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Abstract

In this review the effects of low frequency electromagnetic fields encountered specifically
during magnetic resonance imaging (MRI) are examined. The primary biological effect at
frequencies of between 100 and 5000 Hz (typical of MRI magnetic field gradient switching)
is peripheral nerve stimulation; the result of which can be a mild tingling and muscle
twitching to a sensation of pain. The models for nerve stimulation and how they are related to
rate of change of magnetic field are examined. The experimental measurements, analytic and
computational modelling work in this area is reviewed. The article concludes with a

discussion of current regulation in this area and current practice as both are applied to MRI.
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Introduction

The safety aspects of Magnetic Resonance Imaging (MRI) scanners have been uppermost in
the minds of their developers from the earliest pioneering experiments. The BBC popular
science programme “Tommorrow’s World” cameras were present when Sir Peter Mansfield
climbed in to his first whole-body imaging magnet. Sir Peter announced to camera that any
cardiac arrest, should it happen, would be immediate when the scan started. However, he had
made some calculations and he thought it unlikely. Of course, as we now know, there were
no acute effects and the programme was broadcast and paper published in 1978 (Mansfield et
al 1978). This anecdote serves to underline some of the important points and questions which
are discussed in this review, namely induced currents flowing around the body and, above

some threshold, biological effects that can range from tingling sensations to cardiac arrest
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(Reilly 1989, Schenck et al 1983). However, there are difficulties in predicting and
calculating the current flowing around the body for a specific individual and their thresholds
for their actual position within a particular scanner (Den Boer et al 2002). Additionally there
are difficulties in understanding the exact mechanisms which link induced electric fields to
nerve axon or muscle tissue depolarisation — these could be absolute in magnitude or spatial
derivatives of the electric field (Maccabee et al 1993). The biological processes are time and
frequency dependent and are generally non-linear in their response (i.e. a threshold has to be
reached) to applied fields (Lapicque 1909). Together with subject dependent perceived
response it is therefore not always possible to predict the thresholds for a specific subject with

any great accuracy.

Magnetic field gradients are an essential part of the process of standard clinical MRI. These
are produced by switchable electromagnetic coils which provide a linear varying spatial
dependence of magnetic field along a particular axis. These are switched in particular
sequences to encode the spatial position of the signal to give an image. The ability to switch
these gradients quickly gives several performance advantages to the MRI process. High
levels of gradient are also desirable. A typical modern clinical scanner is able to generate 40
mT m™ at a switching rate of up to 200 T m™s™. Hence the gradient can be switched from
zero to maximum in ~200 ps. Even higher values of gradient magnitude are usually desirable
for diffusion weighted imaging. Gradient waveforms employed in an imaging sequence are
usually trapezoidal in nature and have variable overall pulse lengths and orientations (see
inset of figure 1). This complicates the relationship between sequence used and the likelihood
of nerve stimulation. Gradients may be applied along different axes either together or
separately. These considerations make comparison (and hence interpretation) of MRI nerve

stimulation with in-vitro experiments difficult.



Because of the difficulties in calculating or measuring exact electric fields the way of dealing
with the problem of peripheral nerve stimulation (PNS) has been to take data based on
experimental evidence and produce a figure of rate of change of magnetic field (dB/dt)
beyond which the scanner cannot go (during a standard sequence) (Bourland et al 1999,
Budinger et al 1991, Ham et al 1997). The values used may scale with gradient axis but will
not usually take account of body position and geometry. It may be possible, under certain
circumstances, for identical sequences on two different scanners to have different PNS
responses because of the slight spatial differences in applied magnetic gradient fields. As
such the ‘assumed’ threshold of PNS (based on a particular value of dB/dt) may be either far
too conservative and therefore compromises scanner efficacy or too lenient and give an

unacceptable rate of PNS effects.

In this review the current understanding of the effects of magnetic field gradient switching on
the human body will be discussed. This will start with some basic theory for both
electromagnetism and interactions with biological systems. The spatial nature of the gradients
will be discussed together with a review of numerical methods of calculating induced currents
due to switched gradients. The review concludes with a discussion of current regulations as

they are applied to MRI.



Electromagnetic theory

It is useful to include a short resume of the electromagnetic theory of induction of electric
fields. Faraday’s law of electromagnetic induction states that the electro-motive force (EMF)
generated in a circuit is given by the negative rate of change of the total flux, @, linked by the
circuit,

emr—-9%__9 g.qgs,
dt  dt

where B is the magnetic flux density in tesla and S is the vector defining the surface defined
by the closed circuit. The total EMF is equivalent to the total integrated electric field E

around the circuit and is related to magnetic field by use of Stokes’ theorem ,
[E-di=[(vxE)-ds=-2[B.ds,
ot

and hence VxE = —@.
ot

Gradient switching occurs over a frequency range of a few hundred hertz to several kHz. The

spectral content of an Echo Planar Imaging (EPI) sequence is shown in figure 1.

