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Abstract
Objective We investigated if anodal transcranial direct current stimulation (A-tDCS), applied over the supplementary motor 
areas (SMAs), could improve gait initiation in Parkinson’s disease (PD) with freezing of gait (FOG).
Methods In this double-blinded cross-over pilot study, ten PD with FOG underwent two stimulation sessions: A-tDCS 
(1 mA, 10 min) and sham stimulation. Eight blocks of gait initiation were collected per session: (1) pre-tDCS, with acoustic 
cueing; (2) pre-tDCS, self-initiated (no cue); and (3–8) post-tDCS, self-initiated. Gait initiation kinetics were analyzed with 
two-way repeated measures ANOVAs for the effects of A-tDCS.
Results A-tDCS did not significantly improve the magnitude or timing of anticipatory postural adjustments or the execution 
of the first step during self-initiated gait compared with baseline measures (p > .13). The lack of significant change was not 
due to an inability to generate functional APAs since external cueing markedly improved gait initiation (p < .01).
Conclusions A single dose of A-tDCS over the SMAs did not improve self-initiated gait in PD and FOG. Alternative 
approaches using a different dose or cortical target are worthy of exploration since individuals demonstrated the capacity 
to improve.
Significance Neuromodulation strategies tailored to facilitate SMA activity may be ineffective for the treatment of gait 
initiation impairment in people with PD and FOG.

Keywords Transcranial direct current stimulation (tDCS) · Supplementary motor area (SMA) · Parkinson’s disease · 
Freezing of gait (FOG) · Gait initiation

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease 
leading to a progressive decline in motor function, includ-
ing signs of akinesia, rigidity, tremor, bradykinesia, pos-
tural instability, and gait disorders. It has been estimated that 
more than one-third of all patients with idiopathic PD will 
develop the akinetic syndromes of start hesitation (episodic 

impairments in the ability to initiate gait) or freezing of gait 
(FOG, the spontaneous arrest of stepping during gait) [1]. 
Over time, these symptoms often become refractory to phar-
macological (e.g., levodopa replacement) and neurosurgical 
(e.g., deep brain stimulation) treatments and are associated 
with a significant reduction in quality of life [2, 3]. Cur-
rently, there is no effective treatment for these symptoms.

Previous research has shown that individuals with PD 
who have start hesitation and FOG often demonstrate 
impairments in the anticipatory postural adjustments (APAs) 
that precede and accompany gait initiation, particularly 
when it is self-initiated (non-cued) [4–6]. APAs involve a 
sequence of shifts in the location and magnitude of forces 
beneath the feet that ensure the body’s center of mass is 
propelled forward and toward the initial stance leg prior to 
the step leg toe-off [7, 8]. In people with PD, APAs are often 
absent or reduced in amplitude and prolonged in duration, 
which results in the termination or shortening of the initial 
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step [4–6]. Abnormal APAs are also associated with an 
increased risk of falls [9].

It has been hypothesized that reduced activity in the sup-
plementary motor area (SMA) contributes to the pathogen-
esis of start hesitation and FOG in PD [10]. The SMA is 
believed to play a critical role in the preparation and ini-
tiation of uncued (self-initiated) movements [11–15] and 
the coupling of movement and posture during tasks such 
as reaching and gait initiation [16–18]. Movement-related 
activity in the SMA is significantly reduced in people with 
PD [13, 19]. Moreover, structural and functional connectiv-
ity between the SMA and mesencephalic locomotor region, 
a region that contributes to the control of posture and loco-
motion, is abnormal in people with PD and FOG [20, 21]. 
There is recent evidence that APAs in people with PD may 
be differentially affected in those with and without FOG. 
People with FOG tend to have reduced medial–lateral and 
anterior-posterior APAs, particularly during the transition 
phase from standing to toe-off, compared with those without 
FOG [22, 23]. Anodal transcranial direct current stimulation 
(A-tDCS) is a non-invasive brain stimulation method that 
has the potential to facilitate SMA function and thus improve 
gait initiation. Studies in healthy adults have shown that 
A-tDCS (at 1–2 mV, 10–20 min) is associated with changes 
in movement preparation, performance, and learning in 
the upper limb [24–27], including modulation of postural 
components of APAs [28]. In people with PD, a small trial 
of A-tDCS (eight sessions over 2 ½ weeks) applied over 
the motor, premotor or prefrontal cortex demonstrated that 
treatment was associated with improvements in the time to 
walk 10 m (starting from quiet standing) [29], suggesting 
that facilitation of the premotor regions may contribute to 
improved gait initiation. Similarly, repetitive transcranial 
magnetic stimulation (rTMS) over the SMA was shown to 
reduce the duration of the APA during the first trial fol-
lowing stimulation, but not subsequent trials, in a group of 
subjects with PD off-medication [18].

