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Abstract

Change in a magnetic field, or similarly, movement in a strong static magnetic
field induces electric fields in human tissues, which could potentially cause
harmful effects. In this paper, the fields induced by different rotational
movements of a head in a strong homogeneous magnetic field are computed
numerically. Average field magnitudes near the retinas and inner ears are
studied in order to gain insight into the causes of phosphenes and vertigo-like
effects, which are associated with extremely low-frequency (ELF) magnetic
fields. The induced electric fields are calculated in four different anatomically
realistic head models using an efficient finite-element method (FEM) solver.
The results are compared with basic restriction limits by IEEE and ICNIRP.
Under rotational movement of the head, with a magnetic flux rate of change
of 1 Ts™!, the maximum IEEE-averaged electric field and maximum ICNIRP-
averaged current density were 337 mV m~! and 8.84 mA m~2, respectively.
The limits by IEEE seem significantly stricter than those by ICNIRP. The results
show that a magnetic flux rate of change of 1 T s~! may induce electric field in
the range of 50 mV m~' near retinas, and possibly even larger values near the
inner ears. These results provide information for approximating the threshold
electric field values of phosphenes and vertigo-like effects.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A changing magnetic field, or similarly, movement in a static magnetic field, induces an
electric field inside a human body. As these magnetic-field-induced electric fields and currents
could potentially cause harmful effects, several bodies have issued regulatory standards and
guidelines, such as Institute of Electrical and Electronics Engineers (IEEE 2002), International
Commission on Non-Ionizing Radiation Protection (ICNIRP 1998, 2003) and Australian
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Radiation Protection and Nuclear Safety Agency (ARPANSA) (Wood 2008). Also the
European Union has issued a work safety directive 2004/40/EC, which is largely based
on the ICNIRP guidelines.

The induced field may interact with the body by several mechanisms, which include
magnetohydrodynamic forces, and sensory or nerve stimulation. The magnitudes of the
induced currents are small, so resistive heating (as in the RF frequencies) is negligible.
Currently, there are no confirmed long-term biological hazards, and effects are limited to
short-term reactions. These short-term sensory effects include magnetic-field-induced vertigo
(MF1V), which is associated with head movement in a static magnetic field. It has been
proposed in Glover et al (2007) that the mechanism behind the vertigo-like effects is the
induced galvanic vestibular stimulation (iGVS) by induced electric currents in the vestibular
system. In the same study, severe nausea caused by MFIV was reported for some subjects.
Also, disorientation due to MFIV might cause indirect injury. Another short-term sensory
effect of extremely low-frequency magnetic field is phosphenes, i.e. seeing light flashes. It is
likely to be caused by stimulation due to induced electric fields in the retina, and is considered
to have the lowest perception threshold for direct sensory effects. The smallest threshold
occurs at around 20 Hz, and the threshold rises steeply above 60 Hz, so phosphenes are
not important for the higher frequency fields, such as the kHz-range MRI gradient fields.
Currently, there is no evidence of the harmfulness of phosphenes. One motivation of this
paper is to estimate the magnitudes of the induced electric fields near retina and vestibular
system to gain better understanding of these two effects.

The induced currents due to extremely low-frequency magnetic fields have been simulated
several times in the literature using different numerical methods. Most popular choices have
so far been finite-difference methods, such as the scalar-potential finite-difference method
(SPFD) (Dawson et al 1996, Dimbylow 1998) and the impedance method (Deford and
Gandhi 1985, Orcutt and Gandhi 1988). Also, quasi-static finite-difference time-domain
(Potter et al 2000), the finite-integration technique and the finite-element method have been
used.

Currents induced by power frequency and above magnetic and electric fields have been
studied inter alia in Dawson et al (1998), where whole-body exposure to 60 Hz magnetic
field was simulated; Dimbylow (1998) for exposure to 50 Hz—10 MHz magnetic field; Caputa
et al (2002), where, e.g., the effects of resolution and model variation were studied and
Dimbylow (2008), which studied male and female models exposed to 50 Hz magnetic and
electric fields, and compared different field-averaging methods. Compared to these studies,
the present case has mostly the same underlying equations, only with different source terms.

