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Neurological gait disorders are a common cause of falls, morbidity, and mortality, particularly amongst the elderly. Neurological
gait and balance impairment has, however, proved notoriously difficult to treat. The following review discusses some of the
first experiments to modulate gait and balance in healthy adults using anodal transcranial direct current stimulation (tDCS) by
stimulating both cerebral hemispheres simultaneously. We review and discuss published data using this novel tDCS approach, in
combination with physical therapy, to treat locomotor and balance disorders in patients with small vessel disease (leukoaraiosis)
and Parkinson’s disease. Finally, we review the use of bihemispheric anodal tDCS to treat gait impairment in patients with stroke in
the subacute phase.The findings of these studies suggest that noninvasive electrical stimulation techniques may be a useful adjunct
to physical therapy in patients with neurological gait disorders, but further mutlicentre randomized sham-controlled studies are
needed to evaluate whether experimental tDCS use can translate intomainstream clinical practice for the treatment of neurological
gait disorders.

1. Introduction

Disorders of gait are a common presentation in neurological
practice and general medical settings, particularly amongst
the elderly population. In addition, impairment of postural
and righting reactions commonly causes falls when turning
or bending over [1] leading to insecure walking and the
development of a fear of falling [2]. The following review
discusses some of the first ever experiments to modulate gait
and balance in healthy adults using anodal transcranial direct
current stimulation (tDCS) by stimulating both hemispheres
simultaneously (Figure 1) and to treat locomotor and balance
disorders in patients with neurological gait disturbance.

We show in a series of previously published work that
bihemispheric electrical stimulation with a novel montage
can increase cortical excitability of lower limb muscles and
increases locomotor learning in healthy subjects. The same
electrode montage increases gait speed and improves balance
in patients with Parkinson’s disease and gait disturbance
associated with small vessel disease, when combined with
physical therapy (Figure 3). Lastly, by increasing excitability
in the affected hemisphere and inhibiting the unaffected

one, we were able to improve walking time in patients with
stroke in the subacute phase, where the potential to modulate
cortical excitability is maximal.

2. Gait Modulation for Neurological Disease

Gait and balance disturbance is common, difficult to treat
despite rehabilitation, and a cause of significant morbidity
and mortality. Parkinson’s disease is a common cause of gait
and postural instability and although it is defined patholog-
ically by the loss of dopaminergic neurons in the substantia
nigra,much of the long-termdisability is related to symptoms
that do not respond to levodopa [3]. We therefore sought
to apply noninvasive brain stimulation techniques using a
novel electrode montage in patients with Parkinson’s disease
to improve gait and balance.

In Parkinson’s disease, an overactivity of inhibitory effer-
ents from basal ganglia to the thalamus results in suppression
on thalamocortical projections, with reduced activity in pre-
motor and primary motor cortical regions [4, 5]. The motor
cortex may thus be an important therapeutic neurostimula-
tory target in these patients.
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Figure 1: (a) A novel bihemispheric tDCS montage targeting right and left lower limb motor cortices simultaneously. (b) Illustrative tDCS
montage using the international 10–20 EEG electrode placement.The anodal (stimulating) electrode was placed over Cz and covered a region
10–20% anterior to Cz as measured from the midpoint of the electrode. The cathode was placed over the inion.

From a cortical perspective, human locomotion relies
upon a distributed neural network including primary motor,
premotor areas, and, importantly, white matter connections
thereof [6]. Not surprisingly, changes in the cerebral white
matter, associated with vascular risk factors and frequently
detected on imaging in the elderly [7], are associated with gait
and balance dysfunction [8, 9]. Clinically, these patients have
a low gait velocity due to reduced stride length, long double
support time, and broad based gait [10]. Small vessel disease
(SVD) is an increasing cause of falls in the ageing population
for which, critically, there is currently no treatment. The
relevance of the primary motor and premotor cortices in the
control of gait in relation to SVD has been demonstrated
using fMRI [11] and cerebral perfusion techniques [12, 13].
Given the lack of treatment options for this growing problem,
we attempted to improve gait and balance function in these
patients using noninvasive electrical stimulation that as we
found can alter gait learning in healthy subjects [14].

3. Current Treatments for Gait Disturbance

Neurological gait and balance impairment has proved notori-
ously difficult to treat. For example, although some evidence
suggests that freezing of gait in patients with Parkinson’s
disease may improve with levodopa [15], one study indicated
that gait may worsen in medicated patients, perhaps as a
result of drug-induced dyskinesia [16]. As a result, there has
been a drive towards nonpharmacological therapies. Deep
brain stimulation (DBS) has revolutionized the management
of dopaminergic motor features in many patients with severe
Parkinson’s disease, and whilst there is some evidence in
support of DBS in the treatment of gait disorders in these
patients [17], its effect on the nondopaminergic motor fea-
tures of Parkinson’s disease, such as gait and balance, has been
variable. Thus, one study showed that approximately 50%
of freezers convert to nonfreezers after subthalamic nucleus
DBS [18], although freezing of gait has also been shown to
worsen after bilateral DBS [19]. In patients with resistant gait

disturbance stimulation of the substantia nigra pars reticulata
appears to improve axial motor features [20], including freez-
ing of gait [21]. More recently DBS of the pedunculopontine
nucleus (PPN) has shown variable outcomes on gait and
balance [22–25].

Noninvasive treatment options, in particular repetitive
transcranial magnetic stimulation, showed early promise in
the treatment of gait in this group of patients [26, 27], but
subsequent studies using intermittent magnetic stimulation
[28] and tDCS [29] have yielded negative results. Physical
therapy remains the mainstay of treatment for patients with
neurological gait and balance dysfunction [30, 31] and is
known to induce long-lasting plastic changes in the cere-
bral cortex [32]. We addressed an important but as yet
unanswered question of whether the beneficial effects of
physical training can be enhanced using noninvasive brain
stimulation techniques. To do this we applied tDCS during
physical training.

