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ABSTRACT

Background: Magnetic stimulation, represented by transcranial magnetic stimulation (TMS), is used to treat
neurological diseases. Various strategies have been explored to improve the spatial resolution of magnetic
stimulation. While reducing the coil size is the most impactful approach for increasing the spatial resolution, it
decreases the stimulation intensity and increases heat generation.

Objective: We aim to demonstrate the feasibility of magnetic stimulation using an epidurally implanted
millimeter-sized coil and that it does not damage the cortical tissue via heating even when a repetitive stimu-
lation protocol is used.

Methods: A coil with dimensions of 3.5 x 3.5 x 2.6 mm°® was epidurally implanted on the left motor cortex of rat,
corresponding to the right hindlimb. Before and after epidural magnetic stimulation using a quadripulse stim-
ulation (QPS) protocol, changes in the amplitude of motor evoked potentials (MEPs) elicited by a TMS coil were
compared.

Results: The experimental group showed an average increase of 88 % in MEP amplitude in the right hindlimb
after QPS, whereas the MEP amplitude in the left hindlimb increased by 18 % on average. The control group
showed no significant change in MEP amplitude after QPS in either hindlimb. The temperature changes at the
coil surface remained <2 °C during repetitive stimulation, meeting the thermal safety limit for implantable
medical devices.

Conclusion: These results demonstrate the feasibility of epidural magnetic stimulation using an implantable coil
to induce neuromodulation effects. This novel method is expected to be a promising alternative for focal mag-
netic stimulation with an improved spatial resolution and lowered stimulus current than previous magnetic
stimulation methods.

1. Introduction

increase the spatial resolution of magnetic stimulation. However, this
downsizing involves two trade-offs: increased heat generation and

Magnetic stimulation, represented by transcranial magnetic stimu-
lation (TMS), is a therapeutic technique that stimulates the brain with
electric fields induced by intense magnetic fields without exposing
metallic or conducting electrodes to the body. Coils used for magnetic
stimulation are generally large enough to cover one hemisphere of the
human head to generate a magnetic field strong enough to induce neural
responses [1]. Due to its considerable size, such a coil is limited in
precisely stimulating cortical regions with a high spatial resolution. In
order to overcome this issue, various coil shapes such as figure-eight, or
assistive techniques such as navigation systems have been introduced [2,
3]. Nonetheless, the area affected by the coil is larger than the target
region to be stimulated, making stimulation of a pericentral region
around the target region unavoidable. The coil size has to be reduced to
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decreased stimulation intensity [4]. The resistance increases as the coil
becomes smaller, generating more heat during repetitive stimulation.
The number of stimuli per unit time must be reduced to avoid excessive
heat generation, which may cause ineffective stimulation. While short-
ening the pulse width is another approach to reducing heat generation
[5], it is limited in practical applications by the minimum duration
required to stimulate neurons and the characteristics of the TMS system
generating pulses with a capacitive discharging method [6]. In addition,
downsizing the coil limits the current intensity, which hinders inducing
a suprathreshold stimulus to elicit neural responses.

In our preliminary experiments, we aimed to directly elicit motor
evoked potentials (MEPs) using the implanted coil, but two major lim-
itations prevented this. One was a misalignment between the direction
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of the electric field generated by the coil and the orientation of the axons
of targeted pyramidal neurons. This misalignment results in a higher
stimulus threshold for obtaining a direct response during magnetic
stimulation [7-10]. Achieving a minimal threshold to evoke MEPs re-
quires proper alignment, which was unattainable because the axons of
pyramidal neurons are oriented perpendicular to the cortical surface,
while the electric field generated by the epidural coil runs parallel to the
axons. Consequently, a higher intensity of electric field was necessary to
evoke MEPs. However, generating such a strong electric field posed
another practical constraint related to heat generation. The intensity of
the electric field is proportional to the current flowing through the coil,
and higher currents led to excessive heat production in the coil. If a field
strong enough to evoke MEPs were generated, the resultant heat would
risk causing thermal damage to surrounding brain tissue. As a result, we
shifted our focus towards exploring stimulation protocols that could
modulate neural plasticity without the risk of heat-induced tissue
damage.

