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1. Introduction 

Ataxia literally means ‘absence of order’ and denotes clinical syndromes that are 

characterized by a lack of motor coordination (Harding, 1983; Klockgether, 2010).  For 

most patients with ataxia, loss of control over voluntary body movements is the initial main 

symptom, manifesting for instance as unstable gait, impaired stance, dysarthric 

disturbances of motor-speech execution, dysmetria (i.e. missing of targeted objects owing 

to over- or undershooting movements), oculomotor abnormalities (e.g. nystagmus, or 

over- or undershooting saccades), or tremor (Ashizawa & Xia, 2016). The individual 

symptomatology can vary, depending on the location of the underlying pathological 

changes within the neuroanatomical circuitries that are normally implicated in the 

respective forms of fine-motor control.  

Ataxia is not a single disease but rather can reflect a heterogeneous group of etiologies, 

the precise number of which is unknown, but at least 50 different subtypes have been 

classified to date (Klockgether, 2010).  According to current etiology-based classifications 

they can be subdivided into three major groups (Lin et al, 2016): (1) acquired ataxias, due 

to a wide variety of potential causes, such as chronic alcohol abuse and other toxins, viral 

infections, or tumors (Brusse et al, 2007; Fogel & Perlman, 2006); (2) hereditary ataxias, 

which show early onset and familial clustering as typical features, and whose underlying 

mutational mechanisms are increasingly identified by genetic and biochemical tests (Fogel 

& Perlman, 2006; Klockgether, 2008; Schols et al, 2004); and (3) sporadic degenerative 

ataxias, in where neither specific nor genetic causes can be identified and which will 

represent the main topic of the present thesis.  

There are different forms of sporadic degenerative ataxias, which can be linked with 

neurodegeneration in overlapping brain regions, and this can result in substantial 

symptomatic overlap on the clinical level, especially in early disease stages. Here, 

differential diagnosis often remains a clinical challenge. This is especially true for two 

major forms of sporadic degenerative ataxia that are both characterized by prominent 

patterns of cerebellar neurodegeneration. The cerebellar variant of multiple system 

atrophy (MSA-C) is a pathologically and clinically well-defined entity (Quinn, 1989), but in 

the early course of the disease, when the full clinical symptomatology and brain atrophy 

patterns have not evolved completely, MSA-C may be mistakenly diagnosed initially as 
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sporadic adult onset ataxia of unknown etiology (SAOA) initially (Klockgether, 2010). In 

fact, the certainty of an SAOA diagnosis increases with disease duration, since clinical 

progression is faster and more severe in MSA-C than in other variants (Abele et al, 2002; 

Giordano et al, 2017).  

Therefore, it is of interest to study early neuroimaging features that may help to better 

understand the commonalities and differential features of MSA-C and SAOA. To date, the 

neuroimaging literature on SAOA, including direct comparisons with MSA-C populations, 

is rather limited, making conclusions about potential SAOA-specific alterations in brain 

structure and/or function difficult. Moreover, many studies cannot rule out the possibility 

that their SAOA samples also contained unidentified MSA-C patients, i.e. that they actually 

examined “mixed” MSA-C/SAOA samples. Accordingly, it is of special interest to look for 

specific neuroimaging features, e.g. structural MRI changes in specific cerebellar 

subregions, or altered organization of cerebellar functional connectivity, in SAOA patients 

where prolonged disease duration makes future conversion to MSA-C unlikely. 

This thesis is organized into four main sections, as follows. The first introductory section 

provides a general orientation about the main issues discussed and the overall aims of 

the thesis. The second section includes a short description of the ‘Sporadic Degenerative 

Ataxia with Adult Onset: Natural History Study (SPORTAX-NHS)’ project and all data used 

in the following studies. The third section reviews four different studies that form the basis 

of this dissertation. Among the four studies, the results of the first two studies relating to 

the SAOA group were recently published (Jiang et al, 2019), and parts of the first study 

are also contained in another recently published paper (Faber et al, 2020). Papers about 

the last two studies reported here are in preparation. In the final section, the main study 

findings are integrated, and possible research directions for future studies are suggested.  

1.1 Sporadic degenerative ataxias   

In contrast to acquired or hereditary forms of ataxia, a genetic or acquired cause of ataxia 

cannot be identified in sporadic degenerative ataxia patients (Klockgether, 2010). 

Sporadic ataxias can be subdivided into two major types, multiple system atrophy (which 

can be further subdivided into MSA-P with predominant Parkinsonian features and MSA-

C with predominant cerebellar features) and SAOA. For the present studies, MSA-C and 
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SAOA diagnoses are of primary interest, owing to their overlapping clinical and 

neuroimaging features, and will be characterized further.  

Diagnosis  

Patients with MSA-C or SAOA exhibit common cerebellar features of motor presentation, 

comprising unstable gait and stance. Most patients with sporadic ataxias have slurred 

speech and problems with swallowing, trouble with decomposition of movement in the 

upper extremities, dysmetria, dysdiadochokinesis and action tremor (Abele et al, 2007; 

Ciolli et al, 2014; Klockgether, 2018; Krismer & Wenning, 2017). In particular, patients with 

MSA-C exhibit severe autonomic failure, which may be manifested in erectile dysfunction 

and urinary problems, such as incontinence and urinary retention (Ito et al, 2006; 

Jecmenica-Lukic et al, 2012; Kirchhof et al, 2003; Watanabe et al, 2002), whereas clinical 

examinations of patients with SAOA reveal no or only milder symptoms of autonomic 

dysfunction.  

Frequent musculoskeletal pain (Tison et al, 1996), sleep behavior dysfunction (Gilman et 

al, 2008; Iranzo et al, 2005; Krismer & Wenning, 2017; Wenning et al, 2004a), cognitive 

impairment (e.g. executive functions and verbal learning (Balas et al, 2010; Burk et al, 

2006; Chang et al, 2009; Kawai et al, 2008; Kitayama et al, 2009; Koga et al, 2017; Siri et 

al, 2013)), and psychiatric syndromes (e.g. depression (Siri et al., 2013) and anxiety 

(Balas et al., 2010)) appear frequently only in MSA-C patients. 

Diagnosis of MSA-C is based on an expert consensus of diagnostic criteria, which specify 

three different levels of increasing diagnostic certainty, namely definite, probable and 

possible MSA-C (Gilman et al., 2008). Definite MSA-C requires an autopsy examination 

to confirm the neuropathological demonstration of CNS -synuclein–positive glial 

cytoplasmic inclusions with neurodegenerative changes in striatonigral or 

olivopontocerebellar structures. However, the clinical presentation of a progressive adult-

onset (>30 years) disease that is characterized by the presence of both autonomic failure 

and a cerebellar ataxia syndrome (see Table 1 for more detailed symptom descriptions) 

is thought to be sufficiently predictive for a probable MSA-C diagnosis. Meanwhile, 

patients will only receive an uncertain diagnosis of possible MSA-C if their cerebellar 

syndrome (and additional optional features of MSA-C) are combined with symptoms of 

autonomic dysfunction whose clinical severity does not yet qualify as autonomic failure.  
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Criteria for probable MSA-C:  

• A cerebellar syndrome (gait ataxia with cerebellar dysarthria, limb ataxia, or 
cerebellar oculomotor dysfunction) 

• Autonomic failure involving urinary incontinence (inability to control the release of 
urine from the bladder, with erectile dysfunction in males) or an orthostatic decrease 
of blood pressure within 3 min of standing by at least 30 mm Hg systolic or 15 mm 
Hg diastolic 

Criteria for possible MSA-C (assigned as SAOA): 

• A cerebellar syndrome (gait ataxia with cerebellar dysarthria, limb ataxia, or 
cerebellar oculomotor dysfunction) 

• At least one feature suggesting autonomic dysfunction (otherwise unexplained 
urinary urgency, frequency or incomplete bladder emptying, erectile dysfunction in 
males, or significant orthostatic blood pressure decline that does not meet the level 
required in probable MSA) 

• At least one of the additional features shown: 

• Babinski sign with hyperreflexia 
• Stridor 
• Parkinsonism (bradykinesia and rigidity) 
• Atrophy of putamen, middle cerebellar peduncle, or pons visible (MRI) 
• Hypometabolism of putamen (FDG-PET) 
• Presynaptic nigrostriatal dopaminergic denervation (SPECT or PET) 

Criteria for probable MSA-C and possible MSA-C. Adapted from (Gilman et al., 2008). 
FDG, [18F] fluorodeoxyglucose: PET, positron emission tomography; SPECT, single 
photon emission computed tomography.   

In contrast to MSA-C, no neuropathological features have been identified to date that 

could prove a definite diagnosis of SAOA. Indeed, it remains unclear whether SAOA 

describes a distinct disease entity or a collection of similar diseases (Klockgether, 2010). 

There are also alternative classification terms in the neurological literature that are used 

to refer to similar patient groups, e.g. idiopathic late-onset cerebellar ataxia (ILOCA 

(Harding, 1981)), idiopathic cerebellar ataxia (either as a purely cerebellar form (IDCA-C) 



11 
 

or with additional extra-cerebellar features (IDCA-P (Burk et al, 2004)), or cortical 

cerebellar atrophy (CCA (Fukui et al, 2016)). For the clinical diagnosis of SAOA, the 

following diagnostic criteria have been proposed (Klockgether, 2018): (1) progressive 

ataxia; (2) adult disease onset (while earlier studies suggested >20 years (Abele et al., 

2002), recent studies (Giordano et al., 2017) adopt a more conservative threshold of age > 

40 years); (3) no acute or subacute disease onset; (4) informative and negative family 

history; (5) no evidence of a causative gene mutation; (6) no established acquired cause; 

and (7) lack of severe autonomic failure.  

Therefore, the presence of severe autonomic failure is a key clinical feature for 

distinguishing MSA-C from SAOA. In fact, some studies assign patients with possible 

MSA-C (i.e. symptoms of autonomic dysfunction, but not failure) to the SAOA group 

(Giordano et al., 2017). Differential diagnosis is complicated by the fact that autonomic 

failure in MSA-C patients can evolve after the onset of ataxia symptoms (Gilman et al., 

2008). Thus, a patient with an initial diagnosis of SAOA may later turn out to have MSA-

C. Previous studies observed this conversion in about 30% of patients (Abele et al., 2002; 

Gilman et al., 2008), although they become unlikely after disease durations of 10 years or 

longer (Giordano et al., 2017). Accordingly, the certainty of an SAOA diagnosis improves 

with disease duration (Giordano et al., 2017; Klockgether, 2010, 2012, 2018). 

In general, MSA-C and SAOA cannot easily be distinguished by their usual age at onset, 

since both forms of ataxia frequently present in the mid-50s (Lin et al., 2016), although it 

must be noted that the reported typical age at onset for SAOA patients varies across 

studies, a recent example finding a substantially earlier mean onset at 41.1 years (Lin et 

al., 2016). There are also no pronounced sex differences: while MSA is generally 

considered to affect male and female patients similarly (Fanciulli & Wenning, 2015; Gebus 

et al, 2017), and SAOA is more frequently found in male patients (Gebus et al., 2017; 

Harding, 1981; Klockgether, 2018), some recent studies report higher proportions of male 

patients in both MSA-C (Watanabe et al., 2002) and SAOA populations (Giordano et al., 

2017; Lin et al., 2016). Meanwhile, there are obvious differences in clinical progression, 

as demonstrated by a recent natural history cohort study (Giordano et al., 2017), in which 

MSA-C patients showed a much steeper increase of ataxia symptom severity than SAOA 

patients. In fact, the disease severity of SAOA patients was milder, despite a substantially 
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longer disease duration. The mean survival for patients with MSA-C is only about 6 to 10 

years (Fanciulli & Wenning, 2015; Klockgether, 2010; Lin et al., 2016; Roncevic et al, 2014; 

Wenning et al, 1994), whereas the life span is not affected in SAOA (Klockgether, 2010, 

2012; Klockgether et al, 1990). 

Epidemiology 

There are a few descriptive epidemiological data on MSA-C and SAOA. Descriptive 

epidemiology shows an estimated prevalence of 1.9-4.9 cases per 100,000 (Fanciulli & 

Wenning, 2015; Kollensperger et al, 2010; Watanabe et al., 2002; Wenning et al., 2004a) 

for MSA in general; with MSA-P predominating over MSA-C in a ratio of 2:1 to 4:1 in most 

populations, except for Japan, where the pattern is reversed (Tsuji et al, 2008). The 

estimated SAOA prevalence was 2.2-8.4 cases per 100,000 in European cohorts 

(Klockgether, 2018; Leone et al, 1995; Muzaimi et al, 2004; Polo et al, 1991).  

Neuroimaging studies 

The number of in vivo biomarkers evaluated so far to distinguish between different forms 

of sporadic degenerative ataxias is limited, and neuroimaging, particularly MR imaging, 

could play a central role. While there is a more extensive literature examining MSA (or 

MSA-C) specifically (for a recent review, see (Chelban et al, 2019)), a limited number of 

studies compared brain MR imaging in MSA-C or SAOA directly (Burk et al., 2004; Carre 

et al, 2020; Faber et al., 2020; Fukui et al., 2016), but some had small patient sizes and 

yielded conflicting results. Although various methodologies were applied with multiple 

analytical approaches, it is still unknown whether there are patterns of neuroimaging 

abnormalities that are specific for MSA-C or SAOA, respectively, and whether there are 

anatomical regions that are most appropriate as reliable biomarkers for distinguishing 

between them. 

Structural MRI  

MRI is the most common method for investigating the structural changes in sporadic 

ataxias. Qualitative visual reading of conventional clinical MR sequences (e.g. T2-

weighted/ proton density-weighted images) shows a variety of signal abnormalities that 

are suggested to carry diagnostic information for the presence of MSA, for example middle 

cerebellar peduncle hyperintensity, putaminal hypointensity, hyperintense putaminal rim, 
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and, especially, the ‘hot cross bun’ sign, a radiological finding describing a cruciform 

hyperintensity signal on axial images through the pons visible in T2-weighted and proton 

density-weighted MRI (Carre et al., 2020; Lin et al., 2016). However, some authors claim 

that (a) these qualitative findings are not disease-specific and may only emerge after 

clinical symptom onset (thus reducing their value for early diagnosis), and (b), considering 

the differential diagnosis between MSA-C and SAOA, available data are limited, as many 

early studies did not explicitly distinguish between MSA-P and MSA-C, or focus on 

comparison with Parkinsonian syndromes (Lin et al., 2016); see also: (Chelban et al., 

2019). An earlier study considered that, among other features, the presence of middle 

cerebellar peduncle hyperintensity and the ‘hot cross bun’ sign can help to differentiate 

between SAOA (here: IDCA-P, idiopathic cerebellar ataxia with extra-cerebellar features) 

and MSA-C patients (Burk et al, 2005); see also: (Fukui et al., 2016). This was confirmed 

by a recent study (Carre et al., 2020). 

Beyond signal abnormalities, the main focus is the diagnostic specificity of regional 

atrophic changes, especially in the brainstem (pons) and middle cerebellar peduncles, 

which are currently included as diagnostic criteria in the ‘possible MSA’ criteria (Gilman et 

al., 2008). Based on semi-automated volumetric analyses, brainstem atrophy was 

reported in both MSA-C and SAOA patients, although these changes were more 

pronounced in MSA-C (Burk et al., 2005; Burk et al., 2004). This finding converges with 

automated voxel-based morphometry (VBM) studies that observed white matter (WM) 

reductions in the middle cerebellar peduncles and brainstem, both in MSA-C (Minnerop 

et al, 2007) and (at least in an outer pontine rim) in SAOA patients (Abele et al., 2007). 

Further support was provided by Faber et al.(Faber et al., 2020), whose VBM analysis 

showed significant WM volume reductions in the brainstem of MSA-C, but not SAOA 

patients, compared with healthy controls, but no significant differences between the 

patient groups. Moreover, a higher frequency of atrophic changes in the brainstem and 

middle cerebellar peduncles in MSA-C than in SAOA patients was confirmed by Carre et 

al. (Carre et al., 2020), although they also admitted that these radiological features may 

not be optimal for early MSA-C diagnosis.  

Of central relevance for the present studies are radiological findings of cerebellar cortical 

atrophy, which are regularly observed in both MSA-C, e.g. (Dash et al, 2019; Minnerop et 



14 
 

al., 2007; Yang et al, 2019) and SAOA, e.g. (Abele et al., 2007). While some studies that 

directly compared the two patient groups suggested more pronounced atrophic changes 

in MSA-C patients, this trend was not significant in direct statistical comparisons (Burk et 

al., 2005; Burk et al., 2004). 

Several of the abovementioned studies used VBM (Ashburner & Friston, 2000) to 

measure structural brain changes, e.g. (Abele et al., 2007; Minnerop et al., 2007). These 

measures have practical advantages over traditional manual or semi-automated 

segmentation methods, including reduced workload (thanks to the automated tissue 

segmentation process), and the possibility of assessing potential local differences in an 

unbiased, hypothesis-free manner, since statistical analyses are conducted on a voxel-

by-voxel level, without the need to outline predefined anatomical structures. Therefore, 

VBM may also detect change patterns in subregions of broader anatomical structures. 