4. Transcranial Direct Current Stimulation

tDCS is a noninvasive neurostimulation technique that con-
sists of delivering a weak current via the use of saline-soaked
electrodes applied over the scalp. This has been shown to
induce bidirectional polarity-dependent changes in cortical
excitability of the underlying cortex. In general terms, anodal
tDCS increases cortical excitability, and cathodal tDCS
decreases it [33]. The physiological and behavioural effects of
tDCS have been shown to last for up to one hour, implying
that tDCS also modulates the synaptic microenvironment,
modulating the synaptic strength of NMDA receptors, alter-
ing GABA-ergic activity, and modulating intracortical and
corticospinal neurons [33–35].

5. Bihemispheric tDCS for Gait

Most studies using tDCS in the field of locomotor control
have focused on stimulation over the lower limb primary
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motor cortex (M1) of a single hemisphere. So-called bihemi-
spheric tDCS, however, aims to deliver cathodal stimulation
to one motor cortex and anodal tDCS to the opposite
hemisphere in an attempt to restore the interhemispheric
imbalance caused by discrete cortical lesions (e.g., stroke) and
to thus improve walking through its effects on the function of
the hemiparetic limb.

Although there is some evidence that DBS reprogram-
ming techniques such as “better side reduction” can reduce
lower limb akinesia asymmetry and thus improve gait freez-
ing [36], the cortical influences over locomotion are not
lateralized. It is perhaps then surprising that there have not
been attempts at applying electrical stimulation to bothmotor
cortices simultaneously, particularly for nonstroke neurologi-
cal gait disorders.We therefore attempted tomodulate gait by
applying tDCS to the primary motor and premotor cortices
of both hemispheres simultaneously using a large midline
electrode (Figure 1). Whilst the relative lack of focus of tDCS
is an apparent disadvantage for physiological experiments,
this may be welcomedwhen attempting tomodulate complex
and distributed cortical networks such as those involved in
gait.

6. Can tDCS Modulate Locomotor Activity in
Healthy Individuals?

Before tDCS can be considered as a therapeutic tool to
treat patients with gait disorder, its effect upon lower limb
excitability in healthy individuals needs to be evaluated.
We posed two associated questions: first, can anodal tDCS
over M1 and premotor cortex alter locomotor adaptation?
Second, are the putative behavioural changes associated with
tDCS related to neurophysiological changes in M1 cortical
excitability of the legs?

To address the first question, we explored the effect of
anodal tDCS over primary motor and premotor leg cortices
on a locomotor adaptation task: the “broken escalator”
paradigm—a laboratory reconstruction of the unusual sen-
sation and physical stumble many people experience when
stepping onto an escalator that is out-of-order [37–41]. This
paradigm induces a locomotor aftereffect (forward trunk
displacement and increased gait velocity) that reflects motor
learning. We predicted that increasing the excitability of the
primary motor and premotor cortical leg areas using anodal
tDCS would increase the amplitude of the locomotor after-
effect. We further hypothesized that anodal tDCS over M1
would prolong the aftereffect given the role of M1 in memory
retention. To address the second question we used TMS in a
separate group of subjects to probe changes in cortical leg
excitability before and after tDCS to M1.

For the gait experiments, we recruited 30 healthy partici-
pants that were allocated to 2 separate groups for testing.The
“real tDCS” group received tDCS at 2mA over 15 minutes,
and “sham tDCS” group received sham stimulation for 15
minutes. Both groups performed 5 “BEFORE” trials by step-
ping onto a stationary sled, 5MOVING (learning) trials step-
ping onto a moving platform, and 5 AFTER trials. The after-
effect is typically seen only in the 1st AFTER trial.

We applied tDCS to these subjects using a novel electrode
montage that was determined using evidence from MRI
studies [42] and three-dimensional probabilistic anatomic
correlation techniques [43] showing that the scalp topogra-
phy of Cz (international 10–20 EEG system [44]) corresponds
to lower limb primary motor cortex. Thus a DC stimulat-
ing rectangular saline-soaked sponge electrode (10 × 4 cm;
surface area 40 cm2) was placed centrally across the scalp to
cover a region 10–20% anterior to Cz as measured from the
midline of the stimulating electrode (Figure 1). The reference
electrode (4 × 4 cm) was positioned at the inion. A 2-mA
current was delivered by a battery-drivenMagstim Eldith DC
stimulator (neuroConn, Ilmenau, Germany) between the end
of the BEFORE trials and the beginning of the MOVING
trials (i.e., just before the adaptation period).The current was
initially increased by a ramp input over 10 s until reaching
2mA (current density 0.05mA/cm2). Stimulation duration of
15min, as chosen, can result in an excitability change lasting
up to 90min [33]. The sham stimulation used for control
purposes and is identical to the real stimulation condition
except that the current drops off to zero after 30 s.

We recorded forward trunk displacement and gait ap-
proach velocity using a position tracking device (Fastrak) at-
tached to the subjects’ back at C7 and electromyograms of the
anterior tibialis and gastrocnemius muscles.

How can one be sure that tDCS as used herewas having an
effect on lower limb excitability? In a separate series of exper-
iments we used transcranial magnetic stimulation that deliv-
ers amagnetic pulse to depolarise the corticalmembrane over
leg M1 and evaluating the effect of tDCS on TMS-induced
motor-evoked potentials (MEPs) and silent period durations
in tibialis anterior bilaterally in 16 additional healthy subjects.
Magnetic stimuli were delivered to the motor cortex using an
angled double-cone coil positioned over the tibialis anterior
hotspot. TMS-induced MEPs from the tibialis anterior were
recorded before and after tDCS (real stimulation in 8 subjects,
sham in 8).

Finally, in a separate series of experiments we assess what
effect, if any, cathodal stimulation over the inion (Figure 1)
could have had on cerebellar structures, given the recognized
role of the cerebellum in motor learning and adaptation
[45]. We predicted that our electrode montage would spare
cerebellar structures, as this is a suboptimal placement to
stimulate the cerebellar cortex [46]. Eyeblink classic condi-
tioning (EBC) is a well-characterized experimental paradigm
that is conserved across species and is dependent on the
cerebellum [47] and consists of pairing a weak conditioning
stimulus with a strong unconditioning stimulus repeatedly
to produce conditioned responses consisting of an eyeblink
starting before the US. EBC was evaluated in 8 subjects after
receiving tDCS as applied in the main gait experiment.

