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Abstract: Multiple system atrophy (MSA), progressive supranuclear palsy (PSP), and corticobasal
degeneration (CBD) are the most common atypical parkinsonism (AP) syndromes. They are
clinically characterized by varying combinations of levodopa-poorly responsive parkinsonism,
motor, cerebellar, and other signs. They are associated with a wide spectrum of non-motor
symptoms, including prominent cognitive impairment such as global cognitive deficits, memory,
executive, attentional, visuospatial, language, and non-verbal reasoning dysfunctions. Within the
APs, their cognitive functioning is distributed along a continuum from MSA with the least
impaired cognitive profile (similar to Parkinson’s disease) to PSP and CBD with the greatest decline
in global cognitive and executive domains. Although their pathological hallmarks are
different—MSA a-synucleinopathy, CBD, and PSP 4-repeat tauopathies —cognitive dysfunctions in
APs show both overlaps and dissimilarities. They are often preceding and anticipate motor
dysfunctions, finally contributing to reduced quality of life of patients and caregivers. The present
paper will review the current evidence of the prevalence and type of cognitive impairment in these
AP syndromes, their neuroimaging, pathogenic backgrounds, and current management options
based on extensive literature research. Cognitive dysfunctions in APs are due to disruption of
prefronto-subcortical and striato-thalamo-cortical circuitries and multiple essential brain networks.
This supports the concept that they are brain network disorders due to complex pathogenic
mechanisms related to the basic proteinopathies that are still poorly understood. Therefore, the
pathophysiology and pathogenesis of cognitive impairment in APs deserve further elucidation as a
basis for early diagnosis and adequate treatment of these debilitating comorbidities.

Keywords: atypical parkinsonism; multiple system atrophy; corticobasal degeneration;
progressive supranuclear palsy; cognitive impairment; brain network disruptions;
pathogenic questions

1. Introduction

Atypical parkinsonism (AP) syndromes are heterogeneous neurodegenerative dis-
orders that differ from Parkinson’s disease (PD) mainly because of their clinical and
pathological features as well as genetic variabilities [1-3].

Among a wide variety of APs, multiple system atrophy (MSA), progressive supra-
nuclear palsy (PSP), and corticobasal degeneration (CBD) are the most common ones
[4,5]. These are relatively rare disorders clinically characterized by levodopa-poorly
responsive progressive parkinsonism and varying combinations of motor and non-motor
symptoms, including autonomic and cerebellar symptoms associated with cognitive,
behavioral, and other neuropsychiatric disturbances [3,6-8]. Many of these symptoms
may be present not only in the early phase of the disease but also frequently anticipate
motor symptoms and do not appear to be related to the severity of motor dysfunctions.
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Since cognitive dysfunctions are among the main factors that determine a low quality of
life for both patients and caregivers, they should always be assessed as early as possible.
Despite their different pathological background (MSA—a-synucleinopathy, PSP and
CBD—4-repeat (4R) tauopathies) their cognitive functioning shows a continuum from
the least impaired MSA to PSP and CBD, although there are similarities and overlaps.
Therefore, it is unclear whether each type of AP displays specific cognitive symptoms or
whether they develop secondary to the severity/progression of the basic disorder or as
non-specific comorbidities. Their pathogenesis is still poorly understood. In view of these
open questions, the present paper is intended to review the available data on the preva-
lence and type of neuropsychiatric disturbances in patients with MSA, PSP, and CBD,
their structural and functional neuroimaging, pathogenic mechanisms, and current and
future management options, based on extensive research of the relevant literature.

2. Methods

A systematic review of cognitive disturbances in MSA, PSP, and CBD was performed
using PubMed, Google Scholar, and the Cochran Library to identify all papers published
on this topic between 1990 and November 2024. Since this is not a systematic but a nar-
rative review, the PRISMA statements for reporting systematic reviews were not fol-
lowed. Search was performed according to the following MeSH keywords: MSA, PSP,
CBD, cognition, cognitive impairment, memory, attention-executive dysfunctions, plan-
ning, decision-making, visuospatial abilities, language, non-verbal reasoning, processing
speed, structural and functional neuroimaging, pathogenic factors. Only articles in Eng-
lish or with English summaries in peer-reviewed journals were considered, and full arti-
cles were examined to consider their relevance based on the inclusion criteria. Exclusion
criteria: case reports, conference abstracts and reports, commentaries, letters, duplicate
studies, non-English articles without English abstracts, and studies focusing on neuro-
psychiatric disorders and symptoms, including psychoses, hallucinations, delusions, and
other severe neuropsychiatric disorders. Not considered were mild cognitive impairment
in MSA and depression in MSA, PSP, and CBD, which have been reviewed recently
[9-12]. Furthermore, cognitive impairment in PD was not considered, since it also has
been reviewed recently [13,14]. The reference lists of the papers were also examined. All
citations of the studies identified by the search were inspected and grouped according to
the specific topics.

3. Results
3.1. Cognitive Impairment in Multiple System Atrophy

Unlike other synucleinopathies, MSA has previously not been associated with sig-
nificant cognitive impairment (CI), which has even been considered an exclusion crite-
rion for its diagnosis [15]. However, a position statement of the Movement Disorder So-
ciety (MDS) stated that CI is a recognized feature in MSA, occurring in 17-47% of MSA
patients, while severe dementia is rare [16]. Since CI has been underestimated in MSA,
not all patients have undergone formal cognitive assessment, and, therefore, the fre-
quency could be higher than reported in several studies.

Prevalence of CI in MSA. While about 50% of MSA patients exhibit distinct types and
levels of CI [17], they account for 35% to 37% of pathologically confirmed MSA [18-21].
The degree of CI ranges from mild to severe decline and affects executive, attentional,
visuospatial, and verbal functions, while memory is less often and less severely impaired,
affecting 11% to 16% [21,22], but only 7% (95%-CI 0-12%) of pathologically confirmed
MSA [21]. CI may occur in early stages but is generally common in advanced disease [23]
and is often correlated with disease duration [24]. While in a recent clinical study, execu-
tive functions (EFs) and verbal memory were primarily affected [25], according to others,
attention was the main altered cognitive domain [26]. Patients with the parkinsonism
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variant of MSA (MSA-P) displayed higher deficits in EFs (i.e., cognitive rigidity) than
healthy controls (HCs) [27-30].

Cognitive domains affected in MCI. Comparative cognitive studies in MSA-P and the
cerebellar variant of MSA (MSA-C) suggested that both groups have, at least in part,
different cognitive profiles. While several studies could not find significant differences in
the cognitive performance between groups [30-32], others revealed more severe and
widespread cognitive dysfunction in MSA-P patients [33,34], probably due to prefrontal
impairment [35]. Both groups present impaired executive and visuospatial functions,
while the attention deficit is predominant in MSA-C [36]; the latter also obtained lower
scores for EFs and verbal memory [32]. In MSA-P, executive and attentional functions,
episodic memory, language, execution, visuospatial abilities, and temporo-spatial orien-
tation were compromised, while MSA-C dysfunction was restricted to attentional and
executive domains [34].

Others reported more severe impairment in mental speed, working memory, EFs,
focused attention, and repetition abilities in MSA-P patients, while MSA-C patients had
more deficits in new learning, immediate recall, verbal fluency, sustained attention, spa-
tial planning, and psychomotor speed [28,37]. Execution dysfunction was more pro-
nounced among MSA-P APOE &4 carriers [26].

Risk factors for CI in MSA. Orthostatic hypotension, but not its severity, increases the
risk of CI in MSA (and PD) but is not associated with cerebrovascular pathology [38],
while cerebral small vessel disease may be correlated with CI [39] and multiple vascular
risk factors have a cumulative impact on CI in MSA [40]. However, the majority of MSA
patients (62%) have no significant co-morbid pathologies, which may be unique among
neurodegenerative diseases [41]. Whereas neuronal cortical inclusion burden in hippo-
campus, parahippocampus, and perirhinal regions are associated with memory impair-
ment [42-44], Alzheimer disease (AD)-related neuropathological changes (ADNC), cere-
bral amyloid angiopathy (CAA), and other cerebrovascular lesions did not differ between
MSA cases with and without CI [45]. However, some patients suffering MSA with longer
disease duration show p-tau deposits mainly in hippocampal CA2/3 pyramidal neurons,
suggesting that a-synuclein (aSyn) expression may influence tau phosphorylation in
MSA [46].

