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Summary

The aim of this study was to investigate whether tran-
scranial static magnetic field stimulation (tSMS) deliv-
ered using a compact cylindrical NdFeB magnet over
the cerebellum modulates the excitability of the cere-
bellum and contralateral primary motor cortex, as meas-
ured using cerebellar brain inhibition (CBI), motor
evoked potentials (MEPs), and resting motor threshold
(rMT). These parameters were measured before tSMS or
sham stimulation and immediately, 5 minutes and 10
minutes after stimulation. There were no significant
changes in CBIl, MEPs or rMT over time in the sham
stimulation condition, and no changes in MEPs or rMT
in the tSMS condition. However, CBI was significantly
decreased immediately after tSMS as compared to that
before and 5 minutes after tSMS. Our results suggest
that tSMS delivered to the cerebellar hemisphere tran-
siently reduces cerebellar inhibitory output but does not
affect the excitability of the contralateral motor cortex.
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Introduction

Repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) over the
motor cortex can modulate the excitability of the primary
motor cortex (M1) (Priori et al., 2009; Grimaldi et al.,
2014), because rTMS changes the efficiency of excita-
tory synaptic transmission (Funke and Benali, 2011),
while tDCS modulates the resting membrane potential
of neurons (Filmer et al., 2014). Non-invasive brain stim-
ulation techniques are frequently used and studied for
their potential applications in physical medicine and re-
habilitation (Hoyer and Celnik, 2011; Adeyemo et al.,

Functional Neurology 2017; 32(2): 77-82

2012; Wessel et al., 2015). However, rTMS and tDCS
are not comfortable for subjects submitted to these tech-
niques (Hardwick et al., 2014).

Recently, transcranial static magnetic field stimulation
(tSMS), a technique that is comfortable for the subject
(Oliviero et al., 2011) and safe for healthy humans
(Qliviero et al., 2015), was developed. With this method,
stimulation is produced by placing a small nheodymium
magnet over the human motor cortex, which can modu-
late the excitability of M1 (Oliviero et al., 2011). tSMS
over the motor cortex transiently inhibits motor evoked
potentials (MEPs), but does not modulate the resting
motor threshold (rMT) (Rosen, 2003), indicating that
tSMS may not affect the membrane excitability of py-
ramidal neurons, but may instead induce changes at
synaptic level. Furthermore, a reduction in MEPs was
caused by short-latency intracortical inhibition (Nojima
et al., 2015), indicating that the modulation induced by
tSMS was mediated by plastic changes in the intracorti-
cal inhibitory circuits that are associated with gamma-
aminobutyric acid receptors (Ziemann, 2004). However,
it remains unclear whether tSMS over the cerebellum in-
duces plastic changes in the neural system of the cere-
bellum.

Conditioning cerebellar TMS inhibits contralateral corti-
cospinal excitability (Ugawa et al., 1995; Pinto and
Chen, 2001; Daskalakis et al., 2004; Jayaram et al.,
2011; Schlerf et al., 2012) via the dentatothalamocortical
pathway (Ugawa et al., 1997; Daskalakis et al., 2004;
Iwata and Ugawa, 2005; Kikuchi et al., 2011; Groiss and
Ugawa, 2012; Grimaldi et al., 2014). This cerebellar
brain inhibition (CBI) was found to be reduced after mo-
tor learning, which induced long-term depression-like
changes in the synapses associated with Purkinje cells
(Celnik, 2015), indicating that changes in CBI reflect
plastic changes in the neural system of the cerebellum.
On the basis of these findings we hypothesized that
tSMS over the cerebellum would modulate cerebellar
excitability by changing the efficiency of excitatory
synaptic transmission in the cerebellum. Thus, we test-
ed this hypothesis by examining the CBI before and af-
ter applying tSMS over the cerebellum.