Given these boundaries, recent studies have explored alternative
approaches such as low-intensity stimulation using TMS in the perifocal
area. These studies demonstrate that subthreshold stimulation modu-
lates cortical excitability and alters gene expression and neural path-
ways, for which the modulation of internal calcium signaling is a key
mechanism [11-19]. Based on these studies, low-intensity repetitive
TMS (LI-r'TMS) using coils with a reduced size has recently emerged as
an alternative magnetic stimulation method [12,13]. LI-r'TMS using a
coil with dimensions of 8 x 8 mm? (diameter x height) was shown to
modulate the amplitude of MEPs [14], synaptic plasticity in the motor
cortex [15], and neuronal activity via in vivo intracellular recording of
pyramidal neurons in the somatosensory cortex [16], and c-Fos
expression using a temporal interference stimulation system [17].
LI-rTMS was also shown to modulate the frequency of seizure-like events
using a coil with a tapered core [18] and the amplitudes of MEPs and
somatosensory evoked potentials using a C-shaped coil [19]. The com-
mon feature of these studies is that the coils were placed outside the
head with a particular distance between the coil and the head. As the
distance between the coil and the targeted cortical region increases, the
strength of the electric field decreases, and the distribution of the field
broadens, resulting in decreased focality.

Another approach for magnetic stimulation uses an intracortical coil
to maximize the stimulation intensity by minimizing the distance be-
tween the coil and neurons. These types of coils are typically fabricated
by microfabrication processes [8,20,21] or have shanks on which thin
Pt-Ir wires are formed in a bent shape [8,22,23]. These coils are inserted
into the cortical layers containing pyramidal cells. Magnetic stimulation
using such coils with several hundreds of micrometers has the advantage
of stimulating a focal area. However, it has an inevitable limitation that
inserting the coil into the cortex causes irreversible cortical damage.

To elicit or to modulate neural responses, it is necessary to create a
change in electric field in the targeted cortical region. Previous studies
have reported that an electric field intensity exceeding 10 V/m achieved
neuromodulation in motor evoked potential [14,19]. To attain such
high-intensity electric field using a miniaturized coil, options include
reducing the distance between the coil and the target region or using a
high-intensity current pulse. Bonmassar et al. and Bernardo et al. show
the feasibility of magnetic stimulation with current intensities in the mA
scale [7,24]. These results were achievable since the coil approached the
targeted region as close as possible. In contrast, epidural implantation
restricted narrowing the distance between the coil and the targeted re-
gion, leaving increasing the current intensity as the sole viable option.

Given these considerations, using a small coil placed on the surface of
the cortex would represent a trade-off between improving the focality of
magnetic stimulation and avoiding the inevitable damage caused by
penetrating the cortical tissue. However, placing a coil in contact with
the brain surface may be limited by the potential tissue damage caused
by hyperthermia generated by the coil [25]. Histological findings
demonstrated that temperatures of >44 °C caused thermal damage in
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the normal brain tissue of non-human primates [26]. The maximum
temperature increase for implantable medical devices stipulated by the
International Organization for Standardization (ISO) is 2 °C [27].
Therefore, the heat generated at the coil surface should be less than this
limit to be acceptable for magnetic stimulation using an implanted coil.

In this study, we introduce a novel method to maximize the intensity
of the induced electric field by implanting a small coil on the cortical
surface without penetrating the brain tissue. The coil was implanted to
cover the motor cortex of rat to demonstrate the feasibility of epidural
magnetic stimulation. Our results show that the amplitude of MEPs
before and after the stimulation protocol was successfully modulated.
The temperature increase at the coil surface during repetitive stimula-
tion was also confirmed to remain within the thermal safety limit.

2. Methods
2.1. Coil and pulse generator for MEP modulation

We used a small coil with dimensions of 3.5 x 3.5 x 2.6 mm°> (Fig. 1),
which was previously used to demonstrate the feasibility of magnetic
stimulation for peripheral nerves [28]. This coil had an inductance of 1
mH and a resistance of 16 Q. It comprised 256 turns, the bare wire
diameter was 50 pm (44 AWG), and the diameter including insulation
was 70 pm. In order to prevent the potential current leakage, the coil
was insulated with a thin (50 pm thick) layer of electrically resistive
epoxy (832HT, MG Chemicals, ON, Canada). The coil was connected to a
two-pin connector (51021-02, Molex, Lisle, IL, USA) through two wires
connected to a pulse generator.

The pulse generator consisted of a function generator (AFG3022B;
Tektronix, Beaverton, OR, USA) and a power amplifier (HSA4014; NF
Corp., Yokohama, Japan), which allowed it to generate an arbitrary
pulse shape with a high current amplitude up to 7.2 A. The pulse shapes
used in this study replicated the monophasic pulses used in commercial
TMS, which have a rising time of 70 ps [29-31]. However, unlike TMS
pulses, the generated pulses lacked a long tail after the peak (Fig. 2(a)).
This shortened pulse reduced the excessive energy consumption in the
coil, resulting in less heat generation [31-33]. The amplitude and shape
of the current pulses were measured using an oscilloscope (MSO-X
3054T; Keysight, Santa Rosa, CA, USA) and a current probe (1147B;
Keysight, Santa Rosa, CA, USA) to confirm the consistency of coil
characteristics before and after applying the stimulation protocol.