At low frequency and as the conductivity, o, of biological tissue is of the order of 1 Sm™ then
the system can be regarded as purely quasi-static i.e. wave effects can be disregarded. In
addition, the magnitude of any induced current (including displacement current) will not be
high enough to influence or modify any applied magnetic field (i.e. no eddy current like
effects). In a complex heterogeneous object, such as a human body, the induced electric field
Is subject to constraints imposed by the boundary conditions between volumes of different
conductivity and permittivity. At any boundary the tangential components of the electric
fields (E; and E;) on either side must be equal. From the continuity equation then the current

flowing through the surface on either side must also be equal, hence, o,E,-h—cE,-A =0,

where 0 is the unit vector normal to the surface and o, and o, are the conductivities either
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side of the boundary. In order that this condition is met then a surface charge is developed
equal to ¢,E, - —gE, -n, where ¢ and ¢; are the tissue permittivity either side of the

boundary. At a frequency ® where o/we >> 1 (defining a conductor and quasi-static
conditions) then although the surface charge is affected by tissue permittivity, the net current
flow is not. However, for a semi-permeable cell membrane the ratio of &/c (given by product
of the resistance and capacitance per unit area) is defined as the membrane time constant zp,
and is of the order of 1000us (Cartee and Plonsey 1992). Thus it is likely that the threshold
for cell depolarisation with induced fields will have a strong frequency dependence within the

band of frequencies covered by gradient switching.

It is possible to define magnetic and electric fields in terms of a vector potential, A, and a
scalar potential, V. These potentials can be useful in solving particular problems in

electromagnetism (Jackson 1998). The electric field can be written as, E=-VV —dA/dt,

where the vector potential is defined such that B=V x A. For a uniform time varying
magnetic field applied across a uniform conductive sphere the vector potential may be used

such that dA/dt = % rxdB/dt. In the case of a magnetic field B, along the z-axis the electric
field at a distance r from the z-axis within the sphere is given by E, = % rdB, /dt. The current

density, J, can then be found from J =oE. In this spherical example the current is always
exactly tangential anywhere on the surface so the boundary conditions are always maintained
without an additional surface charge. This simple calculation has been used as the basis for
approximation of the magnitude of current flowing in the human body (Irnich and Schmitt
1995). However, the inhomogeneity of conductive volumes and variable current paths in the
human body can modulate this approximation quite significantly. An obvious example would
be making a small break in a ring of conductor which has an induced EMF. A change in

conductivity at a single point on the ring influences the electric field on the other side of the



ring. A further complication is the non-uniformity of the magnetic field thus breaking the
condition imposed on the calculation of the vector potential above. It is usual to assume that
the subject remains stationary for calculation of induced fields due to gradient switching. Any
movement of the body in the magnet (for example due to blood flow or limb movement) can
usually be disregarded. The product vxB, where v is the velocity, will produce an additional
electric field component, which may be added, but the frequency components due to
movement usually lie in the range 0 — 30 Hz. The induced electric fields at these ultra-low
frequencies are responsible for magneto-phosphenes, vertigo and metallic taste sensations,

and are not discussed in detail in this review.

Magnetic Resonance Imaging gradients

For MRI the gradients are defined purely as linear variations in B, along each of three axes:

G, = dB,
dx

ddBZ and G, = ddBZ . Clearly, to satisfy V-B =0and VxB = 0within the
y z

; G, =
volume of the coil there are additional spatial terms in By and By. Whilst the latter have very
little effect on the imaging, their presence will contribute to the current flowing in the body of
the subject and have to be included. Figure 2 shows the axial variation in magnetic field from
a typical whole body scanner. Outside the region of linear gradient the maximum value is
soon reached and thereafter the level falls rapidly to zero. The linear region is defined by the
diameter of the spherical volume (DSV) of homogeneous gradient. The imaging volume is
usually centred on the zero-crossing of the gradient profile — at the iso-centre of the magnet.
A subject would be positioned so that the anatomy of interest would be at this position. It is
easy to see that for a head scan there will be a maximum magnetic field in the thorax and vice-
versa. For switching of G;the induced electric field would preferentially form an azimuthal

pattern scaling with radius. For switching of Gy or G, (transverse gradients) the induced

electric field is more complex with a transverse current flowing even at iso-centre (x =y =z



= 0) (Glover and Bowtell 2007). Measurements, theoretical analysis and numerical

simulation demonstrate the behaviour of the induced electric fields due to gradient switching.