Recent studies have examined the effects of tDCS, applied 
to either the primary motor cortex alone, or in combination 
with stimulation of prefrontal regions involved in executive 
function, on motor behavior and freezing in people with PD 
[30–32]. These studies showed that single [30] or repeated 
sessions [31, 32] can reduce the incidence and duration FOG 
episodes and the time to complete timed up-and-go tasks. 
In particular, combined primary motor and dorsolateral pre-
frontal stimulation showed the most consistent results across 
subjects at reducing FOG events [30]. Yet, it is unclear if 
these interventions improved the capacity to generate APAs 
required for movement transitions. To date, no study has 
examined the effects of A-tDCS targeting the SMA on self-
initiated gait in people with PD and FOG.

The purpose of this pilot study was to evaluate the effect 
of A-tDCS over the SMA on the APAs and initial steps 

associated with self-initiated gait in people with PD and 
FOG. Changes in gait initiation following A-tDCS were 
compared with improvements observed during acoustically 
cued gait initiation, since external cueing can evoke APAs 
comparable to those seen in healthy adults or following the 
administration of levodopa [5, 23, 33–36]. We hypothesized 
that (1) A-tDCS would significantly facilitate gait initiation 
by increasing the amplitude and decreasing the duration of 
APAs compared to sham stimulation, and (2) the effects of 
A-tDCS on APAs would be comparable to external cueing.

Methods

Subjects

Ten people with PD and FOG (mean ± SD, 66.3 ± 9.9 years; 
seven men) were included in this pilot study. All subjects 
were diagnosed with idiopathic PD by a movement dis-
orders neurologist (Hoehn and Yahr scale of II–IIII) [37]. 
The mean ± SD score for the FOG questionnaire [38] was 
18.5 ± 4.6, time since disease onset was 7.7 ± 4.0 years, ‘off 
drug’ Unified Parkinson’s Disease Rating Scale (UPDRS) 
part III was 39.2 ± 17.2, Montreal Cognitive Assessment 
(MoCA) was 24.5 ± 3.3, and the levodopa equivalent dos-
age was 761.0 ± 362.2 mg.

Subjects were tested in the morning after overnight 
withdrawal (12+ h) from antiparkinson’s medications (in 
the practically defined off-medication state). Subjects were 
excluded for a history of a musculoskeletal disorder affect-
ing lower limb movement, a tremor score of greater than 2 
on items 20 and 21 of the UPDRS, or a history of seizures 
or migraines. Subjects were excluded from the MRI portion 
of the study when unable to pass the MRI safety screening, 
but were allowed to participate in the remainder of the study. 
Written informed consent was obtained prior to participa-
tion in the study and all procedures were approved by the 
Institutional Review Board at the University of Minnesota.

MRI and neuronavigation

Eight of the ten subjects underwent an MRI scan acquired 
on a 3T scanner (MAGNETOM Prisma, Siemens, Erlan-
gen, Germany) on the morning of their first tDCS ses-
sion. (Two subjects were not approved for the MRI, but 
participated in the remainder of the study procedures.) 
Anatomical data of T1-weighted images were acquired 
using a Magnetization-Prepared Rapid Gradient-Echo 
(MPRAGE) sequence (TR = 2.54  s; TE = 3.65  ms; flip 
angle = 7°, FOV = 256 mm × 256 mm; 256 slices; voxel 
size = 1 × 1 × 1 mm). The acquisition time for the anatomi-
cal MRI scans was approximately 6 min. Anatomical scans 
were used to identify the SMA in each individual with a 
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neuronavigation system (Brainsight Version 2, Rogue 
Research Inc., Montreal, Canada). The anatomical scan was 
first transformed into Talairach space and co-registered with 
the subject’s head. The center of the bilateral SMAs was ini-
tially set at [0, − 10, 80] mm in the Talairach space and the 
z coordinate was adjusted accordingly to be located on the 
surface of the scalp. The boundaries of the electrode place-
ment were then marked so the long axis of the electrode was 
aligned with the mid-sagittal fissure. For the two subjects not 
eligible for the MRI scan, the stimulation site was targeted 
at 1.8 cm anterior to the location of Cz. This was based on 
the international 10–20 system for EEG electrode placement.

