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Recent experimental studies have shown that static magnetic field can be effective in modulating human brain
functions. Following this discovery, a new noninvasive brain stimulation technique was developed: the trans-
cranial static magnetic stimulation (tSMS). Various types of permanent magnets have been used in previous
experimental studies, with the aim of validating the effectiveness of tSMS; nevertheless, the spatial distributions
of magnetic field generated by these permanent magnets have not been fully investigated. In this study, we
compared the distributions of magnetic field on the human cortical surface generated by five different cylindrical
magnets (of various dimensions), using the finite element method. Our simulation results demonstrated that the
magnitude of magnetic flux density induced in the cortical grey matter of the human brain is proportional to the
volume of permanent magnets used, while the magnetic field gradient is not necessarily proportional to the
volume of the magnets. Additionally, we showed that the use of magnets with internal holes might not be ad-
vantageous. The differences in magnetic field properties induced by various types of permanent magnets sug-
gested that their careful selection, based on magnetic field simulations, might be necessary to increase the

effectiveness of tSMS.

1. Introduction

Noninvasive electromagnetic brain stimulation techniques (i.e.,
transcranial magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS)) have attracted increasing interest from neurosci-
entists, especially due to their potential in clinical applications. It has
been documented that both TMS and tDCS can alter cortical excitability
through the application of weak currents to cortical neurons, thereby
modulating various human brain functions noninvasively. Recently, it
has been shown that also a static magnetic field (SMF) can alter cortical
excitability in humans [1] as well as non-primate animals [2,3]. This
relatively new noninvasive brain stimulation technique is called trans-
cranial static magnetic stimulation (tSMS). Following a first study,
reporting the inhibitory effect of tSMS on the human motor cortex [1,4,
5], further research has shown that tSMS is effective in modulating
various brain areas (e.g., the supplementary motor cortex [6], the visual
cortex [7,8], the sensorimotor cortex [9], the primary somatosensory
cortex [10], temporal cortex [11] and the cerebellum [12]). Several is-
sues, regarding the safety of tSMS and the proper selection of permanent
magnets, have been also addressed [13,14].

* Corresponding author.

Previous studies on tSMS, consistently reported reduced cortical
excitability in healthy subjects, regardless of the polarity of the per-
manent magnets. The most plausible explanation for this phenomenon is
that tSMS might alter the functions of membrane ion channels at cellular
level [15], due to the diamagnetic anisotropy of phospholipids. Other
hypothetical mechanisms for elucidating the working mechanisms of
tSMS include: the alteration of activation kinetics of voltage-gated
channels due to deformation [16], and the forcing of diamagnetic cal-
cium ions away from a strongly interconnected astrocyte network,
operated by the magnetic gradient [1]. Despite the efforts to explain this
phenomenon in previous studies [1,15-17], it is still unclear whether it’s
stronger magnetic flux density or gradient that influences more on the
efficacy of tSMS.

The simulation of the magnetic field distribution generated by tSMS
can help to understand the underlying mechanisms of tSMS; however, so
far, only one simulation study has been conducted using the finite
element method (FEM) to analyze the flux density distributions gener-
ated by a permanent magnet [18]. In that study, the magnetic field
properties such as field intensity, gradient, and focality at multiple lo-
cations, produced by a cylindrical permanent magnet

E-mail addresses: jiminpark0805@gmail.com (J. Park), chan0511@hanmail.net (C. Lee), sangjunlee35@gmail.com (S. Lee), ich@hanyang.ac.kr (C.-H. Im).

https://doi.org/10.1016/j.compbiomed.2019.103476

Received 15 April 2019; Received in revised form 8 September 2019; Accepted 27 September 2019

Available online 28 September 2019
0010-4825/© 2019 Elsevier Ltd. All rights reserved.


