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Efeito da estimulação transcraniana por corrente contínua (ETCC) na assimetria da marcha em pessoas com doença de Parkinson 

Resumo

Distúrbios da marcha, como assimetrias nos parâmetros espaço-temporais, são considerados uma das principais causas de incapacidade em pessoas com doença de Parkinson (DP). Inicialmente, a assimetria da marcha pode ser atribuída à degeneração motora unilateral, e seu aumento está associado a alterações na atividade do córtex motor. Indivíduos com DP apresentam maior atividade no córtex motor como uma estratégia compensatória para lidar com déficits motores e manter o controle da marcha. Nesse contexto, terapias que modulam diretamente a atividade cortical, como a estimulação transcraniana por corrente contínua (ETCC), podem contribuir para a redução da assimetria da marcha. O objetivo deste estudo é investigar, por meio de dois ensaios clínicos randomizados, os efeitos de uma e de múltiplas sessões de ETCC na assimetria da marcha em indivíduos com DP. No primeiro estudo, serão comparados os efeitos de três protocolos de ETCC, aplicados por 20 minutos com intensidade de 2 mA: (1) unilateralmente sobre o córtex motor contralateral ao lado mais afetado pela DP, (2) unilateralmente sobre o córtex motor ipsilateral ao lado mais afetado pela DP e (3) bilateralmente sobre o córtex motor. A ordem dos protocolos será randomizada para cada participante, com um intervalo de uma semana entre as sessões. No segundo estudo, serão avaliados os efeitos de múltiplas sessões de ETCC na assimetria da marcha, utilizando o protocolo com os resultados mais promissores do estudo 1. A intervenção terá duração de quatro semanas, com sessões de 20 minutos a 2 mA realizadas em dias não consecutivos(48 horas de intervalo). Os achados desses estudos fornecerão uma base teórica sólida para compreender os efeitos de uma terapia não farmacológica na assimetria da marcha em indivíduos com DP, contribuindo para o desenvolvimento de estratégias clínicas mais eficazes. 
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Effects of transcranial direct current stimulation (tDCS) on gait asymmetry in people with Parkinson's disease 
Abstract
Gait disorders, such as asymmetries in spatiotemporal parameters, are considered one of the leading causes of disability in individuals with Parkinson’s disease (PD). Initially, gait asymmetry can be attributed to unilateral motor degeneration, and its progression is associated with changes in motor cortex activity. Individuals with PD exhibit increased motor cortex activity as a compensatory strategy to cope with motor deficits and maintain gait control. In this context, therapies that directly modulate cortical activity, such as transcranial direct current stimulation (tDCS), may contribute to reducing gait asymmetry. This study aims to investigate, through two randomized clinical trials, the effects of single and multiple tDCS sessions on gait asymmetry in individuals with PD. In the first study, the effects of three tDCS protocols, applied for 20 minutes at an intensity of 2 mA, will be compared: (1) unilaterally over the motor cortex contralateral to the most affected side, (2) unilaterally over the motor cortex ipsilateral to the most affected side, and (3) bilaterally over the motor cortex. The protocol order will be randomized for each participant, with a one-week interval between sessions. In the second study, the effects of multiple tDCS sessions on gait asymmetry will be evaluated, using the most promising protocol identified in Study 1. The intervention will last four weeks, with 20-minute sessions at 2 mA conducted on non-consecutive days (48-hour intervals). The findings from these studies will provide a solid theoretical foundation for understanding the effects of a non-pharmacological therapy on gait asymmetry in individuals with PD, contributing to the development of more effective clinical strategies.
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1. Stating the problem
1.1. General Introduction
Parkinson's disease (PD) is typically characterized as a brain disorder that causes involuntary or uncontrollable movements, such as difficulty with balance and coordination [1]. The literature consistently shows that individuals with PD exhibit reduced gait velocity and step length, as well as increased gait variability [2–5]. In addition, gait asymmetry (GA)—defined as differences in the bilateral behavior of the steps or legs during walking—is believed to result from the disease and the imbalanced strength of muscles [11], a typical symptom of PD [6]. Indeed, GA exacerbates gait impairments, leading to an increased risk of falls [7, 8]; approximately 70% of individuals with PD fall annually, and 13% fall more than once a week [9, 10]. GA is a relevant clinical concern that should be addressed during the rehabilitation of movement disorders [11, 12]. Understanding the effects of PD on GA could improve mobility and reduce the incidence of falls, highlighting the importance of therapeutic interventions aimed at minimizing GA in individuals with PD.
Under normal conditions, the ability to perform steady and symmetric gait does not rely heavily on cognitive resources. However, when gait is impaired (e.g., as in PD), GA appears to depend more on attentional and cognitive input [13]. This is particularly evident in individuals with PD during dual-task conditions, in which increased GA and greater impairment in gait parameters are commonly observed [13]. GA is typically assessed through spatiotemporal gait parameters (e.g., step length, swing time, or stance time) [14], while muscle-based evaluations of GA remain relatively underexplored [15]. Many individuals with PD demonstrate greater spatiotemporal GA (e.g., step length, step time, and swing time) than age-matched healthy controls [13]. Moreover, environmental factors also influence GA in PD; for instance, individuals with PD display greater asymmetry in step length and duration when encountering obstacles, compared to neurologically healthy controls [21–23].
Clinical evidence [16–19] supports the pathogenic role of asymmetry in disrupting the rhythmic right–left antiphase activation of the lower limbs during gait in PD [11, 20]. The asymmetric degeneration of dopaminergic neurons in the substantia nigra, particularly within the basal ganglia, is the most apparent explanation for motor asymmetry in PD [24, 25]. This imbalance in dopaminergic signaling alters the cortico–basal ganglia–thalamus–cortical circuits, contributing to deficits in motor coordination and gait. Consequently, therapeutic interventions that modulate neural activation appear to be a promising approach to reduce GA in PD, as they may enhance neural functioning, trigger plasticity processes, and improve spatiotemporal gait parameters [26]. Nevertheless, the effects of neural modulation on brain areas involved in gait control—such as the motor and prefrontal cortices—on GA, whether in spatiotemporal parameters or muscle activity during walking, have not yet been thoroughly investigated, particularly with regard to the prescription of effective therapeutic interventions to mitigate GA in PD.
In recent years, non-invasive brain stimulation (NIBS) techniques have been increasingly employed to address a range of pathological conditions [27]. Among these, transcranial direct current stimulation (tDCS) stands out as a safe and user-friendly technique and has become one of the most frequently used in research settings [28]. Activity in the ventro-posterolateral thalamic nucleus increases in response to tDCS [29], suggesting potential modulation of basal ganglia function [30] and improvements in motor control. Prior studies have reported positive effects of tDCS on motor performance in both individuals with PD and neurologically healthy older adults [31, 32]. For example, a single 20-minute tDCS session over the motor cortex increased gait speed in healthy older adults [32]. In individuals with PD, eight 20-minute tDCS sessions targeting the motor cortex improved balance control by reducing the time needed to recover balance following a perturbation [31]. However, the effects of tDCS applied unilaterally—targeting either the more or less affected hemisphere—or bilaterally on GA in individuals with PD remain poorly understood.
Neurophysiological studies have revealed asymmetries in M1 excitability [33, 34] and reduced transcallosal inhibition in the more affected hemisphere compared to the less affected one [35, 36]. These findings may reflect the asymmetric dysfunction of the striato–frontal motor circuit and are believed to contribute to the characteristic motor asymmetry in PD. Since a reduction in GA (e.g., step length asymmetry) indicates improved motor control, it is essential to clarify the efficacy of therapeutic interventions, such as tDCS, which can modulate neural excitability in brain regions involved in the basal ganglia–thalamus–cortical circuits. Investigating both acute and long-term effects of tDCS on GA in PD is crucial to optimizing therapeutic strategies, particularly during the early stages of the disease. Consequently, evaluating changes in GA may serve as a valuable metric for assessing intervention outcomes and refining gait rehabilitation approaches in PD.
To further our understanding of tDCS effects on GA in individuals with PD and to establish an optimal stimulation protocol, it is essential to explore both the immediate and long-term impacts of this technique. Furthermore, identifying a protocol capable of inducing early neuroplastic changes and maintaining these effects over time is critical for maximizing therapeutic outcomes. Therefore, this study aims to address the current knowledge gaps by experimentally investigating: (i) the immediate effects of tDCS on GA and the influence of different tDCS target areas on GA, and (ii) the long-term effects of repeated tDCS sessions on GA in individuals with PD.

