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Matching supplementary motor area-primary motor cortex paired transcranial magnetic stimulation improves motor dysfunction in Parkinson’s disease: a single-center, double-blind randomized controlled clinical trial protocol
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Background: Non-invasive neuroregulation techniques have been demonstrated to improve certain motor symptoms in Parkinson’s disease (PD). However, the currently employed regulatory techniques primarily concentrate on stimulating single target points, neglecting the functional regulation of networks and circuits. The supplementary motor area (SMA) has a significant value in motor control, and its functionality is often impaired in patients with PD. The matching SMA-primary motor cortex (M1) paired transcranial magnetic stimulation (TMS) treatment protocol, which benefits patients by modulating the sequential and functional connections between the SMA and M1, was elucidated in this study.

Methods: This was a single-center, double-blind, randomized controlled clinical trial. We recruited 78 subjects and allocated them in a 1:1 ratio by stratified randomization into the paired stimulation (n = 39) and conventional stimulation groups (n = 39). Each patient underwent 3 weeks of matching SMA-M1 paired TMS or sham-paired stimulation. The subjects were evaluated before treatment initiation, 3 weeks into the intervention, and 3 months after the cessation of therapy. The primary outcome measure in this study was the Unified Parkinson’s Disease Rating Scale III, and the secondary outcome measures included non-motor functional assessment, quality of life (Parkinson’s Disease Questionnaire-39), and objective assessments (electromyography and functional near-infrared spectroscopy).

Discussion: Clinical protocols aimed at single targets using non-invasive neuroregulation techniques often improve only one function. Emphasizing the circuit and network regulation in PD is important for enhancing the effectiveness of TMS rehabilitation. Pairing the regulation of cortical circuits may be a potential treatment method for PD. As a crucial node in motor control, the SMA has direct fiber connections with basal ganglia circuits and complex fiber connections with M1, which are responsible for motor execution. SMA regulation may indirectly regulate the function of basal ganglia circuits. Therefore, the developed cortical pairing stimulation pattern can reshape the control of information flow from the SMA to M1. The novel neuroregulation model designed for this study is based on the circuit mechanisms of PD and previous research results, with a scientific foundation and the potential to be a means of neuroregulation for PD.

Clinical trial registration: ClinicalTrials.gov, identifier [ChiCTR2400083325].
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the early and significant loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc). Dopamine deficiency in the basal ganglia leads to motor disorders typical of PD, including tremors, bradykinesia, stiffness, and postural instability (Kalia and Lang, 2015). The pathology of PD is also related to the formation of protein aggregates containing α-synuclein in the substantia nigra neurons, known as Lewy bodies and Lewy neurites (Gibb and Lees, 1988). In PD, the neurodegenerative process and the formation of Lewy bodies extend beyond the confines of dopaminergic neurons, manifesting in the serotonergic, noradrenergic, and cholinergic systems (Dauer and Przedborski, 2003). Brain neural circuits associated with these systems are involved in the development of PD symptoms, including the “dimmer switch model” related to tremor, which focuses on the activity in the basal ganglia circuit and the cerebello-thalamo-cortical circuit (CTC circuit), as well as the interaction between these two important circuits. According to the model, brain activities related to Parkinsonian tremors originate in the basal ganglia and are then transmitted to the CTC circuit, where they maintain and amplify the tremor rhythm. In summary, the mechanisms underlying PD are complex and interdependent (Zhong et al., 2022). With an estimated global prevalence of 6.1 million individuals in 2016, PD constitutes a significant burden on healthcare systems worldwide and is projected to escalate substantially by 2040 (Dorsey et al., 2018). Current therapeutic strategies for PD primarily aim to alleviate symptoms and delay disease progression as much as possible. The most fundamental and common treatment method for managing PD is pharmacological intervention, including levodopa, dopamine agonists, monoamine oxidase inhibitors, catechol-O-methyltransferase inhibitors, and anticholinergic drugs (Connolly and Lang, 2014). However, prolonged use of these medications often causes motor complications, including dyskinesia and motor fluctuations, necessitating alternative therapeutic approaches (Olanow et al., 2009). Surgical interventions, notably deep brain stimulation (DBS), may offer symptom relief in patients with PD refractory to pharmacotherapy (Weaver et al., 2009). DBS modulates aberrant neural activity, albeit with inherent surgical risks and device-related complications, by targeting specific brain regions, including the subthalamic nucleus and globus pallidus interna (Bronstein et al., 2011).

