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Abstract— This paper introduce a fast and efficient solver
for simulating the induced (eddy) current distribution in the
brain during transcranial magnetic stimulation procedure. This
solver has been integrated with MRI and neuronavigation
software to accurately model the electromagnetic field and show
eddy current in the head almost in real-time. To examine
the performance of the proposed technique, we used a 3D
anatomically accurate MRI model of the 25 year old female
subject.

I. INTRODUCTION

Transcranial Magnetic Stimulation (TMS) is a technique
which uses intense pulsed magnetic fields to induce currents
in neuronal tissues which produce therapeutic effects in the
brain [1]. If those currents are large enough, neurons can
be locally depolarized. By localizing the magnetic field with
prior anatomical MRI information, it is possible to modulate
cortical function by exciting or inhibiting neuronal activity
in a local area [2]. This technique is used today to treat
neurological disorders such as depression [3]. It is also used
to measure the connection between the primary motor cortex
and a muscle, to evaluate damage from spinal cord injuries.
Furthermore, these systems are also being investigated for
treatment of a broad range of other neurological problems
such as stroke, parkinsons disease, and schizophrenia [4]-[6].
Today, an electromagnetic coil is held against the forehead
near an area of the brain that is thought to be involved
in mood regulation. Then, short electromagnetic pulses are
administered through the coil. The magnetic pulse easily
passes through the skull, and causes small electrical currents
that stimulate nerve cells in the targeted brain region [2].
The existing system has two disadvantages (i) During the
TMS procedure, the user doesn’t have any feedback of the
pattern of activation induced in the brain and the amount of
the induced current, and (ii) It is not possible to pinpoint
a specific structure in the brain. The contribution of this
paper is to propose fast and efficient TMS solver which
allow the users to see the depth, location, and shape of
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TABLE I
CONDUCTIVITY OF BRAIN TISSUES AT 3.3KHZ FREQUENCY

Tissue GM
o(S/m) 0.109

WM | CSF | Skull | Scalp
0.066 | 2.0 0.02 0.33

the magnetic field in relation to the subject’s brain on a
computer monitor in real-time. Coupling the fast TMS with
electroencephalography or other measurement techniques, it
will be possible to observe the effects of currents in different
locations and directions, to allow the circuitry of the brain
to be understood. To the best of our knowledge, this is the
first time that real-time TMS solver has been proposed.

II. TMS CLINICAL TRIAL PROCEDURE

Fig. 1 shows a block diagram of the TMS system. To
model induced current in a realistic brain, we used three
dimensional (3D) Magnetic Resonance Imaging (MRI) of
the brain (Fig. 2(a)). We used in-house MRI segmentation
software to categorize different regions of the brain such
as Scalp, Skull, Cerebro-Spinal Fluid (CSF), Gray Matter
(GM), and White Matter (WM) (Fig. 2 (b)). This model was
then inserted as input to the TMS simulator and conductivity
values were assigned to each tissue type. Fig. 2 (c) and
(d) show the cross-sectional view in sagittal and coronal
planes of the segmented brain. The color bar in this figure
indicate the different tissue type. Conductivity value of brain
tissues have been investigated for many years and different
researchers are reported different values for conductivity.
In this paper, we used conductivity values reported in [7].
Table I show the conductivity values for each brain tissues at
3.3KHz frequency. The effect of tissue conductivity errors on
the induced current has been investigated in [8]. The output
of the neuronavigation system is also another input to the
TMS simulator (FEM numerical solver) as shown in Fig. 1.
A neuronavigation system (Brainsight 7*') allowed the TMS
coil to be navigated and positioned over a specified target
location based upon an individual MRI image [9]. Therefore
based on information from the neuronavigation system the
position and orientation of the coil is determined and was
then input to the TMS simulator to compute the expected
flow of electric current in the brain. Results are then mapped
on a MRI of the patient. The TMS simulator is explained in
the following section.
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Fig. 1. Block diagram of the TMS system.

Fig. 2.

(a) MRI date (b) Segmented MRI data, (c) Map of conductivity
(sagittal plane), (d) Map of conductivity (coronal plane).

III. TMS SIMULATOR

The frequency range for TMS is from DC to 10kHz. In this
range, the electromagnetic phenomenon satisfies Maxwell
equations under quasi-static conditions. We used the so-
called T' — Q) formulation (current vector potential-magnetic
scalar potential method) to model the electromagnetic prop-
agation [10], [11]:

1 . . .
V x (;V X T) + jwueT = —jwuoHs + jwuoVE (1)

where j is the imaginary versor, w is pulsation, T is the
electric vector potential due to unknown currents in the head,
V2 (magnetic scalar potential) represents field induced in
the brain tissues, ﬁs is an external magnetic field (TMS
coil), o is the permeability of free space, and o is electric
conductivity of the brain tissues. In (1) if T is known, then
the eddy currents in the brain can be calculated as:

V x T = Jima 2)

Coil at different
positions or

Assemble right

Creating grid

hand side orientations?
‘ Assemble system )—b‘ Solve )—PI Output results

Fig. 3. Block diagram of the implementation of FEM code.

where fmd is the induced current in the brain. Electro-
magnetic properties of the human head are considered to
be low conducting ones [12]. Therefore the term V{2 can
be neglected in (1) [11]. The generated external field, H s
can be calculated everywhere outside the source using the
Biot-Savart Law [13]. The partial differential equation (1) is
solved by a vector Finite Element Method (FEM) capable of
considering arbitrary complex geometries such as anatom-
ical structures in the human brain [14]. In our proposed
technique, an efficient and parallel FEM was implemented
using C++ language and an object-oriented scientific library
(Deal II) [15]. In this technique instead of working with com-
plex valued finite elements directly, we have split complex
valued functions 7 into their real (T’) and imaginary (T})
parts (3) and use separate scalar finite element fields for
discretizing each one of them. Therefore:

