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Postural stability is commonly decreased in individuals with chronic post-stroke
hemiparesis due to multisystemic deficits. Transcranial direct current stimulation (tDCS)
is a non-invasive method to modulate cortical excitability, inducing neuroplastic changes
to the targeted cortical areas and has been suggested to potentially improve motor
functions in individuals with neurological impairments. The purpose of this double-
blinded, sham-controlled study was to examine the acute effects of anodal tDCS over
the lesioned motor cortex leg area with concurrent limits of stability training on postural
control in individuals with chronic post-stroke hemiparesis. Ten individuals with chronic
post-stroke hemiparesis received either anodal or sham tDCS stimulation over the
lesioned leg region of the motor cortex while undergoing 20 min of postural training. The
type of stimulation to receive during the first session was pseudorandomized, and the
two sessions were separated by 14 days. Before and immediately after 20 min of tDCS,
the 10 m walk test, the Berg Balance Scale, and dynamic posturography assessments
were performed. After a single session of anodal tDCS with concurrent postural training,
we observed no changes in clinical measures of balance and walking, assessed using
the Berg Balance Scale and 10 m walk test. For dynamic posturography assessments,
participants demonstrated improvements in adaptation responses to toes-up and toes-
down perturbations, regardless of the type of tDCS received. Additionally, improved
performance in the shifting center of gravity was observed during anodal tDCS. Taken
together, these preliminary findings suggest that tDCS can potentially be used as
a feasible approach be incorporated into the rehabilitation of chronic post-stroke
individuals with issues related to postural control and fear of falling, and that multiple
sessions of tDCS stimulation may be needed to improve functional measures of postural
control and walking.

Keywords: transcranial direct current stimulation, post-stroke hemiparesis, postural control, dynamic
posturography, center of gravity, fear of falling
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INTRODUCTION

Individuals with post-stroke hemiparesis are at higher risks for
falls, which can be debilitating, negatively impacts the quality
of life, and poses a significant burden on health care costs
(Sattin, 1992). Falls can involve multiple factors, including-
individual related intrinsic factors, environment-related extrinsic
factors, and activity-related behavioral factors (Tinetti et al.,
1988; Nevitt et al., 1989). Postural instability has been identified
as a major intrinsic risk factor for falls (Tinetti et al., 1988;
Shumway-Cook et al., 1997). Previous evidence demonstrated
the involvement of the leg motor area in postural tasks, static
standing, responding to perturbations greater than postural sway
during static standing, and locomotion (Beck et al., 2007; Tokuno
et al., 2009). Furthermore, functional asymmetry exists between
two motor areas in the selection of appropriate postural strategies
(Cioncoloni et al., 2016). After lesions to the cortex, such as in
a stroke, postural stability is commonly decreased as a result of
deficits in the sensory, musculoskeletal, perceptual, and cognitive
systems (Duncan, 1994).

Transcranial direct current stimulation (tDCS) is a non-
invasive method that can be used to modulate cortical
excitability by applying a direct weak electric current to
the brain (Nitsche and Paulus, 2000). The modulatory effect
depends on the positioning and polarity of the electrodes
on the scalp; anodal stimulation results in increased cortical
excitability, and cathodal stimulation results in decreased
cortical excitability (Nitsche et al., 2005, 2007). This type of
non-invasive brain stimulation is relatively inexpensive when
compared with repetitive transcranial magnetic stimulation and
epidural stimulation, and thus widely used in studies examining
neuromodulation (Nitsche and Paulus, 2011). Due to its close
distance from the skull surface and small variability in orientation
inter-individually, studies on the effects of tDCS delivered to
the upper limb area of the primary motor cortex to modulate
cortical excitability (Nitsche and Paulus, 2000; Edwards et al.,
2009) and upper limb functions (Hummel et al., 2005, 2010) have
been extensively reported. With respect to the lower extremities,
because the leg motor area is located deeper and oriented more
vertically relative to the skull, less literature is reported compared
with that in the upper extremities. Anodal tDCS when applied to
the leg areas of the primary motor cortex has been reported to
result in increased excitability of the non-impaired corticospinal
tracts of the tibialis anterior muscles as assessed using motor-
evoked potentials (Jeffery et al., 2007), increased toe pinch force
output in the non-neurologically impaired (Tanaka et al., 2009),
and improved paretic knee extensor strength in individuals
chronically post-stroke (Tanaka et al., 2011). With respect to
balance and postural control, positive effects have been reported
with low-frequency repetitive transcranial magnetic stimulation
to improve static postural stability post-stroke (Forogh et al.,
2017) but not with intermittent theta-burst stimulation (Lin et al.,
2019), and epidural stimulation has been shown to improve
static standing balance in individuals with chronic spinal cord
injuries (Rejc et al., 2015). Furthermore, other non-invasive
methods of neuromodulation, such as prismatic adaptation,
have been shown to activate compensatory postural adjustments

to achieve improved body stability in the non-neurologically
impaired (Bonaventura et al., 2020). Few studies, however, have
investigated the effects of tDCS delivered to the leg motor area
on balance and postural control in non-neurologically impaired
individuals (Craig and Doumas, 2017; Yosephi et al., 2018; Xiao
et al., 2020) and even more limited in individuals post-stroke
(Sohn et al., 2013).

The primary purpose of this study was to examine the
immediate effects of anodal tDCS over the lesioned motor cortex
in combination with limits of stability training on postural
control in individuals with chronic post-stroke hemiparesis. We
hypothesized that after 20 min of anodal tDCS stimulation over
the lesioned leg motor area with concurrent limits of stability
training, individuals with chronic post-stroke hemiparesis would
show improvements in gait and balance, assessed using the 10
m walk test, Berg Balance Scale, and functional reach test, and
postural control, assessed using dynamic posturography.

MATERIALS AND METHODS

Participants
Ten individuals (age ± SD = 58.96 ± 9.56 years; four females
and six males) who had sustained a single cortical or subcortical
stroke at least 6 months before the study, and were able to
walk independently without assistive devices, were recruited
in this study (see Table 1 for participant characteristics).
Participants were recruited via word of mouth and advertising
flyers from stroke support groups in the local community.
Exclusion criteria included a history of seizures, metallic
implants, central nervous system lesions other than the stroke,
and any orthopedic conditions in the lower extremities at
the time of recruitment. A safety screening questionnaire was
administered before recruitment to ensure safety (Charalambous
et al., 2019). Before participation, each participant received
written and verbal information about the experiment procedures
before signing the informed consent. The Institutional Review
Board at the University of Nevada, Las Vegas, approved the
protocol (protocol #:1330419).

TABLE 1 | Participant characteristics (N = 10).

Participant
ID

Paretic limb
(L/R)

Time post-stroke
(years)

LE Fugl-Meyer motor
function score (/34)

01 L 7.55 18

02 L 19.09 21

03 R 1.98 19

04 R 4.10 21

05 R 3.38 32

06 R 2.32 24

07 R 3.84 26

08 L 10.00 30

09 R 6.42 32

10 L 5.67 29

Mean 4L/6R 6.43 25.20

SD 5.09 5.35
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Procedures
This was a double-blinded, sham-controlled, crossover study.
Each participant attended two sessions separated by at least
14 days. For each session, the participant received either anodal
or sham stimulation over the leg area of the lesioned motor
cortex. The type of stimulation to be received was randomized in
session one for participant 1 using a coin toss. After randomizing
the stimulation type for the first participant, each participant
after that received the other type of stimulation that was not
administered in the first session of the previous participant.
In their second session, participants received the other type
of stimulation that was not administered in their first session.
Throughout the study, the same researcher was responsible for
administering tDCS stimulation. The other researchers, blinded
to the stimulation type, assessed the outcome measures. All
data collection sessions were scheduled on weekday afternoons
between 12 and 5 p.m. The two sessions for each participant were
kept at the same time of the day. Participant recruitment and data
collection ran from November 2018 to May 2019.

Transcranial Direct Current Stimulation
A direct current stimulator (NeuroConn DC-Stimulator PLUS,
Germany) delivered direct current via two conductive rubber
electrodes placed in saline-soaked sponges (5 × 5 cm each). Using
the 10:20 EEG system, the anode was placed 1 cm anterior to the
cranial vertex, and the cathode was placed over the supraorbital
area (Klem et al., 1999). Anodal tDCS was applied over the
lesioned primary motor cortex using a 2 mA current with a ramp-
up period of 30 s, stimulation period at 2 mA for 19 min, and
ramp-down period to 0 mA in the final 30 s, for a total duration
of 20 min (Yosephi et al., 2018). Sham tDCS followed a similar
protocol and arrangement but stimulation at 2 mA for 30 s, after
which the current was ramped-down and turned off for the rest
of the treatment. This procedure blinded participants to the type
of stimulation they received while preventing any changes in
cortical excitability (Nitsche et al., 2003, 2008).

During the 20 min of tDCS application, participants stood
on a force platform (Bertec Corporation, Columbus, OH), with
their center of the center of gravity (CoG) represented on a
screen in front of them. They were asked to shift their weight
in eight different directions (forward, backward, right, left,
forward-right, forward-left, backward-right, and backward-left)
as quickly and accurately, without changing their feet positions,
so that their CoG coincides the presented target on the screen.
The CoG traces during the 20 min intervention were recorded
and their performance variables computed, including reaction
time, movement velocity, and endpoint excursion. Movement
velocity is the average speed of CoG movement from the
individual’s center to each of the eight targets, expressed as
degrees/second. Endpoint excursion measures the limits of self-
initiated movements as the individual shifts his/her CoG toward
the theoretical limit in each of the eight target directions without
loss of balance, expressed as a percentage of limits of stability.
For reaction time, a smaller value indicates better performance,
whereas, for all other variables, a greater value indicates better
limits of stability. During the 20 min of tDCS application and

CoG shift training, participants were not provided with any
support to hold on with their hands. Participants wore a safety
harness secured to an overhead frame. The harness was adjusted
such that it did not provide any support to the participants during
standing but acted as a safety measure that would catch them in
case they lose their balance.

Assessment of Gait and Postural Control
Before and immediately after the 20 min of tDCS application,
a researcher who was blinded to the type of stimulation the
participant received would evaluate the participant’s performance
using each of the following: Berg Balance Scale, Forward
Reach Test, 10 m walk test, and the adaptation test and
motor control test using the Bertec Advantage Computerized
Dynamic Posturography system (Bertec Corporation, Columbus,
OH) (Figure 1).

The Berg Balance Scale is a 14-item scale used to assess
balance during static and dynamic tasks of varying difficulties,
and has been used to assess fall risks (Berg et al., 1992; Bogle
Thorbahn and Newton, 1996; Blum and Korner-Bitensky, 2008).
Participants were instructed to perform 14 varying, functional
tasks such as sit-to-stand, forward reach, and balancing on one
foot, with each task being graded from 0 to 4 based on the quality
of movement and time to complete each task.

Along with the total score of the Berg Balance Scale, the scores
of the Forward Reach Test were also examined independently,
the performance of which can predict fall risks (Behrman
et al., 2002). Participants were instructed to stand next to a
yardstick mounted at shoulder level on a wall. Participants
were then asked to remain upright while elevating both upper
extremities to shoulder level and form a fist with both hands.
The starting position, which was determined by the starting
distance of the third metacarpophalangeal joint in reference to
the yardstick, was then recorded by the researcher performing
the assessment. The researcher then instructed the participant
to reach forward as far as possible without losing their balance
or taking a step forward. As the participant reached forward,
the researcher would record the farthest distance reached by
the third metacarpophalangeal joint. The difference between the
two measurements was calculated to obtain the distance for the
Forward Reach Test.

In the 10 m walk test, participants were instructed to walk
in a straight line for 10 m, and the time taken to complete
was recorded with a stopwatch. The test was performed in two
conditions: a dynamic start condition and a static start condition
(Scivoletto et al., 2011). In the dynamic start condition, the
participant walked for 4 m before the researcher started timing
for the next 10 m. The static start condition had the participant
immediately start the 10 m walk from a static standing position.
A 1 min break was provided between each condition, as per
protocols in previous studies (Scivoletto et al., 2011).