Similar numerical methods have been applied for the safety assessment of magnetic fields
of magnetic resonance imaging (MRI) scanners in several studies. Induced electric fields
by kHz-range magnetic field gradient coils have been simulated for various human models
by Liu et al (2003b), Mao et al (2006), Bencsik et al (2007) and Crozier et al (2007).
Finally, movement-induced electric fields in spatially inhomogeneous static magnetic fields
of a MR scanner have been studied by Liu et al (2003a) and Crozier and Liu (2005). Glover
et al (2007) recently performed measurements with volunteers and studied the effects of
movement in a static magnetic field under various exposure conditions. In another study by
Glover and Bowtell (2008), the induced surface electric fields were measured during natural
body movements in the magnetic field of the MRI scanner.

The goal of this paper is to produce information for approximating the threshold electric
field values of phosphenes and MFIV effects associated with movements of the head in a static
magnetic field. Computed results are also compared to the basic restriction limits set by IEEE
and ICNIRP in order to estimate the compliance of different rotational head movements in a
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Figure 1. Rotating coordinate frames. Primed vectors denote the static reference coordinate
system I'". The coordinate system I" of the body is rotating with an angular velocity of w with
respect to the reference system.

strong static magnetic field, e.g. near MRI scanners. For these purposes, the induced electric
field is solved using the finite-element method (FEM). Various rotational movements for four
different head models are studied.

2. Methods

2.1. Theory

Let us consider a case with a constant, homogeneous source magnetic flux density Bj(r') =
BoX' in the reference coordinate system I'’ with a position vector r' = x’X’ + y'y’ + z'2’ shown
in figure 1. If a rigid conducting body rotating with a constant angular velocity w around the
7/-axis is placed in this static magnetic field, the source magnetic flux density in the coordinate
system I' of the object is By(r, ) = Bp(Xcoswt — ysinwt). The time derivative of this
field is

d
EB()(I‘, t) = —wBy(Xsinwt + § cos wt). (D)
This changing (in the frame I') magnetic flux density induces currents into the rotating

object.

Since we want to solve the induced electric field and currents using the well known
and efficient quasi-static scalar potential formulation, see, e.g. Dawson et al (1996) or Liu
et al (2003b), we have to express the source magnetic flux density in terms of a vector potential
Ay (r, t) fulfilling the condition By(r, #) = V x Ay(r, ¢). Simple manipulation shows that we
can choose

0
EAO(r’ t) = ZwBy(x cos wt — y sin wt), 2)

which is equal to the Lorentz force term v x B for this case. Ignoring self-induction, the
induced electric field can now be expressed as

a
E(r,t) =-V¢(r,t) — 5Ao(r, 1). 3)
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Under quasi-static approximation, V - ¢ E = 0, and the unknown scalar potential ¢ (r, ¢) can
be solved from equation

a
V- (@®Ve(r, 1)) =-V- <0(F)EA0(I‘, t)) . “4)

where o (r) denotes the conductivity of the moving body. The boundary condition on the outer
boundary is i - o E = 0, where fi is the normal vector.

From equation (1), one can see that it suffices to solve two cases, wt = 0 and wt = /2,
in order to construct the solution for any angle wt. Furthermore, solution for each fixed ¢ is
identical to a problem where the object is stationary, and the source is a homogeneous %BO
field with | 2 Bo| = wBy, and the direction is determined by 7. It is also worth noticing that the
source magnetic flux density parallel to the direction of the rotation axis does not induce any
currents. Instead, it generates a rotation-induced potential, which is static when the rotation
speed is constant.

2.2. Computational method

The unknown scalar potential ¢ in equation (4) was solved using the finite-element method
(FEM). The solver was written using C++ programming language and uses components from
an open source software suite Trilinos (Heroux et al 2005), which includes the needed data
structures for sparse matrix computations and a wide variety of solvers for matrix equations.
Correctness of the solver was validated by comparing the computed results of several model
problems with the results obtained using a commercial FEM solver (Comsol Multiphysics,
Comsol AB, Sweden).

