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Abstract

Transcranial magnetic stimulation (TMS) is a widely used non-invasive brain stimulation techniques
that gained growing interest as a diagnostic and therapeutic tool for Parkinson’s disease (PD), as well
as for some atypical parkinsonisms and secondary parkinsonian syndromes. Briefly, TMS enables
targeted stimulation of specific cortical regions through externally applied magnetic pulses, avoiding
surgical intervention (as occurs in deep brain stimulation) and making it a safe, repeatable, and well-
tolerated approach. Over the past two decades, extensive research has explored the clinical utility of
TMS in PD, with particular emphasis on motor cortex excitability, synaptic plasticity, and functional
connectivity, which are central contributors to both motor and non-motor symptoms in PD patients.
In addition, TMS has been shown to modulate cortical plasticity, i.e., the brain’s capacity to
reorganize neural circuits, suggesting potential benefits for longer-term non-pharmacological
management and rehabilitation protocols. More recently, studies have also investigated the role of
TMS in atypical and secondary parkinsonisms, indicating that it may help characterize distinct
neurophysiological abnormalities and provide symptomatic improvement in selected patients. This
updated literature review critically synthesizes current evidence on the application of different TMS
protocols across the spectrum of parkinsonian disorders, highlighting clinical potential,
methodological limitations, and future research directions.

Keywords: cortical excitability; neural plasticity; neuromodulation; movement disorders;
Parkinson’s disease; parkinsonism; neurorehabilitation

1. Introduction and Basic Principles

Over the past years, there has been an increased interest in exploring the pathophysiology of
movement disorders with neurophysiology studies, using a variety of techniques such as
electroencephalography, electromyography, and non-invasive brain stimulation (NIBS). Among the
NIBS techniques, transcranial magnetic stimulation (TMS) revealed its utility as a safe and painless
method able to explore and monitor the brain excitability and functioning.

TMS was developed in 1985 by Barker and colleagues [1] and through the evaluation of the
primary motor cortex (M1), it has given important pathophysiological and clinical insights into the
integrity and function of the cortico-spinal tract in healthy subjects and in patients with neurological
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disorders or systemic diseases also affecting the nervous system [2-4]. A comprehensive review on
the diagnostic utility of TMS has been recently provided [5].

TMS operates on the principles of Faraday’s law of electromagnetic induction. A transducing
coil, connected to a high-voltage, high-current discharge system, generates a strong, rapidly changing
magnetic field. When this coil is positioned tangentially to the scalp, the magnetic field penetrates the
skull with minimal attenuation and induces a secondary electrical current in the conductive
intracranial tissues. This induced electric field is oriented perpendicular to the magnetic field and
flows in the opposite direction to the current in the stimulation coil [6].

1.1. Single Pulse Measures

A single TMS pulse delivered over the primary motor cortex (M1) at the optimal scalp location
evokes a motor evoked potential (MEP) in muscles on the opposite side of the body. The operator can
adjust the intensity of the current passing through the coil [6], as well as modify the frequency and
interstimulus interval (ISI) of the pulses-parameters that play a critical role in determining the
physiological effects of TMS [7].

The resting motor threshold (rMT), i.e., the minimal stimulation intensity required to elicit MEPs
at rest, is considered as a global measure of cortical excitability, since it is an aggregate index of the
excitability of the motoneurons membranes, neuronal inputs in cortical pyramidal neurons, spinal
motoneurons, neuromuscular junctions, and muscle cells [8]. While the rMT is most often defined as
the minimum intensity to elicit a MEP of >50 pV in at least half of consecutive trials in the relaxed
target muscle, the active MT (aMT) is defined as lowest intensity required to elicit an MEP amplitude
>200 1V during slight isometric tonic muscle contraction.

The MEP amplitude, defined as the peak-to-peak magnitude of the motor response, primarily
reflects the excitability of motor output neurons in the cortex, as well as the functional state of nerve
roots and peripheral motor pathways, all the way to the target muscle [7]. The amplitude of MEP
expresses a compound index of the output cells excitability within the M1, motor axons, nerve roots,
peripheral motor nerves, and muscles [7]. The magnetic input-output (IO) curve and MEP amplitude
assess neurons that are less excitable or spatially distant from the center of target muscle
representation in the M1 and assess the strength of corticospinal projections [9]. Conversely, MEP
latency represents the time between the TMS pulse over M1 and the onset of the muscle response,
encompassing conduction through the central and peripheral nervous systems, the neuromuscular
junction, and the muscle itself.

CMCT, on the other hand, is calculated by subtracting the latency of MEPs elicited via spinal
(motor root) stimulation from those evoked by cortical stimulation. This measure isolates the
conduction time along the corticospinal tract, specifically from upper to lower motor neurons [10].
The peripheral motor conduction time can be estimated using also the F-wave method as reflected
by the following formula (F+M1)/2,where F represents the shortest F-wave latency, M is the distal
motor latency and 1ms represents the turnaround time for spinal motor neurons activated
antidromically [11]. The latency of the MEP and the central motor conduction time (CMCT) are both
indicators of the integrity of the corticospinal tract.

The cortical silent period (cSP), which refers to the electromyographic inhibition of the motor
responses occurring after a suprathreshold stimulation of the M1 during a tonic voluntary contraction
of contralateral muscles, is an index of the inhibitory intracortical circuit [12]. This parameter, which
normally lasts a few hundred msec, is considered as a dynamic metric of a specific inhibitory
intracortical circuitry [13], largely mediated by the gamma-aminobutyric acid (GABA)-B activity [14].
Muscle activation and hemisphere stimulation of the same side evokes the ipsilateral SP (iSP), which
it is thought to be generated by transcallosal fibers projecting to contralateral GABAergic
interneurons [15].

1.2. Paired Pulse Measures
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With the advance of novel paradigms such as paired-pulse, TMS becomes an intriguing research
tool to evaluate different aspects of cortex functionality as intracortical circuits, cortical connectivity,
and neural plasticity [16]. Paired-pulse TMS paradigms allow the assessment of the short-interval
intracortical inhibition (SICI) and the intracortical facilitation (ICF) phenomena [17]. This standard
protocol involves delivering a conditioning stimulus (CS) at a subthreshold intensity, followed by a
test stimulus (TS) at a suprathreshold level. By adjusting the intensity of the CS and the interstimulus
interval (ISI) between the two pulses, researchers can assess various aspects of intracortical
interneuronal function and interaction. When the ISI is between 1 and 5 milliseconds, the CS reduces
the amplitude of the MEP, a phenomenon known as short-latency intracortical inhibition (SICI) [17].
At longer ISIs, from 7 to 20 milliseconds, the CS enhances the MEP response, referred to as
intracortical facilitation (ICF) [18].

The activity of GABA-A interneurons is the most likely mediator of SICI [19], whereas the
neurophysiology of ICF is more complex. It probably relates to the activation of a cortical circuit
projecting upon cortico-spinal cells different from that preferentially activated by single-pulse TMS.
ICF seems to be greatly mediated by excitatory glutamatergic interneurons [20]. Long-interval
intracortical inhibition (LICI) is typically elicited by a suprathreshold CS followed by a
suprathreshold TS at 50-200 ms ISI [21,22]. LICI appears to be mediated by GABAs post-synaptic
receptors [23].