Transcranial direct current stimulation

The active electrode (Empi Inc., Dupel B.L.U.E—medium 
butterfly 2.0 cc, 8.1 cm2) was saturated with sterile saline 
(0.9% NaCl) and placed over the SMA using each subject’s 
anatomical MRI image as described above. It was held in 
place with an EEG cap. The “return” electrode was a self-
adhesive carbon-foam electrode (Empi Inc.) measuring 
51 cm2 (8.5 cm × 6 cm) that was placed centrally on the 
forehead directly above the eyebrows. The anodal stimula-
tion was applied using a Dupel iontophoresis constant cur-
rent delivery device (Empi Inc.) for 10 min with a current 
of 1 mA (current density = 0.123 mA/cm2). This intensity 
was chosen based on the findings of previous work show-
ing stimulation with these parameters was associated with a 
significant improvement in movement preparation in young 
adults [26]. For the sham condition, the stimulation setup 
was the same as the anodal stimulation except that the stim-
ulation device was only powered on while ramping up to 
1 mA (< 15 s), then surreptitiously shut off. Stimulation type 
was blinded to subjects and all investigators except Dr. Lu. 
Stimulation for all subjects were monitored and delivered by 
Dr. Lu alone. The two testing sessions were conducted in a 
randomized order at least 1 week apart to ensure a complete 
washout of any residual tDCS effects.

Gait initiation task

Subjects stood with each foot on a force platform (Kistler, 
9260AA) using their natural stance width. An outline of 
each foot was drawn on the platforms to ensure consistent 
initial foot placement across trials. Subjects initiated walk-
ing forward with their preferred step leg in eight blocks (five 
trials per block) in the following order: (block 1) pre-tDCS, 
externally cued; (block 2) pre-tDCS, baseline, self-initiated 
(no cue); and (blocks 3–8) post-tDCS, immediately after 
tDCS and then every 12 min. for a total of 1 h, self-initiated. 
For self-initiated stepping trials, subjects were instructed 
to hold still, then initiate walking forward “as fast as pos-
sible”, after waiting a minimum of 3–5 s following the 

verbal instruction of “Anytime.” Self-initiated trials were 
discarded and re-collected if the subject immediately ini-
tiated the step in response to the verbal instruction. For 
cued trials, an acoustic “warning” tone (80 dB, 1000 Hz 
for 100 ms) was followed 3 s later by a “go” tone (90 dB, 
2000 Hz for 100 ms). The acoustic tones were presented to 
the subject using a speaker placed at eye level 3.3 m in front 
of the subject. Subjects were instructed to hold still, then 
walk forward as fast as possible in response to the go cue. 
The cued trials were added to demonstrate the performance 
capabilities of the individual, since sensory cueing can sig-
nificantly improve the magnitude and timing of APAs [5, 23, 
35]. The cued trials were conducted at the beginning of the 
experiment to ensure that this condition did not confound the 
subsequent self-initiated trials. We have previously shown 
that the order of externally cued and self-initiated condi-
tions does not affect gait initiation performance in people 
with PD [23]. Between blocks of gait initiation trials, the 
subjects were seated in a chair placed at the starting position. 
Optional seated breaks were provided upon request within 
each gait initiation block.

Data analysis

All assessments, including the UPDRS part III and data 
analysis, were performed by experimenters blinded to the 
stimulation type. For each trial, the outcome variables were 
separated into components associated with the APA phase 
(weight shift onset to the end of step leg loading) and the 
execution of the step (end of step leg loading to step leg 
toe-off) (Fig. 1). These variables included the amplitude and 
timing of the peaks of the following: step leg loading force, 
stance leg unloading force, posterior excursion of the net 
center of pressure (CoP) during loading/unloading (CoPap1) 
and near the step leg toe-off (CoPap2), and lateral excursion 
of the CoP toward the step leg (CoPml). In addition, the 
times from the weight shift onset to the step and stance leg 
toe-offs were analyzed. Forces were normalized to a percent-
age of total body weight (BW). CoP movement and force 
onsets were identified when the signal crossed a threshold 
of ± 3 standard deviations from baseline quiet standing, veri-
fied by visual inspection, and adjusted manually.

