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Abstract
Background Parkinson’s disease (PD) induces progressive deficits in motor and cognitive functions as well as 
impaired dual-task performance requiring both motor and cognitive functions. This systematic review and meta-
analysis evaluated the effects of non-invasive brain stimulation (NIBS) on dual-task performance in patients with PD.

Methods 11 studies met the following inclusion criteria: (a) patients with PD, (b) NIBS intervention, (c) comparison 
with the sham stimulation group, (d) motor and cognitive performance outcomes during dual tasks, and (e) 
randomized controlled trials with parallel or crossover designs. Individual effect size (i.e., comparison) was quantified 
by comparing motor and cognitive performances changes during dual tasks between active NIBS and sham 
stimulation conditions. Thus, higher values of the overall effect size indicate more improvements in either motor 
or cognitive performances after NIBS. Moreover, moderator variable analyses determined whether NIBS effects on 
dual-task performances differed depending on targeted brain regions. Finally, meta-regression analyses determined 
whether NIBS effects on dual-task performances were associated with demographic characteristics.

Results The random-effects model meta-analysis revealed that NIBS significantly improved motor (73 comparisons 
from 11 studies) and cognitive (12 comparisons from four studies) performances during dual tasks in patients with 
PD. Specifically, anodal transcranial direct current stimulation protocols on the dorsolateral prefrontal cortex were 
effective. Moreover, greater improvements in motor performance during dual tasks significantly correlated with 
decreased age and increased proportion of females, respectively.

Conclusion This meta-analysis suggests that excitatory stimulation on the dorsolateral prefrontal cortex may be 
effective for improving dual-task performance in patients with PD.
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Introduction
Parkinson’s disease (PD), the second-most common 
neurodegenerative disorder, normally induces pro-
gressive deficits in motor and cognitive functions, as 
indicated by slower gait speed and impaired execu-
tive functions in patients with PD [1–5]. Moreover, 
patients with PD presented more impairments when 
performing dual tasks that simultaneously require 
motor and cognitive task goals than healthy older 
adults [6–8]. For example, patients with PD exhibited 
18% reduction of step length from single-task walk-
ing to dual-task walking, whereas healthy older adults 
showed only 2% decrease in step length [9]. Given that 
many activities of daily living frequently require dual 
tasks such as reading text messages on a smartphone 
while walking, patients with PD may be challenging 
for increasing independent life without specific reha-
bilitation protocols that effectively address dual-task 
impairments [10, 11].

Non-invasive brain stimulation (NIBS) tech-
niques including transcranial direct current stimula-
tion (tDCS) and transcranial magnetic stimulation 
(rTMS) have been explored as intervention protocols 
for improving dual-task performance due to their 
potential effects on modulating cortical excitability 
and facilitating neuroplasticity [12–15]. According 
to the central capacity sharing model [16], cognitive 
resources may be divided when concurrently process-
ing multiple stimuli due to a limited capacity. Thus, 
dual tasks such as using a smartphone while walking 
can lead to cognitive-motor interference presumably 
impairing the performance of either one or both tasks 
[17]. Importantly, patients with PD typically showed 
impaired gait automaticity so that they may use more 
cognitive resources for successful locomotion while 
increasing cognitive-motor interference patterns [18, 
19]. For example, although patients with PD revealed 
greater excitability in the dorsolateral prefrontal cortex 
(DLPFC) for executive functions, their gait patterns 
during dual tasks were slower and more variable than 
those of age-matched healthy older adults [20]. These 
findings indicated that patients with PD may need 
more neural resources in the brain (e.g., DLPFC excit-
ability) to compensate for their motor and executive 
deficits. Potentially, the primary motor cortex (M1) 
may be an additional key area to preserve motor func-
tions during dual tasks because M1 excitability may 
advance the cortico-basal ganglia connections affected 
by striatal dopamine depletion [21–23]. Thus, NIBS 
protocols targeting these cortical regions may improve 
dual-task performance by attenuating cognitive-motor 
interferences. A systematic review and meta-anal-
ysis investigating tDCS effects on dual-task perfor-
mances in older adults reported that anodal tDCS on 

the DLPFC significantly reduced dual-task cost of 
gait speed [24]. Taken together, quantifying potential 
overall effects of NIBS on dual-task performances in 
patients with PD may provide meaningful information 
on identifying optimal rehabilitation protocols con-
tributing to increasing their independent life.

