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SUMMARY 
 

The cerebellum (from the Latin “little brain”) is the dorsal portion of the metencephalon and is 

located in the posterior cranial fossa. Although representing only 10% of the total brain volume, it 

contains more than 50% of the total number of neurons of the central nervous system (CNS). Its 

organization resembles the one found in the telencephalon, with the presence of a superficial mantle 

of gray matter (GM) known as the cerebellar cortex, covering the cerebellar white matter (WM) in 

which three pairs of deep cerebellar GM nuclei are embedded.  

The number of studies dedicated to the study of the cerebellum and its function has significantly 

increased during the last years. Nevertheless, although many theories on the cerebellar function 

have been proposed, to date we still are not able to answer the question about the exact function of 

this structure. Indeed, the classical theories focused on the role of the cerebellum in fine-tuning for 

muscle control has been widely reconsidered during the last years, with new hypotheses that have 

been advanced. These include its role as sensory acquisition device, extending beyond a pure role in 

motor control and learning, as well as a pivotal role in cognition, with a recognized cerebellar 

participation in a variety of cognitive functions, ranging from mood control to language, memory, 

attention and spatial data management. 

A huge contribution to our understanding of how the cerebellum participates in all these different 

aspects of motor and non-motor behavior comes from the application of advanced imaging 

techniques. In particular, Magnetic Resonance Imaging (MRI) can provide a non-invasive 

evaluation of anatomical integrity, as well as information about functional connections with other 

brain regions. 

This thesis is organized as follows: 
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- In Chapter 1 is presented a general introduction to the cerebellar anatomy and functions, with 

particular reference to the anatomical organization of cerebellar cortex and its connections with the 

telencephalon 

- Chapter 2 will contain a general overview about some of the major advanced MRI methods that 

can be applied to investigate the anatomical integrity and functional status of the cerebellar cortex 

- In Chapter 3 will be presented a new method to evaluate the anatomy and integrity of cerebellar 

cortex using ultra-high field MRI scanners 

- Chapters 4, 5 and 6 will contain data obtained from the application of some of the previously 

described advanced imaging techniques to the study of cerebellar cortex in neurodegenerative and 

neuroinflammatory disorders affecting the CNS. 
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CHAPTER 1 

Cerebellum 

 

1.1 Anatomy 

Microscopically, the cerebellar cortex is organized in three layers that, from the most superficial to 

the more adjacent to the WM, are respectively the molecular layer, the Purkinje cell layer and the 

granular layer. These layers are collectively composed of five cell types: stellate, basket, Purkinje, 

Golgi and granule cells (Figure 1). 

 

 

Figure 1: Histological organization of the cerebellar cortex (modified from (Mosconi, Wang, Schmitt, Tsai, & 

Sweeney, 2015)) 
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The molecular layer is mostly composed by the parallel fibers arising from granule neurons and the 

dendritic zones of the Purkinje neurons, along with three types of interneurons (namely, the Golgi, 

stellate, and basket cells). The Purkinje cell layer is the intermediate one, mostly formed by a single 

line of Purkinje cells. On the other hand, the granular layer, although containing only the granule 

cells, plays a central role in the physiology of the cerebellum. Indeed, it contains the largest 

population of neurons in the cerebellum (granule cells), also being the only excitatory neurons of 

the cerebellar cortex. This very thick layer contains not only neuronal bodies, but also dendrites that 

receive many terminals from mossy fibers, which are part of the main afferent system, forming a 

complex synaptic arrangement also with terminals from a Golgi axons called the glomerulus. The 

axon of this granule neuron projects into the molecular layer through the Purkinje neuronal layer, 

where two opposite branches, perpendicular to the longitudinal axis of the folium are formed, called 

parallel fibers. In doing so, the axon of a granule neuron is therefore able to make synapsis with the 

dendritic zone of several Purkinje neurons, similarly to how telephone wires (i.e. granule neuronal 

axons) course from one telephone pole (i.e. dendritic zone of Purkinje neurons) to another. At this 

level are also present the dendrites of the climbing fibers, which are axons originating from olivary 

neurons entering through the inferior cerebellar peduncles. Some of these fibers create synapses 

with neurons of the deep cerebellar nuclei, while the main axon passes through the two deepest 

layers to reach the molecular one, where it entwines around the dendritic zone of the Purkinje 

neuron. 

Finally, it is noteworthy to mention that besides mossy and climbing fibers, a third, often neglected, 

afferent system has been known since the late 1960s, which is the aminergic fibers system, which is 

made of axons showing a widespread distribution in the cerebellar cortex. More details about the 

biological and neurochemical functions of all these afferents fibers will be provided in Chapter 1.2. 

Macroscopically, the cerebellum lies in the posterior cranial fossa, with the tentorium cerebelli that 

separates it from the cerebrum above. The cerebellar surface is characterized by the presence of 
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several parallel convolutions that run perpendicularly along its antero-posterior axis, giving it a 

characteristic appearance of leaves stemming from a same trunk. This appearance, that underwent 

the name of arbor vitae (from the Latin “life tree”), gave origin to the term folia (from the Latin 

“leaves”) that has been applied to the cerebellar convolutions. It covers the fourth ventricle, and is 

attached to the brainstem by three pairs of fiber bundles (namely, the inferior, middle and superior 

cerebellar peduncles) on each side of the ventricle. Briefly, the inferior cerebellar peduncles connect 

the spinal cord and medulla with the cerebellum, containing primarily afferent processes projecting 

to the cerebellum. The middle cerebellar peduncles connect the transverse pontine fibers with the 

cerebellum, which is entirely an afferent pathway, while the superior cerebellar peduncles connect 

the cerebellum with the mesencephalon, containing mainly efferent processes. 

From a morphological standpoint, two major subdivisions can be recognized: a median portion (the 

vermis) and a lateral one (the hemispheres, in number of two) (Figure 2).  
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Figure 2: Morphological anatomy of the cerebellum (from (Felten, O'Banion, & Maida)) 

 

The superior vermis is confluent with the hemispheres, whereas the inferior vermis is a well-

delineated structure that is located in a deep depression in the midline named the vallecula. 

The presence of two deep fissures between the folia allows for the subdivision of the cerebellum in 

three major lobes: the anterior lobe, the posterior lobe and the flocculonodular lobule. The anterior 

lobe corresponds to the paleocerebellum and constitutes the rostral portion of the rostral cerebellar 

surface, being divided from the posterior one by the primary fissure, which is visible on the dorsal 

surface of the cerebellum. On the inferior surface lies the posterolateral fissure, which separates the 

posterior lobe (neocerebellum) from the flocculonodular lobule. The latter, also known as the 

archicerebellum or vestibulocerebellum, is therefore confined to the ventral aspect of the 

cerebellum, with the nodulus being the most rostral part of the caudal vermis. 
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An additional subdivision is the one achieved when the cerebellum is divided in 10 lobules (labeled 

using the roman numeration from I to X) for both vermis and hemispheres, with an antero-posterior 

gradient (Figure 3). 

 

 

Figure 3: Lobular organization of the cerebellar cortex (modified from (Manni & Petrosini, 2004)) 

 

Finally, four pairs of deep GM nuclei are located within the cerebellar WM, which are (from medial 

to lateral) the fastigial, the globose, the emboliform, and the dentate nuclei (DN) (Figure 4). The 

globose and the emboliform nuclei are also referred as the interposed nuclei, given that they are 

indeed interposed between the fastigial and the DN. The input to the cerebellar nuclei is mainly 

derived from fibers arising from the Purkinje cells of the cerebellar cortex, although excitatory 

fibers from extra-cerebellar axons are also present in these areas. 
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Figure 4: Cerebellar deep GM nuclei (from (Sobotta, 1908)) 
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1.2 Intrinsic circuitry 

The overall circuit in the cerebellar cortex can be very briefly summarized as follows: excitatory 

inputs to the cerebellar cortex are primarily derived from the afferent system (i.e. climbing and 

mossy fibers). This excitatory input is received by the Purkinje cells, which are in turn responsible, 

along with the additional inhibitory influences of the modulating interneurons, for the entire 

inhibitory output of the cerebellar cortex via projection through the deep cerebellar nuclei. A brief 

scheme of this circuit is presented in Figure 5. 

 

 

Figure 5: Schematic representation of the cerebellar circuitry. 

 

Form a neurobiological standpoint, four out of the five cells in the cerebellar cortex (namely, the, 

basket, Golgi, stellate and Purkinje cells) contain the neurotransmitter gamma-aminobutyric acid 
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(GABA), which is the main inhibitory neurotransmitter in the central nervous system. Nevertheless, 

it is noteworthy to mention that other neurotransmitters besides GABA are present in the 

cerebellum, and specifically in the Golgi cells. Indeed, almost 70% of these cells also present 

glycine, whereas 5% of the Golgi cell population also shows the presence of choline 

acetyltransferase, which is the synthesizing enzyme for acetylcholine. 

Given that Four out of the five cells in the cerebellar cortex show inhibitory functions, the granule 

cells, along with neurons of the afferent system (climbing and the mossy fibers) are the only 

cerebellar excitatory neurons. With particular reference to afferent fibers, several evidences indicate 

that glutamate is the main neurotransmitter of the mossy fibers. Nevertheless, there is debate 

regarding which molecule is used by the climbing fibers, with glutamate and aspartate that are the 

main candidates. Furthermore, a third type of afferent axons is also present along with climbing and 

the mossy fibers, called the aminergic fibers. These fibers contain biogenic amines and can be 

therefore divided into two different groups: the serotonin-containing axons (that originate from the 

raphe nuclei) and the norepinephrine-containing axons (originating from the locus ceruleus). 

As previously described in the microscopic anatomy of the cerebellum (Chapter 1.1, page 8), the 

dendrites of the Purkinje cells in the molecular layer make synapses with the parallel fibers of the 

granule cells, receiving therefore indirect excitatory inputs from a large number of mossy fibers. 

Furthermore, the Purkinje cells also receive a direct modulatory input on their dendritic shafts from 

the climbing fibers, with each Purkinje cell that receives numerous synaptic contacts from a single 

climbing fiber. In doing so, the climbing fibers regulate the cerebellar function by modulating the 

effectiveness of the mossy fiber connection with the Purkinje cells 

The Purkinje cells project in turn to the deep cerebellar nuclei. Given the GABAergic role of the 

Purkinje cells, the output of the cerebellar cortex is almost exclusively inhibitory. However, it has 

to be considered that virtually both climbing and mossy fibers provide collateral for the cerebellar 

nuclei on their way to the cerebellar cortex. For this reason, within the deep cerebellar nuclei is 

present a convergence of both extracerebellar excitatory and Purkinje inhibitory synapses over the 
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same projection neurons, although with a higher number of the latter synapses over the excitatory 

ones, reflecting in a significant influence over neuron firing. 

The inhibitory activity of Purkinje cells is modulated by inputs from local circuit neurons occur on 

both the dendritic shafts and the cell body. The most powerful of these local inhibitory inputs the 

synapses made around the Purkinje cell bodies by the basket cells. These cells fire inhibitory 

GABAergic signals to the Purkinje cell, to inhibit its physiological GABAergic inhibitory activity 

over to the deep cerebellar nuclei, in order to facilitate motor coordination and therefore the 

execution of a movement. Additional modulations to the inhibitory activity arise from the stellate 

and the Golgi cells. In the molecular layer, the stellate cells are present and receive input from the 

parallel fibers, making direct synapse with the dendritic arbors of Purkinje cells and sending 

therefore direct inhibitory signals to this type of cells. On the other hand, in the same layer 

terminate the dendrites of the Golgi cells (while the body lays in the granular cell layer), that 

receive input from the parallel fibers and provide an inhibitory feedback to the cells of origin of the 

parallel fibers itself (the granular cell), therefore providing an indirect inhibitory activity somehow 

independent from direct synapses with Purkinje cells. 

This basic circuit is repeated over and over in time, creating functional loops, being therefore the 

fundamental module of the cerebellum. Indeed, the modulation of signal flow through these 

modules provides the basis for the real-time regulation of movement, as well as the long-

term changes in regulation that underlie motor learning. 
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1.3 Connections 

1.3.1 Afferents 

Cerebellar afferents are derived from three main sources: the cerebral cortex, the spinal cord, and 

the vestibular nerve, with only a small number of afferents that originate from the red nucleus and 

the tectum. 

Regarding the afferents from the cerebral cortex, these projections establish synapses with three 

main brainstem structures: the pontine nuclei, the inferior olivary nucleus, and the reticular 

formation (Figure 6).  

 

 

Figure 6: Schematic representation of the cerebellar afferents from the cerebral cortex (modified from (Alberstone, 

Steinmetz, Najm, & Benzel, 2009)). 
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The pontine nucleus serves as a major relay nucleus for projection axons arising from different 

areas of the cerebral cortex, and therefore serves for many functions such as visual-related 

information from cortical and subcortical structures or related to the upper motor neuron system. 

Indeed, many cerebral cortical areas are connected with the contralateral cerebellum through the 

pontine system, which therefore represent the largest group of mossy fibers that provide afferents to 

the cerebellum. Regarding the upper motor neuron system, the corticopontine fibers originate from 

layer V of the pyramidal cells, with axons descending from the cerebral cortex through the corona 

radiata and internal capsule to the brainstem, where they reach the longitudinal pontine fibers. The 

axons in this cerebro-ponto-cerebellar pathway leave the longitudinal fibers of the pons and make 

synapses with these ipsilateral pontine neuronal cell bodies, where axons that origin from these GM 

areas cross the midline, forming the transverse pontine fibers, finally entering the cerebellum via 

the contralateral middle peduncles to reach primarily to the folia the cerebellar hemisphere. 

Another significant station providing afferents to the cerebellum is represented by the olivar nuclei. 

These nuclei are located in the ventrolateral portion of the caudal medulla, extending cranially to 

reach the caudal portion of the facial nucleus, while caudally they extend to reach the inferior 

portion of the obex. These structures receive information from a wide range of brain structures, 

conveying data to the cerebellar cortex from both the periphery (e.g. spinal cord, dorsal column 

nuclei, trigeminal and vestibular nuclei) and higher brain structures (e.g. red nucleus and cerebral 

cortex). Nevertheless, these afferences also reach the deep cerebellar nuclei, which provide fibers as 

a return route from the cerebellum to the inferior olive cells. Axons of the olivary nuclei neurons, 

activated by both ascending and descending neurons, cross the midline and join the contralateral 

inferior cerebellar peduncle, and represent the major source of the climbing fibers entering the 

cerebellum. These afferent fibers show a topographical organization, with each inferior olive fiber 

that sends one collateral to the deep cerebellar nuclei, and one to the cerebellar cortex that project to 

the same sector of the deep nuclei. 
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Finally, reticulocerebellar axons enter through the inferior cerebellar peduncle, with many different 

cell groups that are located within the reticular formation that provide origin to the mossy fibers. 

Indeed, the lateral reticular nucleus is not only the recipient of spinal afferents, but also receives a 

relevant amount of fibers from both the red nucleus and descending from the cerebral cortex. The 

fibers originating from the lateral portion of the reticular nucleus provide visual-related information 

from cortical and subcortical structures, and show a clear ipsilateral prevalence terminating mainly 

to vermian lobules VII and VIII. On the other hand, fibers originating from the paramedian portion 

of the reticular nucleus convey information from the somatosensory and frontal cortices mainly to 

vestibulocerebellar areas. 

Regarding afferents from the spinal cord, these can be divided in three major spinocerebellar 

pathways: the ventral spinocerebellar tract, the dorsal spinocerebellar tract and the cuneocerebellar 

tract (Figure 7). 
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Figure 7: Schematic representation of the cerebellar afferents from the spinal cord and the vestibular nerve (modified 

from (Alberstone et al., 2009)). 

 

The ventral spinocerebellar tract (historically known as Gowers' tract) carries mainly proprioceptive 

information from the lower limbs of one side of the body to the ipsilateral cerebellum, It originates 

from the ventral and intermediate GM of the spinal cord, and ascends bilaterally in the dorsolateral 

region of the lateral funiculus. A large portion of these fibers cross the midline as part of the 

anterior commissure and enter the cerebellum via the contralateral superior cerebellar peduncle, 

where it crosses a second time ("double cross"), provide collaterals to the globose and emboliform 

nuclei before terminating as mossy fiber in the cortex of the anterior lobe and vermis of the 

posterior lobe. Nevertheless, a small number of fibers uncross and remain ipsilateral in in its 

entirety. 
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The dorsal spinocerebellar tract (historically known as Flechsig's tract) also carries mainly 

proprioceptive information lower limbs of one side of the body, as well as part of that side of the 

trunk, to the ipsilateral cerebellum. Although it runs in parallel with fibers of the ventral 

spinocerebellar tract, most of its fibers are uncrossed. Indeed, originating from the nucleus dorsalis, 

the tract ascends bilaterally in the ventrolateral region of the lateral funiculus and enters the 

cerebellum via the inferior cerebellar peduncle, terminating as mossy fibers in the intermediate zone 

of the cerebellar cortex. 

On the other hand, the cuneocerebellar tract convey mainly proprioceptive sensory information 

from the upper limb and upper part of the thorax and neck to the ipsilateral cerebellum, being an 

analogue of the dorsal spinocerebellar tract for the upper limbs. It originates in the accessory 

cuneate nucleus of the medulla and enters the cerebellar hemisphere via the inferior cerebellar 

peduncle.  

Finally, regarding afferents from the vestibular nerve (Figure 7), it is noteworthy mentioning that 

the organization of the vestibulocerebellum is different from those previously described. Indeed, the 

labyrinth that sends direct primary afferents to the cerebellar cortex that passes through the inferior 

cerebellar peduncles to reach the ipsilateral flocculonodular lobe, to the folia of the cerebellar 

vermis or the adjacent paravermian areas. Along with these axons, a second-order fibers arising 

from the four vestibular nuclei are present, that are along with the deep cerebellar nuclei the only 

deep GM nuclei that receive Purkinje cell axons.  
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1.3.2 Efferents 

The output system of the cerebellum is represented by the deep cerebellar nuclei, which receive 

massive projections from the Purkinje cells of the cerebellar cortex. These connections show a 

topographic organization, with a medio-lateral and antero-posterior arrangement. In particular, more 

medially Purkinje cells usually project to the medial nucleus, while the most lateral ones tend to 

project to the lateral nucleus. Similarly, axons from the anterior lobe projects to the more anterior 

sectors of the nuclei, with the ones originating from the posterior lobe that are directed to the more 

posterior sections. Nevertheless, this general arrangement is not consistently preserve and some 

divergence and convergence have been reported.  

All cerebellar efferences convey through the inhibitory fibers of the Purkinje cells, with almost the 

entirety of these axons that terminate in the deep cerebellar nuclei, although a minor proportion 

continue over the cerebellar nuclei to synapse with the lateral vestibular nucleus in the medulla.  

Efferents from deep cerebellar nuclei leave the cerebellum through mostly through the superior 

cerebellar peduncles, although few fibers pass through the inferior cerebellar peduncles, terminating 

in the following four destinations: the red nucleus and the thalamus, (via the superior cerebellar 

peduncles), and the vestibular complex and the reticular formation (through the inferior ones).  

Regarding the efferences directed through the superior cerebellar peduncles to the red nucleus, 

axons originating from the globose and emboliform nuclei cross the midline in the ventral 

tegmental decussation at the level of the caudal colliculi and ascend to make synapses with the 

contralateral magnocellular portion of the red nucleus, which in turn projects fibers in the 

rubrospinal tract. Thus, projections from the globose and emboliform nuclei cross twice before 

reaching their destination, therefore influencing ipsilateral motor body activity, and in particular the 

flexor activity of the limbs (Figure 8).  
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Figure 8: Schematic representation of the cerebellar efferents to the red nucleus (modified from (Alberstone et al., 

2009)). 

 

On the other hand, axons originating from the dentate nucleus can also reach, with a similar 

pathway and decussation, the contralateral red nucleus, although they reach in this case its 

parvicellular portion. Here, fibers descend directly via the central tegmental tract to reach the dorsal 

lamella of the inferior olivary nucleus. This last structure, as previously described, gives origin to 

the climbing fibers, thus this connection will reverberate the information to the cerebellum through 

these fibers. Indeed, decussating fibers arises from the inferior olivary nucleus, and pass through 

inferior cerebellar peduncle to reach the dentate nucleus where the fibers originally started, creating 

the dentatorubro-olivary tract. In this way, a closed dentatorubro-olivary functional loop is also 

created, that undergoes the name of triangle of Guillain-Mollaret (Figure 9).  
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Figure 9: Schematic representation of triangle of Guillain-Mollaret (modified from (Gatlin, Wineman, Schlakman, 

Buciuc, & Khan, 2011)). 

 

Efferents directed to the thalamus originate mostly from the dentate nucleus, with only a minor 

portion arising from the globose and emboliform nuclei. These fibers exit the cerebellum via the 

superior cerebellar peduncles, also cross the midline in the ventral tegmental decussation at the 

level of the caudal colliculi, and ascend to make synapses in the contralateral nuclei of the thalamus 

(mainly the ventro-lateral nucleus, with only a small contribution to the ventro-postero-lateral and 

centro-lateral nuclei). From these stations, axons projecting to the primary motor cortex arise, 

passing through the fibers of the internal capsule and the corona radiata. Therefore, DN efferents 

influences contralateral neurons of the primary motor cortex (Figure 10).  
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Figure 10: Schematic representation of the cerebellar efferents to the thalamus (modified from (Alberstone et al., 

2009)). 

 

Nevertheless, it has to be considered that the motor cortex projects descending motor fibers through 

the corticospinal tracts, that are know to decussate at the level of the pyramids. For this reason, the 

final effect is that neurons of the dentate nucleus influence ipsilateral motor activity and 

coordination. 

Regarding efferents through the inferior cerebellar peduncles, axons originating from neurons of the 

fastigial nucleus exit the cerebellum through these structures and terminates caudally in the 

ipsilateral vestibular nucleus, along with a small number of Purkinje cell axons that project directly 

in the lateral vestibular nucleus (as previously briefly described), without being interposed in any 

deep cerebellar nuclei. From the lateral vestibular nucleus originate the descending vestibulospinal 



25 
	

tract. Therefore, efferents from the fastigial nucleus influence motor activity, by facilitating 

extensor muscle tone of the ipsilateral side of the body (Figure 11). 

 

 

Figure 11: Schematic representation of the cerebellar efferents to the vestibular nucleus (modified from (Alberstone et 

al., 2009)). 

 

Finally, some of the axons originating from the fastigial nucleus and exiting from the inferior 

cerebellar peduncles make synapses with the ipsilateral reticular formation, from which the 

reticulospinal tract arises. Fibers of this tract terminate on interneurons of the spinal GM, therefore 

influencing indirectly motor neurons through synaptic relays within the spinal cord. 
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CHAPTER 2 

Magnetic Resonance Imaging 

 

2.1 Volumetric analyses 

2.1.1 Image segmentation 

Every image is constituted by a finite set of elements called pixels in 2D images and voxels in 3D 

images (Figure 12).  

 

 

Figure 12: Example of 2D and 3D MR images (modified from (Despotović, Goossens, & Philips, 2015)). 

 

To each of these elements is assigned a single value based on the resonance features of the tissue 

corresponding to that element. The size of the element defines the spatial resolution, which in turn 

determines the level of detail that can be appreciated in the image. Voxel size varies according to 

the sequence parameters, the magnetic field strength and other factors. The images used for brain 
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tissue segmentation in MRI have usually a voxel size equal or lower than 1x1x1mm3. The image 

segmentation in its main components is carried out, on 3D volumetric images, on each individual 

slice, with a “slice-to-slice" technique. To properly understand image segmentation, some concepts 

need to be defined, including the spatial environment, the imaging features and the intensity 

distribution. 

The concept of spatial environment and the information from neighboring regions is of utmost 

importance for MRI brain segmentation. In fact, the intensity of each voxel depends upon the signal 

intensity of neighboring regions’ voxels. The Markov Random Field (MRF) theory provides the 

basis to model the image local properties, as global brain properties depend on local interactions. 

MRF models have been successfully integrated in several MR brain segmentation methods to avoid 

misclassification errors induced by image noise (Pham, Xu, & Prince, 2000; Zhang, Brady, & 

Smith, 2001). 

Image features can be defined as object/structure distinctive elements. The segmentation result 

depends on an appropriate selection and extraction of relevant features. Typically, in MR a 

statistical approach is used to classify the relevant features of a tissue. Such features are based on 

first and second order statistics of grey intensity.  

First order feature derive from the histogram of the gray value of the image, and include intensity, 

mean, median and standard deviation of the values within each pixel. As these metrics do not 

contain any information on the spatial distribution of the pixel values, they are usually combined 

with second order features, used to describe the image texture, which are usually computed via a 

co-occurrence matrix of grey levels (Haralick, Shanmugam, & Dinstein, 1973). Finally, it has to be 

noted that brain tissue intensity is one of the most relevant features for segmentation. However, 

when intensity values are not reliable, as a consequence of artifacts such as the image noise, the 

partial volume effect (PVE) or the effect of the polarization field, the segmentation algorithm based 

on intensity might incur in tissue misclassification. In order to overcome this issue, a preliminary 

preprocessing of the image is often required, with the application of specific steps detailed below. 
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BiasField correction and Brain Extraction (removal of non-brain tissue) represent the two main 

preprocessing steps required prior to the application of different segmentation algorithm, in order to 

obtain image segmentation in GM, WM and cerebrospinal fluid (CSF). The polarization field 

(BiasField), also called intensity inhomogeneity, is a low frequency MR artifact, spatially 

inconstant, that causes a slight variation of the signal intensity within tissues that share the same 

physical properties. The polarization field is generated by the spatial inhomogeneity of the magnetic 

field, by variations in the receiving coil sensitivity end by the interaction between the magnetic field 

and the body. The Bias Field also depends upon the strength of the magnetic field, with a direct 

linear relationship. Indeed, when the images are acquired at low field (i.e. 0.5 T), the Bias Field is 

almost invisible and can be overlooked. This does not hold true when the images are acquired at 

higher magnetic field (e.g. 1.5T or higher). In fact, in this case, the polarization field notably 

influences the analysis. To overcome this issue, several segmentation algorithms have been 

proposed that model and estimate the Bias Field in an iterative process (Ashburner & Friston, 2005; 

Pohl, Fisher, Grimson, Kikinis, & Wells, 2006; Zhang et al., 2001). Alternatively, the polarization 

field can be estimated and the image corrected before further processing steps are conducted (Sled, 

Zijdenbos, & Evans, 1998). 

During the acquisition of the brain volume, also non-brain tissues are imaged (i.e. skin, fat, bone, 

meninges). The intensity of these tissues might overlap with the brain tissue intensity, determining 

misclassification errors, and overestimation of some tissues. Therefore, it is advisable to remove 

these tissues from the considered volume, extracting only brain tissue before applying segmentation 

algorithms.  

This step, called Brain Extraction, is preliminarily conducted classifying each voxel as pertaining 

(“brain”) or not pertaining (“not brain”) to brain tissue, and removing those not belonging to the 

parenchyma. The result of brain extraction is an image containing only "brain" voxels (GM, with 

matter and CSF).  

An example of the described preprocessing steps is provided in Figure 13. 
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Figure 13: Brain MR preprocessing steps: (a) native T1-weighted volume (b) results of the Brain Extraction; (c) Bias 

Field correction; (d) final image obtained after skull-stripping and bias correction (modified from (Despotović et al., 

2015)). 

 

Regarding the segmentation techniques, the model assumption is that MR images are constituted by 

a finite number of distinct tissue types (cluster) composed by a finite number of voxels. The voxel 
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intensity of each voxel pertaining to each cluster are distributed according to a normal distribution, 

that can be described by a mean, a median, a variance and by the number of voxels which are part 

of the distribution.  

Since the images are referred to a known stereotaxic space, the a priori probability of each voxel to 

belong to GM, WM or CSF is also known.  This information is stored in probability images 

(provided by the Montreal Neurological Institute – MNI (Evans et al., 1992)), obtained from brain 

volumes acquisitions from 152 healthy controls (HC). These probability images contain values 

ranging from 0 to 1, which represent the a priori probability for each voxel to belong to one of the 

three classes  (GM, WM or CSF) after the image normalization to the same space. Before 

segmentation, the images are therefore registered to the a priori probability images via an affine 

registration.  After the registration, an iterative algorithm is applied, starting from the allocation of 

initial estimates for the different parameters. The initial estimate for the modulation field is usually 

homogeneous, and is based on the probability images previously described. Every subsequent 

iteration allows the estimation of cluster parameters obtained on the native images (not corrected 

for bias field) and the allocation of each tissue to a certain class (attributing a probability value to 

each class). The algorithm is then reiterated, recomputing the probability that the specific tissue was 

correctly classified.  At each iteration, the parameters describing the distributions reach a better 

adaptation and the probability expressing tissue classification slightly change to reflect the new 

distributions. This process is iterated until the convergence criteria are met. Parameters describing 

clusters corresponding to the a priori probability images tend to converge faster than the others, due 

to the better initial estimates. The final classification values are comprised between 0 and 1, with 

the majority if the values being close to one of the two extremes.  

An example of brain segmentation in its three main components is shown in Figure 14. 
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Figure 14: Segmentation of a brain volume (in the native space, first row) in its three main components: GM (second 

row), WM (third row) e CSF (last row). 
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2.1.2 Voxel based morphometry 

Voxel Based Morphometry (VBM) is an advanced MRI technique that allows the between-group 

comparison of grey matter local concentration (Ashburner & Friston, 2000). More specifically, 

VBM is a fully automated morphometric technique that, comparing voxel-wise T1 weighted 

images, is able to identify local structural abnormalities, e.g. minimal differences in grey matter 

density that are not detectable with a qualitative evaluation of MR images with conventional 

techniques. Of note, VBM density does not refer to the cellular density measured by 

cytoarchitectonic methods. The VBM procedure requires the spatial normalization of all images to 

the same stereotaxic space, the isolation of grey matter from normalized images through a 

segmentation procedure and finally the execution of a statistical analysis to localize and analyze 

differences in grey matter concentration (which is function of the volume) between groups. The 

final result of this processing is a statistical parametric map that shows regions with statistically 

different grey matter concentration between the compared groups (Figure 15).  
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Figure 15: Schematic representation of the VBM processing (modified from (Matsunari et al., 2007)). 

 

The spatial normalization step achieves the transformation of individual MR images to the same 

stereotaxic space, in order to correct global differences in size and shape of different brains and thus 

allow the between-group comparison. Typically, spatial normalization requires not only image 

translation and rotation but also nonlinear warping, to minimize individual regional anatomic 

variations by registering individual brains to a standard brain template such as the Talairach-

Tournoux or the MNI. In the first step of spatial normalization, affine transformation parameters are 

computed to allow modifications in global dimensions and location of the brain volume, through 

linear deformations along the 3 axes (Ashburner & Friston, 1997). In the second step parameters of 

elastic deformation are computed, in order to account for differences in shape between individual 

brains and the reference brain. Applying nonlinear transformations, the correspondence between 
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each anatomical structure of individual brains and the template brain is achieved (Ashburner & 

Friston, 1999). Given the impact of spatial normalization on the following steps of the analysis, the 

choice of an adequate template is of paramount importance.  

The segmentation procedure allows the classification and isolation of specific components of an 

MR image. In the VBM processing, normalized images are segmented in GM, WM and CSF. More 

specifically, each voxel is attributed a probability to belong to a specific tissue class and segmented 

accordingly based on its intensity and spatial location (i.e. a voxel is segmented as GM if it shows 

an high probability to belong to a region were GM is expected on the basis of the reference template 

and if it has a signal compatible with GM) (Ashburner & Friston, 2005).  

Following segmentation the images are modulated in order to preserve local volumes. In fact, as the 

normalization procedure induces compressions and expansions within the image, possibly 

modifying the GM local concentration, a modulation step, based on the Jacobian determinants 

derived from the normalization step, is required to correct the intensity value of each voxel 

according to the modifications undergone during normalization.   

Finally, normalized and modulated images undergo a smoothing step where the absolute value of 

each voxel is substituted with the mean value of its neighboring voxels, in order to increase the 

signal to noise ratio and reduce the impact of normalization errors. Smoothing is usually achieved 

via image convolution with a Gaussian function with amplitude of 4 to 6mm FWHM (Full Width at 

Half Maximum – a measure of the image resolution degradation induced by smoothing, which is 

equal to the Gaussian function amplitude measured at half of its maximum value). 

The statistical analysis is conducted applying voxel by voxel the general linear model (GLM) 

(Friston et al., 1995), thus performing an analysis of covariance that accounts for covariates of no 

interest that could affect the result (e.g. age or sex). The analysis is then corrected for multiple 

comparisons (deriving from the number of voxels constituting the brain volume) with techniques 

that account for the image resolution, in order to limit the significance loss induced by such 
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corrections (with the most used technique based on the Gaussian field theory) (Worsley et al., 

1996). 

These techniques are specifically suited for the simultaneous analysis of huge number of 

comparisons (i.e. the hundred thousands of voxels the constitute the GM volume), as they allows a 

local correction for multiple comparisons, whereas a correction based on all the voxels of the 

considered volume (i.e. a Bonferroni correction) would set an unreasonably high threshold. 

All the above-mentioned techniques are implemented in different software, such as the Statistical 

Parametric Mapping software (http://www.fil.ion.ucl.ac.uk/spm). 
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2.1.3 Cerebellar segmentation methods 

Manual segmentation of the cerebellum, although still considered as the gold-standard procedure, 

has several problems, including but not limited to being a very slow and error-prone procedure, 

with consistency between operators that is also difficult to achieve (Cardenas et al., 2014). 

In the literature, different approaches have been described to segment the cerebellum. However, 

among the fully automated and publicly available methods to segment the MRI images of the 

cerebellum, only few software provide a parcellation of cerebellar lobules, which are here listed and 

briefly described.  

One of the most widely used approaches in literature is the Spatially Unbiased InfraTentorial 

(SUIT) method (http://www.diedrichsenlab.org/imaging/suit.htm). This is a toolbox working under 

the SPM software, based on global segmentation and isolation of the cerebellum‐brainstem tissues 

using priors on their spatial distribution at low resolution, followed by nonlinear coregistrations of 

input MRI images to a 1mm3 isotropic cerebellar atlas (Figure 16).  

 

 

Figure 16: Application of the SUIT pipeline to obtain cerebellar lobule volumes in a 43 years old healthy subject. 
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SUIT, which is specifically designed to process standard resolution dataset acquired at 3T MRI, has 

been widely used to study cerebellar involvement in several neurological disorders such as 

neurodegenerative, neuroinflammatory and psychiatric disorders (Cierpka et al., 2017; Cocozza et 

al., 2017; D'Mello, Crocetti, Mostofsky, & Stoodley, 2015; O'Callaghan et al., 2016; Wolf et al., 

2015). 

On the other hand, another approach that has been used in literature is the cerebellar segmentation 

obtained from FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). This software assigns a 

neuroanatomical label automatically to each voxel of an individual MRI volume based on 

probabilistic information estimated from a manually labeled training set. The procedure is relatively 

time consuming (more than 10 hours per subject), requiring manual editing to correct the volume-

based stream outputs. 

Noteworthy to be mentioned is the cerebellum parcellation obtained with the Convolutional Neural 

Networks (CNN) approach (http://www.iacl.ece.jhu.edu/index.php/Cerebellum_CNN), which is 

based on learning a set of nonlinear filters producing feature maps of local to global information to 

segment the image. This segmentation procedure, validated on five 1 mm isotropic images acquired 

at 3T, uses first a locating network to predict a bounding box around the cerebellum, then a 

parcellating network to parcellate the cropped‐out cerebellum. 

On the other hand, the CEREbellum SEgmentation (CERES) method 

(https://volbrain.upv.es/index.php) consists of a multiatlas patch‐based nonlocal label fusion 

technique that produces segmentations using a library of manually annotated cases. Nevertheless, 

the method scripts are not publicly available, with images that can be processed only via a web 

interface that can process a very limited number of dataset (10 dataset per day and per user). 

Furthermore, the method has been validated only on 1mm3 isotropic images acquired on 1.5T 

scanners 
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The Multiple automatically Generated Templates (MaGeT) brain segmentation algorithm 

(http://cobralab.ca/software/MAGeTbrain/) produces lobular parcellation using a multiatlas voting 

procedure based on a template library generated from the input images Despite a high accuracy, 

especially compared to other algorithms, this method is very time consuming, due to its use of 

multiple nonlinear registrations. Furthermore, as for CERES, the method has been validated only on 

1 mm isotropic images acquired on 1.5T scanners 

Finally, the Rapid Automatic Segmentation of the human Cerebellum And its Lobules (RASCAL) 

(Weier, Fonov, Lavoie, Doyon, & Collins, 2014) approach has to be mentioned, which combines 

patch‐based label‐fusion and a template library of manually labeled cerebella obtained from 16 

HC. 
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2.2 Functional MRI  

2.2.1 Principles 

Functional Magnetic Resonance Imaging (fMRI) is an MRI technique that indirectly measures brain 

activity through the detection of modifications in the cerebral blood flow (CBF), allowing the 

investigation of anatomical structures activated during the execution of specific tasks or following 

the application of a specific stimulus. The theoretical basis of fMRI relays in the neurovascular 

coupling, (i.e. the relationship between local neural activity and subsequent changes in CBF).  

In normal conditions, CBF is 750-1000 ml/min, with higher distribution (4x) in the grey matter than 

in the WM (Kandel, Schwartz, Jessell, Siegelbaum, & Hudspeth, 2012). Brain function depends 

upon a steady supply of glucose through the blood flow and therefore glucose consumption, with 

secondary oxygen consumption, represents a valuable index of brain activity (Phelps et al., 1979).  

In 1986, through the application of nuclear medicine techniques, Fox and Raichle described how 

CBF glucose consumption was followed by a non-proportional increase in oxygen consumption (P. 

T. Fox & Raichle, 1986). Subsequently it has been shown how deoxyhemoglobin concentration 

depends upon oxygen consumption but also brain volume and CBF velocity. Specifically, a CBF 

increase following an increase in CBF velocity determines a sensible reduction in neuronal oxygen 

extraction, inducing a reduction in deoxyhemoglobin concentration (Bereczki et al., 1993; 

Villringer, Them, Lindauer, Einhäupl, & Dirnagl, 1994). 

The CBF increase not associated to a parallel increase in oxygen extraction causes an increase in 

oxyhemoglobin concentration and a relative reduction in deoxyhemoglobin concentration (Kato, 

Kamei, Takashima, & Ozaki, 1993; Malonek & Grinvald, 1996; Meek et al., 1995). Modifications 

of deoxyhemoglobin concentration represent the physiological basis of fMRI (Ogawa et al., 1992) 

(Figure 17). 
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Figure 17: Schematic representation of microvascular cerebral blood flow modifications in response to a task (modified 

from (McRobbie, Moore, Graves, & Prince, 2017)) 

 

fMRI contrast is based on the BOLD (Blood Oxygen Level Dependent) effect. BOLD contrast 

derives from variations in the magnetic susceptibility of blood due to variations in the concentration 

of deoxyhemoglobin secondary to brain activity. The first description of the BOLD effect dates 

back to 1990, when Ogawa analyzed murine brain at high magnetic field after the inhalation of 

oxygen 100% and after the inhalation of a mixture of oxygen and carbon dioxide 10%. Ogawa 

described how, after the inhalation of pure oxygen, a strong natural contrast could be detected in the 

brains as hypointense striae in the vicinity of veins, which were not detectable after the inhalation of 

the mixture containing carbon dioxide. Carbone dioxide, in fact, by inducing vasodilation, was 

determining an increase in CBF, a reduction in deoxyhemoglobin concentration and therefore a 

modification of the magnetic field. Ogawa named this phenomenon BOLD effect (Ogawa, Lee, 

Kay, & Tank, 1990; Ogawa et al., 1992). Following these first description in the rat brain, the 



41 
	

BOLD effect was tested and confirmed in humans (Bandettini, Wong, Hinks, Tikofsky, & Hyde, 

1992; Kwong et al., 1992). 

As previously described, the modifications in the magnetic field responsible for the BOLD effect 

are driven by deoxyhemoglobin paramagnetic properties (Pauling & Coryell, 1936), which, in turn, 

depend upon its molecular structure. Indeed, the iron molecules that are part of deoxyhemoglobin 

composition present 4 electrons on their most external orbital, conferring to the molecule a high 

spin state that explains its behavior of paramagnetic agent. Considering its paramagnetic properties, 

it follows that the relative reduction in deoxyhemoglobin concentration determines a reduction of 

the magnetic field inhomogeneity, with consequent increase of the T2* signal intensity, which is 

highly sensitive to field inhomogeneity. In summary, CBF modifications indirectly induce magnetic 

field perturbations that modify the natural contrast of fMRI images (Boxerman, Hamberg, Rosen, & 

Weisskoff, 1995; Kennan, Zhong, & Gore, 1994; Yablonskiy & Haacke, 1994). 
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2.2.2 fMRI data analysis methods 

From a technical standpoint, the image acquisition relies on T2* weighted echo planar sequences 

(gradient echo sequences in which every section is acquired independently using a single echo train 

or single shot), with most of the scanners that are able to obtain a single volume with a slice 

thickness of approximately 3mm in 20-30ms (S. Chen & Li, 2012).  

The choice of echo planar imaging for fMRI relies on the following considerations:  

i) the signal to noise ratio is directly proportional to the acquisition time (and therefore the temporal 

resolution) and to the voxel size (and therefore the spatial resolution) 

ii) the BOLD signal has a latency of about 3 seconds with respect to the brain activation, and an 

intensity lasting about 10 seconds, with a peak at 5-6 seconds.  

For this last reason, in order to analyze events occurring while the BOLD signal is detectable, it is 

necessary to minimize the image acquisition time. To achieve an increase in temporal resolution, 

which is the main limiting factor in an fMRI analysis, it is necessary to trade off spatial resolution. 

This translates in an increase in voxel size, in order to maintain the signal to noise ratio within 

reasonable values. The signal to noise ratio issue could also be solved increasing the magnetic field 

(i.e. 7T scanners), which would allow the acquisition of images with high temporal resolution 

without compromising the spatial resolution (Shmuel, Yacoub, Chaimow, Logothetis, & Ugurbil, 

2007).  

In order to evaluate modifications induced by the execution of a task, the fMRI sequence acquires 

brain volumes for its entire duration. During the acquisition the subject is asked to alternate active 

periods (i.e. the task execution) and rest periods during which no task is executed (Glover, 2011).  

Theoretically, this acquisition technique would allow the direct comparison of the images acquired 

under the two conditions (task execution and rest) to evaluate brain areas undergoing activation.  

Unfortunately this is not possible as the BOLD effect induces slight signal variations (about 1%), 

which are further masks by the images intrinsic noise (related to physiological – head movements, 
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breath related movements, heart beat – and technical factors) (Birn, Smith, Jones, & Bandettini, 

2008; Chang & Glover, 2009).  

For this reason, the acquired images require the application of specific processing steps, with the 

aim to reduce the images intrinsic noise and optimize temporal and spatial resolution (Bandettini et 

al., 1992). Specifically, when we model the data at each voxel we assume that all of the slices were 

acquired simultaneously. As this is not the case, and the delta between the acquisition time of the 

first and last slice can be up to 2 seconds, in the first step of the fMRI processing the time-series for 

each slice are shifted back in time by the duration it took to acquire that slice, through temporal 

interpolation of adjacent time points.  

Afterwards, in order to remove the confounding effects introduced by the subject head movements, 

each volume is spatially registered to the exam’s first time point, through a rigid-body volume 

registration, which applies rotation and translation parameters obtained for the three main axes to 

overlay the two volumes (Cox & Jesmanowicz, 1999). Temporally and spatially normalized images 

are then despiked, substituting outlier values within the image with the mean voxel value computed 

from all the exam’s acquisitions, in order to remove artifacts. The despiked images are then 

spatially smoothed via Gaussian function and filtered with the application of high-band low-band 

filters. The high-band filter removes signal variations that are too slow, such as those induced by 

non-physiologic phenomena such as temperature variations in the scanner room, while the low-pass 

filter removes variations in the signal that are to fast, related for example to the cardio-respiratory 

cycle. Finally, a mean of all volumes is computed. From this mean image are estimated the 

coregistration and deformation parameters necessary to normalize and overlay the volume to the 

MNI template provided in SPM (Ashburner & Friston, 1999). The fMRI normalized volume means 

undergo a smoothing step with a Gaussian convolution matrix (usually with a 6 or 8mm FWHM) to 

compute a local EPI template which represents the reference for time series normalization.  

fMRI techniques, originally developed to explore the activation of specific brain regions following 

a stimulus or during the execution of a task, have been more widely applied to investigate 
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functional connections between brain regions. Indeed, the brain is functionally composed by 

networks of interconnected areas that can be characterized thanks to fMRI.  

Functional connectivity can be defined as the synchronous activation of brain areas not directly 

interconnected (Aertsen, Gerstein, Habib, & Palm, 1989), and can be explored analyzing the 

temporal variation (Time-Activity Curve - TAC) of the BOLD signal in a brain area (“seed”) rather 

than the temporal evolution of the executed task or the administered stimulus. Time-activity curves 

present time on the x-axis and signal intensity on y-axis, allowing the estimation of the degree of 

activation of a single voxel at a specified time. Since TAC introduction, functional connectivity is 

defined as the degree of co-activation (and therefore overlap) of anatomically secluded areas. 

Among the different techniques that can be applied for the investigation of functional connectivity, 

in Resting State-fMRI RS-fMRI) has gained an increasing attention over time (Biswal, Van Kylen, 

& Hyde, 1997; Lowe, Dzemidzic, Lurito, Mathews, & Phillips, 2000).  

Indeed, it has been demonstrated how at rest brain networks present a spontaneous, synchronous 

activity (Buckner, Andrews-Hanna, & Schacter, 2008; Greicius, Supekar, Menon, & Dougherty, 

2009). In order to reflect the rest condition, during the acquisition subjects are asked to keep their 

eyes closed and relax without falling asleep, as some network activity is modified by the sleep/wake 

condition (Sämann et al., 2011). 

Many processing techniques have been developed over the years for the analysis of fMRI data, and 

they can be coarsely classified as model-dependent and model-independent methods (van den 

Heuvel & Hulshoff Pol, 2010). 

An example of model-dependent method is the Seed-Based analysis, which entails the identification 

of an area of interest (or “seed”) and the evaluation of TACs that covary with that region. The seed 

can be chosen a priori, in order to test an hypothesis, or a posteriori, for example selecting the area 

which is most active during a task execution. Evaluation all TACs covarying with the seed region it 

is possible to build a connectivity map, which contains all regions functionally connected with our 

region of interest (ROI). The downside of this method is the impossibility to describe maps of 
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functional connectivity for regions that do not relate to the seed (Biswal et al., 1997; Cordes et al., 

2000). 

An example of model-independent method is the independent component analysis (ICA), which 

allows the investigation of brain networks over the entire brain volume, identifying different 

networks on the basis of the different TACs and classifying them in distinct clusters. Historically, 

the ICA has been considered the solution to the “cocktail party problem”, as this method is able to 

identify several networks in an highly confounding setting characterized by the simultaneous 

activity of distinct cerebral areas pertaining to different functional networks (situation similar to a 

party where many people are involved in several independent talks, which might be difficult to 

isolate if examined simultaneously). Nevertheless ICA results have to be interpreted with caution, 

given the degree of noise of the analysis (M. D. Fox & Raichle, 2007). 

Regardless from the specific analysis technique, both model-dependent and model-independent 

methods allowed the identification of several Resting-State Networks (RSNs), whose activity 

increases in rest conditions; among these the Default Mode Network (DMN), the Sensory-Motor 

Network, the Salience Network and the Executive Network (Damoiseaux et al., 2006).  
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CHAPTER 3 

Ultra-high field cerebellar segmentation method development 

 

3.1 Background 

The advent of high and ultra‐field MRI has significantly improved the investigation of 

infratentorial structures, such as cerebellum and brainstem, allowing the acquisition of high‐

resolution images (below 1mm3 voxel resolution) with better signal‐to‐noise and contrast‐to‐

noise ratios (Batson, Petridou, Klomp, Frens, & Neggers, 2015; Sclocco, Beissner, Bianciardi, 

Polimeni, & Napadow, 2018).  

However, as previously described in Chapter 2.1.2, only a few methods are available for the 

analysis of regional or lobular cerebellar structures, with most of these methods that are validated 

on datasets acquired with a 1mm3 voxel resolution, Furthermore, there were no available methods 

that provided segmentation of all infratentorial structures, namely cerebellar lobules, cerebellar WM 

and brainstem, limiting their application only to the evaluation of possible cerebellar involvement. 

The objective of our study was to improve the accuracy of cerebellar volume estimation and 

provide a tool for the simultaneous segmentation of cerebellum and brainstem by implementing a 

new algorithm named SUIT for Enhanced Resolution (SUITer). We validated the results obtained 

from SUITer segmentation against manual segmentation, as well as against those obtained using 

with the widely available, state‐of‐the‐art software for cerebellar segmentation (namely, SUIT, 

FreeSurfer, CNN), also showing possible SUITer application to different resolution images (0.7 and 

1mm3 of voxel resolution). 
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3.2 Methods 

Outline 

SUITer pipeline includes the following steps: 

(i) Brain MR images segmentation into tissue types (ie, GM, WM and CSF) using the 

computational anatomy toolbox (CAT12) (http://www.neuro.uni-jena.de/cat/) 

(ii) Cerebellum and brainstem isolation, achieved by using the inverse warping field generated by 

CAT12 to transpose the standard brain brainstem‐cerebellum mask back in the subject space and 

applying it to both GM and WM tissues segmented with CAT12 

(iii) Cerebellar lobules segmentation obtained by customizing the available SUIT algorithm to 

allow its application to high‐resolution datasets 

(iv) WM and brainstem segmentations, obtained masking cerebellar lobules from the isolated 

cerebellum‐brainstem resulting from step (ii) 

The proposed method was first validated on publicly available images of five HC acquired at 3T 

MRI against manual segmentation (considered as the gold standard) and standard SUIT processing 

(validation analysis). Since both the cerebellum and the brainstem show high left‐right symmetry, 

we increased the size of the validation dataset flipping the original five MR images. 

After validation, the feasibility of SUITer was tested both in HC and pathological brains. 

Specifically, SUITer was tested in 10 multiple sclerosis (MS) patients, a condition characterized by 

the presence of cerebellar and brainstem atrophy (Mormina et al., 2017) and 10 HC MRI data 

acquired at both 3 and 7T magnetic fields (application analysis). 

Participants 

For the validation analysis, images of five HCs (3 females, age range = 29‐57 years, mean age = 37 

years) were obtained from a publicly available dataset (http://imaging-

genetics.camh.ca/cerebellum). 
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For the application analysis, 10 MS patients (7 females, age range=38‐61 years, mean age=49 

years, disease duration (DD) range=4‐37 years, mean=19 years) and 10 HCs (8 females, age 

range=27‐52 years, mean age=39 years), were randomly selected from an internal MRI database. 

Subjects underwent two separate MRI sessions (3 and 7T) on the same day at the Icahn School of 

Medicine at Mount Sinai, New York, USA. 

MRI Data Acquisition 

Datasets used in the validation analysis were acquired on a 3T scanner (GE Discovery MR 750, 

General Electric) using an 8‐channel head coil. Volumetric images were obtained by acquiring a 

high‐resolution 3D T1‐weighted inversion‐prepared fast spoiled gradient‐recalled echo sequence 

(FSPGR‐BRAVO), with the following parameters: voxel size=0.6x0.6x0.6mm3; field of view 

(FOV)=220mm; TR/TE/TI=9.2/4.3/650ms; flip angle=8°; 2NEX. ZIPX2 and ZIP512 reconstruction 

filters were used to upsample data to 0.3mm3 voxels. 

Datasets used in the application analysis were acquired on a 3 and 7T scanners. 

Datasets (3T) were acquired on MAGNETOM Skyra (Siemens Healthineers) using a 32-channels 

head and neck coil. A T1-weighted magnetization prepared rapid gradient echo (MPRAGE) 

sequence was acquired with the following parameters: voxel size=0.8x0.8x0.8mm3; 

FOV=256×256mm²; 224 sagittal slices; TR/TE/TI=3,000/2.47/1,000ms; flip angle=7°; generalized 

autocalibrating partially parallel acquisition (GRAPPA) with an acceleration factor R=2.  

Datasets (7T) were acquired on MAGNETOM (Siemens Healthineers) using a 32-channels head 

coil, with an MPRAGE sequence with the following parameters: voxel size=0.7x0.7x0.7mm3; 

FOV= 224×224mm²; 240 sagittal slices; TR/TE/TI=2,200/2.95/1,050ms; flip angle=7°; GRAPPA 

with acceleration factor R=2.  

SUITer Pipeline 
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SUITer processing pipeline was implemented in Matlab language (R2015b version) and ran on a 

Mac OS X 10.9.5 workstation equipped with a 64‐bit 3.5 GHz 6‐Core Intel Xeon ES processor 

and 64 GB 1866 MHz DDR3 RAM memory. 

Brain Segmentation 

Brain 3D T1‐weighted images were segmented using CAT12, an extension of the Unified 

Segmentation approach in SPM12. For the current analysis, the default parameters were used for 

CAT12 segmentation except for sampling distance, which was set to 2 instead of 3 in order to 

obtain a better delineation of brain tissues. Briefly, the CAT12 segmentation approach is based on 

an adaptive maximum a posterior technique that accounts for image intensity inhomogeneities, 

noise, local variations of intensity, and PVE within each voxel (Manjón, Coupé, Martí-Bonmatí, 

Collins, & Robles, 2010), thus providing a more accurate segmentation than SPM12. An additional 

improvement offered by CAT12 over SPM12 approach is the integration of the diffeomorphic 

anatomical registration using exponentiated lie algebra (DARTEL) normalization to an existing T1-

weighted template in MNI space (Ashburner, 2007), generated using 555 HC subjects of the IXI‐

database (IXI555) with 1.5mm isotropic resolution instead of the 2 mm MNI152 template available 

in SPM12 (http://www.brain-development.org). 

Isolation 

In order to create a standard mask, the cerebellum and the brainstem were manually isolated on the 

T1‐weighted IXI555 template, part of CAT12 toolbox. Manual segmentation was made by a 

trained rater and reviewed by an experienced rater, based on the Harvard-Oxford subcortical 

structural and the SUIT cerebellum atlases (Diedrichsen, 2006). During CAT12 segmentation, 

single subject structural data were aligned to the IXI555 template using the DARTEL normalization 

(Ashburner, 2007). Two warping fields were produced by CAT12; the direct warping field that 

aligns the single subject structural data to the IXI555 template and the inverse warping field (aligns 

the IXI555 template to subject structural data). The resulting inverse warping field was then used to 
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transpose the infratentorial mask back to the native space. Of note, the IXI555 infratentorial mask 

contains two labels, the cerebellum (label 1) and brainstem (label 2). The transposed mask was 

binarized then applied to both GM and WM CAT12 brain segmentations to isolate infratentorial 

segmentations in the subject space. 

Cerebellum and Brainstem Segmentation 

Both the cerebellum‐brainstem mask and the isolated GM and WM obtained from the above 

mentioned steps were aligned to the SUIT atlas template via an affine transformation, followed by 

DARTEL registration (Ashburner, 2007). The linear and nonlinear transformations derived from the 

previous coregistration step were inverted. By applying the inverted transformations, the SUIT atlas 

was then realigned in the native subject space. Lobules segmentation was further corrected by 

masking for the WM and CSF obtained from the CAT12 segmentation (threshold of 0.8). Brainstem 

segmentation resulting from the isolation step (label 2) was corrected from residual CSF. WM 

segmentation was obtained by masking cerebellar lobules and brainstem from the transposed 

binarized infratentorial mask in the subject space (see Figure 18 for a flowchart of the method). 
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Figure 18: Overview of preprocessing and SUITer pipeline steps. Nu = nonuniformity intensity. 

 

The SUIT template and atlas were resampled to avoid image blurring to the same resolution as the 

input data using a spline interpolation and nearest neighbors, respectively. Considering that the 

standard SUIT processing pipeline is optimized to process data with a 1mm isotropic resolution, 

SUIT scripts were modified accordingly to take into account for the upsampled resolution of both 

the SUIT template atlas and the input data. 

SUIT Customization 

Methodological differences between SUIT and SUITer are highlighted below: 

(i) Brain segmentation: CAT12 toolbox25 was used to segment brain tissues instead of the unified 

segmentation approach in SPM12, part of standard SUIT pipeline (Diedrichsen, 2006). The CAT12 

segmentation approach is based on an adaptive maximum posterior technique that accounts for 
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image intensity inhomogeneities, noise, local variations of intensity, and PVE within each voxel, 

thus, providing a more accurate segmentation than SPM12 

(ii) Isolation: Infratentorial tissues isolation was computed using CAT12. During CAT12 

segmentation, single subject structural data were aligned to the IXI555 template, part of CAT12 

toolbox, using the DARTEL algorithm (Ashburner, 2007). Two warping fields were produced by 

CAT12: the direct warping filed that aligns the single subject structural data to the IXI555 template 

and the inverse warping field (aligns the IXI555 template to subject structural data) and the inverse 

warping field was used to transpose the IXI555 infratentorial manual mask back in the native space. 

The transposed mask, that is, cerebellum‐brainstem mask, was finally applied to both GM and WM 

tissues segmented with CAT12 to isolate infratentorial GM and WM segmentations in the subject 

space. 

In the SUIT standard pipeline, the unified segmentation approach in SPM12 and the spatial 

proximity of GM voxels to either cerebral or cerebellar WM are used to isolate infratentorial WM 

and GM segmentations (Diedrichsen, 2006). This approach could lead to tissue overestimation at 

standard resolution, or miss segmentation when high‐resolution MRI data are processed (Park et 

al., 2014) 

(iii) DARTEL normalization: Data were normalized to SUIT space while preserving its native 

resolution. To that aim, SUIT atlas and templates (1mm isotropic) were resampled to match the 

native data resolution and SUIT‐DARTEL script was modified to enable high‐resolution 

normalization to SUIT atlas 

(iv) Lobules segmentation: SUIT lobules segmentation was corrected from residual CSF, which 

increases lobules segmentation accuracy 

(v) WM and brainstem segmentation: Cerebellar WM and brainstem segmentations are provided, 

which are not produced by the standard SUIT pipeline 
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As a result of these customized steps, SUITer segmentation accuracy depends on CAT12 

segmentation accuracy, DARTEL normalization to the IXI555 template accuracy and DARTEL 

normalization to SUIT template accuracy, and the correction step at the end of pipeline that 

excludes residual CSF from cerebellar lobules parcellation.  

Validation and Application Analyses 

The standard SUIT was applied to 1mm isotropic resolution images to calculate cerebellar lobule 

volumes, FreeSurfer was run on both 1 and 0.7mm isotropic resolution images to calculate 

cerebellar GM, WM, and brainstem volumes, CNN was run on 1 and 0.7mm isotropic resolution 

images to calculate cerebellar lobule and WM volumes, while SUITer was applied on both 

validation (1 and 0.7mm isotropic resolution images) and application datasets (3 and 7T MR 

images) to calculate cerebellar lobule, WM, and brainstem volumes. 

Validation Analysis 

Manual segmentations used in the validation analysis were derived from publicly available datasets 

(cerebellum) or in-house segmentation (brainstem). As reported in (Park et al., 2014), cerebellar 

lobules (from I to X) have been manually segmented by two expert operators, based on the 

Schmahmann definition (Schmahmann et al., 1999), providing corresponding cerebellar atlases. 

MR images and cerebellar atlases were resampled to 0.7mm isotropic resolution to match with data 

resolution obtained by the last generation of MRI scanners. 

The brainstem was manually delineated by a trained operator, and reviewed by an expert one, on 

the T1-weighted images resampled to an isotropic resolution of 0.7mm using spline interpolation. 

Manual segmentation of the brainstem was based on the Harvard-Oxford subcortical structural atlas 

and the 7.0T MRI brain atlas (Cho, 2010; Iglesias et al., 2015). 

Both atlases (cerebellar and brainstem) were then resampled to an isotropic resolution of 1 mm 

using the nearest neighbors interpolation. 

Application Analysis 
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WM lesions in MS patients, for both 3 and 7T datasets, were segmented by one experienced 

observer using a semiautomatic segmentation technique (Jim 7, Xinapse Systems, Northants, UK). 

To avoid tissue misclassifications during the segmentation, WM lesions were filled with a 

distribution of signal intensity values equivalent to those in normal-appearing WM in the image 

(lesions inpainting) (Battaglini, Jenkinson, & De Stefano, 2012). Then, data from both 3 and 7T 

scans were corrected for gradient nonlinearity induced geometric distortion using the “gradient 

unwarp” package provided by the Human Connectome Project with the default parameters (Glasser 

et al., 2013; Jovicich et al., 2006), except for the minimum (maximum) extent of the grid, where 

spherical harmonics are evaluated = −0.2 m (0.2 m). After this step, 3T MRI data were corrected for 

intensity inhomogeneity using the nonparametric nonuniform intensity normalization N3 (Sled et 

al., 1998), while 7T data were corrected using the “Segment” module in SPM12 (Ashburner & 

Friston, 2005) using an optimized set of input parameters (bias regularization = 0.001; FWHM of 

Gaussian smoothness of bias = 30mm cutoff; sampling distance = 2; default values for the 

remaining parameters) (Ashburner & Friston, 2005; Ganzetti, Wenderoth, & Mantini, 2016; Uwano 

et al., 2014). 

Statistical Analysis 

For the validation analysis, methods’ accuracy was evaluated using five different approaches: 

1) The difference in volumes estimation among the manual segmentation at the native resolution, 

SUIT, FreeSurfer, CNN, and SUITer. 

2) The Dice similarity coefficient (DSC), which evaluates the performance of method segmentation 

by measuring their spatial overlaps.37 The DSC is defined as follows:  

2 × |GT ∩ S| (|GT| + |S|) 

where |GT| and |S| are the infratentorial structure volume in mm3 obtained by the manual 

segmentation and the segmentation method to be evaluated (SUIT, FreeSurfer, CNN, and SUITer), 

respectively. |GT ∩ S| is the volume in mm3 common to both segmentation results. A DSC value 

higher than 80% indicates a very good agreement (Dice, 1945). 
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3) Linear regression (intercept I, slope S, root mean square error (RMSE), and goodness‐of‐fit R‐

squared R2) of infratentorial volumes obtained by manual segmentation, SUIT, FreeSurfer, CNN, 

and SUITer. 

4) The intraclass correlation coefficient (ICC) among the infratentorial volumes obtained by manual 

segmentation, SUIT, FreeSurfer, CNN, and SUITer. 

5) Cohen's d coefficient among the infratentorial volumes obtained by manual segmentation, SUIT, 

FreeSurfer, CNN, and SUITer. 

Lobules I‐II, III, and IV in manual segmentations were combined to match those from SUIT and 

SUITer. Due to some labeling differences between MaGeT, SUIT and SUITer, lobules laterality, as 

well as Crus I and Lobule IX volumes were not taken into account in the validation analysis. Of 

note, we did not evaluate the accuracy of SUITer, FreeSurfer cerebellar WM segmentation because 

the arbor vitae was not included in the manual segmentation of WM mask (Park et al., 2014). 

For the application analysis, cerebellar lobules, WM and brainstem were segmented using SUITer 

for both 3 and 7T datasets. The agreement in terms of infratentorial volumes/segmentations 

between the two scanners was evaluated using the difference in volumes estimation, the DSC, linear 

regression, ICC, and Cohen's d coefficient. To quantify the DSC between 3 and 7T segmentations, 

7T MR images were linearly aligned to 3T MR images using a 12 degrees of freedom affine FLIRT 

registration and the resulting transformation matrix was applied to 7T segmentations (Jenkinson, 

Beckmann, Behrens, Woolrich, & Smith, 2012). Figure 19 shows the results of alignment between 

3 and 7T images from an MS patient and a HC. Statistical analyses were conducted with Matlab 

software (R2015b version). Values are expressed as mean ± SD, unless otherwise indicated. 
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Figure 19: Example of alignment between 3 and 7T data. Results of linear registration between 3 and 7T images from 

an MS patient (panel A) and a HC (panel B).  
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3.3 Results 

Computational Time 

The computational time of the standard SUIT to process a T1-weighted volume at 1mm isotropic 

resolution was 6.10 minutes. The computational times of the SUITer pipeline on 1 and 0.7mm 

isotropic resolution T1-weighted volume were 16.8 and 29.9 minutes, respectively. The 

computational time of the CNN pipeline on 1 and 0.7mm isotropic resolution T1-weighted volumes 

were 7.6 and 10.9 minutes, respectively. Finally, the computational time of the FreeSurfer pipeline 

on 1 and 0.7mm isotropic resolution T1-weighted volume were 10 hours 38.5 minutes and 17 hours 

2.8 minutes, respectively. 

Validation Analysis 

Infratentorial volumes obtained from manual segmentation, SUIT, FreeSurfer, CNN, and SUITer 

methods are summarized in Table 1, while accuracy measurements are summarized in Tables 2 and 

3. 
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Validation dataset (DCS) 
SUIT  CNN 0.7 mm CNN 1 mm SUITer 0.7 mm SUITer 1mm 

Lobule I-IV 75.25 (2.87) 80.10 (6.69) 78.71 (8.61) 78.57 (2.96) 79.85 (2.46) 
Lobule V 68.91 (4.44) 72.97 (3.29) 72.31 (6.49) 72.32 (3.01) 71.77 (3.11) 
Lobule VI 77.78 (3.15) 82.74 (2.85) 83.28 (2.84) 80.13 (2.81) 79.12 (3.07) 
Crus I*  76.52 (5.18) 85.99 (3.47) 84.76 (5.26) 77.94 (3.26) 76.20 (3.61) 
Crus II  69.64 (6.42) 77.89 (5.04) 77.30 (5.20) 68.28 (4.75) 69.33 (4.64) 
Lobule VIIb 55.11 (7.91) 65.33 (11.70) 64.66 (11.22) 50.82 (9.51) 53.32 (9.01) 
Lobule VIIIa 62.95 (4.30) 70.84 (8.60) 70.59 (7.69) 59.16 (6.11) 60.95 (5.60) 
Lobule VIIIb 67.45 (2.32) 80.16 (4.23) 79.81 (3.22) 62.53 (3.76) 66.73 (3.90) 
Lobule IX* 77.07 (2.65) 89.63 (0.56) 89.39 (1.36) 77.02 (1.37) 79.25 (1.19) 
Lobule X 63.27 (3.54) 76.11 (3.47) 76.36 (3.54) 71.76 (1.73) 72.68 (3.01) 

 
Table 3: Dice similarity coefficient between manual segmentation, SUIT, CNN and SUITer. 

 
 
Figure 20 shows an example of segmentation of infratentorial structures obtained by manual, SUIT, 

FreeSurfer, CNN, and SUITer methods.  
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Figure 20: Example of cerebellar lobules, WM, and brainstem structures segmentation on the validation dataset 

obtained by manual segmentation, CNN, FreeSurfer, and SUITer at high and standard resolutions (0.7 and 1mm 

isotropic resolutions), SUIT at standard resolution. 

 

Of note, SUIT method does not provide cerebellar WM and brainstem segmentations; therefore, for 

this method only cerebellar lobule segmentations were taken into account. FreeSurfer method does 

not provide cerebellar lobule segmentations; therefore, for this method only cerebellar GM, WM, 

and brainstem volumes were taken into account. CNN method does not provide brainstem 
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segmentations; therefore, for this method only cerebellar lobule, cerebellar GM, and WM 

segmentations were taken into account in our validation analysis. Manual segmentation was 

considered as the ground truth. 

Cerebellar GM 

SUIT overestimated cerebellar GM volume by 29.23 ± 4.64mL. CNN, FreeSurfer and SUITer 

methods overestimated cerebellar GM volume by 9.43 ± 3.19, 3.56 ± 1.76, and 5.56 ± 3.80mL, 

respectively, for 0.7mm isotropic resolution data and by 10.17 ± 4.14, 3.47 ± 3.08, and 12.62 ± 

3.85mL, respectively, for 1mm isotropic data. 

The overlap between SUIT and manual segmentations was DSC = 83.26 ± 1.35%. CNN, 

FreeSurfer, and SUITer segmentations were highly overlapping with manual segmentation for 0.7 

mm isotropic resolution data (DSC = 89.69 ± 1.29, 86.19 ± .49, and 83.46 ± 1.71%, respectively) as 

well as for 1 mm isotropic data (DSC = 89.58 ± 1.71, 86.73 ± .64, and 83.77 ± 1.72%, respectively). 

Results of the overlap between SUIT, CNN, FreeSurfer, SUITer, and manual segmentations for the 

individual cerebellar lobules are summarized in Table 3 (on page 60). 

ICC between CNN, FreeSurfer, and SUITer estimated cerebellar GM volumes and manual volumes 

for 0.7 mm isotropic resolution data were 0.74, 0.97, and 0.88, respectively. While for 1mm 

isotropic resolution data, ICC were 0.3, 0.71, 0.95, and 0.66 for SUIT, CNN, FreeSurfer, and 

SUITer, respectively. 

Cohen's d between CNN, FreeSurfer, and SUITer estimated cerebellar GM volumes and manual 

volumes for 0.7mm isotropic resolution data were 0.78, 0.26, and 0.43, respectively. While for 

1mm isotropic resolution data, Cohen's d were 2.07, 0.82, 0.25, and 0.96 for SUIT, CNN, 

FreeSurfer, and SUITer, respectively. 

Linear regression analysis showed a strong correlation between cerebellar GM volumes measured 

by manual segmentation and those obtained by SUIT (R2 = 0.92 for 1mm dataset), CNN (R2 = 0.95 

and 0.89 for 0.7 and 1 mm datasets, respectively), FreeSurfer (R2 = 0.99 and 0.97 for 0.7 and 1mm 

datasets, respectively) and SUITer (R2 = 0.91 and 0.92 for 0.7 and 1mm datasets, respectively), 
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with SUITer showing an almost perfect agreement across resolutions (R2 = 1.00). Results of the 

linear regression analysis for cerebellar lobules are shown in Figure 21. 

 

 

Figure 21: Scatterplots of the linear regression between cerebellar lobules volumes obtained from manual 

segmentation, SUIT, CNN, and SUITer on the validation dataset and SUITer on the application dataset. Due to some 

labeling differences between MaGeT, SUIT, and SUITer, lobules laterality, as well as Crus I and Lobule IX volumes 

were not taken into account for the linear regression. The difference in cerebellar WM definition between SUIT/SUITer 

and MaGeT segmentations explains the observed discrepancy in subject V5 for lobule VIIIa volume. I = intercept; S = 

slope; R2 = goodness‐of‐fit R‐squared; RMSE = root mean square error. 

 

Cerebellar WM 
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We did not compared directly SUITer WM segmentation with that obtained with manual 

segmentation because the MaGeT atlas used for the validation does not include the arbor vitae, 

which instead is included in SUITer and Freesurfer cerebellar WM segmentations. 

CNN underestimated cerebellar WM volume by −4.46 ± 1.01 and −4.30 ± 1.35mL for 0.7 and 1mm 

isotropic resolution datasets. The difference between cerebellar WM volume estimated by SUITer 

for 0.7 and 1mm data was 2.52 ± 0.89mL. 

The DSC showed a moderate agreement between manual segmentation and CNN segmentation for 

0.7 mm isotropic resolution data (DSC = 76.42 ± 4.32%) as well as for 1mm isotropic data (DSC = 

77.31 ± 4.70%). In addition, the DSC showed a high agreement between SUITer on 0.7 and 1mm 

datasets (DSC = 85.82 ± 1.44%). 

Linear regression analysis showed weak correlations between cerebellar WM volumes measured by 

manual and CNN (R2 = 0.32 and 0.29 for 0.7 and 1mm datasets, respectively), with SUITer 

showing a very high agreement across resolutions (R2 = 0.97). 

ICC between CNN and manual cerebellar WM volumes was 0.09 for both 0.7 and 1 mm isotropic 

resolution data. ICC was 0.76 for SUITer on 0.7 and 1mm datasets. 

Cohen's d between CNN and manual WM volumes for 0.7 and 1mm isotropic resolution datasets 

were 3.18 and 3.08, respectively. Cohen's d was 0.73 for SUITer on 0.7 and 1mm datasets. 

Brainstem 

Compared to the manual segmentation, FreeSurfer underestimated brainstem volume by 5.95 ± .91 

mL for 0.7 mm and 6.02 ± 0.86 mL for 1 mm data. SUITer slightly underestimated brainstem 

volume by 1.70 ± 0.75mL for 0.7mm and 1.65 ± 0.72mL for 1mm data. The DSC showed a high 

agreement between FreeSurfer, SUITer, and manual segmentations across resolutions, with a mean 

value of 86.72 ± 0.74 for FreeSurfer and 93.25 ± 0.48% for SUITer at 0.7 mm and 86.69 ± 1.31 for 

FreeSurfer and 93.26 ± 0.47% for SUITer using 1 mm datasets. In addition, the DSC showed a very 

high agreement between SUITer on 0.7 and 1 mm datasets (DSC = 96.55 ± 0.42%). 
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Finally, the linear regression analysis also showed an almost perfect correlation between brainstem 

volumes obtained by FreeSurfer, SUITer, and manual segmentation at both 0.7 and 1mm (R2 = 

0.98) as well as between SUITer on 0.7 and 1mm datasets (R2 = 1.00). 

Application Analysis 

Cerebellar GM, WM, and brainstem volumes obtained by SUITer method from 3 and 7T MR 

images are summarized in Table 1, while accuracy measurements are summarized in Tables 2 and 

3. 

Figure 22 shows an example of segmentation of cerebellar lobules, WM, and brainstem structures 

obtained by SUITer on 3 and 7T MRI datasets. 

 

 

Figure 22: Example of segmentation of cerebellar lobules, WM, and brainstem structures obtained by SUITer on the 3 

and 7T MRI data of an MS patient (application dataset). 

 

Cerebellar GM 

The difference between cerebellar GM volume estimated by SUITer from 3 and 7T images was 

7.29 ± 1.68mL (with 112.68 ± 15.13mL calculated at 3T and 105.39 ± 14.94mL at 7T), with data 

showing a high overlap, a strong correlation and a medium effect size (DSC = 87.44 ± 1.27%, R2 = 
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0.99, ICC = 0.89, and Cohen's d = 0.48). Results of the linear regression analysis for cerebellar 

lobules are shown in Figure 21. 

Cerebellar WM 

SUITer estimated a mean cerebellar WM volume of 29.66 ± 4.04mL on datasets acquired at 3T, 

while the mean value obtained from 7T images was of 28.28 ± 3.70mL, providing a difference of 

1.38 ± 1.77mL. The DSC, R2, ICC and Cohen's d between SUITer segmentations of images 

acquired at 3 and 7T were 74.81 ± 2.26%, 0.81, 0.85, and 0.36, respectively. 

Brainstem 

The difference between brainstem volumes estimated by SUITer at 3 and 7T was 1.61± 0.40mL, 

with a mean volume of 30.47 ± 2.78mL obtained from images at 3T and 28.86 ± 2.64mL provided 

by the analysis of 7T data. Similarly to what proved for cerebellar GM and WM volumes, also 

brainstem volumes showed a strong correlation and medium effect size between 3 and 7T data (R2 

= 0.99, ICC = 0.84, and Cohen's d = 0.59). The DSC demonstrated a very high overlap between 7 

and 3T segmentations (94.20 ± 0.76%). 

Between‐group comparisons 

SUITer showed similar cerebellar GM volume differences between MS patients and HC at both 3 

and 7T (7.69 and 7.76mL, respectively). SUITer showed also similar volume differences between 

MS patients and HC at 3 and 7T for cerebellar WM (2.72 and 2.04mL, respectively) and brainstem 

(1.69 and 1.82mL, respectively).  
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3.4 Discussion 

SUITer offers a cerebellar GM segmentation that is close to the best fitting provided by FreeSurfer, 

with the advantage of computing also cerebellar lobules. For lobular segmentation, SUITer showed 

a better to similar accuracy than SUIT, but a lower accuracy than CNN. CNN performs poorly for 

cerebellar WM segmentation. For the brainstem segmentation, SUITer outperforms FreeSurfer. 

SUITer has the advantage, when compared with SUIT, CNN, and FreeSurfer, to provide good GM 

segmentation, with lobules parcellation comparable to CNN, together with WM segmentation and 

excellent brainstem segmentation. 

When SUITer performance was compared to that reported in literature for other methods, it 

provided overall similar results in terms of accuracy. In particular, SUITer showed slightly better 

results than those reported for RASCAL, with a median DSC of 83% compared to the 82% 

achieved by the latter (Weier, Fonov, et al., 2014). 

SUITer method showed a lower accuracy in cerebellar GM segmentation than that reported by 

MaGeT (mean SUITer DSC 84% compared to 92%). Similarly, SUITer showed a lower accuracy 

than that of cerebellum lobules segmentation (CERES) method, which has the highest accuracy 

among the publicly available methods (SUIT, CNN, FreeSurfer, MaGeT, and RASCAL) (Romero 

et al., 2017). 

Despite their higher accuracy in cerebellar GM segmentation compared to SUITer, different points 

should be kept in mind when considering MaGeT, CERES, FreeSurfer, and CNN approaches. 

Indeed, it should be noted that MaGeT and CERES pipelines have been only validated on 1.5T 

images with a standard resolution (1mm isotropic resolution), while SUITer has been specifically 

implemented for high‐resolution images acquired at ultra‐high‐field. Furthermore, MaGeT 

demands higher computational times compared to SUITer. Indeed, MaGeT requires up to 6 hours to 

process standard resolution data compared to less than 30 minutes employed by SUITer to process a 

high‐resolution data, thus, reducing its feasibility to process large high‐resolution datasets. 
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Similarly, FreeSurfer requires a very high computational time to process both standard and high‐

resolution data and does not provide cerebellar lobules segmentation. CNN is a very fast pipeline 

and showed a higher accuracy than SUITer. However, CNN does not provide brainstem 

segmentation. 

There was a very good agreement in WM segmentation performed on images acquired at different 

spatial resolution (R2 = 0.97) and a good agreement on images acquired at different magnetic field 

strengths (R2 = 0.81). Unfortunately, we were not able to compare directly SUITer WM 

segmentation with that obtained with manual segmentation because the MaGeT atlas used for the 

validation does not include the arbor vitae (Park et al., 2014), which instead is included in SUITer 

cerebellar WM segmentation. However, the correlation and overlap between SUITer and manual 

segmentations for the whole cerebellum (R2 = 0.93; DSC = 90.46%) (data not shown) and a visual 

inspection of SUITer WM segmentation supports the adequacy of WM segmentation. For instance, 

the WM definition in MaGeT segmentations explains the discrepancy in subject V5 for lobule VIIIa 

volume estimated by SUIT, FreeSurfer, and SUITer methods (as previously shown in Figure 21, on 

page 63). 

Unlike cerebellar WM volumes, brainstem volumes derived from manual segmentation were 

available, and there was a strong agreement between SUITer‐derived volumes and those obtained 

with manual segmentation (R2 = 0.98). In addition, the DSC showed a very high agreement between 

manual segmentation and SUITer (DSC = 93.25%), showing a higher accuracy than the one for the 

FreeSurfer segmentation as well as the one reported in the literature (Iglesias et al., 2015). 

However, it is important to bear in mind that SUITer does not provide subsegmentations of pons, 

midbrain, and medulla oblongata. 

As shown in the application analysis, SUITer measurements demonstrated strong correlations 

between 3 and 7T datasets, supporting its possible use in HC and pathological conditions, on 

images acquired at different spatial resolution and MR field strengths. Furthermore, when 



69 
	

comparing cerebellar GM volumes between MS patients and HC, SUITer showed on average 

higher volume differences at both 3 and 7T (7.69 and 7.76mL, respectively) than SUIT (5.37 and 

3.75mL, respectively) (data not shown). However, it should be noted that volumes estimated by 

SUITer in the application analysis were slightly different between 3 and 7T datasets. A potential 

explanation could be the different preprocessing pipelines, especially intensity nonuniformity 

correction, used for the high and ultra‐high‐field datasets (N3 and SPM12 “Segment” module, 

respectively) (Ganzetti et al., 2016; Sled et al., 1998; Uwano et al., 2014). Additionally, it should be 

noted that cerebellar lobule volumes were systematically lower at high‐resolution compared to 

those obtained at lower and standard resolutions, in line with the results reported when cortical 

thickness was evaluated at different magnetic fields as consequence of the reduced PVE (Lüsebrink, 

Wollrab, & Speck, 2013). 

One of the main advantages of the proposed method is that SUITer not only provides lobular 

parcellation with an overall accuracy comparable to those achievable by many of the available 

methods at standard and high resolution acquired at 3 and 7T, but it also provides cerebellar WM 

and brainstem segmentations. None of the above-mentioned cerebellar segmentation methods 

(SUIT, CNN, MAGeT, Rascal, and CERES) provide any information about all infratentorial 

compartment, namely cerebellar lobules, WM, and brainstem, limiting their application only to the 

evaluation of possible cerebellar involvement (Carass et al., 2018). FreeSurfer on the other hand 

provides WM and brainstem segmentations but does not offer the possibility to quantify lobular 

volumes. Additionally, SUITer is the first infratentorial segmentation pipeline optimized for high 

resolution, ultra‐high‐field data. 

The main limitation of our method relates to the brainstem segmentation. The isolated brainstem 

tissue in 7T data included voxels from the basilar artery, which have high contrast values on 7T MR 

images. Brainstem segmentations at 7T could be potentially corrected by setting a threshold that 
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excludes voxels with high contrast values from masked MR images, a possibility that has to be 

taken into account for future implementation of the method. 

In conclusion, we have presented a newly implemented method that provides accurate cerebellar 

lobules segmentation in HCs and pathological conditions, from standard and high‐resolution MR 

images acquired at both high and ultra‐high magnetic fields. SUITer represents a versatile and 

comprehensive tool for infratentorial structures’ analysis, providing simultaneously cerebellar 

lobules, cerebellar WM, and brainstem segmentations in a reasonable processing time with standard 

computational resources. 
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CHAPTER 4 

Cerebellar cortex involvement in Friedreich’s Ataxia 

 

4.1 Background 

Friedreich’s ataxia (FRDA), the most frequent genetically determined ataxia, is caused by the 

decreased expression of frataxin protein due to an abnormal trinucleotide intronic repeat expansion 

in the FXN gene on chromosome 9 (Campuzano et al., 1996). FRDA originally affects dorsal root 

ganglia and spinal dorsal columns, with consequent trans-synaptic degeneration of spinocerebellar 

tracts and cerebellar sub-structures, with only late appearance of a significant cortico-spinal tracts 

atrophy (Koeppen & Mazurkiewicz, 2013).  

Regarding cerebellar GM, both pathological and imaging studies demonstrated that DN are the 

most affected structures, with a subtle mitochondrial iron accumulation preceding degeneration and 

atrophy of these deep GM relay stations (Solbach et al., 2014; Ward et al., 2019). Although being 

long considered as spared by atrophy (Mascalchi, 2013; Ormerod et al., 1994), the cerebellar cortex 

has been also proved to be affected by neurodegeneration in FRDA, as shown by the presence of 

GM atrophy, coupled to a reduced cortical thickness of specific cerebellar GM areas in these 

patients (Della Nave, Ginestroni, Giannelli, et al., 2008; Selvadurai et al., 2016; Vavla et al., 2018). 

This suggests the presence of a more profound involvement of cerebellar structures extending 

beyond the exclusive involvement of DN. 

All these alterations result in the development, not only of motor manifestations (Pandolfo, 2009), 

but also of the more inconstant, although significant, neuropsychological symptoms occurring in 

FRDA (Cocozza et al., 2018). Indeed, beyond motor control and perception, the cerebellum plays a 

modulating role in cognitive and affective processes (Noroozian, 2014), with an active contribution 

to a wide variety of composite functions, including evidence-guided decision-making, modulation 
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of behavior and personality, inner speech neural mechanisms, and cognitive processes underlying 

action control (Deverett, Koay, Oostland, & Wang, 2018; Koziol et al., 2014; Stoodley & 

Schmahmann, 2010). 

Although a precise localization of different functions clearly does not respect the anatomy of 

individual cerebellar lobules, recent evidences showed a correlation between neuropsychological 

deficits and atrophy of specific cerebellar lobules in different neurodegenerative and 

neuroinflammatory disorders (Y. Chen et al., 2018; Cocozza et al., 2017; Kansal et al., 2017; 

Olivito et al., 2018; Yang et al., 2019). Nevertheless, information regarding the relation between 

cerebellar lobular atrophy and cognitive deficits in FRDA is not available. For this reason, we 

aimed to confirm if cerebellar global and lobular atrophy could occur in FRDA patients, and to 

investigate the possible correlation between cerebellar volume loss and cognitive performances. 
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4.2 Methods 

Participants 

Nineteen patients with genetically confirmed FRDA were included in this study (M/F:13/6; mean 

age: 28.4±14.1), together with a group of 20 HC of comparable age and sex (M/F:11/9; mean age: 

29.4±9.7). FRDA diagnosis was carried out by performing conventional genetic test with short and 

long triplet repeat primed polymerase chain reaction. Patients were included if their binocular visual 

acuity was of at least 9/10 with the best correction available. 

All patients underwent within one week from the MRI scan a neuropsychological examination, 

obtaining cognitive tests related to cerebellar functions (i.e. visuo-perception and visuo-spatial 

functions, visuo-spatial memory and working memory): 10/36 Spatial Recall Test (SPART), 

Segment Length Discrimination (SLD), Symbol Digit Modality (SDMT), Brief Stroop Test and 

Trail Making Test (TMT). 

In particular, the SPART measures visuospatial memory using three immediate recall trials, and a 

delayed one. It is particularly suitable for those patients with moderate to severe movement 

disorders, as it demands a relatively low motor effort. The SLD is a measure of visual perceptual 

ability, with patients that are required to judge whether two vertical segments, placed one above the 

other, are equal or different in length. The SDMT assesses information processing speed and visual 

scanning. Using a reference key placed on the top of the paper, the patient is asked to pair 9 digits 

with just as many symbols in 90 seconds. The Brief Stroop Test is a three-trial test used to mainly 

evaluate sustained attention and the ability to inhibit automatic responses while performing a task 

based on conflicting stimuli. In the first and second trials the patient has to read black inked words 

indicating colors and name the color of given dots, respectively, while in the third trial (interference 

condition) the subject has to name the color of the ink of words indicating conflicting colors as 

quickly as possible. Time and errors are calculated based on the three performances. Finally, the 

TMT evaluates different cognitive processes as divided attention, visual scanning and set shifting. 
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In the “A” trial, the subject has to draw lines to connect numbers in sequential order (i.e., 1, 2, 3, 

etc.), while in the “B” part the subject draws lines connecting numbers and letters in an alternating 

numeric and alphabetic sequence (i.e., 1-A-2-B, etc.) as rapidly as possible. 

Along with the neuropsychological battery, we administered to all patients the Scale for the 

Assessment and Rating of Ataxia (SARA), the 9 Hole Pegboard Test (9HPT) and PATA rate test 

(PRT) (Criscuolo et al., 2005; Pane et al., 2018; Schmitz-Hubsch et al., 2008). TMT-A and -B were 

corrected for dominant hand disability using the 9HPT, while SDMT was corrected for dysarthria 

using the PATA rate, as previously described (Sacca et al., 2018). 

MRI data acquisition and analysis 

All subjects included in the study underwent a brain MRI scan with an 8-channel head coil on the 

same 3T machine (Trio, Siemens Medical Systems, Erlangen, Germany). The acquisition protocol 

included a T1-weighted MPRAGE sequence, used for the volumetric analysis (160 axial slices; 

voxel size=1x1x1mm3; TR=1900ms; TE=3.4ms; TI=900ms; Flip Angle=9°), along with a Fluid 

Attenuated Inversion Recovery (FLAIR) sequence (25 axial slices; voxel size=1x1x4mm3; 

TR=8500ms; TE=106ms; TI=2500ms). Both sequences were preliminarily evaluated by an 

experienced radiologist before image processing, to exclude the presence of posterior fossa lesions 

or malformations. 

Global and lobular cerebellar volumes were automatically calculated from the T1-weighted 

volumes using SUIT, as follows: the infratentorial area was isolated and segmented in the principal 

components to obtain a GM cerebellar mask. This isolated segmented cerebellar GM mask was then 

normalized to the SUIT cerebellar atlas space. Finally, applying an inverse transformation matrix 

derived from the previous coregistration step, the atlas was aligned to the native subject space to 

compute the global cerebellar volume, along with the 10 lobular volumes for each subject as the 

sum of their hemispheric and vermian portions. The results of each processing steps were visually 

inspected by an experienced neuroradiologist, to evaluate the quality of the procedure. 
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Furthermore, to investigate possible cerebellar regional GM differences between the two groups, a 

VBM analysis was performed. With this aim, the segmented GM cerebellar masks were modulated 

during the coregistration to the SUIT atlas template, in order to preserve for total cerebellar GM 

volume, and images were smoothed using a 4-mm FWHM isotropic Gaussian kernel. 

Finally, whole brain 3D T1-weighted volumes were segmented using SPM12 to obtain GM, WM 

and CSF volumes, that were summed to obtain the total intracranial volume (ICV), subsequently 

used in the analyses to normalize cerebellar volumes for head size. 

Statistical analysis 

Differences between FRDA and HC for age and sex were tested via an independent t-test and Chi-

squared test, respectively, while differences in neuropsychological scores were analyzed via the 

Mann-Whitney U test, with a statistical threshold for p<0.05. 

Possible differences between the two groups in terms of cerebellar volumes were investigated using 

an ANCOVA, age, sex and ICV corrected, with a significance level set for p<0.005, Bonferroni 

corrected for multiple comparisons (0.05/10, as the number of tested cerebellar lobules), while 

differences in terms of regional GM cerebellar areas, investigated via VBM analysis, were tested 

using the General Linear Model (GLM, implemented in SPM12) including age, sex and ICV as 

covariates, with a significance level set for p<0.05,corrected for the Family-Wise Error at cluster 

level. For the VBM analysis, both contrasts (FRDA < HC and FRDA > HC) were probed. 

Finally, to study the relationship between impaired clinical variables and cerebellar volume loss, 

lobular volumes that resulted different between FRDA and HC were entered in an age and sex 

corrected partial correlation analysis. Similarly, when regional GM differences emerged between 

the two groups, the corresponding first eigenvariate was extracted from the cluster and adjusted for 

age, sex and ICV. The so obtained residuals were standardized and their relationship with clinical 

data was assessed via correlation analysis. For both analyses, the statistical threshold was set for 

p<0.05. 
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All statistical analyses, with the exception of the between-groups differences for the VBM analysis, 

were carried out using Statistical Package for Social Science (SPSS, Version 24.0, IBM 

Corp.,Armonk, NY.). 
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4.3 Results 

FRDA patients showed an overall impairment in all cognitive tests measuring working memory and 

visuospatial functions compared to HC, with significant differences that emerged also for PRT and 

9HPT, measuring dysarthria and upper limbs dexterity, respectively. A complete list of clinical and 

demographical information of both groups is available in Table 4. 

 

 FRDA HC p-value 

Age 

(years; mean ± SD) 

28.4 ±14.1 

(range: 14-62) 

29.4 ± 9.7 

(range: 14-62) 
n.s. 

Sex (M/F) 13/6 11/9 n.s. 

GAA1 719±292.3 n.a. n.a. 

GAA2 960±288.6 n.a. n.a. 

SARA 17±6.7 n.a. n.a. 

PRT 19.7±4.2 32±5.9 <0.001* 

9HPT - DH 75.1±64.8 19±9.2 <0.001* 

SPART 19.2 ± 5.8 24±3.2 0.034* 

SPART-D 6.7 ± 2.3 9±1.7 0.013* 

SLD 26.7 ± 2 29±1.5 0.003* 

SDMT 36.4 ± 9.1 57±14.4 <0.001* 

TMT-A 46.2 ± 25 68±17.9 0.002* 

TMT-B 125 ± 61.1 32±3.2 <0.001* 

 

Table 4: Clinical and demographic information of all subjects included in the FRDA study. 

FRDA: Friedreich's Ataxia; HC: Healthy Controls; SD, Standard Deviation; SARA: Scale for the Assessment and 

Rating of Ataxia; PATA rate; 9HPT - DH: 9 Hole Pegboard Test for Dominant Hand; SPART: 10/36 Spatial Recall 
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Test; SPART-D: 10/36 Spatial Recall Test - Delayed; RAVLT,SLD: Segment Length Discrimination; SDMT: Symbol 

Digit Modalities Test; TMT: Trail Making Test.*Mann-Whitney Test 

 

Compared to controls, FRDA patients showed a significant reduction of the total cerebellar volume 

(p=0.004), with the mean volume of all the cerebellar lobules that proved to be lower in FRDA 

patients, although not always reaching the significance after Bonferroni correction. Indeed, when 

possible lobular differences were probed, we found a significant reduction of the Lobule IX in 

FRDA patients (p=0.001), with a borderline volumetric reduction of Crus I and Crus II (both with 

p=0.009). A complete list of the volumetric analysis is reported in Table 5. 

 

Volumes (mean ± SD) FRDA HC p-value 

Total cerebellum 111.5 ± 12.1 125.4 ± 11.9 0.004 

Lobules I-IV 8.2 ± 0.8 9.1 ± 1.0 0.02* 

Lobule V 9.3 ± 0.9 10.2 ± 1.0 0.01* 

Lobule VI 19.6 ± 2.1 22.0 ± 2.3 0.01* 

Crus I 22.4 ± 3.0 27.3 ± 2.9 0.009* 

Crus II 16.7 ± 1.9 19.0 ± 2.0 0.009* 

Lobule VIIb 9.1 ± 1.1 10.2 ± 1.0 0.03* 

Lobule VIIIa 9.8 ± 1.2 10.9 ± 0.9 0.01* 

Lobule VIIIb 7.4 ± 1.0 8.3 ± 0.7 0.01* 

Lobule IX 6.0 ± 0.9 7.1 ± 0.9 0.001 

Lobule X 1.1 ± 0.1 1.2 ± 0.1 0.02* 

 

Table 5: Cerebellar volumes for all subjects included in the analysis. 

Volumes are expressed in ml, as mean ± SD. 

Significant differences are reported in bold, while the * indicates comparisons not significant after Bonferroni 

correction. 
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Interestingly, the VBM analysis showed a pattern of cerebellar atrophy in FRDA patients compared 

to controls that substantially overlapped with the results of the lobular analysis. Indeed, when the 

FRDA < HC contrast was probed, a significant cluster of reduced GM density encompassing the 

entire lobule IX was found (p=0.003), while no differences emerged when the FRDA > HC contrast 

was tested. Results of the VBM analysis are shown in Figure 23 and Table 6, respectively. 

 

 

Figure 23: Results of the VBM analysis. The cluster of reduced GM density in FRDA patients compared to HC is 

superimposed on (from left to right) axial, coronal and sagittal reconstructions obtained from the SUIT T1-weighted 

cerebellar template. Coordinates refer to millimeters from the anterior commissure in MNI space, with anatomical 

labeling according to (Tzourio-Mazoyer et al., 2002). 

 

Cluster 
Volume (ml) T pFWE-corr 

MNI Anatomical Label (% Cluster) X (mm) Y (mm) Z (mm) 

1.6 6.16 0.003 14 -49 -48 
Right Lobule IX (70%) 

Left Lobule IX (22%) 

 

Table 6: Results of the VBM analysis. 
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The cluster of reduced GM density in FRDA patients compared to HC is presented, along with maximum T value and 

significance level (FWE-corrected at cluster level). No significant differences emerged when testing the FRDA> HC 

contrast. Coordinates refer to mm from the anterior commissure in MNI space, with anatomical labeling according to 

(Tzourio-Mazoyer et al., 2002). 

 

When possible correlations between cerebellar lobules volume loss and both motor and cognitive 

variables were probed, a direct correlation between Lobule IX volume and SLD scores was found 

(r=0.580, p=0.02). A similar direct correlation was found between the results obtained at the SLD 

test and the cluster of reduced GM density obtained from the VBM analysis (r=0.520; p=0.03). A 

scatterplot of the results of both correlation analyses is available in Figure 24. No correlations 

between MRI data and the remaining clinical variables were found. 

 

 

Figure 24: Scatterplot of the correlations between Segment Length Discrimination (SLD) test scores and Lobule IX 

volume (a) and age- and sex-adjusted z scores extracted from the cluster of reduced GM density obtained at the VBM 

analysis (b), respectively. Lobule IX volume is expressed in milliliters, while SLD and z scores are dimensionless 

quantities. 
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4.4 Discussion 

We demonstrated for the first time a direct correlation between cognitive deficits and cerebellar 

atrophy in FRDA, measured with two different although complementary techniques (D'Mello et al., 

2015). In particular, we found a significant and consistent volume loss mainly affecting the 

posterior lobules of the cerebellum, with a major involvement of the Lobule IX, showing a direct 

correlation with SLD scores. 

FRDA has long been considered a disorder affecting mainly the spinal cord and the DN, with a 

relative sparing of cerebellar and cerebral hemispheres (Koeppen & Mazurkiewicz, 2013). 

Nevertheless, a more pronounced CNS involvement in this condition has been recently reassessed 

by different neuroimaging studies, suggesting a widespread degree of supra- and infratentorial 

involvement in FRDA (Clemm von Hohenberg et al., 2013; Della Nave et al., 2011; Della Nave, 

Ginestroni, Tessa, et al., 2008; Harding, Corben, et al., 2016; Harding, Raniga, et al., 2016; 

Rezende et al., 2016; Selvadurai, Harding, Corben, & Georgiou-Karistianis, 2018; Selvadurai et al., 

2016; Stefanescu et al., 2015; Vavla et al., 2018). With particular reference to the occurrence of GM 

atrophy, previous works demonstrated the presence of a significant volume loss affecting the 

cerebrum, with clusters of reduced cortical volumes in different prefrontal areas, as well as in the 

supplementary motor area and in the precuneus (Selvadurai et al., 2016). Furthermore, clusters of 

reduced GM density have been also described at the level of other supratentorial areas, such as the 

occipital cortex, the precentral gyrus and the middle temporal gyrus (Rezende et al., 2016).  

Along with supratentorial regions, a significant atrophy of the cerebellar cortex has also been 

demonstrated in FRDA, with progressive GM loss mainly involving the posterior lobe of the 

cerebellum (Selvadurai et al., 2016; Vavla et al., 2018), with a relatively minor involvement of the 

anterior cerebellar regions (Della Nave, Ginestroni, Giannelli, et al., 2008). Our results are in line 

with previous studies showing a more pronounced atrophy occurring in posterior cerebellar regions, 

and in particular of the Lobule IX.  This region, although mainly contributing to the execution of 
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different non-motor tasks, as demonstrated in both animals and humans studies (Deluca et al., 2014; 

Handel, Thier, & Haarmeier, 2009; Jokisch, Troje, Koch, Schwarz, & Daum, 2005; Salmi et al., 

2010), takes also part in the dynamic control of attentive processes, being embed in the delicate 

interaction between ventral/dorsal attentive network and oculomotor circuits. In particular, Lobule 

IX seems to be specifically involved in the oculomotor error tracking and motor reorientation to 

unexpected events (Stephen, Elizabeth, & Christophe, 2018). It is therefore understandable how, 

although not completely damaged, visuo-spatial abilities could be at least in part compromised in 

case of loss of Lobule IX integrity. This hypothesis has further been confirmed by Lupo and 

colleagues, who reported a case in whom a ruptured cerebellar arteriovenous malformation 

damaged the posterior vermis including part of Lobule IX, with subsequent attention and visuo-

spatial domains impairment (Lupo et al., 2018). Similarly, as reported in a different range of 

congenital pathologies affecting the vermis (e.g. fragile X syndrome, William's syndrome, Dandy-

Walker spectrum), alterations in Lobule IX often result in defective attentive and learning processes 

(Steinlin, 2008).  

An involvement of Lobule IX, correlating to the presence of cognitive symptoms, is also observed 

in different hereditary ataxias. A significant volume loss has been reported in Spinocerebellar 

Ataxia (SCA) Types 1 (Jacobi et al., 2013), 2 (Cocozza et al., 2015; Jung et al., 2012; Olivito et al., 

2018), 3 (Hernandez-Castillo, Diaz, Campos-Romo, & Fernandez-Ruiz, 2017), 7 (Hernandez-

Castillo, King, Diedrichsen, & Fernandez-Ruiz, 2018; Rub et al., 2008) and 17 (Reetz et al., 2012), 

showing some degree of correlation with disease severity (Hernandez-Castillo et al., 2018), motor 

impairment (Hernandez-Castillo et al., 2017) and cognitive scores (Olivito et al., 2018). Whereas 

spatial degeneration pattern can be used for differential diagnosis and traced back to specific SCA 

subtypes (Hernandez-Castillo et al., 2018), differences in clinical symptoms are still more 

controversial with highly variable phenotypes. Finally, similar considerations can be also applied to 

Ataxia-Teleangiectasia patients (Hoche et al., 2014), with the difference that cerebellar structural 
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correlates of visuo-spatial dysfunctions are still largely unknown in this condition, and valuable of 

future research. 

All these evidences can be partly explained considering that the posterior lobe is involved in visual 

computation, as shown by studies documenting a severe impairment in global motion 

discrimination task, independent from fixation disturbances, in patients with posterior cerebellar 

lesions (Handel et al., 2009). Similarly, subjects with focal posterior cerebellar lesions show a 

reduction in visual perceptual learning (Deluca et al., 2014). These findings could be at least in part 

explained by the inter-connections between the posterior cerebellum and frontal, prefrontal and 

parietal regions, including the dorso-lateral prefrontal area and the intraparietal sulcus, as these 

areas are known to be involved in the decision-making process of visual motion (Gold & Shadlen, 

2007; Kelly & Strick, 2003). 

As further confirmation of its implication in cognitive processes, different functional connectivity 

studies have demonstrated a central role of Lobule IX in cortico-cerebellar and intra-cerebellar 

circuits. RS-fMRI studies conducted on HC showed that this cerebellar lobule is part of the DMN 

(Habas et al., 2009; Sang et al., 2012). Interestingly, Lobule IX was suggested to be not only a part 

of the DMN, but also part of other networks, such as the Visual Network, the Sensorimotor 

Network and the Dorsal Attention Network (Liu et al., 2017; Sang et al., 2012), with the latter 

known to contribute to saccade planning, modulation of externally oriented attention and to visual 

working memory (Jerde, Merriam, Riggall, Hedges, & Curtis, 2012). A recent study by Guell and 

colleagues showed that Lobule IX, as part of the third non-motor representation, seems to be 

functionally located to a less extreme level of information processing and unfocused task (Guell, 

Schmahmann, Gabrieli, & Ghosh, 2018). This could explain why Lobule IX volumes correlate with 

performances on SLD but not with any other test, as these latter need to engage different cerebro-

cerebellar areas to be performed. 

These hypotheses concerning the involvement of Lobule IX in the development of the clinical 

phenotype in FRDA patients are part of a more complex framework and previous works 
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demonstrated that global cerebellar volume in FRDA does not significantly differ from HC, 

although mild grey matter lobular atrophy develops beyond normal aging. The pattern of lobular 

alteration is still largely undetermined, with some evidences suggesting a prominent atrophy of 

lobule VI (Lindig et al., 2019), whereas other evidences suggest a more pervasive volume reduction 

in vermis, dentate, and posterior lobes (Della Nave, Ginestroni, Giannelli, et al., 2008; Selvadurai et 

al., 2016), with functional rearrangements (Cocozza et al., 2018; Vavla et al., 2018). For these 

reasons, future comprehensive studies investigating atrophy pattern, functional and structural 

changes are warranted.  

Visual perception has been poorly investigated in FRDA, with few conducted studies that led to 

conflicting results. Nachbauer and colleagues found no differences between FRDA and HC on two 

subtests of Visual Object and Space Perception (VOSP) test, one requiring the identification of 

incomplete letters and the other requiring the discrimination of the spatial position of single dots 

(Nachbauer et al., 2014). However, they found that performances on visual attention cognitive tasks 

were lower in patients compared to controls, assuming that oculomotor problems could have 

influenced reaction times. On the other hand, in a different study a widespread involvement of 

visual perception functions was reported in FRDA patients compared to HC (Cocozza et al., 2018). 

In the present study we cannot fully establish if the lower performances at the SLD test in FRDA 

patients rose from impaired oculomotor movements or from a significant cognitive impairment 

occurring in FRDA. Nieto and colleagues found that performances on Face Recognition Test, but 

not on Judgment Line Orientation task, were lower in FRDA compared to HC, and that these 

performances could not be explained based on oculomotor impairments (Nieto et al., 2012). 

Interestingly, in the present study we observed an opposite cognitive pattern. However, it has to be 

noted that SLD assesses this function by confronting two segments that frequently differ in a subtle 

way. This requires both spared abilities of fixation and voluntary control of eye movements to a fine 

visual discrimination. Given that Lobule IX lesions seem to be associated to head-shaking 

nystagmus (Huh & Kim, 2011), smooth pursuit and gaze-holding impairments (Lee et al., 2014), 
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atrophy of this cerebellar lobule may contribute to the development of eye movements alterations, 

which in turn could lead to the low performances at specific cognitive tests. Similarly, perceptive 

and attentional skills are required, regardless of eye movements integrity. For these reasons, future 

studies should both measure oculomotor deficits and introduce tests difficulty gradients in the tests, 

as reported in (Nieto et al., 2012), and should correlate these features in order to better appreciate 

the involvement of motor and cognitive components. 

In this work we failed to find any significant correlation between motor scores and MRI results. 

Nevertheless, the lack of correlation between Lobule IX volume loss and motor scores it is not 

surprising, as such clinical scale cannot be immediately linked to cerebellar atrophy, but may be 

more related to dorsal root ganglion degeneration, or to other more complex functional links. 

An additional limitation of the present study is the relatively small sample size of patients, as often 

occurs when dealing with rare diseases. Furthermore, no information about microstructural 

cerebellar integrity were available, which are known to occur in this condition (Della Nave, 

Ginestroni, Tessa, et al., 2008; Vavla et al., 2018). Integration with cerebellar volumetric and 

microstructural data is needed, to assess not only the relation between these altered MRI metrics, 

but also their possible different contribution to the development of cognitive dysfunctions. Finally, 

to further confirm the possible central role of Lobule IX atrophy in determining cognitive 

alterations in FRDA, future studies directly comparing cerebellar volumes between these subjects 

and ataxia patients showing a relative cognitive preservation (i.e. SCA6) are also warranted. 

Although characterized by these limitations, this study demonstrates the presence of a significant 

volume loss occurring in the posterior cerebellar lobe of FRDA patients, consistent across by two 

different image analysis techniques and involving the Lobule IX. Atrophy of this specific cerebellar 

region correlates with worse visuo-spatial abilities as measured with the SLD test, further 

expanding our knowledge about the complex physiopathology of cognitive deficits in FRDA. 
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CHAPTER 5 

Cerebellar cortex involvement in Idiopathic Cervical Dystonia 

 

5.1 Background 

Idiopathic Cervical Dystonia (ICD) is a chronic neurologic disorder characterized by involuntary 

sustained contractions of cervical musculature resulting in abnormal movements or postural 

changes of the head, neck and shoulders (Albanese et al., 2011). Considered as a disorder of motor 

programs controlling semiautomatic movements or postures (Kaji, Bhatia, & Graybiel, 2018), it 

represents the most common of the adult-onset focal dystonias (Defazio, Abbruzzese, Livrea, & 

Berardelli, 2004). Despite the number of investigations on ICD pathogenesis has grown 

considerably over the past decades, its exact physiopathological substratum remains largely 

unknown (Bologna & Berardelli, 2017; Kaji et al., 2018). Originally classified as a basal ganglia 

disease, it is now regarded as a network disorder due to abnormalities not only in the basal ganglia, 

but also in other interconnected structures including the cerebral cortex and the cerebellum 

(Bologna & Berardelli, 2017; Esposito et al., 2017; Kaji et al., 2018; Shakkottai et al., 2017). 

Preliminary evidences from animal models and human clinic-pathological observations have been 

confirmed by a growing number of experimental neurophysiological and neuroimaging 

investigations which demonstrated the association between dystonia and alterations of cerebellar 

activity, connectivity and structure (Bologna & Berardelli, 2017; Esposito et al., 2017; Kaji et al., 

2018; Shakkottai et al., 2017). Regarding structural abnormalities, VBM studies reported variable 

volumetric changes in the cerebellum of dystonic patients (Draganski, Thun-Hohenstein, Bogdahn, 

Winkler, & May, 2003; Piccinin, Piovesana, et al., 2014; Piccinin, Santos, et al., 2014). However, to 

date, a consistent pattern of cerebellar morphometric alterations in ICD patients has not yet been 

established. Furthermore, no data exist on the distinct involvement of specific cerebellar lobules and 
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of cerebellar peduncles, which could explain the role of different morphofunctional subunits in ICD 

pathophysiology, thus helping unravel the nature of cerebellar pathology in these patients. 

From this background, aim of our study was to investigate the presence of volumetric alterations of 

cerebellar GM and WM in ICD patients using both ROI-based and voxel-based approaches, as well 

as their possible contribution to clinical impairment in this condition. 
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5.2 Methods 

Participants 

In this prospective cross-sectional study right-handed patients with ICD (Albanese et al., 2011) 

along with age- and sex-comparable right-handed HC were enrolled from the University “Federico 

II” (Naples, Italy - Site 1) and the IRCCS “Fondazione Don Gnocchi” (Milan, Italy - Site 2). 

Exclusion criteria included: age<18 years and the presence of any other relevant 

neurologic/psychiatric disease or systemic condition that could affect the CNS. All patients were 

receiving botulinum neurotoxin (BoNT) injections following standard treatment regimens 

(Albanese et al., 2011) and underwent the MRI examination during the wearing-off phase, before 

receiving the treatment. Within one week from MRI, patients were clinically assessed, and the 

following variables were obtained: total Tsui score (Tsui, Eisen, Stoessl, Calne, & Calne, 1986) as 

an overall measure of the severity of symptoms, DD and duration of BoNT treatment.  

MRI data acquisition and analysis  

All images were acquired using two different MRI scanners (3T Trio and 1.5T Avanto, Siemens 

Healthineers). The acquisition protocol included, for Site 1 a 3D MPRAGE (TR=1900ms; 

TE=3.4ms; TI=900ms; Flip Angle=9°; resolution=1x1x mm3; 160 axial slices) and a 2D FLAIR 

(TR=8500ms; TE=106ms; TI=2500ms; Flip Angle=150°; voxel size=0.9x0.9x4 mm3; 25 axial 

slices), while for Site 2 a 3D MPRAGE (TR=1900ms; TE=3.37ms; TI=1100ms; Flip Angle=9°; 

resolution=1x1x1mm3; 176 sagittal slices) and a 2D dual-echo sequences (Proton Density-weighted 

and T2-weighted turbo spin echo sequence; TR=5550ms; TE=23/103ms; 

resolution=0.8x0.8x3mm3; 45 axial slices) were acquired. 

Before image processing, an experienced preliminarily checked both sequences to exclude the 

presence of posterior fossa lesions or malformations. 

For all subjects included in the analysis, global and lobular cerebellar GM volumes were calculated 

on 3D T1-weighted images SUIT, with the same procedure reported in Chapter 4.2 (on page 74). A 
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similar approach was adopted in order to obtain an atlas-based segmentation of cerebellar peduncles 

using a diffusion MRI-based probabilistic atlas of the cerebellar WM obtained from tractography 

data of 90 subjects participating in the Human Connectome Project mapped onto a common 

reference space (SUIT atlas space) (van Baarsen et al., 2016). This atlas provides probability maps 

of each cerebellar peduncle: each voxel value ranges from 0 to 1 and represents the proportion of 

subjects in which that same voxel was part of the bundle. Thus, we thresholded the probability of 

each cerebellar peduncle at 0.5 in order to obtain binary ROIs corresponding to the superior, middle 

and inferior cerebellar peduncles. Finally, the same inverse transformation matrix derived from the 

previously described processing steps was used to warp cerebellar peduncles ROIs in each subject’s 

native space and compute individual bilateral peduncular volumes. As a quality check, an expert 

visually inspected the outcome of the registrations to exclude CSF contamination (Figure 25).  
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Figure 25: Results of the segmentation of cerebellar lobules and peduncles. (A) In a 53-year-old female patient, the 

SUIT cerebellar atlas is aligned in the native subject space and superimposed on (from left to right) axial, coronal and 

sagittal reconstructions obtained from the 3D T1-weighted sequence. (B) In a 54-year-old male patient, atlas-derived 

cerebellar peduncles ROIs are aligned in the native subject space and superimposed on coronal (left column) and axial 

(right column) reconstructions obtained from the 3D T1-weighted sequence. 
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Furthermore, to investigate possible local volume differences at a voxel level, VBM analyses 

(Ashburner & Friston, 2000) were also carried out. In particular, normalized GM maps were 

modulated by scaling by the inverse of the amount of the volume changes due to spatial registration, 

in order to preserve the local GM amount, and then spatially smoothed using a 1mm FWHM 

isotropic Gaussian kernel (Smith & Nichols, 2009). The same procedure was also applied to 

normalized WM maps. 

Finally, for each subject, the ICV was also estimated using the standard procedure implemented in 

the CAT12 and used as confound in subsequent statistical analyses in order to correct for the effect 

of individual head size. To exhaustively investigate the possible effect of scanner field strength on 

cerebellar volumes, additional image quality assessment and subgroup volumetric analyses were 

also performed on scans from the two sites. In particular, comparisons of cerebellar volumes (at 

both ROI-based and voxel-based levels) between ICD patients and HC were repeated separately for 

each center.  

Statistical analysis 

Unless otherwise specified, all analyses were carried out using Statistical Package for Social 

Science (IBM SPSS Statistics 25), with a significance level set at p≤0.05, corrected for the false 

discovery rate (FDR) using the Benjamini-Hochberg procedure. Assumptions for parametric tests 

were preliminarily checked, with normality of continuous variables assessed via the Shapiro-Wilk’s 

test. 

Differences between ICD and HC groups in terms of age, sex and scanner’s field strength were 

probed by Student’s t and Pearson’s χ2 tests, respectively. 

Group differences regarding cerebellar ROI volumes were tested by ANCOVA analyses, including 

age, sex, scanner and TIV as confounding covariates. The interaction term scanner (1.5T vs 3T) per 

group (ICD vs HC) was included in the model to test the possible influence of scanner field strength 

on between-group volume differences. As an ancillary analysis, between-group differences were 



92 
	

also assessed separately for each lobule’s right, left and vermian portions, as well as for each 

peduncle’s right and left side, in order to investigate possible lateralized effects. 

For the VBM analysis, the normalized, modulated and smoothed GM and WM maps were 

statistically analyzed to assess local volume differences between the two groups using a 

nonparametric approach based on permutations applied to the general linear model (Winkler, 

Ridgway, Webster, Smith, & Nichols, 2014) via SPM’s Threshold Free Cluster Enhancement 

(TFCE) toolbox (http://www.neuro.uni-jena.de/tfce), including age, sex, ICV and scanner as 

confounding variables. Five thousand permutations were generated, and cluster-like structures were 

enhanced using the TFCE approach (Smith & Nichols, 2009), with a significance level set at 

p≤0.05, corrected for multiple comparisons across space using the family-wise error rate (FWER), 

and an extent-threshold k=50 voxels to avoid false positive results. 

When regional differences in terms of local GM or WM volume emerged between the two groups, 

the corresponding first eigenvariate was extracted from the cluster and corrected for the effect of 

age, sex, ICV and scanner in HC: for each metric, the linear relationship with these variables was 

modeled in the HC group and used to compute standardized residuals in all subjects. The 

relationship between the so obtained Z-scores and clinical variables was assessed via linear (total 

Tsui score, DD, BoNT treatment duration) and binary logistic (tremor) regression analyses, 

validated using the bootstrap method with 5000 replications. Likewise, adjusted Z-scores of other 

cerebellar volumes that emerged as significantly different at the between-group ROI analyses were 

entered in similar regression analyses. Significance level for regression models was not adjusted for 

multiple testing given the exploratory nature of the analyses. 
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5.3 Results 

Participants 

27 patients with ICD (mean age 50.4±11.3 years, F/M=14/13) and 27 HC of comparable age and 

sex (mean age 51.7±11.5 years, F/M=14/13) were enrolled in the study from the University 

“Federico II” (12 ICD: mean age 50.1±14.0 years, F/M=5/7; 12 HC: mean age 50.3±14.3 years, 

F/M=5/7) and the “Don Gnocchi” Foundation (15 ICD: mean age 50.6±9.0 years, F/M=9/6; 15 HC: 

mean age 52.8±9.0 years, F/M=9/6). Mean DD for ICD patients was 7.1 years (standard deviation: 

6.3), with a median Tsui score of 8 (interquartile range: 5 - 10). Tremor was present in 12 (out of 

27) patients. 

Between-group comparisons 

When investigating possible differences in terms of cerebellar GM volumes, ICD patients showed a 

significant volumetric reduction of the anterior cerebellum compared to HC (15.4±1.5 vs 16.1±1.5, 

ICD vs HC; p=0.006, FDR-adjusted p=0.05). At a lobular level, ICD patients demonstrated 

significant atrophy of cerebellar lobules I-IV (7.0±0.6 vs 7.3±0.7, ICD vs HC; p=0.004, FDR-

adjusted p=0.05), V (8.4±0.9 vs 8.8±0.8, ICD vs HC; p=0.01, FDR-adjusted p=0.05) and VI 

(19.6±2.1 vs 20.5±1.8, ICD vs HC; p=0.009, FDR-adjusted p=0.05) (Table 7). 
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Volumes ICD 
(N=27) 

HC 
(N=27) 

Cohen’s  
d 

Uncorrected p 
(FDR-adjusted p) 

Cerebellum 121.5±11.0 124.8±9.4 0.62 0.05* (0.12) 

Anterior Lobe  15.4±1.5 16.1±1.5 0.87 0.006 (0.05) 

Posterior Lobe  106.1±9.5 108.7±8.1 0.56 0.07 (0.13) 

Lobules I-IV  7.0±0.6 7.3±0.7 0.91 0.004 (0.05) 

Lobule V  8.4±0.9 8.8±0.8 0.78 0.01 (0.05) 

Lobule VI  19.6±2.1 20.5±1.8 0.83 0.009 (0.05) 

Crus I  26.9±2.8 27.5±2.4 0.50 0.11 (0.18) 

Crus II  20.0±1.7 20.2±1.7 0.23 0.44 (0.49) 

Lobule VIIB  10.3±1.0 10.6±0.9 0.42 0.17 (0.21) 

Lobule VIIIA  11.2±1.0 11.5±0.8 0.50 0.11 (0.18) 

Lobule VIIIB  9.0±0.8 9.2±0.6 0.45 0.14 (0.19) 

Lobule IX  7.4±0.8 7.6±0.7 0.23 0.45 (0.49) 

Lobule X  1.8±0.2 1.8±0.1 0.04 0.89 (0.90) 

SCP 0.7±0.1 0.7±0.1 0.63 0.04 (0.11)* 

MCP 9.5±0.9 9.9±1.1 0.67 0.03 (0.10)* 

ICP 3.0±0.3 3.1±0.3 0.59 0.06 (0.13) 

 

Table 7. Volumes for all subjects included in the ICD analysis.  

Volumes of cerebellar lobules (considered as the sum of right, left and vermian portions) and peduncles (considered as 

the sum of right and left components) are presented, along with the effect sizes (Cohen’s d) and p-values of the 

between-group differences. Cerebellar Volumes (in ml) are expressed as mean ± SD. Significant differences are 

reported in bold. *Not significant after FDR-correction. 

ICD, Idiopathic Cervical Dystonia; HC, Healthy Controls; SCP, Superior Cerebellar Peduncle; MCP, Middle Cerebellar 

Peduncle; ICP: Inferior Cerebellar Peduncle. 
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Regarding cerebellar WM tracts, ICD patients showed reduced volume of the bilateral superior 

(0.7±0.1 vs 0.7±0.1, ICD vs HC; p=0.04) and middle (9.5±0.9 vs 9.9±1.1, ICD vs HC; p=0.03) 

cerebellar peduncles, which did not retain statistical significance after correcting for multiple 

comparisons (Table 7). There was no significant effect of the scanner per group interaction term. 

The ancillary analysis demonstrated nearly symmetrical cerebellar GM and WM atrophy patterns, 

with slight right-side predominance (data not show).  

At the VBM analyses, clusters of reduced GM volume in both right (FWER-corrected p=0.01) and 

left (FWER-corrected p=0.04) cerebellar lobules IV, V and VI emerged in ICD patients compared 

to HC (Table 8, Figure 26A), along with small clusters of reduced WM volume in the right 

cerebellum (FWER-corrected p=0.04) and the left midbrain (FWER-corrected p=0.04) (Table 8, 

Figure 26B). No significant between-group differences emerged for the ICD>HC contrast. 

 

 
Cluster 

Volume (ml) 

p-value 
(FWE-
corr) 

Cohen’s 
d T 

MNI 
Coordinates 

(mm) Anatomical Label 

X Y Z 

G
M

 9.70 
0.01 1.33 4.61 25 -72 -20 Right Cerebellar Lobule VI 
0.01 1.38 4.77 14 -52 -13 Right Cerebellar Lobules IV-V 

2.01 
0.04 1.00 3.47  -8 -60 -11 Left Cerebellar Lobules IV-V 
0.04 1.02 3.54 -15 -58 -25 Left Cerebellar Lobule VI 

W
M

 0.09 0.04 1.34 4.26 24 -62 -31 Right Cerebellum 
0.39 0.04 1.09 3.76 -12 -18 -13 Left Midbrain 

 

Table 8. Results of the voxel-based analyses.  

Clusters of decreased GM and WM volume in ICD patients compared to HC are presented, along with significance 

level (FWE-corrected) and the corresponding local maxima’s effect sizes, T values and anatomical labels. No 

significant differences emerged when testing the ICD > HC contrast. Coordinates refer to mm from the anterior 

commissure in MNI space, with anatomical labeling according to (Tzourio-Mazoyer et al., 2002). 

GM, Gray Matter; WM, White Matter; ICD, Idiopathic Cervical Dystonia; HC, Healthy Controls. 
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Figure 26: Results of the voxel-based analyses. Thresholded statistical maps (in red-yellow) for the ICD < HC contrast 

regarding GM (A) and WM (B) volumes are superimposed on the SUIT T1-weighted template in axial planes. ICD, 

Idiopathic Cervical Dystonia; HC, Healthy Controls. 

 

Relationship between MRI features and clinical data 

When exploring the clinical correlates of the observed MRI alterations, no significant relationship 

was found between MRI metrics and either the total Tsui score, DD or BoNT treatment duration, 

with an association between the presence of tremor and the bilateral middle cerebellar peduncle 

volume (Nagelkerke R2 = 0.190, p = 0.04; B = 0.736 [bias-corrected and accelerated bootstrap 95% 

confidence interval = - 0.137 to 2.491, p = 0.04]). 
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5.4 Discussion 

We investigated the presence of possible structural modifications in the cerebellum of ICD patients, 

demonstrating a specific spatial pattern of decreased cerebellar GM and (to a lesser extent) WM 

volumes, resulting from both ROI-based and voxel-based analyses. 

In recent years, modifications of cerebellar structure and function have gained increasing attention 

as a possible physiopathological substratum of primary dystonia, which has been the object of a 

paradigm shift: from being considered a basal ganglia disease to a complex network disorder 

involving cerebellar, cortical and subcortical motor (and non-motor) areas, along with their 

reciprocal connections (Bologna & Berardelli, 2017; Kaji et al., 2018; Shakkottai et al., 2017). 

Nevertheless, discordant evidence exists regarding volumetric changes in the cerebellum of 

dystonic patients, with several structural MRI studies variably reporting increases (Draganski et al., 

2003; Obermann et al., 2007; Ramdhani et al., 2014), decreases (Piccinin, Piovesana, et al., 2014; 

Piccinin, Santos, et al., 2014), or no modifications (Egger et al., 2007; Pantano et al., 2011; Prell et 

al., 2013) of cerebellar GM volumes, with inconstant spatial patterns. This apparent inconsistency 

may be attributable to different factors, including small size and heterogeneity of the patient cohorts 

(often including different types of focal or segmental dystonia (Egger et al., 2007; Obermann et al., 

2007; Piccinin, Piovesana, et al., 2014; Piccinin, Santos, et al., 2014; Ramdhani et al., 2014), and 

methodological differences (with most studies using whole-brain rather than cerebellum-oriented  

approaches (Draganski et al., 2003; Egger et al., 2007; Obermann et al., 2007; Pantano et al., 2011; 

Prell et al., 2013; Ramdhani et al., 2014), all severely hindering meaningful comparisons between 

studies.  

In our work, we focused on a homogenous sample of ICD patients, using cerebellum-tailored 

analyses with complementary ROI-based and voxel-based approaches, both demonstrating 

consistent volume loss of cerebellar GM at the level of the anterior lobe and lobule VI in patients 

compared to HC. Of note, these results partially overlap with those of a recent study adopting a 
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similar cerebellum-oriented approach (Piccinin, Santos, et al., 2014), which has proven to be more 

sensitive and accurate compared to whole-brain analyses for the characterization of infratentorial 

structural abnormalities (Diedrichsen, 2006). Interestingly, a slight right-side predominance 

emerged at both the ROI-based and voxel-based analyses, in accordance with the already reported 

asymmetry of brain imaging findings in this condition (Draganski et al., 2003; Pantano et al., 2011). 

According to the topographic organization of the cerebellum, lobules of the anterior lobe and lobule 

VI contain the representation of sensorimotor functions, participating in the coordination of fine 

movements of the extremities as well as in the control of posture and gait (Stoodley & 

Schmahmann, 2010). These regions, densely connected with spinal cord, brainstem and cerebral 

cortical areas involved in sensorimotor processing, show a precise somatotopic arrangement 

(Stoodley & Schmahmann, 2010). Interestingly, for both sensory projections carrying cutaneo-

kinesthetic information via the trigemino-cerebellar tracts and afferent and efferent branches of the 

motor cortico-ponto-cerebello-thalamic-cortical loop, the representation of the head/neck and 

face/mouth lies principally in lobule VI, with some extension into lobules V and IV (Mottolese et 

al., 2013; Stoodley & Schmahmann, 2010). In this light, the observed volume loss in the cerebellum 

may express the selective vulnerability of specific cerebellar cortical areas containing the 

representation of the affected body parts (head/neck for ICD patients), demonstrating a link 

between cerebellar involvement and the topography of dystonic symptoms (Bologna & Berardelli, 

2017; Kaji et al., 2018). However, it remains unclear if cerebellar cortical atrophy represents a 

primary abnormality or a secondary effect resulting from damage in other salient supratentorial 

areas and/or in projection tracts interconnecting them, which has been also demonstrated in ICD 

patients (Lehericy, Tijssen, Vidailhet, Kaji, & Meunier, 2013). 

In order to explore the afferent and efferent connections of the cerebellum, we also investigated 

possible cerebellar WM structural modifications, demonstrating a slight volumetric reduction (not 

surviving multiple comparisons correction) of the middle and superior cerebellar peduncles, 

containing the main afferent and efferent branches of the cortico-ponto-cerebello-thalamo-cortical 
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loop, respectively (Lehericy et al., 2013). These results are in line with previous studies reporting 

microstructural damage of cerebellar peduncles in dystonic patients (Carbon, Kingsley, Tang, 

Bressman, & Eidelberg, 2008), and support the hypothesis of a sensorimotor network disorder, 

underpinned by structural and functional modifications involving different nodes at the level of 

cerebral cortex, basal ganglia and cerebellum, as well as their reciprocal connections (Bologna & 

Berardelli, 2017; Kaji et al., 2018; Shakkottai et al., 2017). 

When looking at the relationship between the observed structural modifications and clinical 

variables, a positive correlation emerged between the volume of the bilateral middle cerebellar 

peduncles and the presence of tremor. These results are in contrast with findings in other tremorous 

conditions (mainly essential tremor), in which an association between tremor and cerebellar 

peduncles’ macro- and micro-structural damage has been described (Novellino et al., 2016), 

suggesting that cerebellar involvement contributes to the genesis of tremor in cervical dystonia 

through distinct physiopathological mechanisms (Hvizdosova et al., 2020). Regarding the 

relationship with BoNT treatment, which has been anecdotally linked to changes in brain structure 

(Blood et al., 2006), no significant association between treatment duration and cerebellar atrophy 

emerged, possibly due to the low variance of BoNT treatment duration in our sample. 

Some limitations of the present study need to be acknowledged. Firstly, MRI exams were acquired 

at different field strengths, introducing a possible source of bias. However, demographic and 

clinical characteristics of the subjects examined with the two scanners were highly homogeneous, 

and all statistical analyses included field strength as a confounding variable, thus greatly limiting 

possible scanner-related bias and even increasing the generalizability of our results. Furthermore, a 

more extensive clinical examination including finer evaluations of motor, as well as sensory, 

cognitive, neuropsychiatric and autonomic domains may have allowed for greater insight into the 

contribution of cerebellar modifications to the development of motor and non-motor symptoms, 

which are known to occur in dystonic patients (Kuyper, Parra, Aerts, Okun, & Kluger, 2011). The 

implementation of other advanced MRI techniques focusing on the analysis of brain structural and 
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functional connectivity could have helped interpret the observed cerebellar modifications in the 

framework of a more complex network disorder (Bologna & Berardelli, 2017; Kaji et al., 2018; 

Shakkottai et al., 2017). Finally, a longitudinal evaluation might have provided the means to 

unravel the causal relationship between cerebellar, cortical, basal ganglia and interconnecting WM 

tracts abnormalities, as well as to investigate the potential reversibility of brain structural 

modifications in response to BoNT treatment 

In conclusion, these data show evidence of a specific pattern of cerebellar structural abnormalities 

in ICD patients, with volume loss mainly involving cortical GM of the anterior cerebellum and 

lobule VI, consistent across both ROI-based and voxel-based approaches and seemingly related to 

the somatotopic representation of the affected body parts. These results, notwithstanding the 

abovementioned limitations, may shed novel light on the nature of cerebellar modifications in ICD 

and their role in the physiopathology of this condition. 
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CHAPTER 6 

Cerebellar cortex involvement in Multiple Sclerosis 

 

6.1 Background 

We have discussed how the cerebellum is a complex structure, functionally integrated in several 

cognitive and behavioral circuits through substantial projections to cerebral association areas. 

Although classifications of morphologic, phylogenetic and functional order can be applied to 

characterize the cerebellar structure, according to anatomical and functional studies two main 

domains can be topographically identified, with the anterior cerebellum involved in motor tasks and 

the posterior cerebellum responsible for cognitive functions (Stoodley & Schmahmann, 2010). An 

increasing body of evidence suggests that cerebellar damage impacts high order functions, 

contributing to cognitive dysfunctions in several psychiatric and neurological disorders (Koziol et 

al., 2014; Mormina et al., 2017). The cerebellum is a predilection site of pathology in MS patients 

and contributes not only to the accumulation of physical disability (Inglese et al., 2017) but also to 

the development of cognitive deficits in both the relapsing (Moroso, Ruet, Lamargue-Hamel, 

Munsch, Deloire, Coupe, Ouallet, et al., 2017) and progressive phase of the disease (Cocozza et al., 

2017; D'Ambrosio et al., 2017; Weier, Penner, et al., 2014). 

RS-fMRI is a non-invasive powerful tool that allows for the evaluation of FC between different 

brain regions when a subject is not performing any specific task. Previous RS-fMRI studies in MS 

patients have shown the presence of functional disruption in local (Dogonowski et al., 2014) and 

long-range cerebellar FC not only within the cerebellar network (Cirillo et al., 2016; Rocca et al., 

2017; Sbardella et al., 2017) but also in the context of the sensory-motor and attentional/working 

memory networks (Loitfelder et al., 2012; Petracca et al., 2017; Rocca et al., 2017). Such FC 

rearrangements have been related to the presence of structural damage (Cirillo et al., 2016; 
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Dogonowski et al., 2014; Petracca et al., 2017; Rocca et al., 2012; Rocca et al., 2017), and can be 

interpreted, according to the disease stage, as a sign of cortical plasticity and functional 

compensation, as a consequence of the exhaustion of such compensatory mechanisms or as a 

maladaptive rewiring of resting state networks (Cirillo et al., 2016; Petracca et al., 2017; Rocca et 

al., 2017; Schoonheim, Meijer, & Geurts, 2015).  Although it is clear that clinically eloquent 

modifications of cerebellar FC occur in the posterior cerebellar lobe of patients with MS 

(Dogonowski et al., 2014; Loitfelder et al., 2012; Petracca et al., 2017; Rