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ABSTRACT

This review summarizes improvements in understanding the pathophysiology and early clinical symptoms of multiple system
atrophy (MSA) and advancements in diagnostic methods and disease-modifying therapies for the condition. In 2022, the Move-
ment Disorder Society proposed new diagnostic criteria to develop disease-modifying therapies and promote clinical trials of
MSA since the second consensus was proposed in 2008. Regarding pathogenesis, cutting-edge findings have accumulated on the
interactions of a-synuclein, neuroinflammation, and oligodendroglia with neurons. In neuroimaging, introducing artificial in-
telligence, machine learning, and deep learning has notably improved diagnostic accuracy and individual analyses. Advance-
ments in treatment have also been achieved, including immunotherapy therapy against a-synuclein and serotonin-targeted and
mesenchymal stem cell therapies, which are thought to affect several aspects of the disease, including neuroinflammation. The
accelerated progress in clarifying the pathogenesis of MSA over the past few years and the development of diagnostic techniques
for detecting early-stage MSA are expected to facilitate the development of disease-modifying therapies for one of the most in-

tractable neurodegenerative diseases.
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INTRODUCTION

Multiple system atrophy (MSA) is a progressive neurodegen-
erative disease characterized by varying degrees of autonomic
failure (AF), parkinsonism, and cerebellar ataxia.' Pathologically;
it is characterized by glial cytoplasmic inclusions (GCls), which
consist of insoluble a-synuclein accumulated within oligoden-
drocytes. MSA is classified as an a-synucleinopathy along with
Parkinson’s disease (PD) and dementia with Lewy bodies (DLB).

Cutting-edge technology has clarified the structure of a-synuclein
in MSA, and pathophysiological and differential diagnostic tech-
niques have been developed based on structural differences.>
Additionally, increasing evidence supports the involvement of
neuroinflammation and oligodendroglial cell changes in MSA

pathogenesis.**

Symptomatic treatment has limited efficacy in MSA, and no
treatments suppress or alleviate disease progression. However,
notable advancements have been achieved in the development
of antibody therapies against a-synuclein,” multitargeted disease-
modifying therapies, including mesenchymal stem cell (MSC)-
mediated neuroinflammation treatments, and other symptom-
atic treatments, such as selective serotonin reuptake inhibitors
(SSRIs)."

In 2022, the Movement Disorder Society (MDS) proposed
new diagnostic criteria to develop disease-modifying therapies
and promote clinical trials of MSA,"® which was the first time that
it had been revised since the second consensus was proposed in
2008. Additionally, novel biomarkers for diagnosis and progres-
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sion have been identified from brain imaging, and blood and
cerebrospinal fluid (CSF) data have been reported.'*

This review summarizes recent developments in MSA re-
search, clarifying the early pathophysiology, psychiatric and
cognitive symptoms, diagnostic biomarker development, and
drug discovery.

MOVEMENT DISORDER SOCIETY
CRITERIA FOR THE DIAGNOSIS OF
MULTIPLE SYSTEM ATROPHY

The second consensus criteria, which are widely used to di-
agnose MSA, were not sufficiently sensitive for the early stages;
therefore, since many patients with MSA have been excluded
from clinical trials for disease-modifying therapy, the MDS de-
veloped the current criteria for MSA diagnosis to improve ac-
curacy early in the course of the disease. According to the MDS
criteria, MSA is classified into four levels of certainty: neuro-
pathologically established MSA, clinically established MSA, clini-
cally probable MSA, and possible prodromal MSA.

The second consensus criterion was consistent with the neu-
ropathologically established MSA: findings of widespread and
abundant a-synuclein-positive GClIs in the central nervous sys-

