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Abstract: Multiple system atrophy (MSA) is a neurodegenerative disease characterized by a-synuclein pathology and pronounced
clinical heterogeneity, making early diagnosis difficult. Functional magnetic resonance imaging (fMRI) has emerged as a promising
tool to enhance diagnostic precision. By identifying disease- and symptom-specific network connectivity abnormalities, fMRI may
reflect pathological changes in corresponding brain regions, thereby providing mechanistic insights. Recent work demonstrates that
resting-state fMRI (rs-fMRI) can capture subtype-specific patterns, predominant basal ganglia—cortical disruption observed in the
parkinsonian subtype of MSA (MSA-P) and cerebellar—cortical disconnection in the cerebellar subtype (MSA-C), reflecting their
respective underlying pathologies of striatonigral degeneration and olivopontocerebellar atrophy. Rs-fMRI can also distinguish MSA
from related parkinsonian syndromes, including Parkinson’s disease (PD) and progressive supranuclear palsy (PSP), based on
characteristic disruptions in cerebellar-cortical network connectivity. These patterns align with pathological features, providing
important insights into disease progression. Task-based fMRI (t-fMRI), though less studied, further highlights impairments in motor
network integration. Beyond diagnosis, fMRI has shown potential in evaluating treatment effects, with neuromodulatory interventions
such as transcranial magnetic stimulation associated with measurable network changes. However, existing studies remain constrained
by small sample sizes, single-center designs, and methodological variability. Future directions include large, multicenter trials,
standardized imaging protocols, and integration with multimodal and computational approaches to establish robust fMRI-based
biomarkers. Collectively, these advances position fMRI as a promising biomarker-oriented tool in MSA, supporting subtype
classification, enhancing differential diagnosis from PD and PSP, elucidating symptom-specific network dysfunction, and enabling
objective evaluation of therapeutic interventions in clinical and translational settings.
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Introduction
Multiple system atrophy (MSA) is a neurodegenerative disorder characterized by autonomic dysfunction, parkinsonism,
and cerebellar ataxia. Its pathological hallmark is the deposition of a-synuclein inclusions in oligodendrocytes, leading to
degeneration of the striatonigral and olivopontocerebellar systems.! The peak age of onset is in the sixth decade of life.
Current estimates of prevalence and incidence are 1.9-4.9 per 100,000 and 0.6-3 per 100,000 people per year,
respectively, with a median survival of 6-10 years from symptom onset.” Based on core symptoms, MSA is classified
into the parkinsonian subtype (MSA-P) and the cerebellar subtype (MSA-C). However, many patients exhibit over-
lapping features of both subtypes during the disease course, which complicates accurate clinical classification.®

Early diagnosis of MSA remains difficult due to substantial overlap of initial motor symptoms, such as bradykinesia,
rigidity, postural instability, and gait disturbance, with other parkinsonian syndromes, including PD and PSP.** This
clinical similarity, together with the absence of reliable disease-specific biomarkers,®® contributes to high rates of
misdiagnosis in early disease stages.”'® Although structural MRI is routinely used in the diagnostic evaluation of MSA,
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its utility is limited early in the disease course.'' Characteristic MRI features often emerge only after significant
neurodegeneration, while early pathological changes may be masked by compensatory mechanisms or involve subtle
microstructural alterations that are not detectable on conventional T1- or T2-weighted imaging.'*'* Consequently,
structural MRI findings may fail to reflect evolving clinical phenotypes, highlighting the need for imaging approaches
capable of detecting early functional network abnormalities.'*'?

Conventional structural MRI can reveal several characteristic features of MSA, including atrophy of the putamen,
pons, middle cerebellar peduncle (MCP), and cerebellum, as well as T2 signal abnormalities such as putaminal
hypointensity, pontine hyperintensity, and the “hot cross bun” sign.'® Although these findings demonstrate high
diagnostic specificity (>80%), their sensitivity in early disease stages is limited,'” and the extent of regional atrophy
does not consistently correlate with symptom severity, particularly for non-motor manifestations.'® These limitations
suggest that structural degeneration alone cannot fully account for the heterogeneous clinical presentation of MSA.

