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Background and objectives: Intermittent theta-burst stimulation (iTBS) is a patterned form of excitatory transcranial magnetic stimulation that has yielded encouraging results as an adjunctive therapeutic option to alleviate the emergence of clinical deficits in Parkinson’s disease (PD) patients. Although it has been demonstrated that iTBS influences dopamine-dependent corticostriatal plasticity, little research has examined the neurobiological mechanisms underlying iTBS-induced clinical enhancement. Here, our primary goal is to verify whether iTBS bilaterally delivered over the primary motor cortex (M1) is effective as an add-on treatment at reducing scores for both motor functional impairment and nonmotor symptoms in PD. We hypothesize that these clinical improvements following bilateral M1-iTBS could be driven by endogenous dopamine release, which may rebalance cortical excitability and restore compensatory striatal volume changes, resulting in increased striato-cortico-cerebellar functional connectivity and positively impacting neuroglia and neuroplasticity.

Methods: A total of 24 PD patients will be assessed in a randomized, double-blind, sham-controlled crossover study involving the application of iTBS over the bilateral M1 (M1 iTBS). Patients on medication will be randomly assigned to receive real iTBS or control (sham) stimulation and will undergo 5 consecutive sessions (5 days) of iTBS over the bilateral M1 separated by a 3-month washout period. Motor evaluation will be performed at different follow-up visits along with a comprehensive neurocognitive assessment; evaluation of M1 excitability; combined structural magnetic resonance imaging (MRI), resting-state electroencephalography and functional MRI; and serum biomarker quantification of neuroaxonal damage, astrocytic reactivity, and neural plasticity prior to and after iTBS.

Discussion: The findings of this study will help to clarify the efficiency of M1 iTBS for the treatment of PD and further provide specific neurobiological insights into improvements in motor and nonmotor symptoms in these patients. This novel project aims to yield more detailed structural and functional brain evaluations than previous studies while using a noninvasive approach, with the potential to identify prognostic neuroprotective biomarkers and elucidate the structural and functional mechanisms of M1 iTBS-induced plasticity in the cortico-basal ganglia circuitry. Our approach may significantly optimize neuromodulation paradigms to ensure state-of-the-art and scalable rehabilitative treatment to alleviate motor and nonmotor symptoms of PD.
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Introduction

Parkinson’s disease (PD) is increasing more rapidly than that of other neurological conditions, with the disease affecting mostly middle-aged persons (Dorsey et al., 2018). Aside from the inherent complexity of the pathophysiology itself, the annually increasing prevalence of PD poses a further challenge for public health systems in aging societies (Rodríguez-Blázquez et al., 2015), which must offer treatments that mitigate the medical, social, and personal impacts of this disease as well as identify clinical markers of treatment effectiveness. Clinically, PD is characterized by the presence of heterogeneous symptoms, predominantly consisting of typical motor symptoms, such as bradykinesia, tremor, rigidity, gait disorder, and postural instability, which have a significant clinical impact on patients and relatives (Weiner, 2006; Moustafa et al., 2016). Nonmotor features, such as cognitive impairment, sleep disorders, and mood and affect changes, also occur frequently, with a considerable impact on disability and health-related quality of life (Chaudhuri et al., 2006; Schapira et al., 2017; Macías-García et al., 2022). Pathologically, the loss of dopaminergic neurons and decreased striatal dopamine levels have been proposed as the mechanisms behind motor deficits in PD (Rosin et al., 2007). This denervation induces significant changes in synaptic functioning, increases maladaptive neural activity along cortico-striatal-pallido-thalamic-cortical circuits (Kish et al., 1988; Salenius et al., 2002; Herz et al., 2014; Weiss et al., 2015), and alters glucose metabolism and blood flow in the brain (Obeso et al., 2008; Nandhagopal et al., 2011; Stoessl et al., 2014). The pathology also features nonspecific alterations in gray matter (GM) and white matter (WM) at structural and functional levels in the BG-thalamo-cortical circuit (Lewis et al., 2016; Sterling et al., 2016; Filippi et al., 2020), resulting in progressive atrophy in various brain regions from onset to the intermediate phases (Filippi et al., 2020; Sarasso et al., 2021).

Dopamine-based treatments such as levodopa are commonly used to alleviate motor symptoms PD; the principal drawbacks of these replacement treatments are the limited time window for their use and the fact that they can lead to dyskinesias, motor fluctuations, and cognitive problems (Lang and Espay, 2018). Alternative therapies, such as noninvasive brain stimulation and repetitive transcranial magnetic stimulation (rTMS), are being explored for the treatment of motor and nonmotor symptoms in PD patients. Current evidence suggests that while low-frequency rTMS (≤1 Hz) has an inhibitory impact (Chen et al., 1997), high-frequency rTMS (≥ 5 Hz) induces excitability in the cortex (Pascual-Leone et al., 1994; Kobayashi and Pascual-Leone, 2003). Recently, theta-burst stimulation (TBS), an rTMS pattern involving bursts of high-frequency stimulation that mimics neural oscillatory patterns, has been shown to increase or decrease cortical excitability depending on the presence of an intertrain interval, i.e., whether the protocol is continuous (cTBS) or intermittent (iTBS; Di Lazzaro et al., 2005; Huang et al., 2005; Gamboa et al., 2011). The evaluation of this technique as a potential therapeutic modality with promising outcomes in neurorehabilitation in a variety of neurological and neuropsychiatric disorders has been prompted by the finding that the modulatory effects of both rTMS and TBS induce neuroplasticity that lasts beyond the stimulation period (Huang et al., 2017; Kricheldorff et al., 2022). Current evidence suggests that the application of iTBS and cTBS patterns to the motor cortex can facilitate or depress corticospinal excitability, respectively, and induce synaptic plasticity, as revealed in experimental models of PD (Chen and Udupa, 2009; Ghiglieri et al., 2012; Natale et al., 2021) and multiple studies on cortical plasticity in humans, in which the effect lasted from minutes to hours after administration (Di Lazzaro et al., 2005; Huang et al., 2005, 2017; Wischnewski and Schutter, 2015). Thus, the majority of PD studies suggest that cTBS over the supplementary motor area (SMA) has strong potential to enhance motor function and that iTBS over the motor primary area (M1) or the dorsolateral prefrontal cortex may improve specific aspects of motor performance, gait, and nonmotor symptoms in PD (Cheng et al., 2022). Nevertheless, despite the undeniable advantages of TBS over conventional TMS, the conclusions of these studies have some inconsistencies, particularly in terms of the duration and variability of the clinical effects in this patient population, the target of stimulation, and the role of dopaminergic medication use.

Yet, the potential advantages that iTBS brings to PD patients remain an open question, particularly regarding the degree to which iTBS-induced excitability and plasticity chances are confined to the cortical level, influencing GABAergic and fast-spiking interneurons and modulating inhibitory control of pyramidal cell output activity (Di Lazzaro et al., 2005; Benali et al., 2011), or whether these changes may be accompanied by changes at subcortical and striatal locations (Ghiglieri et al., 2012). On this topic, preclinical and human experiments have shown that iTBS enhances spontaneous neuronal firing and induces long-term potentiation (LTP)-like changes in M1 (Huang et al., 2005; Ziemann and Siebner, 2008; Wischnewski and Schutter, 2015), which might directly or indirectly facilitate the modulation of striatal dopamine release (Strafella et al., 2003, 2005; Ohnishi et al., 2004) and other nondopaminergic pathways (Aceves-Serrano et al., 2022), supporting the idea that a rescue of corticostriatal plasticity and a recovery of corticostriatal long-term depression (LTD), which becomes impaired in PD, may underlie the recovery of motor control in PD patients after M1-iTBS (Cacace et al., 2017; Natale et al., 2021).

At present, more research effort is needed to develop functional and structural biomarkers that determine the efficacy of iTBS-related clinical interventions and to characterize small changes in motor and nonmotor symptoms; many questions remain regarding the pattern of brain structural changes following TBS in PD patients (Huang et al., 2017; Ji et al., 2021). Likewise, more work is needed to characterize the underlying neural mechanisms by which TBS influences macro- and microstructural damage and whether these types of damage represent different neurodegenerative progresses. Regarding these matters, a growing body of research has shown that rTMS and TBS may modulate or induce neurological changes involving inflammation, neuroprotection and neurodegeneration, both during and after treatment (Bashir et al., 2022), but the precise neurobiological mechanism underlying the potential neurorestorative effects of iTBS in patients with PD is still not fully understood (Suppa et al., 2016; Natale et al., 2021). Furthermore, although the direct involvement of cortico-BG pathways in motor symptom alleviation in PD patients after TBS therapy has been suggested (Cárdenas-Morales et al., 2010; Chen et al., 2022), it remains unclear how structural and functional brain changes are ultimately associated with serum biomarkers of neurodegeneration and neuroplasticity and how they contribute to clinical improvement.

To validate the therapeutic effectiveness of iTBS as an adjunct to standard dopaminergic therapy on motor and nonmotor symptoms in PD patients on medication, we designed this randomized, double-blind, sham-controlled crossover study protocol in which iTBS is applied over the bilateral M1. Additionally, given that few studies have explored the neuronal correlates of the clinical and/or neuroprotective effects of iTBS, we will also investigate the potential neurobiological mechanisms of their therapeutic actions by assessing the relationships of dynamic brain changes (assessed by structural magnetic resonance imaging [MRI] and resting-state electroencephalography [EEG] and functional MRI [fMRI] data) with blood markers of neurodegeneration and neuroplasticity as well as possible clinical benefits.

Therefore, a major strength of this study will be its examination of the short-term motor and nonmotor impacts of bilateral M1-iTBS in patients with PD by exploiting the current trends in neuroimaging and serum biomarker testing to develop a multimodal architecture that characterizes brain structural and functional integrity in PD patients and its likely relationship with symptom dimensions.



Methods


Description of the protocol study design

We designed a single-center, randomized, double-blind, sham-controlled, crossover protocol study on patients with PD; these patients will be recruited at the Puerta del Mar University Hospital of Cadiz. The aim is to investigate the clinical efficacy of bilateral M1 iTBS (administered in 5 sessions) as well as its association with neuropsychological and cortical excitability changes, brain imaging data, and serum biomarkers.



Recruitment and sample size

The recruitment period will last approximately one and a half years. During this time, we plan to enroll 24 PD patients who meet the inclusion and exclusion criteria. Recruitment will be entirely managed by neurologists from the Movement Disorders Unit at the Puerta del Mar University Hospital. Every candidate patient will undergo a clinical review by a neurologist specializing in movement disorders, who will assess the suitability of each patient for inclusion in this study.

The inclusion criteria for patients will be as follows: (i) diagnosed with PD according to the United Kingdom Parkinson’s Disease Society Brain Bank diagnostic criteria (UK PDSBB; Gibb and Lees, 1988); (ii) disease duration of at least 5 years to reduce the risk of including levodopa-responsive atypical Parkinsonism patients (Lang et al., 2006; Tolosa et al., 2006; Mestre et al., 2014); (iii) disease symptomatology in the ON medication state at a Hoehn y Yahr (H&Y) scale of II–III; (iv) clinical and therapeutic stability in the last 2 months previous to the recruitment period; and (v) aged 45–75 years.

The exclusion criteria will be as follows: (i) lack of a PD diagnosis that meets the UK PDSBB diagnostic criteria; (ii) presence of a serious systemic disease; (iii) presence of severe or moderate cognitive impairment comparable to dementia as indicated by a Mini-Mental Parkinson (MMP) score of ≤24; (iv) any incapacitating psychiatric or other clinical condition that might affect the correct performance of this protocol, such as any dystonia and/or dyskinesia; (v) receipt of amantadine within the previous 60 days; and (vi) any sign of atypical parkinsonism, neurological comorbidities, or history of cranioencephalic traumatism or epilepsy or any other contraindication to neurostimulation with TMS (e.g., magnetic intracranial implant, cardiac pacemaker).

The few TMS or TBS studies using a crossover design (Eggers et al., 2010; Maruo et al., 2013; Bologna et al., 2015; Kim et al., 2015; Vanbellingen et al., 2016; Yokoe et al., 2018; Hill et al., 2020; Brugger et al., 2021) have demonstrated the favorable efficacy of high-frequency rTMS over the M1 on motor symptoms in PD (compared to sham stimulation). The necessary sample size was calculated based on the primary endpoint, i.e., the motor clinical changes as assessed by the UPDRS-III score. Considering these findings and the statistical parameters needed to detect a treatment difference for a 2 × 2 crossover study at a two-tailed p value of 0.05 and a power of 80%, the total sample size was calculated to be at least 21 subjects. With an assumed drop-out rate of approximately 20%, we estimated a final minimum sample size of 24 patients.



