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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.  
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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 (Höglinger et al., 2017; Hughes 

et al., 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 (Höglinger 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 & Höglinger, 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; Höglinger 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 
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to affect both, males and females equally, but some studies have suggested a slight male 

predominance (Mahale 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. 

 

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 (Höglinger et al., 2017). The following 

passages will discuss the major symptoms commonly associated with PSP.  

 

Figure 2. Brain regions, commonly affected in PSP. 

 

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 & Höglinger, 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 (Höglinger 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 



INTRODUCTION 

11 
 

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; Gröschel 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: 

  𝑀𝑃𝐴𝑅 = ெ஺ ൫௠௠మ൯௉஺ ሺ௠௠మሻ . 
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:  𝑀𝑇𝑃𝑅 = ெௐ (௠௠)௉ௐ (௠௠) . 

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: 

𝑀𝑅𝑃𝐼 = ቀ௉஺ (௠௠మ)ெ஺ (௠௠మ)ቁெ஼௉ௐ (௠௠)ௌ஼௉ௐ (௠௠) . 

 

 

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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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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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, μ-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 (Höglinger 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 IPD 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 
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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 

et al., 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 & Höglinger, 2016). The 

presence of multiple neurotransmitter abnormalities—including disruptions in cholinergic, γ-

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, 

Duffy, 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., 2013b). 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 



DISCUSSION 

27 
 

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 (Gröschel et al., 2006; Höglinger 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 (Sánchez-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 (Höglinger 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 (Höglinger et al., 

2017; Stamelou & Höglinger, 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 & Labrakakis, 

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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Appendix 1: STUDY 1 
 
Consistent PSP atrophy involves Regions Connecting the Salience Network to 
Subcortical Circuits  
 
Querbach, S., Eickhoff, S. B., Hausmann, A. C., Schnitzler, A., Caspers, J.  

& Eickhoff, C.R. (2025). Consistent PSP atrophy affects regions connecting the salience 

network to subcortical circuits [Manuscript submitted for publication]. 
 

Conceptualization & methodology: I developed the research question and analysis plan 

in consultation with C.R. Eickhoff and J. Caspers, drawing on the experimental algorithm 

designed by S.B. Eickhoff. 

 

Investigation & project administration: I conducted the search for relevant research 

articles, independently reviewing them for suitability in the data collection process. C. 

Hausmann performed a secondary check of suitable articles. I was responsible for curating 

the data. Project administration was jointly managed by C.R. Eickhoff and me, with a 

second data verification conducted by me, including preparing the data for analysis. 

 

Formal analysis: I conducted the statistical analyses in collaboration with C.R. Eickhoff, 

and data interpretation was done in consultation with both C.R. Eickhoff and S.B. 

Eickhoff. 

 

Resources: S.B. Eickhoff provided the ALE algorithm used in this study. Additional 

resources were contributed by A. Schnitzler. 

 

Manuscript: I wrote the initial manuscript, which encompassed all stages from 

comprehensive literature review to the final formulation. I created the figures and tables in 

consultation with C.R. Eickhoff. I also coordinated the scientific review process with the 

journals, making revisions with the assistance of C.R. Eickhoff. All authors critically 

reviewed the manuscript. 
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Appendix 2: STUDY 2 
 
Investigating the 1‑year decline in midbrain‑to‑pons ratio in the differential diagnosis 
of PSP and IPD.  
 
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. 

 

Conceptualization & methodology: I developed the research question and analysis plan 
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Investigation & project administration: I supervised the search for retrospective 
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jointly managed by C.J. Hartmann and me, with data verification and preparing the data 

for analysis by me. 

 

Formal analysis: I conducted the statistical analyses independently and reviewed them 
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Resources: Resources were contributed by A. Schnitzler. 

 

Manuscript: I wrote the initial manuscript, which encompassed all stages from 

comprehensive literature review to the final formulation. I created the figures and tables 

independently, reviewed for comprehensiveness by M. Butz. I coordinated the scientific 

review process with the journals, making revisions with the assistance of M. Butz. I 

prepared the final version of the manuscript. All authors critically reviewed the manuscript. 
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Tract-specific DTI Scalars and Clinical Correlates in Progressive Supranuclear Palsy 
 

Querbach, S., Hausmann, A.C., Schnitzler, A., Hartmann, C. J., Rubbert, C. & Caspers, 

Julian (2025). Tract-specific DTI Scalars and Clinical Correlates in Progressive 

Supranuclear Palsy [Manuscript submitted for publication]. 

 

Conceptualization & methodology: I developed the research question and analysis plan 
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Investigation & project administration: I supervised recruitment of participants and data  
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comprehensive literature review to the final formulation. I created the figures and tables 

independently. I also coordinated the scientific review process with the journals, making 

revisions with the assistance of J. Caspers. All authors critically reviewed the manuscript. 
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