Short-latency afferent inhibition (SAI) is a TMS protocol used to assess sensorimotor integration
by measuring the inhibitory effects of peripheral afferent input on motor cortex excitability. First
described by Tokimura and colleagues [24], the technique involves delivering an electrical stimulus
to a peripheral nerve (typically the median nerve at the wrist), followed approximately 20
milliseconds later by a TMS pulse over the contralateral primary motor cortex. Under normal
conditions, this results in a significant suppression of the MEP amplitude, reflecting an inhibitory
process believed to be mediated by central cholinergic circuits. Accordingly, in normal conditions,
scopolamine (a muscarinic antagonistic) abolishes or reduces SAI [25], whereas acetylcholine
positively stimulates it [26]. Previous evidence suggests that SAI might reflect the integrity of
intracortical circuitries underlying sensory-motor integration [27-30]. As such, SAI provides insights
in disorders affecting cognition and movement [31]

1.3. TMS Neuroplasticity-Related Measures

Distinctive rTMS protocols, such as the paired associative stimulation (PAS) [32], the theta burst
stimulation (TBS) [33], and quadripulse stimulation (QBS) paradigms [34], can aid toward a further
understanding of the complex phenomena of neural plasticity including the so-called
“metaplasticity” [35]. These methods reproduce the findings of in vitro and in vivo long-term
potentiation (LTP) and long-term depression (LTD) protocols used in animal models and are
commonly used to assess or induce LTP/LTD-like plasticity in the healthy human M1 and in patients
with movement disorders.

The PAS protocol implies an application of magnetic stimuli after a short time interval of exercise
or by means of low-frequency repetitive electric stimulation of median nerve coupled with TMS of
the contralateral M1. TBS is a type of patterned rTMS with several advantages, such as short time of
single treatment and low stimulation intensity compared with traditional rTMS. However TBS
applied to the prefrontal cortex produced more variable responses, with no consistent patterns maybe
due to the individual participant and methodological factors [36].

1.4. Repetitive TMS Paradigms

The rTMS, in which trains of magnetic impulses are delivered in rapid succession on the same
cortical target, allows to transiently modulate the functioning of the stimulated cortical area, also
through the induction/release of neurotrophins and angiogenic factors, the change of electrocortical
excitability, and the variation of cerebral blood flow (CBF), thus inducing short- and long-term
neuroplastic phenomena. This mainly depends on the stimulation frequency, being high-frequency

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0179.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0179.v1

4 of 32

stimulations (>1 Hz) usually excitatory towards the stimulated cortical target, while low-frequency
stimulations (<1 Hz) are often inhibitory.

Although the mechanisms behind these neurobiological effects are not yet fully understood, they
are thought to be related to processes such as LTD and LTP in the brain. rTMS has a broad spectrum
of therapeutic and rehabilitative applications, and in 2008 it was approved by the Food and Drug
Administration as an adjunct treatment for adults with drug-resistant major depression (MD) [37].
Subsequently rTMS was applied to in other psychiatric and neurological conditions, including
movement and motor disorders, as a possible therapy [38—40]. In this context, rTMS guidelines and
their update were published [41,42].

1.5. TBS Paradigms

Theta-burst stimulation (TBS) is a form of rTMS that delivers patterned bursts of stimulation at
a frequency mimicking the natural theta rhythm of the brain (5 Hz). TBS typically involves three
pulses delivered at 50 Hz, repeated at intervals of 200 msec. It has been shown to induce LTP-like or
LTD-like effects on cortical excitability depending on the frequency and the parameters used.

There are two commonly used patterns of TBS, continuous (cTBS) and intermittent (iTBS). In
iTBS, 20 2s periods (10 bursts) of TBS are applied at a rate of 0.1 Hz. The iTBS, which enhances cortical
excitability, has been shown to be beneficial in several animal models of neurodegeneration,
including PD [43,44]. In cTBS, bursts of 3 pulses at 50 Hz are applied at a frequency of 5 Hz for either
20 seconds (100 bursts) or 40 seconds (200 bursts). cTBS reduces cortical excitability and it has been
used to modulate overactive brain areas. TBS offers the advantage of a shorter stimulation duration
compared to conventional rTMS protocols, making it more practical for clinical applications.
Moreover, TBS has been shown to influence network connectivity and functional reorganization in
the brain, further enhancing its potential as a therapeutic tool. Given its promising results, TBS is
increasingly being explored as an effective treatment modality for various neurological disorders.

1.6. QPS Paradigm

Quadripulse stimulation (QPS) is a patterned form of repetitive transcranial magnetic
stimulation (rTMS) designed to induce long-lasting changes in cortical excitability. Introduced by
Hamada et al. [45], QPS delivers bursts of four monophasic magnetic pulses at fixed interpulse
intervals, typically repeated every 5 seconds for a total duration of 30 minutes. The direction and
magnitude of the induced plasticity, i.e., LTP-like or LTD-like—depend on the specific interpulse
interval used: shorter intervals (e.g., 5 msec, QPS5) tend to facilitate cortical excitability, while longer
intervals (e.g., 50 msec, QPS50) are associated with inhibitory effects. QPS has demonstrated superior
reliability and interindividual consistency in modulating motor cortex excitability compared to
conventional rTMS protocols, making it a valuable tool for probing synaptic plasticity in both healthy
individuals and clinical populations. Moreover, due to its precise temporal structure and robust
aftereffects, QPS has been increasingly employed in the study of neuroplastic alterations in
movement disorders, including PD and atypical parkinsonian syndromes.

2. Parkinson’s Disease Through the “Looking Glass” of TMS

PD is a progressive neurodegenerative movement disorder affecting ~1% of the population aged
> 65 years [46]. Although the classical histological lesion in PD is the degeneration of the substantia
nigra pars compacta, the neuropathology seems to spare across several brain region. In particular the
thinning of the medial frontal (premotor and supplementary) motor cortex, posterior cingulate
cortex, precuneus, lateral occipital and temporal cortex, as well as the dorsolateral prefrontal cortex,
has been also described in the disease [47]. Motor features such as tremor, bradykinesia, rigidity, and
postural instability are the hallmarks for its clinical assessment and diagnosis [48].

Traditionally, motor symptoms are used for PD subtyping, with tremor-dominant and postural
instability and gait difficulty as the most consistently identified motor subtypes [49]. However,
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several evidences highlighted that PD is heterogeneous and include complex motor and non-motor
features [50]. More recently a “mild motor-predominant” subtype (mild motor and non-motor
symptoms) or cluster I and a “diffuse malignant” subtype (combination of severe motor and non-
motor manifestations) or cluster Il were identified [51].

Given this heterogeneous nature, one of the most pressing clinical challenges is to discriminate
across the different symptoms of PD, especially in the earliest stages. In line with these complex
pathological and clinical features of PD, TMS can be useful as it gives the opportunity to evaluate the
direct and indirect effects on neurodegeneration on cortical functionality and circuits. Moreover,
given the induction of neuroplastic effects a plethora of studies have emerged in the attempt to
investigate plasticity or introduce a novel therapeutical approach in PD.

2.1. Motor Threshold

Several changes in cortical excitability patterns have been reported in PD patients. Although
most studies showed normal rMT [52-56], other studies have found reduced rMT [57,58] more
prominent on the side exhibiting greater rigidity [59-61], indicating enhanced excitability.