Meanwhile, the quality of VBM data depends on the quality of the brain templates used 

during VBM data preprocessing. The default brain templates were primarily developed for 

the analysis of cerebral differences, with no specific focus on the cerebellum. The 

organization of the cerebellum, with tightly folded gray matter (GM) layers of cerebellar 

cortex, and only thin layers of WM between them, makes automated data segmentation 

and normalization (i.e. voxel-by-voxel mapping to a common anatomical standard space) 

more difficult. This may reduce the spatial fidelity of voxel mappings from subject to subject, 

and, because of the increased error, reduce the chance of detecting existing differences 

in small brain areas. To overcome these limitations, Diedrichsen (Diedrichsen, 2006) 

developed a specific high-resolution brain atlas for the cerebellum and brainstem (SUIT – 

Spatially Unbiased Infratentorial Template). Yang et al. (Yang et al., 2019) used this 

improved template to examine GM volume differences between MSA patients and healthy 

controls, observing spatially distinct patterns of GM volume reductions in MSA-P and 

MSA-C patients. Specifically, MSA-C cases showed significantly lower GM volume than 

healthy controls in bilateral lobules IV-V, VIII, IX, and crus I/II, and, for a region in the right 

cerebellar crus, this atrophy was also significantly different from MSA-P patients. Crucially, 

the study did not examine SAOA patients, leaving open the question whether the use of 

SUIT also provides a more specific topography of cerebellar GM alterations in this patient 

group.   
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Diffusion MRI  

Diffusion-weighted Imaging (DWI) is an advanced MRI technique that helps to 

characterize brain tissue microstructure by quantifying the diffusion properties of tissue 

water (Conturo et al, 1999), and the anisotropy of water diffusion on the voxel level, 

Diffusion tensor imaging (DTI) (Le Bihan et al, 2001) can be used to make additional 

inferences about the integrity and preferred direction of the large WM fiber bundles in 

specific brain regions. Previous DWI studies have reported abnormal diffusion parameters 

in the cerebellum and brainstem of patients with MSA-C (Blain et al, 2006; Dash et al., 

2019; Jao et al, 2019; Nicoletti et al, 2013; Shiga et al, 2005; Wang et al, 2011; Zanigni et 

al, 2017) or SAOA (Della Nave et al, 2004). Direct DTI comparisons between MSA-C and 

SAOA (CCA, cortical cerebellar atrophy) patients were firstly performed by Fukui and 

colleagues (Fukui et al., 2016), who observed reduced fractional anisotropy (FA) values 

of the olivocerebellar and pontocerebellar tracts in MSA-C patients when compared with 

SAOA patients, and receiver operator characteristic curve analysis showed the FA values 

of the olivocerebellar tract to have good discrimination in distinguishing MSA-C from 

SAOA. Recently, widespread WM reduction in MSA-C but not in SAOA were also 

confirmed by Faber and colleagues (Faber et al., 2020). 

Functional MRI 

Functional MRI (fMRI) is a class of imaging techniques used to measure brain activity or 

brain activity fluctuations. While arterial spin labelling (ASL) fMRI sequences can be used 

to quantify regional cerebral blood flow (CBF, e.g. (Liu & Brown, 2007)), most fMRI 

applications use MRI sequences that are sensitive to the blood oxygen level-dependent 

(BOLD) contrast (Ogawa et al, 1990), i.e. they measure MRI signal changes that depend 

on brain activity-induced changes in the local concentration of oxygen-rich blood.  

While BOLD fMRI methods were originally used to measure brain activity changes that 

are induced by task stimulation (e.g. (Amaro & Barker, 2006)), more recently developed 

resting-state fMRI (rs-fMRI) techniques (Fox & Raichle, 2007; Raichle et al, 2001) make 

use of the fact that brain areas show spontaneous fluctuations of their brain activity level 

(and, therefore, variations of the measured BOLD signal) over time, even during ‘rest’, i.e. 

without engaging in tasks. Based on the observation that the fluctuation patterns of 

different brain areas show temporal correlations, which suggests functional connectivity 
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(FC) between these brain regions, rs-fMRI can be used to make inferences about the 

functional brain networks that specific brain structures are involved in or the degradation 

of these functional brain networks in psychiatric and neurological disease (e.g. (Hohenfeld 

et al, 2018)). There is a broad variety of rs-fMRI metrics that measure different 

characteristics, ranging from local measures such as amplitude of low-frequency 

fluctuation (ALFF), which measures the strength of spontaneous BOLD fluctuations on the 

voxel level (Zang et al, 2007), to graph-theoretical network measures of whole-brain 

connectivity (Sporns, 2013). 

As far as is known, task fMRI data are not available, either for MSA-C patients or for SAOA 

patients. Only a few papers have been published reporting resting-state FC data in MSA-

C patients.  There is initial evidence that MSA patients show reduced FC in the default 

mode network (Rosskopf et al, 2018; You et al, 2011), which is linked with introspective 

awareness and task-independent thought (Raichle et al., 2001) (Buckner et al, 2008). By 

contrast, there is also evidence for increased connectivity within the sensorimotor circuit 

(You et al., 2011) and the ponto-cerebellar circuit (Rosskopf et al., 2018). In addition, 

some studies in MSA-C patients observed functional impairments in cerebellar regions, 

which were linked to reduced intra-cerebellar and cerebellar-cerebral connectivity (Ren et 

al, 2018; Zheng et al, 2019). At the same time, no study has been published to date that 

examined FC changes in SAOA using rs-fMRI. Hence, the preliminary results in MSA-C 

patients require further replication, and there is a lack of research comparing MSA-C and 

SAOA, leaving substantial room for further research. 

Conclusions  

Compared with MSA-C, the neuroimaging literature on SAOA is generally limited, and 

there are few studies directly comparing these patient groups. While there is preliminary 

evidence that DWI of the brainstem provides relevant information for differential diagnosis, 

the potential of improved VBM routines and rs-fMRI methods in SAOA remains unclear. 

In general, the reliability of quantitative analyses in revealing dissimilarities between MSA-

C and SAOA could be limited for studies that include SAOA patients with relatively short 

disease duration, since at least some of these cases may develop MSA-C later (Burk et 

al., 2004; Faber et al., 2020).  
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1.2 Objectives 

In the first years after ataxia onset, a reliable distinction between MSA-C and SAOA is 

often not possible. With increasing disease duration, some SAOA patients may convert to 

MSA-C, and it is unknown at what time after onset of ataxia this conversion happens, and 

which factors could predict this development. Currently, there are only a few studies with 

considerable patient size comparing the phenotype of MSA-C and SAOA. Disease-

specific structural change patterns that distinguish MSA-C from SAOA patients remain 

unknown, and systematical evaluations focusing on the functional differences between 

MSA-C vs. SAOA, as measured by rs-fMRI, are completely lacking. In particular, 

characterizations on those SAOA patients with a low risk to convert to MSA-C as a result 

of a long disease duration (>10 years) have not yet been investigated.  

In this thesis, the cerebellum was chosen as the main region of interest because of its 

intense involvement in both forms of sporadic ataxias. A high-resolution cerebellar 

template, as provided by the software package SUIT (Diedrichsen, 2006), was applied to 

establish a more accurate delineation of the disease-related atrophy pattern. It is 

noteworthy that only SAOA patient with a disease duration longer than 10 years were 

included in the thesis studies. These patients were classified as SAOA>10y, following 

Giordano and colleagues (Giordano et al., 2017), who suggested that the conversion from 

SAOA to MSA-C becomes very unlikely after this extended disease duration. Therefore, 

in this thesis, the objective was to identify the essential differences between MSA-C and 

SAOA by comparing MSA-C with SAOA>10y.  

The overall target of this dissertation was to characterize local cerebellar 

neurodegeneration and global network organization in two sporadic ataxia groups based 

on structural and functional models. To examine these research questions, four 

associated studies were conducted based on high-resolution T1- weighted MRI as well as 

resting-state fMRI data sets from MSA-C and SAOA>10y patient groups. Study 1 examined 

the structural changes of the cerebellum in both MSA-C and SAOA>10y, ataxia groups, 

while Study 2 explored how the local atrophy patterns detected in Study 1 impact the 

intra-cerebellar functional connectivity in these patients. Beyond these local cerebellar 

features, the network level functional communication within the cerebellum was assessed 
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in Study 3. In Study 4, the communication between cerebellar and cerebral circuits was 

explored in the healthy group and in the two ataxia groups. 
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2. Materials and methods  

The patient data presented in this thesis are taken from a study named ‘Sporadic 

Degenerative Ataxia with Adult Onset: Natural History Study (SPORTAX-NHS)’. This 

project is a multi-center project including Bonn, Magdeburg and Rostock, enrolling 

patients with sporadic degenerative ataxia of adult onset in European countries. In this 

thesis, we analyzed data from Bonn and Magdeburg only, owing to the limited number of 

patients and quality issues in the Rostock datasets. The key goals were to compare the 

phenotype of MSA-C vs. SAOA.  

The data of the control group were taken from the DZNE Longitudinal Cognitive 

Impairment and Dementia (DELCODE) study (Jessen et al, 2018), an ongoing multicenter 

study with a special focus on subjective cognitive decline (SCD) in the context of 

Alzheimer dementia which also collects data from healthy individuals. Because the 

centers involved in SPORTAX-NHS were also participating in the DELCODE project and 

both studies used the same harmonized MR protocol, the data collected from the healthy 

control population in DELCODE could be used as a healthy control group (HC) for this 

project. 

Both study protocols were approved by the institutional review boards of all participating 

sites. All investigations were performed in accordance with the relevant guidelines and 

regulations. All participants provided written informed consent in accordance with the 

Declaration of Helsinki.  

2.1 Participants  

Patient groups 

Initially, 46 SAOA patients and 16 MSA-C patients were included in this study. For 

technical reasons, 9 participants had to be excluded and the exclusion due to 4 incomplete 

MRI data sets, 3 incomplete clinical characterizations and  3 insufficient data quality, i.e., 

motion artifacts (movement by the patient during image acquisition). As described below 

in detail, the SAOA group was additionally divided into two subgroups: 13 SAOA>10y, and 

23 SAOA-mixed patients (defined by SAOA patients with disease duration of less than 

10yrs who had the potential to convert to the MSA-C type). The final sample consisted of 

13 SAOA patients and 16 MSA-C patients.  
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The main inclusion criteria were: 

1) progressive ataxia 

2) disease onset after the age of 40 years 

3) informative and negative family history  

4) no established acquired cause of ataxia.  

All participants were genetically screened to exclude the most common spinocerebellar 

ataxias (SCA1, 2, 3 and 6) or Friedreich’s Ataxia. In addition, FMR1 pre-mutation was 

tested to exclude fragile X-associated tremor/ataxia syndrome (FXTAS) if the clinical 

phenotype was suspicious, and when the MRI showed the signal abnormality of the middle 

cerebellar peduncles.  

Participants were classified as MSA-C if they fulfilled the criteria for clinically probable 

MSA-C according to the criteria summarized in Table 1. Participants were classified as 

SAOA if they fulfilled the criteria of clinically possible MSA-C. Within the SAOA group, a 

subgroup named SAOA>10y was created to denote patients whose symptoms lasted for 

more than 10 years. This approach was taken because it was recently shown that, after 

this time, a ‘conversion’ into MSA-C is very unlikely (Giordano et al., 2017). 

The primary clinical assessment of the SAOA/MSA-C patients was based on the Scale for 

the Assessment and Rating of Ataxia (SARA). The SARA score comprises eight items, 

including tests of gait, stance, sitting and speech, as well as the finger-chase test, finger-

nose test, fast alternating movements and heel-shin test (Schmitz-Hubsch et al, 2006). 

The scores range from 0 to 40, higher scores indicating more serious impairment. The 

SPORTAX assessment protocol additionally includes the Unified Multiple System Atrophy 

Rating Scale (UMSARS) (Wenning et al, 2004b) and the Inventory of Non-Ataxia Signs 

(INAS) (Jacobi et al, 2013). 

Control group 

In addition, 51 age and gender matched controls (HC) were taken from the healthy 

population of the DELCODE project. From this cohort, one HC had to be excluded 

because of incomplete MR data, and one data set had to be dismissed owing to severe 

head motions. Thus, 49 HC were finally included. 
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Detailed inclusion and exclusion criteria and group definitions for the participants of the 

DELCODE study can be found elsewhere (Jessen et al., 2018). Within DELCODE the HC 

participants were recruited by local newspaper advertisements seeking for healthy people 

without relevant cognitive problems. The main exclusion criteria were: major psychiatric 

disorders, a current major depressive episode, a neurodegenerative disorder, a history of 

stroke with residual clinical symptoms, history of malignant disease or a severe or 

unstable medical condition. The control group had to achieve unimpaired cognitive 

performance, which was accessed using the  neuropsychological CERAD test battery. A 

test performance better than 1.5 standard deviations (SD) below the age-, sex-, and 

education-adjusted normal performance on all subtests of the CERAD was considered as 

‘cognitive normal’. 

2.2 MRI acquisition 

All sites were equipped with 3T Tim Trio MR systems (Siemens Medical Systems, 

Erlangen, Germany) running the identical software release and MR-protocols. In order to 

eliminate several sources of variance between sites even before starting the study, the 

imaging methods were harmonized across the participating sites. For quality assurance 

and assessment, the following steps were taken. The DZNE imaging network qualified 

each MRI site with a traveling head measurement prior to the start of the study. DZNE 

iNET then provided every site with detailed standard operating procedures (SOPs) for the 

implementation of each protocol. All radiographers who operate MRIs in the study 

underwent centralized training to implement the SOPs (i.e., subjects’ positioning in the 

MRI scanner, sequence preparation steps, image angulation, participant instruction, and 

testing). A small MRI-phantom built and designed by the American College of Radiology 

was used to monitor the performance of the MR systems every week.  

Structural MRI 

Isotropic high-resolution T1-weighted images were acquired using a magnetization-

prepared rapid gradient echo sequence. The scan parameters were as follows: repetition 

time = 2500 msec, echo time = 4.37 msec, inversion time = 1100 msec, flip angle = 7˚, 

GRAPPA acceleration R = 2, field of view = 256 mm, acquisition matrix = 256 × 256, 176 

sagittal slices, slice thickness = 1 mm).  
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Resting-state functional MRI (rs-fMRI) 

The rs-fMRI was acquired using a standard T2*-weighted gradient echo-planar imaging 

sequence. The scan parameters were chosen as follows: repetition time = 2580 msec, 

echo time = 30 msec, flip angle = 80˚, GRAPPA acceleration R = 2, field of view = 224 

mm, acquisition matrix = 64 × 64, 47 slices and slice thickness = 3.5 mm. A total of 180 

volumes were acquired within one run. Subjects were instructed to lay still with their eyes 

closed in the scanner and not to fall asleep during resting-state scans. All lights within the 

MR-room were switched off during the rs-fMRI acquisition. 

2.3 Data preprocessing 

2.3.1 Preprocessing of structural MRI data 

The structural MRI data were preprocessed and analyzed using the SUIT1 toolbox, as  

outlined in Figure 1 (Diedrichsen, 2006). In a first step, the images were cropped to isolate 

the cerebellum. After that, they were segmented into their gray matter (GM), white matter 

(WM), and cerebrospinal fluid (CSF) partitions.  This step was based on  probabilistic 

tissue maps, which are a part of the SPM-toolbox. The method of partitioning brain images 

using tissue probabilistic maps is described in Ashburner and Friston’s paper (Ashburner 

& Friston, 2000). The values in the tissue probability maps represent the prior probability 

that any voxel belongs to a particular tissue class. For each subject, a cerebellum mask 

was automatically generated in its individual image space. Any misclassifications of the 

cerebellar boundaries were than manually corrected using FSLView (Smith et al, 2004). 

This leads to a ‘clean’ binary cerebellar mask. By projecting this individual mask on to the 

individual MR-data sets, the cerebellum can be isolated for each participant. The 

normalization of the isolated cerebellum into the cerebellar standard template space was 

achieved using the diffeomorphic anatomical registration using exponentiated lie algebra 

(DARTEL) algorithm (Ashburner, 2007). The normalization template was contained in the 

SUIT toolbox. 

 
1 http://www.diedrichsenlab.org/imaging/suit.htm 
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Figure 1. Flowchart of the structural preprocessing stream. The T1 images were 
cropped to isolate the cerebellum. After that, visual evaluation was needed to manually 
correct the cerebellar mask to exclude the misclassification. Within the corrected mask, 
the cerebellum was segmented into gray matter and white matter based on the tissue 
probability maps. The segmented gray matter was then normalized into SUIT space by 
the DARTEL algorithm. 

2.3.2 Preprocessing of resting state fMRI data 

The rs-fMRI data sets were preprocessed using the GRETNA2 toolbox as outlined in 

Figure 2 (Wang et al, 2015) which is based on the SPM123 toolbox. For each subject, the 

first five volumes were discarded to ensure a steady-state longitudinal magnetization. The 

 
2 https://www.nitrc.org/projects/gretna/ 
3 https://www.fil.ion.ucl.ac.uk/spm/software/spm12/ 
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preprocessing pipeline contained slice timing correction, realignment (= head motion 

correction) and normalization. The derived head motion parameters of (x-, y-, z-) 

translations and rotations (pitch, yaw, roll) were used to access the amount of head motion 

during the fMRI exam. Excessive motion (criterion: frame-to-frame translation >3mm 

and/or frame-to-frame rotation >3° in any direction) led to the exclusion of an exam. In 

addition, root mean squared (RMS) value and framewise displacement (FD) were 

considered as data control measures. The RMS was calculated by the root mean square 

values of the realignment estimates and their derivatives across all time points, while the 

FD indexed the movement from one volume to the next volume and the sum across all 

timepoints (Power et al, 2012). Data sets were further excluded if the RMS and mean FD 

exceeded 0.5mm (Power et al., 2012).  

The normalization of the data sets into standard space was performed for the whole brain 

and the cerebellum separately. In order to normalize the rs-fMRI time series of the 

cerebellum the realigned functional images were co-registered to the cerebellar structural 

data set using the temporal mean image of the individual data sets. The transformation 

into SUIT space used the non-linear deformation derived during the normalization of the 

structural data. The whole-brain data were processed similarly.  After slice-timing 

correction and realignment, the fMRI time series were co-registered to the individual 

structural T1 data set using the individual functional mean image across time. The 

structural data were normalized into the standard MNI-space realigned using a non-linear 

deformation algorithm (Ashburner, 2007). The derived transformation was applied to the 

functional data sets. During this process, the whole brain functional data sets were 

resampled to an isotropic resolution of 3 x 3 x 3 mm3 for the cerebrum and 2 x 2 x 2 mm3 

for the cerebellum.  The normalized data subsequently underwent linear trend removal in 

order to remove signal drifts on a voxel level (Tanabe et al, 2002). To account for the 

expected frequency range reflecting spontaneous neural activity, the time series were 

temporally bandpass-filtered (passed frequency band 0.01-0.08 Hz) (Fox et al, 2005). In 

order to reduce the effect of physiological noise components, the mean WM and mean 

CSF signal were regressed.  Then, to remove unwanted signal components related to 

residual motion components, the 24 motion parameters derived above (absolute motion 

(6x), frame-to-frame motion (6x), and the corresponding squared parameters (2x6x) were 
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used to further clear the data from unspecific noise sources using a linear regression 

approach (Friston et al, 1996). 

 
Figure 2. Flowchart of rs-fMRI preprocessing pipeline by SPM and SUIT. Resting 
state fMRI images were acquired, preprocessed to slice timing correction and motion 
correction. The corrected fMRI images were co-registered to corresponding T1 images. 
The fMRI images were normalized into MNI space for the whole brain analysis and 
resliced into SUIT space for cerebellar analysis as well. Then, further detrending, filtering 
and regression were applied on the whole-brain images and cerebellum images 
separately.
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3. Results 

3.1 Study 1: Analysis of morphological changes in the cerebellum in MSA-C and 
SAOA  

3.1.1 Introduction  

Neuroimaging studies in sporadic ataxias have observed a prominent volume loss in the 

cerebellum (Abele et al., 2007; Baloh et al, 1986; Burk et al., 2004). However, owing to 

the lack of a high-resolution human cerebellar atlas template, it has not been possible to 

date to establish specific spatial patterns for either MSA-C or SAOA. Hence, it is unknown 

if any structural pattern exists that may be related to any clinical feature. To investigate 

disease-related structural changes of the cerebellum in more detail, the high-resolution 

T1- weighted MRI data sets were analyzed within the high-resolution cerebellar standard 

space as defined by SUIT (Diedrichsen, 2006). The goal of this investigation was to 

characterize disease-related gray matter abnormalities in the cerebellum in MSA-C and 

SAOA>10y patients and to determine the relationship of local cerebellar neurodegeneration 

with clinical variables. 

3.1.2 Study specific methods  

Voxel-based morphometry analysis of the cerebellum  

Voxel-based morphometry (VBM) is a fully automated method to identify group differences 

in brain tissue such as gray matter (GM) on a voxel level. The technique typically uses 

T1-weighted structural MRI scans. In this study, the individual segmented cerebellar GM 

maps, extracted as described in chapter 2.3.1, were spatially normalized using the 

DARTEL algorithm. In order to make sure the total amount of GM remained the same as 

the original maps, the image intensities were modulated by scaling by the amount of 

contraction and extension. The resulting ‘modulated’ normalized GM maps were finally 

smoothed with a 4 mm Gaussian smoothing kernel (full width at half maximum, FWHM = 

4 mm). 

Flat-mapping 

As a part of the SUIT toolbox, a flat-mapping representation of the cerebellum was 

provided to visualize the imaging data (Diedrichsen & Zotow, 2015). The flat-map was 
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generated in SUIT space based on the anatomical data from 20 subjects. At first, outer 

and inner cerebellar surface boundaries were constructed and inflated (Figure 3). The 

corresponding lobules’ definition on each surface was marked by the connection by pre-

selected and paired reference points on each surface. Cuts (thick black line in Figure 3C) 

were inserted to enable the surface to flatten out. This procedure allows visualization of 

any of the results in one concise view.  

 
Figure 3. Cerebellar surfaces and cerebellar flatmap representation.  A) outer (gray 
matter) surface construction; B) inner (white matter) surface; C) flat surface with outlined 
cuts (thick black line) in the horizontal fissure, the superior-posterior fissure, between the 
posterior vermis and VII-IX, and between the X and VIII; D) flat-map representation of 
cerebellum surfaces. Dotted lines indicate boundaries between lobules (Diedrichsen & 
Zotow, 2015). 

Statistical analysis 

Demographic and clinical data 

Non-parametric Kruskal-Wallis one-way analysis of variance (ANOVA) was used to test 

for group differences in age. The 𝜒! test was used to access group differences in gender 

and scanning site. Non-parametric Mann-Whitney U-tests were used to compare the 

differences in clinical variables, such as disease severity (SARA total score), disease 
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duration and disease onset age between the two ataxia patient groups (MSA-C group and 

SAOA>10y group). The statistical significance threshold was set to p < 0.05. 

Structural imaging data   

All imaging data were statistically analyzed using the Statistical non-Parametric Mapping 

toolbox (SnPM4).  

Statistical analysis of the smoothed segmented GM images was performed with a non-

parametric ANCOVA to test for voxel-level GM difference among the three groups, 

controlling for age, gender, site, and total intracranial volume.  

The multiple comparison correction was applied by family-wise error (FWE) corrected p < 

0.01. Significant results were displayed onto a flat-map that shows the complete cerebellar 

GM in one concise view. 

Correlation analysis  

To assess the relationship between altered GM with clinical parameters in the two ataxia 

groups, voxel-level linear regression models were generated between the regional GM 

volume with the clinical variables (SARA total sum score, disease duration, and disease 

onset) in the MSA-C and SAOA>10y group separately, parceling out the effect of age, 

gender, scanning site, and total intracranial volume.  

To control for multiple statistical testing, FWE corrected p < 0.05 was considered 

significant. 

3.1.3 Results  

Demographic and clinical data 

Table 1 summarizes the demographic and clinical characteristics of the cohorts. The three 

groups, 49 HC, 16 MSA-C and 13 SAOA>10y did not differ with respect to age (F(77) = 2.33, 

p = 0.10) or gender (𝜒!(1) = 0.71, p = 0.70). However, the distribution of scanning sites 

between two ataxia patients groups had marginal significance (𝜒!(1) = 6.11, p = 0.047). 

There were no statistically significant differences in the SARA sum scores (T(27) = 0.84, p 

= 0.41) or age at onset (T(27) = 1.22, p = 0.23). As the SAOA>10y group included patients 

 
4 http://warwick.ac.uk/snpm 
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who had symptoms for more than 10 years, the two patient groups also differed 

significantly with regard to the average symptom duration (MSA-C group: 3.94 ± 2.02 

years; SAOA>10y group: 14.00 ± 3.46 years, T(27) = 9.78, p < 0.001). The mean age at 

disease onset was 53.46 ± 8.55 for SAOA>10y group and 57.38 ± 8.63 for the MSA-C group 

(T(27) = 1.22, p = 0.23).  

 HC (49) MSA-C (16) SAOA>10y (13) Statistics 

Age [years] 65.08 ± 6.85 
(48 - 78) 

61.31 ± 8.48 
(47 - 75) 

67.00 ± 8.39 
(51 - 78) 

F = 2.33, 
p = 0.10 

Gender [M /F] 20 / 29 7 / 9 7 / 6 𝜒!= 0.71, 
p = 0.70 

Site [BN / MD] 23 / 26 12 / 4 4 / 9 𝜒!= 6.11, 
p = 0.05 

Age at onset 
[years] / 57.38 ± 8.63 

(43 - 72) 
53.46 ± 8.55 

(41 - 69) 
T = 1.22, 
p = 0.23 

Duration [years] / 3.94 ± 2.02 
(1 - 9) 

14.00 ± 3.46 
(10 - 23) 

T = 9.78, 
p < 0.001** 

SARA / 15.75 ± 5.40 
(5.5 - 25.5) 

13.62 ± 8.25 
(6 - 31) 

T = 0.84, 
p = 0.41 

Table 1.  Demographic and clinical characteristics for HC group, MSA-C group and 
SAOA>10y group. Data are presented as mean ± SD. The intervals presented below the 
means refer to value range. HC: healthy controls; MSA-C: multiple system ataxia 
cerebellar type; SAOA>10y: SAOA with disease duration larger than 10 years; M, male; F, 
female; BN, Bonn; MD, Magdeburg. SARA, scale for the assessment and rating of ataxia. 
** represent the significant difference (p < 0.01). 

Structural differences in the cerebellum 

With respect to the HC group, the MSA-C group showed cerebellar atrophy in bilateral I-

IV, V, VI and right crus I-crus II-VIIb-VIIIa-VIIIb (FWE corrected p < 0.01, Figure 4A). A 

similar atrophy pattern to the MSA-C group was observed in the SAOA>10y group, but with 

additional GM reduction in bilateral IX and vermis crus II-VIIb-VIIIa-VIIIb-IX (FWE 

corrected p < 0.01, Figure 4B).  

A comparison between the MSA-C group and the SAOA>10y group did not reveal a 

significant GM difference (Figure 4C). However, applying a less strict threshold (FWE 

corrected p < 0.05), the SAOA>10y group showed a GM reduction in left VI and vermis VI 

(Figure 4D). 
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All cerebellar regions showing a significant GM reduction are listed in Table 2. An 

increased local GM volume was not observed in any group comparison. The results are 

summarized on the flat-maps provided by SUIT (Figure 4).  

 

Figure 4. Voxel-wise comparison of the local cerebellar GM volume between MSA-
C and SAOA>10y and HC. A) MSA-C  vs. HC: reduced GM volume was found in bilateral 
I-IV, V, VI and right crus I-crus II-VIIb-VIIIa-VIIIb for the MSA-C group,  FWE corrected p 
< 0.01; B) SAOA>10y vs. HC: reduced GM volume in bilateral I-IV, V, VI, IX, right crus I-
crus II-VIIb-VIIIa-VIIIb and vermis crus II-VIIb-VIIIa-VIIIb-IX was found in the SAOA>10y 
group, FWE corrected p < 0.01; C) MSA-C vs. SAOA>10y: no significant GM difference 
between the groups was detected,  FWE corrected p < 0.01; D) however, with a less 
conservative threshold, atrophy in left VI and vermis VI was found in the SAOA>10y group, 
FWE corrected p < 0.05.  
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 Cerebellar 
region 

side Peak  coordinate [mm] T value Cluster size, 
[mm3] x y z 

Atrophy 
in MSA-C group 

I-IV R -15 -36 -24 7.94 1446 
I-IV L 5 -49 -17 6.85 1747 
V R -17 -40 -25 5.57 1223 
V L 8 -56 -16 4.83 1621 
VI R -5 -65 -18 4.49 1065 
VI V 4 -66 -24 4.52 1076 
VI L 33 -50 -35 4.85 2121 

Crus I L 30 -70 -37 5.73 1605 
Crus II L 27 -70 -39 5.31 1838 

VIIb L 20 -76 -49 3.91 301 
VIIIa L 15 -64 -50 4.01 136 
VIIIb L 13 -60 -52 4.32 102 

Atrophy 
in SAOA>10y group 

I-IV R -5 -50 -16 7.76 1897 
I-IV L 5 -48 -18 8.06 2043 
V R -4 -57 -11 7.66 3085 
V L 4 -67 -15 7.46 3344 
VI R -5 -68 -26 8.23 3944 
VI V 5 -68 -25 8.51 1726 
VI L 7 -68 -25 7.74 6807 

Crus I L 30 -70 -36 6.30 4849 
CrusII V 2 -75 -28 7.15 245 
CrusII L 3 -74 -39 6.39 3803 
VIIb V 1 -69 -29 6.96 123 
VIIb L 11 -72 -47 5.33 1896 
VIIIa V 3 -71 -38 7.72 636 
VIIIa L 13 -64 -53 5.24 383 
VIIIb V 1 -60 -36 7.47 437 
VIIIb L 11 -63 -52 5.57 129 
IX R -4 -55 -37 5.55 312 
IX V 1 -59 -36 7.55 548 
IX L 1 -55 -49 4.95 227 

Table 2. Regions showing significant gray matter atrophy in MSA-C group and in 
SAOA>10y group when compared with HC group. L, Left; R, Right; V, Vermis. 

Correlation between altered GM volume and clinical parameters 

After FWE was corrected with p < 0.01 (also for corrected p < 0.05), none of the altered 

GM volume voxels was correlated with clinical variables (SARA scores, disease duration 

and age at onset), neither in the MSA-C group nor in the SAOA>10y group. 
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3.1.4 Discussion 

In the current study, the structural abnormalities in the cerebellum in MSA-C and SAOA>10y 

were investigated and further explored to determine whether the altered structure was 

associated with clinical assessment (duration, age at onset and severity). Compared with 

HC, a reduced GM volume was found mainly in bilateral I-IV, V, VI and right crus I-II-VIIb-

VIIIa-IX for both ataxia groups. Atrophy in the vermal region VIIIa-VIIIb-IX was found in 

the SAOA>10y group only. However, a statistically significant correlation with any clinical 

parameter was not observed.  

Using the cerebellar atlas provided by SUIT, its advanced preprocessing pipeline using 

DARTEL and the flat-mapping technique allowing for better visualization as compared 

with conventional whole brain analysis, enabled us to map morphological changes in the 

MSA-C and SAOA>10y groups in more detail than previous studies (Abele et al., 2007; 

Burk et al., 2004). The spatial distribution of the atrophy found in both ataxia groups 

corresponded well to the clinical presentation of the ataxia. A cluster with significant GM 

atrophy was found, including the anterior part of the cerebellum (bilateral I–IV, V, VI) and 

the right posterior cerebellum (right crus I -crus II-VIIb-VIIIa-IX). The anterior cerebellum 

is highly involved in motor and sensorimotor processing, e.g. motor dexterity, coordination, 

and complex movement integration (Samson & Claassen, 2017). For example, lobules V 

and VI have strong primary somatosensory representation (Buckner et al, 2011; Grodd et 

al, 2001; Reetz et al, 2012). Lobule V contains representation of upper-limb movements, 

while lobule VI is reported to be involved in lower-limb movements (Stoodley & 

Schmahmann, 2009; Timmann et al, 2008). Therefore, atrophy in lobule V-VI explains 

sufficiently the phenotype of MSA-C and SAOA as a cerebellar syndrome of limb 

coordination (Abele et al., 2007; Burk et al., 2004). In addition, posterior cerebellum 

atrophy exhibited clear hemispheric asymmetry. The right hemisphere of the posterior 

cerebellum was highly affected in both ataxia groups. This corresponds well with observed 

slurred speech and dysarthria in these ataxia patients (Abele et al., 2007; Gilman et al., 

2008; Klockgether, 2018), because the right cerebellar hemisphere is reported to be more 

associated with language production than the left cerebellar hemisphere (Klein et al, 2016). 

Furthermore, the GM atrophy was interpreted as neuro-axonal loss (McEwen, 1997; 

Thompson et al, 2003); the loss found in these motor and sensorimotor regions could be 
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a major contributor to the motor dysfunction in the ataxia groups (Abele et al., 2007; Burk 

et al., 2004; Gilman et al., 2008; Klockgether, 2018). Although the atrophic GM was not 

correlated with clinical assessments, one possible reason may be the small sample size, 

limiting the statistical power. 

In addition, reduced GM volume in bilateral cerebellar lobules IX was observed in the 

SAOA>10y group. Impairments of lobule IX are frequently reported as being associated 

with abnormal eye movements (Beh et al, 2017). Previous lesions studies in lobule IX 

showed lobule IX lesions to cause nystagmus and impaired vestibular-ocular reflex 

suppression. Lobule IX has extensive connections with the vestibular nuclei (Barmack, 

2003). As a consequence, an atrophy of lobule IX may lead to a dysfunction of visual and 

vestibular projections. Considering that lobule IX is also reported to be involved in 

cognitive performance, such as episodic memory, self-reflection, facial emotions and 

associated functions (Habas et al, 2009; Scharmuller et al, 2013), this observation of GM 

loss may also explain the mild and unspecific cognitive disturbances observed in SAOA 

such as verbal and visual learning deficits (Biswal et al, 1997; Klockgether, 2018).  

The atrophy of the posterior vermis in the SAOA>10y group is interesting and has already 

been reported in two previous studies (Abele et al., 2007; Baloh et al., 1986). It may be 

related to the loss of Purkinje neurons of the cerebellar vermis (Klockgether, 2018). 

Considering the functional anatomy, it is known that the vermis participates in motion 

control (Gellersen et al, 2017; Shin et al, 2016). The posterior part in particular, i.e. the 

portion close to lobule VIII, plays a central role in locomotion (Kheradmand & Zee, 2011). 

Projections from the cerebral cortex to vermis VIII originate from arm, leg, and proximal 

body representations that are located within multiple cortical areas. Projections from the 

motor cortex to vermis VIII are likely to send signals related to force, speed, motor direction 

and movement execution (Morton & Bastian, 2004). These wide-range, motor-related 

connections to the vermis VIII lead to the assumption that the atrophy in vermis VIII may 

represent the morphological basis of SAOA-related movement disorder symptomatology. 

