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Background: Parkinson’s disease (PD) is a highly prevalent neurodegenerative disorder that poses a significant mental and physical burden on patients, markedly diminishing their quality of life. This study aimed to systematically evaluate the effects of transcranial direct current stimulation (tDCS) on cognitive functions, mood state, sleep function, and overal quality of life in individuals with PD.

Methods: Relevant literature was sourced from multiple databases, ultimately including 22 studies with a total of 1324 individuals. Data analysis was conducted using meta-analysis software. The protocol was registered in PROSPERO (CRD42024599943).

Results: The findings indicated that tDCS significantly enhanced cognitive function, alleviated anxiety and depression, increased sleep duration, improved sleep efficiency, reduced arousal index, and ameliorated daytime sleepiness, while also enhancing activities of daily living. However, discrepancies were noted across various assessment scales, including the Mini-Mental State Examination, the Parkinson’s Disease Cognitive Rating Scale, delayed recall metrics, sleep scales, and Parkinson’s Disease Questionnaire. Additionally, individuals with PD displayed good tolerance to tDCS.

Conclusion: Overall, tDCS shows promise in improving non-motor symptoms and enhancing quality of life for individuals with PD. Nonetheless, large-scale trials are necessary to confirm these results further.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/CRD42024599943, Identifier: CRD42024599943.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder primarily characterized by motor symptoms such as tremors, rigidity, bradykinesia, and postural instability. However, PD also presents significant challenges beyond motor dysfunction, with cognitive decline, mood disturbances, and impaired sleep quality further diminishing the quality of life for affected individuals (Hayes, 2019). The pathophysiology of PD involves the degeneration of dopaminergic neurons in the substantia nigra, leading to a cascade of neurobiological changes that affect various neurotransmitter systems (Cuenca et al., 2018). As the disease progresses, patients often experience a decline in cognitive functions, with 80% of individuals with PD may develop some form of cognitive impairment, including dementia (Pigott et al., 2015; Arie et al., 2017). These non-motor symptoms significantly impacts daily functioning and quality of life, necessitating effective therapeutic interventions.

Current treatments for PD primarily focus on alleviating motor symptoms through pharmacological approaches, particularly dopaminergic therapies. However, these treatments often fall short in addressing non-motor symptoms and may lead to complications such as motor fluctuations and dyskinesias over time (Bloem et al., 2015; Bryant et al., 2011). Consequently, there is a growing interest in non-invasive neuromodulation techniques, such as transcranial direct current stimulation (tDCS), as adjunct therapies that may enhance cognitive function, mental health, and improve overall well-being in patients and health adults (De Smet et al., 2024; Nasim et al., 2024; Giustiniani et al., 2024).

tDCS is a form of brain stimulation that involves the application of a low electrical current to the scalp via electrodes. This technique is believed to modulate neuronal excitability and synaptic plasticity, potentially leading to improvements in motor and non-motor symptoms (Chase et al., 2019). Several studies have reported positive outcomes associated with tDCS in various neurological and psychiatric conditions, including depression, stroke, and traumatic brain injury (Chen et al., 2024; Verma et al., 2024). In the context of PD, preliminary researches suggest that tDCS may enhance cognitive performance, particularly in areas such as attention, memory, and executive function (Pol et al., 2021; Gu et al., 2018). Furthermore, tDCS has been shown to have mood-enhancing effects, which could be particularly beneficial in addressing the high prevalence of depression and anxiety among individuals with PD (Manenti et al., 2018; Hadoush et al., 2021).

Despite these promising findings, the effects of tDCS on non-motor symptoms, such as cognition, mood, sleep function, and quality of life, remain inadequately understood. Significant heterogeneity in study designs, stimulation parameters, and outcome measures across the current literature has led to inconsistent conclusions. Notably, several systematic reviews and meta-analyses have focused on the effects of tDCS on motor function in PD, while comprehensive evaluations specifically targeting non-motor symptoms remain relatively scarce. Given the increasing recognition of the clinical importance of non-motor symptoms and the therapeutic potential tDCS has demonstrated in this domain, this review aims to elucidate the effects of tDCS on cognitive function, mood state, sleep function, and quality of life in individuals with PD, thereby informing clinical practice and directing future researches efforts.