1.1.1 PD pathophysiology and gait characteristics
PD, clinically described as a movement disorder, is the second most common neurodegenerative condition [37, 38]. Progressive nigrostriatal dopaminergic denervation leads to dysfunction in the basal ganglia–thalamus–cortical loops, resulting in bradykinesia, tremor, and difficulties with gait and balance [39]. Nevertheless, the pathophysiology underlying Parkinsonian symptoms remains a topic of ongoing debate. Figure 1 illustrates the function of the basal ganglia–thalamus–cortical loops in a healthy neural system. Dopamine acts on D1 receptors (the direct pathway) to facilitate striatal neurons projecting directly to the globus pallidus internus (GPi) or the substantia nigra pars reticulata (SNr), whereas dopamine actions on D2 receptors (the indirect pathway) inhibit neurons projecting to the globus pallidus externus (GPe) [40]. The opposing effects of D1 and D2 receptor activation result in a balance between the initiation of motor programs and the suppression of unwanted movements, enabling coordinated motor behavior such as a normal gait.
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Figure 1. Basal ganglia functional anatomy model. Inhibitory connections are indicated by dark arrows, and excitatory connections are indicated by white arrows. An italicized label indicates neurotransmitters involved in these connections. Direct and indirect pathways are indicated. (Figure adapted from Santens) [41].

In PD, increased GABAergic activity in brainstem nuclei affects structures such as the pedunculopontine nucleus and the mesencephalic locomotor region, which regulate inhibitory control over muscle tone and movement rhythmicity [42]. Dysfunction in these subcortical structures leads to alterations in gait phase durations, contributing to asymmetric walking patterns [43–46]. Among the motor signs and symptoms associated with impaired circuitry in PD are reduced step length and gait speed, prolonged double support phase duration, and increased muscle rigidity [47–50]. GA, in particular, reflects an imbalance in the degeneration occurring between the cerebral hemispheres. In the early stages of PD, disruptions in the basal ganglia–thalamus–cortical loops often manifest unilaterally; however, as degeneration advances, it eventually compromises movement on both sides of the body [52, 53]. This asymmetry in motor patterns leads individuals with PD to adapt the movements of the less affected side to maintain safety and functional task performance.  