Blinding

The study will have a double-blind design to improve the reliability of results. Random distribution of participants to groups will be supervised by an external investigator, who will use computer-generated numbers to encode the assignment of patients to intervention groups; thus, neither the neurologist nor the evaluator(s) will know which group a patient is in. The study aims to achieve allocation concealment by recording the patients’ randomized group assignments in sealed envelopes, with the researchers and patients having no control over the random allocations, and ensuring that no one involved in the study is aware of the treatment allocations. After the patient signs the informed consent form, an envelope will be opened, and treatment will be allocated in a coded form. Patients will be randomly allocated into two groups, namely, active iTBS and sham stimulation, in a 1:1 ratio. Group allocation will be communicated via email to the person responsible for applying the iTBS treatment. This person will not take part in the data analysis or in the post-iTBS evaluation. All patients will be naive to TMS, and the patients will be kept blind to their assigned treatments throughout the process.



Procedure and intervention

Our study will be composed of 2 different phases, Phase I and Phase II, separated by a washout period of at least 3 months. Each phase will consist of 3 stages: baseline evaluation, iTBS intervention, and posttreatment evaluation (Figure 1). The baseline evaluation period will begin once the patients agree to participate in the investigation. From this moment until a maximum of 30 days later, patients will undergo (i) a clinical and motor examination in the ON state, (ii) an extensive cognitive and neuropsychiatric assessment, (iii) a resting-state EEG recording, (iv) structural and functional MRI scans, and (v) blood sample collection. Moreover, immediately following the completion of baseline evaluations and just prior to the start of the iTBS intervention stage, a variety of TMS-EMG cortical excitability measures will be acquired. Once this first stage is fully completed, patients will receive a session of real or sham iTBS over the bilateral M1 once per day for five consecutive days. During the last session of iTBS, TMS-EMG parameters of cortical excitability will be acquired, and patients will undergo a clinical motor evaluation. After the intervention stage, the posttreatment evaluations will be conducted. Subsequently, within a 3–4 day window, resting-state EEG data will be recorded for all participants. A week after the last iTBS session, patients will undergo a second clinical evaluation, and a new blood sample will be collected. Next, on the eighth day posttreatment, structural and functional MRI scans will be acquired. At 2 weeks post-iTBS, a new neuropsychiatric and cognitive assessment will be performed along with a third motor evaluation. Finally, the last visit will occur 28 days after the iTBS intervention, consisting of the fourth and final clinical evaluation (Figure 1). Subsequently, all patients will undergo a washout period of at least 3 months prior to the start of the crossover process and Phase II of the study.
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FIGURE 1
 Flowchart of the study design.


As this study was designed to have a duration of 26 months, the scheduling of all patients will be staggered. According to our schedule, the patient screening period is expected to be completed by month 18. Protocol implementation is expected to be completed by month 30.


TMS intervention and neuronavigation

TMS pulses and the iTBS protocol will be delivered using a Magstim Rapid2 Magnetic Stimulator (Magstim, Whitland, United Kingdom) connected to a 70 mm air-cooled figure-eight coil (AirFilm® Coil, Magstim, Whitland, United Kingdom). The iTBS treatment will be applied on the motor hand area; real iTBS will have the following parameters: 3-pulse bursts at 50 Hz repeated every 200 ms and delivered as short trains of 10 bursts lasting 2 s and an intertrain silence period of 8 s, for a total of 600 pulses (20 cycles of trains) and a total duration of 190 s. During the five-day iTBS intervention stage, one iTBS session per day will be conducted, with iTBS administered to the bilateral M1 at 80% of the active motor threshold (aMT) in the real condition. Primarily, although the majority of the PD patients are usually bilaterally affected, real or sham iTBS interventions will always start in the M1 contralateral to the most clinically affected hemibody as determined by the MDS-UPDRS-III baseline score. Protocol intensity will be determined on the first day of the intervention and maintained until the last session. The same coil and device will be used for excitability parameter acquisition and iTBS. Sham stimulation during treatment will follow the same procedure except it will be performed with an AirFilm® SHAM coil (Magstim, Whitland, United Kingdom). Both coils are identical in appearance and produce a similar sound and sensation, although the sham coil delivers no stimulation.

Before the iTBS sessions, a full brain and head 3D curvilinear reconstruction will be obtained using a high-resolution 3D T1-weighted anatomical image for neuronavigation (Brainsight, Rogue Research). The T1-weighted image will be rotated and reoriented to the anterior and posterior commissure (AC-PC) plane. Coregistration of the subject to the images will be performed by using four anatomical landmarks: the bridge of the nose, tip of the nose, left preauricular area (LPA) and right preauricular area (RPA). The coil will be placed tangentially to the scalp, and the handle of the coil will be pointing backward and tilted away from the midline of the central sulcus at a 45° angle (Groppa et al., 2012), inducing an anterior–posterior/posterior–anterior current over the bilateral motor hand area, traditionally referred to as the “hand-knob” and corresponding to an inverted omega or epsilon shaped-structure (in the axial plane) located at the middle genu of the central sulcus in the precentral gyrus (Yousry, 1997; Sparing et al., 2008). Because of its large motor cortex representation and low motor unit-to-muscle fiber innervation ratio, the first dorsal interosseous (FDI) muscle of the hand was chosen to quantify TMS-related motor evoked potentials (MEPs; Palmer and Ashby, 1992; Chaves et al., 2021). The optimal position for stimulation will be found by neuronavigated cortical mapping at the time that FDI muscle activation is observed via visual feedback from the electromyography devices and visual inspection. Subsequently, the resting motor threshold (rMT) and aMT, as well as the cortical silent period (cSP) and “20 trials” (20 t), will be determined for the FDI muscle. Again, acquisition of TMS-derived measures of cortical excitability will always be started in the most affected hemisphere (for a more detailed description of the definition and measurement of cortical excitability parameters used in our study, see Data Collection & Analysis and TMS-derived measures of cortical excitability).

Motor mapping will be performed on a 3 × 3 mm grid above the motor hand area. The center of the grid will be located on the central point of the hand-knob structure such that this area and possible error range are fully covered. For hotspot identification, the central point of the grid will be used for the determination of the minimum suprathreshold intensity that elicits a peak-to-peak MEP > 50 μV for three consecutive trials in the resting state. Subsequently, one TMS pulse will be given at each spot of the grid at 110% of this established intensity. The optimal location or hotspot will be determined as the grid position with the largest amplitude and the shortest latency that provokes movement in the FDI muscle. If these two parameters are not in the same spot, the optimal location will be defined according to the largest amplitude (Charalambous et al., 2019). If no neuroimaging images are available or hotspot identification is not successful after grid mapping, the 10/20 system C1/C2 will be used to locate the motor hand area, which has been demonstrated to offer a more accurate position for the motor hand area than C3/C4 (Silva et al., 2021; Kim et al., 2023). Visually guided and neuronavigated manual mapping will be performed to identify the location of the FDI muscle hotspot. This process will be replicated for both hemispheres.




Outcome measures

Participants will undergo an extensive assessment of seven areas of interest: basic demographic information, clinical and motor assessment, TMS-EMG parameters of cortical excitability, cognitive and neuropsychiatric evaluations, electrophysiology and neuroimaging examination, and serum biomarker testing. Each measure will be collected before and after treatment for both the real and sham groups and during the two phases of the study. Primary, secondary, and exploratory outcome measures are summarized in the Table 1.



TABLE 1 Primary, secondary, and exploratory outcome measures.
[image: Table1]


Demographic information and clinical records

• Medical record: medical history, treatments, disease duration, comorbid diseases or disorders and/or any related information to the medical dimension.

• Edinburgh handedness inventory (EHI): screening test to ascertain the subjects’ handedness during activities of daily living (ADL; Oldfield, 1971).

• Modified Hoehn and Yahr Scale (H&Y): a scale used to describe the progression of the disease by descriptive staging. The stages are as follows: (0) no signs of disease, (1) unilateral involvement only, (1.5) unilateral and axial involvement, (2) bilateral involvement without impairment of balance, (2.5) mild bilateral disease with recovery on pull test, (3) bilateral disease with mild to moderate disability and impaired postural reflexes but physically independent, (4) severely disabling disease but still able to walk or stand unassisted, and (5) confinement to bed or wheelchair unless aided (Hoehn and Yahr, 1967; Goetz et al., 2004).



Clinical variables

• The movement disorder society - unified Parkinson’s disease rating scale (MDS-UPDRS; part II, III & IV) scale: a tool for rating the severity and progression of typical PD symptoms. Only the motor experiences of daily living (II), motor examination (III), and motor complications (IV) subscales will be administered (Goetz et al., 2008; Postuma et al., 2015).

• Levodopa equivalent daily dose (LEDD): Calculations of the LEDD will be based on a previously reported conversion formula that has been successfully used to determine daily dose equivalents (Tomlinson et al., 2010; Jost et al., 2023).

• Parkinson fatigue scale (PFS-16): a tool used for the evaluation of the physical aspects of fatigue due to parkinsonism and its impact on the patient’s daily activities. Emotional and cognitive dimensions are not included, as they manifest independently of PD. Two scoring methods are proposed, although we used method 1 (Brown et al., 2005).

• Parkinson’s disease questionnaire (PDQ-39): the most widely used rating scale for Parkinson’s disease that addresses the frequency with which patients have experienced any difficulties in the last month because of having PD. It contains 39 items organized into 8 dimensions: mobility, activities of daily living, emotional well-being, social stigma, social support, cognition, communication, and physical discomfort (Peto et al., 1995).



Cognitive assessment

• Mini mental Parkinson (MMP): a brief questionnaire derived from the mini mental state examination and used for the assessment of cognitive function in PD patients. The MMP is composed of seven different sections: temporal and spatial orientation, visual registration, attentional/mental control, two-set verbal fluency, visual recall, shifting, and concept processing (Mahieux et al., 1995).

• Frontal assessment battery (FAB): a short battery consisting of 6 subtests related to different frontal lobe functions. These functions are as follows: (1) conceptualization and abstract reasoning, (2) mental flexibility, (3) motor programming and executive control of action, (4) sensitivity to interference, (5) inhibitory control, and (6) environmental autonomy (Dubois et al., 2000).

• Benton visual retention test (BVRT): a test used for the evaluation of visuospatial memory (Benton, 1978). In our protocol, we plan to use the multiple choice format of administration, which consists of stimulus presentation followed by concealment for immediate recognition of one item out of four answer options (specifically, the M form; Le Carret et al., 2003; Amieva et al., 2006).



Neuropsychiatric assessment

• Beck depression inventory (BDI-II): a self-report questionnaire developed for the evaluation of depressive symptomatology severity. Affective, cognitive, somatic, and vegetative symptomatology are assessed by the 21 items that comprise this inventory. Scores are used to classify individuals as having minimal, mild, moderate, or severe depression (Beck et al., 1996).

• Hamilton anxiety rating scale (HAM-A): a 14-item clinician-administered rating scale widely used in clinical and research studies to measure the severity of psychic (mental agitation and psychological distress) and somatic anxiety (physical complaints related to anxiety; Hamilton, 1959).

• Starkstein apathy scale (SAS): a 14-item scale used to screen for and determine the severity of apathetic symptoms. These symptoms are as follows: diminished motivation; other aspects related to the behavioral, cognitive, and emotional spheres of apathy; and insight (Starkstein et al., 1992).

• Scale for the evaluation of neuropsychiatric disorders in Parkinson’s disease (SEND-PD): a 12-item scale divided into three subscales: psychotic symptoms, mood/apathy, and impulse control behaviors. Items are rated from 0 (not present) to 4 (very severe; Martinez-Martin et al., 2012).

• Parkinson’s Psychosis Questionnaire (PPQ): a screening tool used to measure the frequency and severity of early signs and psychotic symptoms of PD. These include sleep disturbances, hallucinations/illusions, delusions, and spatiotemporal disorientation (Brandstaedter et al., 2005).

• Frontal systems behavior scale (FrSBe): a self-report scale designed to assess the changes in behavior that may occur in relation to frontal system dysfunction. The FrSBe is composed of 3 subscales: apathy, disinhibition, and executive dysfunction (Grace and Malloy, 2001).

• Questionnaire for impulsive-compulsive disorders in Parkinson’s disease (QUIP): a screening questionnaire developed for the assessment of ICDs and related behaviors. The questionnaire is divided into 3 sections. Section 1 assesses four ICDs (gambling and sexual, buying and eating behaviors), Section 2 assesses related compulsive behaviors (punding, hobbyism and aimless wandering), and Section 3 measures compulsive medication usage (Weintraub et al., 2012).

• Center for neurologic study-lability scale (CNS-LS): a screening instrument composed of seven items that are scored by the patient according to the perceived frequency of pseudobulbar affect (PBA) episodes during the last week (Moore et al., 1997).



Electrophysiology

• Electroencephalography (EEG) data: resting-state oscillatory EEG activity will be collected using a high-density 128-channel EEG system and recorded during a resting-state session of approximately 10 min that includes both eyes-closed and eyes-open conditions. Participants will be instructed to focus on a fixation cross on the center of a desk in front of individuals during the eyes-open condition.