Methods


Data sources and searches

This meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). A comprehensive literature search was performed across several databases, including Wanfang, China National Knowledge Infrastructure (CNKI), China Science and Technology Journal Database (VIP), China Biology Medicine (CBM), PubMed, Cochrane Database, Web of Science, and Embase, covering articles published from the inception of these databases until May15, 2025. The search strategy employed a combination of keywords and controlled vocabulary terms related to transcranial direct current stimulation, Parkinson’s disease and Randomized Controlled Trials. The details of the search strategy (PubMed as an example) were provided in Supplementary material. Following the removal of duplicate records, the titles and abstracts of the remaining citations were screened for potential inclusion. Full-text articles were then thoroughly reviewed to determine eligibility based on predefined criteria. The protocol for this meta-analysis has been registered in PROSPERO under the registration number CRD42024599943.



Eligibility criteria

Articles were selected based on the PICOS framework. (1) Participants: Individuals diagnosed with Parkinson’s disease. (2) Interventions: Experimental groups received tDCS interventions either alone or in combination with rehabilitation therapies, including physical therapy and cognitive training. (3) Comparisons: Control groups were subjected to therapies without tDCS or received sham tDCS. (4) Outcomes: The primary outcome measures focused on cognitive function, while secondary outcomes included mood state, sleep quality, and overall quality of life. (5) Study Design: Only randomized controlled trials (RCTs) were included in this meta-analysis.



Outcome measures

As the primary outcome, cognitive function was assessed using three standardized tools: the Montreal Cognitive Assessment (MoCA), the Mini-Mental State Examination (MMSE), and the Parkinson’s Disease Cognitive Rating Scale (PD-CSR). Additionally, we conducted a statistical analysis of seven cognitive domains, including visuospatial and executive function, language, attention, orientation, abstraction, naming, and delayed recall.

Secondary outcomes included mood state, sleep function, and quality of life. The mood state was evaluated using the Beck Depression Inventory (BDI), the Self-Rating Depression Scale (SDS), the Hamilton Depression Scale (HAMD), and the Hamilton Anxiety Scale (HAMA). Sleep function was assessed by measuring total sleep time, sleep efficiency, arousal index, somnolence scale, and sleep scale. Quality of life was evaluated using the Activities of Daily Living (ADL) scale, the 39-item Parkinson’s Disease Questionnaire (PDQ-39), and the 8-item Parkinson’s Disease Questionnaire (PDQ-8).

The acceptability of the intervention and the incidence of adverse events were also examined. Acceptability was measured by the number of participants who withdrew from the study for any reason throughout the intervention period. The incidence of adverse events was determined based on the number of uncomfortable symptoms reported by participants during and after the intervention.



Data extraction and quality assessment

Two independent authors (QL and HY) conducted data extraction and assessed the risk of bias. In cases of disagreement, a third author (CY) was consulted to reach a resolution. The extracted data included study characteristics, participant characteristics, intervention details, and outcome measures. The risk of bias for the included studies was assessed using the Cochrane Risk of Bias tool, which evaluated the following domains: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other potential biases.



Data analysis

The assessment of changes in non-motor symptoms was conducted by evaluating the mean change in the respective outcome measures. In cases where the reported data included median and interquartile range, 95% confidence intervals (CIs), or means and standard errors, estimates were recalculated to provide the mean and standard deviation.

Data analysis was performed using RevMan5.3 and Stata17.0 software. Heterogeneity among studies was assessed using the Q statistic and the I2 statistic. For continuous outcomes, effect sizes were expressed as standardized mean differences (SMD) or mean differences (MD), accompanied by their corresponding95% CIs. Dichotomous outcomes were evaluated using risk ratios (RR) with95% CIs. A fixed-effects model was applied when heterogeneity was low (I2 ≤ 50%); conversely, a random-effects model was utilized for all analyses when significant heterogeneity was observed (I2 > 50%). Statistical significance was established at p < 0.05.

Begg’s and Egger’s tests were performed to assess the presence of publication bias, with p > 0.05 indicating no evidence of publication bias. Sensitivity analysis was performed by systematically excluding each study to evaluate the robustness of the results.




Results

A total of 1,444 articles were retrieved from the databases. Following screening and application of the eligibility criteria, 22 studies (Aksu et al., 2022; Benninger et al., 2010; Lawrence et al., 2018; Manenti et al., 2016; Manenti et al., 2018; Pisano et al., 2024; Wong et al., 2024; Jing et al., 2022; Dong-hao et al., 2022; Xilian et al., 2021; Xue et al., 2018; Donghui and Dahua, 2021; Jianjun et al., 2024; Li et al., 2020; Chao et al., 2022; Dongchuan et al., 2016; Shaopu et al., 2020; Shaopu et al., 2023; Yang and Zhou, 2023; Jing et al., 2020; Dacheng, 2020; Zhu, 2020) were included in the meta-analysis. Figure 1 provides a flowchart of the search results, detailing the reasons for excluding specific studies.