1.1.2. Unilateral symptoms in PD
Lateralization is a key feature of Parkinson’s disease (PD), typically manifesting as asymmetric bradykinesia, tremor, and rigidity in the limbs [37, 54, 55]. In the early stages of PD, motor dysfunctions are generally unilateral and may persist for several months or even years before progressing to bilateral involvement [56–59]. Although symptoms eventually spread from one side of the body to the other, the initially affected side continues to exhibit more severe impairments as the disease progresses [60–62]. The unilateral presentation of PD symptoms holds diagnostic significance, as it serves as an important marker for distinguishing Parkinsonism from other neurological disorders [63–65]. Furthermore, clinicians can monitor the effectiveness of therapeutic interventions by evaluating unilateral symptoms; the reduction or resolution of these symptoms may reflect treatment efficacy. Two main hypotheses have been proposed to explain the unilateral onset of motor symptoms in PD. The first posits that this asymmetry results from innate variations in the number of nigral dopaminergic neurons—individuals may naturally possess fewer dopaminergic neurons on one side, possibly due to developmental factors [60]. In such cases, a bilaterally similar degenerative process would disproportionately affect the side with fewer neurons. The second hypothesis suggests that one side of the substantia nigra is more vulnerable to degeneration due to structural or environmental influences, such as greater use of one side of the body [60]. Thus, when neurodegeneration begins, the more susceptible side experiences faster neuronal loss.
More than 66% of individuals with PD present initially with unilateral symptoms of bradykinesia, tremor, and rigidity [62, 66]. To understand and address motor asymmetry in PD, both neural/structural and environmental/motor factors should be taken into account. Variables such as age, disease duration, and daily behavioral habits contribute to the presence and intensity of asymmetry [67]. Although the progression and severity of tremor differ from those of bradykinesia and rigidity [68, 69], these symptoms share underlying pathophysiological mechanisms that may influence GA in PD. Bradykinesia and rigidity, in particular, are commonly associated with dysfunctions in the basal ganglia, as previously described. Regarding rigidity, the reticulospinal tract appears to play a more prominent role in motor dysfunction [70]. Reticular nuclei in the brainstem receive afferent inputs from the pedunculopontine nucleus (PPN), which is closely connected to the basal ganglia, as shown in classic neuroanatomical models [71]. Consequently, interventions that reduce the excessive inhibitory output from the basal ganglia to the pedunculopontine nucleus may restore pedunculopontine nucleus activity and help normalize motor function [61]. This supports the notion that asymmetric neural dysfunction within the basal ganglia and the unilateral onset of motor symptoms, such as bradykinesia [72, 73], may be directly related to motor asymmetry in PD. Motor asymmetry can alter the degree of gait symmetry or asymmetry. Therefore, assessing spatial–temporal and muscular aspects of GA represents a valuable approach for monitoring PD progression.

1.1.3. Gait asymmetry in PD 
Human gait is a complex and symmetrical movement that involves coordinated interactions between the segments and muscles of both the lower and upper extremities. More than 50 muscles are involved in gait and must be finely controlled [74]. Approximately 15 muscles act on the knee joint to produce coordinated movement during the swing phase of the gait cycle [75]. To manage this complexity, the central nervous system must continuously process afferent information from both spinal and supraspinal sources in order to appropriately regulate motor output [76]. Neurodegenerative diseases such as PD disrupt gait coordination, leading to slowness of movement, shuffling gait, reduced arm swing, and a stooped posture—contributing to both medical and social complications [77, 78]..
The slowness of movement in PD can be attributed to excessive inhibitory projections from the basal ganglia (BG) to the thalamus, resulting in diminished thalamocortical activation and reduced facilitation of motor-related cortical areas such as the supplementary motor area and primary motor cortex (M1) [79–82]. Conversely, other regions of the motor cortex, such as the lateral premotor cortex and parietal cortex, as well as the cerebellum, tend to show increased activity during movement, especially when it is externally triggered [83, 84]. However, most of these findings are based on studies of upper limb movements conducted over two decades ago, and it remains unclear whether the same mechanisms contribute to hypokinetic gait in PD [81–83]. Additionally, several aspects of bipedal gait in PD—particularly those involving higher-level motor control—require further investigation [84], as they are critical to understanding GA in this population.
Unilateral motor symptoms of PD, such as slowness of movement, can disrupt the symmetry between the left and right legs, increasing GA in spatial–temporal parameters or in muscle activation patterns even in the early stages of the disease. These changes should be considered potential biomarkers of gait dysfunction in PD. Individuals with PD commonly exhibit greater asymmetry in step length [85, 86], step duration [86], and the swing phase of gait [48, 62, 87] compared to neurologically healthy individuals. Furthermore, dual-task while walking exacerbates GA in PD, especially when the secondary task involves cognitive processing [13, 88, 89].
Despite these observations, the mechanisms underlying GA in PD remain poorly understood. While the theoretical association between GA and asymmetrical dysfunction of brain circuits is widely accepted, these neural mechanisms have not been thoroughly investigated. Recent studies suggest that changes in the microstructural integrity of white matter tracts within the corpus callosum may contribute to impaired locomotor function [90, 91]. Transcallosal communication via the corpus callosum is essential for integrated motor control, allowing for coordinated motor output from both sides of the body [92, 93]. The primary motor cortices (M1) are directly connected to contralateral muscles through transcallosal pathways, facilitating interhemispheric transmission. During precise bilateral motor coordination—such as walking—activation of one limb exerts an interhemispheric inhibitory effect on the ipsilateral motor cortex [94, 95].
Asymmetrical degeneration within the basal ganglia, which are unevenly distributed between the cerebral hemispheres, leads to dysfunction in multiple basal ganglia circuits [60]. Because the basal ganglia provide phasic cues to various cortical and subcortical structures—including the corpus callosum—degeneration in these areas may compromise the integrity of transcallosal fiber tracts, thereby contributing to GA in PD [8, 96]. Moreover, both structural and functional brain changes have been implicated in the link between GA and PD. For instance, differences in the volume of basal ganglia structures—such as the striatum, caudate, putamen, and globus pallidus—compared to healthy individuals may be associated with PD-related dysfunction [24]. In particular, structural and functional asymmetry in the putamen [97], which is associated with axial symptoms such as bradykinesia and rigidity [98], may directly affect gait control in PD.
The literature suggests that GA in individuals with PD may stem from an imbalance in dopaminergic degeneration between the cerebral hemispheres. However, the specific mechanisms that are amenable to therapeutic modulation remain speculative. A limited number of studies have examined the effects of levodopa or physical exercise on GA in PD [99, 100]. Other investigations have explored the relationships between balance and gait, as well as the role of cognitive processes in gait control in PD [6, 13]. Nonetheless, little is known about the potential of methods that directly target neural connectivity, such as noninvasive brain stimulation.



