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Research and development of a transcranial magnetic stimulator coil
based on a novel coil design framework incorporating an inverse problem
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Transcranial magnetic stimulation (TMS) isamethod that stimulates neurons by inducing an electric field in the brain, with
a pulsed magnetic field generated by a coil placed on the surface of the head. Since electric fields attenuate with depth, the
cerebral cortex, located on the outermost layer of the brain, has traditionally been the target of stimulation, and repetitive
stimulation of the dorsolateral prefrontal cortex and primary motor cortex has been used to treat depression and post-stroke
pain, but effective stimulation of deeper layers beyond the cerebral cortex has not yet been achieved. While previous devices
have coils with simple shapes, such as circular or figure-8 coils, this project aims to develop a coil that generates electric
fields that reach deeper brain regions, based on a novel coil design theory based on a mathematical inverse problem, which
have been presented by the principal investigators for the first time in the world. This will enable stimulation targeting the
anterior cingulate cortex, which is a challenging task for conventional methods. The anterior cingulate cortex is a major
pathological basis of schizophrenia, and we aim to provide a new treatment option for schizophrenic patients who do not
respond to drug therapy.

To begin with, based on the design theory of stimulation coils using mathematical inverse problems, we conducted an
optimal design of coils for electric fields that reach deeper brain regions. The specific method is as follows. Define the
potential function of the coil current, on the curved surface along the head surface where the coil winding is formed. Then
obtain the relationship between potential and brain-induced electric fields using the Biot-Savart law and Faraday’s law, then
spatially discretize to obtain a matrix representation. Next, for the desired electric field to be realized in the brain, the optimal
potential is obtained using Tikhonov regularization. At this point, the contours of the potential give the shape of the winding.
Thetarget electric field distribution isformulated by determining its optimal coupling coefficient based on the basis expansion
representation of the electromagnetic field using spherical harmonic functions. The desired electric field can be analytically
described by approximating the brain as a homogeneous conductor sphere. The maximum theoretical depth of the electric
field was determined with this analytical description. For a specific evaluation function, we derived and set up adistribution
that maximizesthe electric field applied to the anterior cingulate cortex, while minimizing the electric field generated in other
areas such as the scalp. When the depth of stimulation is defined as the distance from the surface to the halfway point of the
induced electric field, thefigure-8 coil had adepth of 12.0 mm, whereas the depth of the electric field derived from our method
was 31.4 mm. The solution was calculated to determine the coil winding that achieves the derived target electric field. From
the shape of coil windings, the induced electric field to the anterior cingulate cortex (located dlightly above the forehead) is
stronger because the coils are denser in the direction of the anterior cingulate cortex where the stronger electric field isinduced.
Furthermore, it can be inferred that the risk of adverse events is reduced in the occipital region because there are few coil
windings in the occipital region. The inductance of the obtained coil was calculated to be approximately 6.5uH, which is
below the typical value of 10uH for TMS coils, even considering additional wiring necessary for actual production.
Furthermore, using the obtained coil, electric field intensity in anumerical model that reproduced the conductivity distribution
of the human head was calculated, and it was confirmed that the designed coil is capable of generating an electric field
exceeding the target of 130 V/m in an area equivalent to approximately 20% of the area at a depth of 20 mm, where the
anterior cingulate cortex exists is present. This indicates that the designed coil has sufficient performance to stimulate the
anterior cingulate cortex.

The coil obtained by solving the optimization problem has a complex shape, making it impossible to manufacture using
conventional processing methods such as winding wires around a bobbin. Therefore, a prototype coil was fabricated using a
new fabrication method, where coil wires are incorporated into a support structure produced using a 3D printer. Optimization
calculations were performed using the gradient descent method, and the windings were modified so that the current density
distribution would not change as much as possible while taking the thickness into account. The characteristic of almost no
winding at the occipital region and a dense coil just above the anterior cingulate cortex is maintained. This prototype coil was
evaluated physically by measuring the magnetic field distribution. The magnetic field was measured at 16 points along three
axial directions starting from the center of the coil, and the valueswere compared with those predicted by numerical simulation.
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It can be confirmed that the trend of increase and decrease in the horizontal direction is consistent. On the other hand, there
was a dlight deviation in the vertical direction, but this is thought to be due to the auxiliary wiring used to connect the coils
on the underside of the helmet. It is expected that the magnetic field distribution predicted by simulation can be reproduced
with sufficient accuracy by improving the wiring arrangement in the future.