tem associated with neurodegenerative changes in striatonigral
or olivopontocerebellar structures that characterize MSA on au-
topsy. A distinction between the MSA-parkinsonian type (MSA-
P) and MSA-cerebellar type (MSA-C) is evident according to the
predominant motor phenotype. The proposed new category of
possible prodromal MSA with very low specificity is expected
to undergo continuous refinement with emerging data, partic-
ularly from prospective investigations and biomarker studies.
All three clinical diagnostic categories (clinically established, clin-
ically probable, and possible prodromal MSAs) need validation
in future studies. For clinically established MSA, clinically prob-
able and possible prodromal MSA, symptoms must begin after
30 years of age because no MSA cases have been confirmed post-
mortem in the third decade of life or earlier; no past family his-
tory can be present, and the disease must progress, as in the sec-
ond consensus criteria. Older-onset MSA has been clinically
and pathologically demonstrated, and MSA-P has been report-
ed to be a significant disease type in South Korea and Japan.”’
Patients with MSA onset after 75 years of age were excluded from
the second consensus statement but not from the MDS MSA
criteria. Figure 1 summarizes the concept of the MDS criteria for
the clinical diagnosis of MSA. Table 1 compares supportive mo-
tor and nonmotor features, magnetic resonance imaging (MRI)
markers of clinically established MSA, exclusion criteria among

Possible prodromal
[ ] [

Clinically probable

Clinically established

Figure 1. Summary of the Movement Disorders Society criteria for the clinical diagnosis of multiple system atrophy. OH, orthostatic hypo-
tension; RBD, REM sleep behavior disorders; VD; voiding difficulties; nOH, neurogenic orthostatic hypotension; AF, autonomic failure; RV,
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MDS criteria, and additional features of possible MSA, support-
ive features, and nonsupporting features in the second consen-
sus statement.

Clinically established MSA is defined as a combination of 1)
core clinical features (at least one of three AFs and poorly levodo-
pa-responsive parkinsonism and/or cerebellar syndrome), 2) at

Table 1. Comparison of MDS criteria and second consensus statement

MDS criteria for the diagnosis of MSA

Supportive motor features
1. Rapid progression within 3 years of motor onset

2. Moderate to severe postural instability within 3 years of motor onset
3. Craniocervical dystonia induced or exacerbated by L-dopa in the absence

of limb dyskinesia
. Severe speech impairment within 3 years of motor onset
. Severe dysphagia within 3 years of motor onset
. Unexplained Babinski sign
. Jerky myoclonic postural or kinetic tremor
8. Postural deformities
Supportive nonmotor features
1. Stridor
2. Inspiratory sighs
3. Cold, discolored hands and feet

~N o o b

4. Erectile dysfunction (below 60 years of age for clinically probable MSA)

5. Pathologic laughter or crying
MRI markers of clinically established MSA
For MSA-P
1. Atrophy of:
e Putamen (and a signal decrease on iron-sensitive sequences)
e Middle cerebellar peduncle
e Pons
o Cerebellum
2. “Hot cross bun” sign
3. Increased diffusivity of:
e Putamen
e Middle cerebellar peduncle
For MSA-C
1. Atrophy of:
e Putamen (and a signal decrease on iron-sensitive sequences)
e Infratentorial structures (pons and middle cerebellar peduncle)
“Hot cross bun” sign
2. Increased diffusivity of:
e Putamen
Exclusion criteria

1. Substantial and persistent beneficial response to dopaminergic medications 1.

2. Unexplained anosmia on olfactory testing

3. Fluctuating cognition with pronounced variation in attention and alertness

and early decline in visuoperceptual abilities

4. Recurrent visual hallucinations not induced by drugs within 3 years of disease

onset
5. Dementia according to DSM-V within 3 years of disease onset
6. Downgaze supranuclear palsy or slowing of vertical saccades
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least two supportive motor or nonmotor features, 3) at least one
brain MRI marker suggestive of MSA, and 4) no exclusion cri-
teria met. The severity and definition of orthostatic hypotension
differed from those in the second consensus criteria. In the MDS
criteria, supportive features and MRI markers are necessary for
clinically established MSA compared to the second consensus