[image: Flowchart depicting the selection process for a meta-analysis. Identification: 1,444 records identified, reduced to 492 after removing duplicates. Screening: 952 records screened, excluding 812 irrelevant ones. Eligibility: 140 full-text articles assessed, with 118 excluded due to issues like lack of outcomes, inconsistent populations, or poor quality. Included: 22 studies included in the analysis.]

FIGURE 1
 Study flowchart.


A total of 1,324 participants (666 participants in the experimental group and 658 participants in the control group) were included in the meta-analysis. Among the included studies, the intervention sessions varied from 8 to 60. The most commonly targeted area for tDCS stimulation was the dorsolateral prefrontal cortex (DLPFC), followed by the motor cortex and the cerebellum. The stimulation intensity was set at 1–2 mA, with a single stimulation duration of 10–20 min. The main clinical and demographic characteristics of the included studies are summarized in Table 1.


TABLE 1 Overview of included studies in the meta-analysis.


	Study
	Number of participants
	Age (mean)
	H&Y stage
	Intervention method
	Stimulation parameters
	Treatment sessions
	Electrode position
	Outcome indicator



	E / C
	E / C
	E / C
	Anodal / Cathodal

 

 	
Aksu et al. (2022)
 	13 / 13 	65.52 / 65.52 	1–3 	tDCS / sham tDCS 	2 mA 20 min 	10 	Left DLPFC / right DLPFC 	Semantic fluency score, Wechsler Memory Scale


 	
Benninger et al. (2010)
 	13 / 12 	63.60 / 64.20 	2–4 	tDCS / sham tDCS 	2 mA 20 min 	8 	Alternation between the motor and prefrontal cortex / mammillary body 	TST, BDI


 	
Jing et al. (2022)
 	63 / 63 	62.23 / 62.40 	1–5 	tDCS + rehabilitation / rehabilitation 	2 mA 25 min 	NM 	DLPFC contralateral to the more PD-affected side / contralateral supraorbital area 	MMSE, MoCA, BI


 	
Dong-hao et al. (2022)
 	30 / 30 	68.16 / 68.34 	1–4 	tDCS + rehabilitation / rehabilitation 	2 mA 20 min 	20 	Left DLPFC / contralateral supraorbital area 	MoCA, visuospatial and executive function, language, attention, delayed recall, orientation, abstraction, naming, BI


 	
Xilian et al. (2021)
 	49 / 49 	64.23 / 63.68 	1–5 	tDCS + rehabilitation / rehabilitation 	2 mA 25 min 	42 	DLPFC contralateral to the more PD-affected side / contralateral supraorbital area 	MMSE, MoCA


 	
Lawrence et al. (2018)
 	14 / 14 	65.50 / 66.86 	NM 	tDCS + rehabilitation / rehabilitation 	1.5 mA 20 min 	12 	Left DLPFC /contralateral supraorbital area 	MMSE, PD-CSR, COWAT, Letter-Number Sequencing, paragraph recall, BNT, PDQ-39


 	
Xue et al. (2018)
 	28 / 28 	64.32 / 64.39 	1–2 	tDCS / sham tDCS 	2 mA 20 min 	56 	Cz / supraorbital area 	MoCA, visuospatial and executive function, language, attention, delayed recall, orientation, abstraction, naming


 	
Donghui and Dahua (2021)
 	30 / 30 	59.70 / 60.20 	≤3 	tDCS + rehabilitation / rehabilitation 	1.4 mA 20 min 	20 	Alternation between the left and right cerebellum / contralateral shoulder 	BI


 	
Jianjun et al. (2024)
 	29 / 28 	58.00 / 59.00 	NM 	tDCS + medicine / medicine 	2 mA 20 min 	14 	Left DLPFC / right DLPFC 	Functional Independence Measure, TST, SE


 	
Manenti et al. (2016)
 	10 / 10 	69.00 / 69.10 	1–3 	tDCS + rehabilitation / rehabilitation 	2 mA 25 min 	10 	Left or right DLPFC / contralateral supraorbital area 	MMSE, PD-CSR, FAB, TMT-A, Naming Objects of IPNP, PDQ-39, RBDSQ