2.2. Heat measurement

The temperature at the coil surface was measured to ensure thermal
safety using a thermistor (SS6L; BIOPAC Systems Inc., Goleta, CA, USA)
before coil implantation. Since the coil was implanted inside the head,
the thermistor could not measure the temperature changes during in vivo
experiments. Instead, we measured the coil surface temperature in air by
placing the thermistor in contact with the coil. Since biological tissues
have higher thermal conductivities than air, the temperature rise at the
surface of an implanted coil is expected to certainly be lower than the
measurement in air, as evidenced by previous experimental results [32,
34]. Then, the stimulus shown in Fig. 2(a) was applied to the coil for 10
min, with current intensities increased from 2.4 A to 7.2 A with a step of
1.2 A. The maximum stimulus intensity was decided by the current
amplitude that would increase the temperature by < 2 °C based on the
ISO guideline for implantable medical devices [27].

2.3. Simulation of electromagnetic field

Simulations were conducted using COMSOL Multiphysics 5.5
(COMSOL, Stockholm, Sweden) to estimate the magnitude of the
induced electric and magnetic fields. A 3D rat head model, reconstructed
from computed tomography (CT) scanning images, was imported into
the software to mimic the in vivo environment. Tissue properties such as
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Fig. 1. Coil implantation to a rat for epidural magnetic stimulation. (a) Schematic illustration of coil implantation: A coil (wire: yellow, magnetic core: black) is
implanted epidurally on the targeted cortical region, with connecting wires (green) placed subcutaneously. (b) Prototype coil used in experiments; the scale bar is 1
mm. (¢) CT image of the implanted coil in sagittal plane. (d) Recovered rat after coil implantation. The arrows indicate where the coil is implanted. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Experimental design of epidural magnetic stimulation. (a) Timeline of the QPS protocol and its temporal parameters. The inter-stimuli and inter-train in-
tervals were 5 ms and 5 s, respectively. The enlargement on the right compares monophasic current pulses used for the implantable coil (black solid line) and a TMS
coil (red dashed line). The protocols used for (b) QPS and (c) no stimulation conditions are illustrated. Before applying stimulation, MEPs were measured as the
baseline. After the conditioning, ten MEPs were recorded consecutively with an interval of 5 min to observe the post-stimulation effect. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

electrical conductivity, relative permittivity, and relative permeability the frequency domain at a frequency of 3.571 kHz, which corresponds to
for the brain, cerebrospinal fluid, and skull were adopted from a pre- a period of a quadruple pulse with a rise time of 70 ps. The amplitude of
vious study [35]. The electric field induced by the coil was calculated in the current applied to the coil was determined to be the highest value
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that satisfied the criterion of thermal safety limit, resulting in the
maximum applicable current of 6 A (see Section 3.1).

2.4. Coil implantation

Male Sprague-Dawley rats (300-500 g) were divided into the
experimental (n = 5) and control (n = 4) groups. Rats were housed with
a 12/12 h light/dark cycle and given food and water ad libitum. All
animal experiments were approved by the Institutional Animal Care and
Use Committee of the Laboratory Animal Resource Center at Daegu
Gyeongbuk Institute of Science and Technology (approval number:
DGIST-IACUC-23041405).

Under anesthesia with 2 % isoflurane, the head was fixed using a
stereotaxic frame (KOPF 902; KOPF Instruments, Tujunga, CA, USA).
Following the scalp incision, a piece of skull in a size of 4 x 4 mm and
centered at +2.0 mm lateral and +2.0 mm posterior to the bregma was
removed by craniectomy. The exposed cortical region corresponded to
the motor cortex of the right hindlimb [36-39]. The coil was placed
epidurally, and its winding direction was aligned anterior-to-posterior.
Then, the coil was fixed by covering it with dental resin (Ortho-Jet;
Lang Dental, Wheeling, IL, USA). Two wires connected to the coil were
placed subcutaneously under the dorsal skin, leaving only a two-pin
connector outside the body through a small dorsal hole at the center
of the trunk for the connection to the pulse generator. The incised scalp
was sutured, and then the rats were allowed to recover for a week with
appropriate treatments using antibiotics and painkillers. The schematic
illustration of coil implantation and its CT image are shown in Fig. 1.

2.5. Anesthesia during epidural magnetic stimulation

The rat implanted with the coil was briefly anesthetized for 10 min
under 2 % isoflurane for catheterization of the tail vein for intravenous
propofol infusion. Propofol was chosen as the anesthetic drug since it
has been reported that stable MEPs were obtained for up to 4 h when
using it [40-43]. After catheterization, bolus injection of propofol at an
infusion rate of 1 mg/kg/min was given over 10 min. Isoflurane was
discontinued for 5 min after the start of propofol loading. After bolus
injection, the infusion rate was changed to 700 pg/kg/min to maintain
the anesthesia for sedation throughout the experiment for up to 2 h.
Oxygen at 1 L/min was also supplied via a nose tube throughout the
experiment. The conversion of anesthesia was confirmed by observing
the twitching of the leg or electromyography signals caused by pinching
the toes with tweezers.