Statistical analyses

To assess the effect of A-tDCS on APAs during self-initi-
ated gait, two-way repeated measures analysis of variance 
(ANOVAs) were performed on the APA data with factors 
of stimulation type (anodal vs. sham) and trial block (seven 
levels: baseline self-initiated, post-tDCS at 0, 12, 24, 36, 48 
and 60 min of stimulation). In addition, two-way repeated 
measures ANOVAs were used to test the effect of external 
cueing on APAs with stimulation type (anodal and sham) 
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and trial block (two levels: baseline self-initiated and base-
line cued blocks). Greenhouse–Geisser corrected degrees of 
freedom were used to correct for violations of the assump-
tion of sphericity. Bonferroni procedures were used to cor-
rect for the multiple comparisons in the post hoc analysis of 
gait initiation blocks. A paired t test was used to examine 
the differences in UPDRS motor scores between the two 
stimulation sessions. Two-tailed p values were set at 0.05.

Results

All subjects completed the study and no adverse events were 
reported. There was no significant difference in the off-medi-
cation UPDRS motor scores between sessions (p = .645) and 
no significant effect of visit order for any outcome variable 

(p = .091–.951). The average peak amplitudes and timings of 
the vertical ground reaction forces and CoP posterior excur-
sions during the APA are presented in Table 1 and Fig. 2 
and the results of the ANOVAs are presented in Table 2 (see 
Supplementary Tables 1 and 2 for additional gait initiation 
variables).

A-tDCS did not significantly affect the amplitude of the 
forces or CoP shifts during the APA phase of gait initia-
tion, as shown by the absence of a significant stimulation 
type × block interaction effect (p > .13). During the execu-
tion phase, there was a significant main effect of stimula-
tion type (p = .017) and an interaction effect (p = .048) for 
the peak CoPap2 amplitude. Post hoc analysis showed that 
differences in CoPap2 amplitude between stimulation con-
ditions were related to the change between 36 and 48 min, 
with a mean decrease of 0.4 cm during the A-tDCS visit and 
an increase of 0.5 cm during the sham visit. However, these 
effects were smaller than the differences (1.1 cm) observed 
between stimulation conditions at baseline. Significant main 
effects of trial block were seen for all amplitude components 
in the APA phase (Table 2). These effects were associated 
with a drift (usually worsening) of performance over the 
course of the experiment in both the A-tDCS and sham con-
dition, but post hoc comparisons were not significant with 
the exception that the peak CoPml excursion at 48 min post 
stimulation was smaller than at 0 min (see Supplementary 
Tables 1 and 2).

Significant main effects of stimulation type were observed 
for many timing variables in the APA and step execution 
phases (p < .05), including time to step peak loading, time 
to stance peak unloading, time to CoPap2, and time to the 
second toe-off. Post hoc analysis of the main effect of stimu-
lation type showed these effects were due to a generalized 
reduction in APA and execution phase durations during the 
A-tDCS visit. Most importantly, there were no significant 
stimulation × block interaction effects for any of these tem-
poral variables. Differences in timing between stimulation 
conditions at each trial block post-tDCS were comparable to 
the differences observed at baseline (See Table 1).

The lack of an effect of A-tDCS on gait initiation could 
not be explained by a ceiling effect in performance abil-
ity since external cueing was associated with a significant 
increase in the magnitude of APAs (main effect of cue/trial 
block: p < .001) and reduced APA durations (main effect of 
cue/trial block: p < .05) relative to self-initiated gait. Cueing 
improved the amplitude of the initial loading and unloading 
forces by an average of 50% and CoP excursions by 48%. 
The time to peak loading and unloading were reduced by an 
average of 21% and the time to the CoP peaks by an average 
of 17%. In addition, we examined if the gait initiation-related 
sub-scores (mean ± SD, 4.9 ± 2.7) from the FOG question-
naire were correlated with the effect of A-tDCS. However, 
in our small sample pool, the difference between anodal 

A

B

Fig. 1  Examples of anticipatory postural adjustments (APAs) during 
an acoustically cued gait initiation trial in a subject with Parkinson’s 
disease for a vertical ground reaction forces under the step (dashed 
line) and stance legs (solid line) and b center of pressure (CoP) dis-
placement in the mediolateral (dashed line) and anteroposterior (solid 
line) directions. The main APA components are labeled. The vertical 
gray line designates the separation of the APA phase from the execu-
tion phase
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and sham stimulation for all gait initiation variables did 
not systematically vary with the sub-scores from the FOG 
questionnaire.

Discussion

The aim of this study was to test if A-tDCS, applied over 
the SMA, could facilitate self-initiated gait in people with 
PD and FOG in the off-medication state. The results demon-
strated that a single session of A-tDCS at 1 mA for 10 min 
had little effect on the performance of self-initiated (uncued) 
gait. In general, A-tDCS had no significant effect on the 
amplitude of the kinetic components contributing to the 
APA phase of gait initiation compared with sham stimula-
tion. Significant main effects of stimulation condition were 
observed for many of the timing variables and the second 
posterior shift in the CoP, but no differences were seen 
between any post-tDCS blocks and baseline measures.

Our findings did not support the hypothesis that facilita-
tion of the SMA, via A-tDCS, would improve self-initiated 
gait in people with PD and FOG. The SMA is a primary 

output target of the basal ganglia thalamocortical pathway 
[39] and is believed to play an important role in the prepa-
ration and execution of self-initiated movements [11–15]. 
Our hypothesis was derived from extensive evidence from 
neurophysiological and neuroimaging studies showing that 
the SMA is underactive in people with PD, particularly dur-
ing self-initiated movements [13, 19], and the idea that SMA 
has been implicated in the pathogenesis of FOG [10]. In 
particular, FOG is associated with marked changes in the 
structural connectivity between the SMA and the region of 
the pedunculopontine nucleus [20], a structure associated 
with the control of locomotion. Accordingly, up-regulation 
of the SMA with non-invasive brain stimulation would be 
expected to improve self-initiated tasks such as reaching, 
gait, and gait initiation. Yet, the results of studies using tech-
niques designed to facilitate SMA activity have been equivo-
cal. Support for the idea of facilitating motor and premo-
tor cortical activity comes from a study by Benninger et al. 
who demonstrated that eight sessions of A-tDCS (2 mA for 
20 min) applied over the motor, premotor or prefrontal corti-
ces (including the SMA) was associated with a reduced time 
to walk 10 m (starting from quiet standing) [29]. However, 

Table 1  Summary of the amplitude and timing (mean ± 1 standard deviation) of main gait initiation variables

Anodal stimulation in bolded font, Sham in standard font
PL peak loading, %BW percentage of total body weight, PUL peak unloading, CoPap1 peak posterior excursion of the center of pressure during 
loading/unloading, CoPap2 peak posterior excursion of the center of pressure near step leg toe-off

Trial blocks

Cued Baseline 0 min 12 min 24 min 36 min 48 min 60 min

Magnitudes
 APA phase
  Step PL (%BW) 16.7 ± 8.1 10.4 ± 8.8 7.9 ± 7.0 7.7 ± 6.7 8.3 ± 6.0 8.1 ± 6.7 8.2 ± 6.8 7.8 ± 6.4

16.3 ± 8.2 11.2 ± 8.0 10.2 ± 6.8 9.6 ± 7.8 8.9 ± 6.7 9.1 ± 7.6 7.5 ± 6.5 8.6 ± 5.9
  Stance PUL (%BW) − 16.3 ± 7.0 − 10.1 ± 8.4 − 8.1 ± 6.8 − 7.8 ± 6.8 − 8.4 ± 6.0 − 8.0 ± 6.7 − 8.1 ± 6.9 − 7.8 ± 6.2

− 15.2 ± 6.8 − 10.8 ± 7.5 − 9.7 ± 6.4 − 9.1 ± 7.3 − 8.6 ± 6.7 − 8.8 ± 7.4 − 7.3 ± 6.2 − 8.8 ± 6.1
  CoPap1 (cm) − 3.7 ± 2.1 − 2.3 ± 2.2 − 1.8 ± 1.8 − 1.8 ± 1.9 − 1.9 ± 1.8 − 1.9 ± 1.7 − 1.8 ± 1.8 − 1.6 ± 1.6

− 3.8 ± 1.5 − 2.6 ± 1.9 − 2.2 ± 1.7 − 2.0 ± 1.7 − 2.0 ± 1.6 − 2.0 ± 1.8 − 1.6 ± 1.4 − 1.8 ± 1.6
 Execution phase
  CoPap2 (cm) − 4.3 ± 4.1 − 2.5 ± 3.8 − 2.3 ± 4.0 − 2.2 ± 3.7 − 2.0 ± 3.9 − 1.5 ± 3.9 − 2.0 ± 4.0 − 1.6 ± 3.8

