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Abstract Supraspinal excitability and sensory input may
play an important role for the modulation of spinal inhibi-
tory interneurons and functional recovery among patients
with incomplete spinal cord injury (SCI). Here, we investi-
gated the effects of anodal transcranial direct current stimu-
lation (tDCS) combined with patterned electrical stimula-
tion (PES) on spinal inhibitory interneurons in patients with
chronic incomplete SCI and in healthy individuals. Eleven
patients with incomplete SCI and ten healthy adults partici-
pated in a single-masked, sham-controlled crossover study.
PES involved stimulating the common peroneal nerve with
a train of ten 100 Hz pulses every 2 s for 20 min. Anodal
tDCS (1 mA) was simultaneously applied to the primary
motor cortex that controls the tibialis anterior muscle. We
measured reciprocal inhibition and presynaptic inhibition
of a soleus H-reflex by stimulating the common peroneal
nerve prior to tibial nerve stimulation, which elicits the
H-reflex. The inhibition was assessed before, immediately
after, 10 min after and 20 min after the stimulation. Com-
pared with baseline, simultaneous application of anodal
tDCS with PES significantly increased changes in disyn-
aptic reciprocal inhibition and long-latency presynap-
tic inhibition in both healthy and SCI groups for at least
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20 min after the stimulation (all, p < 0.001). In patients
with incomplete SCI, anodal tDCS with PES significantly
increased the number of ankle movements in 10 s at 20 min
after the stimulation (p = 0.004). In conclusion, anodal
tDCS combined with PES could induce spinal plasticity
and improve ankle movement in patients with incomplete
SCIL

Keywords H-reflex - Disynaptic reciprocal inhibition -
Presynaptic inhibition - Spinal plasticity - Locomotion -
Rehabilitation

Introduction

Spinal inhibitory reflexes mediated by gamma-aminobu-
tyric acid (GABA) and glycine are often absent or reduced
in patients with spinal cord injury (SCI) (Calancie et al.
1993; Okuma et al. 2002). This reduced spinal reciprocal
inhibition is thought to contribute to poor movement abil-
ity and abnormal muscle coactivation during locomotion
(Fung and Barbeau 1989; Knikou and Mummidisetty 2011;
Bhagchandani and Schindler-Ivens 2012).

Rehabilitation training can induce some plastic changes
in spinal reflex circuits and help the recovery of lower limb
function following SCI (Knikou and Mummidisetty 2014;
Knikou et al. 2015). However, this plastic change and
recovery are often limited (Raineteau and Schwab 2001;
Thompson et al. 2006, 2009). Strategies for further enhanc-
ing spinal plasticity and improving lower limb function in
individuals with SCI are sorely needed. One such strategy
is patterned electrical stimulation (PES) that is applied to
the common peroneal nerve and mimics input from primary
ankle-dorsiflexor afferents during walking. This stimulation
normally produces a short burst of firing at the beginning
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of the swing phase during stepping, and induces short-term
reciprocal inhibition (RI) plasticity in healthy individuals
(Perez et al. 2003).

Supraspinal modulation is thought to play an important
role in inducing long-lasting spinal plasticity (Wolpaw and
Tennissen 2001; Chen et al. 2006; Fujiwara et al. 2011; Yama-
guchi et al. 2013), which may contribute to the recovery of
limb and walking function following SCI (Knikou and Mum-
midisetty 2014; Knikou et al. 2015; Kaegi et al. 2002; Chen
et al. 2006, 2010). Anodal transcranial direct current stimu-
lation (tDCS) is a non-invasive form of artificial supraspinal
modulation that stimulates brain regions by delivering weak
direct currents through the skull, and can increase motor cor-
tex excitability in both healthy individuals and neurological
patients (Nitsche and Paulus 2000; Suzuki et al. 2012).

Fujiwara et al. (2011) showed that applying tDCS
before PES modulated the effects of PES on RI in a polar-
ity specific manner. Supraspinal modulation may be able to
strengthen RI changes with PES. Therefore, we hypothe-
size that combining anodal tDCS to the primary motor cor-
tex (M1) with PES may enhance the plastic changes in RI
induced by PES in patients with incomplete SCI, who lack
descending cortical drive to the spinal cord. Furthermore,
these changes may result in improved ankle movements in
these patients. The objective of our study was to exam the
effects of anodal tDCS combined with PES on RI and ankle
movements in patients with incomplete SCI.

