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Abstract

Background: Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation technique that has
shown promise for rehabilitation after stroke. Ipsilesional anodal tDCS (a-tDCS) over the motor cortex increases
corticospinal excitability, while contralesional cathodal tDCS (c-tDCS) restores interhemispheric balance, both resulting in
offline improved reaction times of delayed voluntary upper-extremity movements. We aimed to investigate whether tDCS
would also have a beneficial effect on delayed leg motor responses after stroke. In addition, we identified whether
variability in tDCS effects was associated with the level of leg motor function.

Methods: In a cross-over design, 13 people with chronic stroke completed three 15-min sessions of anodal, cathodal and
sham stimulation over the primary motor cortex on separate days in an order balanced across participants. Directly after
stimulation, participants performed a comprehensive set of lower-extremity tasks involving the paretic tibialis anterior (TA):
voluntary ankle-dorsiflexion, gait initiation, and backward balance perturbation. For all tasks, TA onset latencies were
determined. In addition, leg motor function was determined by the Fugl-Meyer Assessment — leg score (FMA-L).
Repeated measures ANOVA was used to reveal tDCS effects on reaction times. Pearson correlation coefficients were used
to establish the relation between tDCS effects and leg motor function.

Results: For all tasks, TA reaction times did not differ across tDCS sessions. For gait initiation and backward
balance perturbation, differences between sham and active stimulation (a-tDCS or ¢-tDCS) did not correlate
with leg motor function. Yet, for ankle dorsiflexion, individual reaction time differences between c-tDCS and
sham were strongly associated with FMA-L, with more severely impaired patients exhibiting slower paretic

reaction times following c-tDCS.

Conclusion: We found no evidence for offline tDCS-induced benefits. Interestingly, we found that c-tDCS may
have unfavorable effects on voluntary control of the paretic leg in severely impaired patients with chronic
stroke. This finding points at potential vicarious control from the unaffected hemisphere to the paretic leg.
The absence of tDCS-induced effects on gait and balance, two functionally relevant tasks, shows that such
motor behavior is inadequately stimulated by currently used tDCS applications.

Trial registration: The study is registered in the Netherlands Trial Register (NL5684; April 13th, 2016).
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Introduction

Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation technique that has shown
promise for improving motor control of the paretic limb
in people with stroke [1-3]. Anodal tDCS (a-tDCS) over
the primary motor cortex (M1) increases corticospinal
excitability, while cathodal tDCS (c-tDCS) reduces corti-
cospinal excitability [4]. In people with stroke, corticosp-
inal excitability in the lesioned hemisphere is often
reduced, and application of a-tDCS over the affected M1
may thus improve its motor output. Indeed, several
studies have shown that offline a-tDCS over the lesioned
hemisphere improves motor output to the upper ex-
tremity in patients with stroke [5].

The reduced excitability of the lesioned hemisphere may
be explained by an imbalance in interhemispheric control
[6, 7], with excessive inhibition from the contralesional
hemisphere limiting motor output of the lesioned hemi-
sphere. Downregulation of the contralesional hemisphere
by ¢-tDCS has been suggested to restore interhemispheric
balance, resulting in improved reaction times of delayed
voluntary upper-extremity movements in patients with
stroke [8]. Beneficial effects of ipsilesional a-tDCS and
contralesional ¢-tDCS have also been demonstrated dur-
ing functional task performance, as shown by improve-
ments in the Action Research Arm Test (ARAT) [1] and
Jebsen—Taylor Hand Function Test [9, 10]. In addition,
recent literature has suggested that c-tDCS would be par-
ticularly beneficial to accelerate reaction times during
wrist flexion of patients with good motor function (ie., a
relative high score on the Fugl-Meyer Assessment — arm
score) [11].

Until now, a limited number of studies have investi-
gated whether these promising results of tDCS also per-
tain to the lower extremity in patients with stroke. Some
studies have shown that a-tDCS over the primary motor
cortex can reduce motor evoked potential (MEP) laten-
cies and increase MEP amplitude in the tibialis anterior
(TA) muscle of healthy participants [12] and people after
stroke [13], whereas c-tDCS over the contralateral M1
had no effects on these MEP parameters [12]. In line
with the reported changes in MEP latencies and ampli-
tudes, knee extensor force improved after a-tDCS in
both healthy participants and people after stroke [14,
15]. Although gains in force production and MEP have
been described, gains in reaction time during voluntary
movement, as observed for the upper extremity, have
not been found [16, 17]. The mixed effects of tDCS on
measures of corticospinal excitability [18, 19] also per-
tain to clinical outcomes measures [3, 20]. These dispar-
ate results call for further research, including concurrent
assessments of measures of corticospinal excitability and
measures of functional task performance involving the
lower extremity. In addition, there is often substantial
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inter-individual variability in tDCS-induced changes in
people with stroke, but it remains to be identified
whether a good response to tDCS in lower-extremity
tasks is related to clinical characteristics, such as the
level of leg motor function.

In the present study, we aimed to determine the offline
effects of a-tDCS over M1 of the lesioned hemisphere,
and cathodal tDCS over contralesional M1 in people in
the chronic phase after stroke, using a comprehensive
set of lower-extremity tasks. Offline tDCS effects were
assessed as it has the potential to be applied as an ad-
junct to physical therapy and is commonly studied in
people after stroke [3, 20]. We assessed reaction times of
TA during voluntary ankle dorsiflexion, gait initiation,
and following backward balance perturbation. In healthy
adults, a previous study from our group showed that a-
tDCS over M1 resulted in accelerated TA reaction times
during ankle dorsiflexion and balance perturbations
(within 30 min post stimulation) [21]. Here, we expected
to find similar speeding up of reaction times in people
with stroke, particularly because the previously reported
delay in paretic TA reaction times in the selected tasks
leaves sufficient room for improvement [22, 23]. We also
aimed to investigate whether the potential beneficial off-
line effects of tDCS would translate into better task per-
formance. Furthermore, we explored whether individual
differences in tDCS effects on TA reaction times and
task performance would be associated with the level of
leg motor function.

