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ABSTRACT

Although specific brain regions are important for regularly patterned limb movements, the rhythm
generation system that governs bipedal locomotion in humans is not thoroughly understood. We investi-
gated whether rhythmic transcranial brain stimulation over the cerebellum could alter walking rhythm.
Fourteen healthy subjects performed over-ground walking for 10 min during which they were given,
in a random order, transcranial alternating current stimulation (tACS) over the left cerebellum at the
approximated frequency of their gait cycle, tACS over the skin of the scalp, and during sham stimulation.
Cerebellar tACS showed a significant entrainment of gait rhythm compared with the control conditions.
When the direction of the tACS currents was symmetrically inverted, some subjects showed entrain-
ment at an approximately 180° inverted phase, suggesting that gait modulation is dependent on current
orientation. These findings indicate that tACS over cerebellum can modulate gait generation system in
cerebellum and become an innovative approach for the recovery of locomotion in patients with gait
disturbances caused by CNS disorders.

© 2019 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.

1. Introduction

Walking, one of the fundamental transfer movements, requires
reciprocal movement of the limbs in a temporally and spatially
coordinated pattern (Lacquaniti et al., 2012). Neuronal rhythmic-
ity is important for repetitive patterned movements like walking.
In quadrupedal animals, a central rhythm and pattern generator
within the spinal system produces walking. Humans have acquired
a bipedal walk operated by a newly developed supraspinal sys-
tem that controls posture and lower limb movements, in addition
to the pre-existing spinal system (Lacquaniti et al., 2012). Because
brain damage can induce severe walking disturbances in human, it
is likely that the supraspinal system is more important in human
bipedal walking (Daly et al.,2007; Moore et al., 1993; Moseley et al.,
1993).
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Brain locomotor regions have been found in the posterior mid-
brain, subthalamus and cerebellum (Mori et al., 1999; Shik and
Orlovsky, 1976; Shik et al., 1969; Takakusaki et al., 2003; Waller,
1940). In animals, the cerebellum influences the spinal locomotor
networks through its descending drive and rhythmic bursts, lead-
ing torepetitive rhythmic step cycles (Mori, 1987; Morietal., 1999).
In human neuroimaging studies, these locomotor regions including
cerebellum were activated during both actual and imaginary walk-
ing (Fukuyama et al., 1997; Jahn et al., 2008a, b). It is likely that a
similar mechanism might work in human bipedal locomotion and
that the supraspinal system might directly control the rhythmical
and patterned activities of our bipedal walking.

In recent years, patterned transcranial electrical stimulation
(tES), such as transcranial alternating current stimulation (tACS),
has been reported to entrain the intrinsic brain rhythms so as to
produce a specific behavioural outcome (Antal et al., 2008, 2011;
Nitsche and Paulus, 2011; Paulus, 2011). Although exact mecha-
nismremain investigated, patterned tES is hypothesized to enhance
the specific neuronal circuits associated with intrinsic rhythmicity,
leading to the modification of sensorimotor and cognitive function
(Castro-Alamancos et al., 2007; Kanai et al., 2008, 2010; Kirov et al.,
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2009; Marshall et al., 2006; Pogosyan et al., 2009; Zaehle et al.,
2010). Moreover, it is suggested that the phase lag between the
artificial patterned stimulation and the endogenous brain rhythm
might be important. For example, the phase-dependence of the
tremor-suppressing effects of tACS has been reported in Parkin-
son disease (PD) tremor when it was given over the motor cortex
for the most pronounced tremor muscles (Brittain et al., 2013).

Although bipedal locomotion is the most fundamental rhythmic
movement in human life, it is unknown whether this rhythmic-
ity can be modulated by patterned tES. To test this hypothesis, we
applied patterned tACS mimicking the walking frequency over the
cerebellum during natural walking. Furthermore, the effects of tES
depends on the relative angle of the somato-dendritic axis of stim-
ulated neurons to the direction of the electrical field produced by
tES (Rahman et al., 2013, 2014). We also investigated whether the
tACS effects would be changed or not when the direction of tACS
currents were inverted and simulated the electrical field produced
by the tACS using finite element models of transcranial electrical
stimulation.

2. Methods
2.1. Subjects

The study protocol was approved by the Committee of Medi-
cal Ethics of the Graduate School of Medicine, Kyoto University,
Japan (C-800) and informed written consent was obtained from all
subjects.