Previous studies have shown that rTMS over the cere-
bellum modulates CBI (Celnik, 2015) and the excitabili-
ty of the contralateral M1 (Oliveri et al., 2005; Fierro et
al., 2007; Popa et al., 2010). Thus, if the excitability of
the cerebellum is changed by tSMS, the excitability of
the contralateral M1 may be modulated by applying
tSMS over the cerebellum. To explore these hypothe-
ses, we examined whether application of tSMS over the
cerebellum would modulate the rMT and MEPs, as eval-
uated by applying single-pulse TMS over the contralat-
eral motor cortex.

71



A. Matsugi et al.

Materials and methods
Participants

Fourteen healthy volunteers (mean age: 21.3 + 1.9
years) with no history of epilepsy or other neurological
diseases were recruited for these experiments. All the
participants were right handed.

Informed consent and approval

After the experimental protocol had been explained to
them, the subjects gave their written informed consent
to participate in these experiments. The ethics commit-
tee of Shijonawate Gakuen University approved the ex-
perimental procedures. This study was conducted ac-
cording to the principles and guidelines of the Declara-
tion of Helsinki.

tSMS

To deliver tSMS to the cerebellum, a cylindrical nickel-
plated NdFeB magnet was used (Kirimoto et al., 2014;
Nojima et al., 2015). The magnet was 50 mm in diame-
ter and 30 mm thick, and its surface magnetic flux den-
sity was approximately 5340 G (Model N-50, NeoMag,
Chiba, Japan). A non-magnetic steel cylinder of the
same size and appearance was used for the sham stim-
ulations in all experiments.

T™MS

Motor cortex TMS was delivered by a figure-of-eight coil
(YM-132B, Nihon Kohden), and cerebellar TMS was de-
livered by a double-cone coil (YM-133B, Nihon Kohden,
Tokyo, Japan) connected to a magnetic stimulator
(SMN-1200, Nihon Kohden, Tokyo, Japan).

The figure-of-eight coil was positioned at the hotspot for
MEPs on the right first dorsal interosseous muscle
(FDI), and the current in the coil was directed anterior to
posterior. The center of the junction region of the dou-
ble-cone coil was placed 1 cm below and 3 cm to the
right of the inion to stimulate the right cerebellum
(Théoret et al., 2001; Hiraoka et al., 2009; Hiraoka et al.,
2010; Matsugi et al., 2012; Matsugi et al., 2013; Hard-
wick et al., 2014; Matsugi et al., 2014; Matsugi et al.,
2015), and the current in the coil was directed downward,
thus inducing an upwardly traveling current in the brain.
To record electromyography (EMG) signals, two Ag/Ag-
Cl surface-recording electrodes were placed 2 cm apart
on the right FDI. The EMG signals were amplified via an
amplifier (MEG-1200, Nihon Kohden, Tokyo, Japan)
with a band-pass filter of 15 Hz to 3 kHz. The EMG sig-
nals were converted to digital signals at a sampling rate
of 10 kHz using an A/D converter (PowerLab 800S,
ADInstruments, Colorado Springs, CO), and the digital
signals were stored on a personal computer.

Experiment 1: Effect of tSMS on the rMT of MEPs

The effective time of tSMS over the M1 was around 6
min (Oliviero et al., 2011) or a few minutes (Nojima et
al., 2015) after the magnet was removed from the scalp.
Therefore, the effective time of tSMS over the cerebel-
lum may be very short, and similar to times in previous
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reports. However, because of the short effective time,
we could not measure CBI and the rMT simultaneously,
thus the rMT measurements were performed separately
from the CBI measurements.

For experiment 1, seven subjects (mean age: 19.7 +0.5
years) were recruited. During the experiment, the sub-
ject sat in a chair with a backrest with the right forearm
fixed to a metal frame to prevent unwanted movements
from occurring following TMS. To deliver the tSMS to the
cerebellar hemisphere, the center of the cylindrical mag-
net was placed 1 cm below and 3 cm to the right of the
inion using a stand with a clip for 15 min, because it was
previously reported that the effect obtained with tSMS
lasted for 10 min or more (Oliviero et al., 2011; Kirimoto
et al.,, 2014; Nojima et al., 2015). The south pole was
used in the same way as in previous research (Oliviero
et al., 2011) because the effect does not depend on the
polarity of the magnet (Oliviero et al., 2011; Kirimoto et
al., 2014).

