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“Acceptance doesn’t mean resignation; it means understanding that

something is what it is and that there’s got to be a way through it.”

Michael J. Fox

Dedicated to my mother, who taught me that | can achieve anything,

no matter where | start, no matter how long it takes

—yet reminded me, that I'm never obligated to chase the dreams

others choose for me.
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ABSTRACT

Abstract

Although recent progress in research has improved our understanding of the underlying
mechanisms of progressive supranuclear palsy (PSP), an integrated model of the disease
remains elusive. Large-scale brain network approaches have gained attention in accounting for
the complex symptomatology of PSP; however, region-specific structural alterations continue

to play a significant and complementary role.

This thesis investigated neuroanatomical atrophy patterns in PSP to extend the
understanding of the structural substrates underlying its heterogeneous clinical presentation.
Three studies were conducted to characterize PSP-specific gray matter (GM) and white matter
(WM) degeneration and to explore their associations with clinical manifestation. The
overarching aim was to integrate focal atrophy patterns with large-scale brain network
disruptions, thereby providing insight into the complex interplay between structural
degeneration and symptom development in PSP. STUDY 1 utilized an activation likelihood
estimation meta-analysis to identify consistent GM atrophy across PSP cohorts relative to
clinical differential diagnoses. Four convergent clusters were identified in the thalamus and
midbrain, bilateral caudate nuclei, and insula. Notably, these regions are embedded within
distributed large-scale networks, thereby supporting the hypothesis that PSP reflects a systems-
based disorder rather than isolated regional damage. STUDY 2 assessed the diagnostic utility
of the midbrain-to-pons ratio (MTPR), confirming its effectiveness as a structural biomarker
for PSP. The findings further underscored the midbrain’s central role in the PSP pathology and
suggested the potential utility of the MTPR as a longitudinal marker for disease monitoring.
STUDY 3 identified extensive WM disconnections associated with core symptoms of PSP,
encompassing both motor and cognitive domains, thereby providing evidence for widespread
network-level disintegration. Additionally, a relation between the MTPR and WM pathology
could be established.

The presented studies underscore the critical role of both localized and network-level
structural changes in PSP. The results reinforce the centrality of the midbrain as a pathological
node for network-based models in the characterization of PSP pathogenesis. Taken together,
this work contributes compelling evidence towards a more integrated understanding of the

disease, thereby supporting the development of improved diagnostic strategies.



INTRODUCTION

1. Introduction
Progressive supranuclear palsy (PSP) is a complex neurodegenerative disorder that states
significant diagnostic challenges due to its clinical overlap with certain movement disorders

(Rowe et al., 2021; Stamelou et al., 2021):

Parkinsonian syndromes (PS) encompass a diverse spectrum of heterogeneous
neurological disorders characterized by the manifestation of parkinsonism—a clinical
syndrome marked by bradykinesia (slowness of movement), rigidity (stiffness), resting tremor,
and postural instability (McFarland, 2016; Williams & Litvan, 2013). These conditions involve
progressive neuronal loss; however, they differ in their underlying pathologies and patterns of
brain atrophy. This results in distinct clinical and cognitive profiles. Consequently, PS can be
classified based on their etiology, clinical features, and neuropathological characteristics. The
most common form is idiopathic Parkinson’s disease (IPD). However, the spectrum also
includes atypical parkinsonian disorders (APD), such as PSP, multiple system atrophy (MSA),
and corticobasal degeneration (CBD), as well as secondary parkinsonism. Differentiating
between PS is crucial, as APD generally exhibit a more rapid progression, a limited response
to levodopa, and more complex symptomatology. Despite distinct pathological hallmarks, APD
are frequently misdiagnosed, based on the common representation of parkinsonism. This leads
to unnecessary procedures and wrong prognostic expectations (Hoglinger et al., 2017; Hughes

etal., 2002).

This thesis focuses on PSP, the most common APD, to allow for a detailed investigation
of disease-specific structural brain alterations. A focused approach enables precise
characterization of the changes uniquely associated with PSP, which would be more difficult
in studies including multiple APD due to their clinical and pathological heterogeneity. While
many of the mechanisms explored in this thesis—such as the role of gray matter (GM) and
white matter (WM) atrophy within large-scale brain networks—are relevant across all APD,
PSP serves as a traceable model system due to its relative pathological and diagnostic

specificity.

The following chapters will introduce relevant pathophysiological and clinical aspects
of PSP. Moreover, information regarding differential diagnoses and relevant neuroimaging
methods will be provided. Then, three original research articles will be presented. Finally, the

results obtained will be discussed and integrated into a disease-specific network approach.
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1.1. Progressive Supranuclear Palsy
PSP was first described by John C. Steele, J. Clifford Richardson, and Jerzy Olszewski
in 1964 as a combination of supranuclear gaze palsy, axial rigidity, pseudobulbar palsy, and
mild dementia (Steele et al., 1964). Today, its clinical spectrum is known to be more variable
than originally described, with various phenotypes, such as PSP-Richardson syndrome (PSP-
RS). The resemblance to other PS leads to frequent misdiagnoses (Respondek et al., 2014).

PSP is characterized by the accumulation of abnormal tau protein aggregates in the
brain, particularly affecting the brainstem, resulting in various motor impairments, including
parkinsonism. PSP develops defining features such as frequent backward falls, supranuclear,
mostly vertical, gaze palsy, and cognitive dysfunction (Boxer et al., 2017; Litvan et al., 1996;
Litvan, 2003; Pantelyat, 2022). Diagnosis remains based on clinical criteria (Hoglinger et al.,
2017; Whitwell et al., 2017). However, the complex clinicopathologic nature of the disease can
only be definitively confirmed at autopsy, and precise diagnosis remains a challenge (Williams
& Lees, 2010). So far, there is no curing therapy for PSP; multiple neuroprotective medications
(e.g., levodopa) have proven ineffective, which represents a major distinguishing criterion from
IPD. Thus, treatment options focus on providing supportive care for now (Jackson et al., 1983;
Litvan, 2003; Stamelou & Hoglinger, 2016). As PSP is rapidly progressive and clinical
presentation varies individually, it is impossible to establish reliable prognoses. Typically, PSP
rapidly leads to severe disability of or ends fatal, within a few years from onset (Litvan &

Kong, 2014).

1.1.1. Epidemiology

With approximately 1-7 cases per 100,000 individuals, PSP is less common than other
neurodegenerative diseases (Golbe, 2008; Lyons et al., 2023). However, prevalence rates can
vary considerably depending on geographic region and population characteristics, and a
consistent epidemiological description remains elusive (Lyons et al., 2023; Swallow et al.,
2022). Frequent misdiagnoses contribute to the underestimation of PSP cases. PSP is
considered a late-onset neurodegenerative disorder, typically developing in the sixth decade of
life, with a mean age of onset at around 63 years (Boxer et al., 2017; Golbe, 2014). Importantly,
the initial appearance of symptoms is variable: some individuals may present in their 50s, while
others may not develop symptoms until their 70s or later (Golbe, 2014; Hoglinger et al., 2017).
The median interval between symptom onset and diagnosis is approximately 3 years, ranging
from 6 months to 9 years, reflecting the diagnostic challenges associated with the disease. The

estimated median survival from symptom onset is around 7 years (Golbe, 2008). PSP appears

2



INTRODUCTION

to affect both, males and females equally, but some studies have suggested a slight male
predominance (Mabhale et al., 2022). While the majority of PSP cases are sporadic (i.e., occur
without a family history), a small percentage represents familial PSP, which is linked to specific

genetic mutations (Fujioka et al., 2014).

1.1.2. Underlying Pathology

When first described, Steele et al. (1964) suspected a neurodegenerative origin of PSP.
A central neuropathological feature of PSP is the abnormal accumulation of tau protein in the
brain (Zhang et al., 2024). Tau is a microtubule-associated protein essential for stabilizing
microtubules, which support intracellular transport, cell morphology, and synaptic integrity. In
PSP, tau becomes hyperphosphorylated, detaches from microtubules, and aggregates into
insoluble neurofibrillary tangles (see Figure 1). These tangles are distributed across several
brain regions, including the basal ganglia, brainstem, and cerebral cortex, disrupting neural
circuitry and contributing to progressive neuronal loss (Kovacs et al., 2020). The severity and
distribution of tau pathology in PSP correlate with the clinical presentation and disease

progression (Robinson et al., 2020).

Figure 1. Pathophysiological Mechanism of PSP.

u

. Jf .7 Neuronal
?—"—”””;7’% loss

Hyperphosphorylated tau

Note. In PSP, hyperphosphorylated tau protein with an altered repeat ratio leads to tau
depositions in neurons, which ultimately results in neuronal loss. HT = hyperphosphorylated

tau. Adapted from (Ichikawa-Escamilla et al., 2024).
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1.1.3. Clinical Manifestations
Though PSP is often diagnosed based on a combination of clinical assessment,
neuroimaging, and exclusion of other diseases, the clinical manifestation is crucial to the
diagnostic process (Boxer et al., 2017; Tolosa et al., 1994). As PSP affects multiple brain
regions (see Figure 2), it can lead to a wide range of motor, cognitive, and behavioral
symptoms. Its overlap with other neurodegenerative disorders is a major diagnostic challenge;
however, distinct features help to clearly define PSP (Hoglinger et al., 2017). The following

passages will discuss the major symptoms commonly associated with PSP.

Figure 2. Brain regions, commonly affected in PSP.

Cortical Areas

Cerebellum
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Note. In PSP, multiple brain areas are affected to varying extents. Adapted from (Ichikawa-

Escamilla et al., 2024).
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1.1.3.1. Parkinsonism and other Motor Symptoms
PSP initially presents with motor symptoms resembling those seen in IPD, including
the aforementioned hallmark features of parkinsonism: bradykinesia, rigidity, and postural
instability (Levin et al., 2016). However, in PSP, these symptoms tend to be more symmetric

and less responsive to dopaminergic treatment (Chunowski et al., 2024; Levin et al., 2016).

Bradykinesia, or the slowness in initiating and executing voluntary movements, can
affect limb movement, facial expression, and speech. While both patients with PSP and those
with IPD exhibit bradykinesia, PSP is less commonly associated with the characteristic resting
tremor that is more often observed in IPD. Furthermore, PSP more frequently involves axial
muscles, leading to a characteristic facial stiffness resulting in a fixed stare, known as
hypomimia (Romano & Colosimo, 2001). Also, PSP-characteristic axial rigidity primarily
affects the neck and upper body, in contrast to the limb-predominant rigidity seen in IPD
(Respondek et al., 2014). In addition, dystonia may manifest, especially affecting the trunk and
neck, leading to abnormal, involuntary muscle contractions, which may cause postural
deformities, such as camptocormia or opisthotonus (Godeiro-Junior et al., 2008). Speech is
commonly affected due to dysarthria, resulting in slurred, slow, or monotonous speech patterns
stemming from impaired motor control of speech musculature. Alterations in voice quality,
including reduced loudness and monotonicity, further compromise communication (Kim &

McCann, 2015).

Patients commonly exhibit freezing of gait, where their feet appear “glued” to the
ground, especially when initiating movement or turning. This may be misattributed to IPD but
tends to be more resistant to treatment in PSP (Osaki et al., 2017; Williams & Lees, 2009).
Further gait disturbances in PSP are characterized by slow, shuffling movements and a
propensity for sudden backward falls. In contrast to IPD, these falls often occur early in the
disease course and are typically unaccompanied by protective reflexes (Bluett et al., 2017;
Brown et al., 2020). Hence, frequent early falls have been shown to be a key diagnostic
indicator of PSP. Most notably, supranuclear gaze palsy is another defining symptom,
characterized by impaired voluntary vertical eye movements, especially downward gaze, and
slow saccades. This gaze abnormality is highly specific to PSP and often serves as a key clinical
differentiator from other PS (Golbe, 2014; Armstrong, 2018). The critical combination of
postural instability, reduced gaze control, and difficulty initiating or executing complex

movements substantially increases the risk of severe injuries in individuals with PSP.
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1.1.3.2. Cognitive, Behavioral, and Non-Motor Symptoms
Cognitive impairment, often overshadowed by the prominent motor symptoms of PSP,
is a common and frequently early feature of the disease. Although both PSP and IPD present
with cognitive deficits, there are notable differences in the timing, severity, and specific

cognitive profiles of these disorders (Stamelou & Hoglinger, 2013, 2016).

In PSP, cognitive impairment typically reflects a frontal-subcortical dysfunction, with
deficits in attention, executive function, and processing speed (Bak et al., 2005; Boxer et al.,
2017; Donker Kaat et al., 2007; Gerstenecker et al., 2013). This ends in difficulties with
multitasking, planning, and inhibitory control. In this context, a notable clinical sign, attributed
to PSP, is the applause sign, characterized by an involuntary tendency to clap the hands together
after being instructed to stop after three times (Hoglinger et al., 2017; Williams & Lees, 2009).
Further deficits have been reported in verbal fluency (Bak et al., 2005; Donker Kaat et al.,
2007), naming (Cotelli et al., 2006), and memory (Macedo et al., 2022).

Beyond cognitive deficits, PSP is frequently associated with significant behavioral
alterations, including emotional lability, apathy, disinhibition, and personality changes. These
symptoms often resemble the behavioral variant of frontotemporal dementia (Gerstenecker et
al., 2013; Han et al., 2010). Impulsivity and disinhibition present as inappropriate social
behavior or comments, creating interpersonal challenges. Personality changes—such as
diminished empathy—are particularly distressing for caregivers, as they can fundamentally

change interpersonal dynamics and complicate social relationships (Millar et al., 2006).

Additionally, visual disturbances are another hallmark of PSP and include impaired
smooth pursuit, slowed or restricted saccades, and diplopia, blurred vision, and photophobia
(Armstrong, 2011; Chen et al., 2010). Although core language abilities, such as vocabulary and
comprehension, are often preserved, some individuals develop features of aphasia, impairing

their expressive language (Burrell et al., 2018).

Dysphagia, or difficulty swallowing, is also prevalent in PSP and tends to worsen
rapidly with disease progression. It may result in coughing or choking, increasing the risk of
aspiration. In advanced stages, dysphagia requires careful monitoring and intervention to
prevent life-threatening complications, such as aspiration pneumonia (Clark et al., 2020; Flynn

et al., 2024).
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1.1.4. Structural Brain Changes in PSP
In order to fully understand the pathology underlying the symptoms described above,
it is of particular interest to consider the brain changes that may influence the development of
these manifestations. To this end, structural magnetic resonance imaging (MRI) is a central part
of the diagnostic workup in PSP, as it enables the identification of key brain alterations that are
essential for accurate diagnosis and differentiating PSP from other neurodegenerative disorders

(Stamelou et al., 2011).

1.1.4.1. Gray Matter Changes

GM consists of neuronal cell bodies and dendrites and plays a critical role in processing
and integrating information within the central nervous system. Tau protein aggregation has
been demonstrated to induce neuronal loss in affected brain regions, thereby contributing to
the progressive deterioration of motor and cognitive functions observed in PSP (Kovacs et al.,
2020). Neuroimaging studies have consistently shown widespread GM atrophy in PSP,
particularly affecting the midbrain, thalamic regions, frontal cortex, and basal ganglia (Pan et
al., 2017; Piattella et al., 2015a,b; Stezin et al., 2017). This atrophy has been found to correlate
with the severity of the hallmark symptoms of PSP (Giordano et al., 2013; Pan et al., 2017;
Paviour et al., 2006).

One of the most striking features of PSP is significant atrophy in the midbrain,
particularly affecting the tegmental area, which contributes to the characteristic vertical
supranuclear gaze palsy, impairing voluntary eye movements (Buch et al., 2022; Massey et al.,
2013). Atrophy of other subcortical structures, such as the caudate nuclei, putamen, and
thalamus, has been linked to bradykinesia, rigidity, and postural instability (Cordato et al.,
2005; Paviour et al., 2006). Additional atrophy in the cerebellum exacerbates motor symptoms,

impairing coordination and balance (Rajput et al., 1990, 2001).

While PSP predominantly targets subcortical structures, there is also evidence of
cortical involvement, including the frontal, parietal, and temporal cortices. This cortical
involvement is especially associated with cognitive and behavioral changes, including
executive dysfunction, language difficulties, and personality changes (Rittman et al., 2016).
Frontal regions have been linked to impairments in planning, emotional regulation and
decision-making, as well as visuospatial interpretation and language difficulties, frequently

observed in PSP (Gerstenecker et al., 2013).
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Overall, GM atrophy in PSP has been shown to correlate closely with the severity of
clinical symptoms and disease progression (Whitwell et al., 2012a; Whitwell et al., 2012b),
thus, serving as a critical source to the underlying pathophysiology. Several regions have been
observed to be linked to symptoms characteristic of PSP, raising important questions about
their connectivity and the underlying trajectory of disease progression. There is an idea of the
brain regions that must be involved in the disease, but it remains to be investigated to what

extent they are connected and which exact roles they play.

1.1.4.2. White Matter Changes

Tau pathology in PSP also affects WM (Coughlin et al., 2022), which is responsible for
transmitting signals between brain regions and facilitating communication between neurons
(Bennett & Madden, 2014). While WM atrophy in PSP is less characterized compared to GM
changes, recent research has provided valuable insights linking changes in WM tracts,
(indicating disruptions in connectivity between brain regions) to the variable symptom
complex in PSP (Agosta et al., 2014; Agosta et al., 2011; Knake et al., 2010; Piattella et al.,
2015 a,b; Saini et al., 2012; Whitwell et al., 2011; Worker et al., 2014).

Notable abnormalities could be observed in the superior cerebellar peduncles (SCP),
inferior and superior longitudinal fasciculus (ILF; SLF), and corpus callosum of PSP patients.
These structural WM changes have been shown to correlate with clinical measures:
degeneration of the SCP has been associated with overall disease severity, the ILF with motor
dysfunction, and the SLF with saccadic eye movement impairments (Agosta et al., 2014;
Tessitore et al., 2014; Whitwell et al., 2014). The transhemispheric fibers forming the corpus
callosum, potentially contribute to both cognitive and motor coordination deficits (Whitwell et
al., 2011). Similarly, the corticospinal tract, which is crucial for motor control, are often
affected in PSP and could potentially account for the motor symptoms observed in the disease,
including typical parkinsonian features. Additionally, damage to the medial longitudinal
fasciculus (MLF), responsible for coordinating eye movements, may contribute to supranuclear

vertical gaze palsy (Chen et al., 2010).

Regarding cognitive decline, PSP often involves WM changes in the frontal lobe,
affecting areas responsible for higher-order cognitive functions, such as planning, executive
function, and decision-making. Degeneration of the uncinate fasciculus, which connects the

frontal and temporal lobes, may also contribute to memory and emotional disturbances (Agosta
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et al., 2014; Heide et al., 2013). In conclusion, evidently both cortical and subcortical WM

alterations shape the clinical profile of PSP together with GM loss.