Themain finding was that the real tDCS group, compared
with sham, displayed a 80% larger trunk sway (𝑃 = 0.04) and
increased gait velocity (although not statistically significant;
𝑃 = 0.15) in the first AFTER trial (aftereffect) and a persist-
ence of the trunk sway aftereffect into the second AFTER
trial (𝑃 = 0.0013). Neither gait velocity nor trunk sway was
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Figure 2: TMS-induced motor-evoked potential (MEP) amplitudes in right and left tibialis anterior (TA) muscles before and after tDCS or
sham.Top:MEP amplitudes before (black spots) and after (white spots) real tDCS.Bottom:MEP amplitudes before and after sham stimulation.
MSO, maximum stimulator output.
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Figure 3: Summary of findings. The combination of tDCS with
physical therapy resulted in the greatest improvements in gait
velocity in patients with Parkinson’s disease and small vessel disease;
physical therapy improved gait, but tDCS alone had no significant
effect. Notably, the variability in response was greatest in patients
receiving tDCS, indicating that some patients improved more than
others.

significantly different between stimulation groups during the
learning trials (𝑃 = 0.67). The EMG signals were rectified
and integrated over a 500 ms time window after foot-sled
contact and normalized with respect tomean BEFORE (trials
3–5) values. In keeping with results from forward trunk sway,
EMG activity was significantly raised in the left and right
medial gastrocnemius (MG) muscles in the tDCS group in

the aftereffect trial (𝑃 < 0.001 for left MG and 𝑃 = 0.03 for
right MG). Note that the left MG is the muscle involved in
breaking the forward momentum during the aftereffect as it
is the left leg that makes the first contact on the sled.

Our TMS data revealed a significant increase in MEP
amplitudes in right (𝑃 < 0.001) and left TA muscles
(𝑃 < 0.001) following 15min of 2 mA anodal tDCS using
an inion reference electrode (as used in the broken esca-
lator experiment) but not for sham stimulation (Figure 2).
Concordantly, silent-period durations increased with real
stimulation but not with sham.

Cathodal effects over the cerebellum would be expected
to impair conditioned eyeblink responses. All subjects in the
real tDCS group, however, and 7 subjects in the sham group
(𝑛 = 8) acquired the conditioned response, indicating that
placing the cathode electrode over the inion does not appear
to have significant cerebellar effects.

In summary, we showed that stimulation of M1 and
premotor cortex before skill acquisition increases the trunk
overshoot component of the locomotor aftereffect, thusmod-
ulating locomotor adaptation. When the brain encounters
environmental or sensory changes in the body, it must choose
the most appropriate response for the current situation,
using a Bayesian motor decision-making process [48]. Such
a process of “risk assessment” may be subject to interactions
from the physical properties of the sled and the individual’s
state of arousal. tDCS as used in this study may thus prevent
the selection of a motor program that is contextually appro-
priate in favor of a cautious approach “the sled may move
after all”, thus generating a larger aftereffect. Alternatively,
anodal tDCS may have increased neuronal excitability in
a widespread cortical network with reinforcement of synaptic
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changes appropriate for stepping onto a moving sled as a
result of the repetitive locomotor task.This in turn could lead
to an enhanced expression of the adaptation aftereffect when
stepping onto the stationary platform.

An interesting observation is that no significance was
found for the gait velocity component of the locomotor after-
effect following tDCS. Data from previous work exploring
the relationship between gait velocity and trunk overshoot
components of the locomotor aftereffect have shown that
they are dissociable [49]. Different neural mechanisms may
underlie the trunk overshoot and gait velocity components of
the aftereffect and may thus be subject to differential effects
from tDCS although such a hypothesis warrants further
exploration.

Our results could have clinical implications. The finding
of an effect of cortical modulation on involuntary locomotor
control is of potential interest for patients with gait disorders
as tDCS offers the advantage of ease of access. Whilst there
is evidence supporting the use of tDCS in upper limb
rehabilitation following stroke [50] and Parkinson’s disease
[29], this is the first study to assess specifically the effect
of bihemispheric anodal tDCS on gait. Results from the
current finding suggest that direct noninvasive stimulation
of primary motor cortex and premotor areas may be suitable
sites to target locomotor adaptive learning [14]. Accordingly,
our findings in healthy subjects support the use of tDCS for
experimental treatment of neurological gait disorders.

7. The Use of tDCS in Patients with
Parkinson’s Disease

Based on our findings that tDCS was able to increase excita-
bility in lower limb motor cortex and increase locomotor
adaptation, we next applied anodal tDCS using the same
bihemispheric tDCS montage in patients with Parkinson’s
disease (PD). PD is a common cause of gait and postural
instability but it is generally accepted that these features are
largely levodopa resistant [3, 51–54]. An early study assessing
levodopa responsiveness for various gait parameters iden-
tified that temporal parameters such as stride and swing
duration and stride duration variability were levodopa resis-
tant, whereas stride length was levodopa sensitive [55]. More
recent evidence suggests that levodopa may differentially
improve proximal more than distal lower limb kinematics
[56]. Interestingly, levodopa appears to have no effect on loco-
motor adaptation [57].

Given the reduced activity in premotor and primary
motor cortical regions in Parkinson’s disease [58], these areas
may be important therapeutic noninvasive neurostimulatory
targets for patients with Parkinson’s disease and gait distur-
bance [59].

It is recognized that physical therapy induces physio-
logical changes in the primary motor cortex of patients
with Parkinson’s disease [32]. tDCS has also been shown
to improve motor learning and rehabilitation in PD [60],
although outcomes have been mixed [61]. Previous studies
using noninvasive brain stimulation in patients with PD did
not find reproducible benefits on gait [28, 29], although

stimulation paradigms were not combined with physical
therapy.