To estimate the effect, on the excitability of the left mo-
tor cortex, of delivering the tSMS and sham stimulation
over the right cerebellum, the rMT of the right FDI mus-
cle was evaluated at the following times: pre stimulation
(pre), immediately after stimulation (post), 5 min after
stimulation (post5), and 10 min after stimulation
(post10). The rMT was defined as the lowest stimulation
intensity that produced a 100-pV response of the right
FDI on the EMG recording immediately after the left M1-
TMS in five out of 10 consecutive stimuli.

The interval between the tSMS condition and the sham
condition was 1 day or more. This experiment was con-
ducted using a single-blind design, in which information
regarding whether magnetic or non-magnetic stimula-
tion was being applied was not provided to the subjects
before the experiment.

Experiment 2: Effect of tSMS over the cerebellum
on CBI

Seven subjects (mean age: 22.9 + 1.2 years) participat-
ed in experiment 2. The subjects were seated in a chair
and the tSMS and sham stimulation conditions were im-
plemented as described for experiment 1.

To calculate CBI, the conditioned MEPs induced by
cerebellar TMS and the unconditioned MEPs were
measured at the following time points: pre, post, post5,
post10. To deliver sham stimulation, a non-magnetic
cylinder was placed at the same position for 15 min and
unconditioned and conditioned MEPs were measured at
the pre, post, post5 and post10 time points. The interval
between the tSMS condition and the sham condition
was 1 day or more, and the subjects were not informed
as to which type of stimulation was being applied.

To measure CBI, the inter-stimulus intervals (I1SIs) were
set at 5, 6 or 7 ms (Ugawa et al., 1995; Pinto and Chen,
2001; lwata and Ugawa, 2005). For each subject, the I1SI
corresponding to the maximal inhibition was used in the
experiment. The intensity of the conditioning TMS was
set at 90% of the rMT of the cervicomedullary MEP
(CMEP) on the right FDI when the junction center of the
double-cone coil was placed 1 cm below and 3 cm to the
right of the inion (Théoret et al., 2001; Hiraoka et al.,
2009; Hiraoka et al., 2010; Matsugi et al. 2012; Matsugi
et al., 2013; Hardwick et al., 2014; Matsugi et al., 2014;
Matsugi et al., 2015). When the CMEP could not be in-
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duced with the maximum intensity of the magnetic stim-
ulator, the intensity of the conditioning cerebellar TMS
was set at 90% of the maximum output of the magnetic
stimulator (Hiraoka et al., 2010; Matsugi et al., 2013).To
be certain that we obtained CBI, the test MEP size was
setat 0.5 mV to 1 mV (Pinto and Chen, 2001). The mag-
netic stimulator was adjusted so that the intensity of the
unconditioned MEP amplitude was approximately 1 mV
before the examination, and this intensity was used at
the pre, post, post5 and post10 time points. Ten uncon-
ditioned MEPs and 10 conditioned MEPs were meas-
ured at the pre, post, post5 and post10 time points. The
inter-test interval was approximately 3 s.

The interval between the tSMS condition and the sham
condition was 1 day or more. This experiment was con-
ducted using a single-blind design, thus the subjects were
not told which type of stimulation was being applied.

Statistical analysis

In experiment 1, the rMT was measured at the pre, post,
post5 and post10 time points. In experiment 2, the un-
conditioned and conditioned MEP amplitudes were
measured at the pre, post, post5 and post10 time
points. CBI was calculated as the averaged condi-
tioned MEP amplitude/averaged unconditioned MEP
amplitude. A repeated measures one-way analysis of
variance (ANOVA) was used to test differences in the
means of the rMT in experiment 1 and the uncondi-
tioned MEP amplitude and CBI in experiment 2 be-
tween the pre, post, post5 and post10 time points in
the tSMS and sham stimulation conditions. A post-hoc
multiple comparison Bonferroni’s test was conducted
when the means differed between the conditions. Fur-
thermore, paired t-tests were conducted to compare
the conditions, tSMS and sham, at each time point.
The alpha level was set at 0.05.