− 5.1 ± 3.3 − 3.6 ± 3.6 − 3.0 ± 3.2 − 2.7 ± 3.1 − 2.5 ± 3.2 − 2.5 ± 3.5 − 2.1 ± 3.5 − 2.2 ± 3.4
Timings (ms)
 APA phase
  Step PL 228 ± 60 331 ± 91 334 ± 80 346 ± 86 344 ± 76 365 ± 86 316 ± 64 336 ± 95

254 ± 73 294 ± 59 315 ± 111 324 ± 78 316 ± 73 282 ± 34 312 ± 91 337 ± 92
  Stance PUL 224 ± 58 314 ± 86 328 ± 67 337 ± 98 234 ± 79 348 ± 92 296 ± 68 344 ± 78

247 ± 57 277 ± 56 296 ± 102 288 ± 72 296 ± 68 289 ± 47 312 ± 79 335 ± 77
  CoPap1 258 ± 80 349 ± 85 319 ± 77 340 ± 79 354 ± 96 355 ± 86 326 ± 86 354 ± 124

273 ± 92 312 ± 76 321 ± 69 334 ± 80 351 ± 74 347 ± 61 313 ± 97 350 ± 72
 Execution phase
  CoPap2 649 ± 178 745 ± 127 719 ± 119 723 ± 114 774 ± 189 780 ± 136 757 ± 155 799 ± 220

627 ± 138 665 ± 98 692 ± 124 677 ± 99 718 ± 71 709 ± 90 709 ± 99 728 ± 95
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due to the size and orientation of the active electrode, it is 
unclear if these effects were produced by facilitation of the 
primary, premotor and/or SMA regions. Similarly, Costa-
Ribeiro et al. found that ten sessions of A-tDCS (2 mA for 
13 min), combined with visually cued gait training, was 
associated with a lasting enhancement (up to 1 month) in 
the Timed Up-and-Go task [40]. Facilitatory rTMS (e.g., 
10 Hz) over the leg region of the motor cortex or dorso-
lateral prefrontal cortex has also been shown to improve 
Timed Up-and-Go and turning tasks in people with PD and 
FOG, but SMA rTMS at 10 Hz was ineffective [41]. Other 
studies have shown either no significant effect of 10 Hz 
rTMS over the SMA [42] or worsening of performance [43]. 
Paradoxically, two studies observed improvements in per-
formance with low frequency (suppressive) rTMS over the 
SMA. Shirota et al. reported a more than 6-point reduction 
in motor UPDRS scores after an 8-week trial of 1 Hz SMA 
rTMS [42]. Similarly, Jacobs et al. showed that 1 Hz rTMS 
reduced the duration of APAs before step initiation; how-
ever, this effect was only seen in the first trial immediately 
after 30 min of stimulation [18]. Taken together, it remains 
ambiguous how up- or down-regulation of SMA activity 
through non-invasive brain stimulation modulates movement 
performance in people with PD.

A common finding across studies that have examined the 
effects of SMA stimulation on voluntary movement have 
been transient improvements in the temporal features of the 

task. A recent experiment using the same SMA tDCS pro-
tocol as the present study showed that A-tDCS was associ-
ated with a significant reduction in reaction times in healthy 
young adults [6]. Similarly, several studies in people with 
PD have shown that SMA stimulation, using either repeti-
tive transcranial magnetic stimulation or tDCS, decreases 
the time to complete motor tasks (e.g., timed up and go, 
time to turn, walk, step) [18, 29, 41]. The effects were often 
transient, lasting for a single trial following stimulation [18] 
or reported only in a longer study of repeated stimulation 
(e.g., eight sessions over 2.5 weeks) [29]. Significant main 
effects of A-tDCS on movement timing were also observed 
in the present study, but there were no stimulation type x 
trial block interaction effects. Moreover, any improvements 
observed following A-tDCS were well within the variance 
observed during baseline measures.