1.1.4.3. Functional Brain Changes in PSP
Functional changes in PSP refer to alterations in brain activity and connectivity that
impact how different regions communicate and process information. Functional imaging
studies have consistently demonstrated widespread network dysfunction, particularly affecting

frontal and subcortical regions (Black et al., 2024).

One of the earliest and most prominent functional alterations in PSP occurs in the
brainstem, especially the midbrain and superior colliculus. Dysfunction in these areas can lead
to vertical supranuclear gaze palsy as well as falls and postural instability (Litvan et al., 1996).
The disrupted connectivity between cortical and subcortical structures compromises the
coordination of complex motor tasks, further contributing to gait disturbances and balance

problems (Boxer et al., 2006; Gardner et al., 2013).

Beyond motor symptoms, functional disruption in the lateral and prefrontal cortices has
been associated with impairments in executive functions, including attention, memory, and
decision-making (Coyle-Gilchrist et al., 2016; Friedman & Robbins, 2022; Hertrich et al.,
2021). Compared to IPD, which exhibits more localized basal ganglia dysfunction, PSP
presents with broader frontoparietal disconnections, affecting higher-order cognitive processes.
In addition, some individuals with PSP exhibit psychiatric symptoms such as apathy,
depression, and disinhibition. These are thought to arise from functional abnormalities in
regions involved in emotion regulation and social behavior, particularly the anterior cingulate

cortex (Rampello et al., 2005).

Taken together, these findings support the notion that PSP is characterized by
widespread functional network dysfunction encompassing the frontal lobes, subcortical

circuits, and brainstem structures—also forming the variable symptom complex of PSP.

1.1.5. Network Degeneration in PSP?

PSP has long been considered as a disorder driven by degeneration in localized brain
structures, particularly the midbrain. However, emerging evidence suggests PSP is better
characterized as a network degeneration disorder with widespread disruptions in brain
connectivity rather than isolated focal lesions (Gardner et al., 2013; Whiteside et al., 2021,
2023).
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According to the network degeneration hypothesis (NDH), neurodegenerative disorders
exhibit characteristic atrophy patterns that align with intrinsic connectivity networks in healthy
individuals (Seeley et al., 2009; Zuo et al., 2012). This overlap suggests that neurodegeneration
originates in focal points, or disease epicenters, and spreads through interconnected neural
circuits (Whiteside et al., 2021). Later-affected regions are anatomically connected to earlier-
impaired areas, highlighting a process driven by progressive dysfunction of neural networks
rather than isolated brain regions (DeTure & Dickson, 2019). As pathology accumulates,
affected regions deteriorate while remaining partially functional, interacting with intact brain
areas. This supports staged disease progression, where dysfunction spreads through network

interactions between impaired and healthy regions.

The structural changes observed in PSP—i.e. in the midbrain, basal ganglia, thalamus,
and frontal cortex—tend to co-occur in anatomically and functionally interconnected regions.
These alterations suggest the breakdown of large-scale neural circuits and first studies
suggested that the NDH may also be applicable to PSP (Gardner et al., 2013; Pandya et al.,
2017; Spinelli et al., 2024). Still, it remains uncertain whether the NDH fully applies to PSP,
as the disease's pathological distribution does not consistently follow functional or structural
brain networks. PSP exhibits both focal and widespread degeneration patterns, making it

challenging to attribute symptomatology solely to either of both mechanisms.

1.2. Differential Diagnosis of PSP
The clinical overlap between PSP and other PS underscores the importance of accurate
differential diagnosis. Proper identification is essential for guiding treatment, prognosis, patient
quality of life, and ensuring valid research. Differentiating PSP from IPD enables tailored
therapies, informed decision-making, and better support for both patients and caregivers,

ultimately leading to improved outcomes (Respondek et al., 2023; Whiting et al., 2006).

1.2.1. Neuroimaging in the Differential Diagnosis
In the absence of a definite diagnostic test, neuroimaging plays a crucial role to support
clinical diagnosis (Rowe et al., 2021). Neuroimaging techniques, such as structural MRI,
functional MRI (fMRI), and diffusion tensor imaging (DTI), help to detect structural and
functional brain changes, thereby supporting the identification of disease-specific alterations

(Boxer et al., 2017; Peralta et al., 2022).

Structural MRI, including T1- and T2-weighted imaging, reveals GM atrophy, WM

changes, and ventricular enlargement. Voxel-based morphometry (VBM) is a technique that
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quantifies structural changes and brain atrophy based on structural MRI data (Ashburner &
Friston, 2000) DTI assesses WM integrity by analyzing water diffusion patterns in MRI, with
metrics like fractional anisotropy (FA) providing insights into structural connectivity (Basser
et al., 1994). Functional neuroimaging, such as resting-state fMRI, helps to assess brain activity
and connectivity. As imaging technology advances, MRI’s role in early diagnosis and treatment
of PSP continues to expand, improving patient care and research. This work focuses on
structural MRI, particularly T1-weighted imaging and DTI, which are explored further in the

following sections.

Conclusively, MRI offers a non-invasive window into both structural and functional
brain alterations, making it a powerful candidate for biomarker development. To move towards
earlier diagnosis and better disease monitoring, it is essential to find MRI markers that are

sensitive, specific, and reproducible across patient cohorts.

1.2.2. Structural Biomarkers in PSP

1.2.2.1. Gray Matter Biomarker: The Hummingbird Sign in PSP

Midbrain atrophy is the hallmark feature of PSP, consequently playing a critical role
in its diagnosis. Thus, one of the most reliable structural biomarkers in PSP is the so-called
hummingbird sign (Graber & Staudinger, 2009; Groschel et al., 2006; Mueller et al., 2018).
This MRI finding refers to midbrain atrophy that appears as a narrowing of the midbrain. It's
called the hummingbird sign because the shape of the brainstem resembles the outstretched
wings and body of a hummingbird when viewed from the side. The hummingbird sign in PSP
is most evident on midsagittal brain MRI and is characterized by several key features:
pronounced midbrain atrophy with a "tucking" appearance and atrophy of the midbrain

tegmentum (the ventral part of the midbrain) with relative pons preservation (see Figure 3).
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Figure 3. The hummingbird sign.

Note. The hummingbird sign is characterized by a thinned-out midbrain ~ (resembling  the

bird's head and beak) and a preserved pons (like the bird's body).

Since it was initially quantified by Oba et al. (2005), several approaches have been
established to reliably quantify midbrain atrophy, such as the midbrain-to-pons-area ratio

(MPAR), or the midbrain-to-pons ratio (MTPR):

Oba et al. (2005) used the cross-sectional areas of midbrain (MA) and pons (PA) to
provide a robust measure against anatomical variation. The measures were divided following
this formula, where a value < 0.18 is considered highly specific for PSP:

MA (mm?)

MPAR = 277

Massey et al. (2013) used a simplified version of the initial measures and measured the
linear width of midbrain (MW) and pons (PW) on midsagittal T1-weigthed images. To
calculate the MTPR, the two measures were divided following this formula, where a value <
0.52 is considered highly specific for PSP:

MW (mm)

MTPR = .
PW (mm)

Though the hummingbird sign is often associated with PSP, its presence and diagnostic
specificity can vary, and further investigation is needed to clarify its role in early differential

diagnosis and monitoring disease progression (Mueller et al., 2018; Virhammar et al., 2022).
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1.2.2.2. White Matter Biomarkers
With regard to connectivity between involved areas, potential WM biomarkers have
gained considerable attention for their role in understanding the disease’s symptom complex.
WM changes have been reported to be of particular significance in assessing non-motor and

cognitive alterations in PSP (Prodoehl et al., 2013).

DTI studies consistently revealed widespread WM disruption in PSP, with reduced FA
in tracts and regions such as the corpus callosum, cingulum, SLF, and cerebellar pathways
(Zhang & Burock, 2020). These findings were clinically meaningful, as they were correlated
with cognitive deficits and, thus, may serve as early biomarkers in cases with prominent non-
motor features (Caso et al., 2016). Besides the midbrain, the SCP belong to the most affected
structures in PSP (Whitwell et al., 2017). Taken together, these WM changes reflect the
breakdown of long-range connectivity within motor and cognitive control networks,

reinforcing the utility of a WM-based biomarker for PSP.

To improve diagnostic specificity, Quattrone et al. (2008) introduced the Magnetic
Resonance Parkinsonism Index (MRPI), which extends conventional morphometric
biomarkers by incorporating measurements of SCP and the middle cerebellar peduncle (MCP).
As the SCP primarily consists of WM, its inclusion is thought to enhance the sensitivity to PSP-
specific changes. The MRPI is calculated as follows, with values > 13.55 highly indicative of
PSP:

2
MRPI = (PA (mm ))MCPW(mm)

MA (mm?2)) SCPW (mm)’

This index significantly increases in PSP due to midbrain and SCP atrophy and has
demonstrated high diagnostic accuracy (Quattrone et al.,, 2018; Quattrone et al., 2016).
Nonetheless, it remains an open question whether WM-based biomarkers serve as direct

indicators of disease pathology or rather as correlates of symptomatic progression.
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1.3. Aims of this Thesis
As outlined, research on PSP has gradually shifted from focusing on isolated structural
atrophy of certain brain regions to embracing the possibility of a network-based model of
neurodegeneration. However, to date, there is still limited evidence supporting this hypothesis
or clarifying the extent to which it holds true for PSP. By integrating region-specific findings
with network-based interpretations, this work seeks to clarify the complex interplay between
brain atrophy, WM degeneration, and overall impairment in PSP. To this end, three studies were

conducted:

STUDY 1 presents a comprehensive meta-analysis of VBM studies to identify
consistent patterns of brain atrophy across PSP patients, highlighting key regions and networks

of structural vulnerability as well as connectivity amongst each other.

STUDY 2 investigated the utility of the MTPR as an imaging biomarker for PSP by
assessing its sensitivity to disease progression over a one-year period, thereby emphasizing the

central role of the midbrain in PSP.

STUDY 3 explores WM abnormalities associated with PSP and their relationship to
cognitive, motor, and behavioral symptomatology, providing insights into network-level

disruptions.

Together, these studies aim to (1) characterize PSP-specific structural features, (2)
evaluate imaging biomarkers with prognostic potential, and (3) link neuroanatomical changes
to clinical outcomes. Ultimately, this thesis aspires to refine diagnostic approaches and
contribute to a more nuanced understanding of PSP as a complex, network-based

neurodegenerative disorder.
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EMPIRICAL STUDIES

2. Studies included in this Thesis

This thesis is based on the following original research articles:

STUDY 1: Querbach, S. K., Eickhoff, S. B., Hausmann, A.C., Schnitzler, A.,

Caspers, J., & Eickhoff, C.R. (2025). Consistent PSP Atrophy involves Regions connecting

the Salience Network to Subcortical Circuits [Manuscript submitted for publication].

STUDY 2: Kannenberg, S., Caspers, J., Dinkelbach, L., Moldovan, A.S., Ferrea, S., Butz,
M., Schnitzler, A., & Hartmann, C.J. (2021). Investigating the 1-year Decline in
Midbrain-to-Pons Ratio in the Differential Diagnosis of PSP and IPD. Journal of
Neurology, 268, 1526—-1532. https://doi.org/10.1007/s00415-020-10327-2.

STUDY 3: Querbach, S. K., Hausmann, A.C., Schnitzler, A.,
Hartmann, C.J., Rubbert, C., & Caspers, J. (2025). Tract-specific DTI Scalars and Clinical

Correlates in Progressive Supranuclear Palsy [Manuscript submitted for publication].
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STUDY 1

3. STUDY 1:
Consistent PSP-atrophy involves Regions connecting the Salience Network to

Subcortical Circuits

STUDY 1 (Appendix 1) investigated regions of notable GM atrophy in PSP patients
relative to other PS and healthy control subjects (HC). The primary objective was to identify
specific regions exhibiting distinct atrophy patterns. Furthermore, it was of interest to make
inferences about potential implications for regional connectivity and functionality, influenced

by disease-specific neurodegenerative processes.

3.1. Introduction

A major challenge in studying a rare condition like PSP is the limited patient sample
size, which often results in inconsistent and non-replicable findings across structural studies
(Focke et al., 2011; Stamelou & Hoeglinger, 2013). This limitation can be addressed by meta-
analytic approaches, which identify convergent findings across studies (Eickhoff et al., 2012;
Eickhoff et al., 2009; Turkeltaub et al., 2002). In the present work, a meta-analysis was
employed to yield convergence across the existing literature on PSP-related atrophy. In contrast
to previous meta-analytic reports, we went beyond the structural approach: after identifying the
consistent atrophy patterns, the delineated regions were then characterized with respect to their
functions, connectivity, and neurotransmitter receptor profiles to provide a comprehensive

assessment of potential network disruption.

3.2. Methods

To identify consistent regions of atrophy in PSP, an Anatomic Likelihood Estimation
(ALE) meta-analysis was conducted on 27 whole-brain morphometry studies. Significant GM
coordinates were extracted and modeled using 3D Gaussian distributions to account for spatial
uncertainty (Eickhoff et al., 2016). These were aggregated into probability maps indicating
consistent GM atrophy (Eickhoff et al., 2012; Turkeltaub et al., 2012). Functional decoding
was employed to link these regions to cognitive functions using task-based fMRI meta-data
(Genon et al., 2018; Rottschy et al., 2013). In addition, Meta-Analytic Connectivity Modeling
(MACM) was utilized to reveal co-activation networks (Reid et al., 2017). Finally, PSP-related
atrophy was correlated with positron emission tomography (PET)-derived maps of

neurotransmitter systems to explore molecular underpinnings (e.g., dopamine, serotonin,
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cannabinoid, noradrenaline, acetylcholine, p-opioid, GABA, and glutamate) (Dukart et al.,

2020).

3.3. Results

Four clusters exhibited significant GM atrophy in PSP compared to HC and other PS:
(1) bilateral thalamus and midbrain, (2) left insula extending to the frontal operculum, (3) left
caudate nucleus, and (4) right caudate nucleus. Regions consistently affected across all four
clusters were primarily linked to language, interoception, somatosensation, cognition, and
emotion. MACM revealed functional connectivity between atrophied areas and the frontal
cortex, bilateral insula, caudate nuclei, thalamus, midbrain, putamen, globus pallidus, and
claustrum. GM alterations in PSP showed positive spatial correlations with the distribution of
most dopaminergic, serotonergic, cholinergic, opioid, and GABAergic systems in healthy
individuals. Notably, GABAa and 5-HT2a exhibited negative correlations, suggesting that
regions with lower receptor availability in healthy subjects were less likely to show PSP-related

atrophy.

3.4. Discussion

In summary, the findings of STUDY 1 highlight consistent PSP-specific atrophy in the
bilateral thalamus, midbrain, caudate nuclei, and left insular cortex. These regions are
functionally connected to networks such as the salience network, likely contributing to both
motor and non-motor symptoms, including impairments in executive function, emotion, and
cognition. Additionally, PSP-related atrophy was associated with alterations in serotonergic
and cholinergic systems, extending beyond dopaminergic dysfunction. Overall, the results
emphasize widespread network disruption in PSP, with a central role for insular cortex

involvement.

Besides prominent midbrain atrophy, STUDY 1 identified significant atrophy in the
insula, a region closely connected to other clusters from our meta-analysis and central to
multiple functional domains (Kurth et al., 2010). This suggests that disruption of the insular
"hub-zone" within the salience network—known for its widespread cortical and subcortical
connectivity (Mazzola et al., 2019; Namkung et al., 2017; Uddin et al., 2017)—might be a key
feature of PSP. Strong co-activation patterns in the anterior insula support its involvement in
PSP-related network dysfunction. We propose that salience network disruption, particularly in
the insula, plays a more prominent role in PSP pathophysiology than previously recognized,

aligning with both neuroanatomical findings and clinical symptomatology.
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Significant atrophy was additionally observed in the bilateral caudate nucleus,
implicating disruptions in motor control and goal-directed cognitive functions. While
parkinsonian symptoms respond to dopaminergic treatments, PSP shows a poor response
despite reduced dopamine transporters, indicating distinct underlying mechanisms. We suggest
that PSP's symptoms may stem from disruptions in serotonin and acetylcholine circuits, which
are linked to mood, emotional, and sleep disturbances. Thus, PSP symptoms likely involve

dopaminergic, serotonergic, and cholinergic system dysfunctions.

3.5. Conclusion
STUDY 1 provides strong evidence of atrophy in key regions implicated in PSP,
including the thalamus, midbrain, caudate nuclei, and insular cortex. Their activation and
connectivity patterns may explain the diverse motor and non-motor symptoms, including
impairments in control functions, emotion, and cognition. Additionally, PSP-related atrophy
appears to impact not just dopaminergic but also serotonergic and cholinergic networks.
Overall, STUDY 1 highlights widespread brain network disruption in PSP, with a key role for

the insula.
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4. STUDY 2:
Investigating the 1-year Decline in Midbrain-to-Pons Ratio

in the Differential Diagnosis of PSP and IPD

STUDY 2 (Appendix 2) evaluated the diagnostic value of the MTPR and its change
over one year in PSP, IPD, and HC. While the MTPR is known to reliably measure PSP-specific
midbrain atrophy, longitudinal analyses were previously lacking. This study aimed to
determine if changes in MTPR could enhance diagnostic accuracy and provide insights into

the pathophysiology of PSP’s diverse progression.

4.1. Introduction
The MTPR, as a reliable biomarker for PSP-related midbrain atrophy, can support the
differential diagnosis of PSP and IPD (Massey et al., 2013). PSP progresses considerably faster
than IPD (Hoglinger et al., 2017), and PSP-specific rates of atrophy could potentially serve as
biomarkers of the disease and support differential diagnosis. Since longitudinal analyses were
lacking so far, the present study aimed to evaluate the diagnostic value of the relative change

of MTPR over a 1-year period in patients with PSP, IPD, and HC.

4.2. Methods

The study included 15 PSP-RS patients, 15 IPD patients, and 15 HC, with diagnoses
confirmed by movement disorder specialists. Participants underwent two MRI scans, one at
baseline and another after one year. Midbrain and pons measurements were assessed on T1-
weighted midsagittal MRIs by two independent raters. The MTPR was calculated as the
midbrain width divided by the pons width, and its relative change was defined as the difference
between baseline and one-year MTPR. The diagnostic accuracy for differentiating PSP, IPD,
and HC was evaluated using Receiver Operating Characteristic (ROC) curve analysis, with the

optimal cutoff value determined by Youden’s Index and 95% confidence intervals.

4.3. Results
Midbrain MRI measures showed significant differences between PSP and non-PSP
groups. PSP patients had a lower baseline MTPR compared to IPD and HC groups, with MTPR
demonstrating excellent diagnostic accuracy for distinguishing PSP from IPD (sensitivity
93.33%, specificity 93.33%). PSP patients also exhibited a greater one-year MTPR decline than
IPD. While the MTPR change effectively distinguished PSP from IPD, it was less effective for
differentiating PSP from both non-PSP groups. Combining baseline MTPR with its one-year

change improved specificity to 100%, but did not significantly enhance diagnostic accuracy.
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4.4. Discussion

STUDY 2 evaluated the diagnostic value of MTPR change over one year. Longitudinal
data showed a distinct decline in MTPR in PSP patients, indicating faster midbrain atrophy
compared to [PD and HC. Combining baseline MTPR with its change rate slightly improved
diagnostic accuracy and specificity, but not significantly. The findings confirm that an MTPR
of 0.52 or less is highly specific for PSP (Massey et al., 2013). While the change in MTPR
alone could not differentiate PSP from non-PSP groups, it effectively distinguished PSP from
IPD. This was attributed to a significant decrease of midbrain width in HC, as reported in
literature before (Lambert et al., 2013). The study suggests that midbrain atrophy may also
serve as a preclinical marker in the early stages of PSP. Limitations include the lack of disease
severity measures, post-mortem verification, and differentiation between PSP subtypes.
Nevertheless, the study supports using the MTPR to improve PSP diagnosis and monitoring,

with larger studies needed to explore its full potential.

4.5. Conclusion
STUDY 2 confirms that the MTPR is a valuable biomarker for distinguishing PSP from
IPD. The relative change in MTPR, particularly in early-stage PSP, can further aid diagnosis.
While baseline MTPR already offers high specificity, combining it with its change over time
may enhance diagnosis in follow-up exams and serve as a marker for disease progression,

crucial for evaluating disease-modifying treatments.
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5. STUDY 3:

Tract-specific DTI Scalars and Clinical Correlates in Progressive Supranuclear Palsy

STUDY 1 revealed PSP-specific degeneration in widespread brain networks. Building on
this, STUDY 3 (Appendix 3) aimed to investigate PSP-related WM pathology and how
network connectivity alterations contribute to typical symptoms. DTI and tract-based spatial
statistics (TBSS) were used to link microstructural changes to clinical symptoms, while also

exploring the relationship between GM biomarkers and corresponding WM tracts.

5.1. Introduction

A key challenge in diagnosing and predicting PSP is its heterogeneous symptom
presentation (Horta-Barba et al., 2021; Lopez et al., 2016). While specific brain regions like
the midbrain are known to degenerate, the role of WM pathology in the overall degeneration
and symptom variability remains unclear (Boxer et al., 2006). By examining associations
between DTI scalars and clinical symptoms, the study aimed to clarify the neuroanatomical

basis of PSP’s cognitive and motor impairments.

5.2. Methods

STUDY 3 included 15 PSP-Richardson syndrome (PSP-RS) patients diagnosed using
established criteria. Participants underwent T1-weighted and multi-shell diffusion MRI (3T
Siemens Prisma), following protocols adapted from the Lifespan Human Connectome Project
in Aging (HCP-A). The Mattis Dementia Rating Scale (MDRS) and the Montreal Cognitive
Assessment (MoCA) were used to assess cognitive function. Motor impairments were
evaluated using the PSP Rating Scale (PSPRS) and the Unified Parkinson’s Disease Rating
Scale (UPDDRS), with the PSPRS also indicating disease severity. Midsagittal T1 slices were
used for morphometric measurements of the SCP, midbrain and pons, and the MTPR was
calculated as a PSP biomarker. The DTI scalars FA, mean diffusivity (MD), axial diffusivity
(AD), and radial diffusivity (RD) were analyzed with the FMRIB Software Library (FSL) and
TBSS. Statistical analyses with permutation testing identified WM tracts with significant
correlations between DTI scalars and clinical scores, with results visualized on the study-

specific WM skeleton.

5.3. Results
The results show significant correlations between WM integrity measures and clinical
assessments, particularly in regions linked to cognition, emotion, motor control, and

interhemispheric communication. For both motor scores, FA was negatively correlated in WM

21



STUDY 3

tracts like the thalamic radiation, corticospinal tracts, corpus callosum, fronto-occipital
fasciculus, and cerebellar peduncles. MD and RD were positively correlated with the PSPRS
scores in these regions, additionally including the SLF. The PSPRS gait subscore showed
positive correlations with MD mainly in the corticospinal tract, SLF, and splenium of the corpus
callosum. FA was positively correlated with the MoCA score in tracts like the thalamic
radiation and fronto-occipital fasciculus, while RD and AD were negatively correlated with
both MoCA and MDRS scores in tracts such as the thalamic radiation and corpus callosum.
The midbrain width and MTPR were below established PSP cutoffs, while SCP measurements
were not. FA and the MTPR were positively correlated in several tracts, including corticospinal

tracts and the cingulum.

5.4. Discussion

STUDY 3 employed DTI to investigate the relationship between WM microstructural
alterations and clinical symptoms in PSP. The results demonstrate that widespread WM
disruption correlates with both cognitive and motor impairments, underscoring the critical role
of WM network integrity in PSP symptomatology. Most affected tracts were situated within
key brain networks—including the limbic, sensorimotor, default mode, frontoparietal, and
executive control networks—which are essential for motor coordination, cognitive processing,
emotional regulation, and interhemispheric communication. Alterations in these tracts were
associated with hallmark PSP symptoms, such as motor dysfunction, disease severity, and
cognitive decline. These findings are consistent with prior research (Agosta et al., 2014;
Whitwell et al., 2011) and further support the conceptualization of PSP as a network-based
neurodegenerative disorder. By highlighting disease-specific, symptom-related WM changes,
this study contributes to a more nuanced understanding of the complex and heterogeneous

clinical presentation of PSP.

5.5. Conclusion
STUDY 3 suggests that microstructural changes in interconnected brain regions are
linked to both cognitive and motor impairments in PSP. Despite limitations such as a small
sample size and the absence of a control group, the findings provide valuable insights into the
PSP pathology, indicating that WM degeneration affects both symptom domains through neural
network disruption. Overall, these results support the notion of a PSP-specific connectivity

network, advancing our understanding of the disease.
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6. General Discussion

The present thesis aimed at investigating structural brain alterations in PSP and their
relation to symptom manifestations at the level of large-scale networks by means of MRI-based
neuroimaging. The overarching goal was to enhance the understanding of disease-specific
structural changes, thereby shedding light on aspects relevant to earlier and more accurate
differential diagnosis and underlying pathological mechanisms. In the following sections, the
main findings of the three studies included in this thesis will be summarized and contextualized
within existing literature. Particular emphasis will be placed on integrating the results obtained
into the concept of a larger disease-specific network, moving beyond the focus on isolated
structures to better explain the complex symptomatology that defines this heterogeneous

disease.

6.1. Summary and Interpretation of Overall Results
The overall findings underscore the importance of incorporating broader disease-
associated atrophy patterns in conjunction with individual neuroimaging biomarkers for the

accurate differential diagnosis of PSP.

First, STUDY 1 identified consistent patterns of significant network degeneration in
PSP across 27 whole-brain morphometry studies, highlighting the critical involvement of key
brain structures, including the midbrain, thalamus, caudate nuclei, and insular cortex, along
with their respective connections to other brain regions. These findings are consistent with
previous research, demonstrating PSP-related atrophy in these core regions compared to non-
PSP groups (Erlinger et al., 2023; Gellersen et al., 2017; Heim et al., 2021). Given our meta-
analytic findings of robust midbrain, thalamic, and caudate atrophy, these structures likely play

a pivotal role within a PSP-specific pathological network.

An important key finding in STUDY 1 is the robust atrophy of the insula, which likely
contributes to the variability in atrophy patterns of PSP, as it is commonly observed in this
context as well as in other neurodegenerative diseases (Pan et al., 2013; Pan et al., 2017;
Scotton et al., 2023). Although the insula’s involvement is predominantly evident in PSP (Yu
etal., 2015), it has also been linked to cognitive decline and behavioral abnormalities in patients
with IPD (Christopher et al., 2014), Therefore, it seems plausible that impairment of the insula

in PSP causes similar symptoms, albeit to a greater or earlier extent.

In contrast to former research, this study did not identify consistent cerebellar atrophy,

highlighting the importance of the possible variability across PSP subtypes and disease stages
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(Ichikawa-Escamilla et al., 2024). While some studies have reported GM atrophy in the
cerebellum in PSP (Giordano et al., 2013; Pan et al., 2017), atrophy of the SCP—primarily
affecting WM—has been more consistently observed (Albrecht et al., 2019; Costa et al., 2025;
Koizumi et al., 2023; Paviour et al., 2006). This aligns with evidence suggesting a role for
cerebellar dysfunction in PSP-related cognitive impairment (Caso et al., 2016; Tse et al., 2020).
However, distinct cerebellar changes appear to correspond to concurrent cortical or subcortical

degeneration (Gellersen et al., 2017), which might explain the missing finding.

In light of existing literature, the findings highlight the involvement of an extensive
network of interconnected brain regions, as reflected in the functional connectivity patterns
observed in STUDY 1. Significant co-activation patterns were identified, indicating strong
functional coupling between the discussed core structures and frontal regions. Core regions
could be allocated to certain networks such as the salience network, attention network, and
default mode network, further reinforcing the network-based nature of PSP-related
neurodegeneration. The connectivity among the given structures along with additional frontal
and cingulate regions strongly supports the conceptualization of a midbrain-centered neural

network in PSP (Spinelli et al., 2024; Uddin et al., 2017).

Additional findings of STUDY 1 suggest that PSP-related atrophy predominantly
affects the serotonergic and cholinergic networks rather than being confined to the
dopaminergic system (as observed in IPD), confirming a more extensive neurodegenerative
process. This corresponds well with the observation that dopaminergic treatment remains
insufficiently effective in managing PSP (Rowe et al., 2021; Stamelou & Hoglinger, 2016). The
presence of multiple neurotransmitter abnormalities—including disruptions in cholinergic, y-
aminobutyric acid, and noradrenergic systems—complicates pharmacological treatment
strategies for PSP (Rajput & Rajput, 2001; Rajput et al., 1990) and gives another indication of

multiple areas and networks involved.

STUDY 2 expanded on previous research confirming midbrain atrophy as the hallmark
feature of PSP, particularly when assessed using the MTPR. Prior studies have demonstrated
that a MTPR around 0.52 exhibits high specificity for PSP, effectively distinguishing it from
other PS (Kaasinen et al., 2015; Massey et al., 2013). However, most of these studies employed
cross-sectional designs, leaving uncertainty regarding the potential diagnostic value of
longitudinal MTPR changes. To address this gap, STUDY 2 was the first to investigate whether

assessing the MTPR decline over one year could enhance diagnostic accuracy. The results
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demonstrated that PSP patients exhibit a significantly steeper midbrain atrophy rate compared
to individuals with IPD, further supporting the evidence of PSP’s more rapid neurodegenerative
progression (Boxer et al., 2017; Andrea Quattrone, Franzmeier, et al., 2024; J. L. Whitwell,
Dufty, et al., 2013a).

Most importantly, our findings underscore the clinical utility of the MTPR as a stable
and highly specific biomarker for PSP (Massey et al., 2013; Oba et al., 2005). The combination
of baseline MTPR and its longitudinal decline improved specificity but did not significantly
enhance overall diagnostic accuracy when compared to a single cross-sectional MTPR
measurement. Still, the longitudinal findings reinforce the notion that PSP is not merely a
disorder of static structural atrophy, but rather a condition characterized by progressive

degeneration around the midbrain.

Former evidence suggests that midbrain atrophy serves as a robust biomarker for the
PSP syndrome, but it does not necessarily reflect the underlying pathology itself (Whitwell et
al., 2013a; J. L. Whitwell et al., 2013Db). This underscores the clinicopathological heterogeneity
of the disease and leaves the question whether different subtypes progress to different extents.
Notably, all patients in STUDY 2 were diagnosed with PSP-RS, which may account for the
observed significant results. However, in the absence of post-mortem confirmation, definitive
conclusions regarding the underlying pathology cannot be drawn. If midbrain atrophy is solely
characteristic of the PSP syndrome, this implies that distinct pathological processes contribute
to different phenotypic variants, further supporting the notion of a network-based disease

mechanism (Hong et al., 2023).

Complementing the discussed findings, STUDY 3 also supported the idea that
widespread brain networks undergo a PSP-specific pattern of degeneration. Microstructural
alterations in interconnected brain regions were shown to be associated with both cognitive
decline and motor impairment. These results provide strong evidence that disease-specific
patterns of WM alterations, implicated in the connectivity in large-scale networks, account for
the distinct symptom complexes in PSP: STUDY 3 showed altered WM connections in PSP
that include the brainstem, cerebellar, and thalamic projections, as well as associative fibers,
which aligns with findings from previous studies (Agosta et al., 2018; Nguyen et al., 2021).
Our findings support the hypothesis that PSP causes progressive, incapacitating cognitive,
behavioral, and motor dysfunction to varying extents, which can be related to the WM tracts

found (Agosta et al., 2014):
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Key motor-related regions in STUDY 3—the corticospinal tract, SLF, and corpus
callosum—have proven to be crucial for motor control and coordination, with well-established
roles in movement disorders (Bosch et al., 2012; van der Knaap & van der Ham, 2011; J. Zhang
et al., 2014). This is especially plausible regarding the corticospinal tract, passing through the
midbrain, which was proven to be involved in motor dysfunction in PSP (Cui et al., 2020;

Quattrone et al., 2016; Wen et al., 2023).

Tracts in which diffusion metrics were associated with lower cognitive scores include
the SLF and ILF, corona radiata, cingulum bundle, and thalamocortical radiation, supporting
the attention network’s and salience network’s role in PSP-related cognitive impairment (Bharti
et al., 2017). This is consistent with prior findings (Gerstenecker et al., 2013). Especially the
SLF is crucial for higher-order functioning (Janelle et al., 2022), such as executive control,
often impaired in PSP (Gerstenecker et al., 2013). The observed correlations suggest that WM

integrity changes are key contributors to specific cognitive symptoms in this disease.

Also, the analysis of diffusion metrics in relation to the MTPR showed widespread
correlations in midbrain and frontal tracts, particularly the SLF and cingulum, which are central
to the executive network. Previous studies have linked these regions to motor symptoms and
PSP progression (Giordano et al., 2013; Padovani et al., 2006; Tessitore et al., 2014),
reinforcing the potential role of the MTPR as a biomarker of PSP-related disease spread.

Many of the identified tracts are related to the midbrain, serving as pathways to other
regions that also exhibit impairments in PSP (Gardner et al., 2013; Gatto et al., 2022; Sakai et
al., 2014). Overall, STUDY 3 strongly supports the concept of PSP as a disorder of functional
network degeneration, where interconnected regions and tracts contribute to distinct symptom
complexes. Besides GM, WM appears to play a key role in the disease’s heterogeneity, and
cognitive and motor impairment in PSP likely arises from multiple pathological processes. As
neurodegeneration may stem from neural network dysfunction (Gardner et al., 2013; Palop &

Mucke, 2016), PSP may similarly involve a progressive spread along vulnerable neural circuits.

6.2. From Regional Degeneration to Network Disruption in PSP
Brain regions involved in motor control, executive function, and behavioral regulation
appear particularly vulnerable to PSP-related degeneration: It is primarily characterized by
selective subcortical degeneration—most notably in the midbrain, thalamus, and parts of the
basal ganglia—which corresponds to the distribution of tau pathology (Boxer et al., 2006;
Kovacs et al., 2020; Whiteside et al., 2021). Strong evidence of coupling between structural
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and functional network deterioration (Qu et al., 2024, 2025) further supports the NDH for PSP.
Furthermore, the overlapping but distinct patterns of regional involvement seen in PSP
subtypes and related PS imply that differences in network vulnerability may underlie the
clinical variability (Whiteside et al., 2021). This convergence of network-based pathology and
symptom heterogeneity reinforces the view of PSP and related APD as disorders of progressive

network disintegration (Whiteside et al., 2023).

In the following sections, the results of STUDY 1, 2, and 3 are integrated to discuss the

observed structural brain alterations within the framework of a PSP-specific network model.

6.2.1. The Midbrain as the Epicenter of PSP Network Degeneration

STUDY 1 and 2 both confirmed the well-documented midbrain atrophy usually found as a
defining feature of PSP, effectively distinguishing it from other disorders with overlapping
symptoms (Groschel et al., 2006; Hoglinger et al., 2017; Oba et al., 2005; Quattrone et al.,
2024; Quattrone, Zappia, & Quattrone, 2024). Notably, midbrain atrophy in PSP predominantly
affects the tegmentum (Jalal & Menon, 2017; Kawabata et al., 2025), which gives rise to the
characteristic hummingbird sign on midsagittal MRI scans. In contrast, midbrain degeneration
in IPD is primarily confined to the substantia nigra pars compacta (SNc¢) located outside the
tegmental area. In the context of network connectivity, this is of particular interest when
regarding that most midbrain WM tracts pass through the tegmental area (Basinger & Hogg,
2025; Bullock et al., 2022; Hosp et al., 2019). This differential pattern in PSP compared to IPD
underscores the diagnostic value of midbrain-related biomarkers and might explain the more

heterogeneous variants of PSP.

As PSP can be characterized by network disruption where midbrain degeneration is the key
node (Gardner et al., 2013; Hori et al., 2025; Whiteside et al., 2021), it seems that accelerated
midbrain atrophy also plays a key role in the broader understanding of PSP’s network-level
degeneration. Advanced neuroimaging techniques have demonstrated that midbrain atrophy
represents the most prominent and the earliest structural alteration in PSP that precedes cortical
involvement, suggesting that the disease’s pathology may originate in the midbrain and,
subsequently, propagate (Kovacs et al., 2020; Lupascu et al., 2023). The MTPR has
demonstrated a strong predictive value for disease progression. Concurrently, studies have
shown that midbrain atrophy in PSP is not only more pronounced but also progresses more
rapidly than in IPD (Dutt et al., 2016; Wen et al., 2023), highlighting midbrain atrophy as a

critical marker for tracking disease evolution and assessing the severity of neurodegeneration.
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Furthermore, findings from STUDY 3, which identified correlations between the MTPR and
PSP symptomatologies involving midbrain and frontal WM tracts, raise the question of whether
the MTPR may serve as a biomarker of network-level dysfunction, potentially reflecting the

spatial spread of disease pathology.

Tau pathology in PSP is especially pronounced in specific midbrain regions (Kovacs et
al., 2020), and distinct PSP subtypes demonstrate varying levels of tau burden across different
areas (Sanchez-Ruiz de Gordoa et al., 2022; Williams et al., 2007). Since the patients included
in STUDY 2 were at more advanced disease stages, the relative decline in MTPR may be more
sensitive in earlier stages of PSP. This supports the idea that the PSP pathology progresses in a
stepwise manner, beginning in the midbrain and subsequently spreading to other regions
(Kovacs et al., 2020). This aligns with findings by Albrecht et al. (2019), who reported that
midbrain atrophy in PSP reflects degeneration of both GM and WM. Given the midbrain’s
involvement in multiple symptom domains our findings reinforce the view that the combined

deterioration of GM and WM contributes to the disease’s diverse clinical manifestations.