ADNC has been reported in only 2 out of 35 (7%) of autopsy-proven cases of MSA
[18], whereas in two cases of combined MSA and AD, a few neurons shared aSyn and tau
deposition [47]. Among 50 autopsy-proven MSA cases (33 MSA-P, 15 MSA-C) with a
mean age at death of 60.5+7.8 years, moderate CI in 35% and severe dementia in a single
case, moderate cortical tau pathology (Braak II-III) was seen in 30%, PART and AD (Braak
V) in one case each. Additional Lewy pathology (8.4%) was higher than in the control
group [19].

3.2. Cognitive Dysfunction in Progressive Supranuclear Palsy

CI is a common feature in PSP [23,48], a 4-repeat tauopathy, the clinical criteria
[49,50] of which have been expanded by several phenotypes [51] based on different
pathologies [52,53]. Attention-dysexecutive symptoms may be among the earliest
presenting evidence of this disorder [54], starting more than three and up to 10 years
before the diagnosis of PSP. These patients present a broad variety of motor and
non-motor/cognitive, behavioral, and mood symptoms years before diagnosis [55,56].
The recent criteria for PSP [49] do not list dementia among the supporting diagnostic
features, although its presence may be relevant to considering this diagnosis together
with other supporting features [57]. CI is evident in its early stages in about 50%, with
executive dysfunction in 40% [23]. The pattern of early cognitive changes in PSP is
typically a dysexecutive frontal syndrome with slowness of cognitive processes [48,58].
This and verbal fluency changes are prominent, but other cognitive functions, like
memory, naming, construction, visuospatial abilities, and social cognition, can also be
affected [48,59]. Verbal fluency is among the most frequently impaired EFs in PSP and is



Diseases 2025, 13, 39

4 0f 31

strongly associated with midbrain atrophy [60]. Language deficits such as progressive
non-fluent aphasia may also be the first presentation or can appear later in the course of
the disease, with speech-language disorders being constant symptoms [61].

Impaired cognitive profiles vary among PSP phenotypes. The Richardson’s
syndrome/classic PSP (PSP-RS) group is affected by greater impairment of EFs and
processing speed compared to the subcortical phenotypes (PSP with predominant
frontal/cognitive presentation/PSP-F, PSP with predominant parkinsonism/PSP-P, and
PSP with predominant gait freezing and motor blocks/PSP-PGF) [62]. 81% showed
executive dysfunction, 64% cognitive slowing, 55% ineffective memory, 33% impaired
word finding, 22% disorientation, and 17% visuospatial impairment [63]. Other
frequently affected functions are visuospatial perception, attention, and construction
[64]. In a cohort of autopsy-confirmed cases of PSP, CI was reported in 74%, most
frequent in PSP-F (100%), followed by PSP-RS (75%), PSP-F, and PSP-CBS (PSP with
predominant corticobasal syndrome) (57% each) and 80% in unclassified cases [65]. A
review reported CI in 32% of all clinical phenotypes, ranging from 0% in PSP-P to 83.3%
in PSP-CBS, 47.8% in PSP-RS, 66.7% in PSP-F, and 28.6% in PSP with predominant
oculomotor dysfunction (PSP-OM) [66]. Furthermore, there is a broad deficit in social
cognition, impairing recognition of emotion and mind [67]. Frontal impairment was
observed in 60% and dementia in 20%. The 10-year cumulative probability of developing
dementia was 71% in PSP (54% in PD) [6]. A recent systematic review found that PSP
patients had lower scores on episodic memory compared to HCs and MSA ones, with
only little differences from PD but much less than in typical AD [68]. Executive tests
identified deficits in reasoning, planning, set shifting, verbal fluency, information
processing speed, and response initiation, associated with frontal lobe dysfunction [58].
Executive, language, and visuospatial abilities decline longitudinally in PSP but not in
MSA and PD [69].

3.3. Cognitive Impairment in Corticobasal Syndrome (CBS)/Corticobasal Degeneration (CBD)

While motor symptoms of CBD are well recognized, the fact that most, if not all,
patients develop CI has not been generally accepted by some [70], although it has been
included in the diagnostic criteria of CBD [71], a 4-R tauopathy for which the term “CBD”
is limited to the underlying neuropathological disorders, while “CBS” refers to the
clinical syndrome that shows a variety of phenotypes [72]. CI (and other neuropsychiatric
symptoms) are common clinical features of CBS [73,74]. Cognitive deficiencies are
frequent initial symptoms and may appear up to 8 years prior to motor symptoms,
depending on the phenotypic variant [75,76]. The median intervals from the initial
symptoms to the onset of key milestones have been described as follows: gait
disturbances 0.0 years, behavioral changes 1.0 year, falls 2.0 years, CI 2.0 years, speech
impairments 2.5 years, supranuclear gaze palsy 3.0 years, urinary incontinence 3.0 years,
and dysphagia 5.0 years; the median survival was 7.0 years. Only 50% were diagnosed as
CBD/CBS at the final presentation, while pathology detected CBD (33.3%), PSP (29.2%),
and AD (12.5%). In the common course, CBD/CBS CI manifested after 3 years, while
AD-CBS patients showed it already 1 year after disease onset [77].

Characteristic CI in CBS involves the majority of cognitive domains, including
attention, EFs, processing speed, and working memory, with relative preservation of
verbal and non-verbal memory [78], while a subset of CBD patients shows a cognitively
predominant syndrome, with executive and visuospatial dysfunctions and apathy, that
can be mistaken for AD or frontotemporal lobe degeneration (FTLD) [79]. More than 80%
of CBD patients present executive dysfunctions [77].

Dynamic aphasia with reduced voluntary speech is an early sign of CBD [80].
Aphasia is typically non-fluent, while semantic memory appears relatively preserved
[81]. A specific pattern associated with extrapyramidal motor abnormalities is persistent
impairment of executive functioning, progressive worsening of language performance,
and moderately preserved memory [82]. Other symptoms of CBD include apraxia, alien
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hand syndrome, apathy, and frontal lobe dysexecutive changes with disinhibition [83].
Constructional and visuospatial difficulties, acalculia and frontal dysfunction, and
apraxia of speech, together with motor speech disorders (verbal fluency), are frequent
symptoms [84,85]. Apraxia of speech is characterized by slow speech rate, abnormal
prosody, distorted sound segmentations, repetitions, and syllable segmentations [86]. In a
large cohort of probable CBS, aphasia was the second most probable impairment, present
in 67.7%, following apraxia (96.8%), associated with impaired verbal fluency [87]. These
patients, in addition to having visuospatial deficits and alien hand syndrome, show
severe language disorder, characterized by non-fluent speech, speech apraxia with
prominent stuttering-like dysfluencies, agraphia, lack of word-finding, and defective
sentence repetition. A recent clinico-pathological study compared classic-onset and
speech/language-onset CBS: The classic-onset form presents with asymmetric limb
apraxia (alien limb phenomenon), dystonia, apraxia, and myoclonus, while the
speech/language-onset CBS has a higher frequency of vertical supranuclear gaze palsy.
Pathological lesion burden (including astrocytic plaques) does not differ between the two
clinical subtypes [88]. In an FDG-PET study, the CBS AD group demonstrated worse
cognitive performance, mostly concerning attention, memory, and visuospatial domains,
and displayed more myoclonus and hallucinations; the CBS non-AD group presented
more often with limb dystonia and motor dysfunction [89]. Aphasia may also present a
‘mixed’ primary progressive aphasia (PPA), a combination of nonfluent and logopenic
variants, associated with apraxia of speech, stuttering, and agraphia [90].