Transcranial magnetic stimulation (TMS) has emerged as a promising non-invasive neuromodulatory technique for neurological disorders (Hallett, 2007). TMS modulates neuronal excitability by delivering magnetic pulses to targeted cortical regions, offering therapeutic potential with fewer procedural risks than surgical intervention (Lefaucheur et al., 2020). Recently, TMS has garnered interest as a potential therapeutic option for PD, providing an alternative or adjunct treatment modality to conventional pharmacotherapy and DBS. Previous studies have confirmed that high-frequency magnetic stimulation intervention in the primary motor cortex (M1) alleviates Parkinsonian motor symptoms (Chou et al., 2015). Specifically, 25 Hz treatment has demonstrated significant efficacy in patients with early-stage PD. However, it does not significantly improve dyskinetic symptoms (Kishore et al., 2014). Although repetitive transcranial magnetic stimulation (rTMS) has partially succeeded in treating Parkinsonian motor symptoms, there remains a need to investigate new rTMS stimulation paradigms to address the complex array of Parkinsonian motor symptoms (Groppa et al., 2012).

The supplementary motor area (SMA) plays a critical role in the pathophysiology of PD (Herz et al., 2014). As a key component of the motor network, the SMA is involved in the planning, initiation, and execution of voluntary movement. The SMA dysfunction can cause impairments in motor control and coordination, contributing to the hallmark motor manifestations of PD (Joundi et al., 2013). The SMA is a cortical region in the medial frontal lobe anterior to M1 (Benecke et al., 1987). It receives inputs from various cortical and subcortical structures, including the prefrontal cortex, basal ganglia, and cerebellum (Nachev et al., 2008). These connections enable SMA to integrate sensory, cognitive, and motor information to orchestrate purposeful movement sequences (Tanji and Shima, 1994). The SMA is particularly involved in the planning and initiating of complex motor tasks and sequential organization of movements (DeLong and Wichmann, 2007). Dysfunction within the SMA can disrupt the smooth execution of motor programs, leading to bradykinesia (slowness of movement) and akinesia (difficulty in initiating movement) in patients with PD (Jahanshahi et al., 2015). SMA plays a pivotal role in motor control and is involved in compensatory mechanisms in PD. Specifically, the connections within the SMA and between the SMA and cortico-subcortical motor network compensate for the impaired prefrontal-premotor cortical connections (Herz et al., 2014).

Given its pivotal role in motor control and involvement in compensatory mechanisms in PD, SMA represents a potential therapeutic target for novel interventions (Herz et al., 2014). Non-invasive brain stimulation techniques targeting the SMA, including TMS and transcranial direct current stimulation, offer adjunctive therapeutic options for PD management (Koch et al., 2009). Previous studies have demonstrated that a 5 Hz rTMS intervention can improve the Unified Parkinson’s Disease Rating Scale (UPDRS) and activities of daily living in patients with PD (Li et al., 2022).

Task-based connectivity multi-voxel pattern analysis revealed activation clusters in the right hemisphere, central prefrontal area, superior frontal gyrus, middle frontal gyrus, thalamus, and cerebellum. Consequently, conjugating SMA stimulation targets with traditional M1 interventions could potentially enhance neural regulatory efficiency (Kishore et al., 2014).

Cortico-cortical paired associative stimulation (ccPAS) protocols are innovative, non-invasive brain stimulation techniques that modulate cortical excitability and induce synaptic plasticity in specific cortical regions. Based on classical paired associative stimulation principles, pairing peripheral nerve stimulation with TMS, ccPAS protocols focus on synchronizing TMS pulses over two distinct cortical areas to induce associative plasticity within the cortico-cortical circuits. This approach holds immense potential for investigating functional connectivity between different cortical regions and developing targeted interventions for neurological and neuropsychiatric disorders (Suppa et al., 2017). Previous ccPAS studies on SMA and M1 were often conducted at a frequency of 0.2–1 Hz and a time interval of 6 ms. The effect was to increase the MEP amplitude of the M1 that is, cortical excitability (Arai et al., 2011). However, the frequency of 0.2 Hz rTMS of M1 did not significantly improve the effect of motor symptoms in patients with PD (Okabe et al., 2003). A stimulation frequency of 5 Hz can improve motor symptoms in patients with PD in both M1 and SMA (Zanjani et al., 2015; Hanoğlu et al., 2020), and this stimulation delivery mode is cross-applied rather than continuous application (Siebner et al., 2000; Hanoğlu et al., 2020; Hewedi et al., 2020). Therefore, this study is the first choice of a stimulation parameter-matching stimulus for 5 Hz. Further studies revealed that the efficacy of rTMS stimulation produced on the M1 ascends with an increase in stimulus frequency (Hewedi et al., 2020). A 15 Hz frequency is commonly employed in the clinical highest issued by the cross of stimulus frequency (Kamble et al., 2014); therefore, we optimized the M1 TMS stimulus frequency to 15 Hz. This study selected the 1:3 (5:15 Hz) stimulation mode of the SMA before M1 for intervention. This scheme met the minimum frequency of 5 Hz required to pair SMA with M1 stimulation, following the principle of pulse-time-dependent plasticity. It also achieved the optimized 15 Hz in M1 to improve the clinical treatment effect.

As mentioned above, the abnormal function of the SMA in patients with PD may not exclusively be attributed to the SMA itself but also to a dysfunction in the control circuit formed by the SMA and M1. Based on this assumption, this study devised a novel SMA-M1 paired magnetic stimulation protocol to improve the motor symptoms of patients with PD. The proposed intervention is anticipated to yield improved outcomes by regulating SMA and M1 functions and adjusting the activation sequence of the motor control circuit from the SMA to M1.



Materials and methods


Study design

This study adopted a single-center, double-blind, randomized, controlled clinical trial design. In total, 78 patients meeting the diagnostic criteria for PD were recruited and randomly allocated to two groups: the SMA-M1 paired TMS treatment group (experimental group) and the sham stimulation control group (control group). Furthermore, the researchers and participants were blinded to treatment allocation to ensure double binding. The experimental group received SMA-M1 paired TMS therapy, whereas the control group underwent sham stimulation therapy. Treatments were administered five times/week for 3 weeks. Regular clinical assessments, including motor function scores, quality of life assessments, and adverse event monitoring, were conducted during treatment. Finally, improvements in motor function between the two groups were compared, and the safety and tolerability of the treatments were analyzed.



Participants

This study recruited participants from the Department of Neurology and Rehabilitation Medicine at Tongji Hospital, affiliated with Tongji University. Patient enlistment began on May 1, 2024. Recruitment ceased after 78 patients were enrolled. Recruitment methods primarily included advertising, physician referrals, and internet recruitment. All subjects were initially screened by a principal investigator before enrolment. Patients who met the recruitment criteria and expressed interest were individually informed of the trial details and the consent requirements. The patients signed a paper version of the informed consent form (ICF) after fully understanding the benefits and risks of this study (Figure 1).
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FIGURE 1
 Flow chart of participants.


The inclusion criteria were as follows: (1) PD diagnosis with motor symptoms and stable medication treatment (Hughes et al., 1992); (2) Hoehn–Yahr (H–Y) stages 1–4; (3) age 50–80 years, both genders; (4) normal cognitive function and ability to cooperate with assessment and treatment [according to the Mini-Mental State Examination (MMSE) scoring criteria] (Mitchell, 2017); (5) willingness to provide written informed consent.

The exclusion criteria were as follows: (1) Presence of metal implants within a 20 cm range of the stimulation site, including DBS; (2) history of epilepsy or predisposing factors for seizures [very low resting motor threshold (rMT)]; (3) currently taking medications or consuming foods that significantly impact magnetic stimulation effects, including antidepressant medications, antiepileptic drugs, central nervous system stimulants, dopaminergic medications, sedatives and sleeping pills, some analgesics, and anti-anxiety medications (Rossi et al., 2021); (4) concurrent severe illnesses that could hinder completion of treatment; (5) pregnant or lactating women; (6) patients with tumors of any kind.



Sample size

The sample size calculation for this study was based on data from similar randomized controlled clinical trials. The main outcome measure was UPDRS III. In a similar study, the mean change in the control group was −0.05 [standard deviation (SD):1.08], and the mean change in the experimental group was −3.26 (SD:2.35) (Bhat et al., 2023). Based on our clinical experience, to ensure the trial’s reliability, we established the mean of the control group to −1, the mean of the control group to −3, and the variance of the two groups to 2.2 when calculating the sample size. The sample size was calculated using a one-tailed t-test and the GPower software, with the effect size set to 0.8, α error probability set to 0.05, and power set to 0.95. The results indicated that each group required 35 patients, with a total of 78 participants needed, considering a 10% dropout rate.



Randomization, allocation, and blinding

This study used a randomization method known as stratified randomization. Given the significant variability in motor symptoms among patients with PD, we categorized disease severity according to the H-Y staging scale. Patients in different stages (stratified into two groups: stages 1–2 and 3–4) were randomly assigned to different groups. Randomization was performed by a third party (medical staff responsible for group assignment) not involved in the intervention or assessment. All treatment protocols were pre-set in the magnetic stimulation device (double-blind TMS trial system) by the personnel responsible for randomization. Therapists only need to follow the assigned treatment protocol numbers, eliminating the need for therapists to set prescriptions, thus ensuring blinding of the interveners. Following enrolment, the personnel responsible for randomization informed the therapists of the corresponding treatment plan numbers based on the pre-sealed codes. Intervention providers, assessors, patients, and their families were blinded to the patients’ group assignments.

All patients’ treatment protocols were pre-set in the magnetic stimulation device by the personnel responsible for randomization. Therapists strictly followed the assigned treatment protocol numbers, eliminating the need for them to establish prescriptions and ensuring blinding of the interveners. Patient assessments were recorded throughout the study. Unaware of the patients’ group assignments, the therapists performed the evaluations. In the event of anomalous data detected during data analysis or verification, the data analyst notified the principal investigator and the assessor to review the recordings for verification.



Intervention

The study subjects were divided into two groups: paired stimulation and conventional stimulation. The paired stimulation group received the SMA-M1 paired stimulation, whereas the conventional stimulation group received high-frequency M1 stimulation. Before magnetic stimulation therapy, all subjects underwent rMT testing. Both groups undergo 1 h of rehabilitation training after stimulation, primarily focusing on limb relaxation, posture correction, and robot training. All participants underwent a three-week treatment regimen five times per week.

Our study employed an NS3000 stimulator (YIRUIDS, China) and a water-cooled child 8 type coil (YRD203F, 2.3 T), which has a center distance of two figures of 8 of 76 mm and an inner diameter of the single coil of 39 mm. It can generate a biphasic wave with a peak value of 2–3 Tesla and generate a current on both sides of the coil parallel to the longitudinal axis. This coil was capable of both dual-target and delivering sham stimulations. This study used frameless stereotaxic neuronavigation (TMS-Navigator, Localite, Sankt Augustin, Germany) to localize magnetic stimulation targets. To balance therapeutic efficiency and accuracy, we performed target localization before the initial treatment session and marked the target on a white positioning cap, using this target for stimulation in all subsequent sessions. Because some patients lack MRI data, we uniformly used a standard head phantom for registration and localization. The primary method involved using a navigation pen within the optical camera’s field of light to acquire four landmarks of the 10–20 system: the root of the nose (nasion, Nz), the external occipital protuberance (inion, Iz), and the left (LPA) and right (RPA) pre-auricular notches. The intersection of the line connecting Nz—Iz and the line connecting LPA—RPA was the spatial location of the Cz point. Then, the spatial location with the standard head phantom was registered. The navigation pen was used to determine and mark the stimulation point. Then, the positioning sphere was fixed onto the magnetic stimulation coil, the corresponding coil model in the system was selected, and the dynamic spatial position of the center point of the magnetic stimulation coil within the light field was captured. The stimulation point of the magnetic stimulation coil was aligned with the target, and once the stimulation site was confirmed, this location was marked on a white positioning cap. When stimulating the M1, the figure-of-eight coil remained tangential to the scalp, and the longitudinal axis of the handle was 45° to the nasion–inion line, which generated a current in the M1 that is 45° to the nasion–inion line. When SMA stimulation was performed, the figure-of-eight coil remained tangential to the scalp, and the longitudinal axis of the handle was 90° to the nasion–inion line, which generated a current perpendicular to the posterior–anterior current direction. When the current directions were the same, they provided stimulation consistent with the traditional figure-8 coil. When the current directions of the two were opposite, the magnetic fields canceled each other out, and no induced current was generated; that is, false stimulation was provided. The paired stimulation group was administered SMA-M1 paired stimulation, at which point the current direction in the coils of both wings of the figure-eight coil was identical. Paired stimulation was configured to trigger M1 stimulation 5 ms after SMA pulse stimulation. According to the previous studies’ results, based on the assessment of SMA and M1 separately (refer to the introduction section), the ratio of SMA and M1 paired stimulation was adjusted to 1:3, and SMA and M1 stimulation frequencies were 5 and 15 Hz, respectively. The SMA-triggered M1 stimulation formed a paired pattern, whereas the additional two M1 stimulations did not generate pairs. The stimulation intensity for both target points was 90% of the rMT, with a stimulation duration of 5 s and a rest period of 15 s, totaling 1,200 stimulation pulses. The stimulation pattern for the conventional stimulation group was similar to that of the paired stimulation group; however, at this time, the current direction in the two wings of the coil was opposite, resulting in no effective stimulation at the SMA; only the high-frequency stimulation at M1 remained unchanged (Figure 2).
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FIGURE 2
 Circuit intervention mode diagram.