MSA is a neurodegenerative disorder neuropathologically defined by oligodendroglial and neuronal cytoplasmic
inclusions containing pathological insoluble alpha-synuclein aggregates.'® These pathological processes disrupt synaptic
function and large-scale network communication through mechanisms such as impaired neuronal signaling, metabolic
dysregulation, and abnormal neural synchronization. Importantly, such functional disturbances occur early in the disease
course and precede irreversible neuronal loss and gray matter atrophy, ultimately leading to progressive motor and non-
motor clinical impairment.®'%*° In addition to parkinsonism and cerebellar ataxia, patients with MSA frequently develop
prominent non-motor symptoms, such as autonomic dysfunction, cognitive impairment, depression, sleep disturbances,
which substantially affect quality of life and remain poorly explained by structural imaging alone.?! *

In recent years, fMRI has been increasingly applied in the research of MSA. fMRI approaches include resting-state
functional MRI (rs-fMRI) and task-state functional MRI (t-fMRI). Rs-fMRI assesses intrinsic “functional” connectivity
by mapping synchronized neural activation patterns across brain regions while subjects remain at rest. This method
identifies resting-state networks using blood-oxygen-level-dependent (BOLD) signal fluctuations. In contrast, t-fMRI
requires subjects to perform specific tasks (eg, visual, auditory, or motor tasks) or respond to external stimuli (eg, flashes
or sounds) while BOLD signal changes are recorded. Through these strategies, researchers can examine neural activity
during task execution and stimulus response, providing insights into functional organization and brain network
dynamics.>> %’

This article aims to systematically summarize advances in fMRI research on MSA, including its role in subtyping,

differential diagnosis, and explanation of symptom mechanisms, while also exploring future applications.

Rs-fMRI Alterations in MSA Patients

In MSA, the accumulation of a-synuclein-positive glial cytoplasmic inclusions (GClIs) disrupts widespread brain net-
works, leading to clinical dysfunction.”® While structural changes such as gray matter atrophy typically appear only in
later stages, rs-fMRI can detect disease-related alterations earlier and more sensitively, aiding in the identification of
early-stage patients.”

Rs-fMRI Alterations in MSA-C and MSA-P Patients

The cerebellum is the primary region affected in MSA-C, and most fMRI studies therefore focus on its connectivity with other
brain regions. Research has demonstrated widespread impairments in cerebellar-cortical functional connectivity (FC) in
MSA-C, including disruptions in the default mode network (DMN), sensorimotor network, and visual cortices.”’* Studies of
white matter connectivity further have shown significantly reduced coupling in the superior, middle, and inferior cerebellar
peduncles, as well as corticospinal tracts (CSTs),'* consistent with MSA’s pathological hallmarks. However, the reported
correlations between cerebellar connectivity loss and disease duration or clinical progression are inconsistent, likely reflecting
heterogeneity in patient cohorts with respect to disease stages and severity. Interestingly, MSA-C patients also exhi-
bit enhanced cerebellar-pontine connectivity, which may represent compensatory mechanisms at specific disease phases.*
Compared with MSA-C, fewer fMRI studies have examined MSA-P, but available evidence indicates prominent
dysfunction within basal ganglia—cortical motor networks. Rs-fMRI studies have reported reduced fractional amplitude
of low-frequency fluctuation (fALFF), reflecting decreased spontaneous neuronal activity in the caudate nucleus and
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putamen of MSA-P patients. In addition, FC between the putamen and cortical motor regions, including the precentral
gyrus, supplementary motor area, and cingulate cortex, is widely weakened, with disrupted interhemispheric basal
ganglia connectivity correlating with motor symptom severity. These findings suggest that impaired basal ganglia—
cortical communication directly contributes to deficits in motor execution and action sequencing in MSA-P.*?
Conversely, increased cerebellar fALFF has been observed, which may represent a compensatory response during
early disease stages as basal ganglia—cortical circuits progressively decline.**

Differences in fMRI Findings Between MSA-P and MSA-C Subtypes

The pathological features, treatment responses, and prognoses of MSA subtypes differ significantly. Accurate classifica-
tion of MSA-P versus MSA-C is therefore critical, not only for understanding of disease pathogenesis and developing
targeted therapies but also for improving clinical management. Classification of MSA subtypes is challenging.*> Beyond
clinical phenotyping, there remains an urgent need for identifying objective biomarkers to distinguish the two subtypes.’

