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Objective: Transcranial static magnetic field stimulation has recently been demonstrated to modulate
cortical excitability. In the present study, we investigated the effect of transspinal static magnetic field
stimulation (tsSMS) on excitability of the corticospinal tract.
Methods: A compact magnet for tsSMS (0.45 Tesla) or a stainless steel cylinder for sham stimulation was
positioned over the neck (C8 level) of 24 able-bodied subjects for 15 min. Using 120% of the resting motor
threshold transcranial magnetic stimulation intensity, motor evoked potentials (MEPs) were measured
from the first digital interosseous muscle before, during, and after the tsSMS or sham intervention.
Results: Compared with baseline MEP amplitudes were decreased during tsSMS, but not during sham
stimulation. Additionally, during the intervention, MEP amplitudes were lower with tsSMS than sham
stimulation, although these effects did not last after the intervention ceased.
Conclusions: The results suggest that static magnetic field stimulation of the spinal cord by a compact
magnet can reduce the excitability of the corticospinal tract.
Significance: Transspinal static magnetic field stimulation may be a new non-invasive neuromodulatory
tool for spinal cord stimulation. Its suppressive effect may be applied to patients who have pathological
hyperexcitability of the spinal neural network.
� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It has recently been proposed that spinal cord stimulation can
be an effective tool for the neurorehabilitation of spinal cord injury
patients. For example, invasive methods such as epidural spinal
cord stimulation have been demonstrated to facilitate voluntary
limb movement as well as standing and walking in spinal cord
injury patients (Herman et al., 2002; Harkema et al., 2011; Angeli
et al., 2014). However, since epidural stimulation is an invasive
method, there is considerable need to develop more non-invasive
spinal cord stimulation methods. In this study, we developed and
examined a new non-invasive spinal cord stimulation tool that uti-
lizes static magnetic fields.
Local applications of static magnetic fields to the human cortex
modulates cortical excitability (Oliviero et al., 2011; Kirimoto et al.,
2014; Gonzalez-Rosa et al., 2015; Nojima et al., 2015; Kirimoto
et al., 2016a; Kirimoto et al., 2016b; Nojima et al., 2016). Oliviero
et al. (2011) were the first to report that transcranial static mag-
netic field stimulation (tSMS) using small, strong magnets over
the humanmotor cortex decreased excitability of the motor cortex.
Following their report, other studies have also shown similar sup-
pressive effects on the somatosensory cortex (Kirimoto et al., 2014)
and visual cortex (Gonzalez-Rosa et al., 2015). For instance,
Gonzalez-Rosa et al. (2015) demonstrated that tSMS applied to
the visual cortex impaired the performance of subjects in a visual
searching task. Conversely, Carrasco-Lopez et al. (2017) showed
that tSMS over the parietal cortex improved the detection of
somatosensory stimuli. These two studies suggested that tSMS
can alter not only cortical excitability, but also human behavior.
The safety of tSMS has been assessed, and prolonged tSMS (2 h)
does not appear to produce neural damage (Oliviero et al., 2015).
However, the above studies suggested that tSMS cannot increase
neural excitability; instead, it only has suppressive effects. Indeed,
stimuli from both the north and south poles of magnets suppress
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neural excitability (Oliviero et al., 2011). Conversely, a recent study
reported no modulatory effect of tSMS over the motor and
somatosensory cortices (Kufner et al., 2017). As tSMS is relatively
new and has only been applied to humans for 6–7 years, more evi-
dence regarding the effects and mechanisms of static magnetic
field stimulation is necessary. In particular, previous studies have
applied tSMS to the cortices, but not the spinal cord.