Similarly aMT has been reported to be normal [62] although increased aMT may correlate with
bradykinesia in PD patients, which could be related to difficulties in volitional contraction [63].

A recent study showed that PD patients with tremor-dominant subtype had both rMT and aMT
reduced compared to controls and akinetic-rigid patients [64]. Another recent pilot study reported a
reduction in M1 excitability, reflected by an increased resting motor threshold (rMT), both during
freezing episodes and in the transitional period preceding them, suggesting that altered M1
excitability may play a critical role in the pathophysiology of freezing in PD.[65]

2.2. MEP and Recruitment Curve

The MEP amplitude and the IO curve steepness were found to be increased at rest but reduced
with muscle contraction in PD [58]. The slope of the IO curve correlated with disease stage and
severity of bradykinesia [58,62]. A compensatory increase in cortical excitability in response to
bradykinesia may account for these TMS findings. Interestingly, the achievement of a sustained long-
duration response (LDR) to levodopa may act synergistically with motor learning to induce adaptive
changes in neuroplasticity in basal ganglia and cortical networks measured by MEPs [66]

2.3. Central Motor Conduction Time

Most studies indicated that the CMCT was shortened in PD patients, especially in the late stages,
and was normal in drug naive or early stage patients [52,53,67,68]. CMCT latency might be prolonged
in levodopa-PD patients [68-70]. However, prolonged CMCT was consistently found in early onset
PD patients with Parkin mutation (PARK2) but not in those without the mutation [67,71,72].

2.4. Contralateral and Ipsilateral Silent Period

cSP is reduced in patients with PD [73] and is normalized with dopaminergic mediations [74]
indicating a dysfunction of GABAergic circuits in PD. However, high doses of dopaminergic
medications can lengthen the SP in PD which became normalized with internal globus pallidus deep
brain stimulation [75]. Of further relevance, a significant reduction of cSP duration has been reported
in PD patients that were in the “OFF” compared to “ON” state, although in both states the cSP
duration was not significantly different when compared to healthy controls [56]. Consequently,
monitoring cSP duration could serve as a therapeutic biomarker in PD.

Studies revealed that the function of the corpus callosum is affected in PD patients. The iSP was
shorter and smaller with stimulation of the more affected hemisphere but could be restored by
levodopa [61]. Moreover PD patients with tremor-dominant subtype have shorter iSP duration
compared to akinetic-rigid patients, while iSP latency tended to be longer in akinetic-rigid patients
compared to healthy controls [64].
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2.5. Intracortical Inhibition

SICI is reduced in PD indicated and confirming dysfunction of GABAergic circuits [54—
56,62,76,77] and it is normalized by dopaminergic medications [55,56] as well as with subthalamic
nucleus deep brain stimulation [78]. Importantly, SICI was also reduced on the less affected side,
even in drug-naive patients whose less affected side was minimally symptomatic [76]. With disease
progression, there is a further reduction in SICI [79].

In PD patients, variable LICI findings were described. Reduced LICI at ISIs 100 to 150 msec was
reported at rest [80,81], although normal or increased LICI have also been reported [30,82]. Increased
LICT at ISIs 150-200 msec was also reported in PD with minimal muscle contraction [83]. The reason
of this heterogeneity could be related to different measurement conditions such as conditioning
stimulus intensity, ISI, or target muscle status.

2.6. Intracortical Facilitation

The findings about ICF in PD are variable with some studies showing reduced ICF [84,85] and
others finding normal ICF [56,86]. The increase in SICF was observed in de novo PD patients [87] and
is further enhanced in PD patients with dyskinesia [88]. In another study, the combined effect of SICI
and SICF-1 (ISI 1.5 msec) was comparable between drug naive PD patients and healthy controls [87].
iRBD and PD with RBD shared a reduced ICF, thus suggesting the involvement of glutamatergic
transmission both in subjects at risk for degeneration and in those with an overt a-synucleinopathy
[53].

Taken together, these paired-pulse findings suggest that abnormal interactions between cortical
circuits may be a feature of PD, and the effects may depend on disease stage.

2.7. Short-Latency Afferent Inhibition

Reduced SAI especially on the more affected side [30], is a stable finding in PD with cognitive
deficits [28,89-92], confirming the involvement of cholinergic dysfunction in the development of
cognitive impairment in PD. Reduction of SAI in PD patients seems associated with a higher risk of
developing cognitive decline and other associated symptoms, including visual hallucinations [93],
dysphagia [94], olfactory dysfunction [95,96] and REM-sleep behavior disorder (RBD) [90]. These
findings suggest that SAI could potentially serve as a biomarker for PD cognitive decline.
Interestingly, these results strongly implicate SAI abnormalities and visual hallucinations as two
epiphenomena of the cholinergic system dysfunction in PD patients who probably will develop
dementia.

Neurophysiological studies revealed stronger that SAI is associated with higher gait speed and
longer step length in patients receiving dopaminergic medications [91], while reduction of SAI was
also evident in PD patients prone to falling, even after adjusting for cognitive function [97],
suggesting a role for SAI as a predictive biomarker for gait, posture, and balance impairment.
Neuroimaging studies has documented structural and functional abnormalities in a number of
cortical and subcortical brain regions including cholinergic deficits in PD patients with freezing of
gait (FOG) [98]. Despite the presence of cognitive deficits (poorer executive and visuospatial
performances), a study failed to detect any significant decrease of cholinergic activity evaluated by
SAI in FOG+ compared to FOG- [99]. However, in a more recent study reduced SAI was associated
with severe FOG manifestations, impaired gait characteristics and variability in PD patients with
ONOFF-FOG, suggesting impaired thalamocortical cholinergic-GABAergic SAI pathways
underlying ONOFF-FOG [100].

2.8. TMS-Derived Neural Plasticity in PD

The majority of the studies revealed reduced PAS-induced plasticity in PD patients off
medication [101-103] and reduced LTP/LTD-like plasticity following TBS in PD patients [104,105],
however a study revealed that iTBS produced similar effects on cortical excitability in PD patients
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and in controls [106]. In studies designed to investigate LTP/LTD-like plasticity in de novo PD
patients, reduced responses to PAS and TBS in the more affected as well as in the less affected arm
were described [101,107]. Interestingly the decreased responses to PAS was asymmetric as observed
in the more affected side, whereas the less affected side was characterized by exaggerated responses
interpreted as compensation [108] and such asymmetry progressively decreased over time [79]. A
study has also suggested a correlation between MEP changes elicited by PAS and the likelihood of
developing early motor complications [109].

In the study of Belvisi and colleagues [110] comparing the “mild motor-predominant” subtype
to the “diffuse malignant” subtype, reduced responses to iTBS was observed in the “diffuse
malignant” subtype. These data may indicate that the subtyping of PD patients is not a mere clinical
classification but reflects different pathophysiological mechanisms and could represent promising
biomarkers to evaluate PD subtypes.

In conclusion, data from single-pulse, paired-pulse-TMS and plasticity investigation protocols
seem to converge on the concept that different variables influence cortical excitability and plasticity
in PD such as the clinical variables and the phenotype, the stage of the disease, the therapeutic state,
the presence of complication as motor fluctuations or dyskinesia.