It is essential to switch the gradients on and off quickly to encode the image or other effects
such as diffusion weighting. The gradient field can switch the polarity of a gradient at
maximum magnitude in around 200-300 ps. The typical inductance of a whole-body gradient
set may be of the order of 200 uH. Modern switch-mode power supplies are able to provide
several hundred amps at up to 750V. Faraday shielding is provided between the subject and
the gradient coil to ensure that no capacitively coupled currents can flow through the body.
The gradient slew rate on a whole-body system will be limited to typically 200 T m™*s™. The
ability for power amplifiers to drive large currents into inductive loads diminishes with
increasing frequency. A whole-body scanner is therefore capable of inducing PNS in a
subject unless the slew rates are restricted to below the threshold value. The default setting on
clinical systems is to set a conservative limit for avoiding PNS. The MRI sequence usually
comprises a set of gradient reversals and flat topped pulses as shown in figures 1 and 3. Itis
important to remember that the induced electric field is proportional to the derivative of the
gradient shape. For example an MR physicist might refer to a 1ms pulse but the nerve cell
would ‘experience’ two pulses of 150 ps duration spaced 1 ms apart and opposing polarity as
shown in figure 3. The pulse sequences used vary widely in their nature in terms of type,
length and duration. For the very fastest of Echo Planar imaging sequences, which are most
likely to induce PNS, the gradients will be switched and/or reversed to their maximum levels
up to 64 times in 30 ms. Most of the experimental work reported in the literature uses a
repetitive pulse sequence of this nature (Cohen et al 1990, Zhang et al 2003). Sinusoidal
magnetic fields are rarely used in MRI but have the advantage of being at a single frequency
so easier for threshold experiments and interpretation. It appears that simple scaling of

thresholds related to actual pulse shape and frequency can be used (Irnich and Schmitt 1995,
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Mansfield and Harvey 1993). The maximum frequency which has to be considered is around
10 — 20 kHz which is well below the frequencies where significant tissue heating will occur

due to induced currents i.e. at radio-frequencies (Collins et al 1998).

Electric field interactions with nervous system

Electrically excitable tissue (such as cardiac muscle or nerve axons) can be modelled by
assuming a one-dimensional cable equation (Rattay and Aberham 1993, Ruohonen et al
1996a, Ruohonen et al 1996b). The spatial and temporal behaviour of the trans-membrane

potential Vp, is given by,

ot 0z 0z

where 7y, is the membrane time constant, 4 is a length constant and E; is the driving term
electric field along the length of the fibre. This electric field can exist due to either potentials
applied to nearby electrodes or an electric field induced by a time varying magnetic field. The
equation can be solved for simple linear fibres and shown to be in excellent agreement with
data from in-vitro experimental work (Basser and Roth 2000, Ueno et al 1984). The spatial
and temporal dependence of nerve fibre de-polarisation of the excitable tissue can be
predicted (Maccabee et al 1993). Electrodes placed near the nerve produce a large spatial
variation in electric field which produces a large ‘driving term’ in the cable equation above.
For example the cathodal stimulation can be shown to be ~5 times more effective than anodal
stimulation if the electrode is placed more than a few length constants from the fibres (Basser
and Roth 2000). Cartee and Plonsey (1992) show from an analytic approach based on the
cable equation and intracellular potentials that not only is the spatial applied electric field
relevant but that the trans-membrane potential time constant is related to the geometry of both
the nerve cell and the location of the stimulus. The length constant X is related to the fibre

diameter and the intracellular, extracellular and membrane resistances. The resulting effective



time constant of the cell can be much smaller than z,,, for an extracellular electrode stimulus.

The further away the electrode the longer the time constant.