From the perspectives of regulatory and commercialization strategies, the following efforts were made. In order to ensure
the safety of coils at the level required for specific clinical research under the Clinical Research Act, we extracted necessary
items from JIS standards related to electrical safety, el ectromagnetic compatibility, and risk management of medical devices,
and created alist of policies for dealing with them. Particularly for insulation performance, additional tests were conducted
according to proprietary standards stricter than those for ordinary medical devices. Specificaly, a4kV DC voltage was applied
for aminute to a prototype coil for human use, and it was confirmed that no insulation breakdown occurred.

While fabricating the coil for human use, animal experiments were simultaneously conducted to demonstrate nerve pulse
induction among other effects, given the difficulty in evaluating stimulation by magnetic fields and judging its effectiveness.
A prototype coil was made separately from the one for humans, and transcranial magnetic stimulation was performed on
anesthetized rats to measure motor stimulus thresholds. Due to the brain size difference between humans and rats, prototype
coils scaled down to fit the animal brain were prepared. Initially, the motor cortex of the rat was stimulated while measuring
myopotentials, and a signal with a peak intensity of about 15uV was detected. Furthermore, in order to evauate the
performance of the newly fabricated coils in more detail by comparing them with existing animal coils, the motor threshold
for each coil was investigated changing the distance between each coil and therat's head. As aresult, the ratio of the voltage
with and without distance was smaller for the new coil compared to the existing coil, suggesting that the new coil was able to
stimulate deeper brain regions more effectively.

Next, the rats were administered manganese, and then their brains were stimulated using a prototype of the magnetic
stimulation coil developed. Manganese shares similar properties with calcium, thus when neurons are stimulated, they uptake
calcium along with manganese if present. Since MRI signalsincrease in neurons that have taken up manganese, MRI imaging
after magnetic stimulation can visualize the stimulated area of the brain. By comparing the results between the conventional
and the developed devices, differences in the stimulated areas become apparent. In regions of the brain pertinent to TMS, a
comparison of pre- and post-TMST1 relaxation times revealed a shortened T1 relaxation time following magnetic stimulation
in numerous regions of interest such asthe primary motor cortex, prefrontal cortex, and hippocampus. This suggests enhanced
manganese uptake in areas of brain relevance following magnetic stimulation. Conseguently, manganese-enhanced MRI was
deemed a valuable technique for ng the extent of stimulation induced by magnetic stimulation.

PMDA general consultation on the above development status was conducted once in each of FY2022 and FY 2023.
Furthermore, the protocol was revised to reflect the contents of the face-to-face advice to demonstrate efficacy and safety, and
aPMDA pre-development consultation was conducted in FY 2023. The plan isto move quickly into the product development
phase. In the immediate future, we will search for a company that can provide an electric drive system and prepare it for use
asan rTMS device. Subsequently, based on the implementation of the PMDA consultation, the performance of the device will
be evaluated, the safety and efficacy of the device will be evaluated by numerical simulation, and the safety and efficacy of
the device will be evaluated using a human head phantom before proceeding to clinical trials. The generic name of the
developed device is atranscranial magnetic stimulation device for therapeutic use, and there are multiple existing devicesin
the country. Our study focuses on developing coils with high electric field penetration depth compared to these existing
devices. Asoriginally planned, the project aims to establish a relationship with an existing manufacturing and sales company
and commercialize the coil by integrating it in their products. First, to confirm the safety of repeated TM Sintervention using
the developed product in humans, an FDA -approved depression treatment protocol will be implemented, and clinical adverse
events will be evaluated before and after the protocol, as well as the occurrence of EEG abnormalities using resting EEG
measurements. Next, an open-label study will be conducted to eval uate efficacy and safety. A randomized, controlled, placebo-
controlled trial will then be conducted in adult depressed patients refractory to drug treatment.
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