1.1.4. Gait rehabilitation and transcranial direct current stimulation 
Therapeutic interventions aimed at improving gait quality in individuals with PD can be categorized into four types, ranging from invasive to non-invasive methods. As a non-invasive approach, L-DOPA remains the most common pharmacological treatment for PD [101]; however, tolerance to L-DOPA often necessitates increasing the dosage, which may accelerate the degeneration of neurons in the substantia nigra pars reticulata [102]. Surgical interventions, such as deep brain stimulation —in which electrodes are implanted in specific brain regions to generate electrical impulses that regulate abnormal neural activity—represent another treatment option [103, 104]. Nonetheless, deep brain stimulation is a costly and invasive procedure that may lead to adverse effects, including headaches and apathy [103, 105]. Given that L-DOPA-based and surgical treatments may produce side effects, there is growing interest among researchers in the development of therapies that do not rely on medication or surgical procedures.
A recent study investigated the effect of auditory cues on GA in individuals with PD and found that these cues contributed to a reduction in step velocity asymmetry, but did not significantly affect other gait parameters such as step length, time, width, or the double support phase [106]. These findings highlight the need for alternative therapies capable of exerting a more substantial impact on GA by modulating the neural activity imbalance induced by PD. Advances in technology have facilitated the development of promising non-invasive brain stimulation (NIBS) techniques, such as transcranial direct current stimulation (tDCS), which has demonstrated beneficial effects on gait and balance in individuals with PD [115, 116]. Recent findings from our group have shown that combining tDCS with locomotor exercise enhances the effects of the exercise, leading to improved movement coordination and promoting neural adaptations, such as a reduction in the spectral power density of the alpha band (15 Hz) in the prefrontal cortex [117]. However, the effects of tDCS alone on GA in individuals with PD are not yet well established.
tDCS involves the application of a safe, low-intensity direct current (typically 1.5–2 mA) to a targeted cortical region via surface electrodes [115]. In addition, tDCS is a user-friendly technique that does not require a specialized environment, allowing for its application even while the individual is seated. Three primary procedures are employed in tDCS research: (1) anodal stimulation, which increases cortical excitability in the targeted brain area; (2) sham-tDCS, where the stimulator is turned off after a brief stimulation period (10–30 s); and (3) cathodal stimulation, which decreases cortical excitability in the targeted region [116]. Anodal tDCS over the M1 area modulates the resting membrane potential of underlying neurons [117, 118]; by affecting the distributed motor cortex, it enhances the activity of the ventral-posterior thalamus and the left basal ganglia [30]. This increased cortical excitability may compensate for reduced pallidothalamocortical activity. Studies have reported that tDCS applied over M1 improves gait, balance, motor function, and bradykinesia in individuals with PD at rest [30, 119, 120]. These findings suggest that tDCS may be beneficial for improving gait in people with PD. However, considering the presence of hemispheric asymmetries in PD, the efficacy of tDCS may vary depending on the stimulation site, which warrants further investigation.
Animal studies suggest that inducing dopamine release in the caudate nucleus via glutamatergic cortico-striatal pathways may represent one of the beneficial effects of tDCS in PD [121–123]. tDCS safely induces changes in resting membrane potentials in cortical and subcortical tissues [124–126], and may also modulate neurotransmitter release [127, 128]. In PD, however, the dysfunction of dopaminergic neurons originating from the substantia nigra pars compacta often presents asymmetrically, with one hemisphere being more affected than the other. This pathophysiological feature of PD may influence the outcomes of tDCS protocols on gait, particularly on GA. For example, it has been reported that applying anodal tDCS over the most affected hemisphere significantly improves motor performance in both hands compared to stimulation of the less affected hemisphere in individuals with PD [129]. Nonetheless, the effect of tDCS on GA specifically has yet to be investigated.
Given that the basal ganglia (in either hemisphere) are involved in all phases of motor learning [130–133], play a central role in the cortico-striatal-thalamic pathway, and are modulated by tDCS, it is crucial to determine the most effective cortical intervention for improving gait quality in PD. GA could serve as a valuable index for assessing which cortical stimulation approach (targeting the most affected hemisphere, the least affected hemisphere, or both) yields the most beneficial outcomes. However, significant gaps remain in the literature regarding this topic. This project aims to address some of these unanswered questions by investigating the effects of tDCS on GA in individuals with PD undergoing either acute or long-term interventions targeting different motor cortex hemispheres.