Results

None of the subjects showed any side effects or com-
plained of discomfort during tSMS or sham stimulation in
any of the experiments.

For experiment 1, a one-way ANOVA revealed no signifi-
cant differences in the rMT for sham stimulation (F[3, 27]
=1.33, p = 0.3) or tSMS (F[3, 27] = 0.04, p = 0.99) be-
tween the pre, post, post5 and post10 time points (Figure
1a, d). A paired t-test revealed that there was no signifi-
cant difference between tSMS and sham at the pre (t=0.3,
p=0.78), post (=0, p=1), post5 (t=0, p=1) or post10 (t=-1,
p=0.36) time points.

The unconditioned MEP amplitudes in the sham stimula-
tion condition for the pre, post, post5 and post10 time
pointswere 1 +0.1 mV,1£0.2mV, 1.1 £0.2mV and 1.1
+0.1 mV, while the amplitudes in the tSMS condition were
1£01mV,1+0.1mV,1+0.1mVand0.9=+0.1mV.A
one-way ANOVA revealed no differences in the uncondi-
tioned MEP amplitude of the sham condition between the
pre, post, post5 and post10 time points (F[3, 27] = 0.7, p
= 0.56), or of the tSMS condition (F[3, 27] = 1.06, p =
0.39) (Fig. 1b, €). In other words, the test MEP was set at
approximately 1 mV in all test conditions. A paired t-test
revealed that there was no significant difference between
tSMS and sham at any time point: pre (t=-0.64, p=0.55),
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post (t=0.67, p=0.53), post5 (t1=0.66, p=0.53) or post10
(t=1.9, p=0.1).

Figure 2, a trace of the averaged conditioned and uncon-
ditioned MEPs at the pre and post time points in one sub-
ject, indicates that the MEPs at post were suppressed. A
one-way ANOVA revealed no differences in the CBI in the
sham condition between the pre, post, post5 and post10
time points (F[3, 27] = 0.29, p = 0.83]; however, a differ-
ence in the CBI in the tSMS condition was noted (F[3, 27]
=4.9, p =0.012). A post-hoc test revealed that the CBI at
the post time point was significantly smaller than that at
the pre (p = 0.016) and post5 (p = 0.038) time points (Fig.
1c, f). A paired t-test revealed that there was no significant
difference between tSMS and sham at any time point: pre
(t=0.85, p=0.43), post (t=-0.74, p=0.49), post5 (1=0.96,
p=0.37) and post10 (t=0.2, p=0.85).

Discussion

In the present study, we found that CBI was significant-
ly decreased post tSMS as compared to the pre and
post5 time points, while no significant differences were
observed in the sham stimulation condition. Moreover,
no significant differences in MEPs or rMTs were ob-
served between the pre, post, post5 and post10 time
points in the tSMS or sham stimulation conditions.
These results indicate that tSMS transiently inhibited the
cerebellar excitability, but did not alter the excitability of
the contralateral motor cortex.

A previous study reported that the distance from the
scalp to M1 was approximately 10 mm, while the dis-
tance from the scalp to the cerebellar gray matter, from
the point on the scalp that is 3 cm lateral and 1 cm be-
low the inion, was 15 mm (Hardwick et al., 2014). An-
other study reported that the magnetic field strength
ranges from 120 to 200 mT at 20-30 mm from the mag-
net (Rivadulla et al., 2014), which is approximately the
same as the strength of the magnetic fields in this study.
Static magnetic field stimulation with 125 mT modulates
the electrophysiological properties of voltage-gated
sodium and calcium channels in the neurons (Lu et al.,
2015). Therefore, the static magnetic field generated
with the NdFeB magnet may have been strong enough
to stimulate at least the cerebellar gray matter to pro-
duce the biological effects observed in this study.