3.4. Differences and Overlaps of CI in Atypical Parkinsonian Syndromes (Table 1)

Cl is a common clinical feature in all three APs, observed in 31.8% of patients with
MSA, in 62% in PSP, and in 90% in CBD [77]. Others reported 35-37% CI in pathologically
confirmed MSA [20,21] and between 30% and 83% for PSP (depending on the phenotype)
[66]. Dementia was observed in 20% of the MSA group and in approximately 57% of PSP,
with impairment of a single and multiple domains in 40% each, while in MSA the figures
were 28.6% and 13.5%, respectively. Although with regard to global CI and executive
dysfunction PSP performed worst among the three groups, their cognitive profiles were
similar, with the main impairment of initiation and perseveration. This indicates a high
level of CI in PSP but also points to comparable dysfunction in a substantial part of MSA
patients [23]. This was confirmed by later studies, showing that PSP patients have more
severe CI compared to MSA patients [91].

Table 1. Major cognitive disturbances in atypical parkinsonian disorders.

Impaired Function MSA PSP CBD
Episodic memory +H/+ ++ + MSA-P > MSA-C; PSP > MSA
Working memory + ++ ++ MSA-P > MSA-C; CBD > PSP
Semantic memory + +/- +
Verbal memory +/++ + + MSA-P > MSA-C
Executive function + + ++ CBD > MSA; MSA-P > MSA-C
Attention ++ ++ ++ MSA-C > MSA-P
Immediate recall +/++ + + MSA-C > MSA-P
Mental/psychomotor speed +H/+ ++ + MSA-P > MSA-C; PSP > CBD
New learning + + + MSA-P > MSA-C
Repetition abilities +H+ + ++ MSA-P > MSA-C
Aphasia, non-fluent - ++ ++ CBD > PSP
Speech apraxia - + ++ CBD > PSP
Agraphia -— + ++
Logopenia - + +
Dysarthria - + + CBD > MSA
Verbal fluency + ++ ++ CBD > PSP > MSA
Semantic fluency + + +
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Processing speed + - + +
Constructional ability + ++ +
Spontaneous verbal recall + + +
Decision-making + + +
Speech apraxia - ? ++
Semantics + + +
Acalculia - + +
Temporo-spatial orientation +/++ ++ + MSA-P > MSA-C
Visuospatial skills +/++ ++ +/++ PSP > MSA; PSP > CBD; MSA-P > MSA-C
Verbal retrieval +/++ ++ + MSA-P > MSA-C
Language performance ? + +
Spatial orientation + + + MSA-P >MSA-C
Social cognition + + +
Naming + + +
Spatial planning + + + MSA-C > MSA-P
Perseveration + + +
Inhibition ? + +

MSA: multiple system atrophy; MSA-P: MSA parkinsonism variant; MSA-C: MSA cerebellar vari-
ant; PSP: progressive supranuclear palsy; CBD: corticobasal degeneration.

Cognitive deficits are frequent initial symptoms in APs (22% in MSA and 50% in
PSP), attention-executive dysfunctions and apathy being among the earliest evidence of
CI in both MSA and PSP [54,55], while reduced voluntary speech is one of the early signs
of CBD [80]. In MSA, CI affects primarily EFs, attention, and visuospatial and verbal
functions/memory, while in PSP, executive dysfunction, visuospatial abilities, memory,
orientation, word finding, and processing speed are predominantly involved, although
the impaired cognitive profiles vary considerably among PSP phenotypes [62]. The same
problem arises in CBD, where disorders of executive/attention, processing speed, and
working memory are typical CIs of classical CBD, whereas for other subtypes (non)fluent
aphasia, speech apraxia, and other language disorders are predominant. A prospective
longitudinal clinicopathological study analyzing differences between CBD and PSP
showed that motor speech impairment was the most prominent common feature, while a
trend towards greater sentence deficits was found in the nonfluent/agrammatic variant of
primary progressive aphasia (nfvPPA)-CBD group. Motor speech impairment was the
most prominent common feature for patients with nfvPPA underlying PSP and CBD
pathology, while greater working memory deficits were seen in CBD patients [92]. In
conclusion, cognitive dysfunctions occur in MSA, PSP, and CBD, showing frequent
overlap between the three disorders [93]. However, they differ in the frequency and
degree of the affected cognitive domains, which obviously reflects the pattern and
intensity of the underlying pathologies, such as a higher degree of cortical involvement in
both PSP and CBD that, however, show distinct clinical and pathological profiles [94,95].
In the CBD group, due to its variable phenotypic presentation, comparison may be
difficult, although the subset of CBD-Cog (cognitive rather than motor predominant
features) shows more severe cognitive than motor features with predominant executive
and visuospatial dysfunctions that can mimic FTLD or AD, although their language
features do not differ from classical CBD-CBS [79].

3.5. Neuroimaging Findings
3.5.1. Structural Changes (Table 2)

The diagnostic accuracy of the International Parkinson and MDS MSA criteria is
increased by MRI markers [96]. MRI studies display progressive atrophy of the cerebral
cortex and striatum [97], and there is a significant correlation between various cognitive
domains and atrophy of frontotemporal cortical areas, insula, caudate, thalamus, and
cerebellum [37]. These data are in accordance with previous studies that suggested that
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lesions in the frontal lobe play an essential role in CI in MSA [31,98,99] and that frontal
dysfunction driven by fronto-striatal degeneration may lead to CI in MSA [100]. The
dorsolateral prefrontal cortex is closely related to EFs [101]; together with attention and
language processing, it is positively related to volume reduction in the dorsolateral
prefrontal lobe, causing striato-frontal dysfunction [102]. Widespread frontostriatal white
matter (WM) reduction in fractional anisotropy in MSA-P seems to contribute to
executive dysfunction in MSA-P [27]. MSA-CI patients exhibited cerebellar atrophy,
decreased fractional anisotropy, and decreased diffusivity in both the cerebrum and
cerebellum, with a significant decrease in the anterior corpus callosum [103].

Table 2. Neuroimaging findings associated with CI in APs: structural MRI.

Findings References
MSA

Atrophy, fronto-temporo-parietal cortex, insula, caudate nucl., thalamus, and cerebellum [37]
Atrophy, dorsolateral prefrontal cortex [101,102]
Atrophy, left temporal lobe (inferior temporal gyrus, superior temporal gyrus) [104-106]
Atrophy, hippocampus (sector CA2/3) [107]
Reduction, frontostriatal WM [27]
WM damage (anterior corpus callosum), cerebellar atrophy [103]
Reduced WM density in cerebellum and brainstem [108]
PSP

Atrophy, frontotemporal cortex, hippocampus, basal ganglia, midbrain [109-111]
Atrophy, prefrontal cortex, temporal pole [99]
Atrophy, frontal, precentral cortex, insula, superior cerebellar peduncle [112]
Atrophy, frontal lobe [113]
Atrophy, medial frontal cortex, cingulum, insula, striatum, thalamus, and midbrain [67]
Atrophy, midbrain [94]
Atrophy, WM (corpus callosum, longitudinal fascicles) [114,115]
WM lesions (corpus callosum, superior cerebellar peduncle, corona radiata) [116]
Widespread macro- and microscopic WM changes [117]
CBD

Asymmetric atrophy, frontotemporal cortex, midbrain [118]
Asymmetric dorsal premotor and perirolandic cortex, midbrain [119]
Asymmetric prefrontal, fronto-temporal, parietal, and cingulate cortex [75,120]
Asymmetric frontal lobe, operculum [80]
Asymmetric prefrontal cortex, frontal WM [92]
Asymmetric superior parietal lobule and left angular gyrus [121]
Atrophy, left superior temporal, perisylvian cortex [122]
Atrophy, frontal and temporal cortex and midbrain [123]
Atrophy, nucleus basalis of Meynert [124,125]
Lesion, left WM (frontal operculum) [80]
Widespread macro- and microscopic WM changes [117]
WM reduction, insular putamen, thalamus [126]

WM: white matter.

The left temporal lobe is involved in many cognitive processes, including visual
processing and delayed memory (inferior temporal gyrus) [104,127], language
processing, and semantic comprehension (superior temporal gyrus) [105,106,128]. Recent
studies indicated that there is an association between CI and hippocampal subfield
volumes in MSA. The hippocampal volume in the CA2/3 subfield decreased in patients
with MSA-CI even at early disease stages, and the right CA2/3 volume correlates
significantly with the Frontal Assessment Battery scores [107].