1.2. Aims and outline of this project
The main aim of this project is to investigate the effects of a single tDCS session on different stimulation targets, as well as the effects of multiple tDCS sessions on GA in individuals with PD, through two separate studies. Specifically, the aims of this project are:
i) determine whether the acute term of tDCS applied over the M1 and dorsolateral prefrontal cortex (DLPFC) of most affected brain hemisphere can improve GA in people with PD, and compare the effect of tDCS on the least affected brain hemisphere vs. the most affected brain hemisphere vs. bilateral stimulation over the M1 and DLPFC on GA in people with PD; 
ii) to examine the effects of long-term anodal tDCS on GA in people with PD.

2. Expected results
According to the context described in the general introduction, our hypotheses for the two studies are the following:
i) An acute term of tDCS applied over the M1 and DLPFC of the most affected brain hemisphere would reduce the asymmetry in spatial-temporal gait parameters such as step length, velocity, time width and double support phase in people with PD; Considering that anodal tDCS over the most affected brain hemisphere significantly improved the motor performance of both hands when compared to the application in the least affected brain hemisphere in people with PD [129], we expect that one session of acute tDCS over the M1 and DLPFC of the most affected brain hemisphere will lead to an accentuated reduction on GA in PD compared to applied tDCS on the least affected brain hemisphere or bilateral stimulation over the M1 and DLPFC; 
ii) long-term anodal tDCS would reduce the asymmetry in spatial-temporal gait parameters such as step length, velocity, time width and double support phase in people with PD and its effect will persist at least 1-month follow-up the last session. 
The results of these studies will be significant because they will i) provide a theoretical basis for understanding the effect of tDCS on GA in people with PD; ii) stimulate different hemispheres to determine the optimal area for tDCS to reduce GA in people with PD; iii) demonstrate the potential positive impact a long-term tDCS protocol on GA in people with PD, which is a novel and important concept considering that PD is a progressive, neurodegenerative and no-cure disease. Considering previous findings that assessed the effects of tDCS alone and combined with other interventions on spatial-temporal gait parameters [134-136], the results on the possible mechanisms investigated in this project will aid in the implementation of tDCS as a non-pharmacological strategy to improve gait in people with PD. 

3. SCIENTIFIC AND TECHNOLOGICAL CHALLENGES AND THE MEANS AND METHODS TO OVERCOME THEM
3.1. Scientific and technological challenges
How to use tDCS to improve GA in PD is the central scientific challenge of the present project. Although tDCS has been employed in several studies to investigate motor control during gait [137, 138], most of these studies have focused on variables (e.g., spatiotemporal parameters) related to a single leg or step. GA, however, is a critical symptom of PD that must be evaluated through biomedical markers (i.e., kinematics, kinetics, muscle activity, etc.) involving both legs. The application of tDCS to study GA in PD is, to the best of our knowledge, a novel topic. Therefore, determining the optimal brain area for stimulation constitutes a fundamental challenge of this project. To address this, we determined the duration of stimulation based on previous studies in which tDCS was applied either alone or in combination with other therapeutic interventions. The optimal duration for active tDCS is reported to be between 15 and 20 minutes, whereas for sham tDCS it ranges from 10 to 30 seconds [139–141]. Accordingly, the stimulation duration chosen for this project will be 20 minutes. Furthermore, the stimulation intensity will be based on previous findings suggesting that the optimal current is 2 mA.
In addition to the duration and intensity, the stimulation area remains a central challenge in this project. Anodal tDCS over the primary motor cortex (M1) has been shown to improve motor control of gait in individuals with PD [137, 142]. Similar effects have been observed when the dorsolateral prefrontal cortex (DLPFC) was stimulated [143, 144]. We will also apply tDCS bilaterally and compare its effects with those observed when stimulating the most and least affected brain hemispheres. As discussed in the general introduction, asymmetric degeneration of dopaminergic neurons in the substantia nigra pars reticulata (SNr) is a major hallmark of PD, potentially leading to GA. Therefore, identifying the optimal stimulation target—whether the most affected, least affected, or both brain hemispheres—is essential. Whether it is more beneficial to apply tDCS over the left, right, or both hemispheres when addressing GA in PD remains an open question in the literature. We anticipate that the findings of this study will help researchers in the field overcome this knowledge gap and advance the use of tDCS in addressing gait asymmetry in PD.
Each section of this project will require interdisciplinary collaboration to enhance the overall quality of the work. Tasks will be divided among medical professionals, laboratory technicians, and research assistants to achieve this goal. In doing so, we aim to contribute to the development of effective tDCS-based strategies for individuals with PD.
Moreover, this project is associated with the initiative “Multidisciplinary Center for Assistive Technologies Development (CMDTA)”, funded by FAPESP under the program Auxílio à Pesquisa – Centros de Ciência para o Desenvolvimento (#2024/01132-2). This initiative aims to create and consolidate a multidisciplinary center for the development of assistive technologies at UNESP, functioning as a collaborative network among various university laboratories across the state of São Paulo. We believe that the results from this proposal may complement the CMDTA initiative by demonstrating the effects of tDCS on gait asymmetry and potentially supporting its inclusion as a viable assistive technology for improving gait in individuals with Parkinson’s disease.



3.2. Means and methods to overcome the challenges
We will conduct two studies to meet the project's objectives and address the challenges associated with scientific research. Description of the theoretical foundation and methods to answer each question is presented following.

