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We have evaluated a multichannel transcranial magnetic stimulation (TMS) system using realistic simulations based on the boundary
element method (BEM). We investigated various configurations and types of stimulation coils by means of quantitative measures such
as targeting accuracy and field concentration. The simulation studies applied to four different head-brain models suggest improved coil
types yielding enhanced targeting accuracy and concentrated evoked electric field distribution.

Index Terms—Boundary element method (BEM), magnetic brain stimulation, transcranial magnetic stimulation (TMS).

1. INTRODUCTION

XTERNAL time-varying magnetic field can induce

electrical current flow (eddy current) inside conductive
human body tissues. The current flow then stimulates neurons
electrically, which can be potentially used for neuronal rehabil-
itation [1]-[9]. When the time-varying magnetic field is used
to stimulate brain cortical neurons, such a brain stimulation
system is generally called a transcranial magnetic stimula-
tion (TMS) system. The TMS system has many clinical and
neuroscience applications because it is less invasive and less
painful than electrical brain stimulation, which injects electrical
currents directly on the scalp surface [3], [8], [9]. It can be
used to verify functions of specific brain regions or to control
basic human actions. Previous studies have shown that TMS
is also promising for curing neuro-psychiatric or central-ner-
vous-system diseases, such as depression, Parkinson’s disease,
epilepsy, and so on [9], [10].

Early studies on the magnetic stimulation used a single
ring-type or figure-eight coil [1]-[5], but nowadays mul-
tichannel magnetic stimulation has been drawing interest
[6]-[8]. Using multiple independently controlled stimulating
coils, one can stimulate multiple loci in one shot, or with
short delay between the pulses. The operator can also alleviate
the nuisance caused by the activation of undesired structures
by suppressing the field at selected locations. Moreover, it is
possible to quickly scan brain regions since the coils do not
need to be moved during scanning. The use of multiple coils
improves the mapping resolution since the stimulating field can
be made more concentrated [6].

Previous studies on the multichannel magnetic stimulation
systems, however, assumed simple coil configurations such
as planar and hemispherical arrangements. Moreover, they
assumed simple head models such as free-space or cylindrical
conductor to evaluate evoked electric field inside conductive
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tissues [6]—[8]. To the best of our knowledge, however, anal-
ysis of a practical whole-head TMS system based on realistic
simulations has not been studied yet. In the present study,
three different coil configurations and four different coil types
were simulated adopting the boundary element method (BEM),
which can consider realistic volume current conduction inside a
human head. Cortical surface model extracted from four human
subjects’ magnetic resonance (MR) images were used, for the
first time, to investigate evoked current patterns on cortical
pyramidal neurons. The simulation results were compared and
analyzed by means of quantitative measures such as targeting
accuracy and field concentration. From the simulation studies,
we could find more appropriate coil configurations and types
yielding enhanced targeting accuracy and focalized evoked
current distribution.

II. METHODS

TMS is an inverse process of magnetoencephalography
(MEG), which is a kind of noninvasive brain mapping tech-
nique that reconstructs brain electrical sources on the human
cerebral cortex using external magnetic field recordings [11].
Thus, we can calculate the TMS-evoked current on the cortex
based on the reciprocal relationship between MEG and TMS
[6]-[8].

A. Determination of Optimal Coil Currents

The relationship between the evoked electric field E and
time-varying external currents in the multichannel TMS coils
is defined approximately as follows by virtue of the reciprocal
characteristic between MEG and TMS [6]-[8]:

E(r) =Y (dl;/dt)L;(r) (1)

i=1
where 7 is the number of stimulating coils, r is a point to cal-
culate the evoked electric field vector E(r), dI;/dt is the time
derivative of current in sth coil, and L; (r) represents magnetic
flux density at sth TMS coil induced by a unit dipolar current
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source located at the position r, of which the concept is adopted
from MEG thanks to the reciprocity theory [6]—[8]. Since most
neurons (over 95%) which we want to stimulate using the pro-
posed TMS system are located only on the very thin (~4 mm)
gray matter of human cerebral cortex [12], [13], it is physiolog-
ically reasonable to restrict possible stimulating points only to
the cortical surface extracted from MRI T1-weighted images.
Assuming N points on the extracted cortical surface, (1) can be
rewritten in the following matrix form:

E =11 2

where I, represents the time derivatives of current at n TMS
coils, and E is the evoked electric field vectors at /N cortical
surface points. In MEG, L is usually referred to as a leadfield
matrix [10]. The size of E and L are 3N x 1 and 3N X n,
respectively, where “3” represents the three basis directions of
an electric field vector.