Second consensus statement on the diagnosis of MSA

Additional features of possible MSA
For possible MSA-P or MSA-C
1. Babinski sign with hyperreflexia
2. Stridor
For possible MSA-P
1. Rapidly progressive parkinsonism
2. Poor response to levodopa
3. Postural instability within 3 years of motor onset
4. Gait ataxia, cerebellar dysarthria, limb ataxia,
or cerebellar oculomotor dysfunction
5. Dysphagia within 5 years of motor onset
6. Atrophy on MRI of putamen, middle cerebellar
peduncle, pons, or cerebellum
7. Hypometabolism on FDG-PET in putamen, brainstem,
or cerebellum*
For possible MSA-C
1. Parkinsonism (bradykinesia and rigidity)
2. Atrophy on MRI of the putamen, middle cerebellar
peduncle, or pons
3. Hypometabolism on FDG-PET in the putamen*
4. Presynaptic nigrostriatal dopaminergic denervation
on SPECT or PET*
Supportive features
1. Orofacial dystonia
. Disproportionate antecollis
. Camptocormia and/or Pisa syndrome
. Contractures of hands or feet
. Inspiratory sighs
. Severe dysphonia
. Severe dysarthria
. New or increased snoring*
9. Cold hands and feet
10. Pathologic laughter or crying
11. Jerky, myoclonic postural/action tremor
Nonsupporting features
Classic pill-rolling rest tremor*
. Clinically significant neuropathy*
. Hallucinations not induced by drugs
. Onset after age 75 yr*
. Family history of ataxia or parkinonsinsm
. Dementia (on DSM-1V)
. White matter lesions suggesting multiple sclerossis

0N O~ WN

~NOo O WN

7. Brain MRI findings suggestive of an alternative diagnosis (e.g., PSP, multiple
sclerosis, vascular parkinsonism, symptomatic cerebellar disease, etc.)

8. Documentation of an alternative condition (conditions mimicking MSA,
including genetic or symptomatic ataxia and parkinsonism) known to produce
autonomic failure, ataxia, or parkinsonism and plausibly connected to the
patient’s symptoms

*not included in the new diagnostic criteria. MDS, Movement Disorder Society; MSA, multiple system atrophy; MSA-P, MSA-parkinsonian type; MSA-
C, MSA-cerebellar type; DSM, Diagnostic & Statistical Manual of Mental Disorders; PSP, progressive supranuclear palsy; FDG, ["®F]Fluorodeoxyglu-
cose; PET, positron emission tomography; SPECT, single photon emission computed tomography.
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statement. Rapid progression, moderate-to-severe postural in-
stability, severe speech impairment and dysphagia within three
years of motor onset; craniocervical dystonia induced or exacer-
bated by levodopa in the absence of limb dyskinesia; unexplained
Babinski signs; jerky myoclonic postural or kinetic tremors; and
postural deformities were the eight motor supportive features.
Stridor, inspiratory signs, cold, discolored hands and feet, erec-
tile dysfunction (in those aged < 60 years for clinically probable
MSA), and pathological laughter or crying were the five non-
motor features. MRI markers of clinically established MSA-P in-
clude atrophy of the putamen (and signal decreases on iron-sen-
sitive sequences), middle cerebellar peduncle, pons, or cerebellum,
the hot-cross-bun sign, and increased diffusivity of the putamen
or middle cerebellar peduncle. MRI markers of clinically estab-
lished MSA-C included atrophy of the putamen (and signal de-
creases on iron-sensitive sequences), middle cerebellar pedun-
cle, or pons, the hot-cross-bun sign, and increased diffusivity of
the putamen.

Clinically probable MSA was defined as a combination of 1)
AEF parkinsonism, and cerebellar impairment; at least two in any
combination, including parkinsonism combined with cerebellar
impairment without AF, although AF was essential in the sec-
ond consensus statement, 2) at least one supportive feature, and
3) no exclusion criteria met. The orthostatic hypotension and re-
sidual volume definitions for clinically probable MSA differed
from those for clinically established MSA (Figure 1).

The exclusion criteria for clinically established and clinically
probable MSA included 1) substantial and persistent beneficial
response to dopaminergic medications, 2) unexplained anosmia
on olfactory testing, 3) fluctuating cognition with pronounced
variation in attention and alertness and early decline in visuoper-
ceptual abilities, 4) recurrent visual hallucinations not induced
by drugs within three years of disease onset, 5) dementia ac-
cording to Diagnostic & Statistical Manual of Mental Disorders
(DSM)-V within three years of disease onset, 6) downgaze su-
pranuclear palsy or slowing of vertical saccades, 7) brain MRI
findings suggestive of an alternative diagnosis (e.g., progressive
supranuclear palsy [PSP], multiple sclerosis, vascular parkinson-
ism, symptomatic cerebellar disease), and 8) documentation of
an alternative condition (MSA-like condition, including genetic
or symptomatic ataxia and parkinsonism) known to produce
AF, ataxia, or parkinsonism and plausibly connected to the pa-
tient’s symptoms.