We investigated young healthy volunteers that had no history of
neurological illness or gait disorders, were all right-handed accord-
ing to the Edinburgh handedness inventory (Oldfield, 1971), and
had right foot preference according to the Chapman test (Chapman
et al., 1987). None of the subjects had any contraindications to TMS
(Groppa et al., 2012; Rossini et al., 1994; Wassermann, 1998).

2.2. Recording procedures

Subjects were asked to reciprocate a 135 m corridor at a comfort-
able pace with aregular speed for 10 min while undergoing the tACS
conditions described below. Individual gait cycle was assessed by
flat foot switches attached to the bilateral heels (PH-450A, FS ampli-
fier, DKH Co., Ltd., Japan). The recording tools were backpacked by
the subjects during experiments in order not to interfere with the
subjects’ gait.

The electrical currents of tACS were delivered through a
NeuroConn DC Stimulator (Ilmenau, Germany). The current wave-
form was a sinusoidal wave produced by the Signal Processing
Toolbox™ of Matlab 2014a and Simulink (Mathworks, MA, USA).
The current waveform was sent to the stimulator and data were
recorded through data acquisition modules equipped with a BNC
input/output system (NI USB-6212 BNC, National Instrument Corp.,
USA). The tACS lasted for 10 min at a peak-to-peak stimulation cur-
rent of 2 mA (from —1 mA to +1 mA) in addition to 60 s fade-in and
fade-out periods along with the walking. Data were sampled (1
kHz) for offline analysis, which was conducted using Matlab 2014a.

2.3. Experiment 1: Effects of cerebellar tACS on gait cycle

We investigated fourteen healthy volunteers (1 women and 13
men) aged 20-23 years (mean =+ standard deviation (SD), 21.3 +
1.1 years).

To administer tACS on the left cerebellum, the electrode (5 x 5
cm) was centred 3 cm left-lateral from the inion, a position that
spans the cerebellum (Kikuchi et al., 2012; Ugawa et al., 1997,
1995). The counter electrode (5 x 5 cm) was placed to the right
posterior neck. The electrical currents were faded in and out for 60

s with the electrodes placed in the positions used for tACS. To fur-
ther assess whether the modulation of the gait cycle involved skin
sensations of the scalp, we applied tACS to the skin of the scalp.
For skin stimulation, the electrode was placed at the same position
on the left cerebellum and the centre of the counter electrode was
placed 2.5 cmright-lateral from the edge of the electrode with 1 cm
of interspace of the edges of both electrodes, so that electrical cur-
rents could pass only through the skin surface, not through brain
cortical areas (Fig. 1).

Experiments conducted under the following three tACS con-
ditions were performed in a random order at least 30 min apart
on the same day: (1) tACS on the left cerebellum (2) tACS on the
skin of the scalp (skin sensation similar to that felt during elec-
trical stimulation, except without brain stimulation) and (3) sham
stimulation.

The averaged frequency of individual gait cycle was pre-
measured by a 4-min recording of walking on the corridor at a
comfortable pace with a regular speed. Then, tACS was applied at
the frequency nearest to that averaged frequency with a 0.01-Hz
bin in each condition. The tACS frequency was different in each
subject and constant through the 10 min stimulation period.

2.4. Experiment 2: the effects of inverted currents of tACS on gait
cycle

To investigate the possible effects of the counter electrode posi-
tion for the cerebellar stimulation, an additional experiment was
performed with the counter electrodes placed at a vertically oppo-
site side to that of Experiment 1 (Experiment 2). We hypothesised
that the entrainment phase would be changed since the direction of
tACS current flow determines depolarization or hyperpolarization
of neurons (Rahman et al., 2013, 2014). In Experiment 2, we inves-
tigated the same 14 subjects that participated in Experiment 1. The
counter electrode (3 x 3 cm) was centred 2 cm right-lateral from
the vertex, with the electrode (5 x 5 cm) over the same portion
used for stimulating left cerebellum (Fig. 1). After a 4-min record-
ing to confirm the frequency of the individual gait cycle, tACS was
applied at the frequency nearest to the measured gait cycle with a
0.01-Hz bin, as in Experiment 1.