The lack of change in gait initiation with A-tDCS could 
not be explained by an absence of functional APAs or small 
sample size since each of the individuals tested showed 
marked improvements in performance when stepping was 
cued by an acoustic tone. The results of the cueing condi-
tion demonstrate that the subjects in this study processed the 
capacity to improve the amplitude and timing of gait initia-
tion. The acoustic cue was associated with an approximately 
50% improvement in APA magnitude and 20% reduction in 
APA duration. These large effects were similar to the find-
ings reported in previous studies comparing sensory cued 

Fig. 2  The average peak amplitudes and timings of the vertical ground reaction forces and CoP posterior excursions during the APA. Error bars 
indicate ± one standard error
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versus self-initiated forward stepping [5, 23, 35]. Further-
more, the interaction effect observed in the APA timing dur-
ing gait initiation indicates that the subjects who showed 
more prolonged APAs at baseline were more responsive to 
external cueing. This finding is consistent with our previous 
work showing that persons with smaller and slower self-
initiated APAs can utilize an external cue to restore proper 
postural preparation to a greater extent [23]. Although the 
underlying mechanisms are different between externally 
cued and self-initiated gait initiations, our goal with com-
paring the self-initiated vs. externally cued conditions was to 
elucidate if each individual possessed the capacity to gener-
ate the forces and moments required to produce APAs. The 
cueing data demonstrated that the effectors (corticofugal 
pathways and spinal motoneurons) of all subjects could be 
organized and integrated in a manner that achieved a highly 
functional APA.

It should be noted that our protocol and testing were lim-
ited to the examination of the anticipatory postural adjust-
ments (APAs) and first step components of gait initiation. 
Other behaviors that are affected in people with FOG that 

also require APAs such as obstacle avoidance and turning, 
may benefit from stimulation directed at the SMA, other 
targets, or combinations of targets. In keeping with this idea, 
Dagan et al. showed that tDCS applied simultaneously over 
the leg area of the primary motor cortex and left dorsolateral 
prefrontal cortex was associated with a significant reduc-
tion in freezing episodes (provoked by sit-to-stand, walking, 
turning, or walking through a doorway) and shortened dura-
tion of a timed up-and-go task [30]. Their results provide 
evidence that stimulation targeting frontal cortical regions 
involved in motor execution and executive function can 
influence the expression of freezing. However, it is unclear 
if these effects included improvement in the APA phases 
of the tasks, such as the transition from quiet standing to 
forward stepping.

There are several factors that may have contributed to 
the absence of facilitation of gait initiation with A-tDCS 
over the SMA in this study. These factors include: stimula-
tion dose, SMA targeting, and a lack of paired stimulation 
and task training. It could be argued that the dose applied 
in this study was too low at 1 mA. The A-tDCS dose was 

Table 2  ANOVA results for effects of tDCS type and external cueing on main gait initiation variables

SI self-initiated, PL peak loading, NPS no post hoc significance, PUL peak unloading, CoPap1 peak posterior excursion of the center of pressure 
during loading/unloading, CoPap2 peak posterior excursion of the center of pressure near step leg toe-off
*p value < 0.05
a Significant stimulation × block interaction effect, post hoc showed changes in CoPap2 amplitudes between blocks 6 and 7 were different across 
stimulation types, with a decreased value (larger shift) during the anodal visit and an increase during the sham visit
b Significant visit × cue interaction effect, post hoc showed APA timings of SI baseline on the sham visit were slower and improved more with a 
cue

Effect of tDCS type: blocks 2–8 (SI trials only) Effect of cue: blocks 1–2 (Cue vs. SI)

Stimulation
df = 1, F(p)

Block
df = 6, F(p)

Interaction
df = 6, F(p)

Post hoc Visit
df = 1, F(p)

Cue
df = 1, F(p)

Interaction
df = 1, F(p)

Post hoc

Magnitudes
 APA phase
  Step PL 2.6 (.14) 5.5 (.01*) 1.3 (.29) Block: NPS 0.1 (.80) 34.1 (< .*) 0.9 (.38) Cue > SI
  Stance PUL 1.2 (.30) 5.7 (< .001*) 1.0 (.44) Block: NPS 0.1 (.75) 31.1 (< .001*) 2.3 (.16) Cue > SI
  CoPap1 1.8 (.21) 3.9 (.03*) 0.9 (.48) Block: NPS 0.2 (.63) 21.3 (< .001*) 0.2 (.64) Cue > SI

 Execution phase
  CoPap2 8.5 (.02*) 5.3 (.02*) 2.3(.048a) Stim: 