3. Experimental Role of rTMS, TBS, and QPS Protocols in PD

3.1. Repetitive TMS

More recently, TMS has received attention as a possible non-invasive treatment for PD and an
increasing number of studies explored the therapeutic effect of other protocol of stimulation as rTMS
and TBS on the motor and non-motor symptoms. Although the effects of TMS are restricted to the
cortex, stimulating the appropriate cortical region within the basal ganglia circuitry can modulate
activity within these loops, potentially offering clinical benefits [111].

Following the pioneering work of Strafella and colleagues [112] and Kim and colleagues [113],
numerous subsequent studies have supported the idea that modulating cortical activity directly
through rTMS can produce secondary effects on interconnected structures within the basal ganglia—
cortex loops. Based on this relevant finding, promising results have been reported regarding the
therapeutic effects of r*TMS on both motor and cognitive symptoms in PD. However, these studies
often vary in terms of stimulation protocols and the targeted cortical regions, such as the M1 and the
prefrontal cortex.

The motor part of the Unified Parkinson’s Disease Rating Scale (UPDRS-III) is typically used as
the primary outcome measure. While one study found no significant difference in the therapeutic
effects on motor function between sham and real rTMS in PD patients [114], several studies suggest
a consensus about the efficacy of HF-rTMS on M1 on motor symptoms and freezing of gait that
increased with the bilateral stimulation or potentiation with electrical stimulation of the leg cortical
representation [41,113,115-120] or with the stimulation of the hand representation [121,122]. The
studies reported an improvement in the UPDRS-III motor scores ranging from 15% to 26%, with
effects persisting for several weeks up to one month following the completion of the rTMS protocol.
[113,120-122] and were confirmed in some meta-analysis [123-125].

A systematic review highlighted the beneficial effects of rTMS on FOG and cognitive
dysfunction in PD [126]. Another clinically relevant finding concerns the role of rTMS in enhancing
the effects of treadmill training in PD patients. Evidence indicates that both 1 Hz and 25 Hz rTMS
outperformed sham stimulation in reinforcing activity-dependent plasticity, leading to sustained
improvements in motor symptoms and dual-task walking performance [127]. Additionally, the
positive impact of HF bilateral M1 rTMS on depressive symptoms and health-related quality of life
in PD was observed at an early stage [122].

The supplementary motor area (SMA) plays a critical role in motor planning and execution in
PD. Studies have highlighted that dysfunction in the SMA contributes to motor symptoms such as
bradykinesia, freezing of gait, and difficulty in sequential movement. During the years, several

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0179.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0179.v1

8 of 32

functional imaging studies showed reduced supplementary motor area (SMA) excitability in patients
with PD, probably secondary to basal ganglia dysfunction.

The application of 5-Hz rTMS is thought to normalize the excitability of the supplementary
motor area (SMA) and, secondarily, modulate basal ganglia function. However, studies have yielded
mixed results regarding the effects of SMA stimulation. While some research reported positive
outcomes [128,129] others observed less favorable results [130]. Specifically, improvements in the
UPDRS-III score were modest, ranging from a 4.5% to 6.8% reduction [128,129]. Conversely, in certain
studies, the SMA was identified as a more suitable target for brain stimulation in patients with
freezing of gait (FOG) [131]. Recently, a study employing 5-Hz TMS targeting the left SMA once per
week for 8 consecutive weeks demonstrated significant motor improvements, as evidenced by
enhancements in clinical scales, dexterity performance, and alterations in connectivity with remote
brain regions such as the right precentral area, superior frontal gyrus, middle frontal gyrus, thalamus,
and cerebellum [132]. Chi et al. corroborated these findings [133] showing that PD with lower
sensorimotor connectivity, assessed by resting-state fMRI, experienced greater motor improvement
following high-frequency rTMS.

Other brain regions have also been investigated as potential targets for rTMS in PD. Two
randomized controlled trials have evaluated the therapeutic potential of cerebellar rTMS in PD
patients. All studies employed inhibitory TMS protocols, with two utilizing low-frequency rTMS (1
Hz). Low-frequency rTMS targeting the medial or lateral cerebellum has shown promise as an
alternative treatment for tremor in PD, a symptom that is often resistant to dopaminergic therapy
[134]. Minks and colleagues demonstrated that 1-Hz cerebellar rTMS applied to the right hemisphere
influenced upper limb motor performance in early-stage PD patients in a differential manner,
improving gross motor skills while impairing fine motor skills [135].

The efficacy of HF-r'TMS on depression in PD emerged from some studies. A study tested the
efficacy of 15 Hz rTMS in treating depression in patients with PD showing its non-inferiority
compared to fluoxetine [136]. Pal and colleagues demonstrated beneficial effects of rTMS on left
dorsal lateral prefrontal cortex (DLPFC) in depressed PD patients that lasted at least 30 days after
treatment [137]. Meta-analysis provides evidence that rTMS over the DLPFC can improve depression
similar to SSRI treatment, with no effect on the motor function and cognition of PD patients with
depression [124,138,139]. These findings are supported by a recent systematic review, which reported
that NIBS, particularly rTMS, effectively alleviated depression and depressive symptoms in PD
patients when compared to sham stimulation or placebo. However, no improvement was observed
in anxiety or apathy; also, no significant difference was found between NIBS and antidepressant
therapy alone [140].

In the attempt to determine whether which of the three consecutive days of HF-r'TMS over the
M1, the SMA, and the DLPFC were the best treatment targets, Yokoe and colleagues conducted a
randomized, double-blind crossover design study. The application of HF-rTMS over the M1 and
SMA significantly improved the motor symptoms in the PD patients but did not alter the mood
disturbances [141].

In conclusion, high-frequency rTMS applied to the M1 and SMA has demonstrated significant
improvements in motor symptoms and FOG in PD. Additionally, rTMS has been shown to improve
cognitive dysfunction, depression, and health-related quality of life in PD patients. Further studies
are needed to refine treatment protocols and explore the long-term effects of these interventions.

Notably, iTBS has been shown to increase striatal dopamine levels in hemiparkinsonian rats and
reduce astrocytic and microglial activation [142]. In animal models of PD, iTBS has demonstrated
improvements in both motor and behavioral functions by modulating the expression of NMDAR
subunits [44], reducing oxidative stress markers, and increasing antioxidant levels [143].
Additionally, iTBS has been found to restore the balance between dopamine and adenosine signaling
[144]. These findings have led to the initiation of double-blind randomized clinical trials aimed at
investigating the plasticity induced by iTBS in PD patients and its potential rehabilitative applications
[33,145,146].
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3.2. Theta Burst Stimulation

When evaluating the therapeutic effects of TBS in PD, recent evidence highlights a limited
number of studies investigating its impact in relation to dopaminergic medication status [147].
Specifically, only two studies assessed TBS in the “on” medication state [148,149], while another two
examined its effects during the “off” state [104,150]. Four additional studies evaluated outcomes in
both medication states [151-154]. Although most studies reported encouraging results, the findings
remain inconclusive, potentially due to factors such as an insufficient number of stimulation sessions
or the dampening effect of dopaminergic drugs on motor cortex plasticity.