Since the generation of tetrahedral meshes was not feasible for the whole head models
with all tissues, we used simple cubical meshes in all simulations. In this approach, each
material voxel corresponds to a cubical trilinear FEM element with an unknown node value
on each corner of the cube. The uniform cubical mesh allowed efficient calculation of the
matrix—vector product without the need to assemble the whole system matrix, which lead to
significant memory savings. After the unknown potential had been solved, the induced electric
field was computed using equation (3).

Since the resulting matrix equation is symmetric and positive definite, we used the
conjugate gradient (CG) method. The CG solver was preconditioned with ML (Gee
et al 2006), which is an algebraic multigrid (AMG) preconditioner and part of the Trilinos
suite. In all cases, the iteration was continued until the relative residual norm was below 10710,
which required roughly 15 iterations. The longest solution time for a model with about five
million unknowns was 5 min using an ordinary desktop PC with 4 GB of memory.

2.3. ICNIRP and IEEE averaging methods

The ICNIRP guideline requires that the computed current density is averaged over a 1 cm? area
perpendicular to the direction of the current. This approach has been somewhat problematic,
as recently discussed by Dimbylow (2008). Also the role of the induced current as the basic
restriction criteria has been questioned and the induced electric field is considered to be a more
reliable quantity (Wood 2008).

In this work, we estimated the compliance using both the ICNIRP guideline (ICNIRP
1998) and the IEEE standard C95.6 (IEEE 2002). The ICNIRP averaging of the currents
induced in the central nervous system (CNS) was computed as in Ilvonen and Sarvas (2007)
using three perpendicular circular masks. Only the values belonging to the CNS were
considered. A worst-case approximation was then determined from these three averaged
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Figure 2. Head models from left to right: Japanese female, Japanese male, European female (Ella)
and European male (Duke).

current components as Joy = max (v'J2 +J2 + JZ). For the IEEE compliance evaluation,
each Cartesian component of the induced electric field inside the CNS was averaged over a 5
mm distance in a direction parallel to the component. The worst-case approximation was then
computed similarly to the ICNIRP averaging. For 2 mm models, the averages were computed
as a weighted sum, so that the effective distance in the Cartesian mesh was 5 mm.

3. Models

3.1. Head models

Four head models were used in this study. The first two models were Japanese 22 year
old male and female voxel models constructed from MRI data (Nagaoka er al 2004), both
having a spatial resolution of 2 mm. The other two models were European 34 year old male
(Duke) and 26 year old female (Ella) CAD models constructed from MR images, originating
from the Virtual family (VF) project (Christ et al 2008). The CAD models were used to
produce 2 mm and 1 mm resolution voxel data. Originally, all four models were whole-
body models, but for this study, only the heads were used. The head models are shown in
figure 2. Conductivity values for different tissues were those in Gabriel et al (1996a, 1996b,
1996¢), calculated for 10 Hz frequency. This frequency is obviously higher than the frequencies
involved in natural head movements, but it serves as the best-available estimate.

3.2. Inner ear averaging

Information about electric field distribution in the inner ear could be useful for the assessment
of vertigo and iGVS. Unfortunately, none of the four head models includes inner ear or
vestibular system. Additionally, in the Japanese models, the bone surrounding the inner ear
is modelled as air, which makes even crude estimation of electric field unreasonable. In the
VF head models, the same region is modelled as bone, which at least allows some rough
approximation of typical field magnitudes. As the VF models do not contain inner ear model,
the induced electric field was averaged over two 1 cm® cubical volumes chosen from the
vicinities of each of the inner ears as

&)

where E; are the electric field values in each element, and N is the number of values in the
averaging volume.
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Table 1. Tissue composition in the back of the eye near retina.