Despite the lack of direct evidence of clinical correlation, this speculation is plausible given 

the small sample size in the study.  

The main limitation of the present work, as we mentioned above, is the sample sizes. 

Further studies with larger sample sizes are needed to explore the relationship between 
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the structural loss and the clinical assessments of the ataxia patients.  Besides, the GM 

volume is one of the structural properties, and more studies using multiple modalities, 

such as WM tracts, should be applied to better describe the structural changes in the 

ataxia.  
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3.2 Study 2: Cerebellar functional connectivity in MSA-C and SAOA   

3.2.1 Introduction 

Previous neuroimaging studies have already revealed structural changes of the 

cerebellum in sporadic ataxias (Abele et al., 2007; Baloh et al., 1986; Burk et al., 2004). 

However, it remains unknown whether the structural atrophy affects the functional intra- 

cerebellar communication. Two common parameters can be derived from rs-fMRI time 

series characterizing different aspects of this intra-cerebellar communication, namely i.e 

the amplitude of low-frequency fluctuation (ALFF), and the degree centrality (DC). ALLF 

reflects regional spontaneous synchronous neural activity (Zang et al., 2007), whereas 

DC indicates how strongly a certain region is connected to other regions (Zuo et al, 2012). 

The goal of this study was to discover if the functional connectivity is altered in those 

regions of the cerebellum that are found to be atrophic in SAOA and MSA-C. An addition 

goal was to investigated if these regions exhibit any distinct connectivity feature compared 

to the unaffected regions of the cerebellum.  

3.2.2 Study specific methods 

Amplitude of low-frequency fluctuation (ALFF), a voxel-level index, was applied to detect 

the regional intensity of the spontaneous fluctuations of the BOLD signal (Zang et al., 

2007). The voxel-level calculations were illustrated in Figure 5 were suggested by Zang 

and colleagues. Briefly, the voxel level resting-state time series were first transformed into 

the frequency domain using a fast Fourier transform. The square root of the power 

spectrum, which was obtained from a predefined frequency interval (0.01-0.08 HZ), was 

calculated voxel-wise and averaged across the frequency interval. This averaged square 

root is defined as ALFF. To reduce the global effects among all he participants, the ALFF 

of each voxel was divided by the global mean ALFF for each participant. The resulting 

maps were spatially smoothed before entering the statistical analysis (FWHM = 4 mm). 
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Figure 5. Brief illustration of the voxel-level ALFF analysis pipeline. The time series 
of each voxel were first extracted from the preprocessed cerebellum images. Every time 
series was Fourier transformed to obtain the power spectrum. The square root of the 
power spectrum was calculated and then averaged as the ALFF value.  

Degree centrality (DC), a voxel-level measure as well,  was assessed by how many voxels 

connected to a given voxel. The calculation followed the procedure suggested by Wang 

and colleagues outlined in Figure 6 (Wang et al., 2015). In a first step, a cerebellar GM 

mask was constructed. This mask excluded all voxels that had a high probability of 

belonging to the WM or CSF partition. The cut-off was set to 0.8. Voxels with zero variance 

over time for all participants were also excluded. Within the resulting mask, a pairwise 

Pearson correlation between every two voxels was calculated and a correlation coefficient 

and a corresponding p value was obtained for each connection between every two voxels. 

In order to threshold the connection, a false discovery rate (FDR) corrected p value less 

than 0.0001 was defined and its corresponding correlation coefficient was 0.29 in this 

study (Zuo et al., 2012). The DC of each voxel was calculated as the sum of all the 

meaningful coefficients connected to this voxel (Buckner et al, 2009; Zuo et al., 2012). 

The resulting DC maps for each subject were converted into Fisher z -value maps and 

smoothed spatially with a Gaussian kernel (FWHM = 4 mm). 
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Figure 6. Flowchart of the voxel-level DC calculation in the cerebellum. The time 
series of each voxel within the predefined cerebellar mask were first extracted from the 
preprocessed cerebellum images. Pairwise Pearson correlation between every two voxels 
was then calculated and thresholded. The thresholded connections to each voxel were 
summed as the DC value of the voxel.  

Quality assessment of rs-fMRI time series  

The quality control measures employed here are largely based on the realignment 

estimate-derived calculations. The difference in the root mean squared (RMS) value and 

framewise displacement (FD) value were compared among three groups. A p value below 

0.05 was considered as significant. 

Statistical analysis 

Quality assessment of rs-fMRI images 

There was no significant difference in the quality control measures among the three 

groups (RMS: F(77) = 0.77, p = 0.47; FD: F(77) = 1.49, p = 0.23). 

Voxel-level comparison in atrophic regions between ataxia groups and HC 

The between-group comparisons were analyzed using the SnPM toolbox. Non-parametric, 

two samples t-tests were used to compare functional characteristics (ALFF and DC) of the 
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atrophic regions between MSA-C and HC. Therefore, a mask containing only those voxels 

showing atrophy in the structural analysis in the MSA-C group was generated ( see 

chapter 3.1.3, Figure 4A, page 30). Age, gender, and imaging site were included in the 

model as covariates of no interest. The statistical significance threshold was set to p < 

0.01, FWE-corrected.  

The same approach was taken for the SAOA group. The cerebellar regions analyzed are 

outlined in Figure 4B (chapter 3.1.3, Figure 4B, page 30). 

Cluster-level comparison within the ataxia groups 

The within-group comparisons between atrophic regions and non-atrophic regions were 

statistically applied in the MSA-C group and the SAOA>10y group, respectively. Here, a 

permutation test rather than a t-test was chosen, because the unequal number of voxels 

between atrophic and non-atrophic regions may dramatically affect t-test statistical power. 

The permutation test generally quantifies the statistic based on randomly resampling 

with/without replacement. This is one of the non-parametric statistics and especially useful 

when the sampling distribution is not available or the sample size is un-matched in 

parameter statistics (e.g. one sample t-test and two samples t-test). The permutation test 

enabled us to see the range we obtained from re-using our dataset when we randomly 

performed it, for example, 10,000 times, and, when a numerical value was given, which 

position of this given value was within the range. The position was calculated by counting 

the number of permutated values that were larger/smaller than the given value, and then 

divided by the simulation times (10,000). In this study, the permutation test was performed 

10,000 times and each permutation was performed by randomly extracting n1 voxels (n1, 

number of voxels in the atrophic regions) from the n2 voxels (n2, number of voxels in the 

non-atrophic regions). The extracted n1 voxels from every performance of the test were 

defined as a permutation sampling and 10,000 permutation samplings were ultimately 

obtained. This procedure is also known in the literature as ‘bootstrapping’ (Johnson, 2001).  

To give an example of the procedure, the atrophic region of the MSA-C group consists of 

14,281 voxels (n1) and the number of voxels in the non-atrophic region is 34,162 (n2). 

The permutation was performed on the mean ALFF (DC) maps across all MSA-C subjects 

10,000 times. A permutation sampling was obtained after each permutation and each 

permutation sampling consisted of 14,281 voxels. The ALFF (DC) values in each 
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permutation sampling were averaged as a simulated data and the permutation dataset 

consisting of 10,000 simulated datasets was gathered. The statistical p value was further 

calculated by the percentage of 10, 000 simulated datasets that were larger/smaller than 

the real dataset. Here, the real dataset was the averaged ALFF (DC) value of the atrophic 

regions in the MSA-C group. A p value below 0.05 was considered as significant. 

The same permutation test was applied in the healthy group as a control. The atrophic 

regions of the MSA-C group were defined as artificial atrophic regions of the HC group, 

and the same, the non-atrophic regions of the MSA-C group were defined as for artificial 

non-atrophic regions of the HC group. The aim was to investigate whether the functional 

difference between atrophic regions and non-atrophic regions was MSA-C specific or the 

same in the HC group. 

The within-group comparisons of ALFF (DC) values between atrophic regions and non-

atrophic regions were performed in the SAOA>10y group. As a control, the same 

comparison was repeated in the healthy group as well. For the HC group, the atrophic 

(non-atrophic) regions of the SAOA>10y group were defined as artificial atrophic (non-

atrophic) regions.  

3.2.3 Results 

Demographic and clinical data 

As described above (chapter 3.1.3, page 29), the three groups, 49 HC, 16 MSA-C and 

13 SAOA>10y, did not differ with respect to age or gender but displayed a marginal 

difference in site distribution. In addition, the two ataxia groups exhibited no difference in 

the SARA scores and age at onset, but the SAOA group had significantly longer disease 

duration than the MSA-C group.  

Voxel-level between-group comparison of ALFF and DC of the atrophic regions 
between ataxia groups and HC 

The analysis did not reveal any abnormalities in either ALFF or DC when comparing HC 

and MSA-C (FWE corrected p < 0.01). 
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The same result was found in the SAOA data. Both functional measures (ALFF and DC) 

failed to show any detectable difference when compared with HC (FWE corrected p < 

0.01). 

Cluster-level within-group comparison of ALFF between atrophic regions and non-
atrophic regions within the ataxia groups 

The averaged ALFF value of the real atrophic regions in the MSA-C group was 32.16 (± 

5.37), while the range of the averaged ALFF values of the simulated datasets was 26.4 to 

26.8 (26.57 ± 0.06). Statistically, none of the ALFF values of the simulated atrophic regions 

was larger than the ALFF value of the real atrophic regions  (p < 0.001, Figure 7A: the red 

histogram illustrates the simulated values and the red dot represents the real value).  

However, an opposite result was found when the same permutation test was performed 

in the HC group. The averaged ALFF value of the artificial atrophic regions in the HC 

group was 30.78 (± 7.33) and this value being totally out of the range of the averaged 

ALFF values of the simulated datasets, which was 35.0 - 38.0 (36.34 ± 0.42) (p < 0.001, 

Figure 7B).  

 
Figure 7. Comparison of the ALFF value between the atrophic regions and the 
simulated atrophic regions in A) the MSA-C group and B) the HC group. Dots 
represent the real ALFF values and histograms illustrate the simulated ALFF values.  

For the within-group comparison in the SAOA>10y group, the averaged ALFF value of the 

real atrophic regions was 31.08 (± 11.32). The permutation test had created a simulated 

dataset with an ALFF value ranging from 26.6 to 27.0 (26.76 ± 0.05) and none of the 

simulated values was larger than the real value (p < 0.001, Figure 8A: the yellow histogram 

represents the simulated datasets and the yellow dot represents the real value). For the 
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control HC group, the averaged ALFF value of the invented atrophic regions was 28.94 (± 

6.60) and was less than all the ALFF values (range from 35.6 to 37.2, 36.33 ± 0.24) of the 

simulated datasets, the statistical p value was less than 0.001 (Figure 8B).  

 
Figure 8. Comparison of the ALFF value between the atrophic regions and the 
simulated strophic regions in A) the SAOA>10y group and B) the HC group. Dots 
represent the real ALFF values and histograms plot the simulated ALFF values. 

Cluster-level within-group comparison of DC between atrophic regions and non-
atrophic regions within the ataxia groups 

The same analyses were performed to explore the DC difference between atrophic 

regions and non-atrophic regions. In the MSA-C group, the averaged DC value of the real 

atrophic regions was 620.04 (± 109.32) and the DC values of the simulated datasets were 

between 524 and 532 (528.22 ± 1.27). The p value was below to 0.001 and none of the 

simulated DC values was larger than the real value (Figure 9B: Red histogram plots the 

simulated datasets and the red dot represents the real value).  

For the control HC group, the averaged DC value of the artificial atrophic regions was 

449.77 (± 112.07). Statistically, this value was not in the range of averaged DC values of 

the simulated datasets, which was from 441 to 447 (444.00 ± 0.67) (p < 0.001, Figure 9A). 
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Figure 9. Comparison of the DC value between the atrophic regions and the 
simulated strophic regions in A) the HC group and B) the MSA-C group. Dots 
represent the real DC values and histograms visualized the simulated DC values.  

In the SAOA>10y group, the averaged DC value of the real atrophic regions was 620.94(± 

141.04). The statistical calculation revealed that none of the averaged DC values of the 

simulated datasets (range 564 to 569, 566.87 ± 0.74) was larger than the measured value 

(p < 0.001, Figure 10B: the yellow histogram displays the simulated datasets and the 

yellow dot represents the measured value). Similarly in the control group, none of the 

averaged DC values (range 442- 446, 444.00 ± 0.67)) of the simulated datasets was larger 

than the averaged DC of the artificial atrophic regions 450.22 (± 123.64). Likewise, the p 

value was below 0.001 as well (Figure 10A). 

 
Figure 10. Comparison of the DC value between the atrophic regions and the 
simulated atrophic regions in A) the HC group and B) the SAOA>10y group. Dots 
represent the real DC values and histograms plot the simulated DC values. 
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3.2.4 Discussion 

By applying voxel-level functional analysis to the structurally atrophic cerebellar regions, 

similar functional connectivity patterns were revealed in the MSA-C group and the SAOA 

group when compared with the healthy group. At the same time, within both ataxia groups, 

the structurally affected pattern was observed to show higher functional connectivity 

(ALFF and DC) than the structurally non-affected pattern. 

As described in chapter 3.1.3 (page 30), the ataxia patients showed cerebellar atrophy in 

regions consistently involved in motor and somatosensory processing. Interestingly, none 

of these regions showed altered local ALFF or DC when compared with the healthy group. 

Even though the local GM volume is reduced in the ataxia groups, neither the local 

spontaneous activity (accessed by ALFF) nor the intra-cerebral functional connectivity 

characterized by DC seemed to be altered. These findings indicate a relatively normal 

neural activity and network integration despite the structural damage. One may speculate 

that functional changes seem less detectable than the structural changes. Although this 

finding may at first sight be unexpected, it confirms the general advantage of functional 

connectivity measurements. The functional connectivity system was assessed across the 

overall voxels, not only on a separated voxel. The functional connectivity was examined 

based on the intrinsic temporal correlation of the spontaneous BOLD signal among many 

regions (Fox & Raichle, 2007; Friston, 2011). One of the key features of this system is its 

stability against disturbances. It may be assumed that the cerebellar architecture has this 

ability to balance out the structural loss by functional compensation. 

This raises the question whether any evidence can be found for a compensational 

mechanism. The approach to test this hypothesis is to compare the functional 

characteristics between the structurally atrophic and non-atrophic cerebellar regions. 

Using bootstrapping, it was shown that those cerebellar regions with structural atrophy 

had higher functional connectivity features than those regions without structural atrophy. 

This held true for the MSA-C group and the SAOA>10y group as well, indicating that these 

two subtype ataxias may have a shared mechanism with which to compensate neuronal 

loss.  

Of the two functional connectivity measurements, ALFF showed the greater ability to 

reflect the voxel-wise strength of intrinsic neural activity (Biswal et al, 1995). It has been 
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shown that the high ALLF can be linked to high resting-state cerebral blood flow and 

glucose metabolic rate  (Biswal et al., 1997; Biswal et al., 1995). The DC is a widely used 

voxel-level metric as well, representing the most local and direct measure in the rs-fMRI. 

It is a network centrality assessed by the number of connections of a given region (Zuo et 

al., 2012).  The region may be considered to be more important if it has a high DC value. 

Specifically, a region with a high DC value tends to take the responsibility for maintaining 

the network communication and stability (Liang et al, 2013; Zuo et al., 2012).  

In the study, it was found that the structurally atrophic regions showed higher ALFF and 

DC values than the non-atrophic regions in both ataxia groups. On the one hand, the 

structural atrophic regions with higher ALFF may have a high regional cerebral blood flow, 

as well as a high glucose metabolism rate (Biswal et al., 1995). This phenomenon could 

make these regions more active and more effective when attacked by disease. It is not to 

be expected that the higher ALFF in the atrophic regions than non-atrophic regions was 

observed only in the ataxia groups, not in the healthy group. In the healthy group, these 

regions were found to show low ALFF values. As described above, there was no difference 

in the ALFF values in these regions between the ataxia groups and the healthy group. 

This may raise the reasonable hypothesis that there is an overall ALFF reduction in the 

cerebellum in the ataxia groups, especially those regions without any structural atrophy. 

The assumption is that the functional cerebellum could be totally affected by the disease 

and hence show low ALFF at first, and then, those regions with structural loss, expending 

more energy and consuming more metabolism, show a higher ALFF than non-atrophy 

regions in the ataxia groups. Even though a different ALFF pattern was not reported in 

this study, further longitudinal studies are worth conducting to better understand the 

dynamic ALFF distribution of the overall cerebellum.  

On the other hand, the high DC value of the structurally atrophic regions may suggest that 

these regions may have a wider responsibility for balancing the function of the cerebellum, 

especially these atrophic regions that are reported to be highly involved in motor and 

sensorimotor processing (Samson & Claassen, 2017). The fact that these regions were 

also observed to bear more responsibility in the cerebellum in the healthy group may 

indicate a shared general process across the three groups, and that they play a more 
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dominant role in monitoring the cerebellar functional system in the healthy group than 

being ataxia specific.  