We hypothesised that anodal tDCS time locked to phys-
ical training would improve gait and balance in Parkinson’s
disease above and beyond the effects of tDCS in isolation.
Our primary gait outcome was gait velocity as this is a func-
tional marker of disease severity, and our primary balance
outcome was recovery of stance in the pull test [62], with
postural instability being a common cause of falls in these
patients.

Sixteen patients were recruited (average age 76.4, (SD =
5.7); disease duration 10.4 yrs (3.0); UPDRS III 25.8 (5.7)).
Patients were assigned to one of two groups; Group I
“physical-training” (𝑛 = 8) and Group II “no physical-
training” (𝑛 = 8). Patients in Group I received tDCS during
a fifteen-minute period of physical training and those in
Group II received only tDCS, without physical training. For
both groups, the application of tDCS was also randomised
to either real tDCS stimulation or sham stimulation in the
first session. All subjects returned 1 week later, to allow an
appropriate wash-out period for the neurostimulation. In this
second session subjects in the “physical training” group again
received physical therapy, but those that had received real
stimulation in the first session were given sham stimula-
tion, and vice versa. Patients in the “No physical training”
group again received only neurostimulation in this second
session, with those that received real stimulation in the first
session given sham stimulation, and vice versa. Outcomes
were recorded prior to any intervention (baseline) and after
intervention (final assessment).Thephysical therapy protocol
lasted 15 minutes with a focus on improving gait initiation,
stride length, gait velocity, arm swing, and balance.

Statistical analysis consisted of paired student t-tests, with
appropriate Bonferroni correction. To assess the effect of
combining tDCS with physical training we compared the
average % change in performance in patients receiving real
stimulation in Group I versus real stimulation in Group
II. We compared the average % change in performance in
patients receiving real versus sham stimulation in Group II
to assess the isolated effect of tDCS stimulation (independent
of physical training). Lastly, to assess the isolated effect of
physical training (independent of tDCS) we compared the
average % change in performance in patients receiving sham
in Group I versus patients receiving sham stimulation in
Group II. Where an isolated effect of physical training was
observed, we compared the average% change in performance
in patients receiving real stimulation in Group I versus sham
stimulation in Group I, to assess the effect of combining
tDCS with physical training—above and beyond the effect of
physical training alone.

We used an identical tDCSmontage and stimulation pro-
tocol as described in the initial healthy subject study above.
The current was delivered for 15 minutes during training
(“physical training” group) or during the execution of the gait
and balance tasks (“No physical training” group). Electrodes
were secured onto the scalp during the assessments using
a modified diving head cap and tDCS battery fitted on a
lightweight backpack.
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The primary outcome for gait was gait velocity. Secondary
outcomes included stride length, 3m “Timed Up and Go,”
6m walk. The primary balance outcome was a quantitative
pull test that is a clinical tool used to evaluate postural
instability in patients with Parkinson’s disease [63].

We found that the combination of anodal tDCS with
concurrent physical therapy increased gait velocity (𝑃 <
0.001), stride length (𝑃 = 0.01), the time taken to complete
the “Timed Up and Go” (𝑃 = 0.04), and the 6m walk
(𝑃 = 0.04). Whilst there were modest benefits in patients
receiving only physical therapy, these were comparatively less
than when therapy was combined with tDCS. We did not
observe any benefits of isolated tDCS (i.e., without physical
therapy) [64].

For balance, the combination of tDCS and physical ther-
apy reduced the time taken to regain stability following the
retropulsion stimulus compared to tDCS alone (𝑃 = 0.01).
Again, there was no isolated effect of stimulation (𝑃 = 0.94)
or physical therapy (𝑃 = 0.87).

In summary, we found a significant benefit of combining
tDCS with physical training for gait velocity (primary gait
outcome) and the performance on the pull test (primary
balance outcome), but there was no isolated effect for tDCS
or physical training [64].

Physical training in Parkinson’s disease normalises corti-
cal excitability in M1 [32], whilst tDCS may lower the thresh-
old for these changes to occur (Figure 5). Thus, combining
physical gait and balance therapy with tDCS over primary
motor and premotor cortex has a physiological basis.

One interesting finding from this study was that patients
with more severe motor symptoms (UPDRS III and Hoehn
Yahr scale) tended to show a greater improvement in walking
time with tDCS compared to patients with milder disease
[64]. Although the number of patients tested is insufficient
to draw firm conclusions from a correlation analysis, our
data suggest that patients with more advanced disease are
more likely to benefit from combined DC stimulation and
physical therapy than patients with mild disease. In contrast,
individual gait outcomes did not correlate with age, the
degree of leukoaraiosis, or cognitive impairment, suggesting
that individual patients at the extremes of the disease process
may be less likely to respond to neurostimulation.

Whilst our patient sample size lacks the power to draw
conclusive results, our preliminary data suggests that the
tDCS may be a useful adjunct to physical therapy to improve
gait in patients with Parkinson’s disease. Unfortunately, the
lack of follow-up assessments meant that we were unable
to comment on possible longer-term benefit of the inter-
ventions, or indeed whether repeated tDCS sessions lead to
greater and sustained improvements.

8. Combining tDCS and Dance Therapy in
a Single Patient with Parkinson’s Disease

A hallmark of progression of PD is postural instability and
associated falls [65]. Dance and movement therapy has been
shown to improve balance and gait in patients with gait

disturbances [66], with the Argentine tango receiving partic-
ular interest in patients with PD [67]. There is evidence that
tango dancing may alter cortical excitability, with increased
activity over supplementary motor and premotor cortices in
healthy subjects during imagined walking following a tango
lesson [68]. Given our findings that tDCS improves gait in
patients with PD, we decided to explore the effect of applying
anodal tDCS over primary motor and premotor cortex on
trunk kinematics in a patient withmoderate PD during tango
dancing.

We applied transcranial direct current stimulation
(tDCS) in a 79-year-old male patient with moderate PD
(UPDRS III = 34, HY scale = stage 3; disease duration 7 yrs)
during tango dancing to assess its effect on trunk motion
and balance [69]. The patient performed a total of four
dances (“The butterfly,” Osvaldo Pugliese orquestra, music
by Pedro Maffia, and lyrics by Celedonio Flores) over two
days; two “tango and tDCS” and two “tango and sham” in a
randomised double-blind fashion.