To better determine the therapeutic efficacy of TBS, particularly for upper limb motor
impairments in PD, future research should focus on optimizing stimulation targets and employing
cumulative, multi-session protocols. Promisingly, bilateral iTBS over the M1 has been associated with
significant improvements in postural stability, gait disturbances, and limb bradykinesia, as well as
enhancements in UPDRS part III scores. These clinical benefits were accompanied by biological and
neuroimaging changes, including reduced GFAP levels, increased BDNF expression, decreased left
caudate gray matter volume, and enhanced functional connectivity in the putamen-parietal-
cerebellar and SMA-prefrontal networks [155]. A meta-analysis of eight studies reported that cTBS
applied over the SMA significantly improved UPDRS-III scores in PD patients in the “off” medication
state, but not in the “on” state or in relation to upper limb motor symptoms [147]. In contrast, iTBS
targeting both the M1 and the dorsolateral prefrontal cortex (DLPFC) was found to significantly
reduce gait slowing in the “off” medication condition and also exerted antidepressant effects within
two weeks [147]. Additionally, a study combining iTBS over the SMA with video game-based motor
training demonstrated improved manual dexterity in PD patients [156].

Currently, the NET-PD study a two-year, prospective, single-center, double-blind, multi-arm,
delayed-start, sham-controlled clinical trial, is investigating the long-term neuroprotective potential
of iTBS in patients with PD [157]. A study showed that cerebellar ¢cTBS had an anti-dyskinetic effect
in PD patients with levodopa-induced dyskinesia, possibly due to modulation of cerebello-thalamo-
cortical pathways [158]. A subsequent study confirmed the efficacy of cerebellar cTBS in reducing
dyskinesia in PD and show that the clinical effect was accompanied by a decrease in serum BDNF
[159]. A neuronavigated study investigated the effects of cTBS and iTBS on dorsal pre-motor cortex
(PMd) for its implication in the fine motor control and dexterity, demonstrating that TBS over PMd
does not significantly interfere with dexterity in PD [149].

3.3. Quadripulse Stimulation

Hamada et al. [45] demonstrated that QPS-induced plasticity is significantly attenuated in
patients with PD compared to healthy controls, suggesting a disruption in synaptic plasticity
mechanisms. This diminished response was particularly evident with QPS5, a facilitatory protocol,
pointing toward a reduced capacity for LTP-like effects. Subsequent works [160,161] showed that
dopaminergic medication partially restores QPS-induced plasticity, supporting the role of dopamine
in modulating motor cortical responsiveness. While evidence remains limited, these findings
underscore the potential of QPS as a biomarker of cortical dysfunction and a possible
neuromodulatory intervention in PD, although further large-scale and longitudinal studies are
warranted.

4. TMS and Drugs in PD

Long-term therapy with levodopa and dopamine agonists in PD patients is complicated by the
development of fluctuations in motor response, such as levo-dopa induced dyskinesia (LID). One Hz
rTMS over the SMA reduced drug-induced dyskinesia by continuous apomorphine infusion in a
group of patients with advanced PD [162].

Chronic levodopa seems to improve the abnormal PAS-induced plasticity in PD [103,163] but
not the iTBS-induced LTP plasticity [105,107] with similar no effect of acute L-DOPA administration
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in de novo PD patients [107]. Different plasticity responses to levodopa according to the patients’
clinical features (stable responders to levodopa, motor fluctuations without LID and motor-
fluctuations with LID) have been demonstrated by several studies [107,164,165]. Of note, a previous
work on healthy subject demonstrated that L-Dopa enhanced both LTP- and LTD-like plasticity as
compared to placebo. In contrast, neither an LTP-like effect nor an LTD-like effect was modulated by
pramipexole highlighted that both D1 and D2 coactivation is required for LTD [166]. These data
should be taken into consideration when enrolling patients with complex therapies.

Most studies have demonstrated reduced LTP/LTD-like plasticity in patients with PD with
possible beneficial effect of levodopa in modulating the response to TBS and PAS protocols [167].
Recently a study described that QPS-induced LTP-like effect was reduced in PD and restored by L-
DOPA. The degree of the LTP was negatively correlated with MDS-UPDRS I and III scores, but not
with MMSE and MoCA-]. Interestingly the upper limb bradykinesia and rigidity showed a negative
correlation with the LTP-like effect whereas the tremor had no correlation [168]. In patients with
advanced PD, switching from intermittent to continuous levodopa delivery increased corticospinal
excitability and improved deficient intracortical inhibition and abnormal motor cortex plasticity,
along with amelioration of motor fluctuations and dyskinesia [169].

So far, data on the utility and efficacy of TMS seem to provide encouraging perspectives on the
diagnostic and therapeutic applications of NIBS techniques. Some TMS parameters in PD showed
differences in laterality or are more affected in phenotypes with a more aggressive course. Thus, it
would be useful and desirable to identify stable and reproducible profile that allow the
neurophysiological characterization of clinical phenotypes. This, moreover, could allow expanding
the therapeutic role of NIBS in PD and other movement disorders.

As rTMS technologies advance, navigated rTMS for NIBS of motor and non-motor areas
emerged. Using MRI scans, this technology allows greater accuracy and precision in the stimulation
site. Moreover, the same area can be stimulated in each consecutive session over the entire treatment
course that reduces variability of responses. These features make the navigated systems much more
reliable and user-friendly, compared with regular hand-held coils equipment. Despite the potential
advantages of navigated rTMS, its efficacy has not been tested extensively yet.

5. TMS and Sleep Disorders in PD

Recently, some studies explored the use of TMS to address diagnostic and therapeutic issues
related to sleep disorders in PD patients. This is of particular clinical and research interest, given the
common prevalence (e.g., insomnia) and the strong predictive role (i.e., RBD) of some sleep disorders
in PD patients, even before the onset of typical motor symptoms. Indeed, TMS alterations commonly
found in these patients may contribute not only to motor but also to non-motor symptoms, including
sleep disturbances. Interestingly, these might correlate with the severity of motor symptoms that can
disrupt sleep, such as rigidity and bradykinesia, thus hypothesizing a complex bidirectional
intersection between motor and sleep disorders in PD [170]. Although the direct application of TMS
in PD-related sleep disorders is less common, it can help to understand the pathophysiology
underlying both clinical manifestations and can be integrated with other techniques, such as
advanced neuroimaging [171].

In this scenario, RBD, i.e., a loss of physiological inhibition of muscle tone during REM sleep
characterized by dream-enacting behaviors, is widely recognized as a prodromal manifestation of
alpha-synucleinopathies. Patients with isolated RBD (iRBD) have an extremely high estimated risk
to develop a neurodegenerative disease, even after a long follow up [172]. Moreover, in comparison
with PD patients without RBD, the occurrence of RBD seems to identify a unique, more malignant
PD phenotype, characterized by more severe motor and non-motor symptoms and increased risk for
cognitive decline [173,174]. While some medications (e.g., melatonin, clonazepam, etc.) may have
some therapeutic benefits on RBD, there is no available treatment able to modify the disease course
or, at least, slow down the neurodegenerative phenoconversion [175]. Nevertheless, the long
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prodromal phase may allow an early diagnostic and therapeutic window and, therefore, the
identification of any TMS marker of disease onset and progression is crucial [176].