Outcome assessment

After completing the informed consent process, participants formally entered the trial protocol. Given the multitude of functional impairments in PD and the complexity of the assessment, the participants scheduled a systematic assessment with the investigator during the week preceding the intervention. Evaluations were conducted during the “on” phase of the patients. The day after concluding the four-week intervention period, the participants underwent a comprehensive assessment. For each participant, completing the second assessment marked the trial’s endpoint. Participants were informed that they could opt for a follow-up assessment free of charge within 1 week after 3 months of treatment completion. The primary components of the appraisal included basic information (gender, age, illness duration, and medication history), motor symptoms (UPDRS), non-motor functional assessment [Non-Motor Symptoms Scale (NMSS) for PD], quality of life [Parkinson’s Disease Questionnaire (PDQ-39)], and objective assessments (electromyography and functional near-infrared spectroscopy (fNIRS) brain imaging; Table 1).



TABLE 1 Recommended content for schedule of enrolment, interventions, and assessments.
[image: Table1]


Primary outcomes

The primary outcome measure of this study was UPDRS III, which comprehensively reflects the motor symptoms of patients with PD. The UPDRS is a commonly used standardized tool for evaluating the severity and symptomatology of PD. This assessment tool comprises multiple sections, including non-motor function, mood, cognition, behavior, and activities of daily living. Owing to its comprehensiveness and widespread applicability, the UPDRS has become an essential tool for assessing patients with PD in both clinical and research settings.



Secondary outcomes

The secondary outcome measures included the NMSS, PDQ-39, electromyography, and fNIRS brain imaging. The NMSS, primarily used to evaluate non-motor symptoms in patients with PD, aids in identifying the other benefits of SMA-M1 paired stimulation. Previous studies have indicated that even though some treatment methods do not affect motor symptoms, they may be effective for non-motor symptoms. The ultimate goal of any rehabilitation therapy is to improve the patient’s quality of life. The PDQ-39 is specifically designed to assess the quality of life of patients with PD.

Furthermore, combined electrophysiological and fNIRS assessments explored the conduction and circuit mechanisms of SMA-M1 paired stimulation. Motor-evoked potentials in electrophysiology can reflect the functionality of a motor circuit, which is a key circuit in motor control. The EMG assessment was matched with TMS, and MEP assessed latency, rMT, and cortical quiet period (cSP), all of which were used to assess the excitability of the corticospinal tract. Latency is the time for M1 cortical stimulation to be transmitted to the peripheral abductor pollicis brevis muscle (APB). rMT is the TMS stimulation intensity that can induce five MEP amplitudes greater than 50 μV for 10 consecutive stimulations. cSP refers to the intensity of TMS stimulation on the contralateral side when the subject actively contracts the muscle. For the cortical silent period, we established the voluntary contraction level to 20% maximum voluntary contraction (MVC). Concurrently, we used a 120% rM stimulus intensity to elicit cSP and employed subjective visual methods to determine the duration of cSP (Hupfeld et al., 2020). The duration of sTMS to the primary motor cortex caused ongoing electromyographic activity to be suppressed. Before starting the TMS assessment, an EMG electrode patch with a diameter of 25 mm was attached to the APB contralateral to the TMS stimulation cortex, with the recording electrode attached to the APB belly. The electrode was placed on the abductor pollicis brevis tendon, and the ground wire was placed inside the forearm. The patients remained quiet during the assessment period. During the TMS assessment, the coil was kept tangential to the scalp, and the current was kept at 45° to the nasion–inion line. Moreover, fNIRS reflects changes in excitability and functional connectivity in motor control-related cortices before and after treatment. The fNIRS probes were distributed over the primary motor area, premotor area, SMA, and prefrontal cortex with specific distributions (Figure 3). The near-infrared task paradigm included the resting-state and walking paradigms. The former was used to analyze the brain’s functional connectivity in patients, whereas the latter explored the relationship between cognitive function and motor cortical function during walking. The walking paradigm also included two types of tasks: single-task walking and dual-task walking. All patients were tested in the following order: resting state, single-task walking, and dual-task walking. In the resting-state paradigm, patients remained seated without engaging in any activity, with data collection lasting 8 min. Walking tasks were conducted on a straight walkway approximately 50 m long, where patients followed pre-set instructions on the computer to perform the corresponding actions. During single-task walking, the patients completed five repeated blocks, each consisting of 30 s simple walking and 30 s standing. Dual-task walking was the same as single-task walking, with the difference being that during every 30 s of walking, patients additionally underwent a pre-recorded verbal fluency test (VFT). There were 10 pre-recorded VFT questions, and one was randomly selected for playback during each 30 s of walking. Patients had to think about and answer the question while walking until the computer issued a standing instruction to stop thinking, repeated five times, with no repetition of questions in each block.