Methods

Participants

In this study, thirteen people (62 + 11.6years; one fe-
male) participated who were in the chronic phase (>6
months) after a unilateral supratentorial stroke. Partici-
pants were recruited from local practitioners and patient
associations. Participants had to be able to stand inde-
pendently on bare feet for at least 15 min and take a few
steps without a walking aid, and needed to have (cor-
rected to) normal vision and hearing. We excluded par-
ticipants if they had any other neurological or motor
disorder, had evident cognitive impairment (Mini-Men-
tal State Examination score <24), or used medication
that could influence balance control or cortical excitabil-
ity (e.g. neuroleptics, anti-epileptics and benzodiaze-
pines). For safety reasons regarding tDCS, participants
were also excluded if they had large ferromagnetic metal
parts or active implants in their upper body, have had
brain surgery in the past, had tinnitus, or were pregnant.
In addition, participants were asked to consume their
regular amount of caffeine, not to smoke more than five
cigarettes on the day of the experiment (if any), and not
to take any recreational drugs or alcohol 24 h prior to
the experiment. Approval for the study was obtained by
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the medical ethical committee (CMO) region Arnhem-
Nijmegen and the study was conducted in accordance
with the Declaration of Helsinki. All subjects gave their
written informed consent prior to the experiment.

Study design

Participants visited the lab for one intake session and
three tDCS sessions in a period of 5 weeks. During the
intake session, we conducted a set of clinical assess-
ments to characterize our study population. The Fugl-
Meyer Assessment — leg score (FMA-L) was used to de-
termine motor function (i.e., selective motor control) of
the paretic leg [24]. The Motricity Index was used to de-
termine muscle strength of the paretic leg [25]. Balance
capacity was assessed with the Berg Balance Scale (BBS)
[26]. Vibration sense was measured bilaterally at the
medial malleolus and at the first metatarsophalangeal
joint with a semi-quantitative tuning fork (Rydel Seiffer,
Neurologicals, Poulsbo, Washington [27];). Furthermore,
participants executed the Timed Up and Go test (TUG)
and the 10-m walking test (10MWT). Additionally, we
used this visit to familiarize the participants with the
three experimental tasks to reduce the instruction time
during the tDCS sessions.

Consecutive tDCS sessions were scheduled with one-
week intervals using a cross-over design. In each tDCS
session, participants received a different type of tDCS, i.e.
anodal stimulation over ipsilesional M1, cathodal stimula-
tion over contralesional M1, or sham stimulation. The
order of the different tDCS conditions was balanced
across participants. During sham tDCS, the targeted hemi-
sphere was also balanced across participants. Participants
were informed that they would receive three different
types of tDCS. They were not informed that one tDCS ap-
plication involved sham stimulation before completion of
the last session. Directly after stimulation, participants ex-
ecuted three different movement tasks (as explained
below) that all involve the TA as a prime mover. The tasks
were designed to be completed within 30 min after tDCS
due to the time-limited effects of the stimulation [28, 29].
One participant used an ankle-foot orthosis and two par-
ticipants used an implanted ankle-dorsiflexion functional
electrical stimulation system in daily life; these aids were
not used during the experiment.

tDCS application

Stimulation was applied with the DC-STIMULATOR
PLUS (Neurocom, Illmenau, Germany). Two conductive-
rubber electrodes (5x7cm) placed in saline solution-
soaked sponges were positioned on the area above the pri-
mary motor cortex (C3/C4 of the 10-20 international
electro-encephalogram system) and on the contralateral
supraorbital region. The stimulation current of 2 mA was
applied for 15 min and was ramped up at the start and
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ramped down at the end of the stimulation over a period
of 10 sec. During the sham-session, current was applied
two times (at the start and at the end of the 15 min stimu-
lation time) for only 15 s with a ramp up and down period
of 10 s. This stimulation protocol mimics the skin sensa-
tions as perceived during actual stimulation, but is too
short for actual stimulation effects [28]. During the entire
stimulation period, participants were instructed to keep
an upright stance and not to grasp a table for support.

Experimental tasks

Participants performed three movement tasks: ankle
dorsiflexion (for the paretic and non-paretic leg separ-
ately), gait initiation, and recovering from a backward
balance perturbation. These tasks are described in detail
below. The primary outcome for all tasks was the reac-
tion time, as measured from electromyographic (EMG)
recordings of the TA. Participants performed 12 trials of
each task. In the case of the participant being clearly dis-
tracted or an obvious false start (as observed by the ex-
perimenter), extra trials were added up to a maximum
of two. Prior to receiving tDCS, participants performed a
few practice trials of each task.

Ankle dorsiflexion

Participants sat on a height-adjustable chair in front of
two arrays of light-emitting diodes (LEDs; 11 x 8 c¢cm, 3
cm apart) with hip, knees and ankles at a 90° angle. The
left array served as a warning sign on which participants
needed to prepare the upcoming movement. After a
variable interval (1-3.55s), illumination of the right LED
array was the ‘go’ signal on which the participant had to
perform an ankle-dorsiflexion movement as fast as pos-
sible. The next trial was started by the experimenter as
soon as the participant was ready (at least 2s between
trials). Ankle dorsiflexion movements were evaluated for
both the paretic and the non-paretic leg in separate
blocks. Non-paretic ankle dorsiflexion movements were
measured to differentiate between general arousal effects
and specific lateralized effects of tDCS.