In summary, midbrain atrophy, as measured using the MTPR, plays a critical role in
both diagnosis and pathophysiological understanding of the disease as well as its variants. It
serves as a key marker that helps to differentiate PSP from other PS, and is able to quantify the
rapid neurodegeneration characteristic for PSP. Since network degeneration models suggest
that PSP-related neurodegeneration spreads through interconnected brain regions beyond the
midbrain (Hoglinger et al., 2017; Whitwell et al., 2021), the MTPR could serve as an indicator

of progressive disruption within a midbrain-centered network (Spinelli et al., 2024).

6.2.2. PSP-specific Gray and White Matter Network Degeneration

A supplementary analysis from STUDY 1, in which PSP was contrasted solely with
HC, revealed an additional cluster of GM atrophy in the precentral gyrus. This cluster has not
reached significance in the full comparison across all non-PSP groups as it most likely
represents a shared substrate across Parkinsonian conditions—each of which involves motor
dysfunction. The precentral gyrus encompasses the primary motor cortex, responsible for
initiating voluntary motor commands, a function that is notably impaired across the spectrum
of PS (Pan et al., 2017; Zwergal et al., 2011). This finding potentially reflects early or shared

network-level degeneration across PS.

In PSP specifically, the progressive accumulation of tau has been mapped into a staging

system that reflects its sequential spread. Tau pathology—and, consequently,
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neurodegeneration—is thought to advance from the midbrain to the striatum and, eventually,
the frontal lobe, contributing to the disorder’s complex clinical profile (Jellinger, 2023; Kovacs
et al., 2020; Price et al., 2004; Robinson et al., 2020; Surova et al., 2015). Findings from
STUDY 1 support this proposed trajectory, with the most prominent atrophy cluster located in
the midbrain and thalamus, accompanied by smaller clusters in the insular region as well as the
caudate nuclei. Moreover, STUDY 3 identified symptom-related alterations in WM tracts in
PSP that connect these regions, further supporting the notion of a network-based spread of
pathology. Distinct PSP phenotypes have been identified based on patterns of brain atrophy,
supporting the notion that symptom heterogeneity reflects differential neuroanatomical

involvement (Ichikawa-Escamilla et al., 2024).

The thalamus and caudate nuclei are critically involved in the pathophysiology and
progression of PSP. These structures are essential for emotional regulation, executive
functioning, and goal-directed behavior (Alexander et al., 1986; Cordato et al., 2005;
Palmisano et al., 2020; Rosenberg-Katz et al., 2013). Thalamic involvement in PSP includes
not only structural atrophy but also disrupted connectivity and functional deficits (Brown et
al., 2017; Whitwell et al., 2011; Zwergal et al., 2011). PSP typically features symmetrical
caudate atrophy, in contrast to the asymmetrical degeneration observed in IPD, which aligns
with the latter’s commonly unilateral onset of motor symptoms (Cordato et al., 2005; Dickson,
2008). This distinction is supported by the consistent bilateral atrophy clusters observed in
STUDY 1. However, previous findings on caudate involvement in PSP remain somewhat
inconsistent—while some studies have reported varying degrees of atrophy, others have not
found significant caudate volume reduction (Cordato et al., 2002; Erlinger et al., 2023). This
variability suggests that caudate degeneration in PSP may be influenced by individual disease

progression or subtype-specific factors.

The connectivity analysis in STUDY 1 showed that the core structures are functionally
interconnected and linked to higher-order cortical regions. These connections appear to be
mediated by midbrain WM tracts (Ruchalski & Hathout, 2012). Among the major WM regions
affected in PSP, the SCP is essential for motor control, transmitting cerebellar output to the red
nucleus and thalamus (D'Angelo & Casali, 2012; Palesi et al., 2015). Albrecht et al. (2019)
proposed that cerebellar atrophy in PSP is largely confined to WM structures such as the
cerebellar peduncles. This is supported by STUDY 3, which found multiple correlations
between DTI parameters and clinical symptoms in the corticospinal tract, closely linked to the

SCP. The absence of cerebellar atrophy in STUDY 1 along with the lack of structural SCP
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decline in STUDY 3 may point toward a network-level interpretation. Although the SCP may
not be structurally impaired, related pathways such as the corticospinal tract show alterations,
suggesting broader network involvement. This aligns with findings that WM disruption may

precede GM degeneration (Rektor et al., 2018; Sarasso et al., 2021)

Beyond motor and sensory integration, PSP pathology extends to higher-order cognitive
and emotional domains. WM degeneration in associative tracts disrupts cortico-subcortical
communication, contributing to deficits in cognition and emotion (Bullock et al., 2022; Wycoco
et al., 2013). Neurotransmitter depletion and loss of cholinergic function further exacerbate
cortical involvement and cognitive decline, in line with the progressive tau pathology and
symptom escalation (Pansuwan et al., 2023; Ruberg et al., 1985). Moreover, the observed
correlations between WM alterations and cognitive impairment point to a significant
involvement of the attention and the salience network in PSP. This network includes key tracts
such as the SLF, corona radiata, cingulum bundle, ILF, and thalamocortical radiation (Bharti et
al., 2017). The salience network is essential for filtering environmental stimuli and allocating
attention to behaviorally relevant information, while the broader attention network
encompasses multiple subsystems responsible for sustained attention, selective attention, and

executive control.

The extensive involvement of white matter tracts in PSP underscores the disorder’s
widespread effects on motor, sensory, and cognitive systems, supporting the idea that it’s a
network-level neurodegenerative disease (Boxer et al., 2017). Its core symptoms—including
movement difficulties, cognitive decline, and emotional changes—reflect a complex interplay
of distinct yet interconnected pathological processes (Whitwell et al., 2013a). The typical
sequence of symptom onset, with motor dysfunction often preceding cognitive decline, further
suggests that PSP pathology spreads along functionally connected brain regions, particularly

those adjacent to and connected with the midbrain.

6.2.3. Does the Insula play a Role?

Anterior insular atrophy has been identified as a consistent yet underrecognized feature
of PSP (Mueller et al., 2017; Scotton et al., 2023). As a central hub integrating sensorimotor,
autonomic, and cognitive-emotional functions, the insula is well-positioned to influence the
broad clinical spectrum of PSP (Gasquoine, 2014; Molnar-Szakacs & Uddin, 2022). Despite

this, its role has received limited attention in the existing literature.
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Structural and functional alterations of the insula have been consistently reported in
patients with PSP (Piattella et al., 2015b; Piattella et al., 2015a; Sintini et al., 2025; Stezin et
al., 2017), frequently accompanied by frontal and subcortical degeneration (Hoglinger et al.,
2017; Stamelou & Hoglinger, 2016). The insula maintains dense reciprocal connections with
the midbrain, basal ganglia, and salience network—regions prominently affected in PSP—
suggesting that insular degeneration may reflect a broader network disruption rather than an
isolated phenomenon. It is integrated into thee cortico—basal ganglia-thalamo—cortical circuits
involved in motor planning and coordination (Haber & Calzavara, 2009; Ji et al., 2018; Uddin
et al., 2017). Degeneration of midbrain structures in PSP have been demonstrated to disrupt
these loops, thereby impairing basal ganglia output and contributing to motor symptoms such

as rigidity and postural instability at a higher level.

Importantly, the insula is anatomically connected to the periaqueductal gray, a midbrain
region involved during the early stages of PSP (Dickson et al., 2007; Liang & Labrakaksis,
2024; Rajput & Rajput, 2001), further supporting a mechanistic link between brainstem and
insular dysfunction. This disconnection may contribute to the early onset of cognitive and
emotional symptoms. Comparative studies show that PSP features early and widespread
atrophy of both anterior and posterior insular regions, whereas insular changes in IPD are
typically milder, more posterior, and occur primarily in patients with cognitive decline—
highlighting the greater functional relevance of the insula in PSP’s cognitive symptoms (Fathy
et al., 2020; Scotton et al., 2023). STUDY 1 supports this perspective by identifying affected
regions associated with attention, interoception, and emotional regulation—key domains of
insular function. The disruption of midbrain—thalamus—insula pathways may be the underlying
cause of these symptoms, with the anterior insula acting as a central hub in the pathology of

PSP, linking motor, cognitive, and emotional dysfunction.

PSP-related degeneration originates in the midbrain and progressively disrupts its
connections to the insular cortex. This disconnection likely impairs insular function,
compromising its integrative role in cognitive and emotional processing (Molnar-Szakacs &
Uddin, 2022). The insula may therefore serve as a critical node in the network underlying the

emergence of cognitive symptoms in PSP.

6.3. Limitations
Several limitations must be acknowledged when interpreting the findings of this research.

One of the fundamental challenges in PSP studies is the limited sample size. Due to the rarity
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and rapid progression of the disease, recruiting large and homogeneous patient cohorts in a
prospective manner remains difficult. Small sample sizes reduce statistical power and may limit
the generalizability of results. While meta-analytic approaches can mitigate this issue by
synthesizing data across studies (Eickhoff et al., 2012), individual investigations—such as
STUDY 2 and STUDY 3—are constrained by their relatively small cohorts. This limitation is

of particular importance given the phenotypic and clinical heterogeneity of PSP.

The validity of meta-analytic conclusions is constrained by the quality and diagnostic
accuracy of the underlying studies (Willis & Quigley, 2011). In STUDY 2, diagnoses were
based on expert clinical assessments conducted by movement disorder specialists. However,
differentiating between PSP and IPD, as well as other APD, remains inherently challenging,
(McFarland, 2016; Tolosa et al., 2021) and the possibility of misdiagnosis cannot be fully
excluded. Moreover, disease heterogeneity—including different PSP subtypes and stage-
dependent patterns of atrophy—was not explicitly addressed in our analyses, which could have
influenced the results (Saito et al., 2022). Nonetheless, the implementation of standardized
diagnostic criteria across patients provides a degree of consistency and reduces the probabilty

of systematic misclassification.

STUDY 1 employed supplementary analyses that lent further support to its core findings.
However, caution is warranted when interpreting the specificity or diagnostic relevance of all
brain regions identified by the meta-analysis, as these factors were not explicitly analyzed.
Only in STUDY 2, where ROC analyses were conducted, the diagnostic potential can be
evaluated with greater confidence (Polo & Miot, 2020). Broader literature continues to debate
the utility of PSP-specific brain regions as biomarkers, a challenge likely stemming from the

complex, stage- and subtype-dependent spread of tau pathology.

STUDY 3 presents additional interpretive constraints due to the absence of a control cohort
(Paulus et al.,, 2014). While it revealed correlations between DTI metrics and clinical
symptoms, these associations do not establish causality, nor can they confirm the pathological
nature of the observed changes. Nevertheless, the consistency of these findings with prior

research supports the involvement of the identified WM tracts in the pathophysiology of PSP.

A further consideration in STUDY 2 is the predominantly advanced disease stage of the
participants. Since both atrophy patterns and biomarker performance may vary across different
disease stages (Boxer et al., 2017; Ossenkoppele et al., 2015), it remains unclear whether the

observed markers would demonstrate similar diagnostic utility in early-stage PSP.
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6.4. Implications for Future Research

Despite the limitations outlined above, this thesis provides important insights into the
underlying pathophysiological mechanisms of PSP. The findings highlight that distinct atrophy
patterns—particularly midbrain degeneration—are central contributors to the syndrome’s core
symptoms and phenotypic variability. While prior studies have primarily focused on isolated
regional atrophy (Massey et al., 2013; Oba et al., 2005), this work supports a shift in perspective
by positing the midbrain as a central node within a more extensive and interconnected network

of neurodegeneration, rather than viewing it as a static anatomical marker.

The interaction between WM and GM degeneration remains an underexplored yet
critical area. While GM atrophy has traditionally received more attention, WM changes are
increasingly recognized as pivotal drivers of clinical symptoms and disease progression.
Clarifying the interplay between these two domains may offer a more comprehensive
understanding of PSP pathology. Thus, future research should aim to integrate the MTPR with
advanced neuroimaging techniques to yield more comprehensive insights into its relationship
with underlying disease mechanisms. In particular, DTI could be employed to investigate the
integrity of relevant WM tracts—such as the SCP and frontostriatal pathways—in relation to
the MTPR, potentially establishing it as a surrogate marker of structural disconnection
(Madden et al., 2012). Multimodal imaging approaches are needed to establish a connection
between structural abnormalities and disruptions in functional connectivity. A key objective of
future research will be to determine whether lower MTPR values correspond to dysfunction in
pivotal networks for PSP, including the midbrain-frontal, cortico-basal ganglia—thalamo—
cortical, salience, attention, and default mode networks. Functional MRI may offer additional
insight by assessing whether MTPR reductions can serve as a predictor of network-level
breakdown. Overall, combining the MTPR with complementary biomarkers may further

enhance diagnostic and prognostic precision, particularly across different PSP subtypes.

Building on the encouraging results observed in STUDY 2, we suggest that longitudinal
studies to be essential to validate the efficacy of the MTPR as an indicator of disease
progression. Investigating whether a decline in MTPR correlates with clinical deterioration and
expanding atrophy could yield insights that would be valuable for both disease monitoring and
therapeutic decision-making. Also, investigating biomarker sensitivity at earlier stages—
before MTPR declines reach PSP-specific thresholds—represents a crucial avenue for future
research. Larger, multicenter studies incorporating a broader range of demographic variation

(e.g., in age, sex, disease duration, and PSP subtypes) are essential to validate and extend these
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findings. Furthermore, integrating standardized measures of clinical severity, such as the
PSPRS, as we implemented in STUDY 3, has the potential to enhance insight into disease

progression and the clinical relevance of biomarkers.

Addressing the persistent challenge of small sample sizes is imperative (Ziegler &
Fiedler, 2024). Larger, multicenter studies will be necessary to improve statistical power,
external validity, and representativeness across PSP subtypes (Das, 2022). Collaborative
research networks and data-sharing initiatives represent promising strategies to accelerate
biomarker discovery, refine diagnostic frameworks, and inform the development of more

targeted interventions.

In conclusion, further exploration of these mechanisms—midbrain network
disintegration, WM-GM interactions, and multimodal biomarker development—will be
essential to improving diagnostic accuracy, prognostic assessment, and, ultimately, clinical

outcomes for individuals living with PSP.

7. Conclusion
Overall, this thesis presents a comprehensive investigation of the pathological
mechanisms underlying PSP. By integrating findings from three complementary studies, it
reinforces the critical diagnostic value of the MTPR and repositions the midbrain from a static
site of atrophy to the epicenter of a progressively degenerating, functional network.
Additionally, the present work highlights a disease-specific atrophy process, involving the
insula as a key contributor to the multifaceted PSP symptom complex. This perspective

supports a necessary paradigm shift in our understanding of PSP pathophysiology.

Taken together, the findings of the present thesis support a reconceptualization of PSP
as a disorder of large-scale network degeneration. This framework provides a compelling
explanation for the clinical heterogeneity observed across patients with PSP and underscores

the importance of network-based approaches in future research and clinical practice.
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Abstract

Progressive supranuclear palsy (PSP) is a movement disorder characterized by a still
poorly understood pattern of neurodegeneration, largely due to prior studies relying on small
and heterogeneous cohorts. In this study, we aimed to consolidate existing evidence of brain
atrophy in PSP through a coordinate-based meta-analysis. Regions showing robust atrophy
were subsequently examined in terms of their functional roles, connectivity profiles, and
associations with neurotransmitter distribution patterns, in order to infer disease-specific

pathological mechanisms.

We conducted an Anatomical Likelihood Estimation (ALE) meta-analysis of whole-
brain morphometry studies investigating atrophy in PSP, followed by functional decoding to
cvaluate the functions recruiting the atrophied regions and meta-analytic connectivity
modelling to evaluate their connectivity patterns. Finally, we explored potential neurochemical
underpinnings by correlating the atrophy map with multiple neurotransmitter density

distributions.

ALE meta-analysis identified clusters of robust gray matter (GM) atrophy in PSP in the
bilateral thalamus & midbrain, left anterior-dorsal insula as well as bilateral caudate nucleus.
These regions were shown to be functionally associated with language, body perception,
somatosensation and emotion processing and are closely coupled with the salience network as
well as subcortical regions. Moreover, the regions of consistent atrophy are marked by high

density of dopaminergic, serotonergic and cholinergic neurotransmitter receptors.

We showed consistent GM loss in widespread, interconnected brain regions. The
functions associated with the atrophied regions resonate well with PSP-specific symptom
manifestations. The robust connectivity between the identified regions may implicate a broader

network-disturbance contributing to individual PSP symptom-complexes beyond local atrophy.
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Introduction

Progressive supranuclear palsy (PSP), also known as Stecle-Richardson-Olszewski
syndrome, is a rapidly progressing atypical parkinsonian disorder (APD) characterized
clinically by parkinsonism, supranuclear gaze palsy, and cognitive impairment (Steele et al.,
1964; Williams et al., 2005; Litvan, 1996, 2003; Stamelou et al., 2013). Neuropathologically,
PSP is classified as a tauopathy, marked by the accumulation of neurofibrillary tangles in both
cortical and subcortical structures (Steele et al., 1964). While midbrain atrophy is a prominent
MRI indicator of PSP (Oba et al., 2005; Massey et al., 2013), the involvement of the forebrain
remains poorly understood, despite the likelihood that cortical network disruptions contribute
to both motor and non-motor impairments (Horwitz and Rowe, 2011; Koros et al., 2016;

Stamelou & Hoéglinger, 2016).

Investigating gray matter (GM) atrophy through structural magnetic resonance imaging
(MRI) offers a crucial method for characterizing patterns of degeneration without the need for
pre-defined regions of interest or manual measurements (e.g., Whitwell et al., 2011; Lagarde et
al., 2013; Shi etal., 2013; Agosta et al., 2010; Focke et al., 2011). Structural MRI studies have
linked various subcortical regions to core symptoms of PSP, such as vertical gaze palsy (Kato
ctal., 2003; Buch et al., 2022) and postural instability (Zwergal et al., 2011). Additionally, there
is evidence of significant forebrain atrophy, particularly in fronto-temporal, prefrontal regions,
and the basal ganglia (Cordato et al., 2002; Caso et al., 2016; Scotton et al., 2023; Padovani et
al., 2005).

Despite numerous studies, findings on forebrain atrophy in PSP remain highly
heterogeneous, and a coherent pattern has yet to be established. This variability reflects broader
concerns within neuroimaging, often discussed under the umbrella of the "replication crisis".
While voxel-based morphometry (VBM) is generally less affected by analytical flexibility—
owing to the limited number of standardized processing pipelines (¢f. Antonopolous et al.,
2023)—small sample sizes and cohort heterogeneity are likely the primary sources of
inconsistency (Keller & Roberts, 2008; Focke et al., 2011). Although individual small-N studies
offer limited insights, combining their results through meta-analysis provides a robust strategy
for identifying brain regions that consistently show atrophy across different samples, settings,
and analytic approaches. The most established tool for neuroimaging meta-analysis is
Anatomical Likelihood Estimation (ALE), a well-validated method for statistically integrating

reported results from the neuroimaging literature (Eickhoff et al., 2009; Eickhoff et al., 2012;
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Turkeltaub et al., 2002). ALE thus enables the assessment of spatial convergence among diverse

findings, helping to identify regions with consistent evidence of GM loss.