A recent study utilizing direct current stimulation (DCS) indi-
cated that not only transcranial tDCS but also transspinal DCS
modulates corticospinal excitability (Bocci et al., 2015c). Therefore,
it is possible that static magnetic field stimulation over the spinal
cord may modulate corticospinal excitability. In the present study,
we investigated the effects of transspinal static magnetic field
stimulation (tsSMS) applied over the cervical spinal cord on corti-
cospinal excitability. As most previous tSMS studies have shown
only suppressive effects of tSMS, we hypothesized that tsSMS
would decrease corticospinal excitability. As a preliminary step
toward clinical applications for patients, we assessed able-bodied
individuals in the present study.
2. Methods

This experiment was a sham-controlled study with a crossover
design.
2.1. Subjects

Twenty-four able-bodied adults participated in this experiment
(23 men and 1 woman, mean age 26 ± 3 years). The study was
approved by the Ethics Committee of the Graduate School of Arts
and Sciences, the University of Tokyo, and informed consent was
obtained from all subjects. None of the subjects had prior knowl-
edge of the effects of static magnetic fields on neural circuits or
had previously received static magnetic field stimulation.
Fig. 1. Experimental setup. A cylindrical neodymium magnet for tsSMS or a
stainless cylinder of the same size and appearance for sham stimulation, was
positioned on the subject’s neck over C8 during the intervention step. They were
fixed in place by a movable arm on a stand. MEPs from the FDI muscle were
recorded by TMS applied over the left M1 cortex.
2.2. Transcranial magnetic stimulation (TMS) measurement

During the experiment, subjects sat in a chair in a fixed prone
position with their forearm on an armrest. The effects of tsSMS
on corticospinal excitability were evaluated by measuring the
amplitude of motor evoked potentials (MEPs) recorded from the
right first dorsal interosseous (FDI) muscle. MEPs were induced
by TMS delivered to the primary motor cortex (M1). Single-pulse
TMS was applied using a figure-of-eight coil (70-mm diameter
for each coil) connected to a magnetic stimulator (Rapid2, Magstim,
U.K.). The coil was positioned on the left M1 of the finger muscle
area. The coil position was determined by searching for the point
where MEPs were obtained from the FDI muscle. The resting motor
threshold was defined as the lowest TMS intensity that elicited
more than five MEPs greater than 50 lV in the FDI muscle in ten
stimuli. FDI MEPs were recorded at 120% of this resting motor
threshold for each participant. TMS measurements were per-
formed before (pre), 5 min, and 10 min after the start of the tsSMS
and sham intervention (during-5 and during-10 respectively), and
immediately after (post-0) and 5 min after (post-5) the end of the
intervention. Twenty MEPs were recorded in each measurement
session, with subjects remaining relaxed between measurement
sessions.

Electromyographic (EMG) signals were recorded with bipolar
Ag/AgCl surface electrodes (Vitrode F-150S, 18 � 36 mm, Nihon
Kohden, Tokyo, Japan), amplified (MEB-6108 amplifier, Nihon Koh-
den, Tokyo, Japan), and filtered with a band pass filter of 5–1500
Hz. The signals were transferred to an A/D converter (Power lab,
AD Instruments, Australia) at 4000 Hz and stored on a computer.
2.3. TsSMS intervention

To obtain static magnetic fields, we utilized a cylindrical neody-
mium magnet (NdFeb; diameter 50 mm, length 30 mm) with a
maximummagnetic flux density of 0.459 Tesla (NeoMag, Ichikawa,
Japan), which is the same type used in some previous studies
(Kirimoto et al., 2014; Nojima et al., 2015; Kirimoto et al., 2016a;
Nojima et al., 2016). For sham stimulation, we used a non-
magnetic stainless steel cylinder of the same size and weight.
The magnet and stainless steel cylinder were set on the skin of
the participant’s neck (over the C8 vertebra) using a stand with a
movable arm (C-stand, Avenger, Cassola, Italy). As it has been
reported that the suppressive effects of static magnetic field stim-
ulation are not polarity-dependent (Oliviero et al., 2011), we
selected only the north polarity for stimulation. During the entire
experimental session, subjects maintained a slight neck flexion
(Fig. 1). The duration of the magnet or sham stimulation was 15
min, and the subjects were asked to relax during the intervention
and TMS measurements. The 15 min duration was chosen as the
median value of the durations used in previous tSMS studies,
which ranged from 10 to 20 min (10 min: Gonzalez-Rosa et al.,
2015, 15 min: Kirimoto et al., 2014; Kirimoto et al., 2016a,b, 20
min: Oliviero et al., 2011; Nojima et al., 2015).