The main limitation of the present work was the number of subjects included in both ataxia 

groups. Further studies with larger sample sizes are necessary to explore the difference 

in ALFF/ DC values between the ataxia groups and the healthy group. Moreover, the 

present study did not aim to study any causality between the structural and functional 

measures. To advance the understanding of the disease, future studies should focus more 

closely on the longitudinal development of the structural atrophy and the functional 

connectivity in the ataxia groups.  
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3.3 Study 3: Global and regional organization of the cerebellar networks in MSA-C 
and SAOA   

3.3.1 Introduction   

Loss of cerebellar volume has been reported a conventional imaging marker for both 

MSA-C  (Burk et al., 2004; Carre et al., 2020) and SAOA patient’s (Abele et al., 2007; Burk 

et al., 2004; Klockgether, 2018). These degenerative changes are associated with a 

reduction in the efficiency of the brain networks at both local and global level (Nir et al, 

2015; Sheng et al, 2017; Voets et al, 2012; Zeighami et al, 2015). In contrast, local 

functional connectivity (based on voxel-level ALFF and DC) in the cerebellum remains 

intact in both MSA-C and SAOA, despite the structural loss (chapter 3.2). Although an 

earlier study provided a better understanding of the local functional changes, it remains 

largely unclear whether these local changes could affect the efficiency of the functional 

networks in the cerebellum in both MSA-C and SAOA. 

The topology of brain networks is usually defined in terms of integration and segregation 

of different parts of the brain with other regions, using global metrics such as clustering 

coefficient, characteristic path lengths and efficiency (Bullmore & Sporns, 2012). Graph 

theoretical approaches are widely used in investigating such topological measures of both 

structural and functional brain networks (Bullmore & Sporns, 2009; Bullmore & Bassett, 

2011; Sporns, 2018). In MSA-C, it has been reported that the topology of white matter 

network is severely disrupted, resulting in reductions in the clustering coefficient and 

characteristic path lengths (Shah et al, 2019). The structural network is yet to be explored 

in SAOA. At the same time, it has been found that the structural network based on diffusion 

MRI cannot resolve the intrinsic connections easily and is also potential to weak the long-

range connections when comparing with the functional networks (See a review: (Park & 

Friston, 2013)). However, no study has so far examined functional network architecture in 

both MSA-C and SAOA.  

The cerebellum is considered one of the crucial subnetworks in the topological brain 

network architecture (Bullmore & Sporns, 2009; Smith et al, 2009). Previous fMRI studies 

have found that different cerebellar parts are connected to distinct cerebral regions 

(Buckner et al., 2011; Stoodley et al, 2012). However, fMRI studies of cerebellum only, 

including of intracerebellar organization, are rare. The cerebellum as a distinct subnetwork, 
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the global and local topological networks needed to be explored to measure to what extent 

the cerebellum is integrated and segregated in both MSA-C and SAOA. 

Therefore, in this study, we: 1) constructed the cerebellar networks and calculated the 

global and local network topological properties, 2) compared the network properties 

among three groups (the MSA-C group, the SAOA>10y group and the healthy group) and 

further assessed, by reviewing the correlations between clinical and network parameters, 

whether these topological network changes are associate with the ataxia symptoms.  

3.3.2 Study specific methods   

Graph theory  

Graph theory is branch of mathematics that dates back to the 18th century. In 1736, 

Leonhard Euler solved a popular problem based on the bridges in the city of Königsberg. 

The Pregolya River, which passes through the city, was crossed by seven bridges that 

divided the city into separated parts (Figure 11a). The popular problem was whether it 

was possible to cross all seven bridges once and arrive back at starting point (Euler, 1741; 

Fornito et al, 2013). 

 
Figure 11. Königsberg bridges problem. a) an image shows seven bridges (a-f) 
separate the city into four parts (A-D). b) an graphical representation of seven edges (a-f) 
connected four nodes (A-D). Figure adopted from Wikipedia5. 

Euler embarked on solving this problem by taking the city parts as nodes and the bridges 

as edges (Figure 11b). The problem turned out to be a mathematical one, and Euler 

 
5 https://en.wikipedia.org/wiki/Seven_Bridges_of_Königsberg 
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proved that the proposition was impossible. Mathematically, it is only possible when every 

pair of nodes have odd number of connecting edges. This solution, as Euler’s circle, is 

now part of graph theory. 

In graph theory, a graph denotes a set of nodes and a set of edges (connecting nodes). 

In the present study, the cerebellum was mathematically considered as a graph (network). 

Network construction  

All the network analysis was applied using the GRETNA toolbox (Wang et al., 2015). The 

nodes in the cerebellar network were defined from 28 lobules, selected using the SUIT 

hemispheric atlas (Diedrichsen, 2006). The names of these 28 regions are visualized in 

Figure 12 (10 lobules in the bilateral hemisphere and 8 lobules in the vermis).  

 

Figure 12. The flat-mapp visualization of cerebellar regions. The ten bilateral 
cerebellar lobules (labeled I-X) are labeled in the hemisphere and eight vermis regions 
(vermis VI-X) in the middle structure are circled by dot line.  

Edges are defined as the connection between nodes. The connection between two nodes 

was assessed by correlating the mean time series obtained from the corresponding 

regions. This procedure was performed for all regions, leading to a 28×28 so-called 

adjacency matrix. An entry at the position (𝒊,𝒋) displays the correlation coefficient of the 
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mean time series of region 𝒊  with the time series of region 𝒋 , or -in graph theory 

terminology- the connection between node 𝒊 and node 𝒋. The value in the adjacency 

matrix is range from -1 to 1 with zeros on its diagonal (Figure 13A). The adjacency matrix 

was further thresholded by defining the connection whose statistical p value was < 0.05 

as zero to exclude non-significant matrix elements (Zuo et al., 2012).   

 
Figure 13. The adjacency matrix of a cerebellar network. A) shows the raw 28×28 
adjacency and the value range between -1and 1, and zero on the diagonal; and B) shows 
the thresholded adjacency matrix. 

Network properties analysis 

The topologic characteristics of a network can be captured by graph theoretical measures 

at both global and local scales. Global measures includes network-wide attributes such 

as the clustering coefficient or efficiency, while nodal measures represents simple node 

relations such as nodal centralities. A detailed description of graph theoretical measures 

is provided in the following section (Figure 14). 

Global network parameters   

Clustering coefficient, 𝑪𝒑   

For a node 𝒊, the 𝑪𝒑 of this node is defined as the fraction of pairs of nodes who are 

connected with each other (Figure 14a) and expresses how close its neighbor nodes. For 

a graph 𝑮, the network 𝑪𝒑 is the average of the clustering coefficient over all nodes (Watts 

& Strogatz, 1998): 
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where 𝒌𝒊  is the number of edges connected to node 𝒊,	𝑫𝒊 is the total number of possible 

edges between node 𝒊’s neighbors (𝒌),  𝑬𝒊 is the number of edges connecting node 𝒊’s 

neighbors, and 𝑵 is the number of nodes in the graph 𝑮. 

Characteristic path length, 𝑳𝒑  

The path length between node (𝒊, 𝒋) is the number of edges connecting node 𝒊 and node 
𝒋. Among all paths connecting 𝒊 and 𝒋, the 𝒅𝒊𝒋 is defined as the shortest path length (Figure 

14b). For a graph 𝑮 , the 𝑳𝒑 is the average of the 𝒅𝒊𝒋 over all nodes, giving a measure of 

how closely nodes are connected to one another (Watts & Strogatz, 1998): 
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where 𝒅𝒊𝒋 is the shortest path length between nodes 𝒊 and 𝒋, 𝑳𝒊 is the characteristic path 

length of node 𝒊 and 𝑵 is the number of nodes in the graph. 
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Figure 14. Overview of different graph measures. a) the clustering coefficient, 𝐶# of a 
node is the fraction of its neighbors are connected to each other. For example, the 𝐶# of 
node A is calculating as 𝐶#(𝐴) =

!
+
; b) the shorted path length, 𝐿# reflects the shortest 

distance between pair of node. For example, the shortest path between node A and E is 
passing node B, the 𝐿#(𝐴 − 𝐸) = 2; c) the nodal degree, N,- of a node is measured as the 
sum of the edges connecting to this node. For example, five edges connected to node D, 
the N,-(𝐷) = 5; d) the betweenness degree, N.- of a node is computed as the fraction of 
how many number of shortest path between other node pairs are passing through this 
node. For example, the node E has the highest betweenness degree in this graph that 
N.-(𝐸) = 18. Figure was drawn by Photoshop. 

Global efficiency, 𝑬𝒈𝒍𝒐𝒃 

For a graph, the 𝐄𝐠𝐥𝐨𝐛 reflects how efficiently information can be exchanged over 𝑮. The 

𝐄𝐠𝐥𝐨𝐛 of 𝑮 is defined as (Achard & Bullmore, 2007; Latora & Marchiori, 2001): 

E789.(G) =
1

N(N − 1) -
1
d:;:*;∈<

 

Local efficiency, 𝑬𝒍𝒐𝒄  

For a graph, 𝑬𝒍𝒐𝒄 reveals how much a system is fault tolerant. It indicates how information 

exchange is altered for the neighbors of a node 𝒊 when node 𝒊 is removed (Latora & 
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Marchiori, 2001). This is done by defining a subnetwork that covers the neighbors of node 

𝒊, hence building a subgraph 𝑮𝒊. By calculating its efficiency and averaging across all 

subgraphs 𝑮𝒊, a measure of the ‘local’ efficiency 𝑬𝒍𝒐𝒄 of 𝑮 may be obtained: (Achard & 

Bullmore, 2007; Latora & Marchiori, 2001):  

E89-(G) =
1
N-E789.(G:),

:∈<

 

where 𝑬𝒍𝒐𝒄(𝑮𝒊) is the global efficiency of the subgraph 𝑮𝒊 and 𝑵 is the number of nodes in 

the graph 𝑮. 

Regional network parameters  

To examine the regional characteristics of functional brain networks, two nodal metrics 

were considered: the nodal degree (𝑫𝒏𝒐𝒅) and the betweeness degree (𝑵𝒃𝒄). 

Nodal degree, 𝐍𝐝𝐜  

𝐍𝐝𝐜(𝒊) of a node 	𝒊 measures the importance of node 𝒊 in the whole network. The 𝐍𝐝𝐜(𝒊) is 

calculated as the sum of edges connected to the node 𝒊 (Figure 14c). In terms of the 

adjacency matrix, the 𝐍𝐝𝐜 of a node 𝑖 is defined as: 

N,-(i) = - a:;
;*:∈<

, 

where 𝐚𝐢𝐣 is the (𝒊,	𝒋) th element in the adjacency matrix.  

Betweenness degree, 𝐍𝐛𝐜  

The 𝐍𝐛𝐜(𝐢) of a node 𝒊 measures the influence of node 𝒊 over information flow between 

other nodes in the whole network. The 𝐍𝐛𝐜(𝐢) of a node 𝒊 is calculated as the fraction of 

pairs of nodes that are connected with each other (Figure 14d) 

N.-(i) = -
δ;E(i)
δ;E;*:*E∈<

, 

where 𝛅𝐣𝐤 is the number of shortest paths from node 𝒋 to node 𝒌, and 𝛅𝐣𝐤(𝐢) is the number 

of those paths that pass through node 𝒊. 
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Small-world topology  

Network topology is the way in which a network is set up with nodes and edges. The 

topology is the key to understand the performance of a network, such as its efficiency, 

cost or optimality. The small-world topology here is an optimized organization that 

balances the advantages of both regular and random network topology. 

Mathematically, the small-world topology of a network (Figure 15) is characterized by a 

higher clustering coefficient 𝑪𝒑	and equal characteristic path length 𝑳𝒑 when compared 

with a matched random network (Watts & Strogatz, 1998). Here, the matched random 

networks were generated using the random rewiring procedure described by Maslov and 

Sneppen. The matched random networks should have a random topology that shares the 

same size and degree (strength) distribution with the original network (Maslov & Sneppen, 

2002). The small-world topology was calculated as: 

γ =
CGHIJ8

CGHJK,
Q , 

𝜆 =
LGHIJ8

LGHJK,
Q , 

where 𝑪𝒑𝒓𝒆𝒂𝒍 and 𝑳𝒑𝒓𝒆𝒂𝒍are clustering coefficient 𝑪𝒑	and characteristic path length 𝑳𝒑 of the 

real network (cerebellar networks in this study), and 𝑪𝒑𝒓𝒂𝒏𝒅  and 𝑳𝒑𝒓𝒂𝒏𝒅  of the matched 

random networks. Practically, a network could be categorized as small world if 𝛄 > 𝟏, 𝛌 ≈

𝟏 and also could be summarized into a simple quantitative measurement, small-worldness, 

𝝈 = 𝜸
𝝀\ > 𝟏	.  
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Figure 15. The illustration of a network with small-world topology and its matched 
random network. Two networks share the same nodes and degree distribution. A 
network was considered to show small world topology should have a higher clustering 
coefficient 𝑪𝒑, but similar characteristic path length 𝑳𝒑 when compared with the matched 
random network. Figure was drawn by Matlab2015. 

Modularity analysis  

Network modularity quantifies the degree to which a network can be optimally partitioned 

into distinct subnetworks. A network with a high modularity ensures the optimal balance 

of local segregation of function and global integration of information, see Figure 16. The 

algorithm of Newman (Newman & Girvan, 2004) was used here to determine the 

community structure of the network. The modularity (𝑸) was calculated by:                      

𝑄 =	
1
2𝑀 -(𝑎$) −

𝐷$𝐷)
2𝑀 )𝛿$),

$,)∈&

 

where	𝑴 is the total number of edges of the graph, 𝒂𝒊𝒋  is the (𝒊,	𝒋) th element in the 

adjacency matrix, the 𝑫𝒊 and 𝑫𝒋 are degree of nodes 𝒊 and 𝒋 , respectively. The 𝜹-function, 

𝜹𝒊𝒋 is set to one if vertices 𝒊 and 𝒋 are in the same module, zero otherwise.  

Here, Louvain method was used for module detection (Blondel et al, 2008). At first, each 

node was assigned to a different module and the beginning 𝑸 was equal to zero (𝜹𝒊𝒋 = 𝟎). 
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Then, each node 𝒊 was remove from its module and put it into another module 𝒋. A new 

modularity 𝑸 was calculated and the node 𝒊 could stay in the module 𝒋 only when 𝑸 value 

increased, otherwise node 𝒊	stays in its original module. This step was applied repeatedly 

and sequentially for all the nodes and in the end, when the maximum 𝑸 was obtained and 

its corresponding categorical variable containing all the nodes belong to which module 

was generated. 

 

Figure 16.  An example of a network with three different modules. A network with high 
modularity has more connection within the same module but less connection between the 
different modules. Figure was drawn by Photoshop. 

Statistical analysis 

Non-parametric analysis of covariance (ANCOVA) was used to compare the differences 

of the global network characterizations (𝐶# , 𝐿# , 		E789. , 		E89- , 		γ, 		λ, 		𝜎 , 𝑄 ) among three 

groups.   

Non-parametric ANCOVA models were applied to investigate the group difference in the 

regional nodal parameters (DK9,, N.-) for the 28 cerebellar regions.  

All the models were controlled for age, gender, site, and frame-wise displacement. As a 

statistical threshold, a Bonferroni-corrected p value less than 0.05 was considered as 

significant. 
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3.3.3 Results   

Demographic and clinical data 

The demographic and clinical data is previously presented in chapter 3.1.3 (page 29). 

The three groups, 49 HC, 16 MSA-C, 13 SAOA>10y did not differ in age, gender but showed 

a marginal difference on site distribution. The average SARA scores and mean age of 

onset was statistically the same for both MSA-C and SAOA groups, but by definition the 

SAOA group has significant longer disease duration than MSA-C group.  

Global network characterization in the cerebellar networks 

ANOVA did not reveal a significant change in any of the global network metrics (𝐶# , 

𝐿#,		E789.,		E89-) (Table 3).  

Small-world topology in the functional cerebellum 

The cerebellar networks exhibit prominent features of small-world topology, not only in the 

healthy group but also in the two ataxia groups (Table 3, all 𝜎 > 1). The small-world 

topology was also expressed by a higher local efficiency (Table 3, all γ > 1) and a 

comparable lower global efficiency than random networks (Table 3, all λ ≈ 1). 

In addition, none of these small-work topology (γ,		λ,		𝜎) displayed significant difference 

among the three group (Table 3, all p > 0.05).  

Modularity in the functional cerebellum 

All the cerebellar functional networks were found to have a modular architecture. However, 

no significant differences were found in the cerebellar modularity among the three groups 

(Table 3, p > 0.05). 
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Network properties Groups Statistic 
HC MSA-C SAOA>10y F77 (p value) 

 
C" 0.37 ± 0.13 0.35 ± 0.08 0.36 ± 0.10 0.17 (0.84) 
L" 4.06 ± 1.61 4.47 ± 1.68 4.39 ± 2.00 0.45 (0.64) 

	E#$%& 0.28 ± 0.12 0.25 ± 0.08 0.27 ± 0.11 0.62 (0.54) 

E$%' 0.38 ± 0.13 0.35 ± 0.10 0.36 ± 0.10 0.41 (0.66) 

γ 1.72 ± 0.92 2.10 ± 1.24 1.77 ± 0.82 0.93 (0.40) 

λ 1.16 ± 0.15 1.17 ± 0.25 1.20 ± 0.28 0.22 (0.81) 

σ 1.47 ± 0.70 1.79 ± 0.99 1.47 ± 0.64 1.13 (0.33) 

 Q 0.27 ± 0.14 0.34 ± 0.15 0.28 ± 0.14 1.28 (0.28) 

Table 3.  Global network characterization of functional cerebellar networks. 
Measures are presented as mean ± SD. The statistical values are given as F values 
together with original p value (uncorrected). 