Recent fMRI studies have revealed several important differences: In MSA-C, markedly reduced connectivity has been
observed between the cerebellar dentate nucleus and both the basal ganglia and sensorimotor cortex, whereas in MSA-P
patients, reductions were more evident in putamen-cortical connectivity.’® The DMN further demonstrated prominent
dysfunction in DMN-cerebellar circuits in MSA-C, while in MSA-P patients, the dominant impairment lies within fronto-
basal networks.?” These results are consistent with prior dopamine transporter positron emission tomography (DAT-PET)
studies which showed more severe dopaminergic denervation in the basal ganglia of MSA-P patients.>® Another study
adopting static and dynamic graph theory metrics attributes added another layer of distinction, as MSA-C patients
exhibited greater declines in local efficiency and weighted degree of connectivity in the cerebellum, with stronger
correlations with clinical severity scores.>”

In summary, MSA-C is primarily characterized by widespread cerebellar-cortical connectivity reduction, while MSA-P
patients show predominant basal ganglia-cortical circuit disconnection. Importantly, the median disease duration of patients
enrolled in the studies was approximately 3 years, corresponding to the early to mid-stage of MSA. Further longitudinal
studies are thus required to investigate how FC differences between subtypes evolve with disease progression. Variability in
reported FC changes across studies likely reflects heterogeneity in patient cohorts, disease stage, and imaging methodol-
ogies. Future multicenter studies adopting standardized acquisition and analysis protocols are essential to enable meta-
analyses and generate robust and reliable conclusions.

Changes in Rs-fMRI of Motor and Non-Motor Symptoms in MSA Patients

Rs-fMRI Alterations in MSA Patients with Depression

Depression is a frequent and clinically significant non-motor symptom in MSA, substantially affecting quality of life of
patients.**™*? Increasing evidence suggests that depressive symptoms in MSA are closely linked to dysfunction within
distributed limbic—cortical networks, which can be sensitively captured by rs-fMRI. Reduced functional activity in the
rostral anterior cingulate cortex (rACC), the right middle temporal lobe, and the right thalamus has been associated with
greater depression severity in MSA.** In addition, aberrant FC between the amygdala and middle frontal gyrus has been
linked to emotional dysregulation, further contributing to depression.** Overall, these findings suggest that depression in
MSA arises from disruption within limbic-cortical circuits, particularly those involving the amygdala and prefrontal-
thalamic pathways that regulate affective processing.

Rs-fMRI Alterations in MSA Patients with Cognitive Impairment

Cognitive impairment (CI) is not considered a core clinical feature of MSA and is absent from current diagnostic criteria.'®

However, studies indicate that approximately 25% of patients exhibit deficits in visuospatial function, attention, and executive

functioning,*® while autopsy findings reveal pathological changes in cognition-related regions in up to 32% of cases.*
Structural MRI studies demonstrate that CI correlates with cortical-subcortical atrophy across multiple brain

214651 jncluding gray matter atrophy in the bilateral basal ganglia, bilateral thalamus, cerebellum, temporal/

regions,
frontal lobes,”" and the pericalcarine cortex,*® etc. However, emerging research suggests that early cognitive decline in

MSA is more closely related to functional disruption than to structural alterations.’>>* Yang et al identified decreased
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middle prefrontal cortex activity and altered FC with the precuneus, inferior parietal lobe, and insula were possible
biomarkers of cognitive dysfunction in patients with MSA.>* A 2023 Study further demonstrated alterations in
spontaneous activity within the dorsolateral prefrontal cortex (DLPFC) and cerebellum, along with disrupted DLPFC-
inferior parietal lobule (IPL) and cerebello-cerebral networks, highlighting these regions as potential biomarkers for early
cognitive decline.*

Additional work has implicated cerebellar dysfunction: reduced FC between the cerebellum and prefrontal/amygdala
regions appears to underlie CI in MSA.>* Intriguingly, enhanced parietal-cerebellar connectivity observed in some
patients may represent a compensatory mechanism that delays cognitive deterioration.”® In summary, these results
highlight the dual role of the cerebellum in both motor control and higher-order cognitive functions such as executive
processing and emotional regulation,”® emphasizing its critical yet understudied involvement in MSA-related CI. The
findings from fMRI not only confirm structural damage in key regions but also revealed disrupted connectivity within
brain networks.