A recent systematic review study performed by Lin 
and colleagues [25] revealed potential positive effects 
of NIBS protocols on gait speed and timed up and go 
(TUG) during dual tasks in patients with PD from 
three studies [14, 26, 27]. Although this study sug-
gested a possibility of improvements in dual-task per-
formances after NIBS protocols, these findings were 
still insufficient because of the limited number of 
included studies and no quantitative evidence by con-
ducting data synthesis procedures. Thus, we inves-
tigated effects of NIBS on dual-task performances in 
patients with PD by conducting a systematic review 
and meta-analysis. Moreover, NIBS effects can vary 
with different targeted brain areas [28, 29]. Based on 
these findings, we addressed two leading questions: (1) 
Do NIBS techniques improve motor and cognitive per-
formances during dual tasks in patients with PD? and 
(2) Do the effects of NIBS on motor and cognitive per-
formances in patients with PD differ depending on the 
targeted brain regions?

Methods
Literature search and study inclusion criteria
We conducted the systematic review and meta-analysis 
consistent with Preferred Reporting Items for System-
atic Reviews and Meta-analysis (PRISMA) guidelines 
[30]. To formulate convincing eligibility criteria [31], 
we used Population, Intervention, Comparison, Out-
comes, and Study design (PICOS) framework. Specifi-
cally, five inclusion criteria included: (1) Population: 
patients with PD; (2) Intervention: NIBS protocols; (3) 
Comparison: controls who received sham stimulation; 
(4) Outcome: motor and cognitive performance during 
dual tasks; and (5) Study design: studies that included 
randomized controlled trials (RCT) with either a par-
allel or crossover design. Moreover, we excluded case 
studies, animal studies, review articles, and studies 
that reported insufficient data for calculating effect 
sizes. Using two databases including PubMed and Web 
of Science, the literature search was performed from 
July 12, 2023, to August 14, 2023. For both search 
engines, we used the following keywords: (PD OR Par-
kinson’s disease OR Parkinson) AND (NIBS OR non-
invasive brain stimulation OR tDCS OR transcranial 
direct current stimulation OR tACS OR transcranial 
alternating current stimulation OR TMS OR tran-
scranial magnetic stimulation OR rTMS OR repeti-
tive transcranial magnetic stimulation OR tPCS OR 



Page 3 of 16Lee et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:205 

transcranial pulsed current stimulation OR tRNS OR 
transcranial random noise stimulation) AND (dual-
task OR dual task OR concurrent OR walk OR gait OR 
locomotion OR cognition OR interference).

Data synthesis for meta-analysis
Meta-analysis procedures were conducted using 
the Comprehensive Meta-Analysis software ver-
sion 4.0 (Englewood, NJ, USA). Individual effect size 
(i.e., comparison) and overall effect size (i.e., effect 
size after data synthesis) were quantified by calculat-
ing standardized mean difference (SMD) with a 95% 
confidence interval (CI). We included multiple com-
parisons from one study when each comparison could 
be calculated based on different types of dual tasks, 
outcome variables, and NIBS protocols (e.g., tar-
geted regions and timing). Higher SMD values indi-
cate more improvements in dual-task performances 
after applying active NIBS protocols than those for 
sham stimulation condition. For RCT with a parallel 
design, individual effect sizes were calculated by com-
paring mean and standard deviation values of motor 
and cognitive performances between active and sham 
stimulation groups. For RCT with a crossover design, 
we calculated individual effect sizes using a paired 
analysis that applied the sample size and mean differ-
ence values with standard error [32–34]. To synthesize 
individual effect sizes, we used the random-effects 
model meta-analysis based on the traditional assump-
tions that inherent heterogeneity may exist among 
individual studies because of different experimen-
tal characteristics (e.g., participants, study protocols, 
and outcome measures). This approach may minimize 
the potential variability of effect sizes by reducing the 
influence of these methodological differences across 
individual studies [35].

To estimate the heterogeneity levels across individ-
ual effect sizes, we used Higgins and Green’s I-squared 
(I2) indicating relationship between the distribution 
of true effects and observed effects [36]. Typically, 
the 25%, 50%, and 75% values of I2 denote low, mod-
erate, and high heterogeneity levels, respectively [37]. 
Moreover, the Egger’s regression test was performed 
to determine whether significant levels of publication 
bias exist across individual effect sizes. A P-value for 
the intercept (β0) of less than 0.05 indicates significant 
levels of publication bias [38].