Gait initiation

Participants were standing in front of the LED box at a
distance of 2.9 m. Similar to the procedure for the ankle
dorsiflexion task, they had to start walking as fast as pos-
sible in response to the go-signal by making three steps at
a comfortable pace. They were instructed to lead with
their preferred stepping leg (same leg as used during the
intake session). We chose not to force all participants to
use the same leading leg, because we wanted to keep the
task as ‘natural’ as possible. This decision was not ex-
pected to impact our results, as the TA is activated at
similar latencies in both the stance and the stepping leg
(albeit with different burst amplitudes) [30]. Furthermore,
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participants were instructed to keep their weight distribu-
tion between both legs as natural as possible and not to
move prior to the go-signal, which was checked on-line by
the experimenter based on the vertical ground reaction
force recordings from two force plates (one under each
foot: 60 x 180 cm, AMTI Custom 6 axis composite force
platform, USA). The next trial was started by the experi-
menter as soon as the participant was ready (at least 5s
between trials).

Backward balance perturbation

This task involved recovering from a backward loss of
balance with a feet-in-place strategy (i.e. without taking
a step or grasping handrails for support). Perturbations
were delivered on the Radboud Falls Simulator (240 x
174 cm; BAAT, Enschede, The Netherlands) [31] by
means of an anterior support-surface translation. The
perturbation waveform comprised an acceleration phase
of 300 ms at 0.500 m/s?, followed by a constant velocity
phase of 500 ms, and a deceleration phase of 300 ms. All
participants stood with their feet 4.5 cm apart. For safety
reasons, participants wore a harness attached to the ceil-
ing to prevent actual falling, and a soft ankle brace
(ASO, Medical Specialities, Wadesboro, NC, USA) on
the paretic side to prevent possible ankle sprains due to
the imposed perturbations. Participants received the bal-
ance perturbations with an inter-trial interval varying be-
tween 7 and 10s.

Data collection

Muscle activity was recorded from bilateral tibialis anter-
ior (TA) at 2000 Hz using surface EMG (ZeroWire, Aur-
ion, Italy) and self-adhesive Ag-AgCl electrodes placed
~2cm apart and on the location as recommended by
the SENIAM guidelines [32]. In addition, reflective
markers were placed on the heel and the second meta-
tarsal head for determining step onsets during gait initi-
ation; and on the spinous process of the seventh cervical
vertebra (C7) for recording body sway during balance
perturbations. An additional marker was placed on top
of the moveable platform for measuring actual platform
movements. Marker trajectories were recorded by an 8-
camera 3D motion analysis system (Vicon Motion Sys-
tems, United Kingdom) at a sample rate of 100 Hz.

Data analysis
The EMG signals were band-pass filtered (20-450 Hz,
zero-lag, second order Butterworth filter), rectified and
low-pass filtered at 30 Hz (zero-lag, second order Butter-
worth filter).

TA onset latencies were determined using a semi-
automatic computer algorithm. TA onset was detected
at the instant when muscle activity exceeded baseline ac-
tivation (defined as the mean muscle activity during 500
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ms just prior to the GO-signal +2 SD). Latencies were
visually approved and, if necessary, corrected [33].

Recorded marker trajectories were low-pass filtered at
10Hz (zero lag, second-order Butterworth filter). Step
onset was determined as the instant when the heel or
the toe marker exceeded a movement velocity of 0.2 m/s
in the anterior direction following the GO signal. Max-
imum posterior body excursion was determined from
the C7 marker trajectory, after subtracting the trajectory
of the platform marker. Offline analyses were performed
in Matlab R2014b (The MathWorks, Inc., Natick, Massa-
chusetts, United States). To reduce the potential effect
of outliers on the higher and lower end of the spectrum,
we calculated a truncated mean discarding the two low-
est and two highest values of all outcome measures.

Statistical analyses

To evaluate the effects of tDCS on leg motor output, we
conducted repeated measures ANOVAs of all outcome
measures. Within-subject factors were tDCS (3 levels:
sham vs. anodal vs. cathodal) and leg (2 levels: paretic
vs. non-paretic for ankle dorsiflexion and backward bal-
ance perturbation), and between-subject factor leg (step-
ping vs. standing leg for gait initiation). If Mauchly’s test
of sphericity was violated, degrees of freedom were cor-
rected by using the Greenhouse-Geisser correction.
Tests for normality were run on within-subject differ-
ences between tDCS sessions. This showed that within-
subject differences were normally distributed for all out-
comes, except for the differences in paretic TA and step
onset latencies during gait initiation. As non-parametric
and parametric statistics yielded similar results and the
vast majority of outcomes was normally distributed, we
decided to use parametric statistics for all comparisons
of interest. To test whether the individual effects of
tDCS were associated with the individual degree of leg
motor function, Pearson correlation coefficients were
determined between the FMA-L scores and the changes
(cf. sham stimulation) in each outcome measure follow-
ing a-tDCS and c-tDCS. The alpha level was set at 0.05.
All statistical analyses were performed in IBM SPSS 22
(SPSS, Inc., Chicago, IL, USA).