• Electromyography (EMG) data: several resting-state and active TMS-EMG measures will be calculated for both hemispheres after a single-pulse stimulation is applied over the M1 and collected from the contralateral FDI muscle (see EMG data analysis for a detailed description of the analysis that will be performed). The subjects will be instructed to remain relaxed throughout the experiments with the aid of visual feedback from the EMG monitor.



Neuroimaging

For all participants, brain MRI data will be collected using a 1.5 T scanner (Siemens Symphony, Erlangen, Germany). The following sequences will be used for data acquisition:

• Structural MRI: high-resolution T1-weighted anatomical images will be obtained using a 3D sagittal MPRAGE sequence (TR = 2.200 ms, TE = 3 ms, flip angle = 8°, matrix = 384 × 512 × 176, voxel size = 0.5 × 0.5 × 1 mm).

• Resting-state fMRI: a T2-weighted functional echo-planar imaging (EPI) sequence sensitive to blood oxygen level-dependent (BOLD) signals will be performed with the following parameters during the eyes-open resting state: repetition time/echo time = 3.000 ms/50 ms, 49 ascending slices, matrix = 64 × 64 × 49, voxel size: 4.06 × 4.06 × 4.05. A total of 120 volumes will be acquired with each scan lasting approximately 7 min.



Serum biomarkers

Blood samples from PD patients will be collected via venipuncture at each pre- and post-iTBS timepoint of the study by nurse clinicians from the Department of Neurology at Puerta del Mar University Hospital. All blood samples will be collected in clot-activating serum separator tubes, allowed to clot at room temperature for 30 min, and centrifuged for 10 min at 1,500 g to separate serum from the whole blood. The resulting serum will be aliquoted and properly stored at −80°C until analysis. All participants will have their blood drawn to later quantify serum protein levels of neurofilament light chain (NfL), glial fibrillary acidic protein (GFAP), and brain-derived neurotrophic factor (BDNF).




Safety assessment

Although existing research on the use of iTBS to treat PD patients has not identified any significant side effects, patients will be carefully monitored for the recognized possible concerns, such as epilepsy. Each treatment and follow-up session, therefore, will include a safety assessment. Other potential reactions, such as fatigue, dizziness, and headache, will be recorded to evaluate the safety of iTBS for PD patients. The most frequent side effects of the EEG recordings are expected to be headache and pain or discomfort in the scalp. Pain and hematoma at the blood sampling site, as well as a vasovagal reaction, syncope, or fainting, may be the most frequent side effects after blood collection. Following each real or sham iTBS phase, safety questionnaires will be administered to the patients, and the results will be recorded and analyzed according to severity, seriousness, and causality. Patients’ vitality, physical health, and mental health will also be monitored to assess any potentially major ill effects.



Data management

Prior to participation, patients will have to agree to the conditions described in the informed consent form. Agreement to participate can be revoked any time during the course of the experiment. All personal information that might violate the privacy of patients will be codified and entered into a secure database. Copies of paper data forms will be kept behind locks in the research lab. All personal, clinical, and functional data will be properly stored into the DIRAYA platform, a system used in the Andalusian Health Service to support electronic medical records, to which only clinicians have access. Furthermore, analysis of resulting neurocognitive and functional data, such as EEG, MRI, and TMS-EMG data, will be stored in a network-attached hospital storage system to keep extra security copies of imaging data. Blood samples of each patient will be stored and transferred (after obtaining the formal written consent of patients) to the facilities of the Biobank of the Andalusian Public Health System in the Puerta del Mar University Hospital.



Data collection and analysis

Figure 1 provides a visualization of the complete experimental design including the two phases as well as the washout period and crossover process. Recruitment will be managed by three experienced neurologists who, based on patients’ clinical reports and interviews, will determine their suitability for participation in this investigation. Phase I and Phase II will be identical but differ in terms of groups (i.e., patients who received real iTBS will subsequently receive sham iTBS and vice versa). Patients will be randomly assigned to two equal groups (real or sham) in blocks. Data collection and iTBS sessions will not be performed by the same person to ensure blinding. The full protocol and data acquisition will be performed at the Puerta del Mar University Hospital.

Figure 2 provides a summary of the approximate schedule of patient data acquisition in both phases. Once data are collected, we will determine differences in all outcome parameters before and after intervention and between the real and sham stimulation groups.
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FIGURE 2
 Timeline of study-related events during Phase I/II. After randomization, patients will undergo baseline evaluations. This first examination will include clinical, cognitive and neuropsychiatric evaluations; structural and functional resting-state neuroimaging; EMG; EEG; and blood sample collection. These tests will be performed over a maximum of 1 month and prior to the first iTBS session, with the exception of EMG recording (which will be carried out on the same day, immediately before this first session). Once baseline evaluations are completed, patients will undergo iTBS intervention: one daily (real or sham) iTBS session over the bilateral M1 at 80% of the aMT for five consecutive days. Subsequently, the post-iTBS evaluation stage will start with TMS-EMG data acquisition and clinical examination. The rest of the tests will be performed in the following 4 weeks after the last TMS session (week 1: EEG, clinical evaluation, serology and neuroimaging; week 2: cognitive and neuropsychiatric evaluations, clinical evaluation; week 4: last clinical exploration). The same timeline will be followed for Phases I and II.



Clinical, cognitive and neuropsychiatric assessments

A neurologist specializing in movement disorders and PD and certified through the MDS-UPDRS Training Program will be responsible for blindly performing all evaluations of the patients’ clinical condition during the different phases of our study protocol. Patients will be assessed at approximately the same time of day to control the effects of medication and, more specifically, to ensure an optimal on-medication state. The neuropsychiatric and cognitive assessments will be performed by two qualified neuropsychologists. The administration of these tests as well as the scoring and correction of data will be performed according to the specific international recommendation for each test and following the Spanish adaptation guidelines. The resulting clinical, neurocognitive, and neuropsychiatric data will be compiled in a database.



Electrophysiology data


Resting-state EEG activity

Two researchers will be in charge of EEG recordings. High-density EEG data will be collected and recorded using a 128-sponge Ag/AgCl electrode Geodesic Sensor Net (HydroCel GSN, Magstim-EGI, Oregon, United States). EEG signals will be sampled at 1 kHz and recorded using Net Station v. 5.4 software (Magstim/EGI Inc.) with an EGI Net Amps 400 high impedance amplifier. Electrode impedances will be monitored online, and a notch filter will be applied at 50 Hz only for data visualization to remove power line noise. EEG data will be processed offline using the Fieldtrip toolbox (Oostenveld et al., 2011) and custom MATLAB routines (MathWorks, Natick, MA). Briefly, continuous EEG data will be bandpass filtered (0.5–98 Hz) and then segmented into 2-s epochs. EEG signals will be visually inspected, and epochs containing high amplitude artifacts related to participant movements or showing excessive blinks will be rejected. Furthermore, independent component analysis (ICA) will also be conducted to identify and eliminate the components of the EEG signal corresponding to artifacts due to eye movements (saccades and/or blinks) or electrocardiogram activity. The final sample will consist of at least 4 min of artifact-free data. Subsequently, power spectral density (PSD) values will be obtained after fast Fourier transformation (FFT) and averaged to compute an averaged FFT power spectrum for each electrode. PSD values for the delta, alpha, beta, theta, and gamma bands will be analyzed and computed for each treatment phase and stimulation condition.

Individual alpha frequency (IAF) values will be estimated from the mean spectrum over posterior scalp sites by means of peak detection between 7 and 14 Hz. The mean spectral amplitude within the frequency range of the IAF ± 2 Hz (Klimesch, 1999) will be calculated and log-transformed. Thus, PSD values for the following bands will be computed and compared according to each treatment phase and stimulation condition: delta (1–4 Hz), theta (4– to the minimum between 7 Hz and IAF–2 Hz), low alpha (IAF–2 Hz to IAF), high alpha (IAF to IAF +2 Hz), low beta (13–20 Hz), high beta (20–35 Hz), low gamma (35–60 Hz) and high gamma (60–90 Hz; Klimesch, 1999; Babiloni et al., 2020).

Spectral estimates of the relative power of each frequency band during baseline and post-iTBS at any electrode will then be obtained for each participant by subtracting the log-transformed band power during the eyes-closed and eyes-open baseline conditions from the log-transformed band power after treatment, according to the following formula:

Relative frequency band power (i) = log (poweri, posttreatment) – log (poweri, baseline).

Finally, synchronization measures, such as imaginary coherence (Avena-Koenigsberger et al., 2018) with sensor and source EEG space, will be calculated by obtaining different graph theory metrics to determine the association between graph theory metrics of EEG resting-state brain connectivity and real or sham iTBS treatments. Graph theory measures will be calculated with the igraph package1 for the R toolbox (R Core Team, 2018) and Brainstorm software (Tadel et al., 2011; Niso et al., 2019). Resting-state EEG power and EEG connectivity analysis will also be performed by parametric and nonparametric permutation tests to calculate the pre vs. post and real vs. sham differences.



TMS-derived measures of cortical excitability

Two researchers and a neurologist, blinded to group allocation, will be responsible for recording bilateral TMS-EMG data to establish stimulation parameters for the iTBS intervention and determine cortical excitability measures.

Surface EMG data will be recorded after a contralateral single-pulse TMS of the FDI muscle with disposable pregelled Ag/AgCl electrodes (EL503, BIOPAC Systems, Inc., California, United States) in a tendon-belly arrangement. Each participant’s skin will be cleaned with a 70% isopropyl alcohol swab to reduce impendences (<5 kΩ) related to skin conductance.

EMG data will be collected using an EMG amplifier and recorded using a BrainAmp ExG amplifier (Brain Products GmbH, Gilching, Germany). For visual display, we will use some filters (bandpass filter: 10–1,000 Hz, sampling rate: 1 kHz) to remove low-frequency artifacts that occur during stimulation; however, raw data will be recorded. All these measures will be visualized and recorded using BrainVision Recorder 2.1 software (Brain Products GmbH, Gilching, Germany).

For EMG analysis, data will be filtered (bandpass filter of 20 Hz to 450 Hz) and digitized at a rate of 1 Hz. The notch filter will be set at 50 Hz to remove power line interference. Different parameters will be obtained from the electromyography session using Analyzer 2.1.2 software (BrainVision Analyzer, Brain Products GmbH, Gilching, Germany) and custom routines and MATLAB toolboxes.2 Subsequently, data will be segmented by markers to delimitate trials. In our case, each single TMS pulse will be a marker. Subsequently, baseline correction and artifact rejection will be performed. Normalized EMG data will be used for subsequent statistical analysis.

The following TMS-EMG parameters of cortical excitability will be obtained after stimulation of the FDI muscle hotspot of the mapping grid:

i. The resting motor threshold (rMT) of the relaxed FDI muscle will be determined by the modified relative frequency method, under which the rMT is defined as the minimum stimulation intensity required to produce a peak-to-peak MEP amplitude ≥50 μV in at least five out of ten consecutive trials when single pulses are applied to the target area and while the patient is in a resting state (Rossini et al., 1994).

ii. The active motor threshold (aMT), which is defined as the minimum stimulation intensity needed to produce a peak-to-peak MEP amplitude of 200 μV from the contralateral FDI muscle in 50% of the trials when ten consecutive single pulses are applied with the TMS while the patient is actively contracting the target muscle (20% of maximal voluntary contraction, as determined by visual feedback; Rothwell et al., 1999; Huang and Rothwell, 2004). The 80% stimulation intensity threshold for the aMT will be used to determine parameters for iTBS treatment (Huang et al., 2005).

iii. To ameliorate the impact of the variability in cortical excitability parameters such as MEP amplitude and MEP onset (Rossini et al., 1994), twenty single pulses (“20 t”) with an interpulse interval of 4–5 s will be given at the minimum intensity able to evoke 1 mV peak-to-peak MEPs in five out of ten consecutive trials from the relaxed contralateral FDI muscle (Bagnato et al., 2006; Suppa et al., 2014)

iv. The cortical silent period (cSP) will be determined by recording 10 single pulses separated by 10 interpulse seconds and delivered at an intensity of 140% of the rMT while the patient is maintaining a constant voluntary contraction of the contralateral FDI muscle (at 20% of maximal voluntary contraction, as determined by visual feedback; Farzan, 2014).

Aside from these motor threshold values, cortical excitability analysis will include the integration and examination of multiple parameters obtained from the 20 t and cSP recordings. For the analysis of the 20 t trials, a visual inspection will be performed to reject MEPs considered to be outliers. Considering the large fluctuation in amplitude response when recording a cascade of MEPs with a threshold intensity (Rossini et al., 1994), motor evoked potentials will be discarded when their peak-to-peak amplitude is <200 μV. From the 20 t recording, a total of three parameters will be obtained: MEP onset, peak-to-peak amplitude, and MEP area.