2.6. Subthreshold repetitive magnetic stimulation with QPS

We used the QPS protocol, a stimulation protocol that delivers four
pulses in a burst at a constant interval for epidural magnetic neuro-
modulation. The details of the QPS used in in vivo experiments are shown
in Fig. 2(a). It was reported that the QPS protocol modulated the
amplitude of MEPs effectively by changing the inter-stimuli intervals in
TMS studies [44,45]. For example, inter-stimulus intervals of 10 ms or
less induce long-term potentiation, while intervals of 30 ms-100 ms tend
to induce long-term depression in MEPs [44]. The QPS protocol also
induced long-lasting synaptic modulation with a subthreshold intensity
in in vitro experiments [46]. Based on these results, we set the stimula-
tion parameters as an inter-stimuli interval of 5 ms, an inter-train in-
terval of 5 s, and a total duration of 30 min, resulting in 1440 total pulses
(Fig. 2(a)). The current amplitude was set to 6 A to meet the thermal
safety criterion (see Section 3.1). MEPs were recorded before and after
QPS to observe post-stimulation effects. The baseline was defined as the
average amplitude of MEPs recorded 5 min before QPS. After QPS, MEPs
were recorded with a 5-min interval. For each session of MEP recording,
a stimulus with an intensity of 110 % of the motor threshold (MT) was
applied 10 times with an interval of 5 s to elicit MEPs (Fig. 2(b)). For
comparison, we also recorded MEPs from the control group that were
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not given QPS (Fig. 2(c)).
2.7. MEP recording

To record the MEPs, four surface electrodes (Neuroline 70010-K;
Ambu, Ballerup, Denmark) were attached to the skin of both hin-
dlimbs after hair removal, and a unipolar needle ground electrode
(EL452; BIOPAC Systems Inc., Goleta, CA, USA) was inserted into the
tail. MEPs were recorded at a sampling rate of 10 kHz using a recording
instrument (MP36; BIOPAC Systems Inc., Goleta, CA, USA). MEPs were
elicited using a TMS machine (MagPro R20; MagVenture, Farum,
Denmark) with a biphasic sine pulse and a figure-eight coil (MC-B70;
MagVenture, Farum, Denmark). During this experiment, the head was
fixed using a stereotaxic instrument (SGM-3; Narishige, Tokyo, Japan)
to maintain the alignment and distance between the TMS coil and the
head. Visual inspection using a camera (Lifecam Studio; Microsoft,
Redmond, WA, USA) mounted on top of the experimental cage was also
used to confirm the alignment of the TMS coil with the head and to
ensure that the position of the head was unchanged after the experiment.
The MT was determined when the amplitude of MEPs exceeded 15 pV
and muscle twitching was observed simultaneously, based on previous
studies [42,43,47].

2.8. Data analysis

Through visual inspection, the cases where the head was out of
alignment at the end of the experiment were excluded from data anal-
ysis. Statistical analysis was performed using the MATLAB Statistics and
Machine Learning Toolbox (MATLAB 2021a; MathWorks, Natick, MA,
USA). In order to compare the experimental and control groups,
normalized MEPs were calculated by dividing individual MEP ampli-
tudes by the mean of baseline MEP amplitudes. Two-way analysis of
variance (ANOVA) was used to compare the left and right hindlimbs
under QPS and sham conditions.

3. Results
3.1. Heat measurement and maximum applicable current

The temperature changes on the coil surface when QPS was applied
for 10 min are shown in Fig. 3. The current amplitude was changed from
2.4 A to 7.2 A with a step of 1.2 A. The highest temperature changes
measured for each current amplitude were 0.50 °C, 0.97 °C, 1.41 °C,
1.99 °C, and 3.05 °C, while the average temperature changes were
0.33 °C, 0.55 °C, 1.09 °C, 1.55 °C, and 2.36 °C, respectively. Based on
these results, the amplitude of the current ensuring the thermal safety
criterion was determined to be < 6 A. The measurements also showed
that this implantable coil can provide a continuous QPS for a long
period. The recovery time required for the temperature to return to the
pre-stimulus temperature was determined to be approximately 3 min.