[image: Figure 3]

FIGURE 3
 fNIRS SD arrangement.


Safety indicators included the incidence of epilepsy and pain at the stimulation points.




Data collection and data management

All events that caused discomfort to patients during the research process were defined as adverse events, regardless of whether these events had a causal relationship with the intervention measures. The physicians and therapists in charge of the study observed adverse events in subjects during the study, which mainly included epilepsy, pain, and dizziness based on experience. Adverse events were collected after the patient signed the ICF until the patient completed all studies or withdrew in the middle; however, adverse events occurring before the intervention were considered unrelated to the intervention plan. Adverse events that met the criteria for serious adverse events (SAEs) between the subject’s participation in the study and discharge were reported to the ethics committee as SAEs. Patients who discontinued treatment due to adverse events had their circumstances and data leading to the discontinuation recorded. SAEs in this study referred to any adverse medical events that the researchers believed were causally related to the intervention plan, resulting in any of the following conditions: likely to cause death, likely to cause serious or permanent disability, and other significant hazards identified by the clinician. SAEs occurring after the subject actively terminated informed consent or was lost to follow-up during the research process were not reported or recorded. Ensuring the accuracy and reliability of the research data is crucial for clinical studies. A series of rigorous steps were employed to maintain data quality, including data collection, verification, locking, and unblinding. The data-collection scheme and entry phase are pivotal for ensuring data integrity. Employing paper-based ICFs and specialized assessment tools for raw data acquisition minimized human error to the greatest extent possible. Two independent data entry personnel entered each ICF into the database, and discrepancies between entries were promptly rectified using software comparison tools. This process made data entry efficient and established a dependable foundation for the subsequent data analysis. The data-verification phase is critical for safeguarding data integrity and credibility. Conducted by a data administrator according to predefined verification protocols, this process incorporates various aspects, including time, logic, inclusion/exclusion criteria, and assessment results. Through meticulous verification, potential errors and inconsistencies in the data entry process were identified and corrected to ensure the data quality and reliability. The production of query resolution tables and active cooperation from researchers played an instrumental role in facilitating the data verification process.

Following the data-verification stage, a data-locking phase was implemented to safeguard data security and integrity. Once the database was audited and backed up, data locking was performed by the key researchers, statisticians, and monitors. Subsequent modifications to the database were strictly prohibited without unanimous agreement from all relevant parties, mitigating the risks of malicious tampering or inadvertent damage and ensuring the credibility and completeness of the research data.

The unblinding phase is a critical component of a clinical trial. After database locking, specialized trial statisticians conducted the statistical analysis, and the first unblinding phase revealed the treatment modalities received by the participants. After the statistical analysis reports were completed, the primary investigators compiled trial summary reports, followed by the second unblinding phase to disclose the status of the different treatment groups. The transparency and impartiality of the unblinding process are paramount for ensuring the scientific integrity and credibility of trial results.



Statistical analysis

The incidence and severity of adverse reactions, including epilepsy, pain, and dizziness, were used for intergroup comparisons to determine whether they were related to the intervention plan. This study examined both the per-protocol and intention-to-treat set to better reflect the intervention’s efficacy.