mailto:jiminpark0805@gmail.com
mailto:chan0511@hanmail.net
mailto:sangjunlee35@gmail.com
mailto:ich@hanyang.ac.kr
www.sciencedirect.com/science/journal/00104825
https://http://www.elsevier.com/locate/compbiomed
https://doi.org/10.1016/j.compbiomed.2019.103476
https://doi.org/10.1016/j.compbiomed.2019.103476
https://doi.org/10.1016/j.compbiomed.2019.103476
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compbiomed.2019.103476&domain=pdf

J. Park et al.

(diameter = 5.08 cm, height = 2.54 cm) were simulated using a human
head model. The aforementioned permanent magnet has not been the
only effective magnet in experimental studies. Indeed, several perma-
nent magnets, with variable dimensions and properties, were used in
previous experimental studies [1,12,14]: all of them had statistically
meaningful effects. On the other hand, the usability of multiple per-
manent magnets with different properties has been tested experimen-
tally [13], in an effort to provide tSMS hardware candidates; however, to
the best of our knowledge, no studies have compared the magnetic field
distributions generated by different permanent magnets. Here, we
simulated various types of permanent magnets with the aim of finding
potentially the best tSMS hardware settings, which might eventually
lead to the most effective outcomes in practical applications. To achieve
these goals, we first computed magnetic flux density and its gradient
using FEM, when the coercive forces for neodymium magnets were
evaluated based on the magnetic field measurement. Then, the magnetic
field distributions generated by various types of neodymium magnets on
the cortical surface of a realistic human head model were compared.

2. Methods
2.1. Finite element (FE) head model

A realistic head model was constructed from the MRI data of a 26-
year-old healthy male subject. The T1-weighted MRI dataset was ac-
quired using a 3T MAGNETOM Trio Scanner (Siemens, Erlangen, Ger-
many; spatial resolution = 0.8 mm x 0.8 mm x 0.8 mm). Subvolumes of
scalp, skull, grey matter, white matter, and cerebrospinal fluid (CSF)
were segmented using an open software package called SimNIBS [19];
the segmented head model was then manually corrected using ITK-SNAP
(www.itksnap.org). The final head model consisted of approximately 4.4
million tetrahedral elements. A cross-sectional view of the human head
model is shown in Fig. 1.

2.2. Magnet model and magnetic flux density simulation

Four different permanent magnets (M30, M45, M60, and M60qr)
were considered in this study [13]. The dimensions and properties of
these permanent magnets are presented in Fig. 2 and Table 1. M60qr had
an internal hole with different diameters on each side. The diameters of
the internal holes were 6 mm on one side, and 16 mm on the other side.
When a cylindrical base with a 16-mm diameter hole was facing the
scalp (Fig. 2d), the magnet was called M60qr16. When a cylindrical base
with a 6-mm diameter hole was facing the scalp (Fig. 2e), the magnet
was called M60qr6. The magnetic flux density generated by five
different permanent magnets (M30, M45, M60, M60qr16, and M60qr6)
were simulated using an axisymmetric finite element (FE) solver
embedded in a software package FEMM (www.femm.info).
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The FEMM software uses the ‘current sheet model’ to compute
magnetic field generated by axisymmetric permanent magnets, for
which an axisymmetric permanent magnet is assumed to be a ferro-
magnetic material surrounded by a thin sheet of current [20]. This
model calculates magnetic flux density induced by a hypothetical sur-
face current density. At an arbitrary coordinate P(P;, P,), where the
origin is located at the center of a modeled cylindrical magnet, the
magnetic flux density induced by a segment of the current sheet with
unit length can be found by applying the Biot-Savart’s law, as
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where 1, S, and B represent a unit vector with the direction of current, a
vector starting from the center of the segment to an arbitrary point P(Py,
P,), and the magnetic flux density induced by the segment, respectively.
The total magnetic flux density can be calculated by the integration of
AB. Then, magnetic field properties of the given cylindrical magnets can
be derived by calculating magnetomotive force (MMF) with the total
magnetic flux density and matching the computed MMF value with the
coercive force of the given material (Neodymium in this study).