Rs-fMRI in MSA Patients with Freezing of Gait

Freezing of gait (FoG) is a common and debilitating symptom in MSA,>® yet, rs-fMRI studies addressing FoG in this
population remain limited compared to those in PD. A 2022 study demonstrated that FOG severity was negatively
correlated with left thalamic degree centrality and found abnormal FC between the thalamus and multiple regions,
including the middle temporal gyrus, inferior parietal lobule, and cerebellum.’” Another study found altered topological
properties in whole-brain networks, including the dorsal attention network (DAN), the frontoparietal network (FPN), and
the DMN, with nodal centrality changes in frontal and limbic regions correlating negatively with FOG severity.’®
Together, these findings suggest that FoG in MSA arises from dysfunction across distributed networks involved in motor
planning, attention, and executive control, highlighting the potential of rs-fMRI to identify clinically relevant network
biomarkers for this disabling symptom.

Rs-fMRI Alterations in the Central Autonomic Network (CAN) in MSA
Autonomic dysfunction is a feature of MSA, such as orthostatic hypotension, urinary symptoms, and constipation.'®
Central regulation of autonomic function is mediated by the central autonomic network (CAN) in the human brain, which
comprises interconnected cortical and subcortical regions including the posterior midcingulate cortex (pMCC), right
anterior insula (RaINS), left posterior insula (LpINS), left amygdala (LAMYG) and ventromedial prefrontal cortex
(vmPFC).>® Rs-fMRI studies have demonstrated significant FC alterations within the CAN in patients with MSA.
A recent study reported disrupted connectivity between CAN hubs and sensorimotor, limbic, striatal, and cerebellar
regions, with these abnormalities correlating with motor symptom severity, selected non-motor symptoms such as urinary
dysfunction and cognitive impairment, and overall disease severity.” These findings suggest that CAN dysfunction in
MSA extends beyond isolated autonomic failure and may drive broader clinical deterioration. However, direct correla-
tions between CAN connectivity alterations and specific autonomic features, particularly orthostatic hypotension, remain
insufficiently explored and warrant further investigation.

In addition to fMRI, studies have found that changes observed with other imaging techniques, such as dopaminergic
radiotracer imaging, are also significantly correlated with certain clinical features in MSA patients, including the severity

of symptoms like urinary incontinence and dysphagia.®'-**

Rs-fMRI in Differentiating MSA from PD and PSP

PD and MSA, particularly MSA-P, share overlapping motor manifestations in early disease stages, making accurate
differentiation difficult. Postmortem studies have shown that 15-38% of clinically diagnosed MSA cases were mis-
classified, with 16% misdiagnosed as PD.®*%* Conversely, about 35% of PD diagnoses were later revised to MSA after
pathological confirmation.®*%> Compared with PD, MSA-P progresses more rapidly, demonstrates poor or absent
response to dopaminergic therapy, and is associated with greater disability and shorter survival.®® Accurate distinction
between these disorders is crucial for prognosis, clinical trial enrollment, and therapeutic decision-making. Despite the
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clinical importance, no objective biomarker currently provides definitive discrimination.® However, recent rs-fMRI
studies have offered promising diagnostic insights.?*>*¢7~74

A multi-modal MRI study incorporating susceptibility-weighted imaging, rs-fMRI, T1-weighted imaging, and diffu-
sion tensor imaging demonstrated that fMRI-derived features had superior discriminative power compared with other
MRI modalities differentiating PD from MSA.”® Baggio et al further demonstrated that, compared to PD, MSA patients
exhibited reduced FC between the cerebellum and cerebral networks including, the left frontoparietal network (FPN),
sensorimotor network, and salience network, as well as reduced cerebellum-striatum connectivity.®” Combined structural
and fMRI studies further revealed that MSA patients display significantly lower FC between the bilateral dentate nuclei
(DN) and the DMN, alongside cerebellar gray matter atrophy, with both measures correlating cognitive and motor
symptom severity.””