 	
Manenti et al. (2018)
 	11 / 11 	65.50 / 63.80 	≤3 	tDCS + rehabilitation / rehabilitation 	2 mA 25 min 	10 	Left DLPFC / contralateral supraorbital area 	PD-CSR, FAB, Verbal Fluency, TMT-A, Rey Auditory Verbal Learning Test, PDQ-39, RBDSQ, BDI


 	
Pisano et al. (2024)
 	9 / 8 	71.00 / 65.30 	2–3 	tDCS + rehabilitation / rehabilitation 	2 mA 20 min 	10 	Cerebellum / right arm 	MMSE, MoCA, Index of Independence in ADL, PDQ-8, BDI


 	
Li et al. (2020)
 	11 / 11 	62.00 / 65.00 	≤3 	tDCS + rehabilitation / rehabilitation 	2 mA 20 min 	20 	Left DLPFC / contralateral supraorbital area 	MMSE, MoCA


 	
Chao et al. (2022)
 	43 / 42 	64.41 / 63.96 	1–5 	tDCS + rehabilitation / rehabilitation 	2 mA 25 min 	60 	DLPFC contralateral to the more PD-affected side / contralateral supraorbital area 	MMSE, MoCA, SDS, SAS


 	
Wong et al. (2024)
 	17 / 17 	68.10 / 66.80 	1–3 	tDCS + rehabilitation / rehabilitation 	2 mA 20 min 	12 	Left DLPFC / contralateral supraorbital area 	PDQ-39


 	
Dongchuan et al. (2016)
 	50 / 50 	60.40 / 59.70 	NM 	tDCS + medicine / medicine 	1 mA 10 min 	28 	left DLPFC / contralateral supraorbital area 	BI


 	
Shaopu et al. (2020)
 	28 / 26 	61.00 / 62.60 	≤4 	tDCS + medicine / medicine 	1.2 mA 20 min 	20 	Bilateral DLPFC / shoulder 	PDQ-39, TST, SE, AI, ESS, PDSS, HAMD


 	
Shaopu et al. (2023)
 	30 / 30 	59.70 / 56.53 	1–3 	tDCS + rehabilitation / rehabilitation 	2 mA 20 min 	20 	Left DLPFC / right DLPFC 	MoCA, visuospatial and executive function, language, attention, delayed recall, orientation, abstraction, naming


 	
Yang and Zhou (2023)
 	46 / 45 	72.17 / 71.84 	1–3 	tDCS + medicine / medicine 	2 mA 20 min 	20 	Left DLPFC / right DLPFC 	HAMA, HAMD


 	
Jing et al. (2020)
 	35 / 34 	58.63 / 58.64 	NM 	tDCS + medicine / medicine 	1.2 mA 20 min 	30 	Bilateral DLPFC / shoulder 	TST, SE, AI, ESS, PSQI


 	
Dacheng (2020)
 	72 / 72 	61.30 / 61.30 	NM 	tDCS + medicine / medicine 	1 mA 10 min 	56 	Left DLPFC / right DLPFC 	MoCA, visuospatial and executive function, language, attention, delayed recall, orientation, abstraction, naming


 	
Zhu (2020)
 	35 / 35 	77.06 / 77.11 	NM 	tDCS / sham tDCS 	2 mA 20 min 	24 	Left DLPFC /contralateral supraorbital area 	MMSE, MoCA





tDCS, transcranial direct current stimulation; NM, not mentioned; DLPFC, dorsolateral prefrontal cortex; TST, total sleep time; BDI, the beck depression inventory; MMSE, the mini-mental state examination; MoCA, the montreal cognitive assessment; BI, barthel index; PD-CSR, the Parkinson’s Disease Cognitive Rating Scale; COWAT, controlled oral word association test; BNT, boston naming test; PDQ-39, the 39-item parkinson’s disease questionnaire; SE, sleep efficiency; FAB, frontal assessment battery; TMT-A, trial making test-A; RBQSQ, REM sleep behavior disorder screening questionnaire; ADL, activities of daily living; PDQ-8, the 8-item parkinson’s disease questionnaire-mentation; SDS, Self-rating Depression Scale; SAS, Self-Rating Anxiety Scale; AI, arousal index; ESS, Epworth Sleepiness Scale; PDSS, Parkinson Disease Sleep Scale; HAMD, the Hamilton Depression Scale; HAMA, the Hamilton Anxiety Scale; PSQI, Pittsburgh sleep quality index.
 


Primary outcome: cognitive function

The meta-analysis demonstrated a significant advantage of tDCS over control conditions in enhancing cognitive function, with a SMD of 0.82 (13 studies, 95% CI 0.30 to 1.34, Z = 3.10, p = 0.002) and high heterogeneity (I2 = 91%) (Figure 2).