Other studies suggested a role for the putamen and cerebellum in the cognitive
changes in MSA, probably due to their connections with the cortex that are disturbed due
to reduced WM density in the cerebellum/brainstem [108]. Whole-brain deep and
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superficial WM diffusivity abnormalities mirror the widespread aggregation of aSyn in
oligodendrocytes and are associated with CI and other clinical symptoms [129]. MSA-CI
exhibits significantly more WM damage than cognitively preserved and PD ones [130].

Brain imaging in PSP shows atrophy of the midbrain that is a common feature of all
PSP groups [94] and is associated with verbal fluency [60]. Patients with CI show reduced
gray matter (GM) volumes in various cortical and subcortical regions, including frontal,
temporal, and hippocampal areas; basal ganglia; midbrain; and cerebellum, with reduced
cortical thickness in the left entorhinal and fusiform gyrus [109]. The earliest atrophy
affects the brainstem and subcortical regions, progressing into the superior cerebellar
peduncle and deep cerebellar nuclei, and rostral to the cortex, where it progresses to the
insula, the frontal lobe, before spreading to the temporal, parietal, and finally the
occipital lobe [112]. This in vivo model is in accordance with the postmortem staging of
tau pathology in PSP [131]. PSP-CI is associated with GM atrophy in frontotemporal
regions, the thalamus, and the globus pallidus, with predominant involvement of the
midbrain, basal ganglia, and cerebellum [110]. Executive dysfunction is related to
bilateral atrophy of the prefrontal/precentral cortex, temporal poles, and dorsolateral
anterior cortex [132] and significant frontal atrophy [113]. Cognitive-behavior deficits are
linked to synapse loss in the superficial and granular layers of the inferior frontal cortex
[133]. Damage to the limbic and paralimbic systems correlated with memory impairment
[134]; the frontal operculum, insula, pre- and postcentral gyri, superior frontal gyri, and
anterior parietal lobule are also affected [135].

PSP clinical variants show various patterns of involvement of cortical and
subcortical areas, suggesting different patterns of tau pathology spreading through the
brain. PSP-cortical phenotypes (PSP-PL, PSP-CBD, and PSP-F) show volume loss in
frontal lobes, PSP-F (and behavioral variant frontotemporal dementia) show similar
changes with atrophy in frontal medial cortex, cingulum, insula, limbic structures, and
anterior temporal lobe) while in subcortical phenotypes (PSP-P, PSP-OM), lesions
predominantly involve striatum, thalamus, substantia nigra (SN), globus pallidus (GP),
and subthalamic nucleus (STN). PSP-PL shows predominant volume loss and tau burden
in the motor cortex and supplementary motor area, while PSP-P shows greater
involvement of the putamen and SN [67].

WM atrophy involves the corpus callosum, dorsomedial midbrain, and
periventricular WM [115]. Diffusion tensor MRI reveals damage to the corpus callosum,
cingulum, bilateral uncinate fascicles, and inferior longitudinal fascicle, related to
executive dysfunction [114]. Lesions involving the corpus callosum, corticospinal tracts,
superior cerebellar peduncle, fronto-occipital, superior longitudinal, and uncinate
fascicles bilaterally are associated with cognitive deficits [132], as are increased mean
diffusivity in the superior cerebellar peduncle, anterior, superior, and posterior corona
radiata, and the body of the corpus callosum [116]. Fixel-based analysis detects
fiber-specific micro- and macroscopic WM alterations in both PSP and CBD, monitoring
the progressive tau-related WM changes in vivo and indicating strong correlations with
cognitive (and motor) dysfunctions in both diseases [117].

In CBD, structural neuroimaging often displays asymmetric cortical and subcortical
abnormalities that underlie the pathophysiology of asymmetric symptoms, in particular,
midbrain and frontotemporal atrophy [118]. Early cognitive (and behavioral)
dysfunctions are associated with asymmetric atrophy of the dorsal premotor and
perirolandic cortex and striatum [75,119], recent memory impairment, and right
hemiparkinsonism with WM volume reduction in the frontal lobe between the left
supplementary motor area and the frontal operculum [80]. CBS has higher GM volume
loss in the cortex and basal ganglia and synapse loss that is more severe and widespread
in the group with negative 3-amyloid deposition. Asymmetry of synapse loss is in line
with the clinically most affected side [136].

Dynamic aphasia with reduction in voluntary speech, an early symptom of CBD, is
related to left-dominant WM reduction in the frontal lobe between the supplementary
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motor area and frontal operculum [80]; verbal fluency impairment is related to atrophy of
the left perisylvian cortex, and visuospatial dysfunction is related to that of the left
posterior superior temporal gyrus [137]. Speech apraxia is associated with atrophy of the
premotor and supplementary motor areas [122], motor speech and memory impairment
with atrophy of the prefrontal cortex and frontal WM [92]. Apraxia is related to
widespread bilateral clusters of atrophy, mainly in superior parietal lobes and the left
angular and supramarginal gyri [138].

Structural damage to the nucleus basalis Meynert is associated with CI in CBD (as
well as in PD) and may represent a promising noninvasive in vivo marker of cognitive
decline in these disorders due to the involvement of the cortical cholinergic innervation
[124,125]. CBS/PSP-AD demonstrates atrophy in AD signature areas and the brainstem,
while CBS/PSP-no AD patients display atrophy in frontal and temporal areas, GP, and the
brainstem compared to HCs [123]. The high variety of structural brain changes among
the clinical phenotypes of CBD has been discussed recently [93].

3.5.2. Functional/Brain Network Changes

Network connectivity alterations arise as early as the presymptomatic phase in
MAPT-associated clinical syndromes [139]. Functional MRI studies suggested that CI in
MSA may be related to dysfunction in fronto-striatal connections [100] and to the
dorsolateral prefrontal default mode network (DMN) and disruption of the dorsolateral
prefrontal-insular network [102] (Table 3). Connections between the right dentate nucleus
and cerebellum [140], from putamen and cerebellum to the cortex [108], and functional
connectivity (FC) of the cerebello-prefrontal and cerebello-amygdala networks are also
interrupted [17,141]. A recent study suggested that altered spontaneous activity in the
dorsolateral prefrontal cortex (DLPFC) and the lower one in the cerebellum, as well as
corresponding disruption in the DLPFC to the inferior parietal lobe and of
cerebello-cerebral connections, may be simultaneously involved in early cognitive
decline in MSA [142]. This corresponds to the idea that CI in MSA predominantly is
related to disorders in the frontal executive domain [23]. The prefrontal lobe, specifically
the DLPFC, was suggested to be related to EFs [101], since it shows volume reduction
[100], hypoperfusion [35], and other abnormalities. MSA-P patients show decreased FC
between DLPFC and cerebellar dentate nucleus, a disordered striato-thalamocortical
network, and enhanced FC between the dentate nucleus and posterior cingulate cortex,
which is associated with executive and emotional processes [143]. A meta-analysis of
aSyn patients (including MSA) demonstrated imbalanced FC among subcortical
networks, the cerebellum, and fronto-parietal networks that involve executive control
(and motor functioning); association with hypoconnectivity in DMN and the ventral
attention network was involved in cognition and attention [144].

Table 3. Neuroimaging findings associated with CI in MSA: functional MRI.

Findings References
Dysfunction of fronto-striatal connections [100]
Disruption of the dorsolateral prefrontal-insular network [102]
Decreased FC, right dental nucleus— cerebellum [140]
Decreased FC, putamen and cerebellum — cortex [108]
Decreased FC, cerebello-prefrontal network (17,141]
Decreased FC, cerebello-amygdala network !
Decreased FC, DLPFC —cerebellum [142]
Decreased FC, DLPFC —inferior parietal lobe

Decreased FC, DLPFC —dentate nucleus [143]

Enhanced FC, dentate nucleus—posterior cingulate cortex
Enhanced FC, cerebellum —frontoparietal network
Enhanced FC in the prefrontal default mode network [144]
Enhanced FC in the ventral attention network
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CI: cognitive impairment; MSA: multiple system atrophy; FC: functional connectivity; DLPFC:
dorsolateral prefrontal cortex.