Other analytic approaches support these distinctions. One study investigated brain connectome alterations in MSA-P
and PD using a variety of methodologies (graph theory, whole-brain FC, and machine learning), and found that MSA-P
patients exhibited severe cerebellar-cortical disconnection, whereas PD patients demonstrated basal ganglia-cortical
disconnection with relative preservation of cerebellar function. This approach achieved high diagnostic accuracy
(AUC>0.90) in distinguishing early-stage MSA-P from PD.”*

While PD is characterized by neuronal a-synuclein inclusions (Lewy bodies) that are associated with dopaminergic
neuron loss in the substantia nigra, MSA features glial a-synuclein pathology predominantly affecting oligodendrocytes.
The oligodendroglial a-synuclein pathology in MSA is associated with a more rapid progression and earlier onset of
severe motor and autonomic dysfunction compared to PD.> These pathological distinctions have direct implications for
neuroimaging. While PD shows predominant nigrostriatal dysfunction, a-synuclein-driven glial pathology in MSA leads
to more diffuse network disruption, affecting basal ganglia—cortical and cerebellar—cortical circuits. Our fMRI findings of
widespread connectivity alterations likely reflect this glial a-synuclein burden Table 1. Thus, these results suggest
a mechanistic link between the characteristic pathology of MSA and its functional impairment.

In summary, in MSA-P patients, there was markedly reduced cerebellar connectivity with the FPN and sensorimotor
networks, while PD patients had more pronounced basal ganglia-cortical circuit disconnection. Beyond conventional FC
analyses, connectome-based and graph-theoretical approaches have emerged as an important direction in fMRI studies of
MSA, enabling whole-brain characterization of network efficiency, nodal centrality, and dynamic connectivity. Recent
studies using these methods have demonstrated specific network disruption and correlations with clinical severity,

providing complementary systems-level insights into MSA as a network disorder.**""*

Rs-fMRI in Differentiating MSA from PSP

PSP and MSA also present overlapping early clinical features, including bradykinesia, rigidity, postural instability, and
cognitive decline, causing further diagnostic challenges.” In 2021, Kadota et al used rs-fMRI to delineate distinct neural
signatures. PSP was characterized by reduced signal complexity in the bilateral prefrontal cortices and prominent frontal
lobe dysfunction, while MSA demonstrated cerebellar network abnormalities.”” These findings highlight that rs-fMRI
can capture divergent network vulnerabilities-frontally driven dysfunction in PSP versus cerebellar-centric disruption in
MSA, providing a potential biomarker for early differential diagnosis. Currently, this is the only study utilizing fMRI to
differentiate MSA from PSP, thus the evidence remains preliminary. Further research is required to confirm these findings
and to better characterize FC differences between the two disorders.

It is worth noting that fMRI-derived features, especially characteristic patterns of cerebello-cortical disconnection,
provide clinically interpretable imaging signatures that can support the differential diagnosis of MSA-P from PD and
PSP. Rather than serving as isolated markers, these FC patterns can complement clinical assessment by reflecting disease-
specific network vulnerability, thereby enhancing diagnostic precision in routine clinical evaluation.