To date, however, few studies only have explored the TMS correlates of RBD and its progression.
The first study in RBD found an impaired SAI, which supported the cholinergic dysfunction in those
patients developing cognitive decline [177]. This was further supported in RBD patients in the context
of PD [90]. As such, cholinergic dysfunction may substantially contribute to non-motor aspects of PD
as well, raising also the hypothesis that RBD increased the risk of cognitive changes in PD. A more
recent study found that iRBD patients exhibited an electrocortical profile similar to that observed in
PD [178]. Moreover, intracortical disinhibition was related to muscular tone change, which supports
the model of retrograde influence of the brainstem to the cortex [179]. Therefore, an altered control
in RBD, which would arise from the brainstem and ascend to the cortex, may determine both a
reduced atonia during REM sleep and an imbalanced cortical disinhibition and hypofacilitation,
favoring the former. Recently, a direct comparison between iRBD and PD with RBD revealed that
both patient groups had a significantly decreased intracortical facilitation compared to healthy
controls, thus sharing the involvement of glutamatergic transmission [53]. Finally, another report has
recently compared PD without and with RBD: an enhancement of GABA-mediated and a reduction
of glutamine-mediated activity was found in PD+RBD only, thus suggesting a distinctive
pathophysiological processes in these subjects [180].

Several studies have investigated the therapeutic potential of TMS for sleep disorders in PD. For
instance, very recently, Khedr et al. found that rTMS applied over the parietal cortex improved sleep
quality in PD patients, reducing sleep fragmentation and nocturnal awakenings [181]. Another recent
study explored the effects of rTMS on excessive daytime sleepiness (EDS) in PD, demonstrating that
low-frequency rTMS over the right dorsolateral prefrontal cortex (DLPFC) may alleviate EDS
symptoms [182]. Furthermore, it has been found that high-frequency rTMS over the parietal cortex
improved sleep quality; in particular, rTMS improved sleep fragmentation and sleep efficiency, and
reduced nocturnal awakenings [183]. Lastly, to date, no study has applied rTMS in iRBD or in PD
patients with RBD, as recently reviewed [184]. Overall, studies suggest that TMS can be a potential
therapeutic intervention for sleep disorders in PD. Stimulation parameters and target areas need to
be carefully used to address various sleep-related symptoms; similarly, adequate monitoring is
needed for adequate follow up.

6. TMS in PD-Associated Dementia

Although PD was historically regarded primarily as a motor disorder, it is now well recognized
that behavioral, personality, and cognitive changes, culminating in dementia, are major non-motor
features of the late stages of the disease [185]. Since most TMS studies in PD have excluded patients
with overt dementia, available insights on Parkinson’s disease dementia (PDD) must often be inferred
from subgroup analyses involving individuals with mild cognitive impairment (MCI) or early
cognitive symptoms. Among the neurophysiological measures, short-latency afferent inhibition
(SAI)-which is thought to reflect central cholinergic function-has emerged as particularly relevant.
SALl is significantly reduced on the more affected side in PD patients overall [30], and is markedly
diminished in those with dementia [89,186] or MCI [92,93,187]. These findings suggest that abnormal
SAI may represent an early biomarker of cholinergic dysfunction and may be associated with the
development of visual hallucinations both of which are considered clinical harbingers of cognitive
decline and eventual dementia in PD, as previously introduced.

A recent pilot study explored the effects of high-frequency rTMS over the M1 in patients with
PD and comorbid dementia. The authors reported improvements in motor performance and modest
gains in cognitive scores (MMSE, MoCA), suggesting a potential role for M1-targeted stimulation
even in cognitively impaired patients [188].

Another study evaluated the effects of intermittent theta burst stimulation (iTBS) over the left
dorsolateral prefrontal cortex (DLPFC) in patients with PD-MCL Significant improvements were
observed in visuospatial and executive functions, with effects persisting up to one month post-
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treatment [189]. In contrast, another randomized controlled trial failed to find significant cognitive
improvements following bilateral high-frequency rTMS over the DLPFC in a similar population,
highlighting the variability in responsiveness and the potential dependence on baseline cognitive
network integrity [190].

7. TMS in Atypical Parkinsonian Syndromes

While TMS has been extensively studied in idiopathic PD, its application in atypical
parkinsonian syndromes, such as PSP, MSA, CBD, and dementia with Lewy bodies (DLB), remains
relatively underexplored. These disorders, characterized by distinct pathophysiological mechanisms
and clinical manifestations, often exhibit limited and transient responsiveness to conventional
dopaminergic therapies, highlighting the need for alternative therapeutic approaches.

7.1. Progressive Supranuclear Palsy

PSP is a neurodegenerative disorder clinically characterized by akinetic rigidity, early-onset gait
instability, axial dystonia, and impaired voluntary vertical gaze. In rare cases, PSP may initially
present with features resembling primary lateral sclerosis, without typical parkinsonian signs, gaze
palsy, aphasia, or dementia. In such cases, post-mortem analysis has revealed classical PSP-related
neuropathology involving motor regions. Specifically, tau-positive, argyrophilic tufted astrocytes,
neurofibrillary tangles, coiled bodies, and thread-like processes have been observed in M1 and
superior frontal gyrus, with lesser involvement of the basal ganglia and brainstem nuclei. Marked
fibrillary gliosis has also been documented in the precentral gyrus and corticospinal tract [191]. Based
on these considerations, a TMS-based exploration of PSP may disclose valuable diagnostic and
prognostic hints, along with some experimental treatment approaches.

Patients with PSP included in TMS studies were diagnosed according to the NINDS criteria,
although the samples varied in terms of disease stage and pharmacological treatment. A consistent
finding across studies is impairment of interhemispheric callosal connectivity, assessed via the
ipsilateral silent period (iSP), which may aid in the differential diagnosis of parkinsonian syndromes
[192-194]. In addition to prolonged iSP, PSP patients have shown abnormally increased MEP
amplitudes at rest [192] and a significant reduction in SICI, suggestive of reduced intracortical
inhibition and M1 disinhibition [192,195,196]. Reduction in the cortical silent period (CSP) has been
reported in a subset of 18 patients [192,196], further supporting cortical disinhibition in PSP.
Moreover, cTBS, which typically suppresses cortical excitability, paradoxically facilitated MEPs in
PSP patients [196], again indicating altered plasticity or homeostatic regulation in M1. Lastly,
cerebellar brain inhibition (CBI), a measure of functional cerebellar-cortical connectivity mediated by
inhibitory projections, was found to be significantly reduced, reflecting impaired cerebellar
modulation of cortical output in PSP [195,197], suggesting the involvement of Purkinje cells or the
dentato-thalamo-cortical pathway. Interestingly, cerebellar iTBS produced improvements in
dysarthria and enhanced cerebellar interhemispheric functional connectivity [195].

In PSP, preliminary studies have investigated the potential of cerebellar high-frequency rTMS
to enhance CBI, aiming to improve postural stability and speech functions. A pilot study
demonstrated that 10 Hz cerebellar rTMS increased CBI by 32-50% and yielded improvements in
postural control and speech in two patients with PSP, suggesting a promising avenue for intervention
[198]. Additionally, a double blind, placebo-controlled, crossover study involving 20 PSP patients
applied high-frequency rTMS over the primary motor cortex and prefrontal areas during passive leg
cycling. The study reported improvements in motor performance and apathy, indicating potential
benefits of rTMS in managing PSP symptoms [199]

7.2. Multiple System Atrophy

Multiple system atrophy (MSA) is a progressive neurodegenerative disorder characterized by
parkinsonism, autonomic dysfunction, cerebellar ataxia, and corticospinal tract involvement. Clinical
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subtypes of MSA are classified based on the predominance of symptoms: MSA with cerebellar
features (MSA-C), MSA with predominant parkinsonism (MSA-P), or MSA with prominent
autonomic failure. A pathological hallmark of MSA is the presence of oligodendroglial cytoplasmic
inclusions, which are frequently distributed across the primary and higher-order motor cortices, as
well as the pyramidal, extrapyramidal, and cortico-cerebellar systems [200].