Considering this finding, the cerebellar networks of all the subjects were concatenated 

and averaged as a group-cerebellar network, and the final cerebellar modularity was 

calculated based on this group-level network.   

The group-cerebellar network could be divided into three separate functional submodules 

(Q = 0.12). Module 1 consisted of bilateral I-IV-V-VI-Crus I-vermis VI, module 2 covered 

the midline structure including vermis Crus I-Crus II-VIIb-VIIIa-VIIIb-IX-X, and module 3 

consisted of bilateral Crus II-VIIb-VIIIa-VIIIb-IX-X (Figure 17).  

 
Figure 17.  Modular architecture of the group-cerebellar networks. Within the 
cerebellar network, three distinct modules were found. The module 1 included bilateral I-
IV-V-VI-Crus I-vermis VI, module 2 included the midline structure vermis Crus I-Crus II-
VIIb-VIIIa-VIIIb-IX-X, and module 3 contained bilateral Crus II-VIIb-VIIIa-VIIIb-IX-X. 
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Regional network characterization in functional cerebellum 

When corrected with Bonferroni correction (p < 0.05), none of the 28 cerebellar regions 

was significantly different from the HC group in the nodal degree and the betweenness 

degree in the two sporadic ataxia groups. Only the left X region of the cerebellum had a 

larger betweenness degree in the MSA-C group but it was uncorrected for multiple 

comparisons. 

The original p values were presented in the Table 4a and 4b. 

Node Left cerebellum Right cerebellum Vermis 
HC MSA 

-C 
SAOA>

10y 
F77 (p 
value) 

HC MSA 
-C 

SAOA
>10y 

F77 (p 
value) 

HC MSA 
-C 

SAO 
A>10y 

F77 (p 
value) 

I-IV 
3.86 

± 
4.84 

3.17 
± 

2.48 

3.65 
± 

3.97 

0.15 
(0.86) 

4.06 
± 

4.81 

3.16 
± 

2.30 

3.63 
± 

4.15 

0.27 
(0.77) / / / / 

V 
4.52 

± 
4.73 

3.11 
± 

2.00 

5.38 
± 

4.52 

1.08 
(0.35) 

5.35 
± 

5.15 

3.98 
± 

2.72 

4.89 
± 

3.85 

0.55 
(0.58) / / / / 

VI 
5.83 

± 
4.76 

5.08 
± 

3.41 

5.84 
± 

4.32 

0.18 
(0.83) 

6.70 
± 

4.58 

5.31 
± 

3.12 

5.56 
± 

4.19 

0.82 
(0.44) 

5.78 
± 

5.17 

4.39  
± 

3.98 

5.52 
± 

4.55 

0.51 
(0.60) 

crus I 
7.17 

± 
3.89 

4.97 
± 

3.40 

7.05 
± 

4.20 

2.05 
(0.14) 

7.03 
± 

4.06 

5.18 
± 

3.40 

6.11 
± 

4.54 

1.35 
(0.27) 

1.53 
± 

1.74 

0.88 
± 

1.00 

1.56 
± 

1.90 

1.00 
(0.37) 

crus II 
6.94 

± 
3.58 

5.71 
± 

3.23 

6.48 
± 

4.00 

0.71 
(0.49) 

6.99 
± 

3.75 

4.75 
± 

3.10 

6.31 
± 

4.21 

2.21 
(0.12) 

4.77 
± 

4.84 

2.87 
± 

2.88 

5.12 
± 

4.40 

1.28 
(0.28) 

VIIb 
6.08 

± 
4.12 

5.23 
± 

3.16 

4.37 
± 

4.08 

1.07 
(0.35) 

6.18 
± 

4.20 

5.54 
± 

3.28 

4.71 
± 

4.31 

0.72 
(0.49) 

3.98  
± 

3.95 

2.29 
± 

2.31 

4.15  ± 
3.01 

1.53 
(0.22) 

VIIIa 
5.13 

± 
3.71 

4.54 
± 

3.01 

4.67 
± 

4.08 

0.20 
(0.82) 

5.38 
± 

4.02 

4.78 
± 

2.69 

4.48 
± 

3.86 

0.37 
(0.69) 

5.11 
± 

4.62 

4.27 
± 

3.45 

5.18 
± 

4.11 

0.25 
(0.78) 

VIIIb 
3.82 

± 
3.97 

3.65 
± 

2.84 

3.32 
± 

3.11 

0.10 
(0.91) 

4.05 
± 

4.17 

4.47 
± 

2.87 

3.76 
± 

3.05 

0.14 
(0.87) 

3.95 
± 

3.97 

3.19 
± 

2.47 

3.82 
± 

4.89 

0.23 
(0.80) 

IX 
4.37 

± 
4.69 

4.01 
± 

3.71 

4.32 
± 

4.34 

0.02 
(0.98) 

4.94 
± 

4.50 

3.72 
± 

3.03 

4.49 
± 

4.28 

0.52 
(0.60) 

4.34 
± 

4.23 

3.61 
± 

3.26 

4.47 
± 

3.82 

0.23 
(0.79) 

X 
3.33 

±  
3.90 

1.82 
± 

1.85 

1.84 
± 

3.29 

1.68 
(0.19) 

3.34 
± 

3.70 

1.15 
± 

1.00 

2.14 
± 

2.26 

3.21 
(0.06) 

2.25  
± 

2.62 

1.39 
± 

1.41 

1.58 
± 

2.08 

1.01 
(0.37) 

Table 4a.  Summary of the nodal degree for the different cerebellar regions. Data 
are shown as mean ± SD. And the statistical values are given as F values and original p 
values. 
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Node Left cerebellum Right cerebellum Vermis 

HC MSA 
-C 

SAOA
>10y 

F 77(p 
value) 

HC MSA 
-C 

SAOA 
>10y 

F 77(p 
value) 

HC MSA 
-C 

SAOA
>10y 

F 77(p 
value) 

I-IV 
11.78 

± 
29.22 

5.73 
± 

8.02 

3.38 
± 

4.97 

0.85 
(0.43) 

13.69 
± 

28.89 

10.71 
± 

16.97 

6.25 
± 

10.84 

0.49 
(0.62) / / / / 

V 
10.65 

± 
23.50 

5.66 
± 

8.62 

14.71 
± 

19.68 

0.70 
(0.50) 

12.77 
± 

16.53 

10.72 
± 

14.14 

12.21 
± 

12.97 

0.11 
(0.90) / / / / 

VI 
11.94 

± 
17.91 

15.24 
± 

18.12 

15.82 
± 

14.64 

0.38 
(0.68) 

20.61 
± 

18.89 

17.66 
± 

21.62 

12.67 
± 

16.57 

0.92 
(0.40) 

16.82 
± 

26.01 

19.69 
± 

22.31 

20.05 
± 

34.23 

0.12 
(0.89) 

crus I 
16.81 

± 
20.86 

18.00 
± 

20.90 

24.32 
± 

32.98 

0.54 
(0.59) 

14.41 
± 

16.74 

13.74 
± 

11.27 

9.74 
± 

10.74 

0.51 
(0.61) 

2.92 
± 

8.66 

1.14 
± 

2.84 

2.67 
± 

7.74 

0.32 
(0.72) 

crus II 
18.71 

± 
25.46 

24.28 
± 

28.36 

19.86 
± 

21.61 

0.29 
(0.75) 

15.41 
± 

16.69 

25.10 
± 

27.78 

13.27 
± 

11.67 

1.91 
(0.16) 

11.24 
± 

15.99 

18.56 
± 

38.90 

12.48 
± 

17.21 

0.63 
(0.53) 

VIIb 
16.58 

± 
18.45 

12.02 
± 

18.65 

6.83 
± 

12.12 

1.70 
(0.19) 

18.26 
± 

26.78 

21.53 
± 

27.95 

10.57 
± 

13.18 

0.71 
(0.50) 

7.20 
± 

12.51 

7.46 
± 

16.03 

11.09 
± 

16.01 

0.41 
(0.66) 

VIIIa 
14.86 

± 
20.35 

17.17 
± 

19.10 

9.81 
± 

11.75 

0.56 
(0.57) 

15.64 
± 

20.15 

21.40 
± 

25.74 

11.31 
± 

13.97 

0.90 
(0.41) 

15.86 
± 

20.03 

19.00 
± 

15.62 

9.62 
± 

8.69 

1.02 
(0.36) 

VIIIb 
7.94 

± 
15.44 

6.98 
± 

14.68 

11.20 
± 

15.16 

0.31 
(0.74) 

8.85 
± 

12.56 

14.23 
± 

17.69 

14.53 
± 

22.95 

1.12 
(0.33) 

16.81 
± 

27.18 

17.12 
± 

19.22 

12.64 
± 

23.96 

0.15 
(0.86) 

IX 
8.39 

± 
14.29 

15.39 
± 

25.80 

11.02 
± 

15.24 

1.00 
(0.37) 

12.83 
± 

17.92 

8.73 
± 

12.59 

25.31 
± 

31.45 

2.75 
(0.07) 

14.50 
± 

17.57 

15.71 
± 

26.43 

14.00 
± 

13.62 

0.03 
(0.97) 

X 
4.57 

± 
8.55 

18.85 
± 

38.20 

1.71 
± 

2.97 

4.27 
(0.02*) 

7.70 
± 

13.05 

3.17 
± 

5.89 

3.79 
± 

6.10 

1.36 
(0.26) 

3.48 
± 

9.40 

7.20 
± 

14.24 

1.94 
± 

4.50 

1.16 
(0.32) 

Table 4b.  Summary for the betweenness degree across all the cerebellar regions. 
Date are displayed by mean ± SD and the statistic values are displayed by F (original p 
values). Statistically, none of cerebellar regions showed significant difference among three 
groups but region X showed a higher betweenness degree in the MSA-C group in 
uncorrected level. 

Correlation with clinical measures 
No significant correlations were found between network measures and clinical variables 

(SARA scores, disease duration and age of onset) in either MSA-C or SAOA group.  
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3.3.4 Discussion 

This study was the first describing the functional cerebellar network topology in the ataxia 

groups. Additionally, the modular architecture of the cerebellum was derived. The 

cerebellar networks in both ataxia groups showed no significant differences in global and 

local network organization from the healthy group. The cerebellar networks exhibited a 

small-world topology and consisted of three modules, which largely resemble the 

functional partition of the cerebellum.  

This study was also the first to demonstrate that the cerebellum has optimal organization 

from a network science. Point of view It is largely accepted that the whole brain network 

has a well-organized configuration (Bassett & Bullmore, 2006; Sporns, 2018). However, 

the configure of the cerebellum, as a distinct subnetwork, has never previously been 

explored. Our network analysis revealed that the cerebellar functional networks had the 

small-world topology, reflecting a network that well-balanced the efficiency and the costs 

(Watts & Strogatz, 1998). Hence, the cerebellum in MSA-C and SAOA may act in 

cooperation with the brain network, suggesting a similar and optimized mechanism. 

The modularity analysis revealed that the functional cerebellar network can be divided into 

three separate modules. Modules 1 comprises lobules I-IV, V, VI, and crus I, the vermis 

makes up module 2, and module 3 covers crus II and lobules VIIb, VIII, IX and X. This 

division showed high overlap with a previously reported structural parcellation of the 

cerebellum. In this structural parcellation, the cerebellum can be divided into the anterior 

cerebellum (lobules I-IV, V), the posterior cerebellum (lobules VI, crus I-II, VII, VIII, IX) and 

the flocculonodular (lobule X) lobe, each division regulating different functions. Generally 

speaking, the anterior cerebellum is mainly involved in motor processing, the posterior 

cerebellum in cognitive processing and the flocculonodular lobe in vestibule function and 

eye movement control (Samson & Claassen, 2017; Stoodley & Schmahmann, 2010). In 

the present study, the functional module 1 fitted the anterior cerebellum well, and the 

modules 2 and 3 were matched mainly to the posterior cerebellum. Thus, the high overlap 

between the functional modules and the structural parcellation may suggest a structural 

basis for the functional segregation in the cerebellum. At the same time, mismatches 

between the functional modules and structural parcellation were also found. First, lobules 

VI and crus I were clustered in a way more connected to anterior (motor) cerebellum than 
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to the posterior (cognition) cerebellum. This suggess that the functional boundary is vague; 

indeed, multiple processing involved in both motor activity and cognition has been 

reported in these two regions (Mottolese et al, 2013; Stoodley & Schmahmann, 2010; 

Stoodley et al., 2012). Second, the lobule X was reported to bind closely with the posterior 

cerebellum – specifically, lobule IX – rather than being an isolated module 

(flocculonodular), suggesting its engagement with the posterior module (Guell & 

Schmahmann, 2020). In addition, the vermis was observed to be an independent 

functional module. The vermis is classically known as a middle part connecting the two 

hemispheres. Further, the role of the vermis in affective processing and limbic functions 

had been reported (Schmahmann, 2004; Stoodley & Schmahmann, 2010). Therefore, the 

finding in this study that the vermis is a functionally distinct module may lead to a better 

understanding of  functional cerebellar representation.  

In the ataxia groups, the functional cerebellar architecture as a whole exhibited a network 

topology that did not differ from that of the healthy group. For example, the small-world 

topology and modularity was observed in the ataxia groups as well. This finding may 

indicate the stability of the cerebellar system, giving the cerebellum the ability to combat 

the disease. This indication was more obvious when global and local efficiency was 

conserved in the ataxia groups. These two efficiency measurements were directly related 

to errors tolerance of a network (Latora & Marchiori, 2001). The unaltered efficiency of the 

cerebellar functional networks in the ataxia groups may indicate that the ataxia patients 

maintain the ability to deal with an attack of illness. The similarly unaffected voxel-level 

functional connectivity (ALFF and DC) in the Study 2 (chapter 3.2), further indicates that 

the cerebellum maintains its performance, including resilience to the disease at a global 

and local level. 

This study has some methodological issues. First, the basic idea behind the study was to 

focus on the intracerebellar connectivity by isolating the cerebellum from the brain. This 

focus had the limitation of ignoring the connection between the cerebellum and the 

cerebrum, which may affect the cerebellar topology. Second, the small patient size may 

have failed to reveal all possible between-group differences. Finally, the topologic 

properties were dynamic rather than static; therefore, further studies with more datasets 
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are needed to examine whether the cerebellar networks dynamically works against the 

disease in MSA-C and SAOA in order to conserve the function.  
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3.4 Study 4: Cerebellar-cerebral functional connectivity in MSA-C and SAOA  

3.4.1 Introduction   

The cerebellum is closely connected with the cerebrum, and its connectivity pattern is 

intricately related to intrinsic cerebral networks (Buckner et al., 2011; Habas et al., 2009). 

However, it remains unclear how the functional modules of cerebellum, as described 

above, interact with the cerebral cortex. Investigation of the connectivity between the 

cerebellar functional modules, on the one hand, and the cerebellar cortex, on the other 

hand, could yield a better understanding of the way in which pathological changes within 

the cerebellum may affect cerebral function on a larger scale.  

Recently, two studies examined the cerebellar-cerebral connectivity maps, by choosing 

cerebellar lobules as a region of interest (ROI) in MSA-C patients (Ren et al., 2018; Zheng 

et al., 2019). Ren and colleagues found that lobule VIII showed the most pronounced 

effect (i.e. largely decreased ALFF), leading to decreased connectivity to the inferior 

parietal lobule, lingual gyrus, parahippocampus and middle temporal gyrus in the MSA-C 

group (Ren et al., 2018). Zheng and colleagues found a reduced regional cerebral blood 

flow in certain cerebellar regions including left crus I, left VI and vermis V, and a 

disconnection to the default mode network, sensorimotor network and visual associated 

cortices (Zheng et al., 2019). However, taking only small parts of the cerebellum as a ROI 

may be too local a focus to provide a wider view in investigating the connections in 

cerebellar-cerebral circuits. Moreover, no study has examined such functional connectivity 

in SAOA patients so far. It also remains unknown whether the connections in the 

cerebellar-cerebral circuits show some differentiation between the two sporadic ataxia 

groups.  

In the present study, this approach was extended by investigating connectivity changes 

on a functional module level. Whereas Ren et al., and Zheng et al., focused on small 

anatomical regions, here the ROIs were based on the modular structure of the cerebellum. 

The three cerebellar modules revealed in Study 3 (chapter 3.3) were considered as ROIs 

to analyse the their connectivity with the cerebrum. The analysis was extended to include 

the SAOA>10y group. The goals of the study were 1) to describe the cerebellar-cerebral 

connectivity, based on the functional modules of the cerebellum, and 2) to determine 

whether the cerebellar-cerebral connectivity patterns are altered in the ataxia groups.  
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3.4.2 Study specific methods  

Cerebellar ROI-definition and connectivity  

According to the results from Study 3 (Figure 17, page 57), the three cerebellar modules 

derived from the functional connectivity analysis were used as ROIs. For each ROI, the  

time  series of every voxel within the ROI was extracted. The spatial average of each time 

series of a module was used for the subsequent connectivity analysis. This calculation 

was performed for each participant separately.   

To generate an individual voxel-wise cerebellar-cerebral functional connectivity (ccFC) 

map,  Pearson correlation coefficients were calculated between these module-specific 

time series and each voxel of the supratentorial cerebrum, finally generating three 

connectivity maps for each subject. These correlation coefficient maps were converted 

into z-maps by applying Fisher’s r-to-z transformation to improve the normality of the 

distribution across coefficient maps (Fox et al., 2005). As the final preprocessing step, the 

z-maps were spatially smoothed using an 8mm isotropic Gaussian smoothing kernel. 