Possible prodromal MSA is defined as a combination of 1)
at least one of three clinical nonmotor features as entry criteria
(polysomnography-proven rapid eye movement [REM] sleep
behavior disorder, neurogenic orthostatic hypotension [decrease
>20/10 mm Hg in blood pressure] within 10 min of standing or
head-up tilt, urogenital failure [erectile dysfunction in men aged
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< 60 years combined with unexplained voiding difficulties with
postvoid urinary residual volume > 100 mL or unexplained uri-
nary urge incontinence]), 2) at least one of the subtle parkinsonian
or cerebellar signs, and 3) absence of exclusion criteria. Exclu-
sion criteria for possible prodromal MSA included the following:
unexplained anosmia in olfactory testing and/or abnormal cardiac
sympathetic imaging ("*I-metaiodobenzylguanidine-scintigra-
phy); fluctuating cognition with pronounced variation in atten-
tion and alertness and early decline in visuoperceptual abilities;
recurrent visual hallucinations not induced by drugs within three
years of disease onset; dementia according to DSM-V within
three years of disease onset; downgaze supranuclear gaze palsy
or slowing vertical saccades; brain MRI findings suggestive of an
alternative diagnosis (e.g., PSP, multiple sclerosis, vascular par-
kinsonism, symptomatic cerebellar disease, etc.); and documen-
tation of an alternative condition (MSA-like condition, includ-
ing genetic or symptomatic ataxia and parkinsonism) known to
produce AF ataxia, or parkinsonism and plausibly connected
to the patient’s symptoms. More recently, novel biomarkers for
MSA diagnosis have been provided but were excluded from the
new MDS criteria given the limited availability, suboptimal di-
agnostic accuracy, or lack of diagnostic validation. However, a
biomarker, which will allow the improved diagnosis of MSA,
will be applied to all MSA diagnostic categories.

OTHER EARLY CLINICAL PHENOTYPES
AND FEATURES

The clinical diagnosis of MSA requires the presence of various
combinations of AF and/or parkinsonism or cerebellar ataxia."'®
However, the median time from disease onset that meets the cri-
teria for probable diagnosis based on the second consensus cri-
teria is approximately two years.” Moreover, patients often have
only AE parkinsonism, or cerebellar ataxia early during the dis-
ease.” Therefore, in addition to the novel MDS diagnostic cri-
teria, a biomarker that can diagnose this stage of “monosystem
atrophy” with high accuracy is desirable.

In a recent report reviewing clinical symptoms before MSA
diagnosis using a sizable medical database,* hypotension, uri-
nary disturbance, dizziness, and disequilibrium were more fre-
quent. Additionally, the importance of new-onset or exacerbated
snoring has also been noted.” These clinical indicators, however,
are less specific because they can be detected in the presence of
diseases other than MSA or the absence of organic disease.

Concerning cognitive dysfunction and psychiatric symptoms,
memory impairment and depression have also been reported as
prodromal symptoms of MSA with high frequencies.” In partic-
ular, a history of depression was confirmed more than five years



before diagnosis. In a study, following the onset of MSA, 40%
of patients had mild to moderate cognitive dysfunction with or
without orthostatic hypotension, which was characterized by
executive dysfunction and verbal memory impairment, with de-
pression in 28% and anxiety disorders in 22% of patients.” Ac-
cording to a neuropathological study, neurocytoplasmic inclu-
sions in the hippocampal dentate gyrus, Ammon’s horn regions,”
and the entorhinal cortex may cause memory deterioration. In-
vestigation of the pathogenesis of cognitive dysfunction, includ-
ing complex pathology, remains a future challenge.