In the adaptation test, the participant was instructed to stand
on the force platform and maintain balance with minimal sway,
when the platform generated a toes up or toes down perturbation.
The amount of anterior–posterior sway to overcome the postural
instability (sway energy) was measured.
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FIGURE 1 | Timeline. Each participant attended two sessions separated by at least 14 days. For each session, the participant received either anodal or sham
stimulation for 20 min and concurrent limits of stability training. Before and immediately after tDCS, clinical assessments [10 m walk test (10-MWT) and Berg Balance
Scale (BBS)] and dynamic posturography assessments were performed.

In the motor control test, the participant was instructed to
stand on the force platform, and an expected translation of
the platform would be generated in graded magnitudes. Each
participant was perturbed with three trials of each magnitude
of forward and backward translations (small, medium, and
large). The time to recover from perturbations (latency between
translation onset and force response) was recorded for each trial.

Statistical Analysis
A 2 (stimulation: anodal, sham) × 2 (time: pre, post) repeated
measures ANOVA was conducted on each dependent variable.
Where there was a significant interaction effect, we further
examined simple main effects using a repeated measures
ANOVA with Bonferroni correction. Paired samples T-tests
were conducted on each CoG performance variable computed
from the limits of stability training during the intervention.
Significant main effects were reported if there were no significant
interactions. P-values less than or equal to 0.05 were considered
statistically significant.

RESULTS

Clinical Assessments
For the Berg Balance Scale, the two-way ANOVA revealed
no significant interaction between stimulation and time [F(1,
9) = 0.053, p = 0.823]. Furthermore, no significant differences
were found for the main effects of stimulation [F(1, 9) = 0.363,
p = 0.562] and time [F(1, 9) = 3.655, p = 0.088]. This suggests that
the type of stimulation did not cause a change in scores after the
intervention and over time (Table 2).

TABLE 2 | Comparison of clinical assessment measures (mean ± SD) pre and
post anodal and sham tDCS stimulation.

Anodal Sham

Berg Balance Scale (/56) Pre 52.70 ± 4.16 52.30 ± 4.99

Post 53.70 ± 3.53 53.20 ± 4.39

Forward reach (in) Pre 8.52 ± 2.99 9.12 ± 3.16

Post 8.98 ± 2.89 9.56 ± 2.49

10 m walk with dynamic start (m/s) Pre 1.09 ± 0.36 1.05 ± 0.36

Post 1.13 ± 0.37 1.06 ± 0.33

10 m walk with static start (m/s) Pre 0.97 ± 0.29 0.97 ± 0.30

Post 1.01 ± 0.29 0.97 ± 0.30

For the Forward Reach Test, two-way ANOVA revealed
no significant interaction between stimulation and time [F(1,
9) = 0.00, p = 0.985]. Furthermore, no significant differences
were found for the main effects of stimulation [F(1, 9) = 0.956,
p = 0.354] and time [F(1, 9) = 0.705, p = 0.423]. This suggests that
the type of stimulation did not cause a change in forward reach
distance after the intervention and over time (Table 2).

For the 10 m walk test with a dynamic start, two-way ANOVA
revealed no significant interaction between stimulation and time
[F(1, 9) = 0.348, p = 0.57]. Furthermore, no significant differences
were found for the main effects of stimulation [F(1, 9) = 2.517,
p = 0.147] and time [F(1, 9) = 3.885, p = 0.080] (Table 2).
Similarly, for the 10 m walk test with a static start, two-way
ANOVA revealed no significant interaction between stimulation
and time [F(1, 9) = 2.275, p = 0.166]. Furthermore, no significant
differences were found for the main effects of stimulation [F(1,
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TABLE 3 | Comparison of dynamic posturography assessments (mean ± SD) pre and post anodal and sham tDCS stimulation.

Perturbation Anodal Sham Averaged across stimulations

Adaptation test Toes up Sway energy (mm/s) Pre 80.94 ± 13.98 80.14 ± 20.53 80.54 ± 17.10

Post 67.26 ± 11.34 64.42 ± 12.04 65.84 ± 11.48‡

Toes down Sway energy (mm/s) Pre 78.48 ± 10.87 72.18 ± 12.72 75.33 ± 11.96

Post 68.48 ± 10.01 65.94 ± 9.48 67.21 ± 9.58‡

Motor control test Forward translation Latency (ms) Pre 139.60 ± 9.40 135.70 ± 13.50 137.65 ± 11.49

Post 138.00 ± 8.76 134.40 ± 15.02 136.20 ± 12.11

Backward translation Latency (ms) Pre 139.60 ± 9.40 135.70 ± 13.50 137.65 ± 11.49

Post 138.00 ± 8.76 134.70 ± 14.86 136.35 ± 11.99

‡ Indicates statistically significant difference from Pre-test (p ≤ 0.05) when averaged across stimulation types.

9) = 0.846, p = 0.382] and time [F(1, 9) = 1.071, p = 0.328]
(Table 2).

Dynamic Posturography Assessments
For the adaptation test, in the toes up perturbation condition,
there was no significant interaction between stimulation and
time [F(1, 9) = 0.314, p = 0.589]. No significant differences
were found for the main effects of stimulation [F(1, 9) = 0.279,
p = 0.61]. There was a statistically significant main effect of time
[F(1, 9) = 30.55, p < 0.001], where a reduction in the amount
of anterior–posterior sway to overcome the postural instability
induced by the toes up perturbation after the intervention
(Pre = 80.54 ± 17.10, Post = 65.84 ± 11.48) was observed,
suggesting that, on average, all participants responded to the
toes up perturbation with less anterior–posterior sway after the
intervention compared with before the intervention, regardless
of the type of stimulation received. Similarly, in the toes down
perturbation condition, there was no significant interaction
between stimulation and time [F(1, 9) = 1.826, p = 0.21].
No significant differences were found for the main effects of
stimulation [F(1, 9) = 2.009, p = 0.190]. There was a statistically
significant main effect of time [F(1, 9) = 8.271, p = 0.018],
where a reduction in the amount of anterior–posterior sway
to overcome the postural instability induced by the toes down
perturbation after the intervention (Pre = 75.33 ± 11.96;
post = 67.21 ± 9.58) was observed, suggesting that, on average,
all participants responded to the toes down perturbation with
less anterior–posterior sway after the intervention compared with
before the intervention, regardless of the type of stimulation
received (Table 3).