In patients with sporadic olivopontocerebellar atrophy, often associated with MSA, elevated
MTs and reduced MEP amplitudes have been correlated with cerebral hemispheric atrophy
(Martinez et al., 1995). CMCT to the lower limbs has been found to be prolonged, particularly in
patients with longer disease duration [201,202]. However, the degree of corticospinal involvement
remains somewhat controversial. In a study of 45 patients with either MSA-C or MSA-P, MEPs were
found to be within normal limits [203], suggesting preserved corticospinal conduction. In contrast,
another study employing the triple stimulation technique, a more sensitive method for assessing
corticospinal dysfunction, revealed corticospinal impairment in six MSA patients [204].

TMS investigations also point to a reduction in intracortical inhibition in MSA [192,205,206].
Specifically, SICI was significantly reduced at an interstimulus interval (ISI) of 3 msec in 10 MSA-P
patients, but not in 4 MSA-C patients, while ICF at ISI 12 msec was not significantly altered [205,206].
Interestingly, acute L-DOPA administration enhanced SICI in MSA-P patients without producing
concurrent clinical improvement [205]. Additionally, SAI, a marker of cholinergic and sensorimotor
integration, was abnormally reduced in 8 out of 10 MSA-P patients, indicating a disruption in
sensory-motor cortical processing [207]. Cortical plasticity mechanisms also appear to be impaired in
MSA-P: in contrast to the facilitatory effect observed in healthy individuals, 5-Hz repetitive TMS
produced inhibitory effects on M1 excitability [208]. Furthermore, TBS, both intermittent and
continuous, failed to modulate MEP amplitude in MSA-P and MSA-C, suggesting a strong deficit in
M1 LTP/LTD-like plasticity [206].

Regarding MSA, the literature on rTMS application is scarce. Pan et al. [209] conducted a
randomized, double-blind, sham-controlled trial to evaluate the effects of high-frequency rTMS on
fatigue in patients with MSA. The study involved 22 patients who received either active rTMS (10
Hz, 10 sessions) over the left dorsolateral prefrontal cortex (DLPFC) or sham stimulation. The
primary outcome was fatigue severity, assessed using the Fatigue Severity Scale (FSS). Results
showed a significant short-term improvement in fatigue levels in the active rTMS group compared
to the sham group. Additionally, improvements in depression and sleep quality were observed. The
authors concluded that high-frequency rTMS over the left DLPFC might offer a safe and effective
short-term intervention for fatigue in MSA, potentially via modulation of non-motor circuits.

7.3. Corticobasal Degeneration

Corticobasal degeneration (CBD) is a rare neurodegenerative disorder that typically presents
with asymmetric akinetic-rigid syndrome, which is poorly responsive to L-dopa, along with upper
limb apraxia often associated with dystonia, commonly referred to as “alien limb” phenomenon. As
the disease progresses, additional features such as progressive myoclonus, gait disturbances, ocular
motility abnormalities, and a frontal-type dementia, may emerge. Structural imaging studies have
revealed atrophy and gray matter loss primarily affecting the premotor cortices and SMA [210,211].

Converging neurophysiological evidence suggests a functional impairment of motor areas in
CBD. Resting MT is significantly elevated in CBD patients compared to healthy controls [192],
indicating decreased cortical excitability. This hypoexcitability may be associated with the focal
degeneration of cortico-cortical inhibitory circuits, potentially contributing to the characteristic motor
impairments seen on the affected side.

Some TMS evidences have reported shortening of the cSP [212-214], along with disrupted
interhemispheric (iSP) inhibition, reflecting structural and/or functional callosal damage [194,215]
Wolters et al., 2004). These alterations have also been correlated with cognitive deficits [216] and
appear to worsen in parallel with the progression of motor symptoms [212].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0179.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0179.v1

14 of 32

Paired-pulse TMS studies targeting short ISIs between 1 and 5 msec have shown a reduction in
SICI in the M1 contralateral to the clinically affected side, indicating further impairment of inhibitory
interneuronal circuits [215,217,218]. Overall, CBD is characterized by increased MT, shortened cSP,
reduced SICI, and impaired transcallosal inhibition. These findings point toward a widespread
breakdown of inhibitory mechanisms within the motor cortex, likely attributable to progressive
neuronal degeneration [219]. This global disinhibition may underlie the observed corticospinal and
interhemispheric hypoexcitability, a hallmark of this atypical parkinsonian syndrome [192].

Interestingly, motor mapping studies using TMS have demonstrated an expanded cortical
representation of the hand area in CBD patients with alien-hand syndrome, which may represent a
compensatory reorganization of motor networks in response to ongoing neuronal loss [220]. To date,
no study has explored rTMS/TBS in patients with CBD.

7.4. Dementia with Lewy Bodies

DLB is a neurodegenerative synucleinopathy characterized by fluctuating cognition, attentional
and visuospatial deficits, recurrent complex visual hallucinations, and parkinsonian features
typically occurring in the absence of resting tremor [221]. In patients exhibiting parkinsonism,
reduced regional cerebral blood flow has been observed in the primary motor cortex (M1) and left
supplementary motor area (SMA) [222].

Despite the clinical relevance of DLB, few TMS studies have investigated patients in moderate
to advanced disease stages. Single-pulse TMS has demonstrated that rMT in DLB patients is similar
to that of healthy controls [223]. However, in line with neurochemical studies demonstrating
significant cholinergic deficits [224], SAI is significantly reduced in these patients [223,225].

Recent investigations aimed to clarify the neurophysiological basis of some hallmark symptoms,
such as complex visual hallucinations. Notably, reduced SAI has been shown to correlate with the
presence of hallucinations [225], highlighting the role of impaired cholinergic function in their
pathogenesis. In addition, enhanced visual cortical excitability, reflected by lower phosphene
thresholds, has been associated with greater hallucination severity [226], suggesting that both
cholinergic dysfunction and altered occipital excitability may contribute to the clinical phenotype of
DLB. In the context of DLB, rTMS has been primarily investigated for its effects on cognitive and
neuropsychiatric symptoms. While some preliminary studies suggest potential benefits, the evidence
remains limited, and larger, controlled trials are needed.

Overall, while initial studies indicate that rTMS may offer therapeutic benefits for certain
symptoms associated with atypical parkinsonian disorders, the current evidence base is limited by
small sample sizes and methodological heterogeneity. Future research should focus on large-scale,
randomized controlled trials to determine the efficacy, safety, and optimal protocols for rTMS in these
complex and diverse conditions [227]

8. TMS in Secondary Parkinsonisms

While TMS and rTMS have been extensively studied for idiopathic PD, their application in
various forms of secondary parkinsonism is significantly less documented and, therefore, direct
evidence remains scarce. Secondary parkinsonisms, which can arise from different causes, such as
vascular injury (vascular parkinsonism), drug exposure (drug-induced parkinsonism), head trauma
(post-traumatic parkinsonism), infections, inflammation, toxins, or other underlying neurological
disorders, often present different pathophysiological mechanisms and clinical features compared to
idiopathic PD and atypical parkinsonisms [228]. In some cases, secondary parkinsonisms may
recover, at least partially, as soon as the underlying cause is removed or alleviated. This distinction
is crucial, as the therapeutic effects of rTMS observed in idiopathic PD, often targeting motor cortex
excitability and related neural circuits, may not be directly translatable in these cases.