3.2. Simulation of electromagnetic field

The simulation results of induced electric and magnetic fields are
shown in Fig. 4. Since the coil was sufficiently small, the electric field
was induced only in a focal region corresponding to the motor cortex for
the left hindlimb. On the brain surface, the highest magnitude of the
induced electric field was 25.6 V/m below the coil center. The magni-
tude of the induced electric field at 1 mm below the coil surface was
10.1 V/m, which is a comparable intensity to those reported eligible to
modulate neuronal excitability [14,19]. The magnitudes of magnetic
fields were 528 mT and 156 mT below the coil surface and at 1 mm
below the coil surface, respectively. Fig. 4(a) shows that the cortical
surface region where the magnitude of the electric field was >20 V/m
was 1.5 x 1.5 mm. When the minimally required electric field intensity
was lowered to 10 V/m, the region was increased to 3.9 x 2.6 mm and
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Fig. 3. Temperature changes on the coil surface when QPS is applied for 10 min with varying current amplitudes. The solid horizontal line at 2 °C represents the
thermal safety limit for implantable medical devices stated in the ISO standard. The temperature change did not exceed the safety limit with a current of <6 A.

(a) (b)

Skull

|E] (V/m) |B| (mT)
(c) r'e 30 (d) » 600
20 400
1 10 200
\ : \ -
0 0
(€) 5 ) co0
E 20 = 400
S £
w oo a 200
0+ T T T . 0+ r T T 1
0 0.5 1 15 2 0 0.5 1 15 2
Distance from the coil surface (mm) Distance from the coil surface (mm)

Fig. 4. Simulation results of (a), (¢) the induced electric field and (b), (d) the magnetic field in a 3D rat head model. The skull (grey) and brain (blue) are shown in
(a), (b) top view and (c), (d) side view. The arrows in (a) to (d) and dashed lines in (a) and (b) indicate the implanted coil. (e) The magnitudes of the induced electric
field and (f) magnetic field in the brain are shown as a function of the distance from the coil surface. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

the volume was calculated to be 2.5 mm?>. Since the area of the motor 3.3. MEP measurement

cortex for a hindlimb is approximately 3 x 2 mm [38], the implanted

coil is expected to induce changes in neuronal activity at a local area Fig. 5 shows examples of changes in MEP amplitude observed from
with a sufficient electric field. the right hindlimb with (Fig. 5(a)) and without (Fig. 5(b)) QPS. The

amplitude of MEPs was approximately twofold higher after QPS than
before QPS. In contrast, the amplitude of MEPs did not change over time
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Fig. 5. Examples of temporal changes in MEPs with and without QPS. (a) QPS. (b) No stimulation. The amplitudes of baseline MEPs were normalized in the QPS and
sham groups to be commensurable. MEPs after conditioning were then normalized with the baseline MEP under each condition. The scale bar is 10 ms.

when no QPS was applied (sham group). The latencies of MEPs before
and after stimulation for both QPS and sham groups were measured as
8.16 & 0.37 ms and 8.21 + 0.75 ms (mean =+ standard deviation),
respectively. These latencies were consistent with previous studies
measuring MEPs in rat hindlimbs using surface or needle electrodes [43,
48].

3.4. Time course of MEP changes

Fig. 6 shows the time courses of normalized MEPs for both QPS and
sham groups. Fig. 6(a) shows that the MEPs increased in the right hin-
dlimb, which corresponded to the contralateral motor cortex where the
implanted coil applied magnetic stimulation. The MEP amplitude was
increased by 88 % on average in the right hindlimb after QPS. In
contrast, it increased by 18 % on average in the left hindlimb after QPS.
The average MEP was higher for the right hindlimb than the left hin-
dlimb at all post-stimulus time points, with a significant difference in the
MEP amplitudes between limbs over time (p = 9.23 x 1077, two-way
ANOVA). Fig. 6(b) shows that the normalized MEP amplitudes after
sham conditioning (without QPS) were 90% and 93% of the baseline on
average in the left and right hindlimbs, respectively, showing no

(a)

changes from the baseline. No significant difference was observed be-
tween limbs (p = 0.554).

4. Discussion
4.1. Coil implantation

We successfully demonstrated neuromodulation by magnetic stim-
ulation using an implantable coil placed on the cortex without pene-
trating the cortical tissue. By placing the coil in contact with the cortical
surface epidurally, the current intensity required for stimulation was
considerably lower than that used in LI-rTMS by minimizing the atten-
uation of the electric field due to the distance between the coil and the
stimulation target. It also enabled focal stimulation by minimizing
electric field dispersion. Notably, our epidural approach showed the
feasibility of magnetic stimulation in a focal region without penetrating
the cortex. Specifically, a figure-eight coil, a representative coil shape
that allowed focal TMS, generates an electric field in a region where the
coil partially overlaps. However, even in a non-overlapped area
exceeding 200 mm?, the electric field is generated with a significant
strength, considerable to the overlapped area [49]. While it is possible to
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Fig. 6. Time courses of normalized MEPs. (a) When QPS (n = 5) was applied to the left motor cortex, the potentiation of MEP amplitudes was observed in the right
hindlimb (p < 0.001, two-way ANOVA between the right and left limbs). (b) The control group (n = 4) showed no significant difference between hindlimbs (p >
0.05). The symbols represent the mean, and the whiskers represent the standard error of the mean.