[image: Forest plot showing a meta-analysis of 13 studies comparing experimental and control groups. Each study is represented by a line with a square indicating the standard mean difference and a horizontal line displaying the 95% confidence interval. The summary effect size is shown at the bottom as a diamond, with a value of 0.82, favoring the experimental group. The plot includes heterogeneity statistics and overall effect significance.]

FIGURE 2
 Forest plot. Cognitive function.


Cognitive function assessment included measures such as MoCA, MMSE, PD-CSR. Additionally, we analyzed changes in various cognitive domains before and after the intervention. Significant improvements following tDCS were observed in MoCA (10 studies, MD = 2.15, 95% CI 0.78 to 3.51, p = 0.002, I2 = 95%) (Figure 3A), visuospatial and executive function (8 studies, SMD = 0.80, 95% CI 0.21 to 1.39, p = 0.008, I2 = 86%) (Figure 3B), language (7 studies, SMD = 1.11, 95% CI 0.22 to 2.00, p = 0.01, I2 = 93%) (Figure 3C), attention (8 studies, SMD = 1.11, 95% CI 0.35 to 1.86, p = 0.004, I2 = 91%) (Figure 3D), orientation (4 studies, MD = 4, 95% CI 0.62 to 1.09, p = 0.009, I2 = 95%) (Figure 3E), abstraction (4 studies, MD = 0.29, 95% CI 0.11 to 0.47, p = 0.001, I2 = 91%) (Figure 3F), and naming (7 studies, SMD = 0.93, 95% CI 0.04 to 1.81, p = 0.04, I2 = 93%) (Figure 3G). However, no significant improvements were found in MMSE (8 studies, MD = 0.44, 95% CI −0.37 to 1.26, p = 0.29, I2 = 73%) (Figure 4A), PD-CSR (3 studies, MD = 3.58, 95% CI −3.33 to 10.49, p = 0.31, I2 = 0%) (Figure 4B), and delayed recall (7 studies, SMD = 0.80, 95% CI −0.27 to 1.86, p = 0.14, I2 = 95%) (Figure 4C).

[image: Forest plots labeled A to G, each depicting the mean differences or standard mean differences between experimental and control groups from multiple studies. Each plot includes data on study names, sample sizes, mean, standard deviation, weight, and weighted mean difference with 95% confidence intervals. Diamonds represent overall effects, with heterogeneity and overall effect tests reported below each plot. Plots show varying degrees of favorability towards control or experimental groups.]

FIGURE 3
 Forest plot. Effects of tDCS on cognitive function evaluated using MoCA (A), visuospatial and executive function (B), language (C), attention (D), orientation (E), abstraction (F), naming (G).


[image: Three forest plots (A, B, and C) show meta-analysis results. Plot A compares eight studies, showing a mean difference of 0.44 favoring experimental interventions with moderate heterogeneity (I² = 73%). Plot B examines three studies with a mean difference of 3.58, revealing no heterogeneity (I² = 0%). Plot C evaluates seven studies, resulting in a standardized mean difference of 0.80, with high heterogeneity (I² = 95%). Each plot includes confidence intervals and weighting for individual studies.]

FIGURE 4
 Forest plot. Effects of tDCS on cognitive function evaluated using MMSE (A), PD-CSR (B), delayed recall (C).




Secondary outcomes: mood state, sleep function, and quality of life

In the assessment of mood state, tDCS demonstrated a significant improvement compared to control conditions in anxious (2 studies, SMD = −1.15, 95% CI −2.12 to −0.19, p = 0.02, I2 = 89%) (Figure 5A) and depression (6 studies, SMD = −0.54, 95% CI −0.78 to −0.31, p < 0.001, I2 = 0%) (Figure 5B).

[image: Forest plots labeled A to G, displaying comparison results between experimental and control groups across multiple studies. Each panel shows study identifiers, experimental and control group statistics, mean differences with confidence intervals, and heterogeneity statistics. The plots feature diamond markers indicating the overall effect size and direction, with varying confidence interval widths. Panels illustrate a mix of results favoring either the experimental or control groups, demonstrating statistical variability and heterogeneity among studies.]

FIGURE 5
 Forest plot. Effects of tDCS on mood state and sleep function evaluated using anxious (A), depression (B), total sleep time (C), sleep efficiency (D), arousal index (E), somnolence scale (F), sleep scale (G).