If we assume a certain evoked field pattern P, of which the
size is also 3N x 1, the optimal derivatives of current can be
determined by solving a linear inverse problem with truncated
singular value decomposition (tSVD) [6] as follows:

I, =LTP 3)

where L7 is the pseudo-inverse of the lead field matrix. Mu-
tual coupling effect should be considered in the practical system
design [7], which finds charge voltage of each coil, but in the
present study we have no need to consider the effect since we
directly used dI/dt as a variable to evaluate induced electric
field. The evoked electric field on the cortical surface can then
be estimated by

E=LLTP. “4)

B. Construction of Lead Field Matrix Considering Realistic
Volume Conduction

As mentioned above, conventional studies on the multi-
channel magnetic stimulation system assumed simple volume
conduction models such as a free-space or a simplified volume
conductor [6]-[8]. In this paper, we used the BEM to cal-
culate forward solutions and construct the lead field matrix
considering more realistic volume conduction effect [11], [14],
[15]. As aforementioned, the leadfield matrix in (1) is exactly
the same as that of MEG forward problem because of the
reciprocity between MEG and TMS. Therefore, the leadfield
matrix can be constructed by calculating magnetic flux density
at 7th TMS coil induced by a unit dipolar current source located
at the position r. If we assume that a head is composed of a
set of contiguous regions with constant isotropic conductivity
oi,t = 1,...,4, representing the brain, skull, scalp, and air for
instance, we can derive, from the Biot—Savart law, a relationship
between measured magnetic field B(r) and electric potential
on the interfaces of adjacent regions V' (r’) as

R /
B(r) =Bo(r)+%2(ﬂi—0j)/€__v(r')ﬁ x dS;; 5)

IEEE TRANSACTIONS ON MAGNETICS, VOL. 42, NO. 12, DECEMBER 2006

where R = |R| = |r—r’ |, Sj; is the interface surface between
sth and jth regions, and the primed symbols refer to quantities
on the interfaces. The B(r) is the magnetic flux density due to
the primary current only. The second term is the volume current
contributions to the magnetic field formed as a sum of surface
integrals over the brain-skull, skull-scalp, and scalp-air bound-
aries. The By(r) can be evaluated as

By(r) = Ko / JP(r') x Edv' 6)
Ja

4 R3

where G is a domain in which current sources exist and J?(r)

represents a primary current density at r and is assumed to be a

dipolar source in the present study. If a dipolar source is located

at rg, the primary current can be expressed as

JP(r) = Q6(r —rg) @)

where 6(r) is the Dirac delta function and Q is called the dipole
moment vector.

From (5), we can see that electric potentials on interfaces
should be determined to calculate magnetic flux density at the
measuring point r. The interface potentials can be calculated by
solving the following integral equation:

!

1
(oi40;)V(r)=200Vo(rH— Z(Ui—aj)/ V(x")dQ ()
2m ij Sij
(®)
where r € S;; and oy is the unit conductivity o9 = 1/(Qm).
Note that d(r') = —[r —t/| ?(r — 1) - dSj;, is the solid

angle subtended at r by the surface element dS;; atr’. Vo(r) is
a primary potential due to the primary current in an infinite ho-
mogeneous medium with unit conductivity and can be expressed

as
1 / Vi),
G

Vo(r) = 7

" dwoy

&)

The magnetic flux density by the primary current can be eval-
vated using electric potential V' at all boundary nodes after
solving the discretized version of (8). It has been frequently
reported that considering inner skull boundary is sufficient for
the MEG forward calculations because of the skull insulation
effect [14], [15]. In the present study, the inner skull boundary
was extracted and tessellated from MRI T1-weighted images
[12]. Fig. 1 shows an example of the tessellated boundary
element model co-registered with a cortical surface model.

On the other hand, we restricted locations of target points only
on the interface between white matter and gray matter of a sub-
ject’s cerebral cortex. This constraint is physiologically plau-
sible and practical because most neurons are located on the cor-
tical surface (actually within a very thin gray matter), not in-
side of the white matter [12], [13]. The brain cortical surface
was extracted from MRI T1-weighted image (256 x 256 x 200,
voxel size for each direction: 1 mm) and tessellated into about
500000 triangular elements. To extract and tessellate the cor-
tical surface, we applied BrainSuite developed in University of
Southern California [16]. The lead field matrix in (1) can then
be evaluated by assuming unit dipolar sources at each point on



IM AND LEE: EVALUATION OF A MULTICHANNEL TRANSCRANIAL MAGNETIC STIMULATION SYSTEM

Fig. 1. Example of boundary element mesh on inner skull boundary. Some
pyramids at the inferior side of the surface were generated because of
inhomogeneity in structural MRI data.

the cortical surface and calculating magnetic field at all coil lo-
cations. We used four human subjects’ structural MRI data with
different sizes and shapes. Fig. 2 shows the four cortical sur-
face models used to verify the performance of the designed TMS
systems. Note that we applied different coil types and configura-
tions to all the subjects, but presented the results only for subject
#1 except for the quantitative comparison study. In the compar-
ison study, we averaged the evaluated measures of all subjects.