Results

Participants’ demographics and clinical characteristics
are presented in Table 1. All participants completed the
full study protocol. For one participant, paretic TA onset
latencies (stance leg) could not reliably be detected dur-
ing gait initiation, leaving twelve participants for analysis
of TA reaction times during gait initiation. All partici-
pants reported that they could sense the actual stimula-
tion during all tDCS sessions (including sham). They
reported to feel tingling, stabbing or burning sensations
with a very subtle to moderate intensity, none of which
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Table 1 Participants’ demographics and clinical characteristics

Age (years) 62 (11.6)
Height (cm) 1752 (7.8)
Weight (kg) 79.0 (13.7)
BMI 257 (39)
Gender (M/F) 12/1
Time post stroke (years) 9.2 (6.3)
Paretic side (left/right) 6/7
Type of stroke (ischemic / hemorrhagic) 9/4
Berg Balance Scale [56] 54 (2.0)
FMA-L [34] 24 (6.9)
Motricity Index [33]
Ankle dorsiflexion 19 (10.7)
Knee extension 26 (4.1)
Hip flexion 27 (4.5)
Vibration Sense [8]
MTP-1 paretic 55(1.2)
MTP-1 non-paretic 57 (1.1)
Medial malleolus paretic 48 (2.2)
Medial malleolus non-paretic 5.0 (2.0)
TUG () 135(77)
TOMWT (s) 104 (3.5)

Data are presented as ‘mean (standard deviation)’ or number of participants.
Maximal scores of clinical assessments are presented between square brackets.
BMI body mass index, FMA-L Fugl-Meyer Assessment — leg score, MTP-T first
metatarsophalangeal joint, TUG Timed Up and Go test, TOMWT 10-m

walking test
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led to discontinuation of the applied stimulation. The
participants did not report any adverse events following
the tDCS sessions. After having completed the three
tDCS sessions, participants were informed that the
protocol involved one sham session. All participants re-
ported to have been unaware of any of the sessions in-
volving sham stimulation.

Effects of tDCS on TA onset latencies

Figure la shows average TA onset latencies for each
tDCS condition during ankle dorsiflexion. Onset la-
tencies were not accelerated by either a-tDCS (215 +
52ms) or c-tDCS (209 + 70 ms) compared to sham
(198 + 48 ms; tDCS: F; 24 =3.099, p =0.063), which was
true for both the (stimulated) paretic leg and the
(non-stimulated) non-paretic leg (¢DCS x leg: Fpo4=
0.153, p=0.859). Paretic TA onsets were on average
38 ms slower than non-paretic onsets, which differ-
ence was borderline significant (leg: F; 1, =4.620, p =
0.053). Similarly, following balance perturbations par-
etic and non-paretic TA onset latencies were not in-
fluenced by tDCS (a-tDCS: 197 £36ms; c-tDCS:
196 £ 37 ms; sham: 199+ 37 ms; tDCS: Fj,4=1.629,
p=0217; tDCS x leg: Fi399,16792=1.071, p=0.358;
Fig. 1b). Yet, paretic TA onset latencies were signifi-
cantly delayed by 35ms compared to those of the
non-paretic leg (leg: Fy1,=5.997, p=0.031). During
gait initiation tDCS did not influence paretic TA on-
set latencies either (a-tDCS: 213 +43ms; c-tDCS:
217 53 ms; sham: 209 +52ms; tDCS: F,,0=0.310,
p=0.737; Fig. 1c), regardless of whether the paretic
or non-paretic leg was used as the leading leg (¢:DCS
x leg: Fy00=0.052, p=0.949; leg: F;10=0.006, p=
0.940).

a Ankle dorsiflexion b Balance perturbations c Gait initiation
’g ® paretic ® paretic ® paretic step leg
= © non paretic o i o tic st: |
~ 240 p \ 240}° non paretic 240 |° Paretic stance leg
c
i SRS U FTRE
e 200 + {7 200 ]. 200
g } S T
<
= 160 160 160
sham anodal cathodal sham anodal cathodal e sham anodal cathodal
1 —
_ 00 . g 600
c — NG
g 5
§2 £ 550 *
% £ 80 %
f:’ o § 500
£ 8
60 » 450
sham anodal cathodal sham anodal cathodal
Fig. 1 Group average onset latencies (+ SE) for the paretic tibialis anterior (TA) for each tDCS session (sham, anodal and cathodal tDCS) for (a)
ankle dorsiflexion, (b) backward balance perturbation and (c) gait initiation. Panel d shows C7 displacement (+ SE) following balance perturbation
for each tDCS session. Panel e displays step onset latencies (+ SE) during gait initiation for each session. *Indicates a significant main effect of leg.
+Indicates significant differences between tDCS sessions
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Effects of tDCS on body sway and step onset

Following balance perturbations, a small but significant
difference between tDCS conditions was found for C7
displacements (tDCS: F,,4=4.216, p=0.027; Fig. 1d).
Post-hoc t-tests showed that C7 displacement was slightly
larger (4 mm) after a-tDCS compared to sham (tj»=-
2.684, p =0.020) and c-tDCS (t;5 =2.250, p = 0.044). The
C7 displacement was not different between c-tDCS and
sham stimulation (t;, = - 0.048, p = 0.963). During gait ini-
tiation, neither a-tDCS nor c-tDCS had a significant effect
on step onset latencies, regardless of whether the paretic
or the non-paretic leg was used as the stepping leg (a-
tDCS: 548 £ 108 ms; c-tDCS: 518 + 112 ms; sham: 537 +
130 ms; tDCS: F, 5, =3.078, p =0.066; tDCS x leg: Fy00 =
0.902, p = 0.420; leg: F; 11 = 4.328, p = 0.062; Fig. 1e).

Association between tDCS effects and leg motor function
We determined Pearson correlation coefficients between
individual effects of tDCS (cf. sham stimulation) and
EMA-L scores. For all tasks, we did not observe signifi-
cant correlations between FMA-L scores and individual
effects of a-tDCS on TA onsets, C7 displacements or
step onsets (r, =—0.173 — 0.320). In contrast, the indi-
vidual effects of c-tDCS on TA reaction times for volun-
tary paretic ankle dorsiflexion were strongly associated
with FMA-L scores (r, =0.790, p = 0.001; Fig. 2a), with
more detrimental effects of c-tDCS in patients with
poorer leg motor function. Yet, similar associations be-
tween FMA-L scores and c-tDCS effects on TA reaction
times (Fig. 2b-c), C7 displacements or step onsets were
not observed in the gait initiation or backward balance
perturbation task (r, = - 0.538 — 0.258).