3.2.1. Study 1: Effectiveness of acute multi target transcranial direct current stimulation on gait asymmetry in Parkinson’s disease

Method
Participants
The minimum sample size was calculated using GPower 3.1.97 software (Düsseldorf, Germany), F tests, assuming a repeated-measures ANOVA, within–between interaction, targeting the group × condition interaction for the primary outcome gait speed. Statistical power was set at 95% (1 – β = 0.95), α = 0.05, and the effect size was f = 0.518 (η²p ≈ 0.20), based on previous studies that investigated the effects of tDCS on gait parameters in people with Parkinson’s disease [119, 145]. The calculation considered 2 groups (tDCS active × tDCS sham) and 3 repeated measures (more-affected, less-affected, bilateral). We also adopted a correlation among repeated measurements (ρ) of 0.50 and a nonsphericity correction (ε) of 1.0, based on previous literature. According to GPower, a minimum of 12 participants per group is required. To account for potential attrition (~15%), we plan to recruit 14 participants per group. People with PD will be selected from specialized center in the Bauru region [141]. An expert neurologist will diagnose idiopathic PD in accordance with the UK Parkinson's Disease Brain Bank criteria [146]. Participants will be individuals with PD, who will be eligible for the study if they are: >50 years old, disease stage <= 3 on the Hoehn & Yahr scale (H&Y), no history of brain surgery, able to walk independently, in the ON stage of medication (using the same medication for minimum of three months). Throughout the duration of the study, participants must receive a levodopa equivalent dose of at least 300 mg per day [143]. All evaluations and therapy sessions will be undertaken during the peak period of L-dopa medication (⁓ 45 to 60 minutes after medication intake) to avoid problems associated with the "ON-OFF" phases of drug consumption.
All participants will provide written informed consent in accordance with the protocol approved by the Ethical Committee of the School of Sciences at So Paulo State University, and the study will adhere to the Declaration of Helsinki. 
Clinical evaluation
In the first visit, people with PD will be evaluated by a trained researcher in order to assess their clinical, cognitive, and medical history. All evaluations will be performed in great detail to determine the PD’s most affected side and eliminate the influence of other diseases that may interfere with PD diagnosis. Participants will be evaluated by the same researcher using scales considered to be the gold standard for clinical assessment of PD. The Hoehn and Yard (H&Y) scale will be used to determine the disease's evolutionary stage, the disease's unilaterality or bilaterality, and the postural reflex response [142]. Using the Unified Parkinson's Disease Rating Scale (UPDRS) motor part (III) [147], the degree of motor impairment in people with PD will be determined. To assess cognitive state, the Montreal Cognitive Assessment (MoCA) will be administered, which includes questions from several cognitive domains. The MoCA has a scale of 0 to 30, with higher scores indicating greater global cognition [148]. 
Experimental protocol
Gait assessment will be done before and after the interventions. Post-intervention assessments will be done 15-20 minutes after tDCS protocol (active and sham) [149]. Figure 2 shows the schematic form of protocol.  Participants will undergo a crossover design in which each individual will receive both active and sham tDCS in a double-blind and randomized order. Each stimulation condition (active or sham) will last three weeks, on each week we will apply the stimulation on a different target: (1) stimulation over the most affected hemisphere, (2) stimulation over the less affected hemisphere, and (3) bilateral stimulation. The targets order will be randomized for each participant. Sessions will last 20 minutes each and will be separated by a one-week interval to avoid potential carry-over effects. After completing the three sessions in one condition (e.g., active), participants will switch to the other condition (e.g., sham) with the order counterbalanced across participants. Thus, the total duration of the intervention will be six weeks (three weeks active and three weeks sham). The one-week interval between sessions was chosen based on previous crossover studies in Parkinson’s disease showing that 5–7 days are sufficient for wash-out [150, 151]
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Figure 2. Study protocol. A, all participants will receive active and sham over the most-affected, less-affected, and bilateral hemispheres in random order. We will administer the stimulation conditions on three separate weeks for both stimulation conditions (Active and Sham) in a double-blind manner; B) the thick black line in the middle walking path (8 m) shows the path of the straight line without acceleration or deceleration phases; C) both tDCS protocols (active and sham) contain 30-second ramp-up and ramp-down durations. In the active tDCS sessions, a 2mA stimulation current will be applied for 20 minutes and 10 seconds, respectively