In recent years, advances in other imaging technologies, such as diffusion tensor imaging (DTI), have further
contributed to the differential diagnosis of parkinsonian syndromes.’® DTI has demonstrated high accuracy in distin-
guishing MSA from related disorders by capturing microstructural white matter degeneration, while cerebral glucose
metabolism imaging provides complementary metabolic information.”” Integrating fMRI with DTI and PET may there-
fore enhance diagnostic capability by combining functional, structural, and metabolic biomarkers.
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Table | Resting State fMRI Findings in Differentiating MSA From PD and PSP Patients

Reference | fMRI Acquisition/Analysis | fMRI Results |1 (Connectivity or fMRI and Clinical Correlations
Activity)
[67] rs-fMRI/ICA and fALFF MSA vs PD-hallucinations=| DMN —
[29] rs-fMRI/ALFF MSA vs PD=1 visual associative areas and | —
right cerebellum
[68] rs-fMRI/seed-based MSA vs PD=1 from dentate nucleus to | Causal connectivity between left precentral
(ROI = dentate nucleus) posterior cingulate cortex gyrus and right DN correlated with motor
symptom scores in MSA patients
[69] rs-fMRI/ICA and dual MSA vs PD=| cerebellar connectivity with —
regression different brain networks and with the
striatum
[70] rs-fMRI/seed-based MSA vs PD=| FC between the bilateral | FC between bilateral DN and DMN inversely
(ROI = dentate nucleus) dentate nuclei and DMN correlated with MoCA in MSA patients
| left DN FC positively associated with UPDRS-III
scores in MSA patients
[71] rs-fMRI/seed-based ROl =the | MSA vs PD=| transitivity in the motor —
basal ganglia and cerebellum network related to the basal ganglia and
cerebellum
PD vs MSA=| intra-cerebellar connectivity
[72] rs-fMRI/a multiscale entropy PSP vs MSA=| entropy BOLD signal values in | | BOLD signals associated with cognitive
(MSE) analysis of BOLD bilateral prefrontal cortex impairment in PSP patients
signals
[73] Multimodal MRI comprising MSA-P vs PD=| mALFF in the left —
SWI, rs-fMRI (mALFF), TIWI | dorsolateral putamen (the most valuable
and DTI neuromarker for the classification)
[74] rs-fMRI the whole-brain MSA-P vs PD=| cortico-thalamo-cerebellar —
functional connectome / circuits
graph theory approaches PD vs MSA-P=| basal ganglia-thalamo-
cortical circuits
[34] rs-fMRI/fALFF (ROI = MSA-P vs PD=| cortico-striatal loop —
bilateral caudate nuclei and
putamen)

Abbreviations: ICA, independent component analysis; SWI, susceptibility-weighted imaging; rs-fMRI, resting-state functional magnetic resonance imaging; TIWI, Tl-
weighted imaging; DT], diffusion tensor imaging; mALFF, modified amplitude of low frequency fluctuations; fALFF, fractional amplitude of low frequency fluctuations; DN,
dentate nucleus.

Rs-fMRI as a Tool for Treatment Effect Evaluation in MSA
Rs-fMRI has emerged as a valuable tool for assessing the effects of neuromodulatory therapies in MSA. Targeted
transcranial magnetic stimulation (TMS) applied to the left primary motor cortex (M1) has been shown to enhance
functional connectivity with the DMN and cerebello-limbic networks, with these changes significantly correlating with
improvements in motor symptoms.”® In a subsequent investigation, a dual-target TMS protocol applied to the cerebellum
and bilateral M1 produced positive alterations in motor network connectivity in patients who demonstrated clinical motor
improvement, suggesting that rs-fMRI can sensitively track therapy-induced neural reorganization.”®

More recently, a clinical trial combined rs-fMRI with electroencephalography (EEG) to generate a more comprehen-
sive mapping of FC across brain regions. This multimodal approach aims to optimize the precision of repetitive TMS
(rTMS) efficacy assessment, potentially guiding individualized treatment strategies.*® Overall, these results highlight rs-
fMRI’s potential to serve as a biomarker-driven framework for personalizing and monitoring therapeutic interventions in
MSA, offering both mechanistic insight and clinical utility.

Neuropsychiatric Disease and Treatment 2026:22
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Task-State Functional MRI (t-fMRI) in MSA

Compared to rs-fMRI, t-fMRI studies in MSA are relatively limited but have revealed distinct functional characteristics. For
example, during grip force tasks, MSA-P patients exhibited reduced activation in the basal ganglia and primary motor cortex,
along with insufficient compensatory cerebellar activation, indicating impaired motor network integration.®!