Mirror activity during ankle dorsiflexion of the paretic leg
Interestingly, during ankle dorsiflexion of the paretic leg,
we observed overt mirror movements of the non-paretic
leg in several participants. Therefore, we performed an
additional analysis on mirror-EMG (mEMG) activity in
the non-instructed leg during ankle dorsiflexion of the
other leg. The level of mEMG activity was calculated as
the change in amplitude of rectified EMG from baseline
(last 500 ms before TA onset) during the first 100 ms
post TA onset of the instructed leg. During ankle dorsi-
flexion of the paretic leg following sham stimulation, we
observed >50% mEMG above baseline in the non-
paretic leg of 11/13 participants. Conversely, this was
observed in the paretic leg of only 4/13 participants dur-
ing non-paretic ankle dorsiflexion movements. In
addition, the level of mEMG activity during paretic ankle
movements was significantly higher compared to the
mEMG activity during non-paretic leg movements
(268% + 334%; ti, =2.884, p=0.014; Fig. 3a). Overall,
tDCS did not influence mEMG activity. Yet, following c-
tDCS, the individual differences in paretic TA onset
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defined as TA onset latency after sham-tDCS minus TA onset latency
after c-tDCS. Thus, an effect of > 0 indicates faster onset latencies
after c-tDCS

latencies (cf. sham) showed a strong negative correl-
ation with the individual differences in mEMG laten-
cies (cf. sham) in the non-paretic TA (r,=-0.753,
p =0.003; Fig. 3b).

Discussion

This study explored whether ipsilesional a-tDCS and/or
contralesional c-tDCS may facilitate lower extremity
movements in people in the chronic phase after a supra-
tentorial stroke. We studied the effects of offline tDCS
on muscle onset latencies in tibialis anterior (TA) as a
measure of corticospinal excitability [18, 34] and we
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used a comprehensive set of tasks that are known to in-
volve early TA recruitment. Overall, we failed to demon-
strate significant effects of either a-tDCS or ¢-tDCS on
TA reaction times in any of the tasks. At the individual
level, effects of a-tDCS on the paretic leg were not corre-
lated with leg motor function (i.e. Fugl-Meyer Assess-
ment — leg score). In contrast, we observed a strong
correlation between leg motor function and individual
effects of c-tDCS over contralesional M1 on TA reaction
times on the paretic side during voluntary ankle dorsi-
flexion. We found modest positive effects of c-tDCS in
people with good leg motor function and detrimental ef-
fects in people who had poor leg motor function after
stroke. Remarkably, no such associations were observed
for the other tasks.

In contrast to our hypotheses and to previous findings
in healthy adults [21, 35], we found no beneficial effects
of a-tDCS over the lesioned hemisphere on paretic TA
reaction times during a voluntary ankle dorsiflexion task
in a group of participants in the chronic phase after
stroke. This observation adds to the rather mixed find-
ings reported in the stroke literature, with some studies
reporting positive effects of a-tDCS on lower-extremity
motor output [13, 14], and other studies demonstrating
a lack of such effects [36, 37]. The present study adds to
the existing literature by demonstrating that c-tDCS
over the contralesional M1 - as a different tDCS applica-
tion that may indirectly facilitate corticospinal excitabil-
ity in the stroke-affected hemisphere — did not yield
faster TA reaction times in the paretic leg either.

The individual differences that we observed between
active tDCS and sham stimulation in our stroke partici-
pants were more variable than those observed in our
previous study in healthy young individuals (SD =30 ms
vs. 10 ms in Nonnekes et al., [21]), which is a common
observation in tDCS studies in the stroke population.

The degree of damage to the stimulated area (primary
motor cortex) may explain some of the variability in a-
tDCS effects, as a previous study found greater a-tDCS
effects (as measured from MEPs in paretic first dorsal
interosseous) in patients with higher integrity of the
(pre)motor cortical network [38]. Similarly, beneficial a-
tDCS effects might be expected in patients with better
leg motor function (ie. higher FMA-L scores), but we
did not observe such an association. Yet, we did find a
strong correlation between the individual effects of c-
tDCS on paretic TA reaction times during ankle dorsi-
flexion and FMA-L scores. The latter finding is in agree-
ment with the results of O’Shea and colleagues [11],
who found a similar association when assessing c-tDCS
effects on reaction times of paretic hand movements as
the primary behavioral outcome. In line with their find-
ings for upper-extremity movements, we found that only
participants with good leg motor function (FMA-L
scores >27) experienced modest gains in TA reaction
times during ankle dorsiflexion (16 ms on average) fol-
lowing c-tDCS. Such beneficial effects of c-tDCS may in-
deed be expected based on the interhemispheric
inhibition hypothesis [7], which predicts that downregu-
lation of contralesional motor cortical areas leads to
gains in motor output from the lesioned side.

In our participants with poor leg motor function, how-
ever, the observed detrimental effects of c-tDCS on TA
reaction times during ankle dorsiflexion are not in
agreement with this hypothesis. Instead, these results
may point at this group of patients using their un-
affected hemisphere as a ‘back-up’ system for generating
motor output to their paretic leg, with c-tDCS downreg-
ulating this suggested vicarious activation of the con-
tralesional hemisphere [39]. An additional finding from
our study supports this suggestion. In the non-paretic
TA, we observed substantial mirror activity during
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paretic ankle dorsiflexion movements, which is believed
to be caused by the contralesional hemisphere trying to
contribute to the recruitment of paretic muscle activity
but in parallel activates the non-paretic side [39]. As
such, downregulation of vicariation from the contrale-
sional hemisphere by c-tDCS would be expected to re-
sult in reductions in TA mirror activity, particularly in
those patients who demonstrated delayed TA reaction
times following c-tDCS during paretic ankle dorsiflexion
movements, which is indeed what we observed (see Fig.
3b). Together, our results suggest that c-tDCS over the
contralesional M1 may reduce the compensatory recruit-
ment of the contralesional hemisphere in moderately to
severely affected stroke patients, thus having a detrimen-
tal effect on voluntary motor control of the paretic leg.
Possible beneficial effects of c-tDCS appear to be re-
stricted to people with good leg motor function after
stroke, who have sufficient ‘structural reserve’ of the le-
sioned hemisphere [39].