The coercive forces of the permanent magnets were estimated by
matching the measured and the simulated magnetic flux densities. The
magnetic flux density of M60 (www.neurek.com, Neurek SL) was
measured using a hall effect sensor (Teslameter WT10A, KAIST) with a
dynamic range of 0-2000 mT and a basic error of 5%. The measurement
points were located along the cylindrical axis of M60, at regular steps of
1 cm, from the center of the base up to 6 cm height from the center.
Similar measurement data were obtained for the other magnets in a
previous study [13]. With the estimated coercive force, the reliability of
our simulation method (FEMM) was validated by comparing the analytic
and numerical solutions. The analytic solution employed in this study
provides approximated magnetic flux density along the axial axis [21],
and therefore magnetic flux density values only along the axial axis were
compared. The average error evaluated for six points (0-5 cm with a step
size of 1 cm) was just 3.2 + 4.2 mT, demonstrating the high accuracy of
our numerical solver.

Changes in magnetic flux density along the cylindrical magnet axis
(i.e., ‘axial direction’) and along the direction perpendicular to the cy-
lindrical axis (i.e., ‘radial direction’) were observed in simulation. The
axial measuring points were distributed from the center of each magnet
base up to 5cm height, at regular steps of 0.5 cm. The radial measure-
ment points started at 1.57 cm height from the center of the magnet
base, which corresponds to the distance between the magnet base and
the cortical grey matter (right hand motor cortex) of the human head
model. The radial measurement points were distributed at regular steps
of 0.5 cm, up to 5cm from the central axis. The gradients of magnetic
flux density were calculated at each given point: the measuring point
was displaced by 1 mm in each direction. The magnetic field quantities
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Fig. 1. Finite element head model constructed using the MRI data: Cross-sectional view of the realistic human head model (a), M60 magnet placed on the scalp,

above the left primary motor cortex (b).
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Fig. 2. The five permanent magnets used for simulations: M30 (a), M45 (b), M60 (c), M60qr6 (d), M60qr16 (e), cross section and dimension of M60qr (f).

Table 1

Characteristics of the permanent magnets used in the simulations.
Name Diameter Thickness Magnetic energy Nominal

(mm) (mm) stored, strength,
MGOe N (kg)

M30 30 15 42 225 (23)
M45 45 30 45 765 (78)
M60 60 30 45 1220 (120)
M60gqr 60 30 45 1220 (120)

analyzed by 2D axisymmetric FEM were linearly transformed to the
human head model, using an Intel Core™ i5-6500 3.20 GHz 20G-DRAM
personal computer with Windows 10, in order to visualize the magnetic
field distributions on the tessellated cortical surface. The center of the
magnet base surfaces could thus be placed at the closest scalp node in
respect to the primary motor area (M1) (see Fig. 1b). All the human head
model tissues were assumed to be transparent to the static magnetic field
[18].

0.45;
04
..2‘/\ 035+
-‘7; H
: N
O = 0.3} X
A <
025+
% g
—
~ 2 o2 -
3
ey
g o 0.15
28
0.05¢
0 ) .
0 1 2

3. Results
3.1. Magnetic flux density in the air

The mean absolute error between mean of the measured and the
computed magnetic flux density values along the cylindrical axis of M60
was only 1.6%. Furthermore, the largest standard deviation among
measuring points was +4.8 mT, at axial displacement of 5cm. Fig. 3
demonstrates comparison between measured and simulated fields. Fig. 4
shows the magnitude and gradient of the magnetic flux density at
different axial and radial locations. For M60, the maximum magnitude
of magnetic flux density along the central axis was 444 mT; the
magnitude was reduced to 243 mT at 1.5 cm, a distance almost equal to
that between the scalp surface and the cortical grey matter.

M45 produced the strongest magnetic flux density at magnet surface
(504.7 mT); however, the magnetic field induced by M45 decayed at the
fastest rate along the central axis. In fact, the magnitude of magnetic flux
density became less than those of M60 and M60qr even before the
magnetic field reached the surface of the cortical grey matter. The
magnitude of the magnetic flux density induced by M30 was the smallest
among all magnet types, when the axial displacement was larger or
equal to 1 cm. The magnitude of the magnetic flux density induced by
M60 became instead the highest when the axial displacement was larger

simulation
I measurement||

3 4 5 6

Axial Displacement (cm)

Fig. 3. Comparison of measured and simulated magnetic flux density along the cylindrical axis of M60.
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Fig. 4. Magnitude and gradient of the magnetic flux density at different spatial locations in the air: (a) Magnitude of the magnetic flux density along the cylindrical
axis, (b) Gradient of the magnetic flux density along the cylindrical axis, (¢) Magnitude of the magnetic flux density along the radial direction, and (d) Gradient of the

magnetic flux density along the radial direction.

than 1 cm. All magnets except for M30 showed similar values in absence
of radial displacement (Fig. 4c), but M45 showed the steepest decrease
along the tangent of the magnet surface (radial displacement). Thus,
M45 should show the most focalized magnetic field distribution on the
cortical surface.

M60qr6 showed the highest field gradient at the magnet surface: its
value was approximately 3.4 times greater than that of the second
highest field gradient induced by M60qr16. However, the field gradient
induced by M60qr6 rapidly decreased with increasing axial displace-
ment, reaching the values of the other magnets at 1.5 cm away from the
magnet base. Observations of field gradient along the radial direction
showed that distance from the central axis where each magnet induced
maximum field gradient varied from magnet to magnet; M60qr16 and
M60 generated its maximum field gradient at 2 cm from the central axis,
while M30, M45, and M60qr6 showed peaks at 0 cm, 1.5 cm, and 2.5 cm
from the central axis, respectively. The local peaks of field gradient
originated from the ‘edge effect’ [18], with anexception of M30. The
highest gradient value was 15.5 T/m, induced by M45 at 1.5 cm from the
central axis. All magnets showed exponential decay along the radial
direction after their respective peaks.

The comparison of magnetic flux densities induced by M30, M45,
and M60 around the possible cortical area (1.57 cm from the magnet
base) showed that usually the larger the magnet, the greater the
magnitude of the magnetic flux density (see Fig. 4c). Among the three
magnets, M45 showed the highest gradient around the possible cortical
area (Fig. 4d). Considering the magnetic field gradient as one of the
important factors regulating the effectiveness of tSMS [2], M45 might be
a good choice.

M60qr6 induced the highest peak gradient on the magnet base
among all magnet types (Fig. 4b); however, as the distance from the
magnet base increased, M60qr6 showed also the steepest drop in field
gradient. Hence, at a distance equivalent to the distance between scalp
and cortex, M60qr6 had lower gradient than the magnets without holes
(Fig. 4d). M60 had the same radius and height of M60qr but induced a
stronger magnetic flux density in the cortex. This suggests that magnets
with holes have no advantages over the normal solid magnets.

3.2. Magnetic flux density distribution on the cortical surface of the
human head model

The distributions of magnetic flux density on the cortical surface of
the human head model, induced by various types of permanent magnets
placed on the scalp surface, are illustrated in Figs. 5 and 6. M60 induced
the strongest magnetic flux density over the cortex surface, with a peak
magnitude of 244 mT. The magnetic flux density induced by M60 was
15mT higher than that of M60qr6, which induced the second highest
peak magnitude (229 mT). M30 generated the lowest peak magnitude
(110 mT), but it can still be used for tSMS [16]. M45 and M60qrl6
induced peak magnitudes of 214 mT and 183 mT, respectively. Those
magnets inducing the strongest peak magnitudes did not necessarily
induce the highest peak field gradients in the cortex (Fig. 5). M45
induced the strongest peak gradient (14.577 T/m), followed by M60
(12.766 T/m). The peak gradients of M60qrl6, M30, M60qr6 were
lower; they induced 9.509 T/m, 10.750 T/m, and 11.686 T/m, respec-
tively. Interestingly, the edge effect of the field gradient (Fig. 4d) was
not observed on the cortical surface, because the cortical surface was
considerably curved.