ADVANCES IN UNDERSTANDING THE
PATHOPHYSIOLOGY

Synucleinopathies, which are divided into Lewy body diseas-
es, including PD, DLB, and MSA, are clinically and pathologi-
cally heterogeneous disorders characterized by pathological ag-
gregates of a-synuclein in neurons and glia in the form of Lewy
bodies and neurites, neuronal cytoplasmic inclusions, and GClIs.
Recent breakthroughs have demonstrated that a-synuclein species
derived from Lewy body disease and MSA are distinct “strains”
with different seeding properties. First, cryo-electron microsco-
py shows the following characteristic structures of a-synuclein
in the brains of patients with MSA: 1) a-synuclein consists of two
different protofilaments, 2) the filaments of a-synuclein from the
brains of patients with MSA and DLB are different, and 3) the
structure of a-synuclein filaments extracted from the brains of
patients with MSA was found to differ from the structure formed
in vitro using recombinant proteins.” A study in which geneti-
cally modified mice were inoculated with recombinant or brain-
derived a-synuclein aggregates with different structures showed
that structural differences might cause differences in clinical pre-
sentation, the time to disease onset, and the structure of a-synuclein
brain deposits, in addition to the types of cells deposited and
a-synuclein propagation.’ GCIs from patients with MSA inject-
ed into the striatum of nonhuman primates resulted in the loss
of substantia nigra dopaminergic neurons and medium-sized
striatal spinous cells and the loss of oligodendrocytes in the same
region, and demyelination, neuroinflammation, and a-synuclein
pathology were noted.”* Despite controversy regarding oligoden-
drocytes” a-synuclein expression, MSA-derived extracts can ex-
acerbate oligodendroglial a-synuclein pathology. Furthermore,
nigral and striatal degeneration appears to precede GCI forma-
tion, which is linked to a-synuclein redistribution in oligoden-
drocytes. However, Lewy bodies injected into nonhuman pri-
mates did not show such redistribution.”* As a result, disease-
related strains could differentiate between PD and MSA. These
findings indicated the significant role of structural abnormali-
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ties in a-synuclein in the pathogenesis of MSA (Figure 2).

The role of inflammatory pathogenesis has also oftered impor-
tant insights, with significant increases in HLA-DR+ microglia in
the putamen and substantia nigra of patients with MSA compared
with controls and significant increases in CD3+, CD4+, and
CD8+ T cells in these brain regions.* Furthermore, [''C]PBR28
positron emission tomography (PET), which visualizes the trans-
locator protein expressed in glial cells, revealed a significant in-
crease in the accumulation of lentiform nuclei and cerebellar
white matter in MSA compared with PD, and both diseases could
be differentiated with 83% sensitivity and 100% specificity.® Con-
versely, a genome-wide association study revealed a multifac-
torial overlap between MSA and inflammatory bowel disease,
identifying three shared loci with reading variants upstream of
the DENNDIB and RSP04 genes and in an intron of the C7
gene, which has been implicated in various neuroinflammato-
ry conditions.®

GCI, a diagnostic indicator of MSA, is generated within oli-
godendroglia. p25a/tubulin polymerization-promoting protein
is expressed in mature oligodendroglia and is essential for my-
elin reorganization and stabilization. Ferreira et al.” found that
in MSA, 1) oligodendroglial cell body expansion and myelin pri-
mary protein degradation occur; 2) p25a/TPP leaves the nucleus
and forms an inclusion body in the cytoplasm; 3) the a-synuclein
monomer enters the inclusion body, and p25a/TPP becomes
nucleated and forms MSA-type a-synuclein aggregates; and 4)
p25a/TPP can be released from oligodendroglial cells to form
nuclear and cytoplasmic inclusions in neurons. Moreover, a study
profiling the expression of microRNAs in the serum of 20 MSA
cases compared with 40 controls via genome-wide analysis found
25 microRNAs associated with MSA.® In particular, the expres-
sion of microRNA-7641, which regulates axonal myelination,
and microRNA-191, which is involved in T-cell survival and prion
pathways, were significantly different between MSA and PD,
which is worth noting considering the association between neu-
roinflammation and abnormal oligodendroglia.

DIAGNOSTIC BIOMARKER
DEVELOPMENT

New diagnostic methods focusing on MSA-type a-synuclein
are being developed. The properties of a-synuclein aggregates in
CSF treated with protein misfolding cyclic amplification (PMCA)
and real-time Quaking-Induced Conversion (RT-QuIC) pro-
vided useful findings for the early diagnosis of MSA and differ-
entiation from PD. Initially, the PMCA reaction was performed
by cyclic sonication and incubating infected samples with typi-
cal brain homogenates containing cellular prion protein (PrPC)

www.emd.org 17
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Figure 2. Proposed pathogenesis in MSA. Research on the characteristic structure of a-synuclein, neuroinflammation involvement, and the
interaction between oligodendroglia and neurons is rapidly advancing progress in MSA. MSA, multiple system atrophy.

as the substrate. Then, PMCA products were analyzed with pro-
tease digestion, and Western blotting was performed to detect
amplified conversion products. However, as a limitation, PMCA
requires a week-long reaction time, and Western blotting carries
the risk of biohazardous infectivity of the amplified products.
In contrast, RT-QuIC provides much shorter assay times (e.g.,
1-2 days) and noninfectious amplification products using mul-
tiwell plates; shaking instead of sonication, a recombinant rather
than brain-derived PrPC substrate, and fluorescence (thiofla-
vin T) instead of a Western blot readout (Figure 3).