Intervention protocol
For Active tDCS, the 10-20 EEG system will be used to place an anode electrode over the most affected brain hemisphere (C4/C3), and a cathode electrode over contralateral supraorbital areas [152]. Figure 3 depicts the C4/C3 region, which is just between and over the left/right M1 and DLPFC, respectively. Therefore, anodal electrode over C4/C3 will stimulate either the right or left the M1 and DLPFC [153]. For bilateral anodal tDCS, two anode electrodes will place over the left C3 and right C4 and two cathode electrodes will place over the left and right supraorbital areas, respectively. A pair of pads (25 cm2) soaked in saline solution will be used to apply an electric current of 2 mA for 20 minutes with a ramp-up over 30 seconds and a drop in the same manner (NaCl 140 mmol dissolved in Milli-Q water). The sham protocol will involve the same stimulation but will last for 10 seconds [142]. All data collection will be performed before and after each intervention session. 
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Figure 3. Electrode placement of anodal tDCS. Red circles represent C3 and C4 areas and the blue circles represent the contralateral supraorbital area. 
Gait assessment
The spatial-temporal gait parameters such as step length, velocity, width, duration and the double support phase will be acquire using ten Vicon Motion System® cameras (Bonita System Cameras) at 100 Hz. Four passive reflective markers will be placed on each participant’s foot (second metatarsal and calcaneus for both legs). In addition, one marker will be placed in the 7th cervical vertebra (C7) [146]. Participants will perform barefoot overground walking eight times on an 8 x 3 m walkway at their preferred walking speed with natural arm swing for one minute.  For safety reasons, participants will be accompanied by an evaluator during the procedures. Surface electromyography (EMG) from both legs will record from: tibialis anterior (TA), gastrocnemius medialis (GM), vastus lateralis (VL) and biceps femoris (BF) using a wireless Noraxon myoMuscle system. EMG signals will record using a bipolar montage and sampled at 1500 Hz. EMG signals will be band-pass filter filtered (10-500 Hz). The EMG system will be calibrated with a rejection rate of 100 db, and a 16 bits A/D resolution. Five foot-switches (Noraxon MyoMotion) will be placed at subjects insoles to indicate the heel strikes and toe-offs events for each leg. These events will be used to express the EMG data related to the step parameters. All EMG data will be analyzed using a customized MatLab algorithm. The EMG signal will be divided into four phases (load, single, pre-swing and swing) according to the footswitch events. The load phase will be initiated by initial contact (when any footswitch turned ON) and finished with the contralateral toe off (all the footswitches of the opposite foot turn OFF). The single phase begins at this moment and finishes when the contralateral foot contacted the ground (when any contralateral footswitch turned ON). The pre-swing phase will be then initiated and finish with the toe off (when footswitches turned OFF). The swing phase comprised the time between toe off and initial contact (footswitches remained OFF). The average RMS EMG activity of each phase will be then normalized to its peak value during overground walking (rmsEMG). Also, The co-activation ratio of muscle antagonistic pairs at the knee and ankle joints (VL-BF and TA-GM) will be calculated for each gait phase to obtain the maximum co-activation, represented by a co-activation ratio equal to 1, and the minimum co-activation, denoted by a co-activation ratio equal to 0: Co-activation ratio = rmsEMG of the muscle less active in the pairing / rmsEMG of the muscle more active in the pairing. Since the Vicon and EMG systems are software synchronized, the walkway curves will be flagged using Vicon markers and data from 1m before and after the curves will be excluded from the kinematic and EMG data. Gait parameters asymmetry and EMG parameters asymmetry between the most and less affected limbs will be assessed in both tDCS conditions (Active and Sham) following the methods proposed by Herzog et al., [147] using a symmetric index–SI: 

Where MA is the most affected limb and LA is the less affected limb A value of zero for index indicates that there is no difference between sides. We will calculate the average of gait parameters and EMG variables for the most and less affect limb and averaged values will compose the equation. 

Statistical analysis
Kolmogorov-Smirnov test of normality will be used to verify and confirm normal distribution of spatial-temporal parameters of gait and EMG activity.  The acute effects of the interventions will be examined using a three-way analysis of variance with repeated measures for stimulation group (Active-tDCS × Sham-tDCS), time (Pre-test × Post-test) and setup (Most affected hemisphere × Less affected hemisphere × Bilateral). Post hoc Bonferroni tests will be used in cases where ANOVA reveals significant interactions. The effect size (ES) for each measure will report: ES = mean D / SD D, Where D is the differences of the paired samples values. ES = 0.2 means small effect, ES = 0.5 means moderate effect, and ES = 0.8 means large effect. Statistical analysis will be performed using SPSS software (IBM SPSS inc. Version 24.0, Chicago, IL, USA). In some cases that there is no normal distribution, we will use non-parametric test for statistical comparison. The level of statistical significance will be at α = 0.05. 



3.2.2. Study 2: Gait asymmetry behaviour over long-term sessions of tDCS in people with Parkinson's disease 

Method
The sample size estimation was performed using GPower 3.1.97 software (Düsseldorf, Germany), F tests, considering a repeated-measures ANOVA model with interaction between within- and between-subject factors, targeting the group × time interaction for the primary outcome gait speed. A statistical power of 95% (1 – β = 0.80) and a significance level of α = 0.05 were adopted. The effect size was set at f = 0.256 (η²p ≈ 0.85), based on previous research who adopted the same statistical procedures examining the impact of tDCS on gait parameters in individuals with Parkinson’s disease [154, 155]. The calculation assumed 2 groups (tDCS active × tDCS sham) and 3 repeated measures (pre, post, follow-up), adopting a correlation among repeated measurements (ρ) of 0.50 and a nonsphericity correction (ε) of 1.0. According to GPower, a minimum of 14 participants per group is required. To account for potential attrition (~15%), we plan to recruit 16 participants per group. People with PD will be selected from specialized center in the Bauru region and be invited in this randomized, double-blinded study. Clinical evaluation and gait assessment will follow the same experimental protocol as explained in Study 1. However, tDCS intervention protocol and statistical analysis will be different in this study.

Intervention protocol
People with PD will be invited and randomly distributed into 2 experimental groups (16 participants will receive active tDCS and 16 participants will receive sham tDCS). According to the results of Study 1, bilateral stimulation or stimulation of the most affected/less affected brain hemisphere will be used based on the 10–20 EEG positioning system. For the active tDCS, a 2mA electrical current will be conducted for 20 minutes while the sham tDCS group will receive a 2mA electrical current for only 10 seconds. For both groups, a ramp up and ramp down of 10 seconds will be adopted. The tDCS sessions will take place for 4 weeks, on 3 days per week with a 48-hour interval between sessions totaling 12 sessions per participant. 