Experiments have been carried out on single nerve fibres in-vitro using small localised
magnetic stimulators (Di Barba et al 2007, Ruohonen et al 1996a, Ueno et al 1984). This
type of stimulator produces a large spatial derivative of electric field along the direction of the
fibre. These experiments are fully consistent with the electric potential experiments when the
spatial nature of the electric field is considered. In some experiments the electric field is
modified by adding non-conductive blocks which serve to increase the spatial rate of change
of induced electric field (Maccabee et al 1993). Experiments of this nature indicate that nerve
depolarisation is mediated solely through the spatial components of the induced electric field
and is not a function of magnetic field magnitude in itself or a direct magnetic effect. The in-
vitro situation is unlike that in the human body where the gradient magnetic fields are
comparatively more uniform and hence the spatial derivative of the electric field will be much
smaller. However, if the fibre is bent in a uniform electric field then the fibre can be exited by
the effective spatial derivative of electric field. Localised behaviour of electric fields due to
non-homogeneous conductivity can give rise to higher effective electric fields. This may be
particularly true where fibre tracts pass by or through volumes of lower conductivity, in tissue
or at skin surfaces. Although the cable equation may predict the behaviour of a single fibre in

isolation there are many possible orientations and current paths in the human body.

Many researchers have attempted to model the electrical activity and response to electrical
fields of the heart. Cardiac cells act as a 3D cable and can be written as such. However, to
simplify matters the tissue can be modelled as a bio-domain i.e. having no fine cellular
structure (Basser and Roth 2000). Using this method the models can predict the

experimentally observed cathode and anode electrode behaviour. Despite a good
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understanding of the electrical response of the nerve and other excitable tissue we have the
situation where, due to non-localised current flow, there is some difficulty in translating these

in-vitro observations to the whole human organism.

In order to simplify the situation for in-vivo experiments it is easier to introduce a strength-
duration relationship based on either electric field or applied magnetic field. This was first

attempted by Weiss (1901) who noted that there was a relationship between the charge flow

(time integral) and the stimulus duration. This may be written, IEdt =E, (rs - rc), where E,

is the rheobase (the minimum electric field to produce stimulation), z. is the chronaxie (the
stimulation duration z; which is required to double the stimulation threshold) as defined by

Lapicque (1909). Written in terms of electric field at the stimulation threshold for a

s

rectangular pulse based on this strength-duration relationship is given by E, = E{1+ Ej or
may be equivalently be written in terms of magnetic field (Bailey and Nyenhuis 2005). Itis
useful to note that this hyperbolic relationship fits the experimental data more closely than an
exponential based relationship as would be expected by an exponential time constant (Irnich
and Schmitt 1995, Schaefer et al 2000). The chronaxie parameter is known to vary with
electrode size in electrophysiology which is consistent with the work of Cartee and Plonsey
(1992) discussed previously. It is therefore unreasonable to expect that chronaxie will have a
unique value for all types and geometry of stimulation in-vivo. However, knowing the
chronaxie and rheobase levels for a particular geometry and subject gives an accurate

prediction of stimulation over a range of applied pulse lengths, frequencies and levels (Den

Boer et al 2002, Schaefer et al 2000).
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More usually in the MRI safety literature the time dependent stimulation threshold is written

as a slew-rate (either dB/dt or dG/dt) related threshold, SR(z,) = SR, (1+ %J , Where SR, is

s
the minimum slew-rate (of magnetic field or gradient) to stimulate the tissue. The variation of
rate of change of magnetic field with applied pulse length required for stimulation
(determined from results in the literature cited here) is shown in figure 4. Figure 5 shows the
range of effective minimum threshold for given chronaxie values. Whilst it is the electric field
in the tissue which ultimately causes stimulation, a calculation based on the rate of change of
magnetic field is more convenient for the setting of scanner parameters — assuming a fixed
subject size. Clearly the scanned subjects do vary in size and position, thus there is a wide
variation in the reported values of the rheobase and chronaxie in the reported literature for
magnetic field induced stimulation. Mansfield and Harvey (1993) and Irnich and Schmitt
(1995) wrote the stimulation strength relationship in terms of a change in field as a linear

function of pulse length. Zhang et al (2003) also used the linear form for the relationship

between pulse length and threshold by re-writing the slew-rate relationship in terms of a

gradient difference required for stimulation, AG, minTs

= SR, 7, + AG;, Z%(TS+Z‘C),W}1€I‘€B

is defined as the electric field per unit gradient slew rate at the point of stimulation. In this

way the chronaxie parameter may be evaluated from z, = AG,;, /SR,;, obtained from a fit to

min
experimental data. The advantages in presenting the experimental data in this way is that the
scanner hardware capabilities (operating area) can be superposed on a graph of gradient
excursion shown in figure 6. The shaded area enclosed by the curves defines the operating
area for which there is stimulation. Limitations with determining the magnetic field or
gradient related stimulation levels include their variation with the type of scanner and gradient

coil used and subject to subject variability. This is readily demonstrated in the literature by