• MEP onset (ms): defined as the time between the application of a single TMS pulse and the change of the constant EMG baseline with increasing amplitude. For the determination of the 20 t MEP onset, the lowest latency from the most representative group of onsets of all twenty trials will be selected (Groppa et al., 2012).

• Peak-to-peak amplitude (mV): defined as the average distance between the maximum positive peak and the maximum negative peak in the waveform of the total plotted MEPs.

• MEP area (μV/ms): defined as the area under the rectified MEP curve counting from onset to the offset previously established for the non-rectified averaged MEP. Thus, MEP Area onset will be defined as the beginning of the MEP, and offset will be defined as the return of MEP activity to baseline.

For the cSP recording, a total of five measures will be calculated: cSP duration, MEP peak-to-peak amplitude, MEP area, cSP ratios (duration/amplitude and duration/area; Orth and Rothwell, 2004). A visually guided manual method will be used for inspection. Mean cSP values will be plotted based on trial-by-trial measurements.

• Absolute cSP duration (ms): average duration from the MEP offset to the resumption of sustained EMG activity. The resumption of EMG activity determines the end of cSP (Orth and Rothwell, 2004; Oliviero et al., 2005, 2006; Groppa et al., 2012; Farzan, 2014).

• MEP amplitude: mean peak-to-peak amplitude of the MEPs before the cSP.

• MEP area: area under the rectified MEP curve (Orth and Rothwell, 2004).

• cSP ratio I: calculated as cSP duration/MEP amplitude (Orth and Rothwell, 2004; Oliviero et al., 2006).

• cSP ratio II: calculated as cSP duration/MEP area (Orth and Rothwell, 2004).

Finally, rMT, aMT, 20 t and cSP values will be entered in a database and subsequently analyzed in SPSS.




Structural and resting-state functional MRI

Structural and functional MRI analyses will be conducted by two experienced imaging scientists with solid knowledge of advanced volumetric and surface structural procedures and resting-state functional connectivity (rs-FC) analysis. After the MRI data are collected, images will be converted into NIfTI format. Subsequently, a visual inspection will be performed for the detection of artifacts, and they will be manually aligned along the anterior and posterior commissure (AC & PC) with Statistical Parametrical Mapping (SPM12).3 Four different analyses will be performed to examine cerebral structural and functional integrity.

Gray matter (GM) volume quantification will be obtained following voxel-based morphometry (VBM) methods using the Computation Anatomy Toolbox (CAT-12, version 12.7) with the current version of SPM12. For this purpose, 3D T1-weighted images will first be visually inspected for artifacts. Subsequently, preprocessing will be performed following standard steps suggested in the CAT-12 manual: (1) bias-field correction; (2) segmentation into GM, white matter (WM), and cerebrospinal fluid (CSF); (3) registration to a standard template using the DARTEL algorithm; (4) normalization of GM images to the Montreal Neurological Institute (MNI) template; and (5) modulation and smoothing of normalized data using an 8 mm FWHM Gaussian kernel. GM volumes of cortical regions of interest will be extracted and corrected for total intracranial volume using the Neuromorphometrics atlas.4

Cortical thickness (CT) computation will be obtained using the CAT-12 toolbox, which follows an automated method of tissue segmentation based on the estimation of distances between WM and GM voxels using a projection-based thickness method, including topology correction and spherical mapping. Additionally, individual cortical surface maps will be smoothed with a 15 mm Gaussian kernel to allow intersubject comparisons. Regional CT values will be extracted using the Desikan-Killiany atlas (Desikan et al., 2006).

Independent component analysis (ICA) of rs-FC data. Resting-state fMRI images will be preprocessed using the Data Processing & Analysis for Brain Imaging tool (DPARSF V4.3).5 Preprocessing will include removal of the 10 first functional volumes, slice-timing correction, realignment of the first volume, coregistration, segmentation, spatial normalization to MNI space and spatial smoothing (with a 4-mm FWHM Gaussian kernel). Furthermore, ICA will include the estimation and extraction of brain networks of interest following the infomax algorithm, performed with the Group ICA toolbox of fMRI Toolbox (GIFT) software.

Seed-based rs-FC. Resting-state fMRI data will be preprocessed using the Data Processing & Analysis for Brain Imaging tool (DPARSF V4.3; footnote 5). Preprocessing will include removal of the 10 first functional volumes, slice-timing correction, realignment to the first volume, head-motion correction, coregistration, nuisance covariate regression, spatial normalization to MNI space, spatial smoothing (with a 4-mm FWHM Gaussian kernel), and temporal filtering (0.01 Hz – 0.1 Hz). Seed-to-voxel and seed-to-seed FC values will be computed. The brain regions with significant structural differences between the real and sham iTBS conditions will subsequently be used as seeds to trace the brain regions associated with abnormal FC.



Quantification of serum brain biomarkers

Serum quantification of protein biomarkers will be determined by a biologist and a laboratory support technician with training on structured protocols that will include extensive supervised practice and performance-based certification. All measurements will be assessed via ultrasensitive single molecule array (Simoa™) technology through the SR-X Instrument (Quanterix Corporation, MA, United States). Serum NfL and GFAP levels will be measured using the Neurology 2-Plex B assay, and BDNF levels will be measured using the BDNF Discovery kit (Quanterix, Corporation MA, United States). All data will be analyzed according to the manufacturer’s instructions and recommendations for blood biomarkers.




Statistical analysis

Before any statistical analyses are performed, the normality of the data distributions of outcome variables and parameters will be assessed using the Shapiro–Wilk test to determine whether parametric or nonparametric statistical tests should be used for the different measures in this study. Subjects will act as their own controls, and the data will be analyzed using both parametric (independent-samples t-test) and nonparametric (Mann–Whitney U test) methods, as appropriate. To evaluate the carryover effects, a preliminary test will be performed to test the assumption that the washout phase lasted long enough to completely eliminate a carryover impact. To do this, an independent-samples test will be used to compare the sum of the values measured in the two periods for each subject across the two sequence groups.

In the first step, exploratory analysis of correlations between the clinical response variables and all outcome measures will be conducted. Primarily, correlation analyses will be applied to examine correlations of TMS-EMG parameters with motor, clinical, and neurocognitive variables as well as serum biomarkers and brain structural and functional variables. In a second step, significant correlations across timepoints (i.e., use of baseline variables to predict the clinical response at posttreatment) will be analyzed using stepwise multiple regression models to identify the potential factors predicting the clinical response after iTBS.

For structural MRI and functional (EEG, fMRI) data, individual analysis will first involve the statistical pipeline of each software or toolbox (e.g., SPM12, Fieldtrip, Brainstorm, etc.). Next, advanced statistical analysis will be performed by incorporating clinical, cognitive, neuropsychiatric, serum biomarker, electrophysiological, and neuroimaging information using SPSS 23.0 (IBM, Chicago, IL, United States), R, and custom routines written in MATLAB (MathWorks, Natick, United States). Issues affecting the risk of bias related to missing data in our crossover study will be considered. Initially, all patients with missing outcome data will be removed from the analysis of each data subset. Other strategies for managing missing data, such as the last observation carried forward, will also be used to impute values. The threshold for statistical significance will initially be set at p < 0.05. All statistical tests will be two-tailed and adjusted for multiple comparisons.



Adherence and dropout

At the start of each stimulation session, the patient will confirm their willingness to participate. The patient will indicate their interest in taking part in our study before each stimulation session, and they will be free to leave at any moment. During the patient’s participation in the study, the research clinician will ensure that the patient is still eligible to participate. An individual will be removed from the study upon losing eligibility or reporting any major negative side effects.

Thus, patients will be asked to drop out of the investigation if any adverse effect occurs after stimulation or if they fail to cooperate to the extent that the normal protocol of the study cannot be carried out. Patients will be free to drop out at any point if they so desire. To improve adherence to the study procedures, telephone follow-up will be carried out during the washout phase so that any adverse consequences can be properly managed. Moreover, if any brain abnormalities are observed during the MRI (e.g., white matter hyperintensities, cerebral vascular lesions, or evidence of space-occupying lesions) or EEG assessments (e.g., epileptiform activity, ictal patterns) or after blood testing (e.g., exaggerated levels of sNfL), the patient will be referred to the proper medical services for further analysis and consideration, which will inform the decision of whether the patient may continue in the study.

Although rescue treatment will not initially be required, nonresponders will have the option to receive another 5 sessions of real iTMS bilaterally over M1 at the end of the study as an add-on rescue treatment. Patients and their relatives will be instructed to maintain their normal daily routines and not to alter their physical exercise patterns, diet, sleep schedules, or any other nonpharmacological treatment throughout the study, as well as to report any change.

Dopaminergic medication for all patients will be stabilized for at least 2 months prior to the study. Patients will need to maintain their dosage of dopaminergic medication until the completion of Phase II. In addition, assessment of nondopaminergic medications will be conducted to determine their influence on the tests performed.




Discussion

PD is a progressive disorder caused by dopamine depletion, which contributes to the manifestation of characteristic related clinical symptomatology. Improving motor and non-motor functional outcomes is therefore a priority in the management of PD patients. Although a wide range of treatments is available, PD symptoms may progress, leading to severe impairment. The pharmacotherapy of PD relies on dopamine level restoration, and although good management of symptomatology is commonly achieved, this balance is maintained for only a short period of time, as complications related to medication may occur, thus impacting tolerability and treatment efficacy (Jankovic, 2002; Tambasco et al., 2018). Numerous therapeutic alternatives have been developed to ameliorate the symptom impact and disability associated with the disease and its first-line pharmacology options (Mishima et al., 2021; Serva et al., 2022). In fact, different rTMS modalities are considered a potential therapy for PD, given the safety and lack of side effects after application (Wagle Shukla et al., 2016). Nevertheless, although a variety of rTMS protocols have been demonstrated to be effective, many of them have limited benefits in terms of time and effects (Chou et al., 2015; Zanjani et al., 2015); thus, an increasing number of studies has examined the therapeutic impact of TBS, which has a shorter stimulation duration and more intense stimulation sequence, on motor and nonmotor symptoms in PD patients (Cheng et al., 2022). However, inconsistent conclusions have been reported because only a few TBS studies have been performed; hence, the magnitude and persistence of the TBS effect remain debatable.

Most previous studies have supported the clinical efficacy of cTBS over the SMA for improving motor function in individuals with PD in the OFF medication state, but the clinical effect and ultimate clinical importance of iTBS over the M1 remain unclear and controversial. Thus, while a single session of cTBS over the M1 did not have any motor or clinical effects in PD patients in the OFF medication state (Eggers et al., 2010), a study using a single session of iTBS over the M1 was promising for alleviating complications in PD patients in the ON medication state (Degardin et al., 2012). However, some disagreements regarding the application of excitatory or inhibitory TBS protocols and the recommended brain targets during the ON medication state still need to be clarified (Cheng et al., 2022).

There is broad consensus that TBS protocols, like other types of rTMS, may promote cortical plasticity that treats disease, improves health, and modifies brain activity. Moreover, evidence indicates that the after-effects of TBS protocols are due to underlying mechanisms of synaptic plasticity. Accordingly, LTP and LTD are thought to be the processes underlying the stimulation and suppression of MEPs by iTBS and cTBS protocols, respectively. In this regard, the restoration of post-TBS MEP amplitudes to their baseline levels is a neurophysiologic indicator of the clinical effectiveness and efficacy of the mechanisms underlying cortical plasticity (Oberman, 2010; Pascual-Leone et al., 2011).

However, it is important to note that LTP and LTD pertain to extremely specific neurophysiologic events at the level of individual synaptic connections, and the alterations induced by TBS are not always limited to specific individual synaptic terminals. It is more probable that many of the positive effects of TBS are the result of the secondary activation of glial cells, although there is limited information regarding the response of glial cells to these neuromodulation techniques (Cullen and Young, 2016), particularly in relation to iTBS-induced plasticity effects (Cacace et al., 2017). Moreover, knowledge about how intracortical structures, cortico-subcortical functional connectivity, and brain volume changes are involved in the modulatory effects of rTMS and TBS is still limited (Di Lazzaro and Rothwell, 2014; Peters et al., 2020; Jannati et al., 2023; Kirkovski et al., 2023).