We recorded the average sagittal (pitch) and coronal (roll)
trunk peak-to-peak velocity was measured across the whole
dance using digitally based angular-velocity transducers
attached to the patients lower back [70]. We also recorded a
Tinetti Gait index questionnaire [71] (which is performed on
a three-point ordinal scale assessing task-oriented gait and
balance parameters, such as the ability to rise from a chair,
standing balance, step symmetry, etc.) and obtained a sub-
jective measure of performance before and after each dance
session from the patient’s professional dance partner, whowas
blinded to the intervention.

As in the studies reported above, a DC stimulating
rectangular saline-soaked sponge electrode (10 cm × 4 cm)
was placed centrally across the scalp to cover a region 10–
20% anterior to Cz as measured from the midline of the
stimulating electrode. The reference electrode (4 cm × 4 cm)
was positioned at the inion (Figure 1). A 2mA current was
delivered by a battery-driven Magstim Eldith DC stimulator
(NeuroConn, Germany) during the Tango dance.The current
was initially increased by a ramp input over 10 s until reaching
2mA (current density 0.05mA/cm2).

We found that trunk peak velocity during tango was sig-
nificantly greater during tDCS compared to sham stimulation
[69] (Figure 4(a)).The questionnaire data revealed subjective
improvements in dance performance, and the dance partner
commented that the patient performed an unusually greater
number of choreographed steps in one of the sessions, which
was later found to correspond to a tDCS (rather than sham)
session. Improvements were also seen in the semiquantitative
gait function assessment (Tinetti Gait Index: t-test;𝑃 = 0.04).

Our findings suggest that tDCSmay be a useful adjunct to
gait rehabilitation for patients with PD, although studies in a
larger group of patients are needed to evaluate the therapeutic
use of noninvasive brain stimulation during dance therapy.

9. The Use of tDCS in Patients with Small
Vessel Disease with Gait Disturbance

Whilst physical therapy has been used in conjunction with
tDCS to augment the effects of gait training [72] and lower
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Figure 4: (a) Averaged data for the 4 tango dances showing increased trunk velocity in coronal (roll) and sagittal (pitch) planes in the
real tDCS sessions, compared to sham. (b) Individual data from patients with small vessel disease showing percentage change in gait velocity
following real tDCS (red) and sham stimulation (blue). (c) Time taken to regain a pitch angular displacement of +/− 2 cm of baseline following
a backward pull on the shoulders for tDCS with physical therapy, shamwith physical therapy in patients with Parkinson’s disease, and healthy
aged-matched controls.

limb rehabilitation [73] in patients with hemiparesis follow-
ing established cortical strokes, the combination of nonin-
vasive stimulation with simultaneous physical therapy has
not been previously studied in patients with primary gait
disorders such as small vessel disease.

Small vessel disease (white matter lesions or leukoaraio-
sis) describes hyperintensities in the cerebral subcortical
white matter and is associated with gait and balance dys-
function and falls in the elderly [8] for which there are no
evidence-based treatments.

Primary motor and premotor cortices are relevant to the
control of gait in relation to small vessel disease [11, 12].
We attempted to facilitate neural activity in this network by
combining physical training with tDCS of the primary motor
leg area and premotor cortex bilaterally [14]. We recruited

9 patients with SVD (mean age 79.4 years, SD = 5.5; mean
minimental state examination score 27.0; Fazekas score 2.4).

The primary gait outcomes were gait velocity and stride
length, which correlate with disease severity in these patients
[74]. The primary balance outcome was recovery of stance
in the retropulsion test, with postural instability being a
feature of small vessel disease and a common cause of falls in
these patients [75]. Secondary outcomes were timed walk (a
surrogatemeasure of gait velocity) and angular trunk velocity
and amplitude.

Subjects performed a 6m walk, Timed Up and Go
(TUG), and retropulsion test twice in each session: “baseline”
and “final” assessments. Following “baseline” assessments
patients underwent a 15-minute balance and gait training
session concurrently with anodal tDCS stimulation (real or
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Physical therapy

tDCS

Threshold

Plasticity

0mV

−90mV

Gait and balance ↑ Gait and balance ↑↑↑

Threshold ↓

Figure 5: Proposed neural mechanism for combining tDCS with physical therapy. Physical therapy induces cortical changes that are thought
to underlie the functional improvement in motor function. tDCS alters cortical excitability, perhaps reducing the threshold for these changes
to occur when combined with physical therapy, resulting in greater cortical plasticity and better motor outcomes than physical therapy alone.

sham). Subjects then immediately repeated the gait and bal-
ance tests (“final” assessment). Assessments took on average
approximately 15 minutes to complete.

A device encompassing two digitally based angular-
velocity transducers arranged to measure angular trunk dis-
placement and velocity in the roll (coronal) and pitch
(sagittal) planes (SwayStar System, Balance Int. Innovations
GmbH, Switzerland) was used in all subjects.The transducers
were encased in a lightweight Bluetooth cordless device
attached to an elasticisedmotorcycle belt, whichwas easily fit-
ted on the subjects back at the L2-3 level. Angular deviations
were calculated using online-trapezoid integration of the
angular velocities [70].

Anodal tDCS was applied to the motor cortex of both
hemispheres simultaneously using the same electrode mon-
tage and protocol previously described (Figure 1).The current
was delivered during the exercise session for 15 minutes.
Sham stimulation was identical to real stimulation except
that the current was delivered for only 30 seconds and then
switched off [76]. As part of a proof-of-principle study each
patient received a single session of active (and sham) tDCS
rather than repeated treatment sessions.

Theprincipal result was that the combination of tDCS and
locomotor training improves clinically relevant locomotor
performance as measured by stride length (𝑃 = 0.047),
stride length variability (𝑃 = 0.001), and gait velocity (𝑃 =
0.008; Figure 4(b)) in patients with leukoaraiosis [77]. We
also observed improvements in the time taken to regain
posture following a retropulsive stimulus in the tDCS and
physical therapy group, but not with tDCS or physical therapy
alone (𝑃 = 0.045; Figure 4(c)).