Data acquisition
Trained researchers will collect outcomes at pre moment (just before the first stimulation session), at post moment (just after the last stimulation session) and one month after the last stimulation session (follow-up moment). Figure 4 depicts the protocol in its schematic form. All data collection will be carried out only after each intervention session (15-20 minutes after tDCS protocol, active and sham).
[image: ]

Figure 4. A, an illustration of the intervention protocol, and B an illustration of the tDCS protocol. Both tDCS protocols (sham and active) contain 30-second ramp up (RU) and ramp down (RD) durations. In the active- and sham-tDCS sessions, a 2 mA stimulation current will be applied for 20 minutes and 10 seconds, respectively. The thick horizontal line in sham tDCS shows the remaining time during which no stimulation occurs. 

Statistical analysis 
Kolmogorov-Smirnov test of normality will be used to verify and confirm normal distribution of walking speed and, spatial-temporal parameters of gait and median of muscle activity. A linear mix model with repeated measure (Mixed ANOVA repeated measure) will be used to assess the between subject effect (active/sham tDCS) and within subject effect (time) on GA, and electromyographic variables. The effect size (ES) will be reported. The level of statistical significant will be at α = 0.05.    






4. SCHEDULE OF ACTIVITIES
The table below shows the schedule of activities proposed in this project.
	Activity
	Period

	
	1sdsemester
	2ndsemester
	3rdsemester
	4thsemester  
	5thsemester
	6thsemester

	Literature revision
	
	
	
	
	
	
	
	
	
	
	
	

	Ethics committee Submission
	
	
	
	
	
	
	
	
	
	
	
	

	Registering participants  
	
	
	
	
	
	
	
	
	
	
	
	

	Standardization of techniques
	
	
	
	
	
	
	
	
	
	
	
	

	Pilot experiments 
	
	
	
	
	
	
	
	
	
	
	
	

	Sample selection - Study 1
	
	
	
	
	
	
	
	
	
	
	
	

	Data collection - Study 1
	
	
	
	
	
	
	
	
	
	
	
	

	Sample selection - Study 2
	
	
	
	
	
	
	
	
	
	
	
	

	Data collection - Study 2
	
	
	
	
	
	
	
	
	
	
	
	

	Research internship abroad
	
	
	
	
	
	
	
	
	
	
	
	

	Data analysis Study 1
	
	
	
	
	
	
	
	
	
	
	
	

	Submission Study 1
	
	
	
	
	
	
	
	
	
	
	
	

	Data analysis Study 2
	
	
	
	
	
	
	
	
	
	
	
	

	Submission Study 2
	
	
	
	
	
	
	
	
	
	
	
	

	Workshops to be offered
	
	
	
	
	
	
	
	
	
	
	
	

	Reports
	
	
	
	
	
	
	
	
	
	
	
	

	Participation in events
	
	
	
	
	
	
	
	
	
	
	
	




4.1. Candidate activity plan
1 – Searching various databases: Conduct a comprehensive literature review in scientific databases to gather relevant studies on GA in people with PD.
2 – Initiation of extension project activities and consequently increase of studies related to GA in people with PD, as well as submission the study to ethical committee and trail registered: Launch activities of the extension project, expand research on GA in PD, submit the study for ethical approval, and complete the clinical trial registration.
3 – Standardization of tDCS techniques to assess GA in patients with PD: Establish and refine tDCS application protocols to ensure consistency in GA assessments for individuals with PD.
4 – Organize the survey environment for conducting the studies proposed in this project: Prepare the necessary infrastructure, equipment, and resources to facilitate the execution of the research studies.
5 – Invitation to participants with PD to participate in the study proposed in this project: Recruit and invite eligible individuals with PD to take part in the study, ensuring informed consent and adherence to inclusion criteria.
6– Preparation of the partial report: Document and summarize the progress of the study, including initial findings, methodological updates, and future steps.
7 - Supervision of undergraduate and graduate students: Provide academic and research guidance to students involved in the project, overseeing their contributions and development.
8 – Conducting a research internship abroad. If approved, the candidate will do a 12-month research internship abroad (Research Internship Abroad (BEPE)-FAPESP). The internship will take place at the Faculty of Human Movement Sciences at Vrije University in Amsterdam, in the research group of Professor Jaap van Dieen (letter of invitation attached in the Sage system). Professor van Dieen has noteworthy competence in research involving EMG analysis during walking. Furthermore, he has extensive experience processing human gait using platforms, such as MATLAB, which is crucial to achieve the main goals of this project.
9 – Analysis and discussion of the various results: Process, interpret and critically discuss the collected data in comparison with existing literature. 
10 – Participation in scientific events with the publication of summaries of pilot studies and pre-selected research data: Present preliminary findings at conferences and publish abstracts to disseminate the study’s progress.
11 - Submission of articles for publication: Prepare, write, and submit manuscripts to peer-reviewed scientific journals.
12 - Writing the final report: Compile all research findings, analyses, and conclusions into a final comprehensive report.

6. DISSEMINATION AND EVALUATION
The results of the research project will be presented at national and international scientific conferences. Subsequently, the key findings will be used to prepare a minimum of 3 manuscripts for submission to international journals with an impact factor > 2. The expertise related to the application of tDCS and the analysis of the data acquired in this project will be disseminated through courses and workshops for the scientific community.  In addition, the results and procedures of this project will be disseminated to the general public through "less scientific" reports and texts in social media. Evaluation of this project will be accomplished by carrying out the steps according to the schedule outlined above.
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