Moderator variable analysis
Additional moderator variable analyses were per-
formed to specify effects of NIBS protocols on motor 
and cognitive performances during dual tasks in 
patients with PD. First, we investigated how NIBS 
influenced dual-task performances based on different 

types of motor functions (i.e., gait speed, cadence, 
double support time, stride time, stride length, step 
length, step width, stride time variability, stride length 
variability, TUG, time to return, and writing ampli-
tude) and cognitive functions (i.e., number of correct 
generating words and counting). Second moderator 
analysis specified NIBS effects on dual-task perfor-
mances according to different targeted brain areas (i.e., 
DLPFC, supplementary motor area; SMA, M1, and 
cerebellum). Finally, we conducted additional meta-
regression analyses to determine whether the effects 
of NIBS on motor and cognitive performances were 
associated with different demographic characteristics 
(i.e., mean age, proportion of the females, and duration 
since PD diagnosis).

Methodological quality assessment
Using the Cochrane risk of bias assessment tool ver-
sion 2 [39], two researchers (H.L. and B.J.C.) indepen-
dently evaluated potential methodological issues based 
on six specific domains: (1) randomization process (2), 
timing of identification or recruitment of participants 
(3), deviations from intended intervention (4), miss-
ing outcome data (5), measurement of the outcome, 
and (6) selection of the reported result [40]. Based on 
the criteria for algorithms in the Cochrane risk of bias 
assessment tool [41], we judged the risk of bias for each 
domain by assigning one of three levels: (1) low risk of 
bias (2), some concern, and (3) high risk of bias. In the 
case of any discrepancy between the researchers, one 
leading researcher (N.K.) made a final decision.

Results
Study identification procedure
Initially, a systematic literature search identified 1,662 
studies including 1,238 from the PubMed and 424 from 
the Web of Science, and then we removed 240 dupli-
cated studies. The title and abstract of 1,422 studies 
were firstly screened, and 527 studies were excluded 
because of the following: (1) 404 review articles (2), 92 
animal studies (3), 18 case studies, and (4) 13 studies 
that reported inaccessible contents. Full texts of the 
remaining 895 studies were carefully reviewed based 
on our inclusion and exclusion criteria, and 884 stud-
ies were further excluded: (1) 474 studies that did 
not focus on patients with PD (2), 62 studies that did 
not use NIBS intervention (3), 11 studies that did not 
involve sham stimulation group, and (4) 337 studies 
that did not estimate dual-task performances. Finally, 
11 studies qualified for this meta-analysis [14, 15, 26, 
27, 42–48]. Our study identification procedures are 
described in Fig. 1.



Page 4 of 16Lee et al. Journal of NeuroEngineering and Rehabilitation          (2024) 21:205 

Fig. 1 PRISMA flowchart for the study identification procedure. PD = Parkinson’s disease; NIBS = non-invasive brain stimulation; tDCS = transcranial direct 
current stimulation; rTMS = repetitive transcranial magnetic stimulation; RCT = randomized control trials
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Demographic information on patients with PD
From the 11 qualified studies, 284 patients with 
PD participated in experiments (a range of mean 
age = 50.1–72.8 years and a range of mean duration 
after PD diagnosis = 3.5–9.3 years). Motor impair-
ments in patients with PD at baseline was mild to 
moderate [49–51]: (1) a range of mean Hoehn and Yahr 
scale (H&Y) = 1.7–2.3 and (2) a range of mean uni-
fied Parkinson’s disease rating scale part III (UPDRS-
III) = 15.8–47.7. Cognitive function of the participants 
was relatively normal [52, 53]: (1) a range of mean 
mini-mental state examination (MMSE) = 25.5–29.7 
and (2) Montreal cognitive assessment (MoCA) = 26.1–
28.0. The included studies reported that all patients 
with PD were on medication state. Table 1 shows spe-
cific details on demographic information of patients 
with PD.