In this work, ALE is employed to identify convergence across the literature on PSP-
related atrophy. The regions identified are then characterized in terms of their functional roles,
connectivity, and neurotransmitter receptor profiles to provide a comprehensive assessment of
potential network-level disruptions. Functional characterization is achieved by identifying
experimental tasks and paradigms that are more likely than chance to activate these regions,
while functional connectivity is mapped using statistically significant co-activation patterns.
Finally, spatial correlation analyses with multiple in-vivo neurotransmitter receptor maps allow

for linking the pattern of PSP-related atrophy to specific molecular characteristics.

Methods

We followed an adapted protocol based on the Preferred Reporting Ttems for Systematic
Reviews and Meta-Analyses Protocols (PRISMA-P, Moher et al., 2015) and cstablished best-
practice guidelines for neuroimaging meta-analyses (Miiller et al., 2017; Tahmasian et al.,
2019). Systematic searches were conducted on PubMed and Google Scholar for morphometric
analyses of PSP from January 2000 to June 2022 using the following key words: (“voxel”,

LIRS EETS

“voxel-based”, “voxel-wise”, “morphometry”, “VBM?”), (“gray matter atrophy”, “atrophy”)
and (“PSP”, “Progressive Supranuclear Palsy”, “Steele—Richardson—Olszewski Syndrome™).
The reference lists of identified papers as well as pertinent review articles were searched for
additional studies. All identified papers were initially screened, and potentially eligible studies
were evaluated against the inclusion and exclusion criteria detailed below. Screening was
conducted by one author (SKQ) and independently verified by another (ACH); any

disagreements were resolved through discussion with the senior author.

Peer-reviewed English-language studics were included if they met the following criteria:

(1) voxel-based morphometry of GM differences between PSP with control subjects. The
control cohort could either represent healthy age-matched subjects (CON) or patients with other
movement disorders, e.g., IPD. The number of primary studies comparing PSP with healthy
controls, TPD and APD individually, was too low for an approach using separate meta-analyses.
Consequently, we performed two analyses, the main meta-analysis pooling across all studies

testing PSP-related atrophy, irrespective of the control group, and a supplementary analysis
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only testing for convergence in the smaller set of studies comparing PSP to CON
(for results see supplementary material).

(2) used established diagnostic criteria (e.g. NINDS, MDS) with PSP-specific symptoms such
as oculomotor dysfunction, postural instability, akinesia, and/or cognitive dysfunction. As
definite PSP can only be diagnosed upon autopsy, possible and probable PSP were considered
sufficient.

(3) results were obtained from a whole-brain analysis without additional asking or focus on a
region-of-interest and were reported as stereotaxic coordinates in a standard reference space,
L.e., either Talairach or Montreal Neurological Institute (MNI) spatial.

(4) Studies were excluded if data on coordinates or reference space could not be obtained (even
after contacting authors), if they reported on the same sample as other articles (in order to

prevent undue influence of a single cohort) or if they represented clinical case-reports.

ALE Meta-analysis

For the ALE analysis, established in-house scripts were used. First, MNI
coordinates of regions with significantly different GM measures were extracted from each study
mecting the selection criteria. When coordinates were given in Talairach space they were
transformed into MNI space (Lancaster et al., 2007). Then, all coordinates were modeled using
a 3D Gaussian probability distribution to reflect the associated spatial uncertainty (Eickhoff et
al., 2009, 2012). The ALE map, representing the per-voxel likelihood of finding significant
GM-atrophy in the PSP literature, was then constructed by first pooling probabilities within
each experiment using a max-operator (non-additivity within sample, cf. Turkeltaub et al.,
2012) and then computing the union across the ditferent experiments. Significance was assessed
against a null-hypothesis of spatial independence (Eickhoff et al., 2012, 2016), corrected for
multiple comparisons at the cluster level using threshold-free cluster enhancement (TFCE) for

a family-wise error (FWE) rate of p<0.05 (Frahm et al., 2022).

Functional Decoding and Connectivity Modeling

Functional decoding of the resulting clusters (Rottschy et al., 2013; Genon et al., 2018)
was carried out to infer the mental processes typically associated with each region. This was
achicved by identifying the types of task-based tMRI studics that are more likely than chance
to activate the respective areas. For this purpose, we used the BrainMap database, which

includes a structured ontology detailing behavioral domains and paradigm classes linked to

5
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each experiment (Fox et al., 2014; Laird et al., 2009; http://www.brainmap.org/scribe). First,
all experiments in BrainMap that featured at least one focus of activation within the respective
region were identified. Subsequently, for each behavioral domain and paradigm class category,
we tested, whether the respective taxonomic labels were significantly over-represented in the
retrieved set relative to the database given the density of foci within the region of interest (cf.
Cortese ct al., 2016, Muller et al., 2013).

To assess which brain regions are functionally connected with the identified clusters,
we used the same experiments from BrainMap retrieved for functional decoding, i.e., those that
feature at least one activation within the respective cluster. Rather than performing inference
on their taxonomic labels, Meta-Analytic Connectivity Modelling (MACM) was performed to
investigate for significant convergence of co-activations. For MACM, convergence of
activation foci reported by the respective experiments is established with an ALE approach as
described above. Evidently, the highest convergence will be found in the region of interest used
to filter BrainMap. Any significant convergence outside the seed, however, indicates a
significant co-activation pattern, i.e., areas that become activated whenever the seed region is

activated and therefore functional connectivity (cf. Reid et al., 2017).

Relationship between Receptor Density and Atrophy

To relate GM alterations to molecular information on neurotransmitter systems, we
performed spatial correlation analyses with positron emission tomography (PET)-derived
estimates of several receptor/transporter systems such as using the JuSpace toolbox

(https://github.com/juryxy/JuSpace). The main idea of this approach is to overcome the

limitation of reporting mere differences in structure and test whether MRI-derived information
is spatially structured in a way that reflects the distribution of specific receptor types. Hence we
assessed to what degree PSP-related atrophy patterns match dopaminergic (dopamine D2;
dopamine transporter: DAT, dopamine synthesis capacity: FDOPA), serotonergic (serotonin 5-
hydroxytryptamine receptor subtypes la, 1b, 2a and 4: 5-HT1a, 5-HT1b, 5-HT2a, 5-HT4,
serotonin transporter: SERT), cannabinoid (cannabinoid receptor type 1: CB1), noradrenergic
(noradrenaline transporter: NAT), cholinergic (vesicular acetylcholine transporter: VAChT), p-
opioid, gamma-aminobutric acid (GABAergic: GABAa) and glutamate (metabotropic
glutamate receptor 5: mGluRS5) neurotransmission. This was evaluated conducting a cross-
modal correlation of MRI-based measures with PET derived receptor estimates using spin-test

derived null-distributions to account for spatial autocorrelation (Dukart et al. 2020).
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Results

Systematic Literature Searches
We identified 1.225 potentially eligible articles in the database searches (Suppl. Fig. 1, Suppl.
Table 1). Following the removal of 493 duplicate articles, 732 articles were screened at
title/abstract level and 42 at full text. 20 papers met the inclusion criteria, without any overlap

in the assessed cohorts. 333 PSP patients were included in the studies investigated in this work.

ALE Meta-Analysis
The ALE analysis (20 papers, 27 experiments, including 333 PSP patients) identified several
clusters, showing significant GM atrophy in PSP compared to all control studies (p<0.05,
TFCE-corrected, Fig. 1; Table 1). Clusters were centered upon the following areas: (1) bilateral
thalamus & midbrain, (2) left insula extending onto the frontal operculum, (3) left caudate

nucleus, (4) right caudate nucleus.

[Insert Figure 1 about here]

[Insert Table 1 about here]

A supplementary ALE analysis (19 papers, 19 experiments, including 323 PSP patients)
identified one additional cluster, showing significant GM atrophy in PSP compared to studies
including only CON (p<0.05, TFCE-corrected, Suppl. Fig. 2). In addition to the clusters already
mentioned, another cluster was found, centered upon the right precentral gyrus (x=46, y=16,

z=4; Suppl. Table 2).

Functional Decoding and Connectivity Modeling

Functional decoding using the BrainMap database revealed that regions showing robust
evidence for PSP-related atrophy were mainly associated with domains related to language,
body perception/interoception, somatosensation, cognitive processes and emotion (Suppl. Fig.
4 A-D): In detail, the thalamic regions were associated to cognitive aspects of emotions
(negative emotions/punishment, positive emotions/reward) as well as interoception, especially
pain monitoring. The region of atrophy in the left insular cortex was related to cognitive aspects

7
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of language semantics/speech, word generation and perception of taste, as well as pain
monitoring. The PSP-related atrophy in left and right caudate was mapped to domains related
to emotions (positive emotions/gain/reward) and cognitive aspects of reasoning.

MACM analysis of significant co-activation patterns indicated functional connectivity
of the atrophied regions with frontal regions, the bilateral insula, bilateral caudate nuclei,
thalamus and midbrain, putamen and globus pallidus and claustral parts (Conjunction analysis,
Fig. 2).

[Insert Figure 2 about here]

In particular, the bilateral thalamus and midbrain (Cluster 1; Fig. 3 A) were shown to
be functionally connected with the superior frontal gyrus and paracingulate gyrus. The
connectivity pattern for the left insula (Cluster 2, Fig. 3 B) entailed large bilateral clusters in
caudate nucleus (bridges/medial), globus pallidus and putamen. Connectivity of the left caudate
nucleus (Cluster 3, Fig. 3 C) was found mainly with the putamen, while the right caudate

(Cluster 4, Fig. 3 D) was co-activated with the globus pallidus and the putamen.

[Insert Figure 3 about here]

In order to infer networks of functionally coupled regions across the identified atrophied
regions, we used the Yeo atlas of cortical parcellations (Figure 4; Yeo et al., 2011). This
additional investigation revealed widespread connections of all clusters found with the salience
network in particular (Fig. 5); besides connections of the insula to temporal parietal circuitries
(N17), as well as networks involved in control (N12; N13), sensorimotor activity (N3; N4),
default mode (N14), and attention (N6) the strongest connections of the insula (Fig 5A) were
confined to the salience network (N7; N8). Also, for the MACM results of thalamus & midbrain
Y eo maps revealed connections to regions associated to the salience network (N7; N§; Fig. 5B),
as well as the limbic (N9) and default network (N14). For bilateral caudate nuclei (Fig. 5C),
connections were also mostly concentrated on the salience network (N7; N8; Yeo et al., 2011)
as well as the limbic system (N10).

[Insert Figure 4 about here]
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Relationship to Receptor Density Patterns

GM alterations in PSP were significantly associated with spatial distribution of
dopaminergic neurotransmitter systems in healthy cohorts (Suppl. Fig. 3, D2: rs=0.33, p<.001;
DAT: rs=0.49, p<.001). That is, the higher the availability of mentioned receptor/transporter in
healthy subjects, the more likely differences between PSP and control groups were found.
Further, GM alterations were significantly correlated with serotonergic, cholinergic, opioid and
GABAergic neurotransmitter systems: SERT: rs=0.49, p<.001; VAChT: rs=0.46, p<.001; 5-
HT2a: rs=-0.21, p=.023; p-opioid: rs=0.54, p<.001, GABAa: rs=-0.40, p<.001). For GABAa
and 5-HT2a, correlations were negatively directed, meaning the lower the availability of
GABAa and 5-HT2a receptors in healthy, the less likely differences between PSP and control

groups were found in the original studies.

Discussion

The current study provides a comprehensive investigation of consistent atrophy patterns
in PSP, their functional involvement, functional connectivity as well as their neurotransmitter
profiles. Consistent GM atrophy in PSP in the bilateral thalamus and midbrain, left insular
cortex extending onto the frontal operculum, bilateral caudate nucleus was revealed by whole
brain ALE meta-analysis on VBM studies. These regions were shown to be involved in tasks
tapping into language, body perception, somatosensation and emotion processing and strongly
interconnected with subcortical regions and the salience network. Finally, regions showing
consistent atrophy are associated with high receptor density of dopaminergic and cholinergic
receptors. Overall, our results provide a robust delineation and detailed characterization of PSP
related atrophy, which resonates well with the clinical image of this disorder as well as
providing new insights mto a potentially key pathophysiological role for a broader network

centered on the anterior insula.

Given that the current meta-analysis can only summarize the existent literature, we
obviously had to rely on the diagnostic criteria employed in the primary investigations.
Considering the challenge to differentiate PSP from other atypical parkinson syndromes,
misdiagnosed cases may thus not be ruled out. In order to increase the power of our analysis,
the pool of control studies consists of groups of various diseases as well as healthy controls.
While the supplementary analysis corroborated our primary findings, we would be careful to
not suggest specificity or (differential) diagnostic value. Finally, it may be assumed that analytic
flexibility, i.e., different VBM methodologies, may influence the results obtained in the primary

studies, though we would argue that pooling across these is actually one of the core strengths
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of neuroimaging meta-analyses and the obtained results indicate findings that are robust to

methodological variations.

Cortical Atrophy, the Insula and the Salience Network

PSP has been repeatedly studied using voxel-based morphometry, albeit with
ambiguous results (Brenneis et al., 2004; Quattrone et al., 2018). In addition, we note a pattern
in the respective discussions to focus on a few key findings, trying to explain characteristic
symptoms, such as vertical gaze palsy or the backwards falls. Focusing on salient regions in the
presentation of individual studies, however, may lead to a self-reinforcing bias. As an example,
our quantitative synthesis of the available literature did not reveal any robust evidence for GM
loss in the cerebellum, even though this has previously been discussed in the context of saccade
abnormalities (Lehericy et al., 2010; Boxer et al., 2006). Conversely, we did observe consistent
atrophy in several forebrain regions that were not only connected to each other but also to a key
circuit for higher-order control, i.e. the salience network. A key finding in this context is the
consistent atrophy of the anterior insular, a region that has yet received little attention in the
context of PSP, even though it has commonly been implicated in other neurodegenerative
disorders (Fathy et al., 2020; Bennaroch, 2019) and insula dysfunction has been related to non-
motor clinical symptoms in PSP (Pan et al., 2012; Colosimo et al., 2010). The insula is a
heterogeneous structure harboring not only sensorimotor, visceral / autonomic and nocioceptive
processes but also affective and cognitive functions. These are supported by a highly
differentiated functional topography (Glasser et al., 2016). Interestingly, though, it is the
anterior dorsal insula, i.e., the atrophied region that is also strongly connected to the other
clusters emerging from our meta-analysis, which represents the conflux of these different
functional domains (Kurth et al., 2010). Consequently, it seems that the “hub-zone” of the
insula (Mazzola et al., 2018) that as a part of the saline network controls widespread
connections with cortical and subcortical structurcs (Uddin et al., 2017; Namkung ct al., 2017)
may be particularly disrupted in PSP. This perspective is corroborated by the strong co-
activation patterns of the anterior insular cluster with all of the other regions showing
convergent atrophy in PSP placing it in a strategic position in the ensuing network. As local
degeneration through PSP pathology will inevitably lead to disruption of the interconnected
networks, we would suggest that the salience network and in particular the insula may play a
critical role in the development of the PSP symptom complex. This view is not only supported

by previous work (e.g. [1lan-Gala et al., 2022; Whitwell et al., 2021; Boxer et al., 2006) but also
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relates well to the functions associated with the atrophied regions and the psychopathology of
PSP. We would support the view of human neural networks being selectively vulnerable to
certain neurodegenerative diseases (Seeley et al., 2009). Thus, we propose that disturbed large-
scale circuitry centered on the anterior-dorsal insula may play a bigger role in the development

of PSP related symptoms than previously thought.

The Caudate Nucleus

We observed significant convergence of atrophy in the bilateral caudate nucleus, a
structure involved in planning the execution of movement, learning, memory, reward,
motivation and emotion (Driscoll et al., 2022). Various studies implied an important role of this
structure in the development of motor deficits (Cordato et al., 2005), like impairment in the
programming of postural adjustments (Palmisano et al., 2020) and maintenance of balance
(Zwergal et al., 2011). The caudate has also been postulated as the central driver of postural
instability and backward falls as a key symptom in PSP (Jacobs et al., 2009, MacKinnon et al.,
2007; Rosenberg-Katz et al., 2013). As part of the basal ganglia there is a strong connection
with the cortex, thalamus, and brainstem, which further underlines a relevant role in movement
initiation and motor control (Arnulfo et al., 2018, Palmisano et al., 2020, Pozzi et al., 2019,
Takakusaki, 2017). Specifically in PSP, there is evidence for reduced functional connectivity
between the caudate and thalamus, the anterior cingulate, and pre-supplementary motor area
(Piatella et al., 2014). Yet, like for the insula, the functional heterogeneity of the human caudate
nucleus needs to be considered. While the ventral striatum and hence caudate is mainly involved
in affective processing, the anterior dorsal aspects are strongly involved in cognitive tasks and
the more posterior aspects in motor functions (Liu et al., 2021). Here, it needs to be noted that
compared to the maps found by Liu et al., 2021, the clusters we found for the caudate nuclei
were mostly located in dorsal parts, hinting towards impairment in higher cognitive modalities,
such as goal-directed behavior (Mucci et al., 2015). Obviously, the presence of (only) a
relatively small cluster of significant convergence in a topographically structured,
heterogeneous structure poses an interesting question that would need to be addressed by a
larger cohort of neuropsychologically well characterized PSP patients: Is caudate atrophy
spatially focused and hence only related to a subset of the psychopathological presentation? Or
does the convergence represent just the tip of the iceberg with more diffuse affection of the

caudate contributing to several aspects of PSP pathology?
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Bilateral Thalamus and Midbrain

The thalamus and midbrain are functionally connected to motor and cognitive
circuitries. Impairment in these regions have been associated with various PSP-related
symptoms (i.e. postural instability, supranuclear gaze palsy as well as cognitive impairments;
Zwergal et al.,, 2011; Brown et al., 2010; Warren et al., 2005; Kato et al, 2003; Messina et al.,
2010). Especially imbalance and falls (Zwergal et al., 2011) as well as cognitive symptoms and
behavioral changes (Cordato et al., 2005; Gerstenecker et al., 2013). Based on these studies and
our functional decoding analysis, these structures may thus mediate the so-called subcortical
dementia in PSP (Millar et al., 2006; Whitwell et al., 2011; Piatella et al., 2015). With respect
to the molecular pathophysiology, it should be noted that the thalamus and midbrain belong to
the core structures of tau deposition (Steele, et al, 1964; Teune et al., 2010). Taken together,
thalamic and midbrain atrophy, likely related to the strong and early tau-deposition may
combine with the affection of the caudate nucleus to form the basis of the cognitive and

behavioral pathologies in PSP patients.