Although the postulated mechanism of iTBS (i.e., stimulating neuronal and glial activity) has been demonstrated to prompt LTP-like plasticity in vivo (Funamizu et al., 2005; Cullen and Young, 2016; Cacace et al., 2017), human studies targeting microglia and astrocyte reactivity in areas affected by neurological or psychiatric diseases are scarce. Thus, it has been hypothesized that the benefits of iTBS for reducing motor and nonmotor symptomatology in patients with PD, as well as many other brain-related diseases, might be due to effects on microglia and astrocytes, which play a protective role in neurodegenerative and neuroinflammatory diseases (Stanojevic et al., 2022). In line with the quantification of blood biomarkers of neurodegeneration, some recent studies have reported that excitatory frontal and parietal rTMS, in addition to improving cognition, is not associated with neuroaxonal damage or neurodegeneration in healthy populations according to plasma NfL concentrations (Redondo-Camós et al., 2022); thus, the effects of iTBS on reducing neurodegenerative pathology in animal models and humans still need to be tested. Furthermore, evidence from animal models and neurological patients suggests that TBS and rTMS protocols may induce changes in the regulation of BDNF expression (Zhang et al., 2007; Stevanovic et al., 2019) or changes in BDNF protein levels (Müller, 2000) and promote neuroprotection and neuroplasticity (Feng et al., 2012; Castillo-Padilla and Funke, 2016; Zuo et al., 2020). However, the role of BDNF in the effects of TBS on PD patients is still debated, as it may have a variable response to iTBS compared to cTBS, likely because the PD brain might be less susceptible to iTBS-induced motor plasticity and potentiation (Cheeran et al., 2008). Further investigation of BDNF down/upregulation is essential to better understand the scope and capacity of iTBS-induced plasticity.

While it has been demonstrated that a few sessions of rTMS or TBS can increase GM volume at the stimulation site as well as in more distal brain regions (May et al., 2007), the potential role of cerebral CT as a possible biomarker of iTBS treatment response in PD patients still needs to be assessed. These GM volume changes could demonstrate the substantial neuroprotective effects of rTMS or TBS, likely dependent on a wide range of micro- and macroscopic neural mechanisms (Ji et al., 2021; Jung and Lambon Ralph, 2021). In light of this, metabolic neuroimaging studies have provided additional evidence of neuroplastic changes after rTMS or TBS, as M1 rTMS was shown to influence the resting-state activity of the motor system after the stimulation had ended as well as in brain regions connected to the stimulation site (Lee et al., 2003; Rounis et al., 2005), demonstrating an acute reorganization of activity to other areas. Moreover, studies in PD patients have reported changes in functional connectivity between the M1 and basal ganglia or between the prefrontal areas and the SMA after low-frequency (Wang et al., 2023) or high-frequency rTMS (González-García et al., 2011), respectively. Despite the evidence demonstrating altered brain functional connectivity in PD, conclusive data regarding the potential link between clinical improvement and changes in the brain’s structural and functional connectivity after iTBS in these patients are lacking.

In conclusion, this study is designed to provide new insights that promise to advance our understanding of the efficacy of M1-iTBS in improving symptomatology in the early and middle stages of PD. We hypothesize that bilateral M1-iTBS will considerably improve motor functioning in PD patients, as measured by MDS-UPDRS parts II, III, and IV, in addition to alleviating nonmotor symptoms. A growing body of evidence from preclinical and human studies allows us to further hypothesize that the striatal endogenous dopamine release triggered by iTBS may rebalance cortical excitability and restore compensatory striatal volume changes, increasing the functional connectivity of striato-cortico-cerebellar networks while also positively impacting neuroglia and neuroplasticity modification.

Thus, by identifying potential electrophysiological, neuroimaging and serum markers underpinning iTBS-induced dopamine-dependent corticostriatal plasticity, our study could pinpoint the ideal biomarkers responsible for short- and long-lasting effects on motor function in PD, offering these patients an optimized adjunct to dopamine replacement therapies.


Study protocol status

This study is currently ongoing and started recruitment in June 2022. The first thirteen patients have been enrolled, and four of them have already undergone the crossover intervention. The estimated completion date is December 2023.




Summary and conclusions

This randomized double-blind sham-controlled crossover protocol study will investigate the neural and behavioral effects of iTBS over the bilateral M1 on idiopathic PD. The present combination of iTBS, cortical excitability measures, structural and functional neuroimaging data, and serum biomarkers represents a powerful approach that enables noninvasive, in vivo assessment and modulation of brain excitability, connectivity, and neuroprotection and neuroplasticity across motor and nonmotor brain networks in PD patients. We hypothesize that bilaterally stimulation of the M1 with excitatory iTBS will yield beneficial clinical effects that improve MDS-UPDRS-III scores in the ON medication state (i.e., motor improvement in PD patients) by modulating regionally specific changes in BG-cortical volume as well as by functional connectivity among the BG, cerebellum and cortical regions involved in motor processing. Moreover, we hypothesize that these functional and structural brain changes will be dynamically associated with the neuroprotective and neuroplasticity effects of real M1 iTBS reflected by stabilization of NfL and GFAP levels and by elevation of BDNF levels. Thus, these results may provide supportive evidence that the bilateral M1 is an optimal excitatory stimulation target for treatment among stable PD patients.



Ethics statement

The study and the current protocol have been approved by the Andalusian Biomedical Research Ethics Committee (Ref.: 2169-N-19) in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans (World Medical Association, 2013). Furthermore, our study aligns with Spanish legislation on the grounds of biomedical investigation (Law 14/2007, July 03), personal data protection (Law 15/1999, December 13) and bioethics. Every participant will provide voluntary written informed consent before participating in our study. The findings will be distributed through (open-access) peer-reviewed publications, networks of scientists and professionals, the general public, patient associations, and presentations at conferences.



Author contributions

RR-L: Conceptualization, Investigation, Project administration, Visualization, Writing – original draft, Writing – review & editing. PM-G: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. FS-F: Writing – review & editing, Data curation, Formal analysis, Investigation, Supervision, Validation, Visualization. FC-C: Data curation, Formal analysis, Investigation, Validation, Visualization, Writing – review & editing. ES-A: Visualization, Writing – review & editing, Data curation, Investigation, Validation. FS: Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization, Writing – review & editing. CM-B: Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – review & editing. EL-S: Writing – review & editing, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization. ÁG-M: Visualization, Writing – review & editing, Data curation, Investigation, Methodology. LF: Writing – review & editing, Data curation, Funding acquisition, Investigation, Resources, Validation, Visualization. RG-C: Data curation, Investigation, Methodology, Visualization, Writing – review & editing. FL-S: Data curation, Investigation, Methodology, Software, Writing – review & editing, Visualization. AZ: Data curation, Methodology, Visualization, Writing – review & editing. RG-M: Data curation, Investigation, Methodology, Resources, Validation, Writing – review & editing. JG-Ra: Data curation, Formal analysis, Investigation, Methodology, Software, Writing – review & editing. JP-E: Data curation, Methodology, Resources, Writing – review & editing. GR-E: Investigation, Validation, Visualization, Writing – review & editing. RE-R: Data curation, Investigation, Methodology, Resources, Validation, Writing – review & editing. ÁC-G: Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – review & editing. JG-Ro: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was co-supported by the European Regional Development Fund through the Spanish Ministry for Science and Innovation (MCIN) under grant PID2021-124427OB-I00 and through the Andalusian Ministry of Health and Families and the Andalusian Ministry of University, Research and Innovation under grants PI-0034-2019 and ProyExcel-01041 (PAIDI 2020), respectively. RR-L acknowledges support from the Andalusian Society of Neurology (grant ACO21/SAN). JG-Ro gratefully acknowledges support from the Institute of Neurological Specialties (IENSA) under the “Dr. Albert” grant. This study was also funded by the State Subprogram for Research Infrastructures and Scientific-Technical Equipment (I + D + I 2017–2020), funded by the Spanish Ministry of Science, Innovation and Universities (MICINN), under grant EQC2018-004728-P.



Acknowledgments

The authors are grateful for the assistance of the Movement Disorders Unit of the Neurology Service at the Puerta del Mar University Hospital (coordinated by RR-L) with patient recruitment. The authors thank the patients and their families for their participation.



Conflict of interest

The authors state that no commercial or financial relationships that might be considered as a potential conflict of interest existed during the research.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   
http://igraph.org


2   
https://github.com/CunninghamLab/TMSAnalysisToolBox


3   
fil.ion.ucl.ac.uk/spm/


4   
neuromorphometrics.com/


5   
http://rfmri.org/DPARSF




References

 Aceves-Serrano, L., Neva, J. L., Munro, J., Parent, M., Boyd, L. A., and Doudet, D. J. (2022). Continuous but not intermittent theta burst stimulation decreases striatal dopamine release and cortical excitability. Exp. Neurol. 354, 114106–114394. doi: 10.1016/j.expneurol.2022.114106

 Amieva, H., Gaestel, Y., and Dartigues, J.-F. (2006). The multiple-choice formats (forms F and G) of the Benton visual retention test as a tool to detect age-related memory changes in population-based studies and clinical settings. Nat. Protoc. 1, 1936–1938. doi: 10.1038/nprot.2006.302 

 Avena-Koenigsberger, A., Misic, B., and Sporns, O. (2018). Communication dynamics in complex brain networks. Nat. Rev. Neurosci. 19, 17–33. doi: 10.1038/nrn.2017.149

 Babiloni, C., Barry, R. J., Başar, E., Blinowska, K. J., Cichocki, A., Drinkenburg, W. H. I. M., et al. (2020). International Federation of Clinical Neurophysiology (IFCN) – EEG research workgroup: recommendations on frequency and topographic analysis of resting state EEG rhythms. Part 1: applications in clinical research studies. Clin. Neurophysiol. 131, 285–307. doi: 10.1016/j.clinph.2019.06.234 

 Bagnato, S., Agostino, R., Modugno, N., Quartarone, A., and Berardelli, A. (2006). Plasticity of the motor cortex in Parkinson’s disease patients on and off therapy. Mov. Disord. 21, 639–645. doi: 10.1002/mds.20778 

 Bashir, S., Uzair, M., Abualait, T., Arshad, M., Khallaf, R., Niaz, A., et al. (2022). Effects of transcranial magnetic stimulation on neurobiological changes in Alzheimer’s disease (review). Mol. Med. Rep. 25:109. doi: 10.3892/mmr.2022.12625 

 Beck, A. T., Steer, R. A., and Brown, G. K. Y. (1996). Beck Depression Inventory (BDI-II). San Antonio, TX: Pearson.

 Benali, A., Trippe, J., Weiler, E., Mix, A., Petrasch-Parwez, E., Girzalsky, W., et al. (2011). Theta-burst transcranial magnetic stimulation alters cortical inhibition. J. Neurosci. 31, 1193–1203. doi: 10.1523/JNEUROSCI.1379-10.2011 

 Benton, A. L. (1978). Visuospatial Judgment. Arch. Neurol. 35:364. doi: 10.1001/archneur.1978.00500300038006

 Bologna, M., Di Biasio, F., Conte, A., Iezzi, E., Modugno, N., and Berardelli, A. (2015). Effects of cerebellar continuous theta burst stimulation on resting tremor in Parkinson’s disease. Parkinsonism Relat. Disord. 21, 1061–1066. doi: 10.1016/j.parkreldis.2015.06.015 

 Brandstaedter, D., Spieker, S., Ulm, G., Siebert, U., Eichhorn, T. E., Krieg, J. C., et al. (2005). Development and evaluation of the Parkinson psychosis questionnaire. J. Neurol. 252, 1060–1066. doi: 10.1007/s00415-005-0816-x 

 Brown, R. G., Dittner, A., Findley, L., and Wessely, S. C. (2005). The Parkinson fatigue scale. Parkinsonism Relat. Disord. 11, 49–55. doi: 10.1016/j.parkreldis.2004.07.007

 Brugger, F., Wegener, R., Baty, F., Walch, J., Krüger, M. T., Hägele-Link, S., et al. (2021). Facilitatory rTMS over the supplementary motor cortex impedes gait performance in Parkinson patients with freezing of gait. Brain Sci. 11:321. doi: 10.3390/brainsci11030321 

 Cacace, F., Mineo, D., Viscomi, M. T., Latagliata, E. C., Mancini, M., Sasso, V., et al. (2017). Intermittent theta-burst stimulation rescues dopamine-dependent corticostriatal synaptic plasticity and motor behavior in experimental parkinsonism: possible role of glial activity. Mov. Disord. 32, 1035–1046. doi: 10.1002/mds.26982 

 Cárdenas-Morales, L., Nowak, D. A., Kammer, T., Wolf, R. C., and Schönfeldt-Lecuona, C. (2010). Mechanisms and applications of Theta-burst rTMS on the human motor cortex. Brain Topogr. 22, 294–306. doi: 10.1007/s10548-009-0084-7 

 Castillo-Padilla, D. V., and Funke, K. (2016). Effects of chronic iTBS-rTMS and enriched environment on visual cortex early critical period and visual pattern discrimination in dark-reared rats. Dev. Neurobiol. 76, 19–33. doi: 10.1002/dneu.22296 

 Charalambous, C. C., Liang, J. N., Kautz, S. A., George, M. S., and Bowden, M. G. (2019). Bilateral assessment of the corticospinal pathways of the ankle muscles using navigated transcranial magnetic stimulation. J. Vis. Exp. 144:10.3791/58944. doi: 10.3791/58944 

 Chaudhuri, K. R., Healy, D. G., and Schapira, A. H. (2006). Non-motor symptoms of Parkinson’s disease: diagnosis and management. Lancet Neurol. 5, 235–245. doi: 10.1016/S1474-4422(06)70373-8

 Chaves, A. R., Snow, N. J., Alcock, L. R., and Ploughman, M. (2021). Probing the brain–body connection using transcranial magnetic stimulation (TMS): validating a promising tool to provide biomarkers of neuroplasticity and central nervous system function. Brain Sci. 11:384. doi: 10.3390/brainsci11030384 

 Cheeran, B., Talelli, P., Mori, F., Koch, G., Suppa, A., Edwards, M., et al. (2008). A common polymorphism in the brain-derived neurotrophic factor gene (BDNF) modulates human cortical plasticity and the response to rTMS. J. Physiol. 586, 5717–5725. doi: 10.1113/jphysiol.2008.159905 

 Chen, R., Berardelli, A., Bhattacharya, A., Bologna, M., Chen, K.-H. S., Fasano, A., et al. (2022). Clinical neurophysiology of Parkinson’s disease and parkinsonism. Clin. Neurophysiol. Pract. 7, 201–227. doi: 10.1016/j.cnp.2022.06.002 

 Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E. M., Hallett, M., et al. (1997). Depression of motor cortex excitability by low-frequency transcranial magnetic stimulation. Neurology 48, 1398–1403. doi: 10.1212/WNL.48.5.1398

 Chen, R., and Udupa, K. (2009). Measurement and modulation of plasticity of the motor system in humans using transcranial magnetic stimulation. Mot. Control. 13, 442–453. doi: 10.1123/mcj.13.4.442

 Cheng, B., Zhu, T., Zhao, W., Sun, L., Shen, Y., Xiao, W., et al. (2022). Effect of theta burst stimulation-patterned rTMS on motor and nonmotor dysfunction of Parkinson’s disease: a systematic review and metaanalysis. Front. Neurol. 12:762100. doi: 10.3389/fneur.2021.762100 

 Chou, Y., Hickey, P. T., Sundman, M., Song, A. W., and Chen, N. (2015). Effects of repetitive transcranial magnetic stimulation on motor symptoms in Parkinson disease. JAMA Neurol. 72, 432–440. doi: 10.1001/jamaneurol.2014.4380 

 Cullen, C. L., and Young, K. M. (2016). How does transcranial magnetic stimulation influence glial cells in the central nervous system? Front. Neural Circuits 10:26. doi: 10.3389/fncir.2016.00026 

 Degardin, A., Devos, D., Defebvre, L., Destée, A., Plomhause, L., Derambure, P., et al. (2012). Effect of intermittent theta-burst stimulation on akinesia and sensorimotor integration in patients with Parkinson’s disease. Eur. J. Neurosci. 36, 2669–2678. doi: 10.1111/j.1460-9568.2012.08158.x 

 Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., et al. (2006). An automated labeling system for subdividing the human cerebral cortex on MRI scans into Gyral based regions of interest. NeuroImage 31, 968–980. doi: 10.1016/j.neuroimage.2006.01.021

 Di Lazzaro, V., Pilato, F., Saturno, E., Oliviero, A., Dileone, M., Mazzone, P., et al. (2005). Theta-burst repetitive transcranial magnetic stimulation suppresses specific excitatory circuits in the human motor cortex. J. Physiol. 565, 945–950. doi: 10.1113/jphysiol.2005.087288 

 Di Lazzaro, V., and Rothwell, J. C. (2014). Corticospinal activity evoked and modulated by non-invasive stimulation of the intact human motor cortex. J. Physiol. 592, 4115–4128. doi: 10.1113/jphysiol.2014.274316 

 Dorsey, E. R., Elbaz, A., Nichols, E., Abbasi, N., Abd-Allah, F., Abdelalim, A., et al. (2018). Global, regional, and national burden of Parkinson’s disease, 1990–2016: a systematic analysis for the global burden of disease study 2016. Lancet Neurol. 17, 939–953. doi: 10.1016/S1474-4422(18)30295-3 

 Dubois, B., Slachevsky, A., Litvan, I., and Pillon, B. (2000). The FAB: a frontal assessment battery at bedside. Neurology 55, 1621–1626. doi: 10.1212/WNL.55.11.1621

 Eggers, C., Fink, G. R., and Nowak, D. A. (2010). Theta burst stimulation over the primary motor cortex does not induce cortical plasticity in Parkinson’s disease. J. Neurol. 257, 1669–1674. doi: 10.1007/s00415-010-5597-1

 Farzan, F. (2014). “Single-pulse transcranial magnetic stimulation (TMS) protocols and outcome measures” in Transcranial Magnetic Stimulation. eds. A. Rotenberg, J. C. Horvath, and A. Pascual-Leone (New York: Humana Press), 69–116.

 Feng, S., Shi, T., Fan-Yang, W., Wang, W.-n., Chen, Y.-c., and Tan, Q.-r. (2012). Long-lasting effects of chronic rTMS to treat chronic rodent model of depression. Behav. Brain Res. 232, 245–251. doi: 10.1016/j.bbr.2012.04.019 

 Filippi, M., Sarasso, E., Piramide, N., Stojkovic, T., Stankovic, I., Basaia, S., et al. (2020). Progressive brain atrophy and clinical evolution in Parkinson’s disease. NeuroImage Clin. 28:102374. doi: 10.1016/j.nicl.2020.102374 

 Funamizu, H., Ogiue-Ikeda, M., Mukai, H., Kawato, S., and Ueno, S. (2005). Acute repetitive transcranial magnetic stimulation reactivates dopaminergic system in lesion rats. Neurosci. Lett. 383, 77–81. doi: 10.1016/j.neulet.2005.04.018 

 Gamboa, O. L., Antal, A., Laczo, B., Moliadze, V., Nitsche, M. A., and Paulus, W. (2011). Impact of repetitive theta burst stimulation on motor cortex excitability. Brain Stimul. 4, 145–151. doi: 10.1016/j.brs.2010.09.008 

 Ghiglieri, V., Pendolino, V., Sgobio, C., Bagetta, V., Picconi, B., and Calabresi, P. (2012). Theta-burst stimulation and striatal plasticity in experimental parkinsonism. Exp. Neurol. 236, 395–398. doi: 10.1016/j.expneurol.2012.04.020 

 Gibb, W. R., and Lees, A. J. (1988). The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson's disease. J. Neurol. Neurosurg. Psychiatry 51, 745–752. doi: 10.1136/jnnp.51.6.745 

 Goetz, C. G., Poewe, W., Rascol, O., Sampaio, C., Stebbins, G. T., Counsell, C., et al. (2004). Movement Disorder Society task force report on the Hoehn and Yahr staging scale: status and recommendations the Movement Disorder Society task force on rating scales for Parkinson’s disease. Mov. Disord. 19, 1020–1028. doi: 10.1002/mds.20213 

 Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-Martin, P., et al. (2008). Movement Disorder Society-sponsored revision of the unified Parkinson’s disease rating scale (MDS-UPDRS): scale presentation and clinimetric testing results. Mov. Disord. 23, 2129–2170. doi: 10.1002/mds.22340 

 González-García, N., Armony, J. L., Soto, J., Trejo, D., Alegría, M. A., and Drucker-Colín, R. (2011). Effects of rTMS on Parkinson’s disease: a longitudinal fMRI study. J. Neurol. 258, 1268–1280. doi: 10.1007/s00415-011-5923-2 

 Grace, J., and Malloy, P. F. (2001). FrSBe Frontal System Behaviour Scale: Professional Manual. Lutz, FL: Psychological Assessment Resources, Inc.

 Groppa, S., Oliviero, A., Eisen, A., Quartarone, A., Cohen, L. G., Mall, V., et al. (2012). A practical guide to diagnostic transcranial magnetic stimulation: report of an IFCN committee. Clin. Neurophysiol. 123, 858–882. doi: 10.1016/j.clinph.2012.01.010 

 Hamilton, M. (1959). The assessment of anxiety states by rating. Br. J. Med. Psychol. 32, 50–55. doi: 10.1111/j.2044-8341.1959.tb00467.x

 Herz, D. M., Siebner, H. R., Hulme, O. J., Florin, E., Christensen, M. S., and Timmermann, L. (2014). Levodopa reinstates connectivity from prefrontal to premotor cortex during externally paced movement in Parkinson’s disease. NeuroImage 90, 15–23. doi: 10.1016/j.neuroimage.2013.11.023 

 Hill, A. T., McModie, S., Fung, W., Hoy, K. E., Chung, S.-W., and Bertram, K. L. (2020). Impact of prefrontal intermittent theta-burst stimulation on working memory and executive function in Parkinson’s disease: a double-blind sham-controlled pilot study. Brain Res. 1726:146506. doi: 10.1016/j.brainres.2019.146506 

 Hoehn, M. M., and Yahr, M. D. (1967). Parkinsonism: onset, progression, and mortality. Neurology 17:427. doi: 10.1212/WNL.17.5.427

 Huang, Y.-Z., Edwards, M. J., Rounis, E., Bhatia, K. P., and Rothwell, J. C. (2005). Theta burst stimulation of the human motor cortex. Neuron 45, 201–206. doi: 10.1016/j.neuron.2004.12.033

 Huang, Y.-Z., Lu, M.-K., Antal, A., Classen, J., Nitsche, M., Ziemann, U., et al. (2017). Plasticity induced by non-invasive transcranial brain stimulation: a position paper. Clin. Neurophysiol. 128, 2318–2329. doi: 10.1016/j.clinph.2017.09.007 

 Huang, Y.-Z., and Rothwell, J. C. (2004). The effect of short-duration bursts of high-frequency, low-intensity transcranial magnetic stimulation on the human motor cortex. Clin. Neurophysiol. 115, 1069–1075. doi: 10.1016/j.clinph.2003.12.026 

 Jankovic, J. (2002). Levodopa strengths and weaknesses. Neurology 58, S19–S32. doi: 10.1212/WNL.58.suppl_1.S19 

 Jannati, A., Oberman, L. M., Rotenberg, A., and Pascual-Leone, A. (2023). Assessing the mechanisms of brain plasticity by transcranial magnetic stimulation. Neuropsychopharmacology 48, 191–208. doi: 10.1038/s41386-022-01453-8 

 Ji, G., Liu, T., Li, Y., Liu, P., Sun, J., Chen, X., et al. (2021). Structural correlates underlying accelerated magnetic stimulation in Parkinson’s disease. Hum. Brain Mapp. 42, 1670–1681. doi: 10.1002/hbm.25319 

 Jost, S. T., Kaldenbach, M., Antonini, A., Martinez-Martin, P., Timmermann, L., Odin, P., et al. (2023). Levodopa dose equivalency in Parkinson’s disease: updated systematic review and proposals. Mov. Disord. 38, 1236–1252. doi: 10.1002/mds.29410 

 Jung, J., and Lambon Ralph, M. A. (2021). The immediate impact of transcranial magnetic stimulation on brain structure: short-term neuroplasticity following one session of cTBS. NeuroImage 240:118375. doi: 10.1016/j.neuroimage.2021.118375 

 Kim, M. S., Chang, W. H., Cho, J. W., Youn, J., Kim, Y. K., Kim, S. W., et al. (2015). Efficacy of cumulative high-frequency rTMS on freezing of gait in Parkinson’s disease. Restor. Neurol. Neurosci. 33, 521–530. doi: 10.3233/RNN-140489 

 Kim, H., Wright, D. L., Rhee, J., and Kim, T. (2023). C3 in the 10-20 system may not be the best target for the motor hand area. Brain Res. 1807:148311. doi: 10.1016/j.brainres.2023.148311

 Kirkovski, M., Donaldson, P. H., Do, M., Speranza, B. E., Albein-Urios, N., Oberman, L. M., et al. (2023). A systematic review of the neurobiological effects of theta-burst stimulation (TBS) as measured using functional magnetic resonance imaging (fMRI). Brain Struct. Funct. 228, 717–749. doi: 10.1007/s00429-023-02634-x 

 Kish, S. J., Shannak, K., and Hornykiewicz, O. (1988). Uneven pattern of dopamine loss in the striatum of patients with idiopathic Parkinson’s disease. N. Engl. J. Med. 318, 876–880. doi: 10.1056/NEJM198804073181402 

 Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain Res. Rev. 29, 169–195. doi: 10.1016/S0165-0173(98)00056-3 

 Kobayashi, M., and Pascual-Leone, A. (2003). Transcranial magnetic stimulation in neurology. Lancet Neurol. 2, 145–156. doi: 10.1016/s1474-4422(03)00321-1

 Kricheldorff, J., Göke, K., Kiebs, M., Kasten, F. H., Herrmann, C. S., Witt, K., et al. (2022). Evidence of neuroplastic changes after transcranial magnetic, electric, and deep brain stimulation. Brain Sci. 12:929. doi: 10.3390/brainsci12070929 