III. SIMULATIONS AND RESULTS

We performed several simulations for four different types and
three different configurations of stimulating coils and investi-
gated the targeting accuracy and field concentration.

A. Simulation Setups

Before the simulations, target points should be assumed
a priori. When a target point is selected among the vertices
on the tessellated cortical surface, the desired evoked field
pattern P in (2) is determined. The vector P has the only
nonzero values at the target point. The directions of the tar-
geted electric fields were assumed to be normal to the cortical
surface since major pyramidal neurons which we would like to
stimulate are arranged perpendicularly to the cortical surface
[11], [12]. For example, a unit normal vector at a cortical
surface point i is (Qzi, Qyi, @), the P vector was set as
(0,0,...,0,Qui, Qyi, Q::,0,0,...,0,0). The evoked electric
field at every cortical vertex was then evaluated using (4).

B. Multichannel TMS Systems

We simulated three different coil configurations. The pro-
posed 61-channel, 102-channel, and 148-channel TMS systems
were designed to cover upper side of a normal human brain. The
coils were placed as regularly as possible to get consistent char-
acteristics at all brain areas. The size of each coil and covering
area of the whole system were consistent in every case. Fig. 3
shows the designed helmet-type whole head stimulators co-reg-
istered with subject #1’s cortical surface.

Conventional stimulating coils that have been used for mul-
tichannel TMS were single coils normal to the coil surface as
shown in Fig. 4(a) [8], which was named Type 0 coil. In the
present study, three more coil types were simulated, as depicted
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Fig. 2. Cortical surfaces extracted and tessellated from four subjects’ MRI
data—top views and side views.
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Fig. 3. Three different configurations of TMS coils—61, 102, and 148
coils from top to bottom. The coils were placed as regularly as possible to
get consistent accuracy at all brain areas. (Color version available online at
http://ieeexplore.ieee.org.)
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in Fig. 4(b)—(d). The Type 1 coil consisted of two orthogonal
coils which are normal to the coil surface. The Type 2 coil
consisted of three orthogonal coils, which is a combination of
Type 0 and Type 1. The Type 3 coil consisted of two parallel
Type 0 coils, which are working independently. The distance be-
tween the two coils was set to be 8 mm, which was determined
after some trial and error processes to maximize targeting accu-
racy. In total, 48 different cases (3 coil configurations x 4 coil
types x 4 subjects) were simulated and analyzed by means of
two quantitative measures which will be introduced in the fol-
lowing section.

C. Quantitative Assessment of the System Performance 1:
Targeting Accuracy

The most important issue of TMS is to accurately match the
maximum of evoked field distribution to a target point on cor-
tical surface. In the present study, we first defined a targeting
error at ¢th node of cortical surface as the distance between the
target point (ith node) and a maximal point of evoked field dis-
tribution. After evaluating errors at entire cortical vertices by
changing the positions of the target point, we could construct
a targeting error map on the cortical surface. Investigating the
error map, we could estimate goodness of a TMS system intu-
itively. Fig. 5(a)—(c) shows examples of error maps calculated
for 61-, 102-, and 148-channel configurations with Type 0 coil,
where the brighter region represents relatively the higher error.
It could be observed from the figures that deep brain regions
could not be stimulated well by external magnetic stimulations
as insisted in previous literatures [1], [6]. The use of more coils
could reduce area of higher error regions as expected.

In practical applications, the targeting errors in deep regions
can be neglected since current applications of TMS generally
concern sensory-related brain activations that occur around
shallow cortical areas. Therefore, we excluded the deep points
of which the depth from inner skull boundary exceeded 40 mm.
An arithmetic mean of overall errors was then evaluated only at
shallow cortical locations, for quantitative comparisons.