Linking Systemic and Molecular Aspects

Complementing these system-level observations, we found a positive relationship
between the likelihood of GM loss and the dopaminergic (D2 and DAT), serotonergic (SERT),
and cholinergic (VAChHT) system. Of note, Parkinsonian symptoms are linked to and treated by
effects on dopamine receptors (Hisahara & Shimohama, 2011; Constantinescu et al., 2007). But
while decreased DAT receptors have been shown in PSP and related to nigrostriatal
degeneration (Plotkin et al., 2005; Im et al., 2006), PSP is actually known for its poor response
to dopaminergic medication (Murphy et al., 2008). There is thus a discrepancy between
degeneration patterns and clinical effects, suggesting additional mechanisms compared to IPD.
This would fit with the larger variability of PSP symptoms, which we would propose to emerge
via atrophy of regions with strong serotoninergic and cholinergic innervation. Disturbances in
the serotonin system have long been linked to mood disorders (Moncrieff, 2022) and atrophy
of regions high in serotonin transporter density may thus contribute to affective symptoms as
well as disruptions of sleep-wake-cycle (Kim et al.,, 2013; Roselli et al.,, 2010). In turn,
acetylcholine is involved in a wide range of functions but we would highlight its critical role in
(the modulation of) attention via the nicotinic acetylcholine receptor, which aligns well with
the potential disruption of the saliency network as a mechanism for cognitive dysfunction. In
this context, it is also noteworthy that striatal VAChT reduction was suggested as a specific

neurochemical imaging marker for PSP (Suzuki et al., 2002). Taken together, it stands to reason
12
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that the heterogeneous range of symptoms in PSP may be attributable to disruption of not only

dopaminergic but also serotoninergic and cholinergic circuits.

Conclusion

Overall, the present work provides robust evidence for PSP-related atrophy in the
bilateral thalamus, midbrain and caudate as well as the left insular cortex. Activation and
connectivity patterns of these regions, including their connection to the salience network,
provides a plausible basis for the heterogeneous motor and in particular non-motor symptoms
in PSP, including disruptions of higher-order control functions, affective and cognitive
processing. This picture is corroborated by multi-scale integration showing that in addition to
the dopaminergic system, also serotonergic and cholinergic networks may be affected by the
pattern of PSP-related atrophy. In summary, our work corroborates the view of wider brain

network disruption in PSP and points to a particularly critical role of insular (dys-) function.
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Figure Legend

Fig. 1. ALE main results: Clusters of PSP-related significant GM reduction (red-yellow) in
the Bilateral (A) Thalamus & Midbrain, (B) Left Insula and Frontal Operculum and (C)
Bilateral Caudate Nucleus at p<0.05 (FWE corrected for multiple comparisons).
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Fig. 2. Results MACM analysis. Significant co-activation patterns (red-yellow) for the
conjunction analysis of the coactivation maps of all areas at p<0.05 (FWE corrected for multiple
comparisons).
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Fig. 3. MACM results for (A) Thalamus and Midbrain, (B) Left Insula, (C) Left Caudate
Nucleus, (D) Right Caudate Nucleus. Results showing coactivated regions (blue to red, with
red strongest activation) for the four regions (FEW-corrected p<0.05 at cluster level) L: left
hemisphere, R: right hemisphere.
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Fig. 4. Functionally coupled regions revealed by Yeo cortical maps. Yeco maps were

overlayed onto (A) MACM results Insula, (B) MACM results Thalamus, (C) MACM results
Bilateral Caudate Nuclei (Yeo et al., 2011).
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Table Legend

Table 1. Localization of significant clusters of convergence for the ALE analysis.
Anatomical Label

Cluster # Weighted center *

X v z
1 (v=1394) 0 -20 8 Bilateral Thalamus & Midbrain
2 (v=548) —40 18 2 Left Insula & Frontal Operculum
3 (v=348) -10 10 12 Left Caudate Nucleus
4 (v=17) 10 18 4 Right Caudate Nucleus

Note. * Montreal Neurological Institute (MNI) coordinates; x,y,z = peak coordinates of GM

atrophy; v=number of voxels of each cluster.
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Supplementary material Querbach et al., 2025

Consistent PSP-atrophy

g Potential records identified Potential records identified
: in database search by other sources
- (n=1.223) (n=2)
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— Records after duplicates removed B Records excluded
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et
: Records screened » Records excluded
(n=732) (n=690)
= =

Articles assessed for eligibility . Articles excluded

(n=42) (n=22)
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Abstract/Poster = 3
m— Studies included in analysis No Coordinates = 15
o] (n=20) Wrong Design = 4
g s
Z 20 papers including 27 contrasts
L) PSP vs IPD (n=4) PSP vs CON (n=19) PSP vs APD (n=4)

Supplementary Fig. 1. Flowchart of study selection adapted from PRISMA-P scheme.
PSP=progressive supranuclear palsy, CON=healthy controls, APD=atypical parkinsonian
diseases (including coticobasal degeneration, frontotemporal dementia, guadeloupean
parkinson’s disease).
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Supplementary Fig. 2 ALE supplementary results: Clusters of PSP-related GM reduction in
the bilateral thalamus and midbrain, left insula and frontal operculum and bilateral caudate

nucleus and right precentral gyrus.
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Supplementary Fig. 3 A Spatial correlation analyses. Significant correlations of regions of
GM alterations with density maps of tested neurotransmitter systems. * significant correlation

at p<.001.
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Supplementary Fig. 4 A Results Functional decoding: Functional Domains mainly

associated with PSP-related GM alterations in Midbrain and Thalamus.
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Supplementary Fig. 4 C Results Functional decoding: Functional Domains mainly

associated with PSP-related GM alterations in Left Caudate Nucleus.
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Supplementary Fig. 4 D Results Functional decoding: Functional Domains mainly

associated with PSP-related GM alterations in Right Caudate Nucleus.
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Supplementary Table 1. Overview on the papers included in the meta-analysis.

Paper Authors Year PSP Subjects Space Contrasts Dlag.nos!tlc
Criteria
PSP<CON;
Boxer et al. 2006 15 MNI PSP<CBD n.a.
Brenneis et al., 2004 12 TAL PSP<CON n.a
Cordato et al. 2005 21 MNI PSP<CON NINDS
PSP<IPD;
Focke et al. 2011 10 MNI PSP>IPD NINDS
Ghosh et al. 2012 23 MNI PSP<CON MDS
, PSP<CON;
Giordano et al. 2013 15 TAL PSP<IPD NINDS
Kamiya et al. 2013 16 MNI PSP<CON NINDS
Moueller et al. 2017 20 MNI PSP<CON n.a.
Padovani et al. 2006 14 MNI PSP<CON NINDS
Piatella et al. 2015 16 MNI PSP<CON NINDS
Takahashi et al. 2011 32 TAL PSP<CON NINDS
Wang et al., 2014 24 MNI PSP<CON NINDS
Whitwell et al. 2013 16 MNI PSP<CON NINDS
PSP<CON;
Worker et al. 2014 14 TAL PSP<IPD n.a
Sandhya et al. 2014 10 TAL PSP<CON NINDS
PSP<CON;
Lagarde et al. 2013 19 MNI PSP>FTD NINDS
Lagarde et al. 2015 21 MNI PSP<CON NINDS
. PSP<CON;
Lehericy et al. 2010 10 MNI PSP>GPD NINDS
Agosta ct al. 2010 20 MNI PSP<CON NINDS
Santos-Santos et ) PSP<CON;
al. 2016 5 MNI PSP<CBD NINDS

Notes. PSP=progressive supranuclear palsy, CON=healthy controls; FTD=frontotemporal

dementia; [PD=idiopathic Parkinson’s disease; CBD=Corticobasal Degeneration.
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Supplementary Table 2. Localization of significant clusters of convergence for the secondary
ALE analysis.

Cluster # Weighted center * Anatomical Label
X y Y/
1 (v=1351) 0 20 8 Bilateral Thalamus & Midbrain
2 (v=514) —40 18 2 Left Insula & Frontal Operculum
5 (v=285) -12 8 12 Left Caudate Nucleus
4 (v=22) 10 19 4 Right Caudate Nucleus
5 (v=20) 46 16 4 Right Precentral Gyrus

* Montreal Neurological Institute (MNI) coordinates; X,y,z=peak coordinates of GM atrophy;
v=number of voxels of each cluster.
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Abstract

Background A reliable measure of PSP-specific midbrain atrophy, the midbrain-to-pons ratio (MTPR) has been reported to
support the differential diagnosis of progressive supranuclear palsy (PSP) from idiopathic Parkinson’s disease (IPD). Since
longitudinal analyses are lacking so far, the present study aimed to evaluate the diagnostic value of the relative change of
MTPR (relAt_MTPR) over a l-year period in patients with PSP, IPD, and healthy controls (HC).

Methods Midsagittal individual MRIs of patients with PSP (n=15), IPD (n=15), and healthy controls (HC; n=15) were
assessed and the MTPR at baseline and after 1 year were defined. The diagnostic accuracy of the MTPR and its relative
change were evaluated using ROC curve analyses.

Results PSP-patients had a significantly lower MTPR at baseline (M =0.45 +0.06), compared to both non-PSP groups (F
(2,41)=062.82, p<0.001), with an overall predictive accuracy of 95.6% for an MTPR <0.54. PSP-patients also presented
a significantly stronger 1-year decline in MTPR compared to IPD (p <0.001). Though predictive accuracy of relA__MTPR
for PSP (M =— 4.74% + 4.48) from IPD (M= + 1.29 £3.77) was good (76.6%), ROC analysis did not reveal a signifi-
cant improvement of diagnostic accuracy by combining the MTPR and relA_MTPR (p=0.670). Still, specificity for PSP
increased, though not significantly (p=0.500).

Conclusion The present results indicate that the relA,_MTPR is a potentially useful tool to support the differential diagnosis
of PSP from IPD. For its relative 1-year change, still, more evaluation is needed.

Keywords Progressive supranuclear palsy - Idiopathic Parkinson’s disease - Midbrain-to-pons ratio - Atypical
parkinsonism - MRI

Introduction

The differential diagnosis of progressive supranuclear palsy
(PSP) from Parkinson’s disease (IPD) is not trivial [1, 2]. At
present, the clinical diagnosis of PSP is primarily based on
identifying disease-specific symptoms, which may not have
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fully developed in early stages of the disease [3, 4]. Accord-
ingly, misdiagnoses occur frequently due to a substantial
overlap of symptoms [5]. Still, a more rapid progression
and an overall poor prognosis in PSP underline the clinical
need for objective biomarkers to facilitate early and precise
diagnosis [6, 7].

As specific brain structures are known to be atrophic to
different extents in different Parkinsonian diseases, disease-
specific alterations detectable by structural magnetic reso-
nance imaging (MRI) were suggested to support the diag-
nosis of PSP [8-13].
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A hallmark, known to be highly specific of PSP, is mid-
brain atrophy [14, 15]. Hence, the so-called midbrain-to-
pons ratio (MTPR) was introduced as a potential biomarker
to distinguish between PSP and IPD and constitutes a reli-
able method to quantify PSP-specific midbrain atrophy
[16-18]. Since PSP progresses considerably faster than
IPD, PSP-specific rates of atrophy can potentially serve as
biomarkers of the disease and support differential diagno-
sis [19, 20].

To substantiate this notion, we aimed to evaluate the diag-
nostic value of the MTPR and its relative change (relA _
MTPR) over time. We analyzed structural MRI scans at a
I-year interval and defined the MTPR in patients with PSP
and IPD as well as healthy controls (HC).

Methods
Participants

The study included 15 patients with probable or possible
PSP, 15 patients with IPD as well as 15 HC. Trained move-
ment disorders specialists (CJH; MS) confirmed clinical
diagnoses of PSP and IPD, based on the NINDS diagnos-
tic criteria [21]. Additionally, the MDS diagnostic criteria
were applied, retrospectively to every patient [22]. Clinical
records were reviewed, and groups were matched for age
and disease duration (DD) at baseline (BL). The study was
approved by the local ethics committee (study no. 2849).
All participants gave prior written informed consent and all
conducted study investigations were performed in accord-
ance with the declaration of Helsinki [23].

Magnetic resonance imaging and analysis

All participants underwent two MRI scans (BL and after
1 year+3 months) on a 3-T Siemens Tim Trio scan-
ner (Siemens Healthcare GmbH, Erlangen, Germany).
3D T1-weighted images with 1.0 mm isotropic resolu-
tion were collected (MP RAGE, echo time=2,98 ms,
repetition time =2300 ms, flip angle =9°, acquisition
matrix =256 X 256, number of excitations =1, field of
view =256 mm). MRI sequences were visually examined
(JC; SK) to exclude relevant confounders such as movement
artefacts or additional/differential diagnoses such as vascular
lesions.

Morphometric measurements

Morphometric measurements were manually assessed using
3D Slicer Version 4.10.2 (slicer.org). Midsagittal
T1-weighted individual MRIs were used for the midbrain
and pons measurements, using a simplified version of the

methodology described by Massey et al. (2013) [17]. Two
independent investigators (JC; SK) blinded to the diagnoses
performed the analyses. Each investigator drew line meas-
urements over pons and midbrain (maximal widths perpen-
dicular to the visually estimated oblique superior—inferior
axes) in a midsagittal slice to assess the respective area
widths. In line with previous research, pons measurements
did not include the pontine tegmentum and midbrain meas-
urements did not include the collicular plate [17, 18]. The
MTPR was calculated from the determined values dividing
the width of the midbrain by the width of the pons for every
individual. The relA_MTPR was defined as

relA,_MTPR = % with MTPRy; as baseline

MTPR and MTPR,, as MTPR after 1 year.

Statistical analyses

All data were analyzed using IBM SPSS version 25.0 (IBM
SPSS Statistics, Armonk, NY: IBM Corp.) and R version
3.6.3 (R Foundation for Statistical Computing, Vienna, Aus-
tria). Data were evaluated for normality using the Shapiro
Wilk test. Parametric, non-parametric or Chi-squared tests
were used for group comparisons, depending on the distribu-
tion of variables.

To assess inter-rater reliability (IRR) the measurements
for midbrain and pons were analyzed using intraclass cor-
relation coefficients (ICCs; single measures, consistency).

Between-group comparisons were performed with an
unpaired t-test for DD at BL, Kruskal-Wallis analysis of
variance (ANOVA) for age at BL and a Chi-squared test
for gender distribution. A multivariate analysis of variance
(MANOVA) was performed to investigate differences in
midbrain, pons, and MTPR between groups and MRI time
points. We calculated a combined parameter of MTPRg;
and relA_MTPR (MTPRg; 4 »,) using predicted probability
values from a binary logistic regression model. This new
parameter was used as test variable in ROC analyses. Thus,
it could be estimated whether the diagnostic accuracy of
MTPRy; can be significantly enhanced by adding relA _
MTPR. Receiver operating characteristic curve (ROC) anal-
yses were then performed to evaluate the predictive value
of the MTPR, relA_MTPR, and MTPRy, 4 ,, by computing
the area under the curve (AUC; 95% CI). Diagnostic accu-
racy was determined in differentiating PSP vs. IPD vs. HC
using the optimal cutoft value determined by ROC analysis
with 95% confidence intervals. The cutoff was defined as the
value resulting in the highest Youden Index. ROC curves
were analyzed for significant differences using the roc.test
command of the pROC package [24] in R (method =boot-
strap, paired). We also performed a McNemar’s test, to
evaluate statistical differences in specificity values. A p
value < 0.05 was considered significant for all tests. For all

@ Springer
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statistical comparisons, post-hoc Bonferroni analyses were
performed, to correct for multiple comparisons.

Results

Group characteristics and main findings for PSP, IPD,
and HC are summarized in Table 1 and Figs. 1 and 2. The
observed groups did not significantly differ in gender distri-
bution, age, and DD at BL.

Inter-rater reliability

ICCs revealed good IRR for pons measurements at BL
(ICC=0.87, p<0.001), as well as after 1 year (ICC=0.89,
p<0.001). Moreover, there was an excellent IRR for mid-
brain measurements at BL (ICC=0.97, p<0.001) and after
1 year (ICC=0.98, p<0.001). Given this high degree of
consistency, averaged values from both raters for midbrain
and pons were used to calculate MTPRy; and MTPR 4.

Morphometric analyses

Most collected midbrain MRI measures revealed significant
differences between PSP and non-PSP groups: PSP-patients
had a smaller MTPRg; (M=0.45+0.06) as well as MTPR |y
(M=0.43+0.06) compared to both non-PSP groups (F (2,
42)=66.87, p<0.001; Fig. la). This difference was par-
ticularly driven by a smaller midbrain width (MW) at both
time points in PSP-patients (F (2, 42)=60.08, p <0.001),
whereas the MTPR and MW did not differ between IPD
and HC. Furthermore, there was a significant decline in
MTPR (t (14)=. 4.06, p=0.001) over the 1-year period
for the PSP group. The relA_MTPR was stronger in PSP
compared to IPD (p <0.001; Fig. 1b) with a mean decline
of 4.7% in MTPR for PSP-patients. Conversely, the relA,_
MTPR did not differ between PSP (M =— 4.74 +4.48) and
HC (M=-1.58 £2.18). Here, the MTPR in HC was sig-
nificantly smaller compared to the corresponding MTPR;
(t(29)=2.92, p=0.011), which was not the case for patients
with IPD. Pontine values did not differ between groups and
time points (see Table 1 for statistical details).

ROC analyses

ROC analyses confirmed excellent diagnostic accuracy
for the MTPRy; (AUC=0.98, 95% CI 0.94-1.00, sensi-
tivity =93.33%, specificity =93.33%, accuracy =93.33%)
when comparing PSP and IPD-patients (Fig. 2a), as well
as PSP and both non-PSP groups (AUC =0.98, 95% CI
0.94-1.00, cutoff <0.540, sensitivity =93.33%, specific-
ity =96.67%, accuracy =95.56%; Fig. 2b). Regarding
relA_MTPR accuracy for distinguishing PSP from IPD was

@ Springer

good (AUC=0.85, 95% CI 0.72-0.98, cutoff > 0.015, sen-
sitivity =73.33%, specificity =80.00%. accuracy =76.67%:
Fig. 2¢); Moderate diagnostic accuracy could be demon-
strated for distinguishing PSP from non-PSP participants
(AUC=0.78, 95% CI 0.63-0.93, sensitivity =73.33%,
specificity =56.67%, accuracy = 62.22%; Fig. 2d). There
was also excellent diagnostic accuracy for MTPRp ¢ 5,
(AUC=0.97, 95% CI1 0.93-1.00, sensitivity =93.33%, speci-
ficity = 100.00%, accuracy =96.67%; Fig. 2e) when compar-
ing PSP and IPD as well as for comparing PSP and non-PSP
subjects (AUC=0.98, 95% C10.92-1.00, OC>0.520, sen-
sitivity =93.33%, specificity = 100.00%, accuracy =97.77%;
Fig. 2f). There was no significant difference for the diag-
nostic accuracy of MTPR, 4 ,, and MTPRg, (D=- 0.43,
p=0.67). Additionally, the specificity values did not differ
significantly (p =0.500; see Table 1 for all detailed values).