Categorical variables, including gender and affected side, are presented as percentages, and differences between and within groups were compared using the chi-square test. Age, UPDRS, NMSS, PDQ-39, electromyography, and other continuous variables were initially tested for normality and homogeneity of variance. We employed homer2 to analyze the fNIRS data. After data collection, the Functional Connectivity NIRS (FC-NIRS) software was used to control data quality. Data that could not be processed due to abnormal fluctuations and data with a signal-to-noise ratio lower than 50 dB were removed. FC-NIRS was used for resting-state data preprocessing (mainly including data conversion, head motion correction, and band-pass filtering, as described below) and related analysis. For task status data, the MatLab-based NIRS_SPM toolbox was used for activation analysis, the Homer2 toolbox for data preprocessing and block averaging, and eigenvalues were calculated using self-written code. We employed self-written code and Statistical Package for the Social Sciences (SPSS) for statistical analysis, Origin software, and the MatLab-based BrainNet toolbox for data visualization. Data conforming to a normal distribution are presented as the mean ± SD, and differences were analyzed using paired or independent sample t-tests in subsequent comparisons. If the data failed to follow a normal distribution or exhibited heterogeneous variances, they are presented as medians and quartiles. Hypothesis testing was conducted using paired or nonpaired rank-sum tests. p = 0.05 was considered statistically significant for hypothesis testing. Considering that this study used stratified randomization and repeated measurement methods to analyze the fixed effects and random effects more accurately, this study used the linear mixed effects model to analyze the quantitative table results for overall analysis (Meteyard and Davies, 2020).




Discussion

Functional impairment in PD is highly complex. The motor symptoms of PD include muscle stiffness, tremors, and slowing of movement, which are related to dysregulation of motor control circuits between the basal ganglia and cerebral cortex (Obeso et al., 2017). In addition to motor disorders, PD is often accompanied by non-motor symptoms, including depression, anxiety, cognitive decline, and sleep disturbances, reflecting the dysregulation of other neural circuits related to emotion, cognition, and the autonomic nervous system (Aarsland et al., 2017). Furthermore, PD progresses gradually, and the patient’s symptoms and functional impairments change over time, increasing the complexity of treatment and management (Kalia and Lang, 2015).

Clinical protocols that modulate a single target (M1 or dorsolateral prefrontal cortex) through non-invasive neuroregulation techniques often only improve one function. Emphasizing circuits and network regulation in PD is an important direction for improving the effectiveness of TMS rehabilitation. As described in a special issue of Science magazine: “No neuron is an island.” Regarding functional impairment in PD, the dysfunction of key nodes in circuits and networks is crucial for regulating PD (Foerde and Shohamy, 2011). The imbalance between the direct and indirect pathways in the basal ganglia is the core mechanism of PD (Wichmann and Delong, 2011). However, viewing PD primarily as a basal ganglia dysfunction disease is a narrow view that overlooks the impact of certain cortical circuits (the premotor cortex) on PD symptoms (Fasano et al., 2015). SMA plays a significant role in motor sequencing, temporal processing, and gait (Wu et al., 2015). Dysfunctions of the cortical and nuclear groups upstream and downstream of the basal ganglia, including the M1, premotor cortex, somatosensory cortex, and cerebellum, are direct causes of various symptoms of PD (Yugeta et al., 2010). The available non-invasive neuroregulation techniques have relatively shallow stimulation depths and cannot directly control deep nuclear groups. However, it is feasible to indirectly regulate functional cooperation between different nuclear groups by regulating cortical target areas associated with internal nuclear groups. In addition, ccPAS is a representative method of this approach (Koch et al., 2009).

Pairing the regulation of cortical circuits may be a potential method for treating PD. As a crucial node in motor control, the SMA has direct fiber connections with basal ganglia circuits and complex fiber connections with the M1 responsible for motor execution and the cerebellum, the center for balance and coordination control (Nambu, 2011). SMA regulation may indirectly regulate the function of basal ganglia circuits. Based on this, the developed cortical pairing stimulation pattern can reshape the information flow control from the SMA to M1 (Groppa et al., 2012).

In summary, the novel neuroregulation model designed for treating motor symptoms in PD was based on the circuit mechanisms of PD and previous research findings, offering a scientific foundation and the potential to be a means of neuroregulation in PD.
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