
(0.21A/m?) happens. It can also be seen that the induced
quantities are larger in the regions of the chest, abdomen/
hands and thigh/groin, the peak values of the currents
and electric field are not in the same positions. Based on
the simulated data, a parameter J,(v, By), the peak cur-
rent densities J vs. the velocity v and main magnetic field
strength By, can be estimated. After calculation,
Jy(v,Bo) = J/v/By is about 0.1 AS/(Tm?) for the bulk
body movement. This value is based on the assumption
that the peak currents are proportional to the magnetic
field strength and velocity and are provided as extrapo-
lated estimates only. Although the magnetic field profiles/
patterns for different magnets are not the same as this 4T
system, this should provide some idea of the trend of the
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Fig. 6. Curves of the induced EMFs for the human body moving into
the high-field MRI: (a) peak electric fields and current densities in the
human model for all the positions (z = —3.0-0m) when the patient is
moving into the 4 T magnet; (b) the amplitudes of the electric fields and
current densities for the various layers of the human body model. |E|,
and |J|; are the induced values when peak electric field (1.8 V/m) oc-
curs; |E|, and |J|, are the values when peak current density (0.21 A/m?)
occurs.

induced quantities. For example, for 8.0 T magnetic
fields, if the patient velocity exceeds about 0.6 m/s, the
induced fields/currents (J,(v,Bg) = 0.1 AS/Tm® x 8T x
0.6m/S = 0.48 A/m?) approach the nerve stimulation
thresholds/guidelines for low-frequency magnetic stimu-
lation in MRI [4,13]. These effects correlate with a recent
experiment [14]. In that study, entrance into an 8.0T
magnet and passage through the high gradient region
elicited reactions from the subjects. They reported vertigo
and metallic tastes in their mouths, as well as slight tin-
gling effects. Most of these effects ceased once the subject
was positioned at the isocenter.

3.3. Simulation of “‘head-shake”

Movement of the human head in transverse direction
in the 4.0 T magnet was first simulated. For motion in Y-
direction, Eq. (5) becomes

Alismiv1 o) —Aliem. i ~
(G?er‘j‘k (i4+m.j+1k) (:+m,1.k)) . S;n_’_

1 h/vy (k)
A A
_ a (i j+m+1k) (i j+m.k) . om
f(A) = E (Gi,ﬂmk X0 ) syt - (7)
m=0 p Al Lktm) = AGjktm) ) §m
i,jk+m h/vy (k) z

In this equation, v,, the velocity of the head, is deter-
mined by the layer number of the head (k). In an attempt
to simulate a realistic head movement, we assume that
velocity of the top of the head is 0.2m/s and decreases
linearly to zero near the layers of the shoulder. The time-
varying magnetic flux in Eq. (5) is expressed by the
difference of vector potentials dA of two neighbouring
cells in Y-direction. Here the induced potentials are
computed at positions z € (—1.85-1.85)m, where the
field gradients are larger.

Simulation of the movement in X-direction was made
in a similar fashion.

The results are shown in Fig. 7. In Fig. 7(a), the electric
field and current densities are given for z = 0-1.85m. Fig.
7(b) shows the amplitudes of the induced quantities for
the various layers of the human head at the position
z = 0.5m, where peak induced values occur. In this fig-
ure, |E|, and |J|, are the values for motion in X-direction,
and |E|, and |J|, are the values for motion in the Y-di-
rection. Based on the simulated data, the estimated peak
current densities vs. the head velocity (X- and Y-) and
main magnetic field strength By J,,(v, By) is about 0.3 and
0.18 AS/(Tm?), respectively. These simulations show that
in high field MRI systems, rapid head movement should
be avoided. Furthermore, in the former mentioned ex-
periment [14], vertigo was also reported when technicians
moved their head rapidly within the bore of the 8.0T
magnet.