2.5. Simulation of the electrical field produced by tACS

To investigate how the cerebellum was stimulated in Experi-
ment 1 and 2, we simulated the electrical field produced by tACS
using MRI-derived finite element models of transcranial electrical
stimulation as previously reported (Datta et al., 2009; Truong et al.,
2013). We predicted brain current flow using a workflow of com-
mercial simulation packages (COMSOL Multiphysics, Burlington,
MA, USA; Simpleware, Synopsys, Mountain View, CA, USA) and cus-
tomized algorithms (Huang et al., 2013). A high-resolution (1 mm?3
isotropic) T1-weighted MRI of a Japanese adult was segmented into
tissues of varying electrical conductivity. Two electrode configura-
tions were modelled as in experiments 1 and 2 (left cerebellum
-right neck and left cerebellum -right vertex). Tetrahedral meshes
were generated in Simpleware and imported into the finite ele-
ment package (COMSOL 5.1). The electrical properties of the tissues
were assigned representative isotropic average values (in S/m):
grey matter: 0.276; white matter: 0.126; CSF: 1.65; skull: 0.01; fat:
0.025; and scalp: 0.465. The muscle, eyes, and blood vessel com-
partments were assigned the same tissue properties as that of scalp.
The sponge electrodes were assigned the electrical conductivity of
saline (o = 1.4 S/m) and the stimulation electrodes were modelled
as conductors (o = 5.8 x 107 S/m). Physics were assumed to be
quasi-static (V- (6VV) = 0). Boundary conditions were applied as
electrically insulated on all external surfaces (n-J = 0), excluding
ground (V = 0) on the reference electrode and inward current den-
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Experiment 1

tACS on left cerebellum
with counter electrode
on right neck

Inion

tACS on skin

Experiment 2

tACS on left cerebellum
with counter electrode
on right vertex

Fig. 1. Electrodes montages. In Experiment 1, the electrode (5 x 5 cm) was centred 3 cm left-lateral from the inion for both tACS on the cerebellum and skin stimulation.
The counter electrode (5 x 5 cm) was placed to the right posterior neck for tACS on the cerebellum, and a smaller counter electrode (3 x 3 cm) was placed 2 cm right-lateral
from the edge of the electrode for skin stimulation. In Experiment 2, the counter electrode (3 x 3 cm) was centred 2 cm right-lateral from the vertex, with the electrode (5

x 5 cm) placed over the same position used for stimulating the cerebellum.

sity equal to 1 mA total ( [ [(n-])dS = 1mA) on the active electrode.
We calculated the induced electric field in the brain and spinal cord
resulting from the application of 1 mA total current.

2.6. Data analysis

Recorded tACS currents were filtered off-line using a zero-phase
bandpass at the cut-off frequencies of 0.5 and 2 Hz. Analytic signals
were acquired after applying a Hilbert transform to the bandpass-
filtered currents.

The instantaneous phase of the initiation of the gait cycle in the
left leg (the timing of the left heel contact recorded by the foot
switch) was calculated during a 10-min measurement of the gait.
All of the instantaneous phases of the left heel contact were repre-
sented by complex numbers and averaged. The absolute value and
phase of the average were regarded as the phase synchronisation
index (PSI)and the mean phase difference (MPD), respectively. A PSI
of 0 represents no entrainment and a PSI of 1 represents complete
entrainment of the gait cycle by tACS. During sham stimulation,
PSI was calculated offline using an artificially produced sinusoidal
waveform. For drawing histograms, phase information from the
tACS signals was divided into 36 discrete bins (10° each). Numbers
of the left heel contact including each bin were represented.

In Experiment 2, the differences of MPD calculated during tACS
with the counter electrode on right vertex (MPD vertex) from MPD
calculated during tACS with the counter electrode onright posterior
neck (MPD neck) were calculated (= MPD neck — MPD vertex) in
individual subjects who showed a significant PSI. The differences
of the MPDs were represented by complex numbers and averaged.
The absolute value and phase of the average was regarded as a
PSI for differences between MPD vertex and MPD neck (PSL_g;sr) and
an MPD differences between MPD vertex and MPD neck (MPD_gjgf),
respectively.

2.7. Statistical analysis

In Experiment 1, the data for PSI were compared among three
conditions (‘tACS on cerebellum’, ‘tACS on skin’ and ‘sham stim-
ulation’) using repeated-measures analysis of variance (ANOVA).
The PSIs were subjected to repeated-measures ANOVA with Condi-
tion as a within-subject factor. In Experiment 2, individual PSIs and
PSI_yifr were assessed for statistical significance by non-parametric

testing against an empirical null-distribution. The null-distribution
was constructed by computing the statistic PSI over randomly
oriented unit vectors, repeated 100,000 times. Significance was
assessed at a 5% confidence level (p < 0.05).