A longitudinal t-fMRI study that tracked functional changes in the basal ganglia, cerebellum, and motor cortex over
one year in patients with PD, MSA-P, and PSP found that MSA patients showed decreased functional activity in the primary
motor cortex, supplementary motor area (SMA), and superior cerebellar motor regions (lobules V-VI). In contrast, PSP
patients exhibited reductions across all regions of interest, while PD patients demonstrated activity declines only in the
putamen and primary motor cortex. These results suggest that functional abnormalities progressed more rapidly in MSA
and PSP compared with PD, reflecting distinct pathological spreading patterns among parkinsonian syndromes.®” This
longitudinal t-fMRI study further demonstrated that tracking dynamic changes in task-related brain networks can distin-
guish disease progression patterns among PD, MSA-P, and PSP. From a functional neuroimaging perspective, these findings
support fundamentally distinct neuropathological spreading mechanisms, characterized by relatively slow, basal ganglia-
centered progression in PD versus more rapid and widespread multisystem involvement in MSA-P** and PSP.®

Overall, the application of t-fMRI in MSA research, though relatively limited compared to rs-fMRI, has revealed
distinct patterns of task-related brain functional abnormalities. Future t-fMRI studies may further exploit symptom-
specific task paradigms, such as autonomic regulation, balance control, and sleep-wake modulation, to explore the neural
mechanisms underlying both motor and non-motor manifestations of MSA.

Discussion

Functional MRI as a Promising Biomarker in MSA

MSA remains one of the most challenging neurodegenerative disorders to diagnose and monitor, particularly in its early
stages, due to marked clinical heterogeneity and the lack of reliable biomarkers. In this context, fMRI has emerged as
a powerful tool for capturing disease-related alterations in large-scale brain networks that may precede overt structural
degeneration. The findings summarized in this review collectively support the concept that fMRI provides sensitive,
pathophysiologically meaningful, and clinically relevant biomarkers for MSA, with potential applications spanning early
diagnosis, subtype classification, differential diagnosis, mechanistic interpretation of symptoms, and therapeutic monitoring.

fMRI Reveals Early and Subtype-Specific Network Vulnerability in MSA
A central contribution of fMRI in MSA lies in its ability to detect early functional network disruption before
irreversible neuronal loss becomes evident on conventional structural imaging.'*'? Available rs-fMRI studies
consistently demonstrate distinct and reproducible connectivity patterns corresponding to MSA subtypes. MSA-C
is predominantly characterized by widespread cerebellar—cortical disconnection, particularly involving the dentate
nucleus, sensorimotor cortex, and DMN, whereas MSA-P shows more pronounced disruption of basal ganglia—
cortical circuits with relative cerebellar sparing, at least in early to mid-disease stages.>”**** These functional
signatures align closely with known neuropathological distributions, olivopontocerebellar degeneration in MSA-C
and striatonigral degeneration in MSA-P, thereby reinforcing the biological validity of fMRI-derived biomarkers.
Importantly, several studies suggest that fMRI abnormalities may reflect not only neurodegeneration but also
compensatory network reorganization.”®>* Increased cerebellar activity or enhanced cerebellar—pontine connectivity
observed in some patients may represent adaptive responses aimed at preserving motor or cognitive function during
early disease phases. This dual capacity of fMRI to capture both degenerative and compensatory processes provides

unique insight into disease dynamics that cannot be obtained from structural imaging alone.?®>*>2

Mechanistic Insights into Motor and Non-Motor Symptoms

Beyond its diagnostic utility, fMRI substantially advances our understanding of the neural mechanisms underlying the
diverse motor and non-motor manifestations of MSA.**33-*® Altered connectivity within limbic-cortical circuits has been
linked to depression,** while disruptions in cerebello-prefrontal and frontoparietal networks correlate with cognitive
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impairment, even in the absence of significant cortical atrophy.>® Similarly, freezing of gait has been associated with
dysfunction across distributed networks involving the thalamus, cerebellum, attention and executive control systems,
underscoring its multifactorial neural basis.”>’~®

Particularly noteworthy is the emerging role of fMRI in characterizing alterations within the central autonomic
network (CAN), which provides a mechanistic framework for understanding autonomic failure, a defining feature of
MSA. FC changes between CAN hubs and motor, limbic, and cerebellar regions suggest that autonomic dysfunction in
MSA is not an isolated phenomenon but is integrated with global network degeneration.®® These findings reinforce the

concept of MSA as a network-level disorder rather than a collection of regionally confined pathologies.