For the backward balance perturbation and gait initi-
ation tasks in our experimental protocol, we neither
found any tDCS effects on TA onset latencies at the
group level, nor did we observe any association of indi-
vidual effects with leg motor function. The finding of ab-
sent a-tDCS effects on perturbation-induced responses
in TA is not in line with our previous study in healthy
young participants, in which we used the same stimula-
tion protocol and experimental setup. In that study, we
showed a-tDCS to speed up TA onset latencies, albeit
only by 7 ms [21]. Several factors, like brain morphology
[40] and hormones [41], are suggested to influence the
effect of tDCS. Yet, we currently lack good predictors of
‘responders’ vs ‘non-responders’ to tDCS [42]. We are
unaware whether these factors may have altered a-tDCS-
induced effects differently between our previous and the
current study, and may have led to a lack of replication
of our previous results. However, similar discrepancies
in tDCS effects between people after a stroke and
healthy adults have been reported by van Asseldonk and
Boonstra, with tDCS resulting in enhanced propulsion
during gait in healthy adults, but not in people with
stroke [43]. It has been shown that the presence of an is-
chemic stroke lesion alters the distribution and the max-
imum value of the electric field induced by tDCS
application [44, 45], which may explain the disparate re-
sults between healthy persons and people after stroke.
Although a-tDCS has been shown to increase MEPs of
paretic lower extremity muscles during walking [46], in-
creased corticospinal excitability may not directly trans-
late into gains in balance- and gait-related motor output,
because these behaviors are primarily mediated by sub-
cortical pathways [47, 48]. This may also explain why we
did not find significant correlations between individual
tDCS effects and FMA-L scores.
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The lack of beneficial tDCS effects also pertained to
the performance-based outcomes (body sway and step
initiation time), which findings are in line with other
studies that failed to demonstrate such effects of a single
tDCS session on balance [49] and gait performance [37,
43] in people after stroke. Although we observed a sig-
nificant increase in body sway following backward bal-
ance perturbations in the a-tDCS condition, the
difference in C7 excursion compared to the sham condi-
tion was a mere 4 mm, which we consider to be of no
clinical relevance.

A limitation of our study was the relatively small num-
ber of stroke participants (n = 13), which resulted in low
statistical power (< 0.54 for effects of tDCS on onset la-
tencies) and implies a risk of type II error (i.e. false-
negative outcome). It must be mentioned, though, that
across tasks and type of tDCS stimulation, TA reaction
times were (non-significantly) delayed by a mean of 5 ms
in the active tDCS conditions compared to sham stimu-
lation. It is, therefore, highly unlikely that a lack of
power could explain the absence of significant beneficial
tDCS effects in our stroke participants.

Conclusions

The present findings, albeit obtained from a small
group of participants, do not support the use of a
single-session of tDCS (at 2mA with a commonly-
used electrode montage over either MI1) in the
chronic phase after a unilateral supratentorial stroke
for improving offline balance and gait performance.
However, this notion does not preclude a possible
therapeutic potential of repeated tDCS sessions as an
adjunct to balance or gait training but, thus far, stud-
ies on such repeated tDCS applications have shown
inconsistent results [3, 20]. Future studies may focus
on the question whether different tDCS montages
(e.g. stimulation intensity and electrode location)
based on personalized models (derived from structural
MRI scans) that take into account individual lesion
characteristics and maximize current density in the
brain areas of interest [45] yield more consistent ef-
fects. Such studies are needed to address the question
whether tDCS does or does not have any added value
to the current rehabilitation treatment for improving
balance and gait after stroke.

Abbreviations

TOMWT: 10-m walking test; ARAT: Action Research Arm Test; a-tDCS: anodal
transcranial direct current stimulation; BBS: Berg Balance Scale; C7: seventh
cervical vertebra; c-tDCS: cathodal transcranial direct current stimulation;
EMG: Electromyography; FMA-L: Fugl-Meyer Assessment - leg score;

LED: Light-emitting diode; M1: Primary motor cortex; m-EMG: Mirror-
electromyography; MEP: Motor evoked potential; MRI: Magnetic Resonance
Imaging; TA: Tibialis anterior; tDCS: transcranial direct current stimulation;
TUG: Timed Up and Go test



Coppens et al. Journal of NeuroEngineering and Rehabilitation

Acknowledgements
We thank Pauline Hermans for assistance during patient data collection. We
thank Geert van Bon for technical assistance.

Authors’ contributions

MG, IN, AG and VW were involved in the design of the study. MC performed
patient data collection. MC, WS and VW performed data analyses. All authors
were involved in data interpretation. All authors read and approved the final
manuscript.

Funding

This research was funded by a Radboud university medical center Junior
Researcher Grant, and Netherlands Organization for Scientific Research Vidi
Research Grant to Vivian Weerdesteyn (91717369).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on request.

Ethics approval and consent to participate

Approval for the study was obtained from the medical ethical committee
(CMO) region Arnhem-Nijmegen (NL 51735.091.15). All subjects gave their
written informed consent prior to the experiment.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 June 2019 Accepted: 2 October 2019
Published online: 07 November 2019

References

1. Allman C, Amadi U, Winkler AM, Wilkins L, Filippini N, Kischka U, et al.
Ipsilesional anodal tDCS enhances the functional benefits of rehabilitation in
patients after stroke. Sci Transl Med. 2016;8(330):330re].