Both MRI and PET patterns may predict global cognition in PSP [145] (Table 4). fMRI
displays altered FC between the brainstem and cerebellum, diencephalon and basal
ganglia, and connections, particularly between and within the cortico-subcortical and
cortico-brainstem networks. PSP patients show reduced mean midbrain-cortical FC and
widespread disruption of cortico-subcortical connectivity [146]. A systematic review
showed significant reduction in both cortical and subcortical regions, including frontal
and superior temporal areas, insula, striatum, midbrain, and cerebellum, causing
disruption of cortico-subcortical circuits, in PSP causing involvement of
frontal-subcortical circuits [111]. Cognitive deficits and apathy in PSP are related to
dysfunction of the prefronto-subcortical circuits (i.e., dorsolateral prefrontal and limbic
circuits) [147]. Pathological involvement of cortico-basal ganglia-thalamocortical loops
and thalamus dysfunction contribute to behavioral and cognitive disturbances [148]. PSP
patients show widespread axonal loss in the superior cerebellar peduncles,
dentato-rubro-thalamic tracts, thalami, and frontal WM [149].

Table 4. Neuroimaging findings associated with CI in PSP: functional MRI.

Findings References

Reduced FC, brainstem — cerebellum

Reduced FC, diencephalon—basal ganglia
Reduced FC, cortico-subcortical network [146]
Reduced FC, cortico-brainstem network
Reduced FC, midbrain-cortical network
Disruption, cortico-subcortical network

Disruption, fronto-subcortical network [111]
Dysfunction, prefronto-subcortical network (DLPFC-limbic circuit) [147]
Reduced FC, cortico-basal ganglia-thalamo-cortical loop [148]
Disruption, dentato-rubro-thalamic tract [149]
Reduced FC, prefrontal-paralimbic circuit [150]
Reduced FC, cortex-subcortical tau epicenters [151]

CIL: cognitive impairment; PSP: progressive supranuclear palsy; FC: functional connectivity;
DLPFEC: dorsolateral prefrontal cortex.

Disrupted structural connectivity of frontal deep GM pathways is characteristic of
PSP [152] and correlates with disorders of cognitive performance [153]. Advancing
functional disconnectivity in subcortical-anterior cortex is followed by later-stage
subcortical-posterior cortical changes with a decline of prefrontal-paralimbic FC [150].
Combined resting-state fMRI assessing connectivity with 4R-tau deposition patterns
revealed inter-regional FC associated with higher inter-regional correlations of both
tau-PET and postmortem tau patterns, indicating their association with the connectivity
of subcortical tau epicenters [151]. In PSP-RS, disorders of the structural connectivity of
the whole-brain connectome are present, in particular affecting frontal and deep GM
connections between basal ganglia and between the frontal lobe and basal ganglia,
supporting the concept that PSP is a brain network-based disorder.

In CBD, multiple neuronal networks related to movement and execution are
functionally involved [154] (Table 5). Bilateral involvement in the dorsal attentional
network (DAN) causes attentional neglect [155]. FC between the DAN and frontoparietal
network is reduced, while there is increased connectivity between the DMN, DAN, and
motor networks and decreased FC within these networks [156]. Interconnectivity is
reduced in the right central operculum, middle temporal gyrus, and posterior insula, but
increased in the anterior cingulum, medial superior frontal gyrus, and bilateral caudate
nuclei. Multimodal MRI studies detecting diffuse WM volume reduction in the insula,
thalamus, and putamen suggest that both structural and connectivity abnormalities are
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important [126], and combined fMRI connectomics associated with tau-PET revealed
inter-regional FC associated with higher inter-regional correlations between functional
deficits and tau levels, indicating that specific tau patterns correlate with the connectivity
of related epicenters [151]. The DMN shows the greatest disconnection in CBS/PSP-AD
compared to CBS/PSP-no AD and HCs, while the thalamic network is most affected in
CBS/PSP-no AD [123]. Connectivity between deep nuclei, motor regions, and the
thalamus is the most important for APs (and PD) [157].

Table 5. Neuroimaging findings associated with CI in CBD: functional MRIL

Findings References
Reduced FC, bilateral dorsal attentional network [154]
Reduced FC between dorsal, attentional, and motor networks [156]
Reduced FC within each of the dorsal, attentional, and motor networks [156]
Reduced FC in right operculum, medial superior-frontal gyrus, and bilateral caudate nuclei [126]
Increased FC in anterior cingulum, medial superior-frontal gyrus, and bilateral caudate nuclei [126]
Reduced FC, dorsal attentional network [155]
Reduced FC, thalamus-motor cortices [157]
Reduced FC, thalamic network [123]

CI: cognitive impairment; CBD: corticobasal degeneration; FC: functional connectivity.

3.5.3. Metabolic and Neuromodulatory Changes

MSA, besides putaminal and cerebellar atrophy, demonstrates nigrostriatal and
olivocerebellar hypometabolism related to aSyn cytoplasmic inclusion (GCI) burden; PSP
typically shows midbrain atrophy on structural imaging, whereas PET depicts frontal
lobe hypometabolism and confirms underlying tauopathy; CBD displays asymmetric
atrophy of the superior parietal lobule and corpus callosum, whereas FDG- and tau-PET
demonstrate asymmetric hypometabolism and subcortical involvement contralateral to
the side of clinical deficits [158]. FDG-PET provides added value for detection of PSP in
patients with inconclusive MR, regardless of PSP phenotype [159].

MSA-P shows reduced metabolism in the bilateral cortex and alterations in
corticostriatal WM integrity associated with executive dysfunction [27]. MSA-CI patients
exhibit hypometabolism in the left middle and superior frontal lobes [160], but
hypometabolism of the limbic regions is also associated with CI in MSA [161].

Reduced scores for attention, EFs, and language correlate positively with the
metabolism in the superior-inferior frontal gyrus and the cerebellum, but negatively with
that in the insula and fusiform gyrus (p < 0.001), while no significant differences in
neuropsychological performance and frontal metabolism are found between patients
with MSA-P and MSA-C; only lower metabolism in the cerebellum is being observed in
MSA-C [162]. Presynaptic nigrostriatal dopamine transporter (DAT) imaging that has a
high sensitivity for the diagnosis of PD shows variable results in MSA, PSP, and CBD
(sensitivity 100%, 97.6%, 93.2%, and 60%, respectively), indicating that abnormal DAT
scans may have a relatively low specificity in the differential diagnosis of APs [163].
18E-fluoroethoxybenzovesamicol (FEOBV)-PET in REM sleep behavior disorder (RBD)
from prodromal MSA shows increased uptake in specific brainstem nuclei, orbitofrontal,
anterior cingulate, and paracentral cortex, suggesting a compensatory cholinergic
upregulation in the initial phases of MSA [164]. Subcortical cholinergic dysfunction is
more severe in MSA and PSP than in PD [165].

PSP had reduced acetylcholinesterase (AChE) activity in the paracentral region and
the thalamus [166] and frequently shows frontal hypometabolism, although it varies in
severity and pattern across PSP variants; it is common in PSP-SL, PSP-CBS, and PSP-F
and least common in PSP-PGF, while PSP-SL and PSP-CBS show more severe
hypometabolism than PSP-RS, PSP-P, and PSP-PGF. Hypometabolism in nearly all frontal
regions, correlating with worse scores on the Frontal Assessment Battery, can separate
PSP-SL and PSP-CBS variants [167], indicating that the cortical subtype with early
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prefrontal hypometabolism displays greater CI and DAT reduction than the brainstem
subtype. Thus, disruption in dopaminergic cortico-basal ganglia pathways is crucial for
the development of CI in PSP [168].

Recent studies found that the connectivity pattern of subcortical tau epicenters
aligned with cortical perfusion patterns: cortical regions that are more closely connected
to the tau epicenter show lower perfusion. This indicates that subcortical tau load is
associated with remote perfusion reductions indicative of neuronal dysfunction in
functionally connected cortical regions [169].