Our results support the finding that tDCS applied during
the motor practice (“voluntary drive” [78]) improves perfor-
mance [73, 79]. Although we cannot comment on whether
this effect relates to motor practice or motor learning, our
previous work described here has shown improvements in
motor adaptive learning in healthy subjects using an identical
tDCS montage [14].

This result suggests that targeting neocortical regions
involved with gait using noninvasive stimulation may be
one therapeutic strategy to overcome the corticosubcortical
disconnection caused bywhitematter lesions in leukoaraiosis
[77].

One explanation for our findings is that the volun-
tary motor activity (versus external involuntary robotic
assistance, e.g.) occurring during physical training induces
changes in excitability in relevant motor cortex [80]. Such
neural activity strengthens corticospinal and intracortical
networks, and tDCSmay lower the threshold for these plastic
changes to occur (Figure 5). Although the magnitude of the
increase in gait velocity observed was somewhat unexpected,
motor improvements of this magnitude have been previously
observed within single sessions combining noninvasive brain
stimulation techniques with peripheral nerve stimulation
[81]. Further studies in a larger cohort of patients will
help determine the everyday clinical applicability of this
technique.

The effect of tDCS on balance in such patients has
not been previously investigated. Whilst the response to
the retropulsion test undoubtedly involves a coordinated
neuronal network including cortical (M1) and subcortical
(basal ganglia) structures and vestibular and spinal reflexes,
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one unanswered question was whether tDCS could impact
on this network, either through direct actions on the motor
cortex, or as a result of the more widespread effects of
tDCS that are increasingly recognised [82]. Nevertheless,
given that the retropulsion test is abnormal in patients with
frontobasal ganglia disorders, the observed effects of tDCS
most likely reflect changes to corticosubcortical networks.
The combination of physical therapy and offline tDCS
(applied during learning rather than execution of the task)
improves balance in patients with leukoaraiosis that may be
related to preferential effects on reflex activity, rather than
voluntary motor performance [83]. Alternatively, neurostim-
ulatory effects over phasic execution of movement such as a
postural responsemay result from an increase in spontaneous
neuronal firing rate [84]. Further studies dissecting the
underlying mechanisms involved are warranted.

10. The Use of tDCS in Patients with Gait
Disturbance following Subacute Stroke

A third of stroke survivors become unable to walk as a conse-
quence of their stroke [85]. This functional deficit imposes a
significant burden upon patients and carers and explains why
gait recovery is a major focus of poststroke rehabilitation
[86]. Despite the impact of gait impairment upon quality of
life, most evidence that tDCS may boost the efficacy of con-
ventional physical therapy has been obtained for poststroke
upper limb motor recovery [87–89].

The application of tDCS to improve gait in patients with
stroke necessarily differs from its application in patients with
diffuse cortical or subcortical neurological disease. Thus, in
bihemispheric tDCS the anode and cathode are placed over
separate hemispheres [90] to simultaneously upregulate and
downregulate activity in opposite hemispheres. Such tDCS-
induced activity is theorised to temporarily restore the inter-
hemispheric excitability balance that is disrupted following
unilateral stroke [91]. A rebalancing of interhemispheric
activity may be pivotal to promote functional recovery
poststroke. Bihemispheric tDCS applied in this way enhances
upper limb recovery in both chronic and subacute stroke
patients [88]. Whether such effects extend to gait rehabil-
itation has not been explored. The subacute stroke phase
represents a period of considerable neural plasticity [92]
and thus a prime opportunity to influence such adaptive
mechanisms using noninvasive brain stimulation.

Fourteen patients with subacute hemispheric stroke (2–8
weeks aftere stroke) were randomised to either active (𝑛 =
7; mean age 67.5 years (SD = 11.8); modified Rankin scale
2.1 (SD = 1.1)) or sham (𝑛 = 7; 56.4 years (SD = 12.4);
modified Rankin scale 2.6 (SD = 1.1)) tDCS. The anode was
placed over the ipsilesional lower limb primary motor cortex
and the cathode over the contralesional leg motor cortex.
A blinded assessor measured performance in the Timed Up
and Go (TUG) test and the Performance Oriented Mobility
Assessment (POMA; a 0–28 point ordinal scale where 28
is indicative of independent mobility and balance, with a

low falls risk and 0 is most impaired). Assessments were
performed before and after active tDCS or sham tDCS.

The average difference scores (i.e., posttest minus pretest)
for the TUG test showed that, despite their older age, the
active group was significantly faster following tDCS by 4.64 s
whereas the sham group improved by only 0.01 s following
sham stimulation (𝑃 = 0.02 for tDCS versus sham).

There was no significant difference between the two
groups when comparing the difference in POMA scores after
stimulation (POMA difference score for active group = 0.3;
POMA difference score for sham group = 0.3; 𝑃 = 0.90;
Mann-Whitney U-test). In the sham group, no participant
improved by a clinically meaningful amount; however, one
subject in the active tDCS group did improve by a clinically
meaningful level (4 points).

We found that active tDCS is safe and uniformly reduced
walking time in patients with subacute stroke compared to
sham. In contrast, the gait and balance subscale scores of
the performance-orientated mobility assessment were not
improved by tDCS. The differential benefits of tDCS on gait
speed versus no effect on the POMA score may reflect the
fact that the POMA is an ordinal scale, whereas gait speed
is a continuous measure and may thus be more sensitive to
detect change.

Notably, the two patients showing greatest improvements
with tDCS also had comparatively worse baseline scores for
the TUG, suggesting that the effects of tDCS may be more
pronounced in more severely affected patients. One subject
from the sham stimulation group showed a nearly 4-second
improvement in the time to complete the TUG. This may
represent a large placebo effect in a patient who may not
have felt confident to walk to his maximum capability before
the stimulation. Alternatively, the effect size may reflect the
nature of the subcortical stroke-gait function in patients
with subcortical white matter disease can be more variable
[74], perhaps relating to fluctuating attentional drive directed
towards walking.