A-tDCS > Sham
Block: NPS
Intera

7.8 (.02*) 130.2 (.001*) 0.7 (.41) Visit: 
Sham < A-tDCS

Cue > SI

Timings
 APA phase
  Step PL 8.3 (.02*) 0.6 (.61) 1.4 (.23) Stim: 

A-tDCS < Sham
0.1 (.83) 12.6 (.007*) 9.4 (.02*b) Cue < SI

  Stance PUL 23.9 (.002*) 1.4 (.24) 1.3 (.29) Stim: 
A-tDCS < Sham

0.2 (.66) 10.7 (.01*) 6.1 (.04*b) Cue < SI

  CoPap1 0.5 (.50) 1.3 (.30) 0.3 (.94) 0.4 (.55) 7.0 (.03*) 11.9 (.01*b) Cue < SI
Execution phase

  CoPap2 3.5 (.09) 2.4 (.04*) 0.3 (.82) Block: NPS 4.7 (.06) 5.7 (.04*) 5.1 (.051) Cue < SI
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chosen based on previous work in healthy adults showing 
significant changes in the preparation and initiation of a 
ballistic arm movements with 10 min of 1 mA applied over 
the SMA using the same electrode montage [26, 27]. Stim-
ulation over the leg region of the primary motor cortex 
at current densities less than that used in this study (e.g., 
60 µA/cm2;[44, 45]) has been shown to produce significant 
changes in corticospinal excitability, suggesting that the 
123 µA/cm2 dose was sufficient to modulate regions along 
the banks of the longitudinal fissure. Duration may also be 
a critical factor, considering that studies that have shown 
robust lowering of UPDRS and FOG scores used tDCS 
for 20 min (and across multiple sessions) [30, 46, 47]. 
Nonetheless, we cannot fully discount the possibility that 
our stimulation protocol may have been too short to acti-
vate the leg regions of SMA. The electrode montage was 
designed to cover the medial–lateral extent of the SMA 
bilaterally, with minimal overlap over the premotor or pri-
mary motor cortices. The reference electrode was placed 
on the forehead to reduce current flow into these regions. 
However, this montage may have resulted in higher current 
densities near the anterior edge of the stimulating elec-
trode, over more anterior regions of SMA or pre-SMA, and 
away from the leg region of the SMA proper. Our montage 
may also have decreased excitability in cognitive areas 
in the prefrontal cortex, which could have worsened the 
APAs during gait initiation [48]. However, due to the large 
surface area of the cathode (51 cm2), the relative simplic-
ity of the task and the absence of change from baseline 
behavior, this was unlikely to be a confound. In addition, 
the efficacy of stimulation may have been improved if 
A-tDCS had been applied concurrently with practice of 
the gait initiation task. Task-specific training during tDCS 
has been shown to enhance efficacy of physical therapy in 
PD [49] and learning a balance task in young adults [50]. 
Finally, the use of dopaminergic medications may change 
the cortical excitability in PD and thus alter the effects of 
tDCS [46].

Changes in the function and structure of the SMA in 
people with PD may also affect the efficacy of tDCS. Neu-
roimaging studies have shown significant changes in the 
structural and functional connectivity between the SMA and 
brainstem locomotor regions (pedunculopontine nucleus) 
[20, 51]. Reduced functional connectivity between these 
regions was associated with prolonged APAs during gait 
initiation in a group of PD with postural instability [51]. 
In non-human primate models of parkinsonism, the loss of 
nigrostriatal dopaminergic neurons is also associated with 
marked changes in the morphology of thalamocortical con-
nections, including the SMA [52]. These findings raise the 
possibility that the SMA of people with PD may be less 
responsive to the effects of SMA stimulation, particularly 
when applied at lower stimulation intensities.

Conclusions

Due to the relatively small sample size, the outcome of this 
study should be interpreted with caution. The results of 
our pilot study show that 10 min of 1 mA stimulation over 
the SMA does not produce clinically meaningful improve-
ments in either the amplitude or timing of the APAs that 
precede self-initiated stepping in people with PD and 
FOG. The effects of external cueing demonstrate that indi-
viduals have the capacity to perform a good quality step. 
For this reason, future studies are warranted to investigate 
if changes in dose, target location (unilateral vs. bilateral 
SMA, primary motor cortex, premotor cortex), or simulta-
neous task-specific training can improve gait initiation and 
reduce the incidence of start hesitation and FOG.
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