NIBS protocols for dual tasks
For 11 qualified studies, nine studies applied tDCS and 
two studies used rTMS. For specific brain region of 
NIBS stimulation, tDCS protocols targeted: (1) DLPFC 
from five studies (2), M1 from three studies, and (3) 
three different targeted regions (i.e., DLPFC, M1, and 
cerebellum) from one study. Two studies that used 
rTMS protocols stimulated M1 and SMA, respectively. 
For the stimulation protocol type, nine tDCS studies 
applied anodal stimulation. For rTMS protocols, one 
study applied inhibitory stimulation (≤ 1 Hz), whereas 
another study used both inhibitory and excitatory 
stimulation (> 5 Hz). For the number of sessions, eight 
tDCS studies applied a single session and one study 
administered multiple sessions. Two rTMS studies 
applied multiple stimulation sessions. For the timing 
of NIBS protocols, seven tDCS studies used off-stim-
ulation (i.e., tDCS before dual tasks) and two studies 
administered on-stimulation (i.e., tDCS during dual 
tasks) and off-stimulation, respectively. Two rTMS 
studies applied off-stimulation. Specifically, six out of 
the studies that used off-stimulation provided addi-
tional training while administering NIBS protocols: (1) 
writing figure-8 (2), physical therapy from one study 
(3), treadmill walking from one study (4), station-
ary bicycle and golf video game from one study, and 
(5) dual-task walking from two studies. In Table 2, we 
describe the specific parameters of NIBS techniques.

Motor and cognitive performances during dual tasks
Nine out of 11 included studies tested following motor 
performance during dual tasks: (1) gait (e.g., speed and 
cadence) from four studies (2), TUG from four studies, 
and (3) time to turn from one study. The remaining 
one study assessed both gait and TUG, and the other 
study evaluated writing amplitude. Moreover, three 

out of four studies estimated following cognitive per-
formance during dual tasks: (1) the number of correct 
generating words from two studies and (2) the number 
of correct counting from one study. The remaining one 
study assessed both the number of correct generating 
words and counting. Table 3 shows the specific motor 
and cognitive performances during dual tasks.

Methodological quality assessment results
The Cochrane risk of bias assessment for the 11 quali-
fied studies showed a relatively low risk of method-
ological biases across three domains: (1) timing of 
identification or recruitment of participants (2), miss-
ing outcome data, and (3) selection of the reported 
result. However, a relatively moderate risk of meth-
odological biases was confirmed in following three 
domains: (1) randomization process (2), deviation 
from intended interventions, and (3) measurements of 
the outcome. Specifically, four studies failed to men-
tion a specific randomization process and did not 
report information about the blinding of people who 
implemented the interventions or assessed perfor-
mances. The methodological quality assessment for 
the included studies are described in Fig. 2.

Meta-analytic findings
NIBS effects on motor performances during dual tasks in PD
A random-effects model meta-analysis confirmed 
that NIBS significantly improved motor performances 
during dual tasks on 73 comparisons from 11 studies 
(Fig. 3): SMD = 0.163; SE = 0.055; 95% CI = 0.056–0.271; 
Z = 2.975; P = 0.003. Heterogeneity tests indicated that 
overall variability of individual effect sizes was rela-
tively moderate (I2 = 33.7%). Publication bias assess-
ment indicated relatively symmetrical distribution 
of individual effect size (Egger’s β0 = − 0.402 with 
P = 0.395). These findings indicated that NIBS proto-
cols may slightly improve motor performances during 
dual tasks with small heterogeneity.

Moreover, a moderator variables analysis showed 
that NIBS on the DLPFC significantly improved motor 
performances during dual tasks on 33 comparisons 
from six studies (Fig.  4): SMD = 0.298; SE = 0.069; 
95% CI = 0.163–0.433; Z = 4.317; P < 0.001; I2 = 35.5%; 
Egger’s β0 = 2.048 with P = 0.003. Importantly, the 
six studies that reported overall positive effects used 
tDCS protocols. However, NIBS on the M1 failed 
to report significant effects on motor performances 
during dual tasks on 32 comparisons from five stud-
ies (Additional file 1): SMD = − 0.014; SE = 0.094; 95% 
CI = − 0.199–0.171; Z = − 0.145; P = 0.885; I2 = 27.8%; 
Egger’s β0 = − 5.525 with P < 0.001. These findings sug-
gested that tDCS protocols targeted the DLPFC may 
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produce slight enhancements in motor performances 
during dual tasks with small heterogeneity.