In the motor control test, in the forward translation
perturbation condition, there was no significant interaction
between stimulation and time [F(1, 9) = 0.034, p = 0.858].
No significant differences were found for the main effects
of stimulation [F(1, 9) = 0.961, p = 0.353] and time [F(1,
9) = 0.614, p = 0.453]. Similarly, in the backward translation
perturbation condition, there was no significant interaction
between stimulation and time [F(1, 9) = 0.163, p = 0.696.
No significant differences were found for the main effects of
stimulation [F(1, 9) = 0.871, p = 0.375] and time [F(1, 9) = 0.498,
p = 0.498] (Table 3).

Limits of Stability Training During
Transcranial Direct Current Stimulation
For CoG performance variables computed from the limits
of stability training, paired-samples T-tests revealed greater
movement velocity in the backward direction during
anodal stimulation (3.56◦/s ± 1.94) compared with sham
(1.85◦/s ± 1.35) (p = 0.025), and greater backward endpoint
excursion during anodal stimulation (72.53% ± 34.86) compared
with sham (36.71% ± 33.84) (p = 0.026) only.

DISCUSSION

Contrary to our hypothesis, our results showed that a single
session of anodal tDCS with limits of stability training was
not effective in improving clinical measures, specifically, Berg
Balance Scale scores, Forward Reach Test, and overground
walking speed. Additionally, we did not observe any
improvements with anodal tDCS in the adaptation test
and motor control test measures as assessed using dynamic
posturography. However, we observed an improvement in the
ability of the participants to move their CoG to their stability
limits without losing their balance during the application of
anodal stimulation.

Immediately after a single session of anodal tDCS application
together with limits of stability training, we did not observe
improvements in clinical assessments, specifically the Berg
Balance Scale, Forward Reach Test, and overground walking
speed. Clinical assessments, although relatively quick and easy
to administer and did not require expensive equipment, are,
however, subjective and not sufficiently responsive to capture
small changes in the ability to control balance (Blum and
Korner-Bitensky, 2008). Furthermore, Berg Balance Scale has
been identified to be a good predictor of fall status in non-
neurologically impaired elderly, where individuals scoring high
on the Berg Balance Scale have relatively low fall risks and
individuals scoring less than 40 have a high probability for
falls (Shumway-Cook et al., 1997). The participants recruited
in this study, despite the stroke lesion, scored a mean of
52 on the Berg Balance Scale, suggesting that they were of
a relatively higher function for balance control. Thus, the
results might not be extrapolated to individuals post-stroke
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FIGURE 2 | Center of gravity (CoG) traces from four representative
participants with chronic post-stroke hemiparesis recorded during the 20 min
of limits of stability training when tDCS stimulations were applied. Left panels
(A,C,E,G) are CoG traces during anodal stimulation, and right panels
(B,D,F,H) are CoG traces during sham stimulation.

with lower balance function. Furthermore, examining kinetics
and kinematics during balance assessments could overcome
this ceiling effect and provide more quantitative insight into
participant performance.

Effectiveness of anodal tDCS applied to the primary motor
cortex on improving static posture and balance and gait
parameters have previously been reported in children with

cerebral palsy and Parkinson’s disease and an individual with
hemiparesis (Duarte Nde et al., 2014; Kaski et al., 2014; Dumont
et al., 2015). With respect to dynamic postural control as assessed
using dynamic posturography, due to the lack of comparable
studies in the existing literature, we are only able to compare our
current observations with previous findings examining the effects
of anodal tDCS on static postural stability in individuals with
various postural deficits. In contrast to our findings, six sessions
of anodal tDCS with postural training over 2 weeks improved
Berg Balance Scale scores and static postural control in non-
neurologically impaired individuals (Yosephi et al., 2018), and 10
sessions of anodal tDCS over 2 weeks improved static gait and
functional performance in children with cerebral palsy (Duarte
Nde et al., 2014). Together, these suggest that multiple sessions of
stimulation may be needed to improve functional measures.

In this current study, we targeted the leg area of the
lesioned primary motor cortex for anodal tDCS application.
Post-stroke, postural control is likely more sensory-driven than
anticipatory, as anticipatory mechanisms involve various cerebral
regions, including cortical, subcortical, and subtentorial areas
(Hocherman et al., 1988; Massion et al., 2004). A single session of
anodal tDCS on the cerebellum improved balance and postural
stability in older adults (Ehsani et al., 2017) but did not influence
static postural control in young adults (Inukai et al., 2016),
whereas cathodal tDCS over the cerebellum impaired static
balance (Foerster et al., 2017). Additionally, with the immediate
proximity of the supplementary motor area anatomically, placing
the electrode over the leg motor area for tDCS stimulation
could possibly result in effects in the supplementary motor
area. Improvements in simple motor tasks such as visuomotor
pinch force task, reaction times, accuracy, speed, and movement
initiations have been previously reported with anodal tDCS
over the supplementary motor area (Hayduk-Costa et al., 2013;
Vollmann et al., 2013; Carlsen et al., 2015). Few have examined
tDCS effects on complex motor behaviors associated with the
lower extremities, including balance and posture (Kaski et al.,
2013; Hupfeld et al., 2017). Interestingly, similar to our observed
improvements in backward velocity in the limits of stability task,
during anodal tDCS stimulation over the leg motor area, an
earlier study observed improved balance speed during anodal
tDCS application over the supplementary motor area (Hupfeld
et al., 2017). Thus, anodal tDCS potentially improved the
functional connectivity between the motor and supplementary
motor areas underlying these observed improvements (Hamada
et al., 2009). Future studies should systematically explore cortical
areas optimally suited for tDCS stimulation to improve postural
control. Due to the possibility of neural plasticity after stroke
lesions chronically, these target cortical areas may be different
than those in the non-neurologically impaired nervous system.