Tissue Japanese male  Japanese female  Duke Ella

Eye tissue®  48.7% 48.8% 49.1% 49.3%
Fat 45.8% 48.6% 43.4%  26.6%
Muscle 4.5% 2.6% 3.0%  19.3%
Other® 1.0% 0.0% 4.4% 4.8%

2 Includes vitreous humour and sclera.
b Includes connective tissue and nerve.

3.3. Retina averaging

Induced electric field in the retina may cause phosphenes generation. In Lovsund et al (1980a,
1980b), the most sensitive frequency for phosphenes generation is found to be 20 Hz. While the
models are coarse, calculating typical magnitudes of induced field near the retina is possible.
As the spatial resolution of the models is in the range of 1-2 mm, the models do not contain
retina models. In the Japanese models, the eye consists of only three tissues: vitreous humour,
lens and cornea, where the vitreous humour also includes sclera. In addition to the above
three tissues, the VF models include a separate sclera model, which is 2 mm thick. In this work,
this too large thickness was taken into account by setting the conductivity of the sclera tissue to
the average of sclera and vitreous humour. For all models, the conductivity of fat—including
the orbital fat—was chosen to be that of ‘not infiltrated fat’ in Gabriel et al (1996¢).

The approximate electric field near the retina was calculated over a 4 mm (two or four
cells) thick layer at the back of the eye using equation (5). Volume of the layer is approximately
2 cm?® (£10%), which is sufficient for smoothing out possible large point-wise peak values
due to inherent geometrical artefacts. The detailed tissue composition of the layer is presented
in table 1. There are no significant differences between left and right eyes of the same model.
The tissue compositions of the models are generally quite similar, but the VF female model
has significantly more muscle tissue behind the eye than the other models.

3.4. Rotation patterns

The head movement was studied for three different rotation axes, which are illustrated in
figure 3. The directions of the rotation axes were determined manually. Naturally, the axes are
only suggestive, as realistic head movements involve the joints between the cervical vertebrae
and the atlanto-occipital joint. Only bulk movement of the head was considered, i.e. the
electric field induced by internal movement, such as blood flow, was ignored. Full rotations of
360° were computed, so that the maximum value of induced electric field could be determined
for any incoming magnetic field direction.

4. Results

In the presented results, the amplitude of the magnetic flux density is constant (1 T) and the
angular velocity of the head movement is 1 s=!. Thus, the amplitude of the rate of change
of the magnetic flux density is uniform (1 T s~!) throughout the entire head. The induced
electric field depends linearly on the rate of change of the magnetic flux density, so simple
multiplication gives the results for any other value of dBy/dt. As measured by Glover and
Bowtell (2008), natural movement in the fringe fields of the MRI scanner may typically have
dBy/dt values as high as 3 T s~! (3 T magnet).
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R

(a) Shake (c) Tilt

Figure 3. Three rotational head movements: cervical rotation (shake), cervical flexion (nod) and
cervical lateral flexion (tilt). Arrows on the top show the direction of incoming magnetic field.
Three smaller arrows show the rotation direction of the head. Rotation angles in the figure are 0°,
with external magnetic field pointing downwards.

The rotation angles, which tell the direction of the head with respect to the external
magnetic field, are shown in figure 3. As the presented results are norms and absolute values,
they are modulo 180°. Naturally, rotational movement is analogous to the case where the
direction of the external magnetic field is rotating. Also, each rotation angle corresponds to a
case where the head is stationary and the source is a constant homogeneous dB/dr field, as
explained in section 2.1. The direction of dB/dr is orthogonal to the external magnetic field.
Thus, for example, the results for an applied d By/d¢ in the up—down direction are the same as
the results for nodding motion at 90° or tilting motion at 0°.

Table 2 shows the averages of the induced electric field over the region near the retinas
and inner ears as described in sections 3.2 and 3.3. In the table, the results were simulated
with conductivity values calculated at 10 Hz. When using the conductivity values of 20 Hz,
which might be the most sensitive frequency to phosphenes, the resulting induced electric
field was generally slightly smaller. In the retinas, this difference in average electric field was
2.9 mV m~! at the maximum, resulting in the relative difference of approximately 7%. This is
well within the limits of modelling uncertainty, and the presented results can also be used for
20 Hz, in which case the results should be interpreted for the applied magnetic field, because
rotation speeds such as this are obviously beyond the limits of any normal human being.