examining the wide variation in rheobase and chronaxie values quoted as depicted in figure 5.
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Zhang et al (2003) show that subject variation moves the threshold curve (on the AG against
¢ graph) up and down demonstrating the relationship between these values and subject. A
number of authors have published studies which attempt to find relationships between PNS
threshold and geometry of the gradient and subject position. Faber et al (2003) attempted to
provide experimental subject data dependent on position whilst switching gradients on one,
two or all three axes simultaneously. Very usefully they attempt to correlate the major current
paths around the trunk due to the various effective gradient orientations. They note that
gender of the subject affects the magnitude of the threshold but not the position of the
stimulation. They ascribe the difference to the larger stature of males which increases the size
of the current loops and hence the magnitude of the current density will increase for the same
applied gradient. Gradient coil designs can be specifically tailored to minimise the likelihood
of thresholds being exceeded. Bowtell et al (2003) showed how the addition of a concomitant
field coil (i.e. one which generates a magnetic field but does not generate a gradient term) can
influence the stimulation threshold under certain conditions. The additional fields can be
shown to alter the current paths around the body. Unfortunately there may only be limited
scope for such methods with only a small reduction possible. Mansfield and Haywood (2008)
proposed that electric fields may be controlled by applying an external electric field. In this
work the external field is minimised by short-circuiting two plates. Clearly there is scope for
modifying the internal electric field in a subject by active application of an external field.
However, it must be remembered that the induced electric field is not conservative whereas
the external applied field is always conservative. The resulting cancellation cannot therefore
be perfect in all cases and could even make the situation worse — in common with any active

cancellation technique.

Magneto-phosphenes are perceived as light flashes and are thought to be retinal in origin as

the induced electric field modulates the ionic currents flowing within the retina (Lovsund et al
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1980a, Lovsund et al 1980b). Magneto-phosphenes are perceived when electric fields and
associated currents are well below those required for nerve cell depolarisation (as discussed
below). However, the frequency range over which magneto-phosphenes can be perceived is
very narrow and centred on around 20 Hz. The change in magnetic field required for an
optimal pulse risetime of 50 ms is around 100 mT. If this value were to be plotted onto a
graph such as figure 6 then this would indicate that induction of magneto-phosphenes from
gradient switching is not very likely for whole-body scanners. The magnetic field change
required is much too great to be achievable under normal conditions. The frequency
components of the changing magnetic field are very small in the ultra-low frequency range.
In addition, vertigo and metallic taste sensations are not perceived via the gradient switching
process and the same argument can be applied (Cavin et al 2007, Glover et al 2007). For
gradient switching and over time-scales of greater than a few milliseconds the electric field

integrates to zero and thus the sensory mechanisms are unable to follow the changes.

Analytic and numerical modelling methods

The vector potential, A, can be directly calculated from the gradient coil current distribution
for use in calculating the electric fields and current density (Bencsik et al 2003, Bowtell and
Bowley 2000). It is usually an easier process to calculate (either numerically or analytically)
a single scalar value of potential, V, at a point rather than the vector quantity E. It is
important to stress that the quantities A and V are not absolutes in themselves, they are useful
mathematical concepts. Only their spatial derivatives have a valid physical meaning and not
their absolute magnitudes. As the current density generated in tissue with conductivity of the
order of 1 S/m is not high enough to generate a magnetic field any where near the magnitude
of the applied field then it can be assumed that the magnetic field (and hence the vector
potential) are equivalent whether or not the sample is present. Unlike the full-wave numerical

models required for RF, the problem is somewhat simplified. A single frequency solution
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may be computed with simple linear extrapolation to all applicable frequencies (or rates of
change in the time domain). For simple geometry such as flat plates, loops or spheres an
analytic solution may be formed (Bencsik et al 2002). It is usually assumed that (minus) the
temporal derivative of A forms the basic electric field irrelevant of the value of conductivity.
At every boundary point between domains the condition on the current density, tangential
electric fields and charge at the surfaces can be met by defining a continuous scalar potential
throughout the domains. Because the problem is constrained and defined by its boundary
conditions then boundary element methods (BEM) may be employed (Cobos-Sanchez 2007).