Regarding sleep function, significant improvements were observed following tDCS compared to control conditions in total sleep time (4 studies, MD = 27.88, 95% CI 3.70 to 52.05, p = 0.02, I2 = 94%) (Figure 5C), sleep efficiency (3 studies, MD = 10.84, 95% CI 6.95 to 14.72, p < 0.001, I2 = 0%) (Figure 5D), arousal index (3 studies, MD = −13.91, 95% CI −17.58 to −10.25, p < 0.001, I2 = 0%) (Figure 5E) and somnolence scale (2 studies, SMD = −0.47, 95% CI −0.82 to −0.11, p = 0.01, I2 = 0%) (Figure 5F). However, no significant improvement was found in sleep scale (4 studies, SMD = −0.13, 95% CI −0.67 to 0.41, p = 0.64, I2 = 63%) (Figure 5G).

In terms of quality of life, significant improvements were noted following tDCS compared to control conditions in ADL (5 studies, SMD = 1.20, 95% CI 0.47 to 1.93, p = 0.001, I2 = 89%) (Figure 6A). However, there was no significant improvement in PDQ (6 studies, SMD = −0.08, 95% CI −0.62 to 0.46, p = 0.77, I2 = 66%) (Figure 6B).

[image: Two forest plots show standardized mean differences with 95% confidence intervals for experimental versus control groups. Plot A has studies favoring the experimental group with a total effect size of 1.20 [0.47, 1.93]. Plot B shows a mixed effect, slightly favoring the experimental group with an effect size of -0.08 [-0.62, 0.46]. Each plot includes study names, mean values, standard deviation, total number, and weight percentages.]

FIGURE 6
 Forest plot. Effects of tDCS on quality of life evaluated using ADL (A), PDQ (B).




Dropout rate and adverse events

In the studies analyzed, dropout rates were observed in both the experimental and control groups. Specifically, in the experimental group, three participants (0.45%) withdrew from the study, while in the control group, two participants (0.30%) opted out. The comparison of dropout rates between the two groups revealed no significant difference (RR = 1.48, 95% CI 0.23 to 9.68, p = 0.68). Notably, the reasons for withdrawal were not related to the intervention itself. Throughout the course of the studies, no adverse reactions were reported.



Sensitivity analyses and reporting bias

Substantial heterogeneity was observed across studies regarding the primary outcomes (I2 = 91%). A sensitivity analysis was performed to assess the robustness of the findings related to cognitive function. The inclusion of missing studies did not alter the overall effect of tDCS on cognitive function (Figure 7A). The funnel plot indicated potential publication bias (Figure 7B). However, both Egger’s test (p = 0.936) and Begg’s test (p = 0.855) showed no significant evidence of publication bias.

[image: Image A is a forest plot displaying meta-analysis estimates for various studies, showing the impact of omitting each study. It includes lower and upper confidence limits and estimates for studies from Chen 2022 to Zhu 2020. Image B is a funnel plot with points representing study results, set within pseudo 95% confidence limits. It plots standard error against standardized mean difference to assess publication bias.]

FIGURE 7
 Sensitivity analysis of primary outcome (A) and funnel chart for publication bias (B).




Subgroup analyses

To explore potential sources of the substantial heterogeneity in main outcomes (I2 = 91%), we conducted subgroup analyses by frequency of intervention (≤20 sessions vs. >20 sessions) and stimulation intensity (2 mA vs. <2 mA). The results showed no statistically significant differences between subgroups for either intervention frequency (χ2 = 0.25, df = 1, p = 0.62) or stimulation intensity (χ2 = 0.37, df = 1, p = 0.54).



Quality assessment

The assessment of bias risk in the included studies is illustrated in Figure 8. Overall, the quality of the studies was deemed to be moderate to high. Certain domains, such as performance bias and detection bias, were rated as having a moderate risk of bias.

[image: Chart A visualizes bias risk percentages across different categories, predominantly showing low risk (green), except for a medium presence of unclear risk (yellow) in blinding of outcome assessment. Chart B displays a grid evaluating bias risk in multiple studies; green indicates low risk, yellow denotes unclear risk, with most entries being low risk across different categories.]

FIGURE 8
 Risk of bias analysis and quality assessment of included trials. (A) Risk of bias graph: judgement of review authors about each risk of bias item presented as percentages across all included studies. (B) Risk of bias summary: judgement of review authors about each risk of bias item for each included study.