Statistical analysis 

All image data were statistically analyzed using the SnPM toolbox 

(http://warwick.ac.uk/snpm). 

Within-group cerebellar-cerebral functional connectivity pattern 

A non-parametric one-sample t-test was used based on the z-maps to identify cerebral 

voxels that exhibited significant correlations with the given ROI. This step was performed 

for each group separately, leading to three maps per group representing the cerebellar-

cerebral functional connectivity patterns with the corresponding cerebellar modules. The 

significance level was set at p < 0.05 FWE corrected. 

For each cerebellar ROI in the following group difference analysis, a union mask was 

generated by the union set of all significant clusters from the within-group, one-sample t-

tests. This step was to make sure that every voxel inside the mask was significantly 

connected to the cerebellar modules, at least in one group.  

Group differences in the cerebellar-cerebral functional connectivity pattern 
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Within the union mask for each cerebellar ROI, a non-parametric, one-way ANCOVA was 

used to compare group differences of the ccFC maps among the three groups. The effects 

of age, gender, scanner site and motion parameters were modelled as covariates. The 

findings were further analyzed using post-hoc t-tests (HC and MSA-C, HC and SAOA>10y, 

MSA-C and SAOA>10y). The significance level here was set at FWE corrected p < 0.01.  

Correlation analysis  

To assess the relationship between altered ccFC maps and clinical assessments in the 

ataxia groups, linear regression models were used to analyze any relationship between 

connectivity and clinical variables like SARA total sum score, disease duration, and 

disease onset. The calculation were performed separately for each clinical variable. In 

order to control for unspecific effects, the influence of age, gender, scanning site and 

motion parameters were parceled out using the linear model. As statistical threshold, a 

Bonferroni-corrected p < 0.05 was chosen. 

3.4.3 Results   

Demographic and clinical data 

As described in 3.1.3 Results- Demographic and clinical data (page 29), the three groups, 

49 HC, 16 MSA-C and 13 SAOA>10y did not differ in age and gender but a marginal 

difference on site distribution existed.  

SARA scores and age of onset did not differ between MSA-C and SAOA>10y but SAOA 

group has a significant longer disease duration than MSA-C group.  

Within-group cerebellar-cerebral functional connectivity pattern 

In the HC group, the activity of all three cerebellar modules mainly showed a positive 

correlation with the signal fluctuations in the thalamus. Negative correlation patterns were 

exhibited in the postcentral gyrus and precentral gyrus. Beyond that, module 1 and 3 

showed a positive correlation with the frontal gyrus and a negative correlation with gyrus 

rectus and the lingual gyrus (Figure 18A, Table 5, Table 6 and Table 7).  

For the two sporadic ataxia groups, a negative correlation between all three modules and 

the postcentral and precentral gyrus was found, resembling the result obtained for HC, 

but the extend of the clusters was drastically reduced for both patient groups. In addition, 
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the activity of three cerebellar modules consistently showed a negative relation with the 

MR signal of the frontal/occipito-temporal cortex, even though the extend of the significant 

clusters was reduced, as already observed for the sensory-motor cortex. A positive 

correlation between the thalamus and the cerebellar modules was not found in the ataxia 

groups. Detailed listings of significant cerebellar-cerebral correlations as visualized in 

Figure 18 are given in Table 5, Table 6 and Table 7. 

 

 
 
Figure 18. Significant functional connectivity of cerebellar regions of interest with 
cortical and subcortical structure. Patterns of significantly positive (red) and negative 
(blue) functional connectivity for the module 1 a), module 2 b) and module 3c) in the three 
groups. Multiple comparisons correction was performed using FWE corrected p < 0.05. 
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Group Cluster 

size 
MNI  coordinates 
[mm] of the peak 

voxel 

T- 
value 

Side Anatomical regions 

x y z 

HC 

14585 -42 -30 18 -9.72 R postcentral and precentral 
gyrus 

1061 -18 -12 21 9.97 R caudate nucleus, thalamus 
567 30 51 -15 6.42 L middle frontal gyrus 
435 -33 60 -6 5.80 R middle/inferior frontal gyrus 

186 60 -51 36 4.46 L angular gyrus, supramarginal 
gyrus 

144 42 27 51 5.12 L middle frontal gyrus 
134 -42 -51 33 4.80 R angular gyrus 

133 0 24 69 5.50 / supplementary motor area, 
superior frontal gyrus 

SAOA>10y 

529 0 0 36 -9.96 / median and anterior cingulate 

265 51 -33 15 -10.04 L 
superior temporal gyrus, 
precentral gyrus, rolandic 
operculum 

122 -42 -30 54 -6.71 R postcentral and precentral 
gyrus 

118 15 48 51 -8.43 L superior frontal gyrus 
115 -12 -105 0 11.26 R middle/inferior occipital gyrus 

MSA-C 

1652 -6 42 45 -11.13 R superior frontal gyrus, anterior 
cingulate 

687 39 36 -3 -7.39 L inferior frontal gyrus 

223 -51 0 42 -7.50 R precentral and postcentral 
gyrus 

158 -51 24 24 7.05 R middle/inferior frontal gyrus 

120 -24 -42 66 5.50 R precentral and postcentral 
gyrus 

98 12 -39 54 -7.32 L precuneus, paracentral 

150 39 -39 -12 7.21 L fusiform gyrus, hippocampus, 
inferior temporal gyrus 

100 27 -69 6 8.45 L calcarine fissure, superior 
occipital gyrus 

Table 5.  Significant positive and negative functional connectivity between 
cerebellar module 1 and the cerebrum in three groups. Negative correlation between 
the activity of module 1 and postcentral and precentral gyrus was found in all three group, 
but the extent of the clusters are drastically reduced for both patient groups. In addition, 
positive correlation to the thalamus was only found in the HC group. Multiple comparisons 
correction was performed using FWE correction p < 0.05. L, left; R, right. 
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Group Cluster 

size 
MNI coordinates 

[mm] of peak 
voxel 

T- 
value 

Side Anatomical regions 

x y z 

HC 5828 -54 -9 30 -6.80 R postcentral and precentral 
gyrus 

695 -21 -21 15 7.42 R thalamus 

SAOA>10y 252 -39 -6 42 -10.31 R postcentral and precentral 
gyrus 

194 45 -21 60 -7.13 L postcentral gyrus 

MSA-C 

368 15 45 54 -11.10 L superior frontal gyrus, 
supplementary motor area 

175 54 30 12 -6.58 L inferior frontal gyrus 
167 6 60 36 -7.68 L superior/middle frontal gyrus 

139 3 -30 66 -7.43 L paracentral lobule, precuneus, 
cingulate 

115 6 3 36 -7.56 L cingulate, superior frontal 
gyrus 

85 42 9 -12 -7.13 L insula, heschl gyrus 

Table 6. Significant positive and negative functional connectivity between 
cerebellar module 2 and the cerebrum in three groups. Negative correlations between 
cerebellar module 2 and the precentral and postcentral gyrus was found in three groups. 
In the HC group, a positive correlation was found to be related to the thalamus. No positive 
correlations were found in the two ataxia group. Multiple comparisons correction was 
applied using FWE p < 0.05. L, left; R, right. 
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Group Cluster 

size 
MNI coordinates 

[mm] of peak voxel 
T- 

value 
Side Anatomical regions 

x y z 

HC 

9923 0 -15 51 -9.32 / 
postcentral and precentral 
gyrus, supplementary motor 
area 

4624 18 -48 0 -7.44 L lingual gyrus 
87 9 21 -12 -5.31 L rectus gyrus 

3553 36 15 42 7.25 L middle/inferior frontal gyrus 
818 45 -75 42 8.49 L angular gyrus 
780 -21 -18 12 7.66 R thalamus 
746 -45 -66 48 7.57 R angular gyrus 
626 0 -39 36 7.05 / cingulate, precuneus 
432 -60 -57 -12 7.54 R inferior/middle temporal gyrus 

SAOA>10y 
352 -24 -33 60 -10.28 R postcentral and precentral 

gyrus 

225 30 -6 60 -8.49 L postcentral and precentral 
gyrus 

MSA-C 

372 51 -12 42 -22.66 L postcentral and precentral 
gyrus 

244 12 60 15 -7.40 L superior frontal gyrus 

126 6 -33 63 -8.76 L paracentral lobule, 
supplementary motor area 

98 39 -3 -3 -6.64 L insula 

74 -21 -48 69 -6.02 R superior parietal gyrus, 
paracentral lobule 

68 18 18 51 -5.58 L superior frontal gyrus 

Table 7. Significant positive and negative functional connectivity between 
cerebellar module 3 and the cerebrum in three groups. Negative correlations were 
found between the activity of module 3 and the precentral and postcentral gyrus in the HC 
group as well as in the two ataxia groups. However, positive correlations were only 
observed in the HC group, between module 3 and thalamus and angular gyrus. Results 
were thresholded by FWE p<0.05. L, left; R, right. 

Group differences in the cerebellar-cerebral functional connectivity pattern 

The MSA-C group showed a reduced positive connectivity between module 1 and the 

inferior/middle frontal gyrus and a reduced negative connectivity between module 1 and 

the postcentral gyrus when compared with the HC group. The negative connectivity 

between module 1 and the parahippocampal, fusiform and lingual gyrus is increased. 

(Figure 19, Table 8). For the SAOA>10y group, no difference in connectivity was observed 

for module 1 compared with the HC group or with the MSA-C group.  

For module 2, no statistically significant difference was found among the three groups.  
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Figure 19. Three group differences in the functional connectivity between cerebellar 
modules and the cerebrum. The MSA-C group showed A) a reduced positive 
connectivity between the cerebellum and the ORBinf/MFG/SFG; B) a reduced negative 
connectivity between the cerebellum and the PoCG/PreCG; and in addition, C) an 
increased negative connectivity between the cerebellum and the PHG/FFG/LING/CAL 
when compared with the healthy control group. In SAOA>10y group, no difference was 
observed when compared with MSA-C and HC. The significance level was set at FWE 
corrected p < 0.01. ORBinf, orbital part of inferior frontal gyrus; MFG, middle frontal gyrus; 
SFG, superior frontal gyrus; PoCG, postcentral gyrus; PreCG, precentral gyrus; PHG, 
parahippocampal gyrus; FFG, fusiform gyrus; LING, lingual gyrus; CAL, calcarine gyrus. 
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For module 3, reduced positive connectivity with the superior frontal gyrus was found in 

the MSA-C group compared to the HC group. The negative correlation was also reduced 

for the precentral gyrus, while the negative connectivity of module 3 with the calcarine 

gyrus was increased in the MSA-C group (Figure 19 and Table 8). For the SAOA>10y group, 

no group difference was observed with neither the MSA-C nor the HC group. 

 
 

Post hoc results 
in MSA-C 

Cluster 
size 

 

MNI  coordinates 
[mm] of peak 

voxel 

T- 
value 

Side Anatomical 
regions 

x y z 

M
od

ul
e 

1 

reduced 
positivity 

243 39 42 -9 5.42 L ORBinf 
923 -18 45 27 5.15 R MFG 
208 33 15 39 6.23 L MFG 

reduced 
negativity 109 -48 -21 63 4.16 R PoCG 

increased 
negativity 

460 30 -48 -15 5.35 L FFA 
296 -27 -48 -6 4.89 R LING 
71 -30 -21 -21 4.71 R pPHG 

M
od

ul
e3

 reduced 
postivity 1620 9 24 69 6.30 L SFG 

reduced 
negativity 108 -45 -18 66 4.33 R PreCG 

increased 
negativity 66 -15 -75 15 4.55 R CAL 

Table 8. Post hoc analysis showing altered cerebra-cerebellar functional 
connectivity in the MSA-C group. For the activity in the cerebellar module 1 and module 
3, reduced positive connectivity to frontal gyrus and reduce negative connectivity to the 
precentral and postcentral gyrus, together with increased negative connectivity to occipto-
temporal gyrus was  found in the MSA-C group when compared with HC. Results were 
reported applied FWE corrected p < 0.01. ORBinf, orbital part of inferior frontal gyrus; 
MFG, middle frontal gyrus; SFG, superior frontal gyrus; PoCG, postcentral gyrus; PreCG, 
precentral gyrus; PHG, parahippocampal gyrus; FFG, fusiform gyrus; LING, lingual gyrus; 
CAL, calcarine gyrus; L, left; R, right. 

Relationships between ccFC and clinical variables  

The correlations between altered cerebellar-cerebral functional connectivity and clinical 

variables were estimated in the MSA-C group and the SAOA>10y group.  However, no 

significant correlation was observed (Table 11). 
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 SAOA>10y group MSA-C group 

SARA Duration Age of 
onset 

SARA Duration Age of 
onset 

M
od

ul
e 

1 

ORBinf -0.14 
(0.72) 

-0.15 
(0.69) 

0.15 
(0.70) 

-0.08 
(0.80) 

-0.17 
(0.58) 

0.03 
(0.92) 

MFG -0.28 
(0.47) 

-0.38 
(0.31) 

0.40 
(0.28) 

0.18 
(0.57) 

-0.02 
(0.94) 

0.19 
(0.54) 

MFG -0.51 
(0.16) 

0.03 
(0.95) 

-0.09 
(0.82) 

-0.11 
(0.72) 

-0.27 
(0.39) 

0.37 
(0.21) 

PoCG 0.66 
(0.06) 

-0.01 
(0.98) 

0.04 
(0.92) 

0.08 
(0.81) 

0.17 
(0.60) 

-0.09 
(0.76) 

FFG 0.48 
(0.19) 

-0.42 
(0.27) 

0.40 
(0.28) 

0.10 
(0.75) 

-0.02 
(0.94) 

-0.15 
(0.62) 

LING 0.66 
(0.06) 

-0.06 
(0.87) 

0.06 
(0.87) 

0.25 
(0.44) 

0.17 
(0.58) 

-0.26 
(0.38) 

PHG 0.24 
(0.53) 

0.17 
(0.66) 

-0.16 
(0.68) 

0.26 
(0.41) 

0.23 
(0.46) 

-0.20 
(0.50) 

M
od

ul
e 

3 SFG -0.37 
(0.33) 

-0.66 
(0.06) 

0.66 
(0.06) 

0.06 
(0.85) 

0.10 
(0.76) 

-0.20 
(0.50) 

PreCG 0.46 
(0.22) 

0.05 
(0.89) 

-0.03 
(0.92) 

0.22 
(0.50) 

0.26 
(0.42) 

-0.28 
(0.35) 

CAL 0.49 
(0.17) 

0.37 
(0.33) 

-0.32 
(0.40) 

-0.35 
(0.26) 

-0.38 
(0.22) 

-0.28 
(0.35) 

Table 9. Summary for the relationship between ccFC and clinical variables in ataxia 
groups. Data are displayed  as correlation coefficients (original p value). Statistically, 
none of ccFC showed significantly correlated with clinical variables in the SAOA>10y 
group, and in MSA-C group. ORBinf, orbital part of inferior frontal gyrus; MFG, middle 
frontal gyrus; SFG, superior frontal gyrus; PoCG, postcentral gyrus; PreCG, precentral 
gyrus; PHG, parahippocampal gyrus; FFG, fusiform gyrus; LING, lingual gyrus; CAL, 
calcarine gyrus. 

3.4.4 Discussion 

In this study, the functional connectivity between the cerebellar network modules and the 

supratentorial cerebrum was analyzed and compared between the HC and the two ataxia 

patient groups. The main findings were as follows: 1) the activity of cerebellar modules 

was negatively correlated to the postcentral and precentral gyrus in all three groups; 2) 

compared with the HC group, a significantly altered cerebellar-cerebral functional 

connectivity pattern was found in the MSA-C but not in the SAOA>10y groups; 3) the 

observed connectivity changes were not related to clinical measures in the MSA-C group. 

The functional cerebellum can be clustered into three different network modules (see 

Study 3, page 57). This partition largely represents the functional division of the 

cerebellum into the motor, cognitive and limbic cerebellum, as suggested by previous 
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reviews (Samson & Claassen, 2017; Stoodley & Schmahmann, 2010). The present 

analysis of cerebellar-cerebral connectivity revealed that, even though the modules 

represent distinct brain functions, they project on highly overlapping brain regions. All 

three cerebellar modules presented consistent positive correlation to the thalamus in the 

HC group. This point towards a common communication path for information from and to 

the cerebellum, a central hub in the brain through which all information has to be passed 

in order to be processed. It is not surprising that the structure identified as the central hub 

is the thalamus. Of course, this information is not new. The central role of the thalamus is 

to serve as gateway to consciousness. All incoming information is preprocessed in the 

thalamus before it is transferred to the cortex. So, our finding fits well with current 

knowledge about the overall organization of the cortex; however, it should be noted that 

these results, even if already known, are derived using complex mathematical procedures 

(like the module construction), without any anatomical or functional assumptions. The 

results also agree well with the findings of Sang and colleagues (Sang et al, 2012), who 

reported that most cerebellar subregions are positively correlated with the thalamus. The 

authors argued that this finding may indicate a free and accessible information exchange 

between the cerebellum and thalamus. Further evidences of the tight anatomical 

connection between the thalamus and the cerebellum has also been reported in previous 

DTI studies (Granziera et al, 2009; Habas & Cabanis, 2007; Wakana et al, 2004), 

suggesting that our results have a direct structural basis. In the present study, the activity 

of the thalamus has lost convergence with the activity of the cerebellum in the ataxia 

groups. To date, the functional cerebellar-thalamus-cerebral circuit has rarely been a ROI 

in the study of ataxia patients. Further research is needed to explore how ataxia disease 

interrupts interconnectivity in the cerebellar-thalamus circuit. 