The potential within each domain is then defined by the Poisson relation VAV = p/ &, where p

is a space charge (zero in the case of gradient switching). The BEM has its advantages when
solving problems with few large scale domains. Usually, because of the hetrogeneity of
human tissue conductivity it is easier to employ a finite element method. The same boundary
equations are required but the potential is assumed to be constant across the volume of the
element. The numerical methods taking the finite element approach are variously termed
impedance methods (Deford and Gandhi 1985, Hart and Wood 1991, Nadeem et al 2003),
scalar potential finite difference (Dawson et al 1997, So et al 2004) or quasi-static finite
difference (Liu et al 2002). The impedance methods model the conductive sample as a set of
interconnected nodes (one for each element) with resistors placed in between adjacent nodes.
There are no interconnections between non-adjacent nodes which makes the resulting set of
equations simpler than a general network as would be found in a circuit simulator. Induced
electric fields are added as additional voltage sources in series with the interconnecting nodal
impedances. Thus the boundary conditions are automatically preserved and current is
conserved within the element volume. The system of equations can be written in terms of a
linear matrix equation and solved with a number of techniques such as LU decomposition
(Mishra et al 2006), Successive Over Relaxation (SOR) (Liu and Crozier 2004), Conjugate

Gradient (Dawson et al 1997) or Bi-Conjugate Gradient (BiCGstab) (Wang et al 2008).
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Parallel methods may be applicable to some of the methods (Bomhof and van der VVorst 2000)
and computation time for a single (human scale) calculation for current density due to
gradient switching takes between a few minutes to an hour on a powerful computer platform
depending on voxel resolution. In contrast, it is also valid to use Finite Difference Time
Domain (FDTD) solvers to get the same answers although the computation times are very
much longer (Bencsik et al 2007, Gandhi and Chen 1992, Li et al 2007). With the FDTD
approach, in order to make computation times practical, a higher frequency of applied
magnetic field is usually used. Whilst such a method will shorten computation times (as total
time is related to frequency as well as length scales used) it is essential to ensure that the
quasi-static conditions are still met and the appropriate (lower frequency) conductivity values

are used by the software .

The authors cited in the above paragraph have used their various numerical methods to
determine the electric fields induced in the human body during an MRI procedure. The
choice of model and resolution can influence the peak currents flowing around the body (So et
al 2004). This variation is noticeable specifically in the skin and fat layers where a 3 mm
isotropic resolution may not be enough to adequately characterise the tissue. Unfortunately
these are the tissues where the sensory nerves may be being stimulated. However, the current
densities and electric fields determined by these methods are in general of the order expected
for stimulation given by the rheobase and chronaxie values determined experimentally. The
regions stimulated are usually in general the regions with the highest electric field e.g the hips
and lumbar region for y-axis gradient switching. What is still lacking is the full experimental
verification of the numerical values of electric field at the sites of PNS for a given subject and
their own individual body model. The conductivity models used in the above cited numerical

methods are based on a small set of available ‘bodies’ and resolutions.
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Numerical simulations of trans-cranial magneto-stimulation (TMS) has been carried out by a
number of authors (Wagner et al 2004). The numerical methods used for TMS are very
similar as the quasi-static approximation is still valid although tissue permittivity is significant
and can be modelled with a complex conductivity. The pulse times are usually shorter than
the MRI switching times which implies that TMS is working much higher up the response
curve (figure 4) and hence peak induced currents are roughly an order of magnitude higher

than for MRI PNS.

Measurement Methods

The importance placed on analytic and numerical methods and their accurate prediction of
current density in the human body is, in part, due to the difficulty of making accurate in-vivo
direct measurements. It is only feasible to conduct experiments either in-vitro, in phantoms or
in animals. Safety studies of electric fields have been carried out in this manner and current
densities have been satisfactorily measured. However, the applied electric fields or directly
applied potentials are both conservative in nature and reliable measurements can be made by
simple probes (Miller 1991). These probes, assuming access is possible and little or no
damage is caused to surrounding tissues, need pay no regard to wire paths as there should be
no induced EMF in the signal wires. Of course, every electro-physiologist knows of the need
to shield cables from extraneous electro-magnetic interference (EMI). When changing
magnetic fields are introduced the point measurement probes are no longer accurate. The
induced electric field component tangential to the wire induces additional voltages in the
wires. To determine the electric field correctly a dipole probe has to be employed where the
wires connecting the two tip points form a straight line (Hart and Wood 1991, Tofts and
Branston 1991). The first in-vivo measurements of electric fields induced by MRI scanner
gradient switching have been described by (Glover and Bowtell 2008). Figure 7 shows a