Further development of PMCA and RT-QulC assays has im-
proved their sensitivity, specificity and applicability to most prion
diseases and proteinopathies. PD/DLB and MSA can be differ-
entiated with high sensitivity and specificity using the differences
in their aggregation rate and intensity of maximum fluorescence.'®
Interestingly, RT-QuIC showed high seeding activity in CSF from
patients with PD, DLB, pure AFE, and idiopathic REM sleep be-
havior disorders but no increase in seeding activity in those with
MSA."” However, the results on RT-QulC in MSA are not consis-
tent among studies, and some studies report positive RT-QuIC
in MSA.'** Although no study has directly compared PMCA
and RT-QuIC, differences in the structure of a-synuclein may

18

have influenced the results, and further investigation is war-
ranted. Concerning the immunostaining results for a-synuclein
phosphorylated explicitly at serine 129 residues in nerves in the
skin of the neck, thighs, and lower legs, 72% of patients with
MSA-P showed positive findings, mainly in somatic fibers in
the distal subepidermal plexus. In contrast, all patients with PD
and orthostatic hypotension had positive findings of autonomic
cutaneous fibers in the proximal and distal areas.” Differences
in the structure of a-synuclein may also influence these differ-
ences in sites with lesion tendencies.

The neurofilament light chain (NFL), a cytoskeleton compo-
nent abundant in the axonal projections of neurons, can be ele-
vated in CSF and blood, indicating neuronal damage. NFL in
CSF s significantly elevated in MSA compared to PD and DLB,
and a-synuclein measured using PMCA was characterized by
faster aggregation but lowered maximal fluorescence in MSA
compared to PD/DLB.*' By combining the results of NFL and
PMCA-based a-synuclein, differentiating MSA from PD/DLB
with high sensitivity and specificity may be possible. NFL in blood
also correlates well with the unified MSA rating scale (UMSARS)
and is expected to serve as a biomarker of progression.”

For novel imaging biomarkers, difftusion MRI was reported to
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Figure 3. A novel diagnostic marker in MSA. Diagnostic methods for MSA include the development of techniques to detect MSA-type
a-synuclein and neurofilament light chain release with the loss of neurons and oligodendroglia, monitoring of characteristic laryngeal find-
ings, and the development of imaging methods combining advanced statistical methods such as artificial intelligence, machine learning,
and deep learning. MSA, multiple system atrophy; CSF, cerebrospinal fluid; PD, Parkinson’s disease.

detect abnormalities of the middle cerebellar peduncle and pu-
tamen in MSA with notable sensitivity. However, given that most
studies used a manual region of interest (ROI), discrepancies in
results have been a problem. Krismer et al.” reported that com-
bining automated ROIs with machine learning and mean dif-
fusivity;, a measure of diffusion MRI in the middle cerebellar pe-
duncle and putamen, can be a good discriminator between early
and mid-stage MSA and PD. In a study of 1,002 patients with
MSA at 17 centers, machine learning was used to analyze data
from 60 template regions and fiber bundles on MRI diffusion-
weighted images, validating the discriminative ability for PD,
MSA, and PSP. In this study, the area under the curve (AUC) for
differentiating PD from MSA/PSP was 0.955, and the AUC for
differentiating MSA from PSP was 0.926.** Voxel-based mor-
phometry, a method for standardizing differences between facili-
ties compared to diffusion MR, usually requires group compari-
sons, but individual analysis has recently become possible. Ebina

1.25

et al.” applied a generalized linear model to each voxel of brain

volume using age, sex, and total brain volume as covariates, which
affected the results of individual analyses. They observed high di-
agnostic accuracy (individual voxel-based morphometry adjust-
ing covariates) for differentiating MSA from PD. The combina-

tion of automation and machine learning will continue improving
diagnostic accuracy and standardizing methods for individual
analyses.