So far, only the positive correlations have been discussed. However, negative correlations 

also were observed in the analysis of cerebellar-cerebral connectivity. In general, negative 

correlations are more complex than positive correlations. Most previous studies paid no 

attention to negative functional connectivity in describing the cerebellar-cerebral 

connectivity pattern. Some authors argue that the nature of negativity is too complex and 

remains uninterpretable (Buckner et al., 2011; Ren et al, 2019). This point of view goes 

back to the debate about whether the anti-correlation observed in the resting fMRI is 

artificial or meaningful. It has been argued that the negativity is likely introduced by global 
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signal regression (Murphy et al, 2009). However, Chai and colleagues found that anti-

correlations are still present when the resting-state fMRI data are processed without global 

signal regression (Chai et al, 2012). This being so, the negative functional connectivity is 

not artificially caused by any scaling or regression effect, being frequently observed in 

long-range connections (Fox et al, 2009). This agrees well with the observations 

presented here. A negative correlation was found between the sensory-motor cortex and 

all three cerebellar modules. Moreover, the precentral and postcentral gyri appear to be 

the convergence regions negatively connected to all three cerebellar modules. Some 

studies have tried to point out the biological basis underlying the anti-correlation (Fox et 

al., 2009; Liu et al, 2015). Fox reported anti-correlations between task-negative regions 

(e.g. default mode network) and task-positive regions (e.g. dorsolateral prefrontal cortex) 

and interpreted the finding as evidence that these anti-correlated regions may serve 

opposite goals or computing representations (Fox et al., 2005). However, the anti-

correlations may also indicate that integrative regions are orchestrating different regions 

to process together. There seems to be a relation between the correlation strength and 

functional output, at least in the cognitive domain. Murphy and colleagues showed that 

the strength of anti-correlations between task-negative and task-positive regions related 

to cognitive task performance. Better task performance was associated with stronger anti-

correlations (Kelly et al, 2008). Similar results were reported by Hampson et al. (2010), 

the strength of the anticorrelations being correlated positively with working memory 

performance. The authors’ interpretation was that the anti-correlation may serve as an 

integrative hub for combined processing (Hampson et al, 2010; Hampson et al, 2006). 

Following their line of argumentation, the negative connectivity between the cerebellum 

and the motor cortex could be interpreted as evidence of the interaction between the 

cerebellum and the sensorimotor cortex to ensure appropriate motor functions. 

Although the cerebellar modules keep their modularity within the cerebellum, the long-

distance connections with the supratentorial regions are altered in the ataxia groups. In 

this study, significant reduced negativity in MSA-C compared to the HC group was 

demonstrated. The connections (strength) between the anterior cerebellum (module 1) 

and primary somatosensory cortex (S1), as well as the correlation between the posterior 

cerebellum (module 3) and the primary motor cortex (M1), were significantly reduced in 

the MSA-C group. Because the cerebellum receives convergent inputs from the 
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somatosensory cortex (S1) and issues the output mainly to the motor cortex (M1) 

(Leergaard et al, 2006; Luft et al, 2005; Petrof et al, 2015), a disruption in the circuit could 

contribute to the motor dysfunction observed in the MSA-C group. However, it should be 

noted that no quantitative relations with any clinical measures were observed to further 

confirm this assumption. On the other hand, the observed disconnection was in line with 

previous MSA-C studies. Zheng and colleague extracted cerebellar regions with 

decreased regional cerebral blood flow. Although a different MRI modality was used, the 

data show decreased connectivity of the cerebellum with the postcentral gyrus in the MSA-

C group (Zheng et al., 2019). It is assumed that the reduced anti-correlation may reflect a 

dysfunctional motor system.  

Another altered anti-correlation pattern between the anterior cerebellum (module 1) and 

occipito-temporal cortex (OTC), and between the posterior cerebellum (module 3) and 

calcarine sulcus, was found in the MSA-C group compared with HC group. As is commonly 

known, the visual cortex and the cerebellum act jointly as a visual-motor system guiding 

whole-body movements (Calvo-Merino et al, 2006; Clarke & Tyler, 2015; Glickstein, 2000). 

The increased connectivity found here may be interpreted as a compensatory mechanism, 

that is, that MSA-C patients may need more visual control to compensate for deficits in 

proprioceptive sensory-motor loops, in order to maintain their impaired motor abilities. 

Moreover, functional changes in the cerebellar-visual cortex circuit have been frequently 

reported in other types of ataxia. For example, Hernandez-Castillo and colleagues 

peformed a whol-brain functional connectivity analysis and reported increased 

connectivity between the cerebellun and visual areas (including lingual gyrus, 

inferior/middle occipital gyrus) in spinocerebellar ataxia type 7 (SCA7) patients 

(Hernandez-Castillo et al, 2013). They interpreted this disruption as a compensatory 

mechanism, suggesting it may related to cognitive deficits in SCA7 patients. Nevertheless, 

the disruption did not show any significant correlation with clinical variables, a matter that 

deserves further investigation. 

In addition, we found the hint of a functional disconnection between the cerebellum and 

the frontal gyrus in the MSA-C group. This may accord well with the cognitive deficits 

involving executive functions and verbal learning reported in MSA-C patients (Burk et al., 

2006; Chang et al., 2009). Previous studies have pointed out that a processing loop exists. 
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The cerebellar cortex receives cognitive information processed from the frontal cortex and 

projects back responses to corresponding frontal cortex (Leiner et al, 1989; Schmahmann, 

1996). Recent fMRI studies have provided further evidence for the existence of this loop. 

It has been demonstrated that lobules IV, VI, VIII and crus I-II are functionally connected 

to the prefrontal cortex (Buckner et al., 2011; Krienen & Buckner, 2009). It is also worth 

noting that local atrophy in both regions, i.e. the cerebellum and the frontal cortex, has 

already been described in regard to MSA-C in previous studies (Chang et al., 2009; Ciolli 

et al., 2014; Gilman et al., 2008). In addition, abnormal functional connectivity within frontal 

subregions and reduced connectivity between the cerebellum and the frontal regions in 

MSA-C have been reported frequently (Franciotti et al, 2015; Rosskopf et al., 2018; You 

et al., 2011; Zheng et al., 2019). Although the findings in the present study fits well with 

other studies, and it appears to be indisputable that a distorted cerebellar–frontal circuit 

contributes to the cognitive impairment in MSA-C, no significant association between 

altered connectivity and clinical variables has been proven. 

It should be noted that an altered cerebellar-cerebral functional connectivity pattern was 

not observed in the SAOA>10y group. This finding might be in line with the stable functional 

connectivity pattern within the cerebellum and in cerebellar-cerebral circuits reported 

earlier (chapter 3.2 and chapter 3.3), however, comparing  SAOA>10y and MSA-C directly 

did not yield a significant group difference, suggesting a power problem due to the small 

sample size of the SAOA group.   

An additional limitation of the present study is the relatively small sample size of patients, 

as we discussed in previous chapters. Furthermore, a lack of detailed cognitive 

characterization of ataxia patients limits the interpretation of the functional disruption. 

Finally, integration between the functional connectivity with cerebellar and extra-cerebellar 

volume should be further considered, since the absence of structure may depend largely 

on the construction of functional connectivity, especially in the ataxia groups. 
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4. General discussion 

4.1 Aims and main findings   

This study systematically investigated the structural and functional characterization of the 

cerebellum in two sporadic ataxia groups, the MSA-C group and the SAOA>10y group. The 

aim of this thesis was to characterize a meaningful picture of the cerebellum and try to 

discover whether neuroimaging measurements are capable of distinguishing between 

MSA-C group and SAOA>10y group.  

The first study was to examine the structural changes of the cerebellum in two ataxia 

groups in more detail (chapter 3.1). In this study, abnormal gray matter volume was found 

mainly in bilateral I-IV, V, VI, right crus I-II-VIIb-VIIIa-IX in both ataxia groups, with 

additional atrophy in vermis VIIIa-VIIIb-IX in SAOA>10y group only. The atrophy was 

observed in regions that are known to be involved in motor and somatosensory processing 

(Samson & Claassen, 2017; Stoodley & Schmahmann, 2009; Stoodley et al., 2012). The 

spatial distribution of the atrophy was in line with previous studies (Abele et al., 2007; Burk 

et al., 2004; Faber et al., 2020) and corresponded well with the clinical presentation of 

both ataxia types (Gilman et al., 2008; Klockgether, 2018). However, it was found the 

structural changes did not correlate with clinical variables. One possible reason may be 

the small sample size, which seriously limited the power. 

The follow-up region of interest study, based on study 1 (chapter 3.1), was designed to 

analyze the way in which local atrophy impacts intracerebellar functional connectivity 

(chapter 3.2). ALFF and DC were analyzed to investigate if functional connectivity is 

altered in the atrophic cerebellum in the two sporadic ataxia phenotypes. An intact 

functional cerebellum pattern in the MSA-C group and SAOA group was revealed in the 

study, indicating relatively normal neural activity and network integration, despite the 

structural damage. A further avenue to explore was whether the cerebellar architecture 

has the ability to functionally compensate for structural changes, using bootstrapping to 

compare the functional connectivity between structurally atrophic and non-atrophic parts. 

It was clear that the structurally atrophic regions had higher functional connectivity than 

the rest of the cerebellum. It could be assumed that the structurally atrophic regions with 

higher DC values have more responsibility for balancing the function (Liang et al., 2013; 
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Zuo et al., 2012), and higher ALFF values with more energy, enabling more flexibility 

(Biswal et al., 1995). This analysis holds true for the MSA-C group and the SAOA>10y 

group, indicating these two subtype ataxias may have a shared mechanism for regulating 

function to operate the atrophic cerebellum. Further longitudinal studies are worth 

conducting to investigate the dynamic functional connectivity of overall cerebellum to 

better understand the compensatory mechanisms. 

In the third study, a further step was taken to look at global and regional functional features 

of the overall cerebellum in the three groups under investigation (chapter 3.3). To the 

knowledge, this is the first study to investigate the global and regional properties of the 

cerebellar network in two ataxia groups, using the graph theory. In the study, small-world 

topology was first found in the cerebellar functional networks, indicating a well-organized 

system in the cerebellum to maximize the efficiency and minimize the costs, which has 

been reported in the human brain before (Bassett & Bullmore, 2006; Liao et al, 2017; 

Sporns, 2018). It is noteworthy that the cerebellar small-world features was also observed 

in the two ataxia group. In the data, there were no significant differences among groups 

in all global and nodal parameters, suggesting that the cerebellum supports an optimal 

balance between global integration and local specialization, creating a condition that 

confers resilience against pathological attacks (Achard et al, 2006; Sporns, 2013).  We 

also found a consistent modularity in the two sporadic ataxia groups as well as in the 

control group, which resembles the partition of the cerebellum into three different modules. 

As mentioned before, three cerebellar modules were defined and study 4 explored how 

these modules contribute to the cerebellar-cerebral functional connectivity (ccFC) maps 

(chapter 3.4). The intrinsic connectivity in the cerebellar-cerebral circuit was assessed by 

taking every cerebellar modular as a ROI to corelate with cerebral regions in a voxel-wise 

manner. It was interesting that the three cerebellar modules displayed highly overlapping 

ccFC maps in the healthy group. For example, all three cerebellar modules presented 

consistent positive connectivity to the thalamus, which agrees well with the findings of 

Sang and colleagues that most of the cerebellar subregions are positively correlated with 

the thalamus (Sang et al., 2012). In this condition, the connectivity patterns between the 

cerebellum and the cerebrum were altered in the MSA-C group but not in the SAOA>10y 

group. The disconnection of the cerebellum from the motor cortex and the frontal cortex 
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were consistent with a previous study of MSA-C patients (Zheng et al., 2019), however, 

the increased connectivity between the cerebellum and the visual cortex in the study was 

contrary to the findings of previous studies (Ren et al., 2018; Zheng et al., 2019). Further 

studies with more sample size are required. Interestingly, altered cerebellar-cerebral 

functional connectivity pattern was not observed in the SAOA>10y group in comparison with 

the HC group, although SAOA>10y patients typically present with ataxia deficit (Giordano 

et al., 2017; Klockgether, 2018). This finding is in line with the our previous chapters 

(Chapter 3.2 and Chapter 3.3) depicting a stable functional connectivity pattern, not only 

within the cerebellum but also in cerebellar-cerebral circuits in SAOA>10y patients. 

Comparing  SAOA>10y group and MSA-C group also did not yield a significant group 

difference in the cerebellar-cerebral functional connectivity pattern. The reason could be 

the small sample size of the SAOA group and the fact that there was no clear disease 

severity assessment between the two ataxia groups.  

4.2 Limitations and future perspectives   

A relevant limitation of this study is the small sample size, which limits the statistical power 

and reproducibility of the results. Although the date of the SPORTAX cohort did provide a 

detailed quantitative account of the clinical phenotype and natural history of sporadic 

ataxias with adult onset. However, considering the early stage of the project, the sample 

number collected in the study is largely limited. Perhaps partly for this reason, the study 

failed to find any significant brain-clinical correlation. Another limitation was the lack of 

follow-up verification; it is suggested that the decline of gray matter and the structural-

functional interaction in this study could be confirmed by more longitudinal assessments. 

In this thesis, neuroimaging analyses were applied to study the structural and functional 

cerebellar characterizations. The technological and methodological details should also be 

critically considered. From the technological point of view, higher spatial resolution images 

might allow a more detailed view of cerebellar structure and the responses of cerebellar 

function (Goense et al, 2016), which may increase sensitivity in investigating the SAOA 

group. From the methodological view, a common consideration related to the functional 

MRI studies is the motion correction (Friston et al., 1996). In this thesis, the frame 

displacement did not differed among three groups and the motion parameters had already 

been added to regress out motion-related signal. Moreover, the studies described in this 
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thesis are based on multicenter data and there was a marginal site difference among the 

three group. Although the site information was added as covariate to be regressed out 

from the statistical models, the homogeneity between the centers and the relationship 

between the quality of the images and the site distribution constitute a further limitation of 

the study. 

4.3 Conclusion 

The objective of this thesis was to assess the involvement of the structural and functional 

cerebellum in sporadic ataxia groups. A structurally atrophic cerebellum and a functionally 

conserved cerebellum was found in the MSA-C and SAOA>10y groups. The atrophic 

cerebellar regions that have been reported in motor and sensorimotor processing, 

together with findings from previous studies, suggesting that this is a prominent lesion in 

the two ataxia groups.  Moreover, an additional altered cerebellar-cerebral circuit, which 

mainly affected the frontal cortex, visual cortex and motor cortex, was observed in the 

MSA-C group, but not in the SAOA>10y group. These may lead to the assumption that the 

severe ataxia symptom in MSA-C could be the consequence of influenced from multiple 

regions. Further studies are needed to show if these findings are robust and to verify how 

well they were used to predict the development of patients in SAOA with a disease 

duration less than 10 years.  

 



81 
 

5. Abstract 

Sporadic ataxia is a group of progressive neurodegenerative diseases that can be 

subdivided into two groups, sporadic adult onset ataxia (SAOA), and the cerebellar type 

of multiple system atrophy (MSA-C). In the first years after ataxia onset, a reliable 

distinction between MSA-C and SAOA is often not possible. In particular, some SAOA 

conditions may turn to MSA-C, and it is known that the conversion becomes very unlikely 

when a patient with SAOA has a duration of illness longer than 10 years. In this thesis, 

MSA-C vs. SAOA>10y (defined as SAOA patients with a disease duration longer than 10 

years) were compared in an attempt to identify the essential difference between the two 

conditions. To this end, 16 patients with MSA-C, 13 patients with SAOA>10y and 49 healthy 

controls were included in this thesis. Chapter 1 first introduces the reader to the concept 

of sporadic ataxias and gives an overview of MSA-C and SAOA. This is followed by a 

review of the current state of knowledge of how neuroimaging technology aids 

understanding of sporadic ataxias. Chapter 2 outlines the general methodologies used 

for the presented studies. Chapter 3 contains four study results. In study 1, the structural 

changes of the cerebellum in two ataxia groups were examined to show abnormal gray 

matter volume in the bilateral anterior part and right posterior part of the cerebellum in 

both groups and an additional atrophy in vermis cerebellum in the SAOA>10y group. In 

study 2, the intracerebellar functional connectivity affected by local atrophy was 

investigated in the two sporadic ataxias by the amplitude of low-frequency fluctuation and 

degree centrality. An intact functional connectivity pattern was observed in the atrophic 

cerebellum in the MSA-C and SAOA groups, the atrophic cerebellum being characterized 

by high ALFF and high DC compared with non-atrophic cerebellum. In study 3, the 

topological features of the functional cerebellar network were assessed by graph theory 

analysis. It was found that a well-organized small-world network organization and intact 

global and regional properties existed in the functional cerebellar system in the ataxia 

groups. In study 4, the connectivity between different cerebellar parts and cerebral 

regions was explored, taking every functional cerebellar module as a region of interest. It 

was observed that the activities of cerebellar modules were positively correlated with the 

thalamus and negatively connected to the postcentral and precentral gyrus in the healthy 

group. When compared with the HC group, altered connections between the cerebellum 



82 
 

and the visual cortex, the motor cortex and the frontal cortex were found in the MSA-C but 

not in the SAOA>10y groups. Chapter 4 contains a summary discussion of all four studies, 

as well as discussing the limitations of the current researches and offering an outlook on 

future research perspectives. 
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