If necessary, the Greenhouse-Geisser correction was used to
adjust for the sphericity, changing the degrees of freedom using
the correction coefficient epsilon. The Bonferroni correction for
multiple comparisons was used for the post-hoct-test. Effects were
considered significant at p < 0.05. All data are given as the mean =+
SD.

3. Results

No significant side effects were noted during the experiments,
and none of the subjects reported phosphenes or vertigo. Four sub-
jects experienced mild skin irritation for several tens of seconds at
the beginning of stimulation, but they did not feel any irritation for
the remaining duration of stimulation. None of subjects reported
feeling any rhythmicity of the stimulation.

3.1. Experiment 1: Effects of cerebellar tACS on gait cycle

The number of strides of the left leg was 542.6 + 10.4, 543.1 &+
10.4 and 545.6 + 11.8; and the frequency of tACS was 0.91 & 0.06,
0.90 £+ 0.06 and 0.91 £ 0.06 Hz during the 10-min walking period
under the ‘tACS on cerebellum’, ‘tACS on skin’ and ‘sham stimu-
lation’ conditions, respectively. Under these three conditions, all
subjects walked 3 reciprocations of the corridor. The results from a
single subject are represented in Fig. 2. Repeated measures ANOVA
revealed a significant difference among the PSIs of the three con-
dition (tACS on cerebellum, on skin, and during sham stimulation)
(F2,26) = 3.45, p = 0.047). A post hoc t-test revealed a significant
entrainment in the tACS on cerebellum, compared with the tACS on
skin and in the sham stimulation condition (tACS on cerebellum v.s.
tACS on skin, p = 0.035; tACS on cerebellum v.s. sham stimulation,
p = 0.028; tACS on skin v.s. sham stimulation, p = 0.46; Fig. 3).

3.2. Experiment 2

The number of strides of the left leg was 545.3 + 8.8 and the
frequency of tACS was 0.92 + 0.06 Hz during the 10-min walking
period. Eleven of the 14 subjects showed significant PSIs (0.190 +
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Fig. 2. Representative results from a single subject. The histogram (left) of all the left gait cycles and the stacking of the left gait cycle and phase of tACS (right) are shown
for the 3" reciprocation of walk on the corridor. In the histogram, the x-axis represents the tACS phase and y-axis represents the number of left gait cycles, starting at the
phase. In the stacking, the tACS phase ranging from —180 to 180 is coloured. The 0 point on the horizontal axis means the start time of the left gait cycle.
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Fig. 3. PSIs of the three conditions (tACS on cerebellum, on skin and sham stimu-
lation). A significant entrainment was seen with tACS on the cerebellum, compared
with tACS on the skin and during the sham condition. Error bars represent the SEM.

0.036). The other three subjects showed no significant PSIs (0.029 4+
0.010). The MPDs from the 11 subjects are presented in Table 1. The
PSI for the differences between MPD vertex and MPD neck (PSLgjr)
in those 11 subjects was 0.527, a significantly high value (p < 0.05).
The MPD for the differences between MPD vertex and MPD neck
(MPD_gjfr) was 168.4°.

Table 1
The MPD (neck) and MPD (vertex) values of the 11 subjects showing significant PSIs
in the tACS condition with counter electrodes on the right vertex.

Subject MPD neck MPD vertex
#1 116.9 —-41.7
#2 -13.8 173.1
#3 14.6 122.6
#4 125.5 -147.3
#5 —146.3 159.1
#6 -164.2 81.2
#7 —148.6 118.6
#8 -57.0 125.0
#9 97.6 -58.8
#10 89.7 -79.8
#11 —62.2 72.5

3.3. Simulation of the electrical field produced by tACS

Prediction of brain current flow was shown in tACS on left cere-
bellum with the counter electrode at the right neck and with the
counter electrode at the right vertex which was a vertically oppo-
site side to the right neck (Fig. 4). Comparable peak electric field
was produced in the left cerebellum for both counter electrode
positions. While changing the position of the counter electrodes
change with additional brain region were exposed to current flow,
the montages were designed to have the left cerebellum as the
common stimulated region.