The improvements in sway energy observed in the adaptation
tests immediately after the tDCS and postural training are likely
from the 20 min of practice. Medium latency responses via the
brainstem are likely responsible for these functional postural
responses, in combination with the cerebellum, which adapts
postural responses for optimality based on preceding experience
(Jacobs and Horak, 2007). Although the impaired adaptation of
the Ia afferent pathway via the spinal cord has been reported
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in tasks involving postural control and locomotion in people
chronically post-stroke (Liang and Brown, 2015; Liang et al.,
2019), they are likely not the main contributor to this observed
improvement, as short-latency reflex pathway via the spinal cord
is too weak to be functional for postural control.

Interestingly, despite the lack of improvement observed in
assessments of dynamic postural control tasks immediately after
anodal tDCS, we observed better performance in shifting the CoG
toward stability limits in different directions without losing their
balance during the application of anodal tDCS but not during
sham (Figure 2). Stability limits are defined as the boundaries
within which a body can maintain stability without changing
the base of support (Shumway-Cook and Woollacott, 2012). In
both participants 1 and 3, the area of CoG displacements covered
during the limits of stability task is greater during the 20 min
of anodal stimulation and smaller during the sham stimulation,
in all directions. A smaller center of pressure excursions has
been associated with older adults who are fearful of falling
(Binda et al., 2003). Participants 2 and 4 lost their balance
several times indicated by the CoG traces out of range during
the sham stimulation but not during the anodal stimulation.
In older adults, fear of falling contributed to scores mainly in
the backward direction to measure limits of stability (Newton,
2001). Additionally, during anodal stimulation, we observed
greater movement velocity and greater endpoint excursion in
the backward direction but not during sham stimulation. The
type of stimulation that each participant receives during the first
session was pseudorandomized, and thus, the better performance
observed is unlikely due to practice alone.

To the best of our knowledge, this is the first study
to assess the acute effects of anodal tDCS and limits of
stability training on improving postural control assessed using
dynamic posturography in individuals with chronic post-stroke
hemiparesis. Together, these preliminary observations suggest
that anodal tDCS potentially can be used as a feasible approach
for chronic post-stroke individuals with issues related to postural
control and fear of falling. However, our small sample of 10
individuals with chronic post-stroke hemiparesis has limited
us from examining the effects on different sites of lesion.
Furthermore, this study was limited by convenience sampling,
as all individuals recruited for the study were from the same

stroke support group meeting held in the local community. Their
past medical care and rehabilitation experience may have been
relatively similar and thus may not be a true representation
of the functional levels of individuals with chronic post-stroke
hemiparesis. A future effort will extend these preliminary findings
on a large scale to investigate the longer-term effects of tDCS on
post-stroke postural control to reduce the risk of falls.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board at the University
of Nevada, Las Vegas. The participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

JL, LU, JJ, PH, and SW-A: conceptualization, methodology,
software, validation, formal analysis, investigation, resources,
data curation, writing – original draft preparation, and funding
acquisition. JL and Y-JL: writing – review and editing. JL:
supervision. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Student Opportunity
Research Grant, Department of Physical Therapy, University
of Nevada, Las Vegas. The publication fee for this article was
supported in part by the University of Nevada, Las Vegas,
University Libraries Open Article Fund.

REFERENCES
Beck, S., Taube, W., Gruber, M., Amtage, F., Gollhofer, A., and Schubert, M. (2007).

Task-specific changes in motor evoked potentials of lower limb muscles after
different training interventions. Brain Res. 1179, 51–60. doi: 10.1016/J.Brainres.
2007.08.048

Behrman, A. L., Light, K. E., Flynn, S. M., and Thigpen, M. T. (2002). Is the
functional reach test useful for identifying falls risk among individuals with
parkinson’s disease? Arch. Phys. Med. Rehabil. 83, 538–542. doi: 10.1053/Apmr.
2002.30934

Berg, K. O., Wood-Dauphinee, S. L., Williams, J. I., and Maki, B. (1992). Measuring
balance in the elderly: validation of an instrument. Can. J. Public Health
83(Suppl. 2), S7–S11.

Binda, S. M., Culham, E. G., and Brouwer, B. (2003). Balance, muscle strength,
and fear of falling in older adults. Exp. Aging Res. 29, 205–219. doi: 10.1080/
03610730303711

Blum, L., and Korner-Bitensky, N. (2008). Usefulness of the berg balance scale in
stroke rehabilitation: a systematic review. Phys. Ther. 88, 559–566. doi: 10.2522/
Ptj.20070205

Bogle Thorbahn, L. D., and Newton, R. A. (1996). Use of the berg balance test to
predict falls in elderly persons. Phys. Ther. 76, 576–583. doi: 10.1093/ptj/76.6.
576 discussion 584-5.

Bonaventura, R. E., Giustino, V., Chiaramonte, G., Giustiniani, A., Smirni, D.,
Battaglia, G., et al. (2020). Investigating prismatic adaptation effects in handgrip
strength and in plantar pressure in healthy subjects. Gait Posture 76, 264–269.
doi: 10.1016/J.Gaitpost.2019.12.022

Carlsen, A. N., Eagles, J. S., and Mackinnon, C. D. (2015). Transcranial
direct current stimulation over the supplementary motor area modulates the
preparatory activation level in the human motor system. Behav. Brain Res. 279,
68–75. doi: 10.1016/J.Bbr.2014.11.009

Charalambous, C. C., Liang, J. N., Kautz, S. A., George, M. S., andBowden,
M. G. (2019). Bilateral assessment of the corticospinal pathways of the