Discussion

This is the first study to investigate the MTPR in a longitudi-
nal setting to the best of our knowledge. Our cross-sectional
results confirmed a lower MTPRy; in PSP, when compared
both to IPD and to HC; an MTPRy; <0.54 was indicative
of PSP. Longitudinal evidence revealed a distinct 1-year
decline of MTPR in PSP-patients, representing a more
pronounced midbrain atrophy rate compared to IPD. The
combined MTPRy; ¢, slighty improved the already high
diagnostic accuracy of MTPRp; and likewise improved the
specificity to 100%; however, these improvements were not
statistically significant.

Overall, MTPR values confirm previous findings sug-
gesting an MTPR <0.52 as highly specific for PSP [17, 18].
Longitudinal results also tally with former research, as dif-
ferentiation of PSP from IPD is based on studies demonstrat-
ing that PSP presents stronger and faster midbrain atrophy
[25-27]. However, we were not able to discriminate between
PSP and non-PSP groups solely by means of relA,_MTPR as
with the MTPRy; . Still, there was good predictive accuracy
for distinguishing PSP and IPD only.

Most importantly, we found increased specificity values
for the combined parameter MTPRy; g 4,. This is of particu-
lar clinical relevance considering that a high degree of speci-
ficity is very important for distinguishing between various
forms of diseases [7]. However, a statistical comparison of
specificity values did not reach significance. As the MTPR ;.
provided already excellent specificity with 96.67% when
comparing PSP and non-PSP groups, it is hard to improve
specificity further in fact. However, with MTPRy; ¢ A, Speci-
ficity reached 100%.

‘With a mean DD of 63.1 months we investigated patients
in rather progressed disease stages. This is particularly
important considering that midbrain atrophy could also
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serve as PSP-specific preclinical marker in very early disease
stages [28, 29]. Thus, it remains to be studied, whether the
relA,_ MTPR—as indicator of midbrain atrophy rate—con-
tributes better to diagnostic accuracy, earlier in the disease,
i.e., when the overall MTPR has not yet reached PSP-spe-
cific values. Again, a larger patient cohort, e.g., from a future
multi-centric study, would allow a more detailed analysis of
effects of DD, age, and gender. While relA_MTPR was of
limited diagnostic value in our patient cohort with advanced
stages of the diseases, it might have a more valuable impact
in early stages of PSP, where higher MTPR ratios can be
expected.

Moreover, it has to be considered that atrophy rates might
differ between different disease stages in PSP, as it was
already reported for other neurodegenerative diseases [30].
Additionally, we did not include a quantitative measure of
disease severity such as the Progressive Supranuclear Palsy
Rating Scale or MDS-Unified Parkinson’s Disease Rating
Scale. This would have been helpful in estimating disease
progression independently from DD.

Patients in this study were diagnosed clinically by expert
evaluation; however, misdiagnoses cannot be excluded in the
absence of post mortem verification. However, all diagnoses
were based on valid diagnostic criteria [21] enhancing the
reliability of the clinical diagnosis. Additionally, we have
also attempted to retrospectively apply the MDS diagnostic
criteria for PSP [22] to allow a more precise description
of diagnosis. Four patients, were confirmed to be correctly
classified as PSP, by post mortem diagnosis.

In our study, we also did not distinguish between PSP-
subtypes, as reported patients were mostly diagnosed
with PSP-Richardson’s syndrome. However, it cannot be
excluded that distinct subtypes could also differ in atrophy
rates, which again points out the importance of further anal-
yses in larger samples.

Moreover, HC presented a decline in MTPR, too. Mid-
brain shrinkage has been found in healthy ageing previously
and, therefore, may have contributed to MTPR reduction, as
a significant decline of MW could also be observed [31, 32].
Still, midbrain atrophy is assumed to be more pronounced
in PSP. Hence, it should be considered, if intersubject vari-
ability in PSP could also account for the results at hand.

The important new finding from the present work apart
from the confirmation and replication of previous studies
on this topic is that specificity values increase by adding the
relA_MTPR to MTPRy, This is of high clinical relevance
in disease differentiation. Statistical comparison of specific-
ity values did not reach significance, as the MTPRy; already
had very good values, which were difficult to improve. Still,
we believe that the MTPRg 4 4, can further substantiate
diagnosis of PSP in follow-up examinations and serve as an
additional biomarker of PSP-specific disease progression,
which may of particular importance to reveal the efficacy

of potential disease-modifying treatments. Finally, the cur-
rent findings motivate larger patient studies including PSP
subtypes and other forms of atypical Parkinsonian diseases
to explore the full potential of MTPR and its change as diag-
nostic tool.
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Abstract

Progressive Supranuclear Palsy (PSP) is an atypical parkinsonian syndrome, presenting
with specific constellations of neurological symptoms. Its exact pattern of neurodegeneration
remains ill understood—particularly the role of white matter (WM) degeneration in driving

hallmark clinical features and underlying pathology.

This study aimed to investigate WM scalars in PSP, focusing on how alterations, as
revealed through various diffusion tensor imaging (DTI) metrics, relate to the disease's typical
symptomatology. We used DTI analysis and tract based spatial statistics (TBSS) to investigate
‘WM changes related to disease-specific clinical scores in order to unravel potential structure-
function relationships for the atrophied tracts. Additionally, we investigated the relation of
structural biomarkers, such as the Midbrain-to-Pons-Ratio (MTPR), to WM scalars in the

discase.

We identified various WM tracts in PSP related to markers of cognitive dysfunction
and disease severity in PSP, including (but not limited to) corticospinal tract; posterior thalamic
radiation; internal and external capsule; body, genu, and splenium of the corpus callosum;
superior longitudinal fasciculus; and the inferior and superior fronto-occipital fasciculus.
Increased MTPR was significantly correlated with DTI metrics in motor-related fibers around

the brain stem.

Our findings of WM tracts can be well linked to PSP-related symptomatology such as
disease-specific motor impairment, disease severity, and cognitive decline in certain areas. The
results are overall consistent with former findings. As PSP is suggested to be a network-based
disorder, the present work confirms that considering disease-specific WM atrophy patterns
might provide a better understanding of the complex symptom-characteristics of PSP-related

pathologies.
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Introduction

Progressive Supranuclear Palsy (PSP) is a rare neurodegenerative disorder marked by
progressive motor, cognitive, and behavioral impairments'™. PSP often presents with
individual constellations of clinical symptoms, which makes accurate diagnosis a considerable
challenge® 7. Usually, PSP diagnosis is supported by structural magnetic resonance imaging
(MRI) findings: the classical hallmarks of PSP (e.g. supranuclear gaze palsy; backward falls)
primarily involve dysfunction caused by grey matter (GM) atrophy within the basal ganglia
and midbrain®®. However, conventional MRI may only detect these changes at later disease
stages, while earlier microstructural white matter (WM) alterations may precede GM atrophy
and clinical symptoms'®'2. Thus, a sensitive identification of an early neurodegenerative
process with routinely available techniques, such as MRI, could be valuable for a rapid
monitoring of the disease. Diffusion tensor imaging (DTI) provides quantitative metrics of
tissue integrity and connectivity, offering sensitive markers for microstructural degeneration

and brain functionality'?.

GM atrophy in PSP predominantly affects the midbrain, often accompanied by third
ventricle enlargement, as well as frontal and parietal lobes. Radiological indices such as the
Midbrain-to-Pons-Ratio (MTPR) have been proposed as reliable biomarkers'*">. Given PSP’s
potential network-based nature'®, WM alterations—reflected in fractional anisotropy (FA), and
mean, axial, and radial diffusivity (MD; AD; RD)—have also gained attention as potential
biomarkers in movement disorders!”. Regarding PSP specifically, emerging evidence

highlights the significance of WM alterations contributing to its overall pathology'®".

Considering cognitive and motor impairments to be major defining features of the
disease, associations between DTI scalars and certain clinical scales may clarify the structural
basis of impairment characteristics of PSP. In this regard, former investigations already
established a link between WM integrity and the cognitive decline as well as motor dysfunction

22-24

observed in PSP patients and understanding the relationship between microstructural

alterations and clinical manifestations is crucial.

This study aims to assess whether PSP is characterized by specific DTI scalar patterns
in functionally relevant brain regions and how these patterns relate to discase severity and
cognitive changes. By integrating DTI metrics with clinical scales, we aim to advance the

understanding of PSP pathology and its structural-clinical relationships.
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Materials and methods
Participants

15 patients with PSP Richardson syndrome were included in the study (see Table 1). All
patients were diagnosed according to standardized clinical criteria for probable or possible PSP.
Subjects were excluded if they did not consent to participate, if MRI was contraindicated or if
MRI revealed a lesion that would affect final analyses. Patients were instructed to withhold
regular antiparkinsonian medication for at least 8 hours before assessments. Clinical
cxamination of all patients was performed by an experienced physician (CJH) and included
standardized neurological testing and medical history. Clinical scores were assessed, including
the PSP-Rating Scale (PSPRS) as measure of discase severity, the Unified Parkinson’s Disease
Rating Scale part IIT (UPDRS-III) for evaluating severity of motor symptoms, as well as the
the Montreal Cognitive Assessment (MoCA) and the Mattis Dementia Rating Scale (MDRS)
were assessed to evaluate global cognitive status. The study protocol complied with the tenets
of the Declaration of Helsinki and was approved by the local Institutional Review Board. The
trial is registered with the German Clinical Trials Register (DRKS-ID: DRKS00034050).

Table 1
Demographic Data of All Patients
Disease Levodopa
n Sex (m/f) Age at MRI Duration YOE Responsive
Mean=SD 15 5/10 70.07+7.03 14.07+14.24 13.13£2.70 nfa

Note. SD=standard deviation, YOE=years of education, Disease Duration is given in months.

MRI Acquisition

All patients underwent T1-weighted and multi-shell diffusion MRI (dMRI) on a 3T
Siemens Prisma (Siemens Healthcare GmbH, Erlangen, Germany). The MRI protocol
incorporated sequences adapted from the Lifespan Human Connectome Project in Aging
(HCP-A) including dMRI (msDWI: 64 channel head coil, voxel-size 1.5mm?, 92 slices, FOV
210x210mm, TR=3230ms, TE=89,2ms, flip angle=90°, 98 gradient directions, b-values 0,
1500, 3000 s/mm?, multiband-factor 3) and high-resolution structural MRI (T1w: 3D
MPRAGE, voxel size 0.8mm?, FOV 240x256mm, TR=2500ms, TE=2,22ms, TI=1000ms, flip
angle = 8°). To minimize motion-artifacts, the head of every subject was firmly positioned in
the head coil with cushions. MRI sequences were visually examined (JC; CR; SK) to exclude

relevant confounders such as strong movement artefacts or incidental findings.
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Morphometric Measurements

Morphometric measurements were manually assessed using 3D Slicer Version 4.11.
(slicer.org). Midsagittal T1-weighted individual MRIs were used for the midbrain and pons
measurements, using the methodology described by Massey et al. (2013). Line measurements
were drawn over pons and midbrain (maximal widths perpendicular to the visually estimated
oblique superior—inferior axes). Pons measurements did not include the pontine tegmentum
and midbrain measurements did not include the collicular plate'***. The MTPR was calculated
by dividing the midbrain width by the pons width for each patient. Additionally, we measured
the maximum width of the superior cerebellar peduncles (SCP) in the coronal plane and the

middle cerebellar peduncles (MCP) in the sagittal plane.
Preprocessing & Analysis

Further analyses were run using FSL toolbox v. 6.0 (FMRIB Software Library). dMRI
data were pre-processed according to the HCP minimal preprocessing pipeline for diffusion

data®:

1. Structural Pipelines
Utilizing PreFreeSurfer, a native structural volume space for each subject was
produced and the acquired T1w and T2w images were registered to this space. The
images were distortion corrected for gradient and b0 distortions and rigidly aligned
to the MNI space. Following a B correction, in FreeSurfer, volumes were
segmented into predefined structures and white and pial surfaces were
reconstructed. This was followed by a standard folding-based surface registration
to the surface atlas (fsaverage). During PostFreeSurfer, a surface registration to the
Conte69 surface template was performed”’. Registered surfaces were
downsampled, creating the final brain mask.

2. Diffusion Pipeline
The mean by image across six diffusion series was intensity normalized and used to
estimate the Echo Planar Imaging (EPI) distortion®®. A Gaussian Process predictor
modeled eddy-current-induced field inhomogeneities and head motion for each
image volume. All identified distortions were corrected in one resampling step
using the “eddy” tool. The diffusion data output from the eddy tool was resampled
into a 1.25 mm native structural space and masked to exclude non-brain tissue from

further analyses.
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DTI scalar images were then computed from pre-processed diffusion data using dtifit in FSL
v. 6.0 and further processed with tract-based spatial statistics (TBSS). Diffusion tensors were
estimated at each voxel providing information about the magnitude and direction of water

diffusion. From the diffusion tensor, scalar measures were computed as follows:

The FA map was derived from the eigenvalues of the diffusion tensor to characterize
voxel-wise anisotropy, reflecting WM structural integrity. MD, calculated as the average of the
three eigenvalues, indicates the overall magnitude of diffusion and is sensitive to tissue density
and cellular structure. AD, corresponding to the principal eigenvalue (A1), reflects diffusion
along the main axis of WM tracts, while RD, the average of the two smaller cigenvalues (A2
and A3), captures diffusion perpendicular to this axis and is sensitive to myelin and axonal
changes. Scalar maps for each subject were nonlinearly registered to a target image in MNI
space. A WM skeleton, representing the core of major tracts (Smith et al., 2006), was generated
from the center of the group FA distribution, excluding peripheral voxels with high inter-
subject variability. Each subject's FA, MD, RD, and AD data were projected onto the mean FA
skeleton. Regions with mean FA values below 0.2 were masked to exclude cerebrospinal fluid
and GM.

Statistical Analyses

Statistical analyses were applied on the skeletonized DTI scalar maps to identify regions of
significant correlations with MoCA, MDRS, UPDRS-III, PSPRS sum score, as well as its gait
and oculomotor sub scores, and the MTPR, using general linear models and permutation testing
(5000 permutations) in TBSS controlling for multiple comparisons and applying Threshold-
Free Cluster Enhancement (TFCE; p<.05, family-wise error-corrected). All significant results
were visualized on the WM skeleton, providing insights into the specific WM tracts that exhibit
significant relations to the assessed clinical measures. Significant clusters were located and
labelled anatomically according to the Johns Hopkins University WM tractography atlas. To
assess the relationship between the clinical scores and manual measures among cach other, we
additionally performed spearman correlations. Results were corrected for multiple comparisons

using the family-wise error correction at p<.05.
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Results

Clinical Assessments and Morphological Measurements

Clinical data of the included patients is given in Table 2. Most PSPRS sum scores were above
a value of 30/100 impairment and show a progressed disease severity for most patients. The

mecan MoCA score was below the clinical cutoft (<26), which indicates that the group tended

to be cognitively impaired®®.

[Insert Table 2 about here]

Table 2
Clinical Scores of all patients
PSPRS PSPRS_O PSPRS G UPDRS-II MDRS MoCA
Mean+SD 36.07+9.07 7.3343.22 8.93+3.79 37.16+10.11  127.20+8.99 19.62+4.50
[Range] [18-51] [3-12] [2-15] [14-57] [109-140] [10-27]
Max Score 100 16 20 108 144 30

Note. SD=standard deviation, PSPRS=PSP rating scale, PSPRS_O=PSP rating scale oculomotor subscore, PSPRS_G=PSP rating
scale gait subscore,

Table 3 indicates the morphological measurements of the observed patients. The mean for the
midbrain width as well as the MTPR were mostly below the proposed cutoff of 9.35mm / 0.52'
indicating PSP. Values for the SCP did not show a PSP-related decrease (0.18+0.07; *%).

[Insert Table 3 about here]

Table 3
Manual Brain Measurements

MB width 2 SCP width>  MCP width? Pons Width 2 MTPR MCP/SCP

Mean=SD 8.79+1.24 5.34+0.89 10.96+0.98 17.09+1.24 0.51+0.06  2.12+0.48
[Range] [6.6-10.6] [3.7-6.8] [9.4-12.6] [13.9-18.5] [0.38-0.6] [1.5-3.2]

Note. MB = Midbrain, SCP = superior cerebellar peduncle, MCP = middle cerebellar peduncle, MTPR = midbrain to pons ratio,
SD = standard deviation.

o Values given in mm,

Table 4 visualizes the correlations between morphological measures and clinical scores.
Significant correlations were found for the cognitive scores amongst each other. Motor scores
also correlated significantly with each other, and the structural measures correlated with the

parameters of which they are composed. MDRS specifically correlated with DD.

[Insert Table 4 about here]
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DTI Scalars
Correlations with Motor Scores

Regions of significant correlations with PSPRS and UPDRS with DTI metrics are

visualized in Figure 1 and 2.

We found small clusters of FA values negatively correlated with PSPRS sum score
(M=36.07+£9.07) in the following WM tracts: bilateral anterior thalamic radiation; bilateral
corticospinal tract; bilateral superior and inferior cerebellar peduncle; bilateral superior

longitudinal fasciculus; corpus callosum (body, genu); bilateral medial lemniscus; cingulum
(cingulate gyrus).

The further analysis of FA values revealed significantly negative correlations with
UPDRS motor score (M=37.16+10.11) in these WM tracts: bilateral superior longitudinal
fasciculus; bilateral corticospinal tract; corpus callosum (genu, body); right anterior thalamic
radiation; right inferior fronto-occipital fasciculus; left inferior cerebellar peduncle; left

superior corona radiata.

We also found positively correlated MD values with the PSPRS sum score in the WM
tracts: bilateral anterior and posterior thalamic radiation; bilateral corticospinal tract; bilateral
superior longitudinal fasciculus; bilateral retrolenticular part of the internal capsule; bilateral

superior and posterior corona radiata; corpus callosum (splenium).

The more specific analysis of PSPRS sub scores revealed that MD values correlated
positively with PSPRS gait sub score (M=8.93+3.79) in the following WM tracts: bilateral
corticospinal tract; bilateral superior longitudinal fasciculus; corpus callosum (splenium); right

anterior limb of internal capsule.

Significantly positive correlations between RD and PSPRS sum score were found in:
bilateral anterior thalamic radiation; bilateral corticospinal tract; cingulum (cingulate gyrus);
corpus callosum (genu; body); bilateral inferior and superior cerebellar peduncle; middle

cerebellar peduncle; bilateral superior longitudinal fasciculus; right external capsule.
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[Insert Figure 1 about here]

PSPRS sum score

Fig. 1 TBSS results showing voxels where an increase in PSPRS scores were significantly
correlated with FA decrease (red-yellow), MD increase (blue-lightblue), RD increase (green-
lightgreen), at p<0.05 (FWE corrected for multiple comparisons). White represents the mean

FA skeleton of all participants.
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[Insert Figure 2 about here]

MDS-UPDRS Il

o

Fig. 2 TBSS results showing voxels where an increase in UPDRS score was significantly

correlated with FA decrease (red-yellow), at p<0.05 (FWE corrected for multiple

comparisons). White represents the mean FA skeleton of all participants.