NIBS effects on cognitive performances during dual tasks in 
PD
A random-effects model meta-analysis found that 
NIBS significantly enhanced cognitive performances 
during dual tasks on 12 comparisons from four studies 
(Fig. 5): SMD = 0.375; SE = 0.110; 95% CI = 0.161–0.590; 
Z = 3.427; P = 0.001. Importantly, the four studies that 
reported overall positive effects used tDCS proto-
cols. Heterogeneity tests showed that overall variabil-
ity of individual effect sizes was relatively moderate 
(I2 = 36.3%). Publication bias assessment showed a no 
significant publication bias across individual effect 
sizes (Egger’s β0 = 2.047 with P = 0.070). These findings 
implied that tDCS protocols may moderately improve 
cognitive performances during dual tasks with small 
heterogeneity.

Moreover, moderator variables analysis reported that 
NIBS on the DLPFC significantly improved cognitive 
performances during dual tasks on eight comparisons 
from three studies (Fig.  6): SMD = 0.283; SE = 0.099; 
95% CI = 0.089–0.478; Z = 2.860; P = 0.004; I2 = 20.9%; 
Egger’s β0 = − 0.061 with P = 0.985. Importantly, the 
three studies that reported overall positive effects used 
tDCS protocols. These findings showed tDCS proto-
cols on the DLPFC may lead to small enhancements in 
cognitive performances during dual tasks with mini-
mal heterogeneity.

Meta-regression analyses
The random-effects meta-regression analyses revealed 
that greater improvements in motor performances 
during dual tasks after NIBS were significantly asso-
ciated with decreased age (Y = 1.61 − 0.02X; P = 0.004; 
Fig.  7A) and increased proportion of females in total 
patients with PD (Y = 0.00 + 0.58X; P = 0.026; Fig.  7B), 
respectively. However, the amount of duration since 
PD diagnosis was not significantly associated with 
improvements in motor performances during dual 
tasks after NIBS (Y = 0.10 + 0.01X; P = 0.727). The meta-
regression analyses found no significant relationships 
between improvements in cognitive performances dur-
ing dual tasks after NIBS and following demographic 
characteristics: (1) age (Y = − 9.13 + 0.14X; P = 0.052) 
(2), proportion of females in total patients with PD 
(Y = 0.80 − 1.77X; P = 0.075), and (3) duration since PD 
diagnosis (Y = 0.17 + 0.04X; P = 0.686).

Discussion
This meta-analysis investigated effects of NIBS tech-
niques including tDCS and rTMS on motor and cog-
nitive performances during dual tasks in patients with 

PD. The findings revealed that NIBS protocols signifi-
cantly enhanced motor and cognitive performances 
during dual tasks. Specifically, these improvements 
were observed when tDCS stimulated the DLPFC 
regions. Moreover, the meta-regression analyses 
revealed that greater improvements in motor per-
formances during dual tasks after NIBS protocols 
were significantly associated with decreased age and 
increased proportion of females in patients with PD, 
respectively.

The meta-analytic findings demonstrated that tDCS 
protocols increasing DLPFC excitability improved 
motor performances during dual tasks in patients with 
PD. Successful walking in well-functioning people is 
typically based on the automaticity allowing the motor 
system to quickly and efficiently coordinate move-
ments with minimal cognitive involvement [54]. How-
ever, individuals with impaired automaticity such as 
older adults and patients with stroke may require more 
cognitive resources (e.g., executive control involving 
conscious processing of information for organizing, 
managing, and controlling movements) for executing 
gait performances [55, 56]. Several studies reported 
impaired automaticity during gait performances in 
patients with PD due to dopamine depletion in the 
posterior putamen, a sensorimotor region of the stria-
tum that potentially acquires, stores, and facilitates 
automated motor skills [18, 57–59]. However, patients 
with PD who exhibited greater DLPFC excitability 
showed no significant impairments in normal gait per-
formances as compared with those for age-matched 
controls [20]. Given that the DLPFC is important for 
executive functions [60], these findings indicated 
that patients with PD may be dependent on execu-
tive control processing during normal locomotion to 
compensate for their impaired automaticity [61–63]. 
Importantly, dual tasks such as walking with subtrac-
tion or generating words normally increase cognitive 
workload [64]. Perhaps, dual tasks for patients with 
PD may attenuate executive resources being applied 
to compensate for impaired automaticity consequently 
interfering with gait performances [20]. A recent 
meta-analysis demonstrated that anodal tDCS on the 
DLPFC reduced dual-task cost on gait speed in older 
adults, suggesting that increasing DLPFC excitability 
may improve executive control associated with gait 
[24]. Taken together, brain stimulation for facilitat-
ing DLPFC excitability may contribute to locomotion 
improvements during dual tasks in patients with PD by 
maintaining neural resource levels for executive con-
trol processing on gait.