 Lang, A. E., and Espay, A. J. (2018). Disease modification in Parkinson's disease: current approaches, challenges, and future considerations: disease modification in PD. Mov. Disord. 33, 660–677. doi: 10.1002/mds.27360

 Lang, A. E., Houeto, J.-L., Krack, P., Kubu, C., Lyons, K. E., Moro, E., et al. (2006). Deep brain stimulation: preoperative issues. Mov. Disord. 21, S171–S196. doi: 10.1002/mds.20955

 Le Carret, N., Rainville, C., Lechevallier, N., Lafont, S., Letenneur, L., and Fabrigoule, C. (2003). Influence of education on the Benton visual retention test performance as mediated by a strategic search component. Brain Cogn. 53, 408–411. doi: 10.1016/S0278-2626(03)00155-6 

 Lee, L., Siebner, H. R., Rowe, J. B., Rizzo, V., Rothwell, J. C., Frackowiak, R. S. J., et al. (2003). Acute remapping within the motor system induced by low-frequency repetitive transcranial magnetic stimulation. J. Neurosci. 23, 5308–5318. doi: 10.1523/JNEUROSCI.23-12-05308.2003 

 Lewis, M. M., Du, G., Lee, E.-Y., Nasralah, Z., Sterling, N. W., Zhang, L., et al. (2016). The pattern of gray matter atrophy in Parkinson’s disease differs in cortical and subcortical regions. J. Neurol. 263, 68–75. doi: 10.1007/s00415-015-7929-7 

 Macías-García, P., Rashid-López, R., Cruz-Gómez, Á. J., Lozano-Soto, E., Sanmartino, F., Espinosa-Rosso, R., et al. (2022). Neuropsychiatric symptoms in clinically defined Parkinson’s disease: an updated review of literature. Behav. Neurol. 2022, 1–16. doi: 10.1155/2022/1213393 

 Mahieux, F., Michelet, D., Manifacier, M. J., Boller, F., Fermanian, J., and Guillard, A. (1995). Mini-mental Parkinson: first validation study of a new bedside test constructed for Parkinson’s disease. Behav. Neurol. 8, 15–22. doi: 10.3233/BEN-1995-8102 

 Martinez-Martin, P., Frades-Payo, B., Agüera-Ortiz, L., and Ayuga-Martinez, A. (2012). A short scale for evaluation of neuropsychiatric disorders in Parkinson’s disease: first psychometric approach. J. Neurol. 259, 2299–2308. doi: 10.1007/s00415-012-6490-x 

 Maruo, T., Hosomi, K., Shimokawa, T., Kishima, H., Oshino, S., Morris, S., et al. (2013). High-frequency repetitive transcranial magnetic stimulation over the primary foot motor area in Parkinson’s disease. Brain Stimul. 6, 884–891. doi: 10.1016/j.brs.2013.05.002 

 May, A., Hajak, G., Gänßbauer, S., Steffens, T., Langguth, B., Kleinjung, T., et al. (2007). Structural brain alterations following 5 days of intervention: dynamic aspects of neuroplasticity. Cereb. Cortex 17, 205–210. doi: 10.1093/cercor/bhj138

 Mestre, T. A., Espay, A. J., Marras, C., Eckman, M. H., Pollak, P., and Lang, A. E. (2014). Subthalamic nucleus-deep brain stimulation for early motor complications in Parkinson’s disease-the EARLYSTIM trial: early is not always better. Mov. Disord. 29, 1751–1756. doi: 10.1002/mds.26024

 Mishima, T., Fujioka, S., Morishita, T., Inoue, T., and Tsuboi, Y. (2021). Personalized medicine in parkinson’s disease: new options for advanced treatments. J. Pers. Med. 11:650. doi: 10.3390/jpm11070650 

 Moore, S. R., Gresham, L. S., Bromberg, M. B., Kasarkis, E. J., and Smith, R. A. (1997). A self report measure of affective lability. J. Neurol. Neurosurg. Psychiatry 63, 89–93. doi: 10.1136/jnnp.63.1.89 

 Moustafa, A. A., Chakravarthy, S., Phillips, J. R., Gupta, A., Keri, S., Polner, B., et al. (2016). Motor symptoms in Parkinson’s disease: a unified framework. Neurosci. Biobehav. Rev. 68, 727–740. doi: 10.1016/j.neubiorev.2016.07.010 

 Müller, M. (2000). Long-term repetitive transcranial magnetic stimulation increases the expression of brain-derived neurotrophic factor and cholecystokinin mRNA, but not neuropeptide tyrosine mRNA in specific areas of rat brain. Neuropsychopharmacology 23, 205–215. doi: 10.1016/S0893-133X(00)00099-3 

 Nandhagopal, R., Kuramoto, L., Schulzer, M., Mak, E., Cragg, J., McKenzie, J., et al. (2011). Longitudinal evolution of compensatory changes in striatal dopamine processing in Parkinson’s disease. Brain 134, 3290–3298. doi: 10.1093/brain/awr233 

 Natale, G., Pignataro, A., Marino, G., Campanelli, F., Calabrese, V., Cardinale, A., et al. (2021). Transcranial magnetic stimulation exerts “rejuvenation” effects on corticostriatal synapses after partial dopamine depletion. Mov. Disord. 36, 2254–2263. doi: 10.1002/mds.28671 

 Niso, G., Tadel, F., Bock, E., Cousineau, M., Santos, A., and Baillet, S. (2019). Brainstorm pipeline analysis of resting-state data from the open meg archive. Front. Neurosci. 13:284. doi: 10.3389/fnins.2019.00284 

 Oberman, L. (2010). Transcranial magnetic stimulation provides means to assess cortical plasticity and excitability in humans with fragile X syndrome and autism spectrum disorder. Front. Synaptic Neurosci. 2:26. doi: 10.3389/fnsyn.2010.00026 

 Obeso, J. A., Rodríguez-Oroz, M. C., Benitez-Temino, B., Blesa, F. J., Guridi, J., Marin, C., et al. (2008). Functional organization of the basal ganglia: therapeutic implications for Parkinson’s disease. Mov. Disord. 23, S548–S559. doi: 10.1002/mds.22062 

 Ohnishi, T., Hayashi, T., Okabe, S., Nonaka, I., Matsuda, H., Iida, H., et al. (2004). Endogenous dopamine release induced by repetitive transcranial magnetic stimulation over the primary motor cortex: an [11C]raclopride positron emission tomography study in anesthetized macaque monkeys. Biol. Psychiatry 55, 484–489. doi: 10.1016/j.biopsych.2003.09.016

 Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4

 Oliviero, A., Della Marca, G., Tonali, P. A., Pilato, F., Saturno, E., Dileone, M., et al. (2005). Functional involvement of cerebral cortex in human narcolepsy. J. Neurol. 252, 56–61. doi: 10.1007/s00415-005-0598-1 

 Oliviero, A., Profice, P., Tonali, P. A., Pilato, F., Saturno, E., Dileone, M., et al. (2006). Effects of aging on motor cortex excitability. Neurosci. Res. 55, 74–77. doi: 10.1016/j.neures.2006.02.002

 Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J.-M. (2011). Fieldtrip: open source software for advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput. Intell. Neurosci. 2011, 1–9. doi: 10.1155/2011/156869 

 Orth, M., and Rothwell, J. (2004). The cortical silent period: intrinsic variability and relation to the waveform of the transcranial magnetic stimulation pulse. Clin. Neurophysiol. 115, 1076–1082. doi: 10.1016/j.clinph.2003.12.025 

 Palmer, E., and Ashby, P. (1992). Corticospinal projections to upper limb motoneurones in humans. J. Physiol. 448, 397–412. doi: 10.1113/jphysiol.1992.sp019048 

 Pascual-Leone, A., Freitas, C., Oberman, L., Horvath, J. C., Halko, M., Eldaief, M., et al. (2011). Characterizing brain cortical plasticity and network dynamics across the age-span in health and disease with TMS-EEG and TMS-fMRI. Brain Topogr. 24, 302–315. doi: 10.1007/s10548-011-0196-8 

 Pascual-Leone, A., Valls-Solé, J., Wassermann, E. M., and Hallett, M. (1994). Responses to rapid-rate transcranial magnetic stimulation of the human motor cortex. Brain 117, 847–858. doi: 10.1093/brain/117.4.847 

 Peters, J. C., Reithler, J., de Graaf, T. A., Schuhmann, T., Goebel, R., and Sack, A. T. (2020). Concurrent human TMS-EEG-fMRI enables monitoring of oscillatory brain state-dependent gating of cortico-subcortical network activity. Commun. Biol. 3:40. doi: 10.1038/s42003-020-0764-0 

 Peto, V., Jenkinson, C., Fitzpatrick, R., and Greenhall, R. (1995). The development and validation of a short measure of functioning and well-being for individuals with Parkinson’s disease. Qual. Life Res. 4, 241–248. doi: 10.1007/BF02260863 

 Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oertel, W., et al. (2015). MDS clinical diagnostic criteria for Parkinson’s disease. Mov. Disord. 30, 1591–1601. doi: 10.1002/mds.26424

 Redondo-Camós, M., Cattaneo, G., Perellón-Alfonso, R., Alviarez-Schulze, V., Morris, T. P., Solana-Sanchez, J., et al. (2022). Local prefrontal cortex TMS-induced reactivity is related to working memory and reasoning in middle-aged adults. Front. Psychol. 13:813444. doi: 10.3389/fpsyg.2022.813444 

 Rodríguez-Blázquez, C., Forjaz, M. J., Lizán, L., Paz, S., and Martínez-Martín, P. (2015). Estimating the direct and indirect costs associated with Parkinson's disease. Expert Rev. Pharmacoecon. Outcomes Res. 15, 889–911. doi: 10.1586/14737167.2015.1103184 

 Rosin, B., Nevet, A., Elias, S., Rivlin-Etzion, M., Israel, Z., and Bergman, H. (2007). Physiology and pathophysiology of the basal ganglia—thalamo—cortical networks. Parkinsonism Relat. Disord. 13, S437–S439. doi: 10.1016/S1353-8020(08)70045-2

 Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco, R. Q., et al. (1994). Non-invasive electrical and magnetic stimulation of the brain, spinal cord and roots: basic principles and procedures for routine clinical application. Report of an IFCN committee. Electroencephalogr. Clin. Neurophysiol. 91, 79–92. doi: 10.1016/0013-4694(94)90029-9 

 Rothwell, J. C., Hallett, M., Berardelli, A., Eisen, A., Rossini, P., and Paulus, W. (1999). Magnetic stimulation: motor evoked potentials. The International Federation of Clinical Neurophysiology. EEG Clin Neurophys Suppl. 52, 97–103.

 Rounis, E., Lee, L., Siebner, H. R., Rowe, J. B., Friston, K. J., Rothwell, J. C., et al. (2005). Frequency specific changes in regional cerebral blood flow and motor system connectivity following rTMS to the primary motor cortex. NeuroImage 26, 164–176. doi: 10.1016/j.neuroimage.2005.01.037 

 Salenius, S., Avikainen, S., Kaakkola, S., Hari, R., and Brown, P. (2002). Defective cortical drive to muscle in Parkinson’s disease and its improvement with levodopa. Brain 125, 491–500. doi: 10.1093/brain/awf042 

 Sarasso, E., Agosta, F., Piramide, N., and Filippi, M. (2021). Progression of grey and white matter brain damage in Parkinson’s disease: a critical review of structural MRI literature. J. Neurol. 268, 3144–3179. doi: 10.1007/s00415-020-09863-8 

 Schapira, A. H. V., Chaudhuri, K. R., and Jenner, P. (2017). Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 18, 435–450. doi: 10.1038/nrn.2017.62

 Serva, S. N., Bernstein, J., Thompson, J. A., Kern, D. S., and Ojemann, S. G. (2022). An update on advanced therapies for Parkinson’s disease: from gene therapy to neuromodulation. Front. Surg. 9:863921. doi: 10.3389/fsurg.2022.863921 

 Silva, L. M., Silva, K. M. S., Lira-Bandeira, W. G., Costa-Ribeiro, A. C., and Araújo-Neto, S. A. (2021). Localizing the primary motor cortex of the hand by the 10-5 and 10-20 Systems for Neurostimulation: an MRI study. Clin. EEG Neurosci. 52, 427–435. doi: 10.1177/1550059420934590 

 Sparing, R., Buelte, D., Meister, I. G., Pauš, T., and Fink, G. R. (2008). Transcranial magnetic stimulation and the challenge of coil placement: a comparison of conventional and stereotaxic neuronavigational strategies. Hum. Brain Mapp. 29, 82–96. doi: 10.1002/hbm.20360 

 Stanojevic, J., Dragic, M., Stevanovic, I., Ilic, T., Stojanovic, I., Zeljkovic, M., et al. (2022). Intermittent theta burst stimulation ameliorates cognitive impairment and hippocampal gliosis in the Streptozotocin-induced model of Alzheimer’s disease. Behav. Brain Res. 433:113984. doi: 10.1016/j.bbr.2022.113984 