Frontiers in Human Neuroscience | www.frontiersin.org 7 August 2020 | Volume 14 | Article 341

https://doi.org/10.1016/J.Brainres.2007.08.048
https://doi.org/10.1016/J.Brainres.2007.08.048
https://doi.org/10.1053/Apmr.2002.30934
https://doi.org/10.1053/Apmr.2002.30934
https://doi.org/10.1080/03610730303711
https://doi.org/10.1080/03610730303711
https://doi.org/10.2522/Ptj.20070205
https://doi.org/10.2522/Ptj.20070205
https://doi.org/10.1093/ptj/76.6.576
https://doi.org/10.1093/ptj/76.6.576
https://doi.org/10.1016/J.Gaitpost.2019.12.022
https://doi.org/10.1016/J.Bbr.2014.11.009
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00341 August 27, 2020 Time: 15:35 # 8

Liang et al. tDCS on Post-stroke Postural Control

ankle muscles using navigated transcranial magnetic stimulation. J. Vis. Exp.
19:10.3791/58944. doi: 10.3791/58944

Cioncoloni, D., Rosignoli, D., Feurra, M., Rossi, S., Bonifazi, M., Rossi, A., et al.
(2016). Role of brain hemispheric dominance in anticipatory postural control
strategies. Exp. Brain Res. 234, 1997–2005. doi: 10.1007/S00221-016-4603-Y

Craig, C. E., and Doumas, M. (2017). Anodal transcranial direct current
stimulation shows minimal, measure-specific effects on dynamic postural
control in young and older adults: a double blind, sham-controlled study. PLoS
One 12:e0170331. doi: 10.1371/Journal.Pone.0170331

Duarte Nde, A., Grecco, L. A., Galli, M., Fregni, F., and Oliveira, C. S. (2014). Effect
of transcranial direct-current stimulation combined with treadmill training on
balance and functional performance in children with cerebral palsy: a double-
blind randomized controlled trial. PLoS One 9:e105777. doi: 10.1371/Journal.
Pone.0105777

Dumont, A. J., Araujo, M. C., Lazzari, R. D., Santos, C. A., Carvalho, D. B., Franco,
et al. (2015). Effects of a single session of transcranial direct current stimulation
on static balance in a patient with hemiparesis: a case study. J. Phys. Ther. Sci.
27, 955–958. doi: 10.1589/Jpts.27.955

Duncan, P. W. (1994). Stroke disability. Phys. Ther. 74, 399–407. doi: 10.1093/Ptj/
74.5.399

Edwards, D. J., Krebs, H. I., Rykman, A., Zipse, J., Thickbroom, G. W., Mastaglia,
F. L., et al. (2009). Raised corticomotor excitability of M1 forearm area following
anodal tdcs is sustained during robotic wrist therapy in chronic stroke. Restor.
Neurol. Neurosci. 27, 199–207. doi: 10.3233/RNN-2009-0470

Ehsani, F., Samaei, A., Zoghi, M., Hedayati, R., and Jaberzadeh, S. (2017). The
effects of cerebellar transcranial direct current stimulation on static and
dynamic postural stability in older individuals: a randomized double-blind
sham-controlled study. Eur. J. Neurosci. 46, 2875–2884. doi: 10.1111/Ejn.13731

Foerster, A., Melo, L., Mello, M., Castro, R., Shirahige, L., Rocha, S., et al. (2017).
Cerebellar transcranial direct current stimulation (Ctdcs) impairs balance
control in healthy individuals. Cerebellum 16, 872–875. doi: 10.1007/S12311-
017-0863-8

Forogh, B., Ahadi, T., Nazari, M., Sajadi, S., Abdul Latif, L., Akhavan Hejazi,
S. M., et al. (2017). The effect of repetitive transcranial magnetic stimulation
on postural stability after acute stroke: a clinical trial. Basic Clin. Neurosci. 8,
405–411. doi: 10.18869/Nirp.Bcn.8.5.405

Hamada, M., Hanajima, R., Terao, Y., Okabe, S., Nakatani-Enomoto, S.,
Furubayashi, T., et al. (2009). Primary motor cortical metaplasticity induced by
priming over the supplementary motor area. J. Physiol. 587(Pt 20), 4845–4862.
doi: 10.1113/Jphysiol.2009.179101

Hayduk-Costa, G., Drummond, N. M., and Carlsen, A. N. (2013). Anodal Tdcs
over SMA decreases the probability of withholding an anticipated action. Behav.
Brain Res. 257, 208–214. doi: 10.1016/J.Bbr.2013.09.030

Hocherman, S., Dickstein, R., Hirschbiene, A., and Pillar, T. (1988). Postural
responses of normal geriatric and hemiplegic patients to a continuing
perturbation. Exp. Neurol. 99, 388–402. doi: 10.1016/0014-4886(88)90156-2

Hummel, F., Celnik, P., Giraux, P., Floel, A., Wu, W.-H., Gerloff, C., et al. (2005).
Effects of non-invasive cortical stimulation on skilled motor function in chronic
stroke. Brain 128(Pt 3), 490–499. doi: 10.1093/Brain/Awh369

Hummel, F. C., Heise, K., Celnik, P., Floel, A., Gerloff, C., and Cohen, L. G.
(2010). Facilitating skilled right hand motor function in older subjects by
anodal polarization over the left primary motor cortex. Neurobiol. Aging 31,
2160–2168. doi: 10.1016/J.Neurobiolaging.2008.12.008

Hupfeld, K. E., Ketcham, C. J., and Schneider, H. D. (2017). Transcranial direct
current stimulation (Tdcs) to the supplementary motor area (SMA) influences
performance on motor tasks. Exp. Brain Res. 235, 851–859. doi: 10.1007/
S00221-016-4848-5

Inukai, Y., Saito, K., Sasaki, R., Kotan, S., Nakagawa, M., and Onishi, H. (2016).
Influence of transcranial direct current stimulation to the cerebellum on
standing posture control. Front. Hum. Neurosci. 10:325. doi: 10.3389/Fnhum.
2016.00325

Jacobs, J. V., and Horak, F. B. (2007). Cortical control of postural responses.
J. Neural. Transm. 114, 1339–1348. doi: 10.1007/S00702-007-0657-0

Jeffery, D. T., Norton, J. A., Roy, F. D., and Gorassini, M. A. (2007). Effects
of transcranial direct current stimulation on the excitability of the leg motor
cortex. Exp. Brain Res. 182, 281–287. doi: 10.1007/S00221-007-1093-Y