1162



K.J. Lee et al.

achieve strong and focal enough stimulation within a specific small area,
there remains a risk of cortical stimulation induced by subthreshold
stimulation within the non-covered area by the coil [4]. Conversely,
epidural stimulation induces electric fields only in the area directly
beneath the coil, thus minimizing the risk of unintended stimulation.
This area is approximately 12 mm? in size, roughly 1/16th the size of the
area affected by TMS in previous studies. In addition, fixing the coil to
the skull using dental resin helped resolve the issue of unstable coil
positioning for long-term stimulation, one of the major issues commonly
encountered in TMS. Our method of implanting a coil that uses a
low-intensity current also has merit in that discomforts such as scalp
sensation and pain caused by the high-intensity current in TMS could be
significantly alleviated [50]. Moreover, it is expected to be able to
stimulate even sulcal areas by placing the coil on the gyrencephalic
cortex.

By implanting the coil, we achieved the highly improved focality
compared to previous studies as illustrated in Fig. 7. The electric field
focality, S1,2, was calculated based on the definition from a study of TMS
coil designs [2]. Compared with the studies on LI-rTMS or TMS, our
approach improved the focality by at least 8 up to 23 times. The dis-
tributions of normalized electric fields also showed clear distinction in
focality as illustrated in Fig. 7.

4.2. MEP modulation

Magnetically stimulating the left motor cortex through the implanted
coil caused the amplitude of MEPs in the right hindlimb to increase by
88 % after QPS compared to the baseline. This potentiation effect was
clearly greater than that in the left hindlimb corresponding to the
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Fig. 7. Comparison of the focality of magnetic stimulation as a function of the
distance from the cortical surface to the coil surface, based on this and previous
studies [13,14,18,19,43]. The electric field focality S;,, is defined based on a
previous study [2], which quantifies the half-value spread. By adapting the coil
dimensions and the distance between the coil and the cortex from each refer-
ence, the focality is calculated in the computational simulation setup. For
epidural magnetic stimulation (this study), LI-tTMS [14] and TMS [43], the
color maps represent the normalized electric field distributions on the cortical
surface. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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ipsilateral side of the stimulated region, consistent with previous studies
on QPS [44,45]. In the control group, which had a coil implanted but
was not given QPS, no change in MEP amplitude was observed in both
hindlimbs. These results confirmed the feasibility of magnetic stimula-
tion using an implantable coil to modulate MEPs.

In the QPS group, the MEP amplitude of the left hindlimb, the ipsi-
lateral side of the stimulation site, was also slightly increased by 18 % on
average compared to the baseline. Unintended stimulation by the coil
might have caused this increase because the motor cortex region for the
hindlimb is located right next to the midline of the cortex [38]. During
surgical procedures, the cranial window was opened larger than the size
of the coil to guarantee contact between the coil and cortex. Therefore, it
is hypothesized that this margin would have caused the mispositioning
of the coil at the stage of fixing it using dental resin. Another hypothesis
is that during stimulation, the interhemispheric interactions via the
corpus callosum inadvertently partially stimulated the contralateral
motor cortex [51]. Tsutsumi et al. reported a similar phenomenon that
QPS with an inter-stimuli interval of 5 ms, the same parameter used in
our study, increased the MEP amplitudes from both the left and right
dorsal interosseous after stimulation of the left motor cortex, with the
increase higher in the contralateral side than in the ipsilateral side [52].
Nevertheless, it was evident that the targeted cortical region was stim-
ulated by the increase in MEP amplitude being significantly higher for
the contralateral hindlimb than for the ipsilateral hindlimb.

The current amplitude we used for magnetic stimulation was 6 A,
which is two to three orders lower than those used in TMS and LI-rTMS.
Such a significant reduction in current amplitude was achieved through
the use of a high-inductance coil and epidural implantation. The electric
field intensities induced by the coil could be increased by increasing the
current or the inductance [53]. Since the coil used in our experiments
had an inductance of 1 mH, which is twofold higher than commercial
TMS coils, it was possible to stimulate with a much lower current [28].
Bringing the coil into contact with the cortical surface also contributed
to lowering the current since it minimized the attenuation of the electric
field induced by the coil over distance. Therefore, it was possible to
obtain an electric field intensity similar to that used in LI-tTMS and
demonstrate potentiation effects comparable to those reported in
LI-rTMS studies [14,19].