2. Andrade SM, Ferreira JJA, Rufino TS, Medeiros G, Brito JD, da Silva MA, et al.
Effects of different montages of transcranial direct current stimulation on
the risk of falls and lower limb function after stroke. Neurol Res. 2017;39(12):
1037-43.

3. Ghosh S. Improvement of gait and balance by non-invasive brain
stimulation: its use in rehabilitation. Expert Rev Neurother. 2019;19(2):
133-44.

4. Nitsche MA, Paulus W. Excitability changes induced in the human motor
cortex by weak transcranial direct current stimulation. J Physiol. 2000;527(Pt
3):633-9.

5. Ludemann-Podubecka J, Bosl K, Rothhardt S, Verheyden G, Nowak DA.
Transcranial direct current stimulation for motor recovery of upper limb
function after stroke. Neurosci Biobehav Rev. 2014;47:245-59.

6.  Di Lazzaro V, Oliviero A, Profice P, Insola A, Mazzone P, Tonali P, et al. Direct
demonstration of interhemispheric inhibition of the human motor cortex
produced by transcranial magnetic stimulation. Exp Brain Res. 1999;124(4):
520-4.

7. Murase N, Dugue J, Mazzocchio R, Cohen LG. Influence of interhemispheric
interactions on motor function in chronic stroke. Ann Neurol. 2004;55(3):
400-9.

8. Stagg CJ, Bachtiar V, O'Shea J, Allman C, Bosnell RA, Kischka U, et al. Cortical
activation changes underlying stimulation-induced behavioural gains in
chronic stroke. Brain. 2012;135(Pt 1):276-84.

9. Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC, et al.
Transcranial direct current stimulation of the unaffected hemisphere in
stroke patients. Neuroreport. 2005;16(14):1551-5.

10.  Boggio PS, Nunes A, Rigonatti SP, Nitsche MA, Pascual-Leone A, Fregni F.
Repeated sessions of noninvasive brain DC stimulation is associated with
motor function improvement in stroke patients. Restor Neurol Neurosci.
2007;25(2):123-9.

11. O'Shea J, Boudrias MH, Stagg CJ, Bachtiar V, Kischka U, Blicher JU, et al.
Predicting behavioural response to TDCS in chronic motor stroke.
Neuroimage. 2014;85(Pt 3):924-33.

(2019) 16:136

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Page 9 of 10

Jeffery DT, Norton JA, Roy FD, Gorassini MA. Effects of transcranial direct
current stimulation on the excitability of the leg motor cortex. Exp Brain
Res. 2007;182(2):281-7.

Chang MC, Kim DY, Park DH. Enhancement of cortical excitability and lower
limb motor function in patients with stroke by Transcranial direct current
stimulation. Brain Stimul. 2015;8(3):561-6.

Tanaka S, Takeda K, Otaka Y, Kita K, Osu R, Honda M, et al. Single session of
transcranial direct current stimulation transiently increases knee extensor
force in patients with hemiparetic stroke. Neurorehabil Neural Repair. 2011;
25(6):565-9.

Sohn MK, Jee SJ, Kim YW. Effect of transcranial direct current stimulation on
postural stability and lower extremity strength in hemiplegic stroke patients.
Ann Rehabil Med. 2013;37(6):759-65.

Tanaka S, Hanakawa T, Honda M, Watanabe K. Enhancement of pinch force
in the lower leg by anodal transcranial direct current stimulation. Exp Brain
Res. 2009;196(3):459-65.

Seidel O, Ragert P. Effects of Transcranial direct current stimulation of primary
motor cortex on reaction time and tapping performance: a comparison
between athletes and non-athletes. Front Hum Neurosci. 2019;13:103.
Greenhouse |, King M, Noah S, Maddock RJ, Ivry RB. Individual differences in
resting Corticospinal excitability are correlated with reaction time and GABA
content in motor cortex. J Neurosci. 2017;37(10):2686-96.

Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Canete C, Catala MD.
Study and modulation of human cortical excitability with transcranial
magnetic stimulation. J Clin Neurophysiol. 1998;15(4):333-43.

Li'Y, Fan J, Yang J, He C, Li S. Effects of transcranial direct current
stimulation on walking ability after stroke: a systematic review and meta-
analysis. Restor Neurol Neurosci. 2018;36(1):59-71.

Nonnekes J, Arrogi A, Munneke MA, van Asseldonk EH, Oude Nijhuis LB,
Geurts AG, et al. Subcortical structures in humans can be facilitated by
transcranial direct current stimulation. PLoS One. 2014:9(9):e107731.
Marigold DS, Eng JJ. Altered timing of postural reflexes contributes to falling
in persons with chronic stroke. Exp Brain Res. 2006;171(4):459-68.

de Kam D, Roelofs JMB, Bruijnes A, Geurts ACH, Weerdesteyn V. The next
step in understanding impaired reactive balance control in people with
stroke: the role of defective early automatic postural responses.
Neurorehabil Neural Repair. 2017;31(8):708-16.

Fugl-Meyer AR, Jaasko L, Leyman |, Olsson S, Steglind S. The post-stroke
hemiplegic patient. 1. A method for evaluation of physical performance.
Scand J Rehabil Med. 1975;7(1):13-31.

Demeurisse G, Demol O, Robaye E. Motor evaluation in vascular hemiplegia.
Eur Neurol. 1980;19(6):382-9.

Berg K, Wood-Dauphinee S, Williams J, Gayton D. Measuring balance in the
elderly: preliminary development of an instrument. Physiother Can. 1989;
41(6):304-11.