Fig. 6 shows the mean of the targeting errors evaluated with
respect to all possible combinations of coil configurations and
types and averaged for four different cortical surface models.
The results demonstrate that Type 2 coil shows the best perfor-
mance among all coil types considered, but we should note that
the number of coils used in Type 2 is three times more than
that of Type 0. Considering the number of coils used in Type
2 (1.5 times more than Type 3), the enhancement in targeting
error does not seem sufficient. Comparing the mean errors be-
tween Type 1 and Type 3, of which the number of coils is twice
more than that of Type 0, Type 3 shows better performance than
Type 1. Interestingly, the error of Type 3 is comparable to that
of Type 2 in spite of large difference in the number of coils.
Moreover, the error of Type 3 in 61-channel configuration (total
number of coil is only 122) is even superior to that of Type 0
in 148-channel configuration. Thus, we can conclude that the
Type 3 coil (two axially parallel coils) is the best coil configu-
ration for the multichannel whole head TMS system, from the
viewpoint of targeting error.
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Fig. 4. Four different coil types applied to 61 coil configuration: (a) Type
0 coil—conventional coil type; (b) Type 1 coil—two orthogonal coils
perpendicular to coil surface; (c) Type 2 coil—combination of Type 0 and
Type 1 coils; (d) Type 3 coil—two parallel Type 0 coils. (Color version
available online at http://ieeexplore.ieee.org.)

Fig. 5. Examples of error maps calculated for 61-, 102-, and 148-channel
configurations with Type 0 coil (tested on subject #1’s cortical surface), where
the brighter region represents relatively the higher error: (a) 61-channel; (b)
102-channel; (c) 148-channel. Left figures are top view and right figures are
bottom view. “R” represents right side and “L” represents left side. All values
were normalized with respect to 25 mm for relative comparison. (Color version
available online at http://ieeexplore.ieee.org.)

D. Quantitative Assessment of the System Performance 2:
Field Concentration

Level of evoked field concentration should be another impor-
tant measure to assess the performance of a TMS system. To
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Fig. 6. Mean of the targeting errors (unit: mm) evaluated for all possible
combinations of coil configurations and types (averaged for four head-brain
models). 61, 102, and 148 represent the number of channels. (Color version
available online at http://ieeexplore.ieee.org.)

quantify the field concentration at ¢th node of cortical surface,
we calculated the total area of cortical patches (triangular el-
ements), of which the evoked field strengths exceeded half of
the maximum evoked field. After evaluating the areas (or exten-
sions) at entire cortical vertices by changing the positions of the
target point, we could also construct a field concentration map
on the cortical surface. The map could give us another intuitive
measure to estimate goodness of a TMS system. Fig. 7(a)—(c)
shows examples of the field concentration maps calculated for
61-, 102-, and 148-channel configurations with Type 0 coil,
where the brighter region represents relatively the wider evoked
field distribution. It can be also seen from the figures that one
can obtain more focalized evoked field distributions by using
more coils.

Fig. 8 shows the mean of the field concentration evaluated
with respect to all possible combinations of coil configurations
and types and averaged for four different cortical surface
models. As in the targeting error evaluation, we excluded deep
cortical areas of which the depth from inner skull boundary
exceeded 40 mm. The results demonstrate that the field con-
centration of Type 3 coil is comparable with that of Type 2
coil despite of even less number of coils. As in the previous
investigation, the Type 3 coil showed the best performance
among all types of coils. We can observe that the averaged
field concentration of Type 3 in 61-channel configuration (total
number of coil is only 122) is even superior to that of Type 0
in 148-channel configuration.

In summary of the two quantitative comparison studies, we
could conclude that the axially parallel coil type (Type 3) shows
the best performance in both targeting error and level of field
concentration.

IV. CONCLUSION

In the present study, we evaluated a multichannel whole-head
TMS system considering realistic head-brain geometry. We
tested various types and configurations of stimulating coils
utilizing boundary element method (BEM). The targeting errors
and field concentration levels with respect to the configurations
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Fig. 7. Examples of field concentration maps evaluated for 61-, 102-, and
148-channel configurations with Type 0 coil (tested on subject #1’s cortical
surface), where the brighter region represents relatively the wider evoked
field distribution: (a) 61-channel; (b) 102-channel; (c) 148-channel. Left
figures are top view and right figures are bottom view.‘R’ represents right
side and ‘L’ represents left side. All values were normalized with respect to
5 x 10* mm? for relative comparisons. (Color version available online at
http://ieeexplore.ieee.org.)
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Fig. 8. Mean of the field concentration (unit: mm?) evaluated for all possible
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models). 61, 102, and 148 represent the number of channels. (Color version
available online at http://ieeexplore.ieee.org.)

and types of coils were investigated by means of quantitative
measures. The extensive simulation studies demonstrated that
the use of axially parallel coil type can not only enhance
targeting accuracy, but also focalize evoked field distribution.
It is expected that the results of this conceptual design and
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the methodologies used in the present study will be a useful
guide to realize human in vivo experimental systems. Further
studies will be continued to predict more accurate induced
electric field distributions using 3-D eddy-current analysis and
to investigate electric power consumption and threshold voltage
for manufacturing purpose.
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