4.3. Thermal safety

By measuring the heating of the coil surface, the stimulation in-
tensity was determined so that the cortex was not thermally damaged
even when stimulation was applied continuously for a certain period.
Since the rising phase of a monophasic pulse is known to cause magnetic
stimulation [54], the energy consumed by the coil could be minimized
by shortening the falling phase. Fig. 2(a) shows that the time to fall from
95 % to 5 % of the peak is 25 ps and 550 ps for the implantable and TMS
coils, respectively. The falling time of the pulse used for the implantable
coil was significantly reduced to less than one-twentieth of that used for
TMS. However, the strategy of minimizing the energy consumed in the
coil by shortening the falling time does not apply to TMS due to the
differences in the pulse-generating systems used in TMS and our study.
In our study, the shape of pulses could be modified flexibly by config-
uring a function generator and a signal amplifier due to the lower cur-
rent than TMS. However, a capacitive charging and discharging method
is used to generate a high current pulse in the kA range in TMS, inevi-
tably leading to a long falling time for discharging from the coil [55].
Several strategies have been suggested to resolve these limitations of
TMS, such as pulse width modulation or phase control [5,31-33].

In addition to reducing the energy consumed in the coil by designing
the optimal stimulation pulses, we also suggested a stimulation protocol
to prevent heat accumulation, thereby avoiding thermal damage to the
cortex. Previous LI-rTMS studies used stimulation protocols in which
1800 to 6000 pulses were applied over a short period at a rate of 600
pulses per minute [14,16,56]. However, these protocols were unsuitable
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for use with the implanted coil since excessive heat could be accumu-
lated. Instead, in our experiments, the QPS protocol applied 1440 pulses
at 48 pulses per minute for 30 min. Consequently, while the total
number of applied pulses was similar to that used in previous studies, it
was possible to suppress heat accumulation for an extended period by
lowering the pulse rate per minute. By optimizing the parameters of the
stimulation protocol, we successfully demonstrated that controlling heat
generation during epidural magnetic stimulation was possible.

4.4. Possibilities and limitations of epidural magnetic stimulation

We for the first time demonstrated that the epidural implantation of a
coil for magnetic stimulation of the brain is possible with a current level
not exceeding the thermal safety limit, by minimizing the coil as well as
by carefully optimizing magnetic stimulation protocol. Full implanta-
tion of a coil for magnetic stimulation of the brain, without penetrating
the cortical tissue or durectomy, was first demonstrated.

Our proposed method distinguishes itself from other brain modula-
tion techniques in that implantable devices provide superior spatial
resolution and sustained stimulation delivery, albeit with some
invasiveness-related risks. While transcranial direct current stimulation
(tDCS) offers noninvasive stimulation with low intensity, its spatial
precision is limited due to the induced electric field covering the broad
cortical regions. Intracortical stimulation provides better spatial reso-
lution but involves irreversible cortical tissue damage upon device im-
plantation. In contrast, epidural magnetic stimulation involves only a
craniectomy for precise cortical placement of the coil, allowing for
inducing high-intensity electric field without cortical tissue damage and
enabling focused stimulation. This spatial superiority of epidural stim-
ulation is illustrated in Fig. 8 compared to transcranial and intracortical
stimulation.

Some concerns may raise because of the inclusion of craniectomy in
the implantation process. We want to emphasize that safely fixing the
coil to a target cortical area through implantation enables continuous
stimulation of the desired cortical region over a prolonged period. This
approach eliminates the need to locate the stimulation site anew for
each session, a limitation present in non-invasive methods such as TMS
or tDCS. By eliminating positioning errors, consistent stimulation can be
delivered to the target region even over years without requiring manual
restraint or anesthesia. This approach based on implantation is feasible
because we introduced a subthreshold stimulation method that avoids
heat-induced damage to the cortical tissue near the coil. Moreover,
challenges such as degradation of stimulation performance in intra-
cortical electrodes due to immune responses can be overcome. Addi-
tionally, unlike intracortical electrical stimulation methods, epidural
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stimulation does not damage cortical tissue. These significant advan-
tages enable long-term tracking of responses to magnetic stimulation
within the cortex in animal models, such as freely moving rodents.

There might be a concern that electrical stimulation would be more
power efficient than magnetic stimulation. Conventional epidural elec-
trical stimulation typically utilizes multiple small electrodes or arrays of
electrodes, providing high power efficiency due to the use of low cur-
rents in the milliamperes range [58-60]. However, impedance changes
due to immune responses around the electrodes can impact the consis-
tency of stimulation intensity. Additionally, the need for at least two
electrodes often results in a broader stimulation area, affecting larger
cortical regions than intended. In contrast, implanted magnetic coils
require higher currents in the amperes range to generate a sufficiently
high electric field for neuronal modulation. This can cause significant
heating, but we successfully demonstrated that careful optimization of
the coil and stimulation parameters can help manage this issue. Unlike
electrical stimulation, magnetic stimulation avoids the direct contact of
electrically conducting part of the device with the target tissue, reducing
the risk of immune responses and tissue damage, offering a more
controlled and localized approach.