Kaski, D., Dominguez, R. O., Allum, J. H., and Bronstein, A. M. (2013). Improving
gait and balance in patients with leukoaraiosis using transcranial direct current

stimulation and physical training: an exploratory study. Neurorehabil. Neural.
Repair. 27, 864–871. doi: 10.1177/1545968313496328

Kaski, D., Dominguez, R. O., Allum, J. H., Islam, A. F., and Bronstein, A. M. (2014).
Combining physical training with transcranial direct current stimulation to
improve gait in parkinson’s disease: a pilot randomized controlled study. Clin.
Rehabil. 28, 1115–1124. doi: 10.1177/0269215514534277

Klem, G. H., Luders, H. O., Jasper, H. H., and Elger, C. (1999). The ten-twenty
electrode system of the international federation. The international federation
of clinical neurophysiology. Electroencephalogr. Clin. Neurophysiol. Suppl. 52,
3–6.

Liang, J. N., and Brown, D. A. (2015). Impaired H-Reflex gain during postural
loaded locomotion in individuals post-stroke. PLoS One 10:e0144007. doi: 10.
1371/Journal.Pone.0144007

Liang, J. N., Lee, Y. J., Akoopie, E., Kleven, B. C., Koch, T., and Ho, K. Y.
(2019). Impaired H-Reflex adaptations following slope walking in individuals
with post-stroke hemiparesis. Front. Physiol. 10:1232. doi: 10.3389/Fphys.2019.
01232

Lin, L. F., Chang, K. H., Huang, Y. Z., Lai, C. H., Liou, T. H., and Lin, Y. N. (2019).
Simultaneous stimulation in bilateral leg motor areas with intermittent theta
burst stimulation to improve functional performance after stroke: a feasibility
pilot study. Eur. J. Phys. Rehabil. Med. 55, 162–168. doi: 10.23736/S1973-9087.
18.05245-0

Massion, J., Alexandrov, A., and Frolov, A. (2004). Why and how are posture
and movement coordinated? Prog. Brain Res. 143, 13–27. doi: 10.1016/S0079-
6123(03)43002-1

Nevitt, M. C., Cummings, S. R., Kidd, S., and Black, D. (1989). Risk factors for
recurrent nonsyncopal falls. A Prospective Study. Jama 261, 2663–2668. doi:
10.1001/jama.1989.03420180087036

Newton, R. A. (2001). Validity of the multi-directional reach test: a practical
measure for limits of stability in older adults. J. Gerontol. A Biol. Sci. Med. Sci.
56, M248–M252. doi: 10.1093/Gerona/56.4.M248

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J. Physiol. 527(Pt
3), 633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Nitsche, M. A., and Paulus, W. (2011). Transcranial direct current stimulation–
update 2011. Restorat. Neurol.Neurosci. 29, 463–492. doi: 10.3233/RNN-2011-
0618

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A.,
et al. (2008). Transcranial direct current stimulation: state of the art 2008. Brain
Stimul. 1, 206–223. doi: 10.1016/J.Brs.2008.06.004

Nitsche, M. A., Doemkes, S., Karakose, T., Antal, A., Liebetanz, D., Lang, N., et al.
(2007). Shaping the effects of transcranial direct current stimulation of the
human motor cortex. J. Neurophysiol. 97, 3109–3117. doi: 10.1152/Jn.01312.
2006

Nitsche, M. A., Liebetanz, D., Antal, A., Lang, N., Tergau, F., and Paulus, W.
(2003). Modulation of cortical excitability by weak direct current stimulation–
technical. safety and functional aspects. Suppl. Clin. Neurophysiol. 56, 255–276.
doi: 10.1016/S1567-424X(09)70230-2

Nitsche, M. A., Seeber, A., Frommann, K., Klein, C. C., Rochford, C., Nitsche, M. S.,
et al. (2005). Modulating parameters of excitability during and after transcranial
direct current stimulation of the human motor cortex. J. Physiol. 568(Pt 1),
291–303. doi: 10.1113/Jphysiol.2005.092429

Rejc, E., Angeli, C., and Harkema, S. (2015). Effects of lumbosacral spinal cord
epidural stimulation for standing after chronic complete paralysis in humans.
PLoS One 10:e0133998. doi: 10.1371/Journal.Pone.0133998

Sattin, R. W. (1992). Falls among older persons: a public health perspective.
Annu. Rev. Public Health 13, 489–508. doi: 10.1146/Annurev.Pu.13.050192.
002421

Scivoletto, G., Tamburella, F., Laurenza, L., Foti, C., Ditunno, J. F., and Molinari,
M. (2011). Validity and reliability of the 10-M walk test and the 6-Min walk
test in spinal cord injury patients. Spinal Cord 49, 736–740. doi: 10.1038/Sc.20
10.180

Shumway-Cook, A., and Woollacott, M. H. (2012). Motor Control : Translating
Research Into Clinical Practice. Philadelphia: Wolters Kluwer Health/Lippincott
Williams & Wilkins.

Shumway-Cook, A., Baldwin, M., Polissar, N. L., and Gruber, W. (1997). Predicting
the probability for falls in community-dwelling older adults. Phys. Ther. 77,
812–819. doi: 10.1093/Ptj/77.8.812