11
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Correlations with Cognitive Scores

Significant correlations of MoCA and MDRS with all DTI metrics are visualized in

Figure 3 and 4.

Across the observed patients we found clusters of FA values positively correlated with
MoCA score (M=19.62+4.50) in the following WM tracts: bilateral anterior and posterior
thalamic radiation; bilateral corticospinal tract; bilateral inferior fronto-occipital fasciculus;
bilateral superior longitudinal fasciculus; corpus callosum (body); bilateral anterior, superior,

and posterior corona radiata; cingulum (cingulate gyrus); forceps major; forceps minor.

For RD, we found negative correlations with MoCA score in: bilateral anterior and
posterior thalamic radiation; bilateral corticospinal tract; cingulum (cingulate gyrus); corpus
callosum (genu; body; splenium); middle cerebellar peduncle; bilateral inferior fronto-occipital

fasciculus; bilateral inferior and superior longitudinal fasciculus.

Additionally negative correlations for RD were found with MDRS sum score in:
bilateral anterior and posterior thalamic radiation; bilateral inferior fronto-occipital fasciculus;
bilateral longitudinal fasciculus; bilateral anterior, superior and posterior corona radiata; corpus

callosum (genu, body, splenium); forceps minor and major.

For AD, we found negative correlations with MoCA score in: bilateral anterior and
posterior thalamic radiation; bilateral corticospinal tract; cingulum (cingulate gyrus); bilateral
anterior, superior and posterior corona radiata; corpus callosum (genu; body; splenium); middle
cerebellar peduncle; bilateral inferior fronto-occipital fasciculus; bilateral inferior and superior

longitudinal fasciculus; forceps minor and major.

Additionally negative correlations for AD were found with MDRS sum score in:
bilateral anterior and posterior thalamic radiation; bilateral inferior fronto-occipital fasciculus;
bilateral longitudinal fasciculus; bilateral anterior, superior and posterior corona radiata; corpus

callosum (genu, body, splenium); forceps minor and major.

12
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[Insert Figure 3 about here]

MoCA sum score

Fig. 3 TBSS results showing voxels where an increase in MoCA score was significantly
correlated with FA increase (red-yellow), AD decrease (black-grey), and RD decrease (green-
lightgreen), at p<0.05 (FWE corrected for multiple comparisons). White represents the mean

FA skeleton of all participants.

[Insert Figure 4 about here]
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MDRS sum score

Fig. 4 TBSS results showing voxels where an increase in MDRS score was significantly
correlated with AD decrease (black-grey) and RD decrease (green-lightgreen), at p<0.05 (FWE

corrected for multiple comparisons). White represents the mean FA skeleton of all participants.

14
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Correlation with Morphological Measures

Regions of significant correlations of MTPR with DTI metrics are visualized in Figure

For the manual midbrain measurements, we revealed significant positive correlations
between FA and MTPR in the following tracts: right corticospinal tract; right cingulum;
bilateral forceps minor; bilateral inferior fronto-occipital fasciculus; bilateral inferior and
superior longitudinal fasciculus; middle cerebellar peduncle; corpus callosum (genu; body;
splenium); bilateral internal capsule; bilateral anterior, superior and posterior corona radiata;

bilateral posterior thalamic radiation (includes optic radiation).

In the manual measurements, MD showed significantly negative correlations with the
MTPR in the following tracts: bilateral anterior thalamic radiation; bilateral corticospinal tract;
bilateral inferior fronto-occipital fasciculus; bilateral inferior and superior longitudinal
fasciculus; corpus callosum (body; splenium); right internal capsule; bilateral superior and

posterior corona radiata; bilateral posterior thalamic radiation.

Significantly negative correlations of RD with MTPR were found in: bilateral anterior
thalamic radiation; bilateral corticospinal tract; right cingulum; right inferior fronto-occipital
fasciculus; right inferior and bilateral longitudinal fasciculus; corpus callosum (body;
splenium); right internal capsule; bilateral superior and posterior corona radiata; bilateral

posterior thalamic radiation (includes optic radiation).

[Insert Figure 5 about here]
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Fig. 5 TBSS results showing voxels where an increase in MTPR was significantly correlated

with FA increase (red-yellow), MD decrease (blue-lightblue), RD decrease (green-lightgreen),
at p<0.05 (FWE corrected for multiple comparisons). White represents the mean FA skeleton

of all participants.

16

CXXXI




APPENDIX 3: STUDY 3

DTI SCALARS IN PSP

Discussion

In the present work, we employed DTI to analyze the relationship between
microstructural changes and clinical manifestations in PSP patients. Our results demonstrate
widespread correlations between WM integrity and clinical scores, particularly in regions
involved in cognitive functions (e.g., executive control, memory, language), emotion
regulation, motor control, visual processing, and interhemispheric communication. WM
scalars in these key regions were strongly associated with cognitive and motor impairment.
These findings highlight the role of broad WM networks in the PSP symptom complex and
offer valuable insights into the disease's underlying mechanisms, with important diagnostic and

prognostic implications.

We observed consistent alterations across multiple DTI scalars in overlapping
pathways. The affected tracts align with major large-scale brain networks, including the limbic
system, sensorimotor, default mode, frontoparietal, executive control, and salience networks—
all essential for motor and cognitive functions such as executive processing and memory*!.
This aligns with the understanding that disruptions in WM microstructure contribute to both,
motor and cognitive dysfunction in several neurodegenerative disorders®> and reinforces the

presence of this structure-function relationship in PSP.
Correlation with Motor Scores

In terms of motor performance and disease severity we found significant relationships with the
PSPRS as well as UPDRS-III; FA exhibited negative correlations with both motor scores. MD
and RD showed positive correlations with PSPRS only. This is consistent with the assumption
that higher FA values typically correspond to regions with well-oriented fiber bundles, thus,
indicating sustained WM integrity resulting in conductive functioning. In contrast, high MD is
suggested to reflect tissue damage. Since higher RD may indicate axonal degeneration and
demyelination, motor impairment and reduced performance could result from several
pathological processes®***. The observed correlations support the idea that reduced WM
integrity leads to more severe motor symptoms of varying intensity and modality. Also,
different WM degeneration processes appear to contribute to specific motor symptoms, as
shown here by varying combinations of DTI metrics correlated with PSPRS and UPDRS

scores.

The key regions identified, including (but not limited to) the corticospinal tract, superior

longitudinal fasciculus, and corpus callosum are integral to motor control and coordination,

17
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implicating their involvement in movement disorders. The corpus callosum, as the brain's
largest commissural fiber bundle, plays a vital role in interhemispheric communication™. Past
research has already highlighted its significance in motor control, confirming microstructural
alterations in this area to be related to motor impairment caused by diseases such as idiopathic
Parkinson’s disease (IPD) or stroke®%. As the corpus callosum corresponds to premotor and
supplementary motor areas, the question could be raised whether PSP-related motor-symptoms

might also originate from there®*40,

The medial lemniscus conveys proprioceptive, tactile, and sensory information from
the body to the thalamus and somatosensory cortex. Changes, indicated by reduced FA, might
not be direct contributors to motor performance. However, they could lead to a loss of
proprioception. This loss disrupts the feedback loop necessary for coordinated movement®!,
Thus, the observed correlations here, might hint towards functional loss in network

communication causing disrupted proprioception in PSP*,

The thalamus, known for its PSP-related pathology, is closely linked to disease stage
and motor dysfunction'®. The anterior thalamic radiation connects thalamic nuclei with the
prefrontal cortex and influences motor function through higher-order cognitive processes, thus,
damage to these fibers leads to impairment in executive functions like motor planning***,
Additionally, microstructural damage in the fronto-occipital fasciculus might lead to
difficultics integrating visual information, further complicating motor planning. This can be
complemented by assumably impaired transmission of motor commands in the superior corona
radiata and left inferior cerebellar peduncle, important for limb movement coordination*®. The

correlations found, hint towards FA reduction and MD increase in the above-mentioned fibers

to be related to coordinative impairment in PSP.

Functions of the identified tracts correspond well to PSP-related symptoms: It is well-
known for its ocular motor abnormalities, which can be linked to changes in superior
longitudinal fasciculus®®. Higher MD values are generally connected to disease severity in
neurological disorders, which is supported by our positive correlations of PSPRS and MD#47,
Overall, the observed correlations of the gait subscore in PSPRS with DTI scalars suggest that
damage of specific WM tracts might account for individual gait disturbances, a common
symptom in neurodegenerative diseases*®; Here, the gait subscore of PSPRS showed less
widespread but more specific correlations in: bilateral corticospinal tract, bilateral superior

longitudinal fasciculus, and right anterior limb of internal capsule. These findings are
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consistent with WM correlates of gait abnormalities found in PSP in a previous study

investigating structural changes in PSP in relation to disease-specific motion*”,

In this context, it's important to note that PSP initially exhibits overlapping symptoms
with IPD. This suggests that the underlying mechanisms producing these symptoms are likely
similar. Thus, we have indirect support from IPD evidence; Overall, our findings align with
evidence indicating a significant role of WM lesions in IPD-related motor impairment®°, Our
results strongly support the complexity of various combinations of WM changes contributing
to individual motor dysfunction, impacting the sensorimotor network. The widespread pattern
of tracts included in MD changes related to the motor scores hints towards a potential
supporting role of myelin disruption in motor impairment, consistent with previous

findings™="52,

Correlation with Cognitive Scores

Even though PSP is primarily recognised as a movement disorder, cognitive
impairment is a common symptom. Cognitive symptoms in PSP encompass executive
dysfunction, attention deficits, and memory impairment>>** Here, we found widespread
correlations of cognitive scores with DTI scalars in a number of WM tracts attributable to
several large-scale networks™; Generally, FA was positively correlated with MoCA score, and
RD as well as AD showed negative correlations with MoCA and MDRS score, indicating that

loss of WM integrity of the respective tracts is associated with worse cognitive performance.

These findings support the general notion that higher FA accompanies better cognitive
performance® and underline the link between WM integrity, particularly in regions involved
in cognitive processing, and the severity of cognitive symptoms. Besides its important role in
motor function, there has been evidence of callosal involvement in cognitive processes in
neurological diseases; WM alterations in the corpus callosum lead to a loss of complexity in
connections to other regions. Thus, cognitive impairment could be seen as a result of callosal
disconnection®*®, This can be supported by our finding of correlations for FA, AD and RD
with MoCA score within the corpus callosum as well as the forceps minor, which mainly
connects the frontal lobes of both hemispheres. Taking our results into account, changes in
‘WM integrity in those regions might hint towards impaired cognitive functions, attributable to

disrupted connectivity affecting attention and working memory>®.

Various correlations in tracts such as the superior longitudinal fasciculus, corona

radiata, cingulum bundle, inferior longitudinal fasciculus, and the thalamocortical radiations
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support a strong involvement of the attention / salience network in PSP-related cognitive
impairment (Bharti et al. 2017). The salience network is responsible for filtering salient stimuli
from the environment and select stimuli that need immediate attention. The attention network
encompasses several subsystems responsible for different aspects of attention, including
sustained attention, selective attention, and executive control of attention. In PSP, apathy,
cognitive rigidity, and executive dysfunction are common symptoms, leading to deficits
maintaining focus, and shifting attention (Gerstenecker et al., 2013). Patients with PSP often
exhibit symptoms such as distractibility, slow processing speeds, and difficulty in handling
complex or multitasking situations, which contributes to impaired cognitive scores (Rittman et
al., 2016). The present correlations hint towards a crucial role of WM integrity changes in these

networks, when it comes to cognitive symptoms.

The mentioned tracts are also part of the frontoparietal network, important for cognitive
control, working memory, and decision making, which is also in line with our correlations'®.
Cognitive control and working memory are important to succeed in cognitive screening tests.
Additionally, related findings in the inferior longitudinal fasciculus also draw attention to the
default mode network. This network is typically active when individuals do not focus on the
outside world and are instead engaged in internal mental processes like future planning and
preparation for upcoming decisions?’. The observed correlations could hint towards
widespread WM tract networks of internal processes potentially impairing cognitive

functioning and decision making when disrupted.

We also found evidence for relationships to the visual network: observed correlations
of FA and MD with the optic radiation and superior longitudinal fasciculus might be related to
the hallmark of PSP, i.e. supranuclear gaze palsy®®. Negative AD correlations with MoCA and
MDRS score in the fronto-occipital fasciculus might explain axonal impairment in visuospatial

processing, a rather common problem in PSP>70!,

Intriguingly, RD and AD showed negative correlations with MDRS sum score in
several regions. The inverse relationship between RD and cognitive performance suggests that
alterations in myelin integrity may underlie cognitive decline®%*. However, the absence of a
correlation between FA and the MDRS score suggests that the relationship between FA and
cognitive function may vary depending on the specific cognitive domain being assessed.
Notably, MDRS and MoCA are cognitive screening tools that evaluate different domains of

cognitive function, including attention, memory, language, and visuospatial skills. Most of all,

20

CXXXV




APPENDIX 3: STUDY 3

DTI SCALARS IN PSP

MDRS is more sensitive to more pronounced cognitive problems, while the MoCA is more

sensitive to mild cognitive impairments. A similar pattern could be seen in former studies®.
Correlation with Morphological Measures

To investigate a possible relationship between GM and WM changes, we also analysed
correlations with the MTPR. For GM, we found widespread DTT scalar relationships with
midbrain involvement, seen in the mostly pathological midbrain measures. FA correlated
positively, MD and RD correlated negatively with MTPR. The positive correlation between
FA and MTPR in various tracts suggests that higher FA values correspond to greater structural
organization of fibers passing through the midbrain region, such as the corticospinal tract,
which consists mostly of motor fibers®®. This correlation could indicate decreased motor
connectivity, potentially leading to less efficient transmission of neural signals and worse
motor outcomes. MTPR is generally considered a valuable biomarker for the diagnosis of PSP
and its progression®®’. In this context, the observed WM tracts and their association with

clinical outcomes fit well with the morphologic GM imaging of the disease found.

Here, we observed widespread correlations with tracts passing through midbrain and
frontal regions as part of the central executive (frontoparietal) network, such as the superior
longitudinal fasciculus and cingulum bundle. This can be complemented by former research,
where alterations in those regions were related to motor symptoms and disease progression**%%,
Agosta et al. (2012) found that MD changes in specific brain regions, including the midbrain
and pons, correlated with various clinical symptoms such as postural instability and cognitive
impairment in PSP patients. These findings, once more, underline the involvement of
interconnected large-scale networks in reflecting the individual, neuropathological and clinical
features of these disorders®. Overall, the observed correlations hint towards wide-spread

overlapping networks that degenerate on an individual basis and can thus cause very distinct

symptom complexes, thus, heterogeneous disease patterns.
Limitations

Our study had some limitations, which need to be considered when interpreting the
results. First of all, we chose to utilise a whole-brain TBSS approach, rather than a region-of-
interest approach, to best characterise all of the regions that may be related to specific
impairments in PSP. This comes with an increased risk of Type I errors (false positives) given
the multiple comparisons. Although, we employed family-wise-error correction with TFCE to

reduce the Type I error risk, it is still important to consider that some significant voxels might

21

CXXXVI




APPENDIX 3: STUDY 3

DTI SCALARS IN PSP

represent Type | error. Further, our sample size was rather low, as is common in PSP research,
which may have also limited the statistical power of our analyses. Nevertheless, also in this
limited sample we were able to observe significant and consistent alterations of WM tracts in
PSP. When it comes to interpreting some DT metrics, there have been ambiguous findings in
former literature: AD alterations have been related to cognitive impairment with inconsistent

69,70

directions sometimes with increases or decreases’'. This does not allow for clear

interpretation of the connection’s nature, so, further research is needed.

The present analyses were based on patients who were diagnosed with the most
common variant of PSP (i.e. PSP-Richardson syndrome). This means that we were unable to
take the various subtypes into account. PSP is a heterogeneous disorder, and individual cases
may vary in terms of clinical presentation and microstructural alterations’. Still, our sample
was at quite early disease stages in mean. The additional analysis of patients with longer disease
duration could show more pronounced results. Ultimately, our analysis shows correlative
relationships, which do not directly allow for implications on cause-and-effect relationships.
In addition, there is no control group for direct comparison. Nevertheless, the discussed

preliminary studies provide support for our conclusions.
Clinical Implications

We found that WM connections widely affected the brainstem, cerebellar, and thalamic
projections, as well as associative fibers, which is in keeping with the findings of previous
studies™. PSP causes progressive, incapacitating cognitive, behavioral, and motor dysfunction
to varying extends. As in other neurodegenerative diseases, later-affected regions bear
anatomical connections with brain areas which were impaired earlier in the course of the
disease™. Alzheimer’s disease, for example, is characterised by the progressive dysfunction
and degeneration of interconnected neural networks rather than isolated brain regions (DeTure
& Dickson 2019). Pathology accumulates and dysfunction develops gradually over time.
Individual brain regions deteriorate gradually as pathology accumulates over years and remain
in a semi-functional state with increasingly impaired function™. This still enables interaction
between diseased regions and still-intact parts of the whole brain network. It is, therefore,
plausible that this diseased region can propagate dysfunction through its interactions with other
healthy regions in stages. The present results show support of the idea of a broad functional
network in PSP to be interconnected and in charge of individual symptom-complexes. Thus,

overall neurodegeneration may relate to neural network dysfunction”’*7¢ Cognitive and motor
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impairment in PSP is likely multifactorial, involving many different pathological processes:
changes in WM topology and connectivity are driven by patterns of progressive aggregation of

tau in PSP, which is in line with the network degeneration hypothesis’’.

Understanding the relationship between pathology spread and symptom manifestation,
offers the opportunity to make certain predictions about the possible course of the disease in
the future. In order to provide predictive evidence, it could certainly be beneficial to evaluate
DTI changes over time to establish more precise relationships between clinical outcomes and
WM. In neurological and psychiatric disorders, changes in FA, MD, AD, and RD are often

23,79

observed’®. Though AD is reportedly less affected than other DTI parameters®’, exact

mechanisms underlying those changes need to be clarified.
Conclusion

Interpreting the overall results, microstructural alterations in interconnected brain
regions are associated with both cognitive decline and motor impairment in PSP. Qur results
provide strong evidence that disease-specific WM patterns in large-scale networks account for
distinct symptom complexes. Overall, our findings highlight the utility of DTT scalars in
characterizing the individual relationship between WM, clinical measures of GM atrophy, and
cognitive and motor impairment in PSP, We provide profound evidence that supports the idea
of a PSP-related intrinsic connectivity network. This is one more step towards unraveling the

nuanced underlying pathology of the disease.
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