The experiment was performed using a double-blind design as
follows. Experimenter 1 decided whether the real magnet or sham
stainless steel cylinder would be utilized, and fixed it to the stand.
Experimenter 2, who was blinded as to whether the intervention
was real or sham, recorded the MEPs and analyzed the data. All
subjects participated in two experimental sessions (tsSMS and
sham stimulation) on separate days. The experimental days were
at least three days apart.

To estimate the affected intensity of the static magnetic field
applied in the present study, we calculated the distance between
the neck surface and spinal cord using a 3 Tesla magnetic
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resonance imaging system (MRI: MAGNETOM Prisma 3 T, Siemens)
in three subjects. Participants flexed their neck to the same extent
as for the MEP measurements.
# #

**

Fig. 3. Changes in normalized MEP amplitude before (pre), 5 min (during-5), and
10 min (during-10) after the start of the intervention, and immediately after (post-
0) and 5 min after the end of the intervention (post-5). The asterisks (**) represent a
significant difference between the pre and during-5 timepoints in the tsSMS
condition (p < 0.01). The sharp symbol (#) represents significant differences
between tsSMS and the sham condition at during-5 and during-10 timepoints (p
< 0.05). Error bars are standard error.
2.4. Data analysis

The amplitudes of MEPs (peak-to-peak) were calculated and
normalized with respect to MEPs measured before the interven-
tion. We also measured background EMG signals in a 50 ms win-
dow just before the TMS was delivered. If a single data point
accounted for more than 20 lV of the amplitude in the window,
the trials were rejected from the data analysis. This rejection crite-
ria was similar to that used in some previous studies that mea-
sured MEPs from resting muscles (Uematsu et al., 2010;
Mizuguchi et al., 2011). When the rejection ratio was greater than
10% for the whole trial, we rejected the entire dataset for the sub-
ject. In addition, we calculated the root mean square in the window
as the magnitude of background EMG.

To assess the differences between the MEP amplitudes and
background EMG between conditions, we performed a two-way
repeated measures ANOVA (two conditions [tsSMS and sham sti
mulation] � five times [pre, during-5, during-10, post-0, and
post-5]). When a significant main effect or interaction was found,
post hoc analysis with Bonferroni’s correction was performed.
The MEP amplitude was expressed as mean ± standard error.
Threshold for statistical significance set to 0.05.
3. Results

The resting motor threshold in FDI muscle was 69.4 ± 10.2% of
the maximal output of the magnetic stimulator with tsSMS and 6
8.4 ± 11.2% in the sham condition, with no significant difference
between the conditions (p = 0.42). In four subjects, many trials
had to be rejected due to high background EMG level (range:
17.5–25.5% rejection in the entire trials). We judged that these four
subjects were not able to maintain the resting condition and so all
their trials were rejected from the statistical analysis. Of the
remaining 20 subjects, data in 1.3% of all individual trials (51 trials)
were excluded from data analysis due to the appearance of back-
ground EMG activity just before TMS application. After removal
of trials with high EMG activity, assessment of the magnitude of
the background EMG using a two-way repeated measures ANOVA
did not detect significant main effect of condition (F(1, 19) = 1.78,
Fig. 2. Time-course of the background EMG. No significant differences were
observed. Error bars represent standard deviation.
p = 0.20) and time (F(1.71, 32.41) = 2.85, p = 0.08) or interaction
(F(4, 76) = 0.94, p = 0.45) (Fig. 2).

Fig. 3 shows the normalized MEP amplitude of FDI muscle with
tsSMS and in the sham conditions. A two-way repeated measures
ANOVA showed a significant main effect of condition (F(1, 19) =
6.79, p = 0.02) and interaction (F(4, 76) = 3.05, p = 0.02), but no sig-
nificant main effect of time (F(4, 76) = 1.79, p = 0.14). Post-hoc
Bonferroni tests indicated that the MEP amplitude in the tsSMS
condition was significantly smaller than that in the sham condition
at the during-5 (p = 0.02, t (19) = 3.14) and during-10 (p = 0.01, t
(19) = 3.44) timepoints. Furthermore, we found a significant
decrease in the MEP amplitude at the during-5 timepoint com-
pared with the pre-condition (p = 0.0014, t (19) = 4.35).

The average distance between the skin and spinal cord was 4.5
cm (range: 4.2–4.7 cm).
4. Discussion

The aim of the present study was to investigate the effect of
tsSMS applied over the cervical spinal cord (C8) on corticospinal
excitability measured from a finger muscle. Our main findings
were: 1) MEP amplitudes in the FDI muscle decreased during
tsSMS compared with the pre-intervention and sham conditions,
and 2) the effects of tsSMS were not prominently observed after
stimulation ceased. Additionally, the MEP amplitude was not sig-
nificantly modulated in the sham condition, indicating that appli-
cation of the non-magnetic stainless steel cylinder did not affect
neural excitability, unlike tsSMS.

We observed a significant reduction in MEPs during but not
after tsSMS. This was in contrast to previous reports showing that
the suppressive effects of static magnetic field stimulation of the
cortex persist for a few minutes (Oliviero et al., 2011; Kirimoto
et al., 2014). It may be that the static magnetic field applied over
the spinal cord in the present condition was not strong enough
to produce sustained suppression. However, a previous study uti-
lizing 1.5 and 7 Tesla MRI scanners suggested that the degree of
the inhibitory effect on the motor cortex does not depend on the
strength of the static magnetic field (Schlamann et al., 2010). Thus,
stronger stimulation may not have elicited different effects.

It is well known that the intensity of a static magnetic field dra-
matically decreases with increasing distance from the magnet
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(Paulus, 2011; Rivadulla et al., 2014; Kirimoto et al., 2016b). For
example, the intensity of the magnet axis was approximately
0.48 Tesla at the magnet surface (distance 0 cm), whereas it would
drop to 0.15 Tesla at a distance of 2 cm (Paulus, 2011). As the dis-
tance between the scalp and the primary motor cortex is about 2
cm (Stokes et al., 2005; Oliviero et al., 2011), this distance should
be enough to allow modulation of neural excitability (Oliviero
et al., 2011). Indeed, alteration of EMG in rabbits was seen with a
magnetic field of only 20 mTesla (Kholodov, 1974). Moreover, in
an in vitro study, a 125 mTesla static magnetic field reduced the
voltage of activated sodium channels (Rosen, 2003a). As a supple-
mentary measurement, we used MRI of three subjects to deter-
mine that the average distance between the neck surface and
spinal cord was 4.5 cm. The distance to the cortex, which was
the target of previous human studies, is about 2 cm (Stokes et al.,
2005; Oliviero et al., 2011). Thus, the present study may be the first
human study to show that neural excitability can be modulated
even at a distance of 4–5 cm. At this distance, a static magnetic
field of around 50 mTesla would likely act on the spinal cord
(Kirimoto et al., 2016a; Kirimoto et al., 2016b). Although that is
much weaker than normally used in human cortical studies, many
animal or in vitro studies have confirmed that such weak static
magnetic fields can alter neural excitability or function
(Kholodov, 1974; Ben Yakir-Blumkin et al., 2014). Thus, we expect
that the magnetic intensity in the present study was sufficient to
transiently modulate corticospinal excitability. Methodologically,
if a stimulation distance of 4–5 cm between the magnet and target
neural circuits can elicit neuromodulation, it may be possible to
apply static magnetic field stimulation for deeper brain regions
such as the lower limb area of M1 or the cingulate cortex.

In the present study, we measured only MEP data, which
reflects both cortical and spinal neural excitability. Previous stud-
ies have shown that trans-spinal direct current stimulation can
also modulate cortical neural circuits (Bocci et al., 2015a; Bocci
et al., 2015b), in addition to spinal cord excitability (Lamy et al.,
2012; Hubli et al., 2013). Thus, it is reasonable to assume that
tsSMS would affect the motor cortex in addition to the spinal cord.
However, as it has been proposed that static magnetic fields can
suppress membrane excitability (Rosen, 2003b), the suppressive
effect of tsSMS could also have been caused by non-synaptic
changes. Consequently, any effect produced in the spinal neurons
would not ascend to the cortices through the synapses. If this is
the case, then the question is how tsSMS affects spinal cord
excitability. Previous studies utilizing animal and cellular models
have proposed that static magnetic fields can alter membrane ion
channel function (Rosen, 2003a; b; Coots et al., 2004). It is there-
fore possible that in the present study, ion channel function in
the motor neuron membranes may have been modulated, resulting
in depression of the MEPs. On the other hand, Coots et al. (2004)
showed that non-synaptic axonal excitability in mammalian spinal
cord decreased during exposure to a static magnetic field, with
probable conduction blocks in some small nerve fibers. This may
mean that in addition to modulation of motor neuron excitability,
excitability in corticospinal tract fibers just before their connection
to motor neurons may have also been depressed. Such mechanisms
would result in a reduction in the total descending impulses reach-
ing the muscle.