Discussion

Previous meta-analyses have explored the effects of tDCS on PD symptoms, yielding mixed conclusions. While most earlier studies have primarily focused on the improvement of motor symptoms associated with PD, they have not thoroughly examined the therapeutic effects of tDCS on non-motor symptoms, particularly concerning cognitive and sleep functions. Our study offers a comprehensive analysis of the impacts of tDCS on cognitive function, mood state, sleep quality, and overall quality of life in individuals with PD. Our findings demonstrate that tDCS significantly enhances cognitive function, mental well-being, sleep quality, and the overall quality of life for individuals with PD. Importantly, the treatment was well-tolerated, with no significant adverse effects reported.

Cognitive impairment in PD often begins subtly and progresses slowly, making it difficult to detect early. Approximately 40% of individuals with PD present with mild cognitive impairment in the early stages of the disease (Pfeiffer et al., 2013). This impairment typically presents as dysfunction in one or more cognitive domains, with deficits in visuospatial and executive functions being particularly prominent (Muslimović et al., 2005). Treatment options for cognitive impairment in PD are limited, and medications used to address motor symptoms may exacerbate cognitive deficits, particularly anticholinergic agents (Williams-Gray et al., 2013). In recent years, there has been a growing interest in non-pharmacological interventions to enhance cognitive function, including computer-assisted cognitive training and non-invasive neurostimulation techniques such as tDCS.

Our meta-analysis indicates that tDCS significantly improves cognitive function in individuals with PD. However, variations in assessment methods yielded differing results. Notable improvements were observed in MoCA scores, visuospatial and executive functions, language, attention, orientation, abstraction, and naming. In contrast, there were no significant changes in MMSE scores, PD-CSR, or delayed recall. These findings are consistent with those reported by Liu et al. (2021), which also showed that tDCS improved MoCA scores in individuals with PD, but did not affect MMSE or PD-CSR outcomes. The MMSE and MoCA are widely utilized cognitive assessment tools. However, the MMSE is primarily used for dementia screening and has lower sensitivity for detecting mild cognitive impairment. Conversely, the MoCA demonstrates higher sensitivity and specificity for mild cognitive decline (Ciesielska et al., 2016; Nasreddine et al., 2005). Given that the PD population in our included studies did not exhibit overt dementia, the MoCA results may more accurately reflect cognitive changes in individuals with PD. Furthermore, our findings suggest that tDCS exerts positive effects across various cognitive domains, aligning with results from Suarez-García et al. (2020). However, due to the limited number of studies assessing the impact of tDCS on cognitive outcomes in PD and the small sample sizes for cognitive subdomain analyses, the reliability of our findings may be somewhat limited. Future clinical researches are necessary to investigate the efficacy of tDCS in improving overall cognitive function and specific cognitive domains in individuals with PD.

Among the 12 studies included in the cognitive function assessment, two utilized stimulation targets in the cerebellum and central area, while the remainder focused on the dorsolateral prefrontal cortex (DLPFC). Current researches on the effects of tDCS on cognitive function in individuals with PD predominantly concentrate on the DLPFC. Notably, some studies have shown that tDCS targeting non-DLPFC brain regions can also enhance cognitive function (Ishikuro et al., 2018), suggesting that effective neurostimulation targets are not limited to the DLPFC. The mechanisms underlying the effects of tDCS on cognitive deficits remain unclear but may involve an increase in local cerebral blood flow and improvement of brain function (Rizzo et al., 2014). Other researches have also indicated that the therapeutic effects of tDCS are closely associated with its specific modulation of brain functional connectivity, as tDCS can promote topological reorganization of brain networks. Therefore, tDCS may ultimately improve cognitive function in individuals with PD through multiple mechanisms, including modulation of cortical inhibitory circuits, enhancement of cortical excitability, and regulation of brain neural networks and dopamine levels (Broeder et al., 2015; Simonetta et al., 2025).

Approximately 31% of individuals with PD suffer from depression, while 40% to 60% experience anxiety disorders (Huang et al., 2023). Additionally, approximately 47.66% to 89.10% of individuals with PD have sleep disturbances, primarily manifesting as excessive daytime sleepiness, rapid eye movement sleep behavior disorder, periodic leg movements during sleep, and sleep-disordered breathing (Liu et al., 2018; Falup-Pecurariu and Diaconu, 2017). Compared to motor symptoms, emotional and sleep-related issues are often overlooked, yet they significantly impact patients’ quality of life and may influence disease progression (Oliveira de Carvalho et al., 2018). The mechanisms underlying PD-related depression are associated with dopaminergic depletion, impairment of the frontostriatal circuitry, degeneration of monoaminergic neurotransmitter systems, and dysfunction of the limbic system (Cuenca et al., 2018). Additionally, the accumulation of alpha-synuclein leads to neurodegenerative changes in noradrenergic, dopaminergic, and serotoninergic neurons, resulting in neuronal cell death in the pathways that affect the thalamocortical arousal system and the brainstem’s sleep–wake control centers, thereby altering sleep architecture (Monti and Monti, 2007; Mahmood et al., 2020).