Pestronk A, Florence J, Levine T, Al-Lozi MT, Lopate G, Miller T, et al. Sensory
exam with a quantitative tuning fork: rapid, sensitive and predictive of SNAP
amplitude. Neurology. 2004;62(3):461-4.

Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al.
Transcranial direct current stimulation: state of the art 2008. Brain Stimul.
2008;1(3):206-23.

Goh HT, Chan HY, Abdul-Latif L. Aftereffects of 2 noninvasive brain
stimulation techniques on corticospinal excitability in persons with chronic
stroke: a pilot study. J Neurol Phys Ther. 2015;39(1):15-22.

Honeine JL, Schieppati M, Crisafulli O, Do MC. The Neuro-mechanical
processes that underlie goal-directed Medio-lateral APA during gait
initiation. Front Hum Neurosci. 2016;10:445.

Nonnekes J, de Kam D, Geurts ACH, Weerdesteyn V, Bloem BR. Unraveling
the mechanisms underlying postural instability in Parkinson's disease using
dynamic posturography. Expert Rev Neurother. 2013;13(12):1303-8.
Hermens HJ, Freriks B, Merletti R, Stegeman D, Blok J, Rau G, et al. European
recommendations for surface electromyography. Roessingh Res Dev. 1999;
8(2):13-54.

Nonnekes J, de Niet M, Oude Nijhuis LB, de Bot ST, van de Warrenburg BP,
Bloem BR, et al. Mechanisms of postural instability in hereditary spastic
paraplegia. J Neurol. 2013;260(9):2387-95.

Pascual-Leone A, Valls-Sole J, Brasil-Neto JP, Cohen LG, Hallett M. Akinesia in
Parkinson's disease. I. Shortening of simple reaction time with focal, single-
pulse transcranial magnetic stimulation. Neurology. 1994;44(5):884-91.
Devanathan D, Madhavan S. Effects of anodal tDCS of the lower limb M1
on ankle reaction time in young adults. Exp Brain Res. 2016;234(2):377-85.



Coppens et al. Journal of NeuroEngineering and Rehabilitation

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Montenegro RA, Midgley A, Massaferri R, Bernardes W, Okano AH, Farinatti
P. Bihemispheric motor cortex Transcranial direct current stimulation

improves force steadiness in post-stroke Hemiparetic patients: a randomized

crossover controlled trial. Front Hum Neurosci. 2016;10:426.

Kindred JH, Kautz SA, Wonsetler EC, Bowden MG. Single sessions of high-
definition Transcranial direct current stimulation Do not Alter lower
extremity biomechanical or Corticomotor response variables post-stroke.
Front Neurosci. 2019;13:286.

Hordacre B, Moezzi B, Ridding MC. Neuroplasticity and network connectivity

of the motor cortex following stroke: a transcranial direct current
stimulation study. Hum Brain Mapp. 2018;39(8):3326-39.

Di Pino G, Pellegrino G, Assenza G, Capone F, Ferreri F, Formica D, et al.
Modulation of brain plasticity in stroke: a novel model for
neurorehabilitation. Nat Rev Neurol. 2014;10(10):597-608.

Sadleir RJ, Vannorsdall TD, Schretlen DJ, Gordon B. Transcranial direct current
stimulation (tDCS) in a realistic head model. Neuroimage. 2010;51(4):1310-8.
Lee S, Chung SW, Rogasch NC, Thomson CJ, Worsley RN, Kulkarni J, et al.
The influence of endogenous estrogen on transcranial direct current
stimulation: a preliminary study. Eur J Neurosci. 2018;48(4):2001-12.
Lopez-Alonso V, Cheeran B, Rio-Rodriguez D, Fernandez-Del-Olmo M. Inter-
individual variability in response to non-invasive brain stimulation
paradigms. Brain Stimul. 2014;7(3):372-80.

van Asseldonk EH, Boonstra TA. Transcranial direct current stimulation of
the leg motor cortex enhances coordinated motor output during walking
with a large inter-individual variability. Brain Stimul. 2016;9(2):182-90.
Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn M, Pascual-Leone A.
Transcranial direct current stimulation: a computer-based human model
study. Neuroimage. 2007;35(3):1113-24.

Manoli Z, Parazzini M, Ravazzani P, Samaras T. The electric field distributions
in anatomical head models during transcranial direct current stimulation for
post-stroke rehabilitation. Med Phys. 2017;44(1):262-71.

Jayaram G, Stinear JW. The effects of transcranial stimulation on paretic
lower limb motor excitability during walking. J Clin Neurophysiol. 2009;
26(4):272-9.

Jahn K, Deutschlander A, Stephan T, Strupp M, Wiesmann M, Brandt T. Brain
activation patterns during imagined stance and locomotion in functional
magnetic resonance imaging. Neuroimage. 2004;22(4):1722-31.

Jacobs JV, Horak FB. Cortical control of postural responses. J Neural Transm
(Vienna). 2007;114(10):1339-48.

Fruhauf AMA, Politti F, Dal Corso S, Costa GC, Teodosio ADC, Silva SM, et al.
Immediate effect of transcranial direct current stimulation combined with
functional electrical stimulation on activity of the tibialis anterior muscle
and balance of individuals with hemiparesis stemming from a stroke. J Phys
Ther Sci. 2017;29(12):2138-46.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

(2019) 16:136

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Introduction
	Methods
	Participants
	Study design
	tDCS application
	Experimental tasks
	Ankle dorsiflexion
	Gait initiation
	Backward balance perturbation

	Data collection
	Data analysis
	Statistical analyses

	Results
	Effects of tDCS on TA onset latencies
	Effects of tDCS on body sway and step onset
	Association between tDCS effects and leg motor function
	Mirror activity during ankle dorsiflexion of the paretic leg

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