PSP shows significant locus ceruleus (LC) degeneration, highlighting the role of
noradrenergic dysfunction associated with cognitive and behavioral features [170,171],
while a reduction in muscarinic receptors in the mediodorsal thalamus and STN
indicates their cholinergic dysfunction [148,172], although no significant changes in
cortical cholinergic receptors were found in PSP [165]. GABA-A receptors decreased in
metabolically affected cortical and subcortical regions in PSP [165].

In CBD, FDG-PET reveals asymmetric hypometabolism in the frontoparietal and
occipital cortices with involvement of the ipsilateral subcortical structures, including
basal ganglia and the thalamus [173]. This disease-specific metabolic brain network
distinguishes CBD from other APs [174]. In CBD patients with CI, dysarthria and apraxia
displayed significant hypometabolism in the parietal cortex, thalamus, and striatum
contralateral to the more affected limbs [175]. It also involves frontoparietal regions,
including the perirolandic area and ipsilateral basal ganglia and thalamus [176]. Verbal
short-term memory is more impaired in left-handed CBS, and spatial attention more in
the right-handed ones. Both of these functions reflect the functional specialization of both
parietal pathways [177]. Patients with predominant dysarthria show left-sided
hypometabolism in frontal regions (inferior frontal gyrus and premotor cortex) [87] and
those with nfvPPA/CBD in the left fronto-insular and superior medial frontal cortex [178].
Semantic verbal fluency shows a positive correlation with FDG uptake in PET in the left
frontal opercular and middle temporal gyri [89]. Ideomotor apraxia is associated with
hypometabolism in the angular gyrus, and imitation apraxia with involvement of the
postcentral gyrus, precuneus, and posterior cingulate gyrus. High variability in glucose
metabolism and increased atrophy of the medial temporal lobe among patients with PSP
and CBD correlate with worse cognitive performance independent of age and sex [179].
CBS showed decreased AChE activity in the postcentral region, frontal, parietal, and
occipital cortex [166]. Both PSP and CBD show high glycemic variability in the medial
temporal lobe [179]. In 4R-tauopathies, subcortical tau accumulation is linked to
hypoperfusion in functionally connected cortical regions, suggesting that subcortical tau
load may induce cortical dysfunction, which may contribute to clinical manifestations
and heterogeneity [169].

3.5.4. Morphological Differences and Overlaps Between APs

Despite the different backgrounds of the specific proteinopathies
(MSA-synucleinopathy, PSP, and CBD 4R-tauopathies), the three APs show both
morphological overlaps and differences. All of them present atrophy of wide GM and
WM areas, with particular involvement of (pre)frontal and parietal cortices, striatum,
thalamus, SN, and LC. MSA-P displays widespread volume loss in frontoparietal and
striato-nigral areas, MSA-C in ponto-cerebellar systems and the middle cerebellar
peduncle. PSP shows significant atrophy of the frontal region, striatum, thalamus, and
midbrain, including SN, CBD in similar areas, and STN. In PSP, bilateral thalami and
right putamen are smaller than in controls, not in MSA and PD, indicating morphologic
and volumetric changes associated with PD and APs [180]. PSP shows degeneration of
the middle cerebellar peduncle, which differs from MSA-P and PD [181]. PSP and PD
share a similar GM reduction in the frontal lobe, while atrophy in the bilateral thalamus,
insula, and brainstem is more severe in PSP, serving as a neuroanatomical marker for its
differentiation [182]. MSA-CI shows more widespread impairment of hippocampal
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subfields compared with PD-CI, involving the trisynaptic loop and
amygdala-hippocampus interaction. This may help to understand the differences in CI in
MSA and PD [183]. In PSP and CBS, between-network connectivity components were
identified that differed from HCs and were associated with variability in prognosis of
both APs [156].

MSA-P exhibits symmetry in 15-35%, MSA-C in 40%, PSP-RS in about 84%, PSP-P in
53-55%, and PSP-CBS in less than 50%, whereas 90-99% of CBS cases show asymmetrical
presentation [184]. FDG- and tau-PET demonstrate asymmetric hemispheric and
subcortical changes contralateral to the clinically affected side [158].

Thalamus volume is smaller in PSP and CBD groups compared with PD.
Disproportional involvement of the lateral thalamus in PSP and CBS, not observed in
MSA and PD, could be a specific marker of tau-related neurodegeneration [185]. In PSP,
thalamic involvement is diffuse and prevalent in its anterior part, whereas in CBD it is
asymmetric and confined to the motor thalamus [186]. SN compacta is atrophic in MSA,
PD, and PSP versus HCs; patients with PSP have greater SN reticulata reduction than
those with MSA and PD, indicating different SN spatial lesion patterns between PSP and
synucleinopathies, since MSA and PD show no SN reticulata changes [187].
Neuromelanin-sensitive MRI shows signal reduction in all parkinsonian syndromes,
more severe in MSA and PSP than in PD without REM sleep behavior disorder; lower LC
signal changes in PSP could partly be caused by the effect of age [188].

Other differences concern free water (FW) imaging: MSA shows changes in the
cerebellum; PSP increased FW in supratentorial WM and midbrain. Together with PD,
they show increased FW in SN, MSA, and PSP in the bilateral putamen; PD in the left GP
externa and bilateral thalamus. Compared to HCs, MSA shows increased FW in the
bilateral GP interna and left thalamus, while PSP displays increased FW of the right GP
interna and externa and bilateral thalamus. These differences in the patterns of FW
alterations between PD and APs may be used as markers for the diagnosis of these
disorders [189]. Several studies showed greater putaminal iron deposition in PSP and
MSA than in PD, which appears to be associated with increased disease severity and
progression [190].

In MSA, strong FC between the orbitofrontal and temporal cortex, as well as changes
in the limbic striato-thalamocortical and the prefrontal-cerebellar dentate nucleus
circuits, are essential for the majority of neuropsychiatric disorders. In both PSP and
MSA, widespread dysfunction of the corticostriatal circuit is evident. The majority of
cortical dysfunctions are related to the involvement of cortico-subcortical circuits, in
particular the cortico-basal ganglia-thalamocortical loops and the midbrain network. The
CBS group shows more prominent asymmetry than the other AP groups, particularly in
the perirolandic area, superior frontal gyrus, and anterior parietal lobe in early phases of
disease. Striatal DAT uptake shows a significantly lower caudate-to-putamen uptake
ratio in CBD, which differentiates it from PD in early disease [191]. In CBD, increased
connectivity between DMN and attention networks is involved among multiple other
neuronal networks [159]. PSP and CBD exhibit reduced FC between the lateral visual and
auditory resting state networks, with PSP patients additionally showing lower FC
between the cerebellar and insular resting state networks; these changes represent a
higher degree of synchronization in damaged brain areas, while between-network
resting state FC abnormalities may reflect degeneration of long-range WM fibers [192].

In all three APs, hypometabolism involves (pre)frontal and parietal regions,
striatum, thalamus, and SN, although they differ in severity and pattern across PSP and
CBD variants. In MSA, FDG-PET demonstrates characteristic nigrostriatal and
olivocerebellar hypometabolism; in PSP, frontal lobe hypometabolism, and tau-PET
confirms the underlying tauopathy.

The MDS criteria for PSP proposed a novel category, “probable 4R-tauopathy”, to
address the phenotypic overlap between PSP and CBD. The CBS-4RT+ group, showing
dysarthria and perseveration more often than the CBS-4RT- group, also shows
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prominent frontal hypometabolism and atrophy in the anterior cingulate and bilateral
striata, but amyloid negativity [193]. Subcortical cholinergic dysfunction is more severe
in MSA and PSP than in PD, while in PSP, noradrenergic dysfunction associated with LC
degeneration is important.