tSMS over the motor cortex modulates MEPs but does
not modulate the rMT (Rosen, 2003), indicating that
tSMS may not affect the membrane excitability of py-
ramidal neurons but may instead induce alterations at
synaptic level. Therefore, in this study, tSMS modulated
the synaptic excitability of a neural system consisting of
parallel fibers, climbing fibers, mossy fibers, basket
cells, Purkinje cells and other fibers in the cerebellar
gray matter. Conditioning cerebellar TMS affected the
Purkinje fibers and depressed the dentatothalamocorti-
cal pathway, resulting in depression of the excitability of
the contralateral motor cortex (Pinto and Chen, 2001;
Daskalakis et al., 2004; lwata and Ugawa, 2005). These
findings indicate that tSMS over the cerebellum affected
the synaptic excitability associated with Purkinje fibers,
such as that of the synapses between Purkinje fibers
and dentate nuclei. Furthermore, it has been suggested
that the magnetic fields in tSMS can alter the function of
membrane ion channels (Coots et al., 2004) and that
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this stimulation reduces the synaptic excitability in the
motor cortex (Rosen, 2003). A possible explanation for
these findings is that tSMS reduced the synaptic ex-
citability associated with Purkinje cells or fibers, result-
ing in reduced inhibitory output from the cerebellum, as
measured by CBI.

tSMS over the cerebellum, during which the stimulus in-
tensity may have been 0.1-0.2 Tesla, did not affect the
excitability of the contralateral motor cortex, and the du-
ration of the aftereffect was very short in this study. On
the other hand, delivering 1-Hz rTMS with an intensity of
approximately 1 Tesla to the contralateral cerebellum
can inhibit the excitability of the contralateral motor cor-
tex and the effect can reportedly continue for over 20
min (Fierro et al., 2007). On the basis of these findings,
we speculate that the ability of the stimulation to affect
the excitability of the contralateral motor cortex, as well
as the duration of the effect, may be related to the type
of magnetic field, for instance, a static or varying mag-
netic field, or the strength of the magnetic field. There-

fore, if we want to modulate the cerebellar excitability
but not the excitability of the contralateral motor cortex,
then we should most likely choose tSMS.

tSMS may be a substitute for cerebellar tDCS (Ferrucci
et al.,, 2016) or rTMS (Koch et al., 2009), which are used
in therapy for Parkinson’s disease, and may be applied
in cerebellar stroke patients for intermittent theta burst
stimulation (Bonni et al., 2014). However, from our re-
sults, the effect of cerebellar tSMS is mild and transient
compared to other non-invasive brain stimulation tech-
niques, which could be a cause for concern in the clini-
cal use of this technique. Thus, further investigations are
needed to determine whether the effects of tSMS in
Parkinson’s disease or cerebellar stroke are mild and
transient.

In conclusion, tSMS transiently reduced the ipsilateral
CBI, but did not modulate the excitability of the con-
tralateral motor cortex. This reduction of CBI can be in-
duced by static magnetic field stimulation, which has an
effect on the synapses associated with Purkinje cells in
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Figure 1 - Resting motor thresholds (rMTs) are shown for the sham condition in (a) and the tSMS condition in (d). Unconditioned motor evoked
potentials (MEPs) are shown for the sham condition in (b) and the tSMS condition in (e). Percent cerebellar brain inhibition (CBI) is shown for
the sham condition in (c) and the tSMS condition in (f). Bars indicate the mean and error bars indicate the standard error of the mean. * indi-

cates significance at p < 0.05.

80

Functional Neurology 2017; 32(2): 77-82



tSMS reduces cerebellar inhibition

Unconditioned MEP —— Conditioned MEP

200V

15ms

pre post

Figure 2 - Traces of the unconditioned and conditioned MEPs.

the cerebellum. Our results suggest that tSMS modu-
lates the cerebellar neural system through a mechanism
different from those underlying rTMS and tDCS. This
cerebellar neuromodulation technique using tSMS may
be usable for rehabilitation in the same way as rTMS
and tDCS.
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