Materials and methods

The study protocol was approved by the Committee of
Medical Ethics of National Yang Ming University, Taiwan,

Table 1 Profiles of patients with spinal cord injury

and written informed consent was obtained from all par-
ticipants. All procedures complied with the Declaration of
Helsinki.

Participants
Healthy participants

Ten healthy volunteers (9 males) aged 35-65 years
(mean £ SD, 50.7 £ 8.9 years) participated in this study.
None of the participants had a history of neurological dis-
ease or were receiving any acute or chronic medication
affecting the central nervous system.

Patients with spinal cord injury

Eleven patients who met the following criteria participated
in the study of the 58 inpatients and 110 outpatients with
incomplete SCI: (1) aged 20-65 years; (2) incomplete SCI
as classified by a rank of C or D on the American Spinal
Cord Injury Association Impairment scale (Maynard et al.
1997); (3) the SCI occurred more than 180 days before the
experiment; (4) ankle plantar-flexor spasticity was at least
14+ on the modified Ashworth scale (Bohannon and Smith
1987); (5) ankle dorsiflexion had a manual muscle testing
grade >1; (6) passive range of motion (ROM) at the ankle
joint was >10° for dorsiflexion and >20° for planter flex-
ion. No patient was receiving antispastic medication or
other drugs that could interfere with cortical excitability.
Demographic and clinical characteristics of the patients
are summarized in Table 1. The mean age + SD was
51.8 £ 10.7 years (range 28-64 years), and the mean time
since SCI & SD was 4.5 £ 4.2 years (range 0.6-12.1 years).

Age (years) Gender Time since SCI ~ Cause  Dominant ASIA impairment scale Neurological MAS  WISCI
(month) affected side level
Motor level ~ Strength grade
(TA/SOL)

1 52 Male 8 T Left C 2/2 C4 1+ 0
2 64 Male 12 T Right D 1/1 Cl1 3

3 38 Male 20 NT Left D 1/1 T4 1+ 6
4 52 Male 7 NT Right D 2/2 T11 2 14
5 28 Male 52 T Right D 171 C4 2 8
6 63 Male 144 NT Left D 2/2 T11 1+ 20
7 58 Male 30 T Left D 2/2 Cc4 2 13
8 49 Male 78 T Left D 2/2 C4 2 13
9 53 Male 59 T Right C 2/2 C5 2 0
10 59 Male 38 T Right D 2/2 G5 1+ 14
11 54 Male 145 T Right D 172 C7 3 9

T trauma, NT non-trauma, SCI level the highest spinal cord level that was damaged, ASIA American spinal injury association impairment scale,
TA tibialis anterior muscle, SOL soleus muscles, MAS modified ashworth scale, WISCI walking index for spinal cord injury
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Patterned electrical stimulation (PES)

We applied electrical stimulation to the common peroneal
nerve (CPN) with a train of ten pulses (pulse duration,
1 ms) at 100 Hz every 2 s for 20 min (Perez et al. 2003).
The stimulus intensity was set at the motor threshold of the
tibialis anterior muscle (TA), without producing movement
of the foot. The motor threshold for electrical stimulation
was defined as the intensity that evoked a 100 pV response
in the resting TA.

Transcranial direct current stimulation (tDCS)

Anodal tDCS (1 mA, 20 min) was delivered by a DC
STIMULATOR PLUS (NeuroConn, Ilmenau, Germany)
connected to a pair of sponge-surface electrodes. The
anodal electrode (surface area, 35 cm?) was positioned over
the M1 contralateral to the TA of interest and the cathodal
electrode (surface area, 50 cm?) was placed over the fore-
head above the ipsilateral orbit of the TA of interest. The
position of M1 was confirmed based on induction of the
largest motor evoked potentials in the TA with a constant
stimulus intensity using transcranial magnetic stimulation
(TMS) with a double-cone stimulation coil connected to
a Magstim 200 magnetic stimulator (Magstim, Whitland,
UK). Anodal and sham tDCS were administered in a ran-
dom sequence to each participant, and were separated
from each other by more than 3 days to minimize carry-
over effects. For sham stimulation, the same procedure was
used, but the current was delivered for only approximately
15 s to mimic the transient skin sensation felt at the begin-
ning of the stimulation.