The variation of the average electric field was somewhat sinusoidal with the rotation angle.
The rotation angle which gives the minimum electric field is approximately the maximum angle
shifted by 90°. It seems that the rotation angles which give the maximum and minimum fields
approximately match the maximum and minimum values of local v x By. For example,
shaking motion gives the maximum electric field in the left retina at 61°-75°, which in
figure 3 corresponds to the instant when the local velocity in the left eye is orthogonal to the
external magnetic field.

To compare our results with the measurements by Glover and Bowtell (2008), averaged
induced electric field on a 4 mm thick layer on the top of the tongue was calculated, using
equation (5). For the nodding motion, the maximum average electric field was reached when
the magnetic field direction was away from (or towards) the face. The average maximum
value with standard deviation was 14 £ 2 mV m~!, and the minimum value was 4.8 +
1.0 mV m™~', the magnetic field direction being vertical. Shaking motion gave the maximum
value 18 =5 mV m~! and the minimum value 6.7 = 0.9 mV m™!, at rotation angles 90° and
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Table 2. Averaged electric field near retinas and inner ears for the three studied rotation patterns.
The electric field values are in mV m~!. Max and min columns show the maximum and minimum
values during one full rotation. Angle column shows the rotation angle (figure 3) which gives the
maximum electric field.

Shake Nod Tilt
Left retina Max Angle Min Max Angle Min Max Angle Min
Left retina
Japanese female  37.2 68° 6.3 33.2 —80° 14.6 36.1 —=55° 31.6
Japanese male 49.4 68° 8.8 29.6 76° 199 475 =85 29.0
Ella 2 mm 47.9 76° 7.1 29.4 —65° 99 509 -—63° 10.7
Ella 1 mm 54.4 75° 7.5 30.3 —62° 114 558 —67° 12.7
Duke 2 mm 444 62° 5.3 26.1 —85° 193 398 —=77° 247
Duke 1 mm 68.1 63° 6.5 38.0 —84° 286 609 —81° 36.5
Right retina
Japanese female  37.1 =72° 59 39.5 —85° 11.8 395 9° 35.2
Japanese male 46.4 —68° 9.8 39.9 90° 19.2  46.7 47° 32.7
Ella 2 mm 44.9 =73° 7.0 28.5 —67° 99 492 62° 11.5
Ella 1 mm 51.5 -72° 1.3 29.7 —64° 114 545 65° 13.6
Duke 2 mm 36.6 —66° 5.1 26.4 —87° 154 357 o64° 23.3
Duke 1 mm 54.3 —67° 6.3 34.9 —79° 203 530 68° 29.2
L inner ear
Ella 2 mm 64.4 3° 8.1 73.1 —-30° 29.1 387 4° 7.7
Ella | mm 66.0 1° 9.6 73.3 —27° 296 374 7° 9.1
Duke 2 mm 113.1  2° 14.0 1132 —17° 56,6 592 —11° 9.5
Duke 1 mm 1156 2° 13.3 1155 —16° 522 547 —11° 9.0
R inner ear
Ella 2 mm 60.8 —4° 8.7 65.0 —24° 343 378 1° 11.6
Ella | mm 62.8 -3° 10.8  66.1 —-20° 313 338 2° 12.7
Duke 2 mm 1240 —4° 10.6 1245 -7° 509 513 5° 12.7
Duke 1 mm 131.1  =3° 104 1317 -7° 487 49.1 4° 12.8

Table 3. Maximum values obtained using ICNIRP and IEEE averaging methods for different

rotation patterns.

Shake Nod Tilt
IEEE ICNIRP IEEE ICNIRP IEEE ICNIRP
Model mMVm™) mAm?) mVm!) mAm2) mVm') (mAm?)
Japanese female 240 5.13 183 4.02 181 5.13
Japanese male 209 8.05 186 4.48 182 8.01
Ella 2 mm 235 6.56 225 4.14 236 6.57
Ella 1 mm 294 6.51 202 3.73 294 6.52
Duke 2 mm 288 7.07 196 3.74 288 7.07
Duke 1 mm 337 8.83 200 3.63 337 8.84