Differential Diagnosis and Biomarker for Treatment Monitoring and Clinical Trials
Accurate differentiation of MSA from PD and PSP remains a major unmet clinical need. Accumulating evidence
indicates that fMRI-derived network signatures, particularly patterns of cerebellar-cortical disconnection, offer strong
discriminative power.®””’%"%7* Compared with PD, which is dominated by basal ganglia—cortical dysfunction with
relatively preserved cerebellar connectivity, MSA exhibits early and prominent cerebellar network involvement.®"!
In contrast, PSP is marked by frontal network dysfunction and reduced signal complexity in prefrontal regions,
distinguishing it from the cerebellar-centric abnormalities seen in MSA.”?

The integration of advanced analytical approaches, including graph theory and machine learning, has further
enhanced diagnostic accuracy, with some studies reporting excellent performance in distinguishing early-stage MSA-P
from PD.?*”* These findings position fMRI as a key component of future multimodal diagnostic frameworks for atypical
parkinsonian syndromes.

Another promising application of fMRI lies in its ability to sensitively track treatment-induced neural reorganization.
Changes in resting-state connectivity following neuromodulatory interventions such as transcranial magnetic stimulation
have been shown to correlate with clinical improvement, highlighting fMRI’s potential role as an objective outcome
measure in therapeutic trials.”®7%%¢ Given the lack of disease-modifying treatments for MSA, the availability of a non-
invasive biomarker capable of capturing subtle functional changes is particularly valuable for early-phase clinical studies
and personalized intervention strategies.

Limitations

Despite these advances, several limitations currently hinder the translation of fMRI into routine clinical practice. Most
existing studies are cross-sectional, single-center investigations with small sample sizes and heterogencous patient
populations. Variability in imaging acquisition parameters, preprocessing pipelines, medication status, and analytical
strategies complicates cross-study comparisons and limits reproducibility. Moreover, longitudinal fMRI studies tracking
disease progression remain scarce, leaving the temporal evolution of functional network changes in MSA incompletely
understood. Additionally, heterogeneity in patient characteristics, including age, disease duration, and clinical severity,
may significantly influence functional network connectivity and contribute to variability across studies. Pharmacological
factors, particularly dopaminergic and other symptomatic medications, can also modulate neural activity and resting-state
connectivity, potentially confounding disease-related fMRI findings. These sources of variability emphasize the impor-
tance of careful group stratification and medication control when interpreting functional imaging results in MSA.

Conclusion and Future Directions

In conclusion, current evidence supports fMRI as a promising and versatile biomarker for MSA. By capturing early,
dynamic, and system-level brain dysfunction, fMRI bridges the gap between molecular pathology and clinical phenotype
—particularly where conventional MRI measures of atrophy lack sensitivity in early disease stages. Integration with
structural MRI, DTI, and PET imaging offers a powerful multimodal approach: while atrophy quantification provides
anatomical specificity, fMRI reveals functional disruption preceding structural change. This synergy can address critical
gaps in diagnosis (earlier detection and subtype differentiation) and treatment evaluation (monitoring network-level
responses to emerging neuroprotective therapies). With continued methodological refinement and validation in
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longitudinal cohorts, fMRI-based biomarkers have the potential to shift MSA management from symptom-driven care to

mechanism-guided, individualized treatment strategies.

Future research should prioritize large, multicenter, longitudinal studies with standardized imaging protocols and

careful clinical phenotyping. The integration of fMRI with complementary modalities, such as DTI, high-resolution

structural MRI, dopaminergic and a-synuclein PET, and fluid biomarkers, is essential for developing robust, multimodal

biomarker panels. In parallel, advanced computational approaches, including network-based modeling and artificial

intelligence, may further enhance the sensitivity and specificity of fMRI-derived metrics.
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