T =T, + jT; 3)
1

V x (EV x T,) —wpoT; = wpoHs; (@)
1

V x (;v X T}) +w/’LOTT = _WUOHST (5)

where H,,. and H,; are the real and imaginary part of
the external magnetic field, respectively. Fig. 3 shows the
block diagram of the implementation of FEM code for
solving (4) and (5) individually. Deal.Il library has a unique
feature which is called dimension independent programming
using C++ templates on locally adapted meshes which make
the TMS solver more efficient programming. The proposed
technique uses the same mesh in order to calculate the real
and imaginary part of the electric vector potential. FEM
has been used to solve the 3D TMS solver for a long time
[11], [16]-[18], the progress in this field has been slow for
a number of reasons - mainly insufficient computer power
- which eventually solver it in an unreasonable amount of
time. In recent years, tremendous research has been done on
fast solver computing techniques and has opened up unique
opportunities for future research. We used parallel computing
with Message Passing Interface (MPI) in order to decrease
the TMS solver run-time.

IV. RESULTS AND DISCUSSION

In order to show the capability of the proposed technique
for calculating induced current, the MRI data from 25 year
old healthy human subject has been used. The MRI data has
been segmented in order to categorize different regions of the
brain. The accuracy of induced eddy current depends on the
quality of the segmentation. Fig. 4 shows map of conductivity
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(a) (b)

Fig. 4. (a) Map of conductivity (sagittal plane), (b) Map of conductivity
(coronal plane) for 25 years old subject.

TABLE II
COMPARISON OF SIMULATION TIMES FOR DIFFERENT RESOLUTIONS

Resolution of Image 4mm 2mm
Degree of freedom 373,478 2,395,020
Number of coil Positions 61 61

Total CPU run-time 01:10:05 13:06:09
Number of machines 50 100
Memory usage 694,166,384kb | 1,109,636,816kb

for this female subject. We have considered the circular coil
to be used for stimulation. The coil is placed at the top
of the head (Fig. 5), 2mm away from skin at five different
locations as shown in Fig. 6. Figs. 7,8,9,10, and 11 show the
induced current for A, B, C, D, and E locations of the coil in
Fig. 6. The run-time of the TMS solver strongly depends on
the resolution of the image. As the resolution of the induce
current images increases the run-time also increases, because
the number of unknown increases. Table II compares the
simulation run-time for 61 positions of the coil for 2mm and
4mm image resolutions. The total CPU run-time for 2mm
image resolution using 100 parallel machines took around
13 hours and for 4mm image resolution the CPU run-time
took around 1 hour using 50 parallel machines.

Table III shows the run-time for each position (sample)
of the coil for 2mm image resolution. As can be seen in
this table, the first sample took around 10.5h, second sample
around 30min, third sample 7.3min, forth sample 2.6min,
and after that rest of the samples took only 41sec to be run.
It is due to the fact that the mesh creating is usually the
time consuming part of the FEM solver therefore the first
sample take a lot of time to be solved. Then after that the
run-time decreases rapidly and after 4th sample, by changing
the coil position the eddy current image became ready in
40sec. Therefore in order to have real-time TMS solver, it
is necessary to let solver to be run off-line, for at least few
first samples, before TMS procedure started. Of course by
increasing the number of the machine the simulation run-
time decreases as shown in Table IV.

V. CONCLUSIONS

In this paper we introduced a fast and efficient TMS solver
which read the MRI data to find out the segmentation of the
brain and communicate with neuronavigation system. This

Fig. 5. Circular coil is placed at the top of the head.

Fig. 6. Five different locations of the circular coil (A, B, C, D and E).

Fig. 7. Map of induced current for circular coil at A position Fig. 6. Right
figure shows the map of induce current and left figure shows induce current
mapped on the MRI (sagittal plane).

Fig. 8. Map of induced current for circular coil at B position Fig. 6. Right
figure shows the map of induce current and left figure shows induce current
mapped on the MRI (sagittal plane).
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Fig. 9. Map of induced current for circular coil at C position in Fig. 6.
Right figure shows the map of induce current and left figure shows induce
current mapped on the MRI (sagittal plane).

Fig. 10. Map of induced current for circular coil at D position in Fig. 6.
Right figure shows the map of induce current and left figure shows induce
current mapped on the MRI (sagittal plane).

Fig. 11. Map of induced current for circular coil at E position in Fig. 6.
Right figure shows the map of induce current and left figure shows induce
current mapped on the MRI (sagittal plane).
TABLE III
SIMULATION RUN-TIME FOR CALCULATING EDDY CURRENT IN BRAIN
WITH 2MM RESOLUTION

1 sample ~10:32:00
2 sample ~30 min
3 sample ~7.3min
4 sample ~22.6min
5-61 sample ~41sec
TABLE IV

COMPARING THE RUN-TIME FOR TMS SOLVER FOR SAME RESOLUTION
FOR DIFFERENT NUMBER OF MACHINES

Resolution of Image 2mm 2mm
Number of coil Positions 61 61
Number of machines 100 120
Memory usage 1,109,636,816kb | 953,054,140kb
Total CPU run-time 13:06:09 11:21:11

solver allows users to see the depth, location, and shape
of the magnetic field in relation to the subject’s brain on
a computer monitor in real-time. The fast TMS will enable
the structure and function of the brain to be non-invasively
probed by inducing electric current patterns on the surface
of the brain and observing their effects on brain activity.
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