segment from a pulse sequence where a calibrated pulse of 10 mT m™ is used. The subject is
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positioned such that the magnetic field sensor (placed on the abdomen nearby) detects 1 T s™
during the rise-time of the pulse. The electric field generated on the surface of the abdomen
is 0.15 V m™. An EPI sequence generates an electric field an order of magnitude greater at
around 1.5 V m™. What is interesting is that the values measured are also in fairly close
agreement with simple calculations based on the spherical model. The level of agreement
depends on choosing a value of radius which corresponds to the size of the current loop
around the body and gradient geometry. Glover and Bowtell (2008) also report results from
an experiment where the subject is placed outside the scanner whilst the scanner is running an
EPI sequence. As expected the coupling is a lot lower (and depends on exact positioning) yet
values of measured electric field are comparable with numerical modelling as cited above
The measurements were for a single point and subject position and were generally smaller
than the 1 cm® averaged values quoted from the numerical model papers (Li et al 2007,
Riches et al 2007). In addition the subject for the measurement was an unknown distance
from the actual coil windings whereas the body model could be placed with greater accuracy

and without regard for scanner fixtures.

It would be desirable to have a direct measurement of induced current using a similar probe.
Current probes based on parallel plates are feasible but not practical in-vivo (Deutsch 1968).
As the current has to travel through the probe, the probe impedance has to mimic exactly that
of the volume of tissue displaced. As this is not always known then it is possible that the
probe itself will influence the current paths. In addition, the surface layer impedance of the
probe is significant meaning that the frequency response of the current probe is likely to be
highly variable. In addition very low frequency measurements are not practical. However, at
gradient switching frequencies and for homogeneous phantoms only this approach could be

beneficial as a direct measurement method.
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Regulatory Issues

Guidelines for limits of exposure to electromagnetic radiation are set by (amongst others): the
International Commission on Non-lonising Radiation Protection (ICNIRP); the Institute of
Electrical and Electronics Engineers (IEEE) and the International Electro-technical
Commission (IEC). The Guidelines relevant to limits for frequencies covered by MRI
gradient switching are ICNIRP 1998, IEEE International Committee on Electromagnetic
Safety (ICES) 2002 and 2005, and the IEC 60601-2-33 (2007). The European Union Physical
Agents Directive (2004/40/EC) is largely based on the ICNIRP (1998) guidelines and
concerns occupational exposures. This directive was due to be adopted from 1st May 2008 but
has now been postponed until 2012 (2008/46/EC) after representation from the MRI
community and others from within member states. The ICNIRP guidelines, and hence the EU
directive, proposed a current density in tissue of 10 mA m™ in the frequency range from 10 —
1000 Hz and which scales with frequency up to 100 mA m™ at 10 kHz (see table 1). The
assumption made in the calculation is a tissue conductivity of 0.2 S m™. Hence 10 mA m™
would indicate an induced electric field of 50 mV m™. It is now feasible that the combination
of in-vivo surface electric field measurements and numerical modelling would indicate which
procedures would exceed these values. As a response to concerns of the MR community the
EU commissioned a study of likely impacts due to implementation of the directive (Capstick
et al 2008). The UK HSE also commissioned a study for numerical modelling from Stuart
Crozier (Chadwick 2007). From both reports (and previous work cited above) it is clear from
measurements and/or numerical modelling that for any person standing reasonably close to
the end of the bore whilst the scanner is operating the proposed limits would be exceeded
(although exposure levels were generally below any PNS threshold). In clinical practice it is
not uncommon for a nurse, radiographer or accompanying person to be close to the bore
during a scan in order to perform various tasks including administering contrast agents or

keeping the patient calm. In interventional MRI the surgeon or anaesthetist may be very close
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to the patient and within the volume of the scanner. Although the induced electric fields
would exceed limits set by most regulatory bodies, these persons do not perceive PNS or
magneto-phosphenes or are adversely affected in any way (disregarding the acoustic noise for
which protection is available). As a separate issue the movement of a person near the bore end
of the magnet will also generate currents in excess of the currently proposed limit in EU
Directive 2004/40/EC . The EU commissioned report (Capstick et al 2008) investigates such
realistic scenarios. This report and the studies cited above indicate that gradient magnitudes
would have to be reduced by factors between 2 and 10 for some procedures to be compliant
with proposed occupational limits. The ICNIRP are currently reviewing their ‘Guidelines on
Limiting Exposure to Time-Varying Electric and Magnetic Fields (1Hz to 100 kHz)’ through
a process of open consultation and a report with revised guidelines is expected to be published

in 2010 (www.icnirp.de).