In addition to improved motor performance, apply-
ing tDCS protocols targeting the DLPFC facilitated 
cognitive improvements during dual tasks in patients 
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Table 3 Specific motor and cognitive performances during dual tasks
Study Motor Performance Cognitive Performance Dual Task
Broeder 2023 DTC-writing amplitude NA Writing figure-8 patterns while counting low and high tones
Bueno 2023 Speed, Cadence, Step length, Step 

width
NA Walking while counting backwards by three

Chung 2020 TUG NA TUG test while counting backwards by three
Criminger 
2018

TUG NA TUG test while carrying a full cup of water
TUG test while counting backwards by three

Lench 2021 Time to turn NA TUG test while counting backwards by seven
Mishra 2021 Speed, DTC-speed Number of correct generated 

words, DTC-number of cor-
rect generated words

Walking while generating words starting from a given alphabet

Mishra 2022 TUG, DTC-TUG Number of correct generated 
words

TUG test while generating words starting from a given alphabet

Putzolu 2018 DTC-speed, DTC-step length, DTC-
double support time, DTC-stance 
time

NA Walking while counting backwards by seven

Schabrun 2016 Speed, Cadence, Stride length, 
Double support time, TUG

Number of correct generated 
words, Number of correct 
backward counts

Walking while counting backwards by three
Walking while generating words starting from a particular letter
Walking while conversation
TUG test while counting backwards by three
TUG test while generating words starting from a particular letter

Swank 2016 TUG, DTC-TUG Number of correct backward 
counts, DTC-number of cor-
rect backward counts

TUG test while carrying a full cup of water
TUG test while counting backwards by three

Wong 2022 Speed, Cadence, Stride length, 
Stride time, Stride length vari-
ability, Stride time variability, 
DTC-speed

NA Walking while counting backwards by three

Abbreviation. TUG = timed up and go; DTC = dual-task cost

Fig. 2 Methodological quality assessment using Cochrane risk-of-bias tool
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with PD. These findings indicate that increasing 
DLPFC excitability may enhance dual-task perfor-
mance including both motor and cognitive tasks. 
Beneficial effects of NIBS protocols that targeted the 
DLPFC on dual-task performances appeared in healthy 
young adults and patients with stroke [65, 66]. DLPFC 
regions are typically associated with executive func-
tions including shifting and inhibitory control [67, 
68]. Furthermore, executive functions may be related 
to the ability to successfully perform dual tasks [69]. 
For example, better shifting may decrease task-switch 
costs and inhibitory control may suppress inappropri-
ate responses consequently contributing to efficient 

allocation of attention during dual tasks [70]. Impor-
tantly, patients with PD often showed impaired execu-
tive functions because deficits in the striatal dopamine 
interfere with normal transmission of information 
through the frontostriatal circuits leading to dorsolat-
eral frontal-lobe dysfunction [71, 72]. Thus, excitatory 
stimulation on the DLPFC may improve executive 
functions of patients with PD by increasing dopamine 
levels [73–77] via the meso-cortico-limbic pathway 
and local effects on the nigrostriatal pathway [78–80]. 
In fact, patients with PD revealed lower functional 
connectivity patterns across cortico-subcortical areas 
including DLPFC, caudate, and motor networks [81, 

Fig. 3 NIBS effects on motor performances during dual tasks. NIBS = non-invasive brain stimulation; tDCS = transcranial direct current stimulation; 
rTMS = repetitive transcranial magnetic stimulation; DLPFC = dorsolateral prefrontal cortex; M1 = primary motor cortex; SMA = supplementary motor area; 
L = left; R = right; DTC = dual-task cost; FOG = freezing of gait; TUG = timed up and go
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82], whereas NIBS protocols upregulating DLPFC pat-
terns increased functional connectivity across these 
areas [83, 84]. Taken together, given that patients with 
PD typically revealed both gait impairments as well 
as mild cognitive deficits [85, 86], applying NIBS for 
increasing DLPFC excitability may facilitate improve-
ments in dual-task performances contributing to inde-
pendent daily living.