Frontiers in Human Neuroscience | www.frontiersin.org 8 August 2020 | Volume 14 | Article 341

https://doi.org/10.3791/58944
https://doi.org/10.1007/S00221-016-4603-Y
https://doi.org/10.1371/Journal.Pone.0170331
https://doi.org/10.1371/Journal.Pone.0105777
https://doi.org/10.1371/Journal.Pone.0105777
https://doi.org/10.1589/Jpts.27.955
https://doi.org/10.1093/Ptj/74.5.399
https://doi.org/10.1093/Ptj/74.5.399
https://doi.org/10.3233/RNN-2009-0470
https://doi.org/10.1111/Ejn.13731
https://doi.org/10.1007/S12311-017-0863-8
https://doi.org/10.1007/S12311-017-0863-8
https://doi.org/10.18869/Nirp.Bcn.8.5.405
https://doi.org/10.1113/Jphysiol.2009.179101
https://doi.org/10.1016/J.Bbr.2013.09.030
https://doi.org/10.1016/0014-4886(88)90156-2
https://doi.org/10.1093/Brain/Awh369
https://doi.org/10.1016/J.Neurobiolaging.2008.12.008
https://doi.org/10.1007/S00221-016-4848-5
https://doi.org/10.1007/S00221-016-4848-5
https://doi.org/10.3389/Fnhum.2016.00325
https://doi.org/10.3389/Fnhum.2016.00325
https://doi.org/10.1007/S00702-007-0657-0
https://doi.org/10.1007/S00221-007-1093-Y
https://doi.org/10.1177/1545968313496328
https://doi.org/10.1177/0269215514534277
https://doi.org/10.1371/Journal.Pone.0144007
https://doi.org/10.1371/Journal.Pone.0144007
https://doi.org/10.3389/Fphys.2019.01232
https://doi.org/10.3389/Fphys.2019.01232
https://doi.org/10.23736/S1973-9087.18.05245-0
https://doi.org/10.23736/S1973-9087.18.05245-0
https://doi.org/10.1016/S0079-6123(03)43002-1
https://doi.org/10.1016/S0079-6123(03)43002-1
https://doi.org/10.1001/jama.1989.03420180087036
https://doi.org/10.1001/jama.1989.03420180087036
https://doi.org/10.1093/Gerona/56.4.M248
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.3233/RNN-2011-0618
https://doi.org/10.3233/RNN-2011-0618
https://doi.org/10.1016/J.Brs.2008.06.004
https://doi.org/10.1152/Jn.01312.2006
https://doi.org/10.1152/Jn.01312.2006
https://doi.org/10.1016/S1567-424X(09)70230-2
https://doi.org/10.1113/Jphysiol.2005.092429
https://doi.org/10.1371/Journal.Pone.0133998
https://doi.org/10.1146/Annurev.Pu.13.050192.002421
https://doi.org/10.1146/Annurev.Pu.13.050192.002421
https://doi.org/10.1038/Sc.2010.180
https://doi.org/10.1038/Sc.2010.180
https://doi.org/10.1093/Ptj/77.8.812
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-00341 August 27, 2020 Time: 15:35 # 9

Liang et al. tDCS on Post-stroke Postural Control

Sohn, M. K., Jee, S. J., and Kim, Y. W. (2013). Effect of transcranial direct current
stimulation on postural stability and lower extremity strength in hemiplegic
stroke patients. Ann. Rehabil. Med. 37, 759–765. doi: 10.5535/Arm.2013.37.6.
759

Tanaka, S., Hanakawa, T., Honda, M., and Watanabe, K. (2009). Enhancement of
pinch force in the lower leg by anodal transcranial direct current stimulation.
Exp. Brain Res. 196, 459–465. doi: 10.1007/S00221-009-1863-9

Tanaka, S., Takeda, K., Otaka, Y., Kita, K., Osu, R., Honda, M., et al. (2011). Single
session of transcranial direct current stimulation transiently increases knee
extensor force in patients with hemiparetic stroke. Neurorehabil. Neural. Repair.
25, 565–569. doi: 10.1177/1545968311402091

Tinetti, M. E., Speechley, M., and Ginter, S. F. (1988). Risk factors for falls among
elderly persons living in the community. N. Engl. J. Med. 319, 1701–1707.
doi: 10.1056/Nejm198812293192604

Tokuno, C. D., Taube, W., and Cresswell, A. G. (2009). An enhanced level of motor
cortical excitability during the control of human standing. Acta Physiol. 195,
385–395. doi: 10.1111/J.1748-1716.2008.01898.X

Vollmann, H., Conde, V., Sewerin, S., Taubert, M., Sehm, B., Witte, O. W.,
et al. (2013). Anodal transcranial direct current stimulation (Tdcs) over
supplementary motor area (SMA) but not Pre-SMA promotes short-term
visuomotor learning. Brain Stimul. 6, 101–107. doi: 10.1016/J.Brs.2012.03.018

Xiao, S., Wang, B., Zhang, X., Zhou, J., and Fu, W. (2020). Acute effects of
high-definition transcranial direct current stimulation on foot muscle strength,
passive ankle kinesthesia, and static balance: a pilot study. Brain Sci. 10, 246.
doi: 10.3390/Brainsci10040246

Yosephi, M. H., Ehsani, F., Zoghi, M., and Jaberzadeh, S. (2018). Multi-session
anodal tdcs enhances the effects of postural training on balance and postural
stability in older adults with high fall risk: primary motor cortex versus
cerebellar stimulation. Brain Stimul. 11, 1239–1250. doi: 10.1016/J.Brs.2018.
07.044

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liang, Ubalde, Jacklin, Hobson, Wright-Avila and Lee. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 9 August 2020 | Volume 14 | Article 341

https://doi.org/10.5535/Arm.2013.37.6.759
https://doi.org/10.5535/Arm.2013.37.6.759
https://doi.org/10.1007/S00221-009-1863-9
https://doi.org/10.1177/1545968311402091
https://doi.org/10.1056/Nejm198812293192604
https://doi.org/10.1111/J.1748-1716.2008.01898.X
https://doi.org/10.1016/J.Brs.2012.03.018
https://doi.org/10.3390/Brainsci10040246
https://doi.org/10.1016/J.Brs.2018.07.044
https://doi.org/10.1016/J.Brs.2018.07.044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Immediate Effects of Anodal Transcranial Direct Current Stimulation on Postural Stability Using Computerized Dynamic Posturography in People With Chronic Post-stroke Hemiparesis
	Introduction
	Materials and Methods
	Participants
	Procedures
	Transcranial Direct Current Stimulation
	Assessment of Gait and Postural Control
	Statistical Analysis

	Results
	Clinical Assessments
	Dynamic Posturography Assessments
	Limits of Stability Training During Transcranial Direct Current Stimulation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