The ICES guidelines are based on induced electric field which does, at least, remove the
unknown or assumed value of conductivity. Limits for electric field exposure (controlled
environment) are based on the known values for stimulation of electrically excitable tissue
and (at 1 kHz) are 0.0177, 0.943 and 2.1 V m™ RMS for brain, heart and other tissue
respectively. These values of electric field would not cause PNS as they are safely below the
rheobase value and are therefore deemed applicable for all frequencies or pulse lengths.
However, the level set for brain CNS is based on the magneto-phosphene level at low
frequency whereas experience indicates that no magnetophosphenes are perceived by subjects
due to gradient switching. The IEC guidelines are simpler still with avoidance of PNS being
the general issue. The scanner manufacturers generally follow the IEC guidelines for patient
exposure (based on information available to the user). A threshold is determined by
experiment to yield a value of rate of change of magnetic field (or gradient) for which 50% of

the population experience PNS. This threshold is then given a value of 100% beyond which
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the scanner will not allow. There are three modes which can be set: low (60%); moderate
(80%) and high (100%) of that threshold value. In addition there may be internal calculations
which are used to predict the effect of a particular sequence based on a time constant nerve
model (or similar) as discussed previously. These calculations may or may not use
knowledge of the patient position in the scanner. It is unlikely that the geometry of the patient
has been taken into account. Historically, in the absence of firm evidence for adverse effects
other than PNS, manufacturers have taken no account of operator exposures — even for
interventional systems - since if the scanner is set such that the patient does not experience
PNS inside the scanner then it is impossible that someone external to the bore could
experience PNS even by extending their arm inside. The geometry of the arm (resulting in
small current loops) and the gradient profile would ensure safe operation. An operator
placing their head and/or trunk into the bore near a subject who is being scanned (but not
experiencing PNS) could possibly exceed PNS threshold under certain conditions and such a
practice should therefore be avoided. Open magnet systems give a greater opportunity for
access to the gradient volume and hence possibility of an operator accessing regions of high
switched magnetic gradient field. Usually such systems are not equipped with the highest

performance gradient system, which does reduce the likelihood of the limits being exceeded.

Conclusions

The procedure of magnetic resonance imaging exposes the body to electromagnetic fields
over a wide range of frequencies. Each frequency band effects a different biological response
in the human body. In this review the low (audio) frequencies associated with the imaging
gradient switching and the main response of peripheral nerve stimulation has been examined
in detail. Although the threshold limits (both magnitude and duration) for nerve stimulation
are well known, there are still some difficulties in applying this knowledge to specific system

and subject geometries — the latter being an ignored parameter. A better understanding of
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how to translate nerve level thresholds to scanner settings (from modelling and verification) is
still needed in order to exploit the full capability of modern scanners without causing PNS to
either subjects or operators. It should be feasible to take subject specific geometry
information and calculate electric fields for a given sequence and position inside a gradient
coil in near real time. Threshold settings based on such a method would be tailored to the

subject rather than a global population.
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List of Figures

Figure 1: Spectral Content of the magnetic gradient field for a typical Echo Planar Imaging
sequence. Inset is part of the gradient sequence showing the slice selection, readout
(switched) and phase encoding gradients.

Figure 2: Typical form and extent of the magnetic field for an axial gradient. The central
linear region is used for imaging which may cover a 40 cm diametrically spherical volume
(DSV).

Figure 3: A typical switched gradient waveform showing relationship to induced fields.
Figure 4: Graph showing typical minimum magnitude of dB/dt required for PNS against
stimulus length. The hatched area indicates the ranges of experimental measurement from
cited literature. The Reilly (1989) data is generally higher than more recent studies. The
variation in threshold is highly dependent on geometry of subject, magnetic field generation
as well as the subjective nature of the experiments.

Figure 5: Graph showing the range of values for chronaxie and magnetic field rheobase given
by authors cited. This graph reflects the ranges shown in figure 4.

Figure 6: Graph showing rise in magnetic field gradient required for a given rise-time. The
subject PNS threshold is characterised by the straight line defined by —z. and 4Gnin. The
scanner operating area is defined by the dotted line. The hatched area indicates the region in
which PNS will occur. Adapted from data given in (Zhang et al 2003).

Figure 7: The magnetic field and induced electric field measured on a subject’s abdomen
whilst lying in a scanner. The graphs show a portion of gradient waveform where the rate of
rise of gradient is 10 T m™s™. The axial and azimuthul electric field components are shown.

Adapted from (Glover and Bowtell 2008).
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Tables

Frequency ,f, (Hz) | RMS Current Density (mA m™)
In central nervous tissues,
averaged over 1 cm? normal to

direction of current flow.

0-1 40
1-4 40/f
4 -1000 10
1k-100k /100

Table 1. Occupational Exposure limit values for induced current density taken from EU

directive 2004/40/EC.
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