8.1. Vascular Parkinsonism
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Vascular parkinsonism (VP) is a characterized by parkinsonian motor features resulting
primarily from cerebrovascular lesions rather than neurodegenerative processes. VP often presents
with lower body predominance, gait impairment, cognitive dysfunction, and poor response to
dopaminergic therapy [229,230]. Given its distinct pathophysiology, TMS has been employed to
investigate cortical excitability and motor system integrity in VP, aiming to differentiate it from
idiopathic PD and to understand its neurophysiology.

Several TMS studies have examined cortical excitability parameters in VP patients. Variable
results in rMT in VP reflected a variable integrity of corticospinal pathways depending on the extent
and location of vascular lesions [231,232]. Notably, cSP duration, an index of GABA-B mediated
intracortical inhibition, has been found to be shortened in some VP cohorts, suggesting reduced
intracortical inhibitory control possibly due to subcortical ischemic damage affecting motor networks
[231].

SICI, reflecting GABA-A receptor-mediated inhibition, tends to be variably affected in VP. Some
studies report a reduction in SICI, indicating impaired inhibitory [232], whereas others observe
preserved SICI, likely due to heterogeneity in lesion distribution and disease severity (Rossi et al.,
2014). ICF findings are similarly inconsistent, with reports ranging from normal to mildly altered
facilitation profiles [233]. Conversely, LICI appeared to be enhanced in a patient with VP [234].
Furthermore, studies using paired-pulse TMS protocols have suggested altered sensorimotor
integration in VP patients, as assessed by SAI Reduced SAI in VP compared to controls indicates
cholinergic dysfunction or impaired thalamocortical connectivity, which might contribute to gait and
postural abnormalities characteristic of this condition [235].

Overall, TMS findings in VP support the notion of a disrupted balance between excitatory and
inhibitory cortical circuits, secondary to subcortical ischemic injury. This neurophysiological profile
contrasts with the more prominent cortical disinhibition seen in idiopathic PD, potentially offering a
useful biomarker for differential diagnosis.

Therapeutically, VP is often refractory to standard dopaminergic therapy, prompting
exploration of alternative treatments including neuromodulation techniques such as rTMS. Emerging
evidence suggests that 'TMS may improve motor symptoms and gait disturbances in VP patients by
modulating cortical excitability and enhancing motor network function [236]. A recent systematic
review assessed various interventions for VP, including rTMS. While levodopa response was
generally modest in VP compared to idiopathic Parkinson’s disease, the review highlighted that
rTMS and other novel therapies like vitamin D supplementation and photobiomodulation showed
encouraging preliminary results [237]. However, these findings are limited by small sample sizes and
risk of bias, underscoring the need for more rigorous trials to confirm efficacy and establish
standardized treatment protocols.

In conclusion, although data remain limited, rTMS emerges as a promising non-invasive
approach to modulate motor circuits in VP. However, future well-designed, large-scale studies are
required to clarify its role and optimize stimulation parameters.

8.2. Other Secondary Parkinsonisms

While some research has explored rTMS for levodopa-induced dyskinesia in PD, which is a
drug-induced movement disorder, this is distinct from drug-induced parkinsonism itself, and
specific studies on rTMS for the latter are not prominent in current literature. The duration of the
post-excitatory inhibition after TMS was investigated in 16 patients with drug-induced parkinsonism
and in 20 healthy control individuals. Notably, group comparison revealed a significant shorter post-
excitatory inhibition in patients than in control individuals and regression analyses showed a
negative correlation between the severity of the drug-induced parkinsonism and the duration of the
post-excitatory inhibition [238]. Also, cSP was found to be abnormal both in patients with PD and in
those with drug-induced parkinsonism. Namely, dopaminergic drugs modulated the cSP duration
in patients and in normal subjects, through mechanisms acting mainly at basal ganglia and possibly
also directly at cortical level [239].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202601.0179.v1


https://doi.org/10.20944/preprints202601.0179.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0179.v1

16 of 32

Similarly, while TMS has been investigated in the context of traumatic brain injury (TBI), its
specific efficacy in mitigating post-traumatic parkinsonian symptoms is not well-established. For
other forms of secondary parkinsonism, such as those induced by toxins, infections, or as a
manifestation of other neurological conditions (excluding vascular causes), there is a general lack of
dedicated studies assessing the diagnostic and therapeutic potential of TMS. Therefore, although the
principles of neuromodulation via TMS/rTMS offer a theoretical basis for early diagnosis and
potential intervention, the current body of research does not provide robust evidence or specific
guidelines for its application across the diverse spectrum of non-vascular secondary parkinsonisms.
Clinical trials specifically targeting these other forms of parkinsonism are needed to determine the
efficacy, optimal parameters, and specific indications for TMS and rTMS in these patient populations.

8.3. Functional Movement Disorders

TMS has been investigated also in functional movement disorders (FMD), primarily as a tool to
explore cortical excitability and understand pathophysiology, as well as a potential therapeutic
modality. Studies have used TMS to assess motor cortical physiology in FMD, often revealing
abnormalities in cortical inhibition and plasticity, though findings can be variable and sometimes
differ from those in organic movement disorders [240]. For instance, some research suggests altered
intracortical inhibition and facilitatory processes in patients with FMD, which might contribute to
their symptoms. Repetitive TMS has also been explored, with some studies reporting symptomatic
improvement in FMD, although the mechanisms remain under discussion, including the potential
for placebo or non-specific effects alongside a “true” neuromodulation [241-243].

Overall, diagnostic and therapeutic utility of TMS in FMD is less established, though it can help
in differentiating FMD from other movement disorders by demonstrating inconsistencies or normal
physiological parameters where abnormalities would be expected in organic conditions.

8. Conclusive Remarks and Future Outlooks

TMS has emerged as a promising non-invasive neuromodulatory technique in the context of PD,
with growing evidence supporting its potential to alleviate both motor and non-motor symptoms.
rTMS, particularly when applied to motor and prefrontal cortices, has demonstrated modest yet
significant improvements in symptoms such as bradykinesia, gait disturbances, depression, and
cognitive dysfunction. However, heterogeneity in stimulation protocols regarding frequency,
intensity, target area, and number of sessions continues to limit comparability across studies and
hinders the establishment of standardized therapeutic guidelines.

While TMS appears generally safe and well-tolerated, further large-scale randomized controlled
trials are needed to confirm its clinical efficacy, optimize stimulation parameters, and assess long-
term effects. Moreover, combining TMS with neuroimaging, electrophysiological monitoring, and
pharmacological therapies may enhance our understanding of its mechanisms and support the
development of individualized treatment strategies. Figure 1 provides a schematic summary of the
existing evidence concerning the diagnostic and therapeutic application of different TMS modalities
in PD.
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Figure 1.

In conclusion, TMS represents a valuable investigational and therapeutic tool in PD
management, but its routine clinical application requires more robust and consistent evidence.
Continued interdisciplinary research is essential to unlock its full potential in improving the quality
of life for patients with PD and other movement disorders.
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