To power an implanted coil with high amplitude currents, practical
options include using a wired connection or a battery-based device. For
rodent studies, a wired connection can be straightforward and reliable,
allowing continuous stimulation without issues. Alternatively, a battery
could offer more freedom of movement, though it needs to be managed
very carefully in terms of energy efficiency. Wireless power transmission
is another potential approach but may introduce challenges such as
electromagnetic interference, which could affect the stimulation effi-
cacy. Thus, additional research efforts are required to overcome these
challenges and ensure the reliability and efficiency of power delivery
systems for implanted coils.

A single coil may not be adequate for stimulation of multiple cortical
areas or higher intensity stimulation. Implementing multiple coils can
offer several advantages. For instance, it allows for selective stimulation
of various cortical regions without physically moving the coils, as
demonstrated in a previous study [61]. Additionally, by adjusting the
orientation of the electric field induced by each coil, it is possible to
enhance the overall stimulation intensity through the principle of su-
perposition. This approach can create a more potent electric field by
simultaneously stimulating adjacent coils. To effectively utilize multiple
coils, further study is needed to address several key considerations such
as optimal device placement and alignment, heat and power manage-
ment, and methods for effectively controlling multiple coils.

The increased distance to the target cortical region due to thicker
dura in larger animal models can lead to a reduction in stimulation

(a)
|
Intracortical coil
(b) ()
(]
Epidural coll

(c) —

TMS coll
r— A
*/ Skull
N Dura
N\ Cortex
tDCS electrode Electric field

Fig. 8. Comparison of spatial extent of induced electric field by different magnetic stimulation methods. Placement of coils and electrodes, along with the extents of
the induced electric field in cortical regions, are illustrated. The electric fields induced by magnetic stimulation using an (a) intracortical coil and (b) epidural coil are
shown to be localized near at the coil surfaces. In contrast, the electric fields induced by (c) magnetic stimulation using a TMS coil and (d) electrical stimulation using
tDCS surface electrodes cover a larger area. The size of coils and electrodes are scaled based on the previously reported values [8,43,57].
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intensity and effectiveness. To address this challenge, a few strategies
can be considered. One approach is to use an array of multiple coils
arranged in a specific configuration to enhance the electric field strength
at the target site. Another possibility is to improve the physical prop-
erties or design of the coil itself to allow stimulation to be delivered
effectively while better penetrating the thicker dura. For instance, if the
coil current is kept the same as used in our study, a larger coil can induce
a stronger electric field and thus, can penetrate to a deeper site through a
thicker dura, lowering the heat generation by the coil, which is even
better in terms of thermal safety. These strategies however require
further studies and optimization of the coil depending on animal models.

Epidural magnetic stimulation holds significant potential in clinical
applications, particularly for patients at risk from invasive procedures,
such as the insertion of electrodes into cortical tissue. One promising use
could be in promoting motor function recovery in stroke patients.
Epidural magnetic stimulation can deliver precise stimulation to the
motor cortex without the need for direct cortical penetration, thereby
reducing the risk of cortical damage. In addition to motor recovery,
epidural magnetic stimulation can also be used to selectively target
cortical areas responsible for abnormal neural activity in patients with
neuropathic pain or focal epilepsy. By providing targeted stimulation
without damaging cortical tissues, epidural magnetic stimulation has
the potential to enhance neural plasticity and support neuronal recovery
[15,16]. In research settings, epidural magnetic stimulation enables the
modulation of specific brain regions, making it an excellent tool for
studying cortical plasticity. Its focused, localized stimulation, in contrast
to broader stimulation by TMS, can provide deeper insights into brain
functions, supporting both clinical and experimental applications in
neuroscience. These attributes underscore its potential for targeted and
chronic neuromodulation while addressing concerns related to safety
and efficacy.

5. Conclusion

This study introduces a novel method for neuromodulation using an
epidurally implanted coil for focal magnetic stimulation of the brain. By
positioning the coil directly on the cortical surface, we achieved focal
stimulation with reduced current intensities in the range of amperes,
ensuring that the temperature rise due to the stimulus current remained
within the thermal safety limit. Our approach enhances the spatial res-
olution compared to non-invasive methods such as TMS and avoids the
need for cortical penetration, reducing the risk of cortical tissue damage.
The stable fixation of the coil allows for long-term, consistent stimula-
tion of a focused target area without the need for repeated realignment
and calibration. These findings suggest that the proposed epidural
magnetic stimulation is promising not only for studying neuroplasticity
but also for potential clinical applications.
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