3.6. Biomarkers for CI in APs

Prognostic biomarkers for CI in synucleinopathies include brain regional atrophy
(MRI findings), metabolic and cerebral blood flow changes (FDG-PET), cortical rhythm
slowing, cerebrospinal fluid (CSF) amyloid (AB-40), Val66Met polymorphism, APOE ¢4
and €2 alleles [194], GFAP and neurofilament light chain (NfL) levels in CSF and plasma
[195], the latter being significantly increased in all cortical neurodegenerative disorders
including APs [8,196]. Risk factors for cognitive decline in MSA and PSP include CSF
signs of systemic inflammation [6,197]. Inflammatory biomarkers (SAA, CRP, IL-6, IL-8,
and MCP-1) are increased in MSA compared to HCs and PD and correlate with more
severe disease regarding CI (and motor symptoms), indicating an association between
inflammation and a more aggressive disease course [198]. Early nigrosome changes,
detected by neuromelanin-sensitive, diffusion-sensitive, and resting-state functional
magnetic imaging measures, versus broader SN changes, may also serve as useful
monitoring biomarkers for non-motor symptoms, such as CI [199]. Cystatin C is
associated with cognitive decline in early-stage MSA [200]. Corticotropin-releasing
hormone is decreased in Lewy body disease and other APs and correlated with CI and
inflammation in aSyn-positive disorders [201]. DOPA decarboxylase in plasma is also
increased in APs and can predict progression over a 3-year period [202], while LRRK2 in
CSF is significantly increased in PD and APs with CI [203]. AD fluid markers (CSF p-tau,
AB-40, and serum p-tau217) may modulate the clinical presentation of PSP/CBS [123],
while tau-PET and plasma NfL show clinical progression of Cl in patients with
AB-negative CBS [204].

CSF p-taul98 is able to discriminate CI in PSP and CBD from HCs [205], while
plasma NfL distinguishes PD from PSP and CBD and defines a distinct CBS-AD subtype
[94]. PSP patients exhibit decreased levels of CSF-tau compared to HCs, while CBS
cohorts present increased CSF-p-tau [206]. Lower levels of neuronal pentraxins and
neurogranin in MSA and PSP, indicating synaptic dysfunction, may serve as biomarkers
for CI progression in these disorders [207]. Tau quantification by real-time polymerase
chain reaction (PCR) in skin lysates of PSP and CBD differentiated both from MSA
(sensitivity 90%, specificity 86%), and its increase correlated with CI in both tauopathies
[208].

A panel of plasma biomarkers for the differential diagnosis of APs includes a
combination of aSyn, AB-40, AB-42, A-42/40, and NfL; in terms of cognitive function,
there was a relationship between plasma Ap42/40 and MMSE score in patients with APs
[209]. Plasma NfL and GFAP distinguished PSP from HC and from MSA-P [210], while
plasma NfL, A(3-42, and A(3-40 could distinguish APs from PD and its subtypes [211].

3.7. Pathogenic Mechanisms

Whereas possible key genes (MAPT, APOE, APP, SNCA) and risk loci of APs have
been identified [1,212-214], and recent research has unveiled essential basic mechanisms
of neurodegeneration in MSA [215] and tauopathies [216,217], our knowledge about the
pathogenesis of CI in this range of disorders is mainly dependent on recent
neuroimaging findings, while concerning CI in APs, respective neuropathological data
are rather poor.

The high prevalence of cognitive and neurobehavioral symptoms in MSA, according
to animal models [218], is related to aSyn involvement of the amygdala, reflecting early
changes in the corticolimbic system [219], while executive dysfunction, one of the earliest
signs of CJ, is linked to frontostriatal lesions, hypometabolism in the prefrontal cortex,
and frontostriatal and fronto-cingulate WM lesions, all sequelae of aSyn pathology [27].
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These and other lesions are related to neuro-inflammatory mechanisms, essential in the
pathogenesis of MSA [197], due to activation of the complement pathway by aggregation
of hyper-phosphorylated (p)aSyn [220], inducing microglial activation [215,221]. The
resulting neuronal loss in cerebral GM (cortex, putamen, SN) and microlesions in
cerebral WM are responsible for disruptions of essential neuronal networks.
Hippocampal aSyn pathology with more neuronal cortical inclusions in the entorhinal
cortex, cornu ammonis regions CAl-4, and subiculum correlates with memory
impairment in MSA [42,222]. Furthermore, a greater burden of neuronal cytoplasmic
inclusions in the limbic region is associated with CI [222]. The hippocampal subtype with
dense neuronal cytoplasmic inclusions and severe neuronal loss in hippocampal CAl,
subiculum, amygdala, and parahippocampal gyrus is a rare variant of MSA associated
with CI [223,224]. MSA-specific aSyn strains, being extremely potent in inducing
spreading, neuroinflammation, and degeneration, reflect the aggressive nature of this
disease [225], and the recent demonstration of GCl-like fibrils within dark microglia
suggests that they contribute to the origin of the spread of p-aSyn, which may be
important for the pathogenesis of this disease [226].

In PSP and CBD, the contribution of p-tau pathology to alterations in neurons and
glia leading to synaptic loss and disturbance of connections between neuronal circuits
essential for cognitive functions (mainly prefrontal-limbic and multi-regional networks)
is well established [124,217,227]. These neurodegenerative changes are associated with
neuroinflammation [204]. Recent studies emphasized neuroinflammation mediated by
T-cells in SN compacta of PSP and substantial loss of dopaminergic neurons in both MSA
and PSP [228]. Combined PET studies indexing microglial activation and tau pathology
demonstrated that both co-localize in the same brain regions [229], enhancing a
pathological cascade leading to dysfunction of essential neuronal circuitries. In patients
with 4R-tauopathies, tau-PET in basal ganglia and midbrain regions is negatively
associated with striatal DAT availability, whereas those with a-synucleinopathies like
MSA showed no such relationship, indicating that tau burden in brain regions involved
in dopaminergic pathways is associated with aggravated dopaminergic dysfunction in
tauopathies that might involve various functions [230]. Pathological tau in astrocytes and
microglia [217], leading to neuronal loss and disconnection of neuronal circuits, can be
considered as a morphological substrate of CI in PSP [227]; it is also associated with
dopaminergic neuron loss in SN of MSA and PSP [228]. The spatial expansion of
microglial activities parallels tau distribution across brain regions that are functionally
connected to each other, suggesting that tau and inflammation are closely involved in the
pathogenesis of 4R-tauopathies [229]. Neuronal-to-astrocytic plaque ratios in frontal
cortex and basal ganglia in end-stage CBD were 12 times greater than in preclinical
forms, suggesting that CBD may start as an astrogliopathy-inducing neuronal loss [231].

In CBD, like in PSP, the pattern of p-tau pathology is essential for the dysfunction of
prefronto-subcortical and monoaminergic brainstem circuitries that are responsible for
the development of CI and other comorbidities.

CBS has higher [18F]AV-1451 uptake (demonstrating AD-tau pathology), GM
volume loss. and reduced synaptic density, the latter being more severe and widespread
in the Af-negative group, while asymmetric synapse loss is in line with the clinically
most affected side. Distinct patterns of tau pathology and reduced synaptic density
indicate differences in the pathogenic mechanisms of CBS according to whether it is
associated with the presence of AD or not. This is important for different therapeutic
strategies in CBS [136]. aSyn and tau are proteins prone to pathological misfolding and
aggregation that are normally found in the presynaptic and axonal compartments of
neurons. Both are intrinsically disordered proteins, lacking stable secondary and tertiary
structures. Misfolding initiates a homo-oligomerization and aggregation cascade
culminating in the deposition of aggregated aSyn and tau in insoluble intracytoplasmic
inclusions in many neurodegenerative diseases. There is significant overlap and
co-occurrence of aSyn and tau pathologies; both can interact in cells, and their
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pathological conformations are capable of templating further misfolding and aggregation
of each other [232]. The co-occurrence of tau with both soluble and insoluble aSyn is
more likely to occur through monomer—fiber binding interactions, rather than
monomer-monomer or co-aggregation [233]. The direct interaction of aSyn with tau is
considered to promote the fibrillation of each of the proteins in vitro and in vivo [234].

Both aSyn and tau pathologies, inducing cell toxicity, neuro-inflammation, oxidative
stress, and other complex pathogenic mechanisms, cause disruption of the relevant brain
networks [235-237]. Thus, CI in APs can be suggested to be the result of neuronal
network disorders due to the interaction of multiple pathological proteins [121].