4. Discussion

We found that non-invasive transcranial rhythmic cerebellar
stimulation could change and entrain the natural walking rhythm.
Because patterned skin stimulation did not show the entrainment
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(a) tACS on left cerebellum
with the counter electrode on right neck

tACS on left cerebellum
with the counter electrode on right vertex

(b)

Ll patry

Field Intensity (V/m)
- ——

0.0 0.35

Fig.4. Simulation of the electrical field produced by tACS. Simulated electrical fields
were shown in the two cerebellar tACS conditions with the counter electrodes at
the right neck and at the right vertex which was a vertically opposite side (Fig. 3).
Both included the left cerebellum.

effects, it is likely that the effect is not mediated by the periodic
inputs of sensory afferents but by brain modulation. Furthermore,
when the direction of stimulating currents was vertically inverted,
a phase inversion between the gait cycle and the exogenous stim-
ulation was observed. Simulated electrical field showed to include
the left cerebellum. These results suggest that rhythmic cerebellar
stimulation entrains neuronal activities related to gait generation
system in the cerebellum dependently on current direction.

Transcranial patterned brain stimulation can modulate the
intrinsic brain rhythmicity in a frequency- and phase-specific man-
ner (Brittain et al., 2013; Neuling et al., 2013; Pogosyan et al., 2009;
Zaehle etal., 2010).Itindicate that extracellular AC fields with weak
sinusoidal voltages can increase or decrease the power of oscilla-
tory rhythms in the brain in a frequency- and phase-dependent
manner, probably because of synchronising or desynchronising
neuronal networks (Fell and Axmacher, 2011; Thut et al., 2017).

Because we intended to match the stimulation pattern with the
frequency of the individual gait cycle, a slow oscillatory patterned
stimulation (~1 Hz) was given over the cerebellum. In animal stud-
ies with computational modelling, the entrainment effects of slow
oscillatory AC stimulation on endogenous slow wave oscillations
were produced through a network resonance (Ali et al., 2013; Ozen
et al., 2010; Reato et al., 2013). The entrainment can be easily
produced in the oscillatory network because the small number of
neurons directly affected by AC fields can polysynaptically recruit
neurons in distant regions (Ozen et al., 2010; Reato et al., 2013).
Furthermore, even very low-amplitude stimulation could entrain
firing activity but only when the frequency of the endogenous
rhythm was matched to that of the stimulation. Polarisation of the
membrane in a very small number of neurons can lead to the mod-
ulation of the firing rate and timing of the other neurons within
the active network (Chan and Nicholson, 1986; Ozen et al., 2010;
Reato et al., 2010). Therefore, it is possible that the patterned brain
stimulation entrained the rhythmic activities of locomotor network
including cerebellum, leading to the modulation of natural human
walking.

The cerebellar locomotor region (CLR) in the mid-part of the
cerebellar white matter activates the spinal interneuronal net-

works through projections to the ventromedial medullary reticular
formation. Stimulation of the CLR evokes locomotion-like recip-
rocal patterned activities in the limbs of cats (Mori et al., 1999).
Neuroimaging studies in human demonstrated that the middle
cerebellum corresponding to the CLR is activated during actual
and imagined walking (Fukuyama et al., 1997; Jahn et al., 2008a,
b). The present cerebellar stimulation might have affected the CLR
activities.

There is also a possibility for the electrical currents to modu-
late activity of the reticular formation. During the cerebellar tACS,
it might have been indirectly activated by the inputs from the neck
spinal cord where the electrical field was distributed, especially
in the montage with the counter electrode on right neck. Then,
the mesencephalic locomotor region in the dorsal reticular forma-
tion might have been also influenced and it might have modulated
individual gait cycle (Sherman et al., 2015).

Patients with damage in the cerebellum often show ataxic gait
with rhythm disturbance and disaggregated limb movements (Ilg
et al., 2007; Morton and Bastian, 2003, 2007; Morton et al., 2010).
The cerebellar tACS might be a promising method for the treatment
of patients with gait disturbance, especially for ataxic gait.

We investigated natural over-ground walking in the present
study and the frequency of the gait was sometimes altered in turn-
ing around at the end of the corridor. Although treadmill walking
has allows better control of the walking parameters, it also has a
major drawback that the walking cycle tends to be entrained to a
moving floor at a regular speed (Herbin et al., 2007; Pereira et al.,
2006; Stolze et al., 1997). Natural over-ground walking might be
more appropriate to estimate modulation of gait rhythm by pat-
terned brain stimulation.

In the present study, we have, for the first time, demonstrated
that the cerebellar tACS during gait could alter actual gait rhythm in
human. This would be an intriguing method for controlling human
movements and the neuronal system, and it is a potentially promis-
ing approach for the treatment of human movement disorders with
gait disturbances.
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