 Starkstein, S. E., Mayberg, H. S., Preziosi, T., Andrezejewski, P., Leiguarda, R., and Robinson, R. G. (1992). Reliability, validity, and clinical correlates of apathy in Parkinson’s disease. J. Neuropsychiatry Clin. Neurosci. 4, 134–139. doi: 10.1176/jnp.4.2.134 

 Sterling, N. W., Wang, M., Zhang, L., Lee, E.-Y., Du, G., Lewis, M. M., et al. (2016). Stage-dependent loss of cortical gyrification as Parkinson disease "unfolds". Neurology 86, 1143–1151. doi: 10.1212/WNL.0000000000002492 

 Stevanovic, I., Mancic, B., Ilic, T., Milosavljevic, P., Lavrnja, I., Stojanovic, I., et al. (2019). Theta burst stimulation influence the expression of BDNF in the spinal cord on the experimental autoimmune encephalomyelitis. Folia Neuropathol. 57, 129–145. doi: 10.5114/fn.2019.86294 

 Stoessl, A. J., Lehericy, S., and Strafella, A. P. (2014). Imaging insights into basal ganglia function, Parkinson’s disease, and dystonia. Lancet 384, 532–544. doi: 10.1016/S0140-6736(14)60041-6 

 Strafella, A. P., Ko, J. H., Grant, J., Fraraccio, M., and Monchi, O. (2005). Corticostriatal functional interactions in Parkinson's disease: a rTMS/[11C]raclopride PET study. Eur. J. Neurosci. 22, 2946–2952. doi: 10.1111/j.1460-9568.2005.04476.x 

 Strafella, A. P., Paus, T., Fraraccio, M., and Dagher, A. (2003). Striatal dopamine release induced by repetitive transcranial magnetic stimulation of the human motor cortex. Brain 126, 2609–2615. doi: 10.1093/brain/awg268 

 Suppa, A., Huang, Y. Z., Funke, K., Ridding, M. C., Cheeran, B., Di Lazzaro, V., et al. (2016). Ten years of Theta burst stimulation in humans: established knowledge, unknowns and prospects. Brain Stimul. 9, 323–335. doi: 10.1016/j.brs.2016.01.006 

 Suppa, A., Marsili, L., Di Stasio, F., Berardelli, I., Roselli, V., Pasquini, M., et al. (2014). Cortical and brainstem plasticity in Tourette syndrome and obsessive-compulsive disorder. Mov. Disord. 29, 1523–1531. doi: 10.1002/mds.25960 

 Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., and Leahy, R. M. (2011). Brainstorm: a user-friendly application for MEG/EEG analysis. Comput. Intell. Neurosci. 2011, 1–13. doi: 10.1155/2011/879716 

 Tambasco, N., Romoli, M., and Calabresi, P. (2018). Levodopa in Parkinson’s disease: current status and future developments. Curr. Neuropharmacol. 16, 1239–1252. doi: 10.2174/1570159X15666170510143821 

 Tolosa, E., Wenning, G., and Poewe, W. (2006). The diagnosis of Parkinson’s disease. Lancet Neurol. 5, 75–86. doi: 10.1016/S1474-4422(05)70285-4

 Tomlinson, C. L., Stowe, R., Patel, S., Rick, C., Gray, R., and Clarke, C. E. (2010). Systematic review of levodopa dose equivalency reporting in Parkinson’s disease. Mov. Disord. 25, 2649–2653. doi: 10.1002/mds.23429 

 Vanbellingen, T., Wapp, M., Stegmayer, K., Bertschi, M., Abela, E., Kübel, S., et al. (2016). Theta burst stimulation over premotor cortex in Parkinson’s disease: an explorative study on manual dexterity. J. Neural Transm. 123, 1387–1393. doi: 10.1007/s00702-016-1614-6 

 Wagle Shukla, A., Shuster, J. J., Chung, J. W., Vaillancourt, D. E., Patten, C., Ostrem, J., et al. (2016). Repetitive transcranial magnetic stimulation (rTMS) therapy in Parkinson disease: a meta-analysis. PM&R 8, 356–366. doi: 10.1016/j.pmrj.2015.08.009 

 Wang, J., Deng, X., Hu, Y., Yue, J., Ge, Q., Li, X., et al. (2023). Low-frequency rTMS targeting individual self-initiated finger-tapping task activation modulates the amplitude of local neural activity in the putamen. Hum. Brain Mapp. 44, 203–217. doi: 10.1002/hbm.26045 

 Weiner, W. J. (2006). Motor fluctuations in Parkinson's disease. Rev. Neurol. Dis. 3, 101–108.

 Weintraub, D., Mamikonyan, E., Papay, K., Shea, J. A., Xie, S. X., and Siderowf, A. (2012). Questionnaire for impulsive-compulsive disorders in Parkinson’s disease-rating scale. Mov. Disord. 27, 242–247. doi: 10.1002/mds.24023 

 Weiss, D., Klotz, R., Govindan, R. B., Scholten, M., Naros, G., Ramos-Murguialday, A., et al. (2015). Subthalamic stimulation modulates cortical motor network activity and synchronization in Parkinson’s disease. Brain 138, 679–693. doi: 10.1093/brain/awu380 

 Wischnewski, M., and Schutter, D. J. L. G. (2015). Efficacy and time course of theta burst stimulation in healthy humans. Brain Stimul. 8, 685–692. doi: 10.1016/j.brs.2015.03.004 

 Yokoe, M., Mano, T., Maruo, T., Hosomi, K., Shimokawa, T., Kishima, H., et al. (2018). The optimal stimulation site for high-frequency repetitive transcranial magnetic stimulation in Parkinson’s disease: a double-blind crossover pilot study. J. Clin. Neurosci. 47, 72–78. doi: 10.1016/j.jocn.2017.09.023 

 Yousry, T. (1997). Localization of the motor hand area to a knob on the precentral gyrus. A new landmark. Brain 120, 141–157. doi: 10.1093/brain/120.1.141

 Zanjani, A., Zakzanis, K. K., Daskalakis, Z. J., and Chen, R. (2015). Repetitive transcranial magnetic stimulation of the primary motor cortex in the treatment of motor signs in Parkinson’s disease: a quantitative review of the literature. Mov. Disord. 30, 750–758. doi: 10.1002/mds.26206 

 Zhang, X., Mei, Y., Liu, C., and Yu, S. (2007). Effect of transcranial magnetic stimulation on the expression of c-Fos and brain-derived neurotrophic factor of the cerebral cortex in rats with cerebral infarct. J. Huazhong Univ. Sci. Technol. 27, 415–418. doi: 10.1007/s11596-007-0416-3 

 Ziemann, U., and Siebner, H. R. (2008). Modifying motor learning through gating and homeostatic metaplasticity. Brain Stimul. 1, 60–66. doi: 10.1016/j.brs.2007.08.003 

 Zuo, C., Cao, H., Ding, F., Zhao, J., Huang, Y., Li, G., et al. (2020). Neuroprotective efficacy of different levels of high-frequency repetitive transcranial magnetic stimulation in mice with CUMS-induced depression: involvement of the p11/BDNF/Homer1a signaling pathway. J. Psychiatr. Res. 125, 152–163. doi: 10.1016/j.jpsychires.2020.03.018



OPS/images/fnagi-15-1258315-t001.jpg
Measure Domain measured

Primary outcomes
Clinical improvement MDS-UPDRS (part IL, L, IV) Severity and progression of PD symptoms
Secondary outcomes

Clinical state Demographic, medical and clinical records ~ Age, education, handedness during activities of daily living, medical history, treatments,

disease duration, comorbid discases or disorders, etc.

LEDD LEDD calculated as a sum of each parkinsonian medication
PFS-16 Fatigue and impact on daily activities
PDQ-39 Frequency for difficulties because of PD in last month
Cognitive state MMP Screening of cognitive function
FAB Frontal Lobe function related activities
BVRT Visuospatial memory
Neuropsychiatric state BDI-II Depression
HAM-A Anxiety
SAS Apathy
SEND-PD Psychosis, apathy, impulse control behaviors
PPQ Psychosis (hallucinations/illusions, delusions, spatiotemporal disorientation)
FrSbe Behavior related to frontal system dysfunction
Quip Impulse control disorder behaviors
CNSLS Emotional lability
Electromyography Cortical excitability TMS-EMG measures Motor thresholds: rMT, aMT, 1mV threshold (200); cSP
Exploratory outcomes
Electrophysiology Resting-state EEG activity EEG PSD and connectivity measures, synchronization measures from graph theory metrics.
Neuroimaging Structural MRI - T1-weitghted (T13D) Global and regional GM volume changes and CT computation changes
Resting:state IMRI Seed-to-voxel and seed-to-seed functional connectivity measures
Serum protein Single-molecule assay (Simoa; SR-X™ NIL levels
quantification biomarker detection system) GFAP levels
BDNF levels

aMT, active motor threshold; BDI-I, beck depression inventory; BN brain-derived neurotrophic factor; BVRT, Benton visual retention test; CNS-LS, center for neurology study-lability
scale; cSP, contralateral silent period; CT cortical thickness; EEG, encephalography: EMG, lectromyography: FAB, frontal assessment battery; fMRI, functional magnetic resonance imaging;
ErSBe, frontal systems behavior scale; GFAP, glial fibrillary acidic protein; GM, gray mater; HAM-A, Hamilton ansiety rating scale; LEDD, levodopa equivalent daily dose; MDS-UPDRS, the
isorder society-sponsored revision of the nified Parkinson’s disease rating scale; MMP, mini mental Parkinson; MRI, magnetic resonance imaging; NiL, neurofilament light chs
PD, Parkinson’ disease; PDQ-39, Parkinson's disease questionnaire; PFS-16, Parkinson fatigue scale; PPQ, Parkinson's psychosis questionnaire; PSD, power spectral density; QUIP,
questionnaire for impulsive-compulsive disorders in Parkinson's disease; rMIT, resting motor thresholds SAS, Starkstein apathy scale; SEND-PD, scale for the evaluation of neuropsychiatric
isorders in Parkinsons ., transcranial magnetic stimulation.

movement






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuroimaging and serum biomarkers of neurodegeneration and neuroplasticity in Parkinson’s disease patients treated by intermittent theta-burst stimulation over the bilateral primary motor area: a randomized, double-blind, sham-controlled, crossover trial study



		Introduction



		Methods



		Description of the protocol study design



		Recruitment and sample size



		Blinding



		Procedure and intervention



		TMS intervention and neuronavigation









		Outcome measures



		Demographic information and clinical records



		Clinical variables



		Cognitive assessment



		Neuropsychiatric assessment



		Electrophysiology



		Neuroimaging



		Serum biomarkers









		Safety assessment



		Data management



		Data collection and analysis



		Clinical, cognitive and neuropsychiatric assessments



		Electrophysiology data



		Resting-state EEG activity



		TMS-derived measures of cortical excitability









		Structural and resting-state functional MRI



		Quantification of serum brain biomarkers









		Statistical analysis



		Adherence and dropout









		Discussion



		Study protocol status









		Summary and conclusions



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fnagi-15-1258315-g001.jpg
RECRUITMENT

Enrolment
Inclusion and exclusion criteria
Informed consent

PHASE |

RANDOMIZATION

Real iTBS Sham iTBS
%ﬁf

Baseline EVALUATION  iTBS INTERVENTION  Post-iTBS EVALUATION

Clinical Clinical
Cognitive _» ShamiTBS < Cognitive
Neuropsychiatric 1 Neuropsychiatric
Structural MRI / fMRI = 5 sessions — Structural MRI / fMRI
EEG j EEG
Serum biomarkers —> Real iTBS < Serum biomarkers

Cortical excitability Cortical excitability

2 3-month washout

PHASE |1

CROSSOVER
Sham iTBS Sham iTBS
Real iTBS ><: Real iTBS

INTERVENTION Post-iTBS EVALUATION

Baseline EVALUATION

Clinical Clinical
Cognitive Sham iTBS Cognitive
Neuropsychiatric Neuropsychiatric
Structural MRI / fMRI Ssessions = structural MRI / fMRI
EEG EEG
Serum biomarkers —» Real iTBS «— Serum biomarkers

Cortical excitability Cortical excitability






OPS/images/fnagi-15-1258315-g002.jpg
PHASE | / PHASE Il

~1month week3

Baseline evaluation Post iTBS evaluation

; 5 -
B e ] e e
[ S





OPS/images/cover.jpg
, frontiers | Frontiers in Aging Neuroscience

Neuroimaging and serum
biomarkers of neurodegeneration
and neuroplasticity in Parkinson's

disease patients treated by
intermittent theta-burst
stimulation over the bilateral
primary motor area: a randomized,
double-blind, sham-controlled,
crossover trial study












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