4. Discussion

Ever since the application of MRI, the interaction of
the static magnetic fields with biological tissue has been
questioned. As mentioned before, there are many as-
pects to the effects of the magnetic fields in biology. One
mechanism of static magnetic field interaction with
moving biological samples is via electromagnetic in-
duction. Due to relatively low velocities involved in this
case, the induced E-field component equal to —0A/0¢
can be expressed without further calculation as v x By
[15]. Tt is the component equal to —V ¢ that is produced
by the induced charge densities and that requires the
complex calculation presented in this paper.

From the simulations, we can see that induced electric
fields and currents of reasonable magnitude can be in-
duced in patients moving in high-field MRI systems. To
evaluate the potential of magnetic stimulation by body
movement, a quantitative comparison can be made be-
tween these calculated induced quantities and results
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Fig. 7. The induced electric fields and currents for the human head
movement in the high-field MRI. In all the figures, “x” is for the head
moving in the left-right direction, and “y” for the up—down direction.
(a) Peak electric fields and currents in the human model for all the
positions of the head (z = 0-1.85m) in the magnets; (b) the amplitudes
of electric fields and currents for the various layers of the human model
near the head.

obtained from the PNS studies of pulsed gradients fields
in MRI. A review of magnetic stimulation by gradient
coils can be found in [4]. Figs. 4 and 6 illustrate that the
field magnitudes induced by body movement are less than
those of gradient coils reported in the literature [4,16,17].
In this simulation, the maximum current is about
220 mA/m?, while for the gradient coils in modern MRI
scanners, Faraday currents can reach 386 mA/m? [13],
while current FDA limits for the induced currents are less
than 480 mA/m? [4,13]. For the electric field, the peak
value is about 1.8 V/m for the 4 T, 0.5 m/s movement case,
which is much smaller than 6.2 V/m, which has been
suggested to be the threshold for nerve stimulation at low
frequencies [16]. While the simulated values are all within
the range of safety limits, the magnitudes of the current
densities and the electric fields are in the same order as

those induced by time-varying gradient fields in MRI and
should not be ignored. This is particularly so for magnets
at 4T and above. Although the fields calculated in this
paper are suggested as being near the level of physio-
logical significance and possibly harmful, they are sub-
stantially lower than those associated with transcranial
magnetic stimulation (TMS), which is being widely used
for diagnostic purposes.

In addition to the types of motion considered in this
paper, very similar types of fields and effects can be
produced by blood flow even when the patient’s body is
nominally at rest [1,18-23]. These fields differ somewhat
from those produced by table motion. Fields produced
by table motion are maximal near the magnet ends where
the magnetic field changes rapidly. Blood flow velocity in
the aorta is on the order of 1 m/s and the aortic arch is
more or less perpendicular to By. This flow-induced emf
will be greatest at the center of the magnet where By is
largest. At the center of a4 T magnet a flow-induced field
of about 4 V/m is present within this region of the aorta.
It is worth noting that the methods of this paper could be
used to calculate the total body distribution of E-field
resulting from aortic and other arterial blood flow within
the magnet. The effect of these flow-induced electrical
potentials could distort the electrocardiogram taken in
high field magnets. In addition, the Lorentz forces on
blood flow caused by the induced E-fields and currents
were once considered as possible safety issues due to the
magnetohydrodynamic retarding force associated with
them. It was later shown that these forces are not
significant at the field strengths used in MRI [1].

5. Conclusion

In this paper, a heterogeneous volume conductor
model of an adult male along with an efficient finite
difference scheme was used to calculate the induced
electric field distributions when the human body moves
into high field MRI scanners. The simulations show that
the induced fields and currents should not be ignored at
ultrahigh fields. Extrapolated data of the peak induced
currents has been presented to evaluate the potential
safety issue at a variety of field strengths and patient
velocities. Surprisingly high values for the induced
quantities may be generated for patients who move
rapidly in the fields, particularly at the ends of the
magnet systems. It is hoped that these results will better
inform the MRI community concerning safe movements
in or around an MRI system. The adage ‘“‘slower is
better,” is apt in this regard.
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