0°, respectively. Table 3 shows the spatial maxima of IEEE- and ICNIRP-averaged electric
fields as described in section 2.3. The presented values are maximum values over all rotation
angles, for each rotation pattern separately. The mean values over all rotation angles were just
10-35% smaller than the maximum values.
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5. Discussion

It has been suggested in Glover and Bowtell (2008) that induced electric field could be related
to the external magnetic field by a location-specific geometry factor, i.e. the ratio between the
induced electric field and the rate of change of the magnetic flux density. In that study, the
left-right component of the electric field on top of the tongue was measured, and the resulting
geometry factor was derived to be 15 &2 mm. Our simulated results for the top of the tongue
match this well, giving the maximum geometry factors 14 =2 mm and 18 &5 mm, for nodding
and shaking motions, respectively. While the simulated geometry factors are certainly similar
in magnitude with the measured results, there could be large variations depending on the
direction of the time derivative of the magnetic field. For the rotation angles which give the
maximum electric fields, the mean geometry factors (with standard deviation) of the retina
are 48 = 9 mm for shaking, 32 = 5 mm for nodding and 47 £ 8 mm for tilting motion. For the
vicinity of the inner ears, the corresponding geometry factors are 92 + 31 mm, 95 + 28 mm
and 45 £ 9 mm. The directions which gave the maximum local induced electric field seemed
to approximately match the maximum directions of local |[v x By|.

Maximum values for IEEE- and ICNIRP-averaged electric field and current were
337 mV m~! and 8.84 mA m~2, respectively. Neither IEEE nor ICNIRP have specified
how the basic restriction limits should be applied for movement-induced fields, so we have
used the approach for non-sinusoidal waveforms and multiplied the rms basic restriction limits
by +/2. Consequently, to ensure that IEEE limits for occupational exposure are not exceeded,
the rate of change of the magnetic flux density should be limited to 0.074 T s~!, assuming that
the frequencies are below 20 Hz. For ICNIRP, the values should be limited to 6.4 T s~! up to
1 Hz and 1.6 T s~! above 4 Hz. According to Glover et al (2007), phosphenes were routinely
perceived during measurements for values of 1.5 T s~! (50 ms pulsed magnetic field). Vertigo
was reported for field changes larger than 2 T and time derivative exceeding 1.5 T s~ for
times greater than 1 s (head movement), causing even severe nausea for some subjects. It
seems that the basic restriction limits by ICNIRP might be non-conservative when it comes
to preventing phosphenes or MFIV. On the other hand, even slow rotational motion near the
MRI scanner is likely to cause the IEEE limits to be exceeded. Direct comparison of IEEE
and ICNIRP limits is, however, difficult due to the frequency dependency and uncertainties of
the conductivity values at frequencies below 10 Hz.

In a recent literature analysis by Wood (2008), the threshold for phosphenes occurrence
is approximated as a ‘power of ten’ value of 100 mV m~! at 20 Hz, although with a large
range of uncertainty. In IEEE standard (IEEE 2002), this limit has been derived to be
75mV m~'. If our results are used for 20 Hz magnetic field, these thresholds could be exceeded
for magnetic flux time derivative values of 1.6-2.1 T s~!, for the worst-case magnetic field
direction. For vertical dBy/dt, which was used in, e.g., Glover et al (2007), these thresholds
might be exceeded for 2.3-3.1 T s~!, which suggests that the threshold may actually be
somewhat lower.

6. Conclusions

An effective finite-element method solver has been used to simulate electric fields induced in
the head by extremely low-frequency magnetic fields. Especially, the fields induced by the
rotational movement of the head in a homogeneous static magnetic field have been investigated
for four anatomically realistic head models. Average induced electric field near retinas and
inner ears were calculated. The results could be useful for the safety assessment of static
magnetic fields, or for the approximation of the threshold limits for phosphenes generation.
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The field averages as required by ICNIRP and IEEE have been calculated, and the results
have been compared to basic restriction limits. From the results, it seems that the limits by
IEEE are significantly more restrictive than those by ICNIRP, and could be easily exceeded
for head movements near the magnetic field of the MRI scanner.
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