Current treatment recommendations for emotional and sleep disorders in PD primarily focus on improving the environment, engaging in exercise therapy, pharmacological interventions, and using transcranial magnetic stimulation. Our meta-analysis indicates that tDCS can significantly reduce anxiety and depression scores in individuals with PD, extend sleep duration, enhance sleep quality, and alleviate daytime sleepiness. However, the specific mechanisms through which tDCS improves emotional and sleep disturbances in individuals with PD remain incompletely understood. Possible explanation is that tDCS modulates cerebral blood flow in the stimulated cortical areas, leading to sustained and widespread changes in neuronal activity, enhanced synaptic connectivity, and regulation of monoaminergic systems within deep brain structures (Hadoush et al., 2021; Clark et al., 2011).

Collectively, these findings underscore the potential of tDCS as a multifaceted intervention for addressing both mental health and sleep issues in individuals with PD. However, the lack of significant improvement in specific sleep scales raises questions regarding the sensitivity of these measures to detect changes following tDCS. It is conceivable that while objective sleep parameters demonstrated improvement, the subjective perceptions of sleep quality may not have been adequately captured by the scales employed.

In this study, we observed significant improvements in ADL following tDCS in individuals with PD, highlighting the potential of tDCS as a beneficial intervention for enhancing quality of life in this patient population. These findings corroborate existing literature that supports the use of neuromodulation techniques to improve functional outcomes (Salazar et al., 2017; Wang et al., 2024). However, it is noteworthy that no significant changes were detected in the PDQ, which suggests that while tDCS may enhance specific functional abilities, it may not influence broader quality-of-life measures or subjective experiences reported by patients. This discrepancy prompts further investigation into the nuances of how tDCS impacts both objective and subjective assessments of quality of life in PD, and underscores the importance of utilizing a comprehensive set of evaluation tools to fully understand the therapeutic effects of tDCS in this context.

The heterogeneity observed in the analysis of primary outcomes suggests variations in effect sizes across the included studies. However, sensitivity analyses indicate that the overall effect estimate was not significantly influenced by any single study, thus reinforcing the robustness of our findings. Subgroup analyses based on the number of sessions and stimulation intensity still revealed no significant differences. Furthermore, the absence of significant publication bias implies that our overall results were not distorted by selective publication practices. The generalizability of our findings is somewhat limited by substantial heterogeneity. To enhance precision and clinical applicability in future researches, subsequent studies should focus on establishing standardized tDCS protocols and promoting individual participant data meta-analyses. Such approaches would enable a more nuanced understanding of tDCS efficacy across different subgroups of Parkinson’s disease, thereby supporting more targeted clinical guidance.


Study limitations

Several limitations should be acknowledged in this meta-analysis. First, some of the studies included had small sample sizes, which may potentially lead to an overestimation of effect sizes. Second, there is a possibility of publication bias, as researchers are often less inclined to report negative findings. Additionally, high heterogeneity was observed in the primary outcomes. To explore the sources of this heterogeneity, we conducted sensitivity analyses and assessed bias, which demonstrated the robustness of our findings. Furthermore, many of the included studies lacked long-term follow-up data, preventing us from evaluating the sustained benefits of rhythmically cued exercise interventions. Importantly, there is a notable scarcity of research specifically targeting the improvement of non-motor symptoms in individuals with PD, and the stimulation targets in existing studies are relatively limited. These gaps highlight the need for further investigation in these critical areas.




Conclusion

In conclusion, tDCS shows promise for improving certain non-motor symptoms in individuals with PD. Based on a systematic evaluation of 22 studies involving 1,347 participants, tDCS effectively enhances cognitive function, alleviates anxiety and depression, promotes longer and more efficient sleep, reduces arousal indices, and mitigates daytime sleepiness. Furthermore, tDCS can also improve the abilities of daily living activities. However, methodological limitations and variability in outcome measures across studies preclude definitive conclusions. Future researches should prioritize standardized assessment tools and larger-scale randomized controlled trials to better establish the efficacy and long-term benefits of tDCS in PD management.
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