Experimental paradigm

The study employed a randomized, single-masked, crosso-
ver, sham-controlled experimental design. In all experi-
ments, RI was measured before, immediately after, 10 min
after, and 20 min after the intervention. Healthy individuals
participated in the following three randomly-assigned ses-
sions on three different days: (1) anodal tDCS combined
with PES (anodal tDCS + PES); (2) sham tDCS combined
with PES (sham tDCS + PES); (3) anodal tDCS alone
(Fig. 1a). Patients with incomplete SCI participated in the
following two sessions, randomly applied on separate days:
(1) anodal tDCS + PES; (2) sham tDCS + PES (Fig. 1b).
A computer generated list randomly assigned the order
of the three or two paradigms. To washout the effects of
each intervention, we set the interval at over 3 days prior to
crossover. All participants lay supine with ankle joints set
at 20° of plantar flexion and knee joints at 30° of flexion
supported by a pillow. During the experiment, the head and
arms were fully supported and participants were instructed
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Q Healthy subjects
20 min
Anodal tDCS + PES
Evaluation | ShamtDCS +PES |eyajuation Evaluation  Evaluation
l Anodal tDCS alone l l l

|PRE POST-0  POST-10 POST-20|

b Spinal cord injured patients

20 min
Evaluation Anodal tDCS +PES  |Evaluation Evaluation  Evaluation
l Sham tDCS +PES l l l
|PRE POST-0 POST-10 POST-20 |

Fig.1 Experimental procedure. a Healthy individuals partici-
pated in the following three sessions: (1) anodal tDCS + PES; (2)
sham tDCS + PES; (3) anodal tDCS alone. We measured the soleus
H-reflex at baseline (PRE), immediately after (post-0), 10 min after
(post-10), and 20 min after (post-20) the stimulation. (b) Patients
with incomplete SCI participated in the following two sessions: (1)
anodal tDCS + PES; (2) sham tDCS + PES. In patients with SCI,
ankle movement was assessed before and 20 min after stimulation

to relax. Additionally, we carefully checked electromyo-
grams for the soleus muscle (SOL) and TA to confirm the
resting state of these muscles.

Reciprocal inhibition

RI was assessed using a soleus H-reflex conditioning-
test paradigm. The conditioning-test inter-stimulus inter-
val (ISI) was set at 2, 20, or 100 ms to trigger inhibition
through separate mechanisms (Mizuno et al. 1971). Inhibi-
tion at an ISI of 2 ms is called disynaptic reciprocal inhi-
bition (RI,,), and is mediated by a spinal glycinergic
disynaptic inhibitory pathway. An ISI of 20 ms (R, is
thought to result from presynaptic inhibition of the Ia affer-
ent fibers that mediate the H-reflex. The origin of the inhi-
bition at an ISI of 100 ms (RI;,) is less clear, and may
be attributed to presynaptic inhibition, modulated through
long-loop inhibitory connections beyond the spinal cord
(Mizuno et al. 1971; Huang et al. 2009). Ten conditioned
and ten test H-reflexes were averaged at each time point:
before (baseline), immediately after, 10 min after, and
20 min after the stimulation was completed. The H-reflex
was elicited by stimulating the posterior tibial nerve at the
popliteal fossa (1 ms rectangular pulse) with an anode on
the patella. Throughout the experiment, the test H-reflex
amplitude was maintained at 15-20 % of the amplitude
of the maximum motor response for the SOL (Crone et al.
1990). Conditioning stimulation to the CPN was delivered
using surface electrodes positioned below the fibular head.
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The conditioning stimulus strength was set at the motor
threshold of the TA muscle. Motor threshold was defined
as a 100 pV response measured at the TA. The CPN-stim-
ulating electrode was carefully positioned to avoid activa-
tion of peroneus muscles, thus ensuring a more selective
stimulation of the deep branch of the peroneal nerve. The
conditioning stimulation was repeatedly checked during
the experiments by monitoring the M wave from the TA
muscle. The optimal interval for stimulating the CPN to
produce the inhibition of RI,  was checked at an ISI of
0, 1 and 2 ms at the beginning of each session and used
throughout. Conditioning-test intervals were tested in a
random block design.

Ankle movement

We measured ankle movement before and 20 min after the
stimulation. Ankle movement was monitored by a video
camera to count the number of ankle movements during
a 10 s period, and we calculated the maximum range of
motion. Patients were instructed to perform dorsi/plantar-
flexion of the ankle as quickly as possible and with as wide
arange as possible.