3.8. Management Options

While there is no treatment to stop or retard the development of neurodegeneration
in APs, a range of pharmacological, psychotherapeutic, passive immune, or brain
stimulation therapies; cognitive training; rehabilitation methods; and other
non-pharmacological treatments have been studied and/or are used for managing CI in
APs, but appropriate therapies of CI are critical for comprehensive care of these
parkinsonian disorders [238]. CI in MSA may benefit from optimization of dopamine and
dopamine agonist therapy; the behavioral and cognitive effects of transdermal rotigotine
(non-ergot dopamine agonist) are questionable [239]. Lithium that has shown positive
functions in AD did not show benefits in MSA [240]. The efficacy of transnasal insulin for
CI in MSA needs further confirmation [241]. Some effects of non-invasive brain
stimulation (repetitive transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation(tDCS)) on improving cognitive function in MSA also deserve further
investigation [242]. Alternatively, cognitive behavioral therapy and cognitive
rehabilitation have been found to improve specific cognitive deficits in MSA (and PD),
but not all cognitive domains may benefit from this method that should be tailored to the
patient’s specific impairments.

While a multitude of ongoing disease-modifying pharmacotherapies targeting tau in
PSP, including genetic, microtubule-stabilizing, anti-phosphorylation and acetylation
agents, anti-aggregants, and protein removal. Antioxidant, neuronal, and synaptic
growth promotion therapies are in the pipeline [243,244]; specific pharmacological
treatments are complemented by non-pharmacological managements. Levodopa has
been shown to modulate semantic fluency in early stages of PSP-RS [245], and
intrajejunal levodopa infusions have provided persistent improvement in some
non-motor symptoms [246], although side effects of levodopa can worsen cognition in
PSP [247]. Amantadin can improve some cognitive aspects, including alertness, but may
also cause hallucinations and insomnia; anticholinergic drugs should be selected
carefully to limit cognitive side effects [247]. Both tDCS and rTMS have beneficial effects
on cognitive dysfunction in PSP [248,249].

According to a consensus statement of the US CurePSP Centers of Care [250], the
following managements of CI in PSP/CBS are recommended: Pharmacological treatment
includes cholinesterase, such as donepezil that should be discontinued if no benefit is
observed. Non-pharmacological methods include caregiver and family education (adapt
and emphasize activities); occupational therapy, compensatory technologies, and lifestyle
modifications. For speech impairment in PSP/CBD, a number of methods to improve
speech apraxia, non-fluent aphasia, and other speech disorders are recommended.
Potential cognitive benefits have been reported for combined non-invasive
neuromodulation [251] and rTMS [74]. In conclusion, AP patients can benefit from a
multidisciplinary therapeutic approach with a person-specific combination of multiple
modalities that should be screened and validated in order to obtain the best possible
results.
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3.9. Conclusions and Outlook

AP syndromes (MSA, PSP, and CBD), in addition to a combination of parkinsonism
and motor/non-motor and other symptoms, are clinically characterized by a
heterogenous spectrum of cognitive deficits that, despite differences in their basic
pathologies (a-synucleinopathy and 4R tauopathies), show both overlaps and diversities,
PSP and CBD generally being more severely impaired than MSA. While cognitive deficits
in all three disorders manifest early in the course of the disease, their development is
usually independent of the course and progression of motor and other symptoms. In
MSA, CI differs in various domains between MSA-P and MSA-C, whereas the PSP and
CBD groups show considerable differences in cognitive deficits among the clinical and
morphological phenotypes, some of them mimicking AD and/or FTLD. As with the other
clinical signs and symptoms, cognitive dysfunctions in APs reflect the different patterns
of underlying brain pathologies that are induced by the deposition of pathological
proteins in various structural elements of the brain. CI in MSA is one extreme, with the
least impaired cognitive profile affecting executive, attentional, and visuospatial
functions to PSP with much greater decline in global cognitive and executive functioning,
episodic memory, attention and language deficits similar to CBD, where involvement of
the majority of cognitive domains, including attention, executive and visuospatial
functions, and language performance, are associated with speech apraxia and agraphia.
Despite the different basic mechanisms of neurodegeneration that are responsible for the
specific cognitive dysfunctions, many of the resulting brain lesions are similar in extent
and severity, with variable involvement of cortical and subcortical areas. They cause
complex dysfunction of multiple neuronal networks. CI in MSA is related to disruption of
cortico-striato-limbic networks, that in PSP to disorders of fronto-striatal and
cortico-basal ganglia/midbrain-cortical connections, while CI in CBD is related to
asymmetric involvement of multiple circuitries, including default mode and attentional
ones.

In all three APs, putative pathogenic factors for clinical symptoms, including CI, are
deposition and spreading of the relevant pathological proteins (aSyn and p-tau),
neuroinflammation, oxidative stress, and other complex molecular mechanisms, not all of
which have been elucidated, but some of them can be detected by biomarkers that may
become of diagnostic value.

In order to promote a more accurate and earlier diagnosis of CI in APs, clinical
appreciation of “red flags”, together with standard criteria, should be considered in each
of the APs, and evaluation of the neuropsychological profiles of the different types of APs
and new, in particular, more specific biomarkers will be necessary. In addition to CSF and
neuroimaging markers, new specific blood/serum markers should be found that may
enable a more accurate and earlier non-invasive diagnosis of APs and their cognitive
disorders. Neuropsychological tests should be used more intensively to evaluate general
cognition, verbal and visual memory, working memory, constructive abilities,
visuospatial skills, language, and executive functions in order to enable specific,
personalized, and earlier management options. A detailed evaluation of the
neuropsychological profiles of the different APs and their phenotypes and—if
possible—the correlation with future biomarkers is necessary in order to detect specific
deficits that should be considered as the basis of patient-specific treatments in order to
increase the quality of life of both patients and caregivers.

Many of the cognitive dysfunctions, although being important for the quality of life
of patients and caregivers, are still underdiagnosed. While no disease-stopping or
retarding treatments for APs are available, a range of pharmacological and
non-pharmacological methods, including non-invasive neuromodulation (rTMS and
tDCS), behavioral, speech, and other treatment modalities, should be applied in a
personalized manner in order to obtain reasonable results. In view of the heterogeneity of
cognitive dysfunctions in APs and the limited objective findings in these highly complex
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disorders, further multidisciplinary studies are warranted in order to obtain better
insight into their pathogenesis as a basis for the development of further diagnostic
biomarkers and future adequate treatment modalities of these debilitating comorbidities.
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PSP progressive supranuclear palsy

nfvPPA PSP with nonfluent/agrammatic primary progressive aphasia
PSP-C PSP with cerebellar ataxia

PSP-CBS PSP with predominant corticobasal syndrome

PSP-F PSP with predominant frontal/cognitive presentation
PSP-OM PSP with predominant oculomotor dysfunction
pPSpP-P PSP with predominant parkinsonism

PSP-PGF PSP with predominant gait freezing and motor blocks
PSP-PLS PSP with primary lateral sclerosis

PSP-RS  Richardson’s syndrome/classic PSP

PSP-SL. PSP with predominant speech/language disorder

AD Alzheimer disease

AP atypical parkinsonism
aSyn a-synuclein

CBD corticobasal degeneration
CBS corticobasal syndrome

CI cognitive impairment

CSF cerebrospinal fluid

DAN dorsal attentional network
DAT dopamine transporter

DLPFC  dorsolateral prefrontal cortex
DMN default mode network

EF executive function

EC functional connectivity

FTLD frontotemporal lobe degeneration
FW free water

GCI glial cytoplasmic inclusion

GM gray matter

GP globus pallidus

HCs healthy controls

LC locus ceruleus

MDS Movement Disorder Society

MSA multiple system atrophy
MSA-C  MSA cerebellar variant
MSA-P MSA parkinsonism variant

NCI neuronal cortical inclusion

PD Parkinson’s disease

PPA primary progressive aphasia

QoL quality of life

rTMS repetitive transcranial magnetic stimulation
SN substantia nigra

STN subthalamic nucleus

tDCS transcranial direct current stimulation

WM white matter
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