This study has several limitations. First, we did not assess the
gain function of corticospinal excitability. The aftereffect of static
magnetic field stimulation has been estimated to be short
(Oliviero et al., 2011; Kirimoto et al., 2014; Nojima et al., 2015).
Indeed, we found the aftereffect to be very short or absent, and
so we did not have sufficient time to record a large number of
MEPs. Thus, we measured MEPs at only one stimulus intensity
level. Second, we did not perform functional motor or sensory
tests. The effects of the static magnetic field intervention on behav-
ioral indices have been confirmed in animal studies (Saunders,
2005). Even in humans, the static magnetic field stimulation can
alter sensory function (Gonzalez-Rosa et al., 2015; Carrasco-
Lopez et al., 2017). Thus, it is possible that tsSMS can also modify
human motor or sensory function. This should be examined in
future work. Furthermore, we asked the subjects to hold their
necks in a flexion position during the trials. A previous study indi-
cated that spinal cord excitability decreases during neck flexion
(Bulbulian et al., 2002). Therefore, data in the present study might
have been biased by the effect of neck flexion. However, if this
were the case, the effect would be the same between the different
conditions and time-points, because the position was held con-
stant. Therefore, the observed differences elicited by the interven-
tion do not appear to substantially depend on neck flexion.

We demonstrated that tsSMS can suppress corticospinal
excitability and thus has potential as a new non-invasive tool for
spinal cord stimulation. The observed suppressive effect could pos-
sibly be applied to spinal cord injury, stroke, or multiple sclerosis
patients who have pathological hyperexcitability of the spinal neu-
ral network. For example, it is possible that involuntary spastic
muscle contraction due to spinal cord injury could be relieved by
tsSMS. However, since static magnetic field stimulation induces
only suppression of the motor system (Oliviero et al., 2011;
Nojima et al., 2015), tSMS might not be useful for able-bodied peo-
ple who want to improve motor behaviors, such as building muscle
strength. A recent study reported that tSMS over the parietal cortex
facilitated somatosensory detection (Carrasco-Lopez et al., 2017).
Thus, tSMS may be able to facilitate systems other than the motor
system in both patients and able-bodied people. Unlike epidural
spinal cord stimulation, which has been utilized as a strong neuro-
modulatory tool (Gerasimenko et al., 2008), tsSMS is not likely to
be effective for increasing neural activity. Previous studies have
shown the efficacy of epidural stimulation in facilitating voluntary
movements, such as standing and walking in patients with spinal
cord injury (Dimitrijevic et al., 1998; Herman et al., 2002;
Minassian et al., 2004; Gerasimenko et al., 2008; Harkema et al.,
2011). Thus, clinical interventions involving tsSMS appear to have
different mechanisms from those implicated in epidural stimula-
tion. However, although tsSMS itself is not be expected to induce
long-term plasticity, simultaneous use of tsSMS and motor training
or other neuromodulatory techniques might induce long-term
plastic changes in motor system neural networks. This could be a
promising direction for neurorehabilitation research. Moreover,
since the neodymium magnet is inexpensive and does not require
specific operational skills, it may be easy to utilize tsSMS for neu-
rorehabilitation of corticospinal excitability within the home.

5. Conclusion

Static magnetic field stimulation applied over the cervical
spinal cord decreased corticospinal excitability in the finger muscle
of able-bodied subjects. Trans-spinal static magnetic field stimula-
tion could be a new non-invasive neuromodulatory tool for the
corticospinal tract.
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