Statistical analyses

For healthy persons, we applied a two-factor repeated-
measures ANOVA to investigate the effects of paradigm
(anodal tDCS + PES, sham tDCS + PES, and anodal tDCS
alone) and time (before, immediately after, 10 min after,
and 20 min after) on RI. For SCI patients, we used a two-
factor repeated-measures ANOVA with paradigm (anodal
tDCS + PES, sham tDCS + PES) and time (before, imme-
diately after, 10 min after, and 20 min after) as factors. As
for ankle movement, two-factor ANOVA, assessing para-
digm (anodal tDCS + PES, sham tDCS + PES) and time
(before and 20 min after) was used to analyze how the
stimulation paradigm affected the number of ankle move-
ments and range of motion. We performed a Pearson’s cor-
relation analysis between the change in RI and the change
in the number of ankle movements. The changes of RI
and the number of ankle movements were calculated by
subtracting the baseline data from data obtained 20 min
after the stimulation was completed. Two sample ¢ tests
were performed to compare the baseline differences in RI
between incomplete SCI patients and healthy participants.
We applied a two-factor ANCOVA with group (healthy
persons and SCI patients) and time (before, immediately
after, 10 min after, and 20 min after) as factors to compare
the effects of anodal tDCS + PES on RI between patients
and healthy participants. For a two-factor ANOVA, post
hoc analysis was performed using the paired ¢ test to detect
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significant differences within and between paradigms in
each time point. In an ANCOVA, the student’s ¢ test was
used to detect significant differences between group means
after adjusting for the effects of RI baseline as a covari-
ate. For these analyses, multiple comparisons with Bon-
ferroni’s corrections were applied to adjust the p value
for multiple comparisons (significance was set at 0.00185
because we compared 27 factors). Otherwise, p < 0.05 was
considered significant. Statistical analyses were performed
using IBM SPSS 22.0 (IBM Corp., Armonk, NY, USA) for
Windows.

Results
Healthy participants
Reciprocal inhibition

The values of reciprocal inhibition are shown in Table 2.
One-factor repeated-measure ANOVA showed no sig-
nificant main effect of time (before, immediately after,
10 min after, or 20 min after) on test-H amplitudes under
any stimulation paradigm (anodal tDCS + PES: F = 1.55,
p = 0.224; sham tDCS + PES: F = 1.09, p = 0.370; anodal
tDCS alone: F = 0.66, p = 0.582).

At the baseline, Rl,,, mean (SD) were 0.85 (0.06),
0.86 (0.04) and 0.84 (0.08) with anodal tDCS + PES,
sham tDCS + PES and anodal tDCS alone, respectively.
The Rl,,.,, were 0.76 (0.09) with anodal tDCS 4 PES,
0.80 (0.09) with sham tDCS + PES, and 0.79 (0.10) with
anodal tDCS alone. For the RI,y,,, on baseline, anodal
tDCS + PES was 0.72 (0.13), sham tDCS + PES was 0.74
(0.11), and anodal tDCS alone was 0.74 (0.08). Baseline of
RI were not significantly different among the three inter-
ventions (ANOVA, Rl .: F = 047, p = 0.630; Rl
F=472,p=0.629; Rl,gons: F = 0.67, p =0.935).

We found a significant interaction between paradigm
(anodal tDCS + PES, sham tDCS + PES, anodal tDCS
alone) and time (before, immediately after, 10 min after,
and 20 min after) in RL,, (F = 9.12, p < 0.001) and
RI,goms (F = 10.37, p < 0.001), but not in RI,,,, (F = 1.41,
p = 0.228). Post-hoc testing showed that Rl and RI; g
at baseline significantly differed from those at immediately
after, 10 min after, and 20 min after anodal tDCS + PES.
Post-hoc paired t test also showed that RI, . at baseline
significantly differed from immediately after and 10 min
after sham tDCS + PES. RI did not change at any time
point when it was not accompanied by PES. Compared
with anodal tDCS alone and sham tDCS + PES, changes
in RL, and Rl were significant at immediately after,
10 min after, and 20 min after anodal tDCS + PES.
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tests revealed that anodal tDCS + PES induced significant
changes from baseline in RI, . and RI,y,, immediately
after, 10 min after, and 20 min after the stimulation (all,
p < 0.001). In the sham tDCS + PES, we found a signifi-
cant difference for Rl only immediately after the stimula-
tion (p < 0.005). Comparison of anodal tDCS + PES with
sham tDCS + PES showed significant difference in RI,,
and RI, g, at immediately after, 10 min after, and 20 min
after the stimulation.