While M30 induced the weakest magnetic flux density in the cortex
(peak magnetic flux density = 110 mT), it could still be effective in tSMS:
38 mT is the minimum value of static magnetic field for the inhibition of
miniature end plate potential (mepp) in human pyramidal cells [16].
M30 could hence be useful in the modulation of cortical excitability, for
both small and local brain structures, although its stimulation intensity
might be relatively weaker than those of other magnets.

4. Discussion

In this study, we simulated the spatial distributions of magnetic flux
density and field gradient induced by various permanent magnets that
are applicable to tSMS. Out of all the permanent magnets considered,
M60 induced the highest magnetic flux density magnitude on the
cortical grey matter surface, followed by M45 (Fig. 5). M60qr6 induced
the strongest magnetic flux density gradient on the magnet surface;
however, this gradient rapidly dropped, and even became smaller than
that induced by M60 when the distance from the magnet base was larger
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Fig. 6. Gradient of magnetic flux density induced in the cortical grey matter by (a) M30, (b) M45, (c) M60, (d) M60qr6, and (e) M60qr16.

or equal to 1cm. We also concluded that magnets with a hole (i.e.,
M60qr in our study) might have little to no advantage over magnets
without holes. Furthermore, although generally magnets with a larger
volume induced higher magnetic flux density, M45 was the magnet that
showed the highest peak gradient of magnetic flux density on the grey
matter surface (Fig. 5). The similar tendency that magnets with larger
volume do not necessarily induce higher field gradient could also be
observed when the magnitude and gradient of magnetic flux density
along the cylindrical axis of the magnet were evaluated using an analytic
solution [21]. M45 could be advantageous if gradient plays more sig-
nificant role in the mechanism of tSMS. Furthermore, the results, espe-
cially regarding gradients, may also be directly translated into other
areas of application, such as magnetic drug targeting [22,23]. Finally,
although M30 induced the weakest magnetic flux density and gradient,
it still might be advantageous for the modulation of relatively smaller
brain targets.

To compute the spatial distributions of magnetic flux density and
field gradient induced by various permanent magnets, we used an
axisymmetric FEM solver to analyze the spatial distributions of magnetic

field quantities because all the permanent magnets employed in this
study had axisymmetric shapes. As the magnetic permeability of human
body was known to be the same as that of free space, the realistic human
head model was not included in the analysis domain. Instead, the
magnetic field distributions on the cortical surface were computed by
the linear interpolation of FEM results. This approach has a potential
advantage over the conventional 3D FEM approach that includes both
human head and permanent magnet models in that different head
models can be readily employed without any additional mesh genera-
tion process. Therefore, our approach might be useful particularly for
implementing an individually-customized image-guided tSMS system
that determines the optimal location and tilting angle of a permanent
magnet to maximize delivery of magnetic field to specific target areas of
an individual’s brain.

To further confirm whether the axisymmetric FE models employed in
our simulations included sufficient numbers of elements, we generated
an additional FE model with fewer numbers of elements and compared
the new field analysis results with our original ones. For example, the
original FE model to compute magnetic fields generated by the M60
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magnet included 547,012 nodes, while a newly generated FE model
included only 138,408 nodes. Figs. S1(a) and S1(b) included in the
Supplementary Document file shows the magnitudes of the magnetic
flux density at different spatial locations. In addition, Fig. S1(c) in the
Supplementary Document file shows the difference of magnetic flux
density on the cortical surface. As shown in the figures, the maximum
error between the two models was at most 1.7%, demonstrating that the
original FE model included sufficient number of elements.

Our simulation results showed that just a slight modification in the
shape of a permanent magnet (e.g., M60qr) could make a considerable
difference in the spatial distributions of magnetic field quantities. The
differences in magnetic field properties induced by various types of
permanent magnets suggest that their careful selection, based on mag-
netic field simulations, might be necessary to increase the effectiveness
of tSMS. In the future, evaluation of more permanent magnet types
would be necessary to find the optimal permanent magnet that generally
maximizes the outcomes of tSMS.