In a study focusing on laryngeal findings, 43.9% of patients
with MSA showed clinically evident laryngeal dysfunction and
inspiratory stridor. Endoscopic observation of laryngeal move-
ment revealed abnormal findings in 93% of patients with MSA
compared with only 1.8% of patients with PD (p < 0.0001). Ad-
ditionally, irregular laryngeal cartilage movement was observed
in 91.2% of patients with MSA but not in patients with PD (p <
0.0001). Various findings were also noted, including impaired
vocal fold movement (75.4%), paradoxical vocal fold movement
(33.3%), and vocal fold fixation (19.3%), signifying that laryn-
geal findings are diagnostic indicators of MSA.*

DISEASE-MODIFYING THERAPIES AND
OTHER TREATMENT

Novel disease-modifying therapies for MSA are being devel-
oped to inhibit a-synuclein aggregation, alleviate neuroinflam-
mation and confer neuroprotective effects.” In a study of PDO1A
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and PDO3A (a-synuclein peptide vaccines) administered to 30
patients with MSA, no safety or tolerability issues were observed
in either group.” Rapid and sustained antibody production tar-
geting a-synuclein was obtained in the PDO1A group, but no
significant clinical scores were observed during the observation
period. Epigallocatechin gallate, a polyphenolic constituent of
green tea that inhibits a-synuclein aggregation in basic research,
did not significantly improve the UMSARS scores.*

Extracellular a-synuclein aggregates can induce neurotoxic
signals via neuroinflammation through microglial activation
and the release of inflammatory factors. Autologous MSCs are
expected to modulate neuroinflammation, inhibit cell death and
intercellular transmission, promote neurogenesis and autopha-
gy, degrade a-synuclein aggregates, stabilize axonal transport
and phagocytose a-synuclein by microglia."® Singer et al." found
that the progression rate (UMSARS total scores) among 24 pa-
tients with MSA treated with intrathecal adipose-derived MSCs
was significantly lower than that among matched historical con-
trols (0.40 + 0.59 vs. 1.44 + 1.42 points/month, p = 0.004), with
a clear dose-dependent effect. In 2012, Lee et al.”* reported the
potential of MSC therapy for MSA. Further development of MSC
therapy is essential.

Other treatments, such as the mammalian target of rapamycin
inhibitor sirolimus, which induces autophagy, were ineffective
after 48 weeks of treatment.” A natural history study showed that
low vitamin B12 levels (< 367 ng/L) were associated with shorter
survival (hazard ratio, 1.8; 95% confidence interval, 1.3-2.7), in-
creased frequency of falls within three years of onset, and a lower
body mass index, suggesting a potential new target for therapeu-
tic intervention."

Another retrospective natural history study revealed that pa-
tients with MSA treated with SSRIs showed a better prognosis
than untreated patients.*® Fluoxetine, a second-generation an-
tidepressant categorized as an SSRI, did not affect the primary
endpoint. However, it significantly improved UMSARS scores in
Part IT (motor examination) and quality-of-life scores related to
emotional and social concerns at 12 weeks compared with base-
line.” Brain 5-HT1A receptor-binding PET showed that 5-hy-
droxytryptamine dysfunction in several brain regions in MSA
might contribute to fatigue, pain, and apathy.” Patients with au-
topsy-confirmed MSA with AFs in the absence of motor symp-
toms/signs preferentially showed the involvement of medullary
serotonergic neurons and autonomic systems in the occurrence of
sudden death.” Further studies are needed to determine whether
serotonin-targeted therapy alleviates several symptoms and mod-
ifies the disease course of MSA.
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CONCLUSION

Considerable progress in elucidating the structure of a-synuclein
in MSA has offered novel insights into MSA pathophysiology and
the development of breakthrough diagnostic tools. Neuroinflam-
mation and oligodendroglia changes contribute to MSA patho-
genesis. Introducing new methods, including artificial intelligence
and machine and deep learning, has resulted in advancements in
existing brain imaging tools. Moreover, clinical trials of immu-
notherapy against a-synuclein, multitargeted disease-modifying
therapies, including MSC therapies, and various symptomatic
therapies have provided new perspectives. Therefore, the devel-
opment of MDS diagnostic criteria, early diagnostic methods,
and cutting-edge disease-modifying treatments based on advanc-
es in understanding the pathophysiology of MSA is expected.
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