Ankle movement

A two factor repeated measures ANOVA for the number of
ankle movements showed a significant interaction of paradigm
(anodal tDCS + PES and sham tDCS + PES) and time (before
and 20 min after) (Fig. 3a; F = 13.65, p = 0.004), but not for
the ankle range of motion (Fig. 3b; F' = 4.89, p = 0.052). Pear-
son’s correlation analysis revealed significant negative rela-
tionships between the changes of Rl,.,, and RI,,,,, With the
change in the number of ankle movements (RL,,,;: r = —0.692,
p = 0.018; RI,yy,,: ¥ = —0.618, p = 0.043).

a Anodal tDCS + PES
25

Sham tDCS + PES

N

The number of ankle movement
o IS o
L 2

PRE POST-ZO PRE POST-20

=2

Q
[0)
«Q
=
[0
]

60 - Anodal tDCS + PES Sham tDCS + PES

N w » (o))
o o o o
T T T T

-
o
T

o o

PRE POST-20 PRE POST-20

Total range of motion in the ankle
o

Fig. 3 The effects of anodal tDCS (real and sham) combined with
PES on the number and range of ankle movements. Asterisks show
significant differences between baseline performance and that 20 min
after the interventions (p < 0.05). a Effects of anodal tDCS + PES
on the number of ankle movements for 10 s. b Effects of anodal
tDCS + PES on the range of ankle movements
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The effects of anodal tDCS + PES on reciprocal
inhibition in patients with incomplete SCI and in
healthy participants

The baseline of R, Rl and Rljy, were sig-
nificantly higher in the incomplete-SCI group than in
the healthy-participant group (p < 0.001). A two-factor

a o Changes of Rl2ms
B 141
-0
T 12F
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$ E 10F
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22 os}
T 5 04f
8 o2}
0.0
POST-0 POST- 10 POST-20
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Fig. 4 The effects of anodal tDCS + PES on RI in healthy per-
sons and in patients with incomplete SCI. RI changes induced with
anodal tDCS + PES in incomplete SCI were significantly different
from that of the healthy-participant group (for both RI, . and R,
p < 0.001), but not in RI, .. a Effects of anodal tDCS + PES on
RL,, in healthy persons (white bar) and in patients with incomplete
SCI (gray bar). b Effects of anodal tDCS + PES on RI,, . in healthy
persons (white bar) and in patients with incomplete SCI (gray bar). ¢
Effects of anodal tDCS + PES on Rl in healthy persons (white
bar) and in patients with incomplete SCI (gray bar)
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ANCOVA, which included baseline (before intervention)
as a covariate, showed a statistically significant main effect
of group (incomplete-SCI group and healthy-participant
group) on R, . and Ry, (Fig. 4a: RI,,: F = 8.29,
p <0.001, Fig. 4c; Rl yoms: F = 10.15, p < 0.001), but not
in Rl (Fig. 4b: F =2.09, p = 0.098). Post-hoc Student’s
t test showed RI changes induced with anodal tDCS + PES
in incomplete SCI were significantly different from that of
the healthy-participant group (for both RI, . and R,y
p <0.001).

Discussion

We found that anodal tDCS combined with PES signifi-
cantly decreased the value of Rl,,. and Rl Which
means the magnitude of disynaptic reciprocal inhibition
and long-latency presynaptic inhibition had increased in
healthy participants and patients with chronic incomplete
SCI. We also found a negative correlation between the
changes in RI,  or R, and significant improvements in
ankle movement at 20 min after the intervention in patients
with chronic incomplete SCI. This result indicates that
increased reciprocal inhibition improves ankle movement.
Our findings provide the first evidence that plastic changes
in disynaptic reciprocal inhibition and long-latency presyn-
aptic inhibition are associated with improvements in ankle
movement.

Supraspinal modulation of reciprocal inhibition
changes induced with PES

Anodal tDCS combined with PES increased the magnitude
of disynaptic reciprocal inhibition and long-latency pre-
synaptic inhibition for at least 20 min, while sham tDCS
with PES increased the magnitude of disynaptic reciprocal
inhibition immediately after in patients with SCI. Previous
reports also showed that the change of disynaptic recipro-
cal inhibition induced with PES disappeared 10-20 min
after the intervention in healthy persons (Perez et al. 2003;
Fujiwara et al. 2011). This may mean that the benefits of
plasticity on disynaptic reciprocal inhibition via PES are
limited in terms of modulating impaired reflexes or spinal
plasticity. Thus, simultaneously combining sensory input
via PES with supraspinal excitation from anodal tDCS may
be effective in inducing long-lasting spinal plasticity. Our
results favor the hypothesis that the long-lasting change
in disynaptic reciprocal inhibition that resulted from com-
bining anodal tDCS with PES occurred because anodal
tDCS increased the efficiency of the descending volleys
reaching spinal inhibitory neurons. Studies have also indi-
cated that Ia inhibitory interneurons in humans that pro-
ject to soleus motoneurons might receive convergent input

from motor areas in the brain and Ia afferents from the TA
muscle (Nielsen et al. 1993; Masakado et al. 2001). Addi-
tionally, reports have shown that supraspinal modulation
plays an important role in the induction and maintenance
of longer lasting spinal plasticity (Chen et al. 2006; Fuji-
wara et al. 2011). For long-latency presynaptic inhibition,
the change in inhibition was seen only after anodal tDCS
combined PES, but not after sham tDCS combined PES.
The physiological mechanism underlying changes in long-
latency presynaptic inhibition under these circumstances is
an unanswered question and should be examined in future
studies. However, Huang et al. (2009) indicated that long-
latency presynaptic inhibition was reduced after applying
continuous theta-burst stimulation to the premotor cortex.
They suggested that long-latency presynaptic inhibition is
caused by long-loop inhibitory connections to supraspi-
nal centers that receive input from the premotor cortex.
In future studies, we should therefore examine activity in
multiple brain areas (e.g., sensorimotor cortex, premotor
cortex area) after combining anodal tDCS and PES using
functional magnetic resonance imaging (fMRI). Our result,
however, showed that combined anodal tDCS did not
affect RI,,,,, which means the magnitude of short-latency
presynaptic inhibition was not changed by modulation of
the motor cortex. Previous studies describe short-latency
presynaptic inhibition is mediated through primary afferent
depolarization (PAD) interneurons, which receive descend-
ing control from the brain stem rather than the primary
motor cortex (Hongo et al. 1972; Rudomin and Schmidt
1999; Meunier and Pierrot-Deseilligny 1998). In addition,
Roche et al. (2011) indicated short presynaptic inhibition
did not change following application of anodal tDCS to the
leg motor cortex in healthy individuals. Thus, it is possible
that the increase of motor cortex excitability by applying
anodal tDCS to the motor cortex may not modulate short-
latency presynaptic inhibition.

Reciprocal inhibition and ankle movement

Our results showed that the increase in magnitude of disyn-
aptic reciprocal inhibition and long-latency presynaptic
inhibition at 20 min after anodal tDCS combined with PES
were correlated to improved ankle movement in patients
with incomplete SCIL. It was supposed that impaired spi-
nal reciprocal inhibition induced gait or movement dis-
turbances in patients with SCI, which is characterized by
abnormal muscle contraction related to abnormal reflex
modulation in ankle plantarflexion muscles (Dietz and
Sinkjaer 2007; Nielsen et al. 2007). In our experiment,
the increased magnitude of disynaptic reciprocal inhibi-
tion and long-loop presynaptic inhibition after anodal
tDCS combined with PES are thought to have contrib-
uted to the improved quick turn needed for the dorsi-and
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plantar flexion of ankle movement. However, we believe
that improvement of ankle movement could be explained
by diminution of spasticity in plantar-flexor muscles. In
future studies, spasticity should be examined using clinical
assessments (i.e. modified Ashworth scale) by qualified cli-
nicians at the different time points.

The increase in magnitude of disynaptic reciprocal inhi-
bition and long-loop presynaptic inhibition induced with
anodal tDCS combined with PES were greater in patients
with SCI than in healthy participants. Some studies showed
that RI of patients with SCI is impaired owing to loss of
supraspinal input (Dietz 2002; Dietz and Sinkjaer 2007;
Calancie et al. 1993; Okuma et al. 2002). It was supposed
that the amount of reciprocal inhibition is related to the
degree of functional motor recovery following SCI (Okuma
et al. 2002). Therefore, the greater effect in patients was
likely because of their injuries, which caused loss of
descending cortical drive, which shows how important
experiencing combined supraspinal excitability with sen-
sory input is for promoting spinal plasticity and improving
motor function in incomplete SCI patients.

PES

The PES frequency was found on the primary afferents of
ankle flexor muscles that produce a short burst of firing,
with rates from 100 to 200 Hz at the beginning of the swing
phase during stepping in animals (Prochazka and Gorassini
1998). PES can induce short-term RI plasticity (Perez et al.
2003). The detailed effects of stimulus parameters on RI
plasticity remain largely unknown. Some studies indicate
that peak firing frequencies of Ia inhibitory interneurons
ranged from 50 to 300 Hz during rhythmic activity such
as locomotion and scratching in animals (Feldman and
Orlovsky 1975; Deliagina and Orlovsky 1980; Geertsen
et al. 2011). Understanding the parameters that can best
modify spinal networks is critical for optimizing rehabili-
tation strategies following SCI. Thus, in future studies, we
should investigate more effective stimulus parameters that
produce the largest inhibition and induce plasticity in RI.

The effect of noninvasive brain stimulation
on reciprocal inhibition

Another widely used noninvasive brain stimulation technique
called repetitive transcranial magnetic stimulation (rTMS)
was shown to reduce lower limb spasticity (Kumru et al.
2010), and restore impaired excitability in disynaptic recip-
rocal inhibition in subjects with SCI (Nardone et al. 2014).
These reports support our hypothesis that increasing the
excitability of the primary motor cortex using the modulation
technique, such as anodal tDCS and high frequency rTMS,
will increase descending input from the primary motor cortex
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to spinal inhibitory interneurons, which would then increase
changes in disynaptic reciprocal inhibition and thus, improve
ankle movement in patients with incomplete SCI.

In spite of the fact that rTMS has better spatial and tem-
poral resolution, tDCS has some advantages over rTMS,
such as its safer and easier application, and tDCS can be
easily combined with other therapies (e.g. peripheral nerve
electrical stimulation, or locomotion training), however,
rTMS is difficult to accurately adjust. In particular, the
combination of anodal tDCS and peripheral nerve electrical
stimulation may have great potential for promoting spinal
plasticity and motor recovery to expedite the rehabilitation
process after central nervous system lesions (Celnik et al.
2009; Lindenberg et al. 2012). However, further studies
are still needed to investigate whether the effects of anodal
tDCS combined with PES on spasticity and gait function
may induce more pronounced and beneficial clinical effects.

Clinical application

Together with previous findings about the combined effects
of anodal tDCS and peripheral nerve electrical stimula-
tion on motor recovery after central nervous system inju-
ries (Celnik et al. 2009; Lindenberg et al. 2012), our results
suggest that the combination of anodal tDCS and PES
might be an effective adjuvant therapy for functional recov-
ery of locomotion. For example, it is possible to use this
method in preparation for locomotor training such as tread-
mill walking with partial body weight support and robot-
assisted locomotor training. This means that the spinal
plasticity induced by anodal tDCS combined with PES may
promote the effects of locomotor training on functional
recovery of locomotion in patients with central nervous
system injuries.

Present study, combining anodal tDCS with PES pro-
duced a restrictive effect on spinal plasticity of disynaptic
reciprocal inhibition and long-loop presynaptic inhibition,
suggesting that a single session itself might not be powerful
enough for use in a clinical setting. Recently, daily applica-
tion of tDCS was reported to have long-lasting beneficial
effects on cognitive and motor functions (Lindenberg et al.
2012). These findings raise the possibility that repeated
anodal tDCS combined with PES may have long-term ben-
eficial effects on restoration of the spinal cord and motor
function. In future studies, we would like to assess the
long-term benefits of this technique in improving functional
abnormalities and locomotion in the patient population.

Conclusions

We found that combining anodal tDCS over the primary
motor cortex and PES to the leg increased the magnitude of
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disynaptic reciprocal inhibition and long-loop presynaptic
inhibition, and improved lower extremity motor function in
patients with incomplete SCI. Although the strength of our
conclusion must be tempered by the absence of data regarding
the long-term effects on the restoration of the spinal cord and
motor function, we provide the first evidence that anodal tDCS
combined with PES is effective for improving impaired spinal
modulation and recovery of motor function among patients
with SCI. Therefore, therapy using this combination may be
useful for the neuro-rehabilitation of patients with SCI.
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