Besides the five permanent magnet types simulated in this study, we
newly simulated two magnets that are commercially available but have
never been used for tSMS. The two permanent magnets are M35 and
M?70, both of which are manufactured by Supermagnete (Gottmadingen,
Germany), a distributor of permanent magnets considered in this study
except M60. Dimensions of the two magnets are provided in Table S1
and Fig. S2 of Supplementary Document file attached to this manuscript.
The magnitude and gradient of magnetic flux density of these two
magnets were evaluated either along some designated axes or on the
cortical surface, and the simulation results are shown in Figs. S3, S4, and
S5 included in the Supplementary Document file, where the magnetic
fields generated by M35 and M70 were compared with those generated
by M45 and M60. Note that Figs. S3, S4, and S5 correspond to Figs. 4-6,
respectively. It could be observed from Fig. S3 that M70 did not produce
the strongest magnetic flux density at the center of magnet surface
(Fig. S3a); however, it produced highest magnetic flux density of
260 mT at 1.5 cm above the magnet surface (Fig. S3c). M35 produced
the highest field gradient of 22.6 T/m at the center of magnet surface
(Fig. S3b); however, since M35 produced the weakest magnetic flux
density at 1.5 cm above the magnet surface (Fig. S3c). Along an axis
parallel to the magnet surface with the distance from the surface being
1.5 cm, M70 showed its maximal field gradient at the radial displace-
ment of 3cm (12.2 T/m), whereas M35 peaked on the cylindrical axis
(11.5T/m). However, the maximal gradient values of both M70 and
M35 magnets were smaller than that of M45 (Fig. S3d). M45 was still the
magnet that showed the highest peak gradient of magnetic flux density
on the grey matter surface (Fig. S5). The M35 magnet did not exhibit
impressive performance in terms of both field strength and gradient;
however, M70 can be considered as a good alternative of M60 because
M70 showed stronger magnetic flux density than M60 and showed
similar field gradient profile to M60.

Despite some recent cellular-level investigations on tSMS [2,24], the
mechanisms behind tSMS are still largely unknown; hence, the com-
parison of behavioral and physiological outcomes using different per-
manent magnets might be an interesting topic for future research. In
addition, the use of non-cylindrical magnets might enhance the overall
efficacy of tSMS. Of course, a full-3D FEM needs to be employed to
simulate such non-cylindrical permanent magnets, which is related to a
limitation of our study. Furthermore, individual customization of stim-
ulation parameters such as locations and orientations of permanent
magnets might also enhance the efficacy of tSMS. Indeed, there exist
large inter-individual variability in the structure of the human brain, e.
g., cortical sulcal depth, size of the brain, and skull thickness. It is ex-
pected that the simulation protocols employed in this study would be
used for the individually customized tSMS. In the future it would also be
interesting to compare variations of magnetic field properties between
multiple subjects or cortical regions, or use multiple permanent magnets
simultaneously and/or design special-shape magnets (e.g., Halbach ar-
rays) to create a more focalized field distribution over the human

Computers in Biology and Medicine 114 (2019) 103476

cerebral cortex.

5. Conclusion

Distinct advantage of tSMS over other noninvasive brain stimulation
techniques, such as tDCS and TMS, is that its working mechanism does
not involve electric fields, thereby being free from side effects associated
with electric fields. Although there is a clear limitation of tSMS in that
facilitation of brain activity is not possible, tSMS can be a cheap alter-
native to inhibitory protocols of TMS and cathodal tDCS. To further
popularize tSMS in practical applications, developing methods to
“shape” magnetic fields for better focality is desired. This work aims at
probing magnetic field properties of various permanent magnets on
human cortical grey matter. Our results showed that moderate change in
the shape of a permanent magnet significantly reduces the spatial dis-
tributions of magnetic field quantities. Furthermore, it was shown that
using magnets with a hole may be disadvantageous. Additionally, it was
observed that magnetic flux density was proportional to the volume of
permanent magnet, but its gradient was not. In summary, different
magnetic field properties induced by various types of permanent mag-
nets suggest that the permanent magnets for tSMS need to be carefully
selected based on the refined magnetic field simulation to increase the
effectiveness of tSMS.
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