Overall, we have shown that a single session of anodal
bihemispheric tDCS can improve gait speed in patients
with subacute stroke [93]. Additional larger studies will
be required to see if these benefits can be replicated and
sustained with repeated treatment sessions and if there is
indeed a differential response to tDCS between subcortical
versus cortical stroke.

11. Summary of Findings and Future Work

There are surprisingly few studies addressing the use of non-
invasive cortical stimulation for the treatment of neurological
gait disorders. Repetitive transcranial magnetic stimulation,
for example, showed early promise in the treatment of gait
in patients with Parkinson’s disease [26, 27], but subsequent
studies using intermittent magnetic stimulation [28] and
tDCS [29] have yielded negative results. One study assessed
the effect of tDCS when applied concomitantly with gait
rehabilitation in patients with chronic stroke finding no
additional benefit over and above rehabilitation alone [72].
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Studies assessing the effect of tDCS in upper limb rehabili-
tation variously report benefit in both chronic and subacute
strokes [87, 88]. In contrast, one large study [94] found no
improvement in clinical outcome with acute (i.e., 48 hours)
tDCS.

Firstly, this work has shown that it is possible to target
lower limb muscles cortically, and that this can be done for
both legs simultaneously by placing a central large anodal
electrode over themotor strip and a smaller cathode electrode
over the inion. Using a combination of TMS with tDCS it has
been possible to show that such a montage increases cortical
excitability of lower limb muscles of both legs.

Secondly, such cortical stimulation can be combined with
physical therapy to enhance the effects of physical activity
alone, for patients with Parkinson’s disease and with small
vessel disease and gait disturbance—an increasingly common
cause of falls in the elderly.

Whilst the findings of these studies suggest that non-
invasive electrical stimulation techniques may be a useful
adjunct to physical therapy in patients with neurological gait
disorders, there remains a need for further large mutlicentre
randomized sham-controlled studies to evaluate the clinical
relevance of such therapies. One striking feature across
these and many other studies using noninvasive electrical
stimulation is the intra- and interindividual variability in the
behavioural responses following stimulation (Figure 3). One
problem is that tDCS-related behavioural outcome measures
are presumably dependent on factors outside the stimulation,
such as motivation and attention that are difficult to control
experimentally. As such, large numbers of patients and per-
haps a range of electrodemontages with computational mod-
eling and direct imaging of current flow will be required to
enable a translation of tDCS from experimental use into
mainstream clinical practice for the treatment of gait disor-
ders.
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[59] A. Pascual-Leone, J. Valls-Solé, J. P. Brasil-Neto, A. Cammarota,
J. Grafman, and M. Hallett, “Akinesia in Parkinson’s disease.
II. Effects of subthreshold repetitive transcranial motor cortex
stimulation,” Neurology, vol. 44, no. 5, pp. 892–898, 1994.

[60] J. A. Williams, M. Imamura, and F. Fregni, “Updates of the use
of non-invasive brain stimulation in physical and rehabilitation
medicine,” Journal of Rehabilitation Medicine, vol. 41, no. 5, pp.
305–311, 2009.

[61] G. Alon, D. A. Yungher, L. M. Shulman, and M. W. Rogers,
“Safety and immediate effect of noninvasive transcranial pulsed
current stimulation on gait and balance in parkinson disease,”
Neurorehabilitation and Neural Repair, vol. 26, no. 9, pp. 1089–
1095, 2012.

[62] A. L. Hunt and K. D. Sethi, “The pull test: a history,”Movement
Disorders, vol. 21, no. 7, pp. 894–899, 2006.

[63] A. Lang, “Clinical rating scales and videotape analysis,” in
Therapy of Parkinson’s Disease, W. C. Koller and G. Paulson,
Eds., pp. 21–46, Marcel Dekker, New York, NY, USA, 1995.

[64] D. Kaski, R. Dominguez, J. Allum, A. Islam, and A. Bronstein,
“Combining physical training with transcranial direct current
stimulation to improve gait in Parkinson’s disease: a pilot
randomized controlled study,” Clinical Rehabilitation, vol. 28,
no. 11, pp. 1115–1124, 2014.

[65] B. R. Bloem, J. P. vanVugt, andD. J. Beckley, “Postural instability
and falls in Parkinson’s disease,” Advances in Neurology, vol. 87,
pp. 209–223, 2001.

[66] R. R. Pratt, “Art, dance, andmusic therapy,” Physical Medicine &
Rehabilitation Clinics of North America, vol. 15, no. 4, pp. 827–
841, 2004.

[67] M. E. Hackney and G. M. Earhart, “Effects of dance on gait
and balance in Parkinsons disease: a comparison of partnered
and nonpartnered dance movement,” Neurorehabilitation and
Neural Repair, vol. 24, no. 4, pp. 384–392, 2010.

[68] K. Sacco, F. Cauda, L. Cerliani, D. Mate, S. Duca, and G. C.
Geminiani, “Motor imagery of walking following training in
locomotor attention. The effect of “the tango lesson”,” NeuroIm-
age, vol. 32, no. 3, pp. 1441–1449, 2006.

[69] D. Kaski, J. H. Allum, A. M. Bronstein, and R. O. Dominguez,
“Applying anodal tDCS during tango dancing in a patient with
Parkinson’s disease,” Neuroscience Letters, vol. 568, pp. 39–43,
2014.

[70] J. H. J. Allum and M. G. Carpenter, “A speedy solution for
balance and gait analysis: angular velocity measured at the
centre of body mass,” Current Opinion in Neurology, vol. 18, no.
1, pp. 15–21, 2005.

[71] M. E. Tinetti, “Performance-orientated assessment of mobility
problems in elderly patients,” Journal of the American Geriatrics
Society, vol. 34, no. 2, pp. 119–126, 1986.

[72] C. Geroin, A. Picelli, D. Munari, A. Waldner, C. Tomelleri, and
N. Smania, “Combined transcranial direct current stimulation
and robot-assisted gait training in patients with chronic stroke:
a preliminary comparison,” Clinical Rehabilitation, vol. 25, no.
6, pp. 537–548, 2011.

[73] S. Madhavan, K. A. Weber II, and J. W. Stinear, “Non-invasive
brain stimulation enhances fine motor control of the hemi-
paretic ankle: implications for rehabilitation,” Experimental
Brain Research, vol. 209, no. 1, pp. 9–17, 2011.

[74] K. F. de Laat, A. G. W. van Norden, R. A. R. Gons et al., “Gait in
elderly with cerebral small vessel disease,” Stroke, vol. 41, no. 8,
pp. 1652–1658, 2010.

[75] C. R. G. Guttmann, R. Benson, S. K. Warfield et al., “White
matter abnormalities in mobility-impaired older persons,”Neu-
rology, vol. 54, no. 6, pp. 1277–1283, 2000.

[76] P. C. Gandiga, F. C. Hummel, and L. G. Cohen, “Transcra-
nial DC stimulation (tDCS): a tool for double-blind sham-
controlled clinical studies in brain stimulation,” Clinical Neu-
rophysiology, vol. 117, no. 4, pp. 845–850, 2006.

[77] D. Kaski, R. O. Dominguez, J. H. Allum, and A. M. Bronstein,
“Improving gait and balance in patientswith leukoaraiosis using
transcranial direct current stimulation and physical training: an
exploratory study,” Neurorehabilitation and Neural Repair, vol.
27, no. 9, pp. 864–871, 2013.

[78] M. Lotze, C. Braun, N. Birbaumer, S. Anders, and L. G. Cohen,
“Motor learning elicited by voluntary drive,” Brain, vol. 126, no.
4, pp. 866–872, 2003.

[79] J. M. Galea and P. Celnik, “Brain polarization enhances the
formation and retention of motor memories,” Journal of Neu-
rophysiology, vol. 102, no. 1, pp. 294–301, 2009.

[80] M.A. Perez, B. K. Lungholt, K.Nyborg, and J. B.Nielsen, “Motor
skill training induces changes in the excitability of the leg
cortical area in healthy humans,” Experimental Brain Research,
vol. 159, no. 2, pp. 197–205, 2004.

[81] P. Celnik, N.-J. Paik, Y. Vandermeeren, M. Dimyan, and L. G.
Cohen, “Effects of combined peripheral nerve stimulation and
brain polarization on performance of a motor sequence task
after chronic stroke,” Stroke, vol. 40, no. 5, pp. 1764–1771, 2009.

[82] N. Roche, A. Lackmy, V. Achache, B. Bussel, and R. Katz,
“Effects of anodal transcranial direct current stimulation over
the leg motor area on lumbar spinal network excitability in
healthy subjects,” Journal of Physiology, vol. 589, no. 11, pp. 2813–
2826, 2011.

[83] F. Fregni, P. S. Boggio, M. C. Santos et al., “Noninvasive
cortical stimulationwith transcranial direct current stimulation
in Parkinson’s disease,” Movement Disorders, vol. 21, no. 10, pp.
1693–1702, 2006.

[84] D. P. Purpura and J. G. McMurtry, “Intracellular activities and
evoked potential changes during polarization of motor cortex,”
Journal of Neurophysiology, vol. 28, pp. 166–185, 1965.

[85] H. Muramatsu and K. Koike, “Stroke rehabilitation therapy in a
patient with a cardiac pacemaker for chronic atrial fibrillation,”
International Journal of Rehabilitation Research, vol. 26, no. 4,
pp. 317–321, 2003.

[86] R. Dickstein, “Rehabilitation of gait speed after stroke: a critical
review of intervention approaches,” Neurorehabilitation and
Neural Repair, vol. 22, no. 6, pp. 649–660, 2008.

[87] D.-Y. Kim, J.-Y. Lim, E. K. Kang et al., “Effect of transcranial
direct current stimulation on motor recovery in patients with
subacute stroke,”TheAmerican Journal of PhysicalMedicine and
Rehabilitation, vol. 89, no. 11, pp. 879–886, 2010.



Advances in Neuroscience 13

[88] R. Lindenberg, V. Renga, L. L. Zhu, D. Nair, and G. Schlaug,
“Bihemispheric brain stimulation facilitates motor recovery in
chronic stroke patients,” Neurology, vol. 75, no. 24, pp. 2176–
2184, 2010.

[89] G. Jayaram and J. W. Stinear, “The effects of transcranial stim-
ulation on paretic lower limb motor excitability during walk-
ing,” Journal of Clinical Neurophysiology, vol. 26, no. 4, pp. 272–
279, 2009.

[90] A. R. Brunoni, M. A. Nitsche, N. Bolognini et al., “Clinical
research with transcranial direct current stimulation (tDCS):
challenges and future directions,” Brain Stimulation, vol. 5, no.
3, pp. 175–195, 2012.

[91] N. Murase, J. Duque, R. Mazzocchio, and L. G. Cohen, “Influ-
ence of interhemispheric interactions on motor function in
chronic stroke,”Annals of Neurology, vol. 55, no. 3, pp. 400–409,
2004.

[92] R. J. Nudo, “Recovery after brain injury: mechanisms and
principles,” Frontiers in Human Neuroscience, vol. 7, article 887,
2013.

[93] V. Tahtis, D. Kaski, and B. M. Seemungal, “The effect of single
session bi-cephalic transcranial direct current stimulation on
gait performance in sub-acute stroke: a pilot study,” Restorative
Neurology and Neuroscience, vol. 32, no. 4, pp. 527–532, 2014.

[94] C. Rossi, F. Sallustio, S. Di Legge, P. Stanzione, and G. Koch,
“Transcranial direct current stimulation of the affected hemi-
sphere does not accelerate recovery of acute stroke patients,”
European Journal of Neurology, vol. 20, no. 1, pp. 202–204, 2013.



Submit your manuscripts at
http://www.hindawi.com

Neurology 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Alzheimer’s Disease
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
Schizophrenia

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neural Plasticity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
Autism

Sleep Disorders
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neuroscience 
Journal

Epilepsy Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Psychiatry 
Journal

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Depression Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Brain Science
International Journal of

Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neurodegenerative 
Diseases

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Cardiovascular Psychiatry 
and Neurology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014