Meta-regression analyses revealed that effects 
of NIBS on motor performances during dual tasks 

increased with lower age and greater proportion of 
females for patients with PD. Previous pharmacologi-
cal studies argued that neuroplasticity facilitated by 
NIBS protocols may be related to the glutamatergic 
system [87–91]. Glutamate is the primary excitatory 
neurotransmitter allowing influx of Ca2+ associated 
with neuroplasticity via increased sensitivity of the 
synapse [92–94]. Given that aging normally decreases 
glutamatergic receptors and glutamate concentra-
tion in brain areas such as the frontal, parietal, and 

Fig. 6 NIBS effects on cognitive performances during dual tasks based on stimulation site
NIBS = non-invasive brain stimulation; tDCS = transcranial direct current stimulation; DLPFC = dorsolateral prefrontal cortex; L = left; R = right; DTC = dual-
task cost; TUG = timed up and go

 

Fig. 5 NIBS effects on cognitive performances during dual tasks. NIBS = non-invasive brain stimulation; tDCS = transcranial direct current stimulation; 
DLPFC = dorsolateral prefrontal cortex; M1 = primary motor cortex; L = left; R = right; DTC = dual-task cost; TUG = timed up and go

 

Fig. 4 NIBS effects on motor performances during dual tasks based on stimulation site. NIBS = non-invasive brain stimulation; tDCS = transcranial direct 
current stimulation; DLPFC = dorsolateral prefrontal cortex; L = left; R = right; DTC = dual-task cost; FOG = freezing of gait; TUG = timed up and go
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Fig. 7 NIBS effects on motor performances during dual tasks versus age (A) and female ratio (B). SMD = standardized mean difference
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temporal cortical regions [95, 96], positive effects of 
NIBS may be greater for younger patients with PD 
because of better brain neuroplasticity [97–100]. 
Moreover, estrogen may protect dopaminergic neu-
rons that presumably induce relatively lower symptom 
severity in women with PD than men [101–104]. Given 
that patients with PD who had lower symptom sever-
ity showed more neuroplasticity patterns facilitated by 
brain stimulation [105], women with PD may receive 
greater therapeutic effects of NIBS protocols due to 
the neuroprotective effects of estrogen.

Although the current meta-analysis revealed poten-
tial effects of NIBS on dual-task performance in 
patients with PD, these findings should be cautiously 
interpreted. First, significant positive effects on both 
motor and cognitive performances during dual tasks 
were only observed in tDCS studies that targeting 
the DLPFC, and we found no rTMS studies. Given 
that potential neurophysiological changes may dif-
fer between tDCS and rTMS protocols [106, 107], our 
findings are still limited to tDCS effects. Thus, addi-
tional studies should determine whether rTMS proto-
cols on the DLPFC improve dual-task performances 
in patients with PD. Importantly, improved cognitive 
performances during dual tasks after NIBS protocol 
are still tentative because of prior suggestion that at 
least five studies may be required for increasing valid-
ity of data synthesis [108]. Given that small number of 
studies may influence reliability of the results, more 
studies are necessary to determine positive effects of 
NIBS on cognitive function during dual tasks. In addi-
tion, seven out of 10 total studies focused on transient 
effects of NIBS by providing a single session of stimu-
lation. Given that multiple sessions of NIBS protocols 
may result in cumulative effects [109, 110], additional 
studies should investigate long-term effects of NIBS 
on dual-task performances in patients with PD by 
administering more sessions of stimulation. Finally, 
neurophysiological mechanisms underlying NIBS 
effects on dual-task performance in patients with PD 
are still inconclusive. Future studies using neuroimag-
ing techniques should investigate how brain activation 
patterns are changed during and after different NIBS 
protocols for improving dual-task performance in 
patients with PD.

Conclusion
This systematic review and meta-analysis found posi-
tive effects of NIBS on dual-task performances in 
patients with PD. Specifically, applying tDCS on the 
DLPFC effectively improved motor and cognitive per-
formances during dual tasks. Furthermore, the meta-
regression analysis identified a significant relationship 
between greater improvements in motor performance 

during dual tasks after NIBS and younger age as well 
as a higher proportion of females in patients with PD. 
These findings suggest that NIBS protocols increasing 
DLPFC excitability may be a viable option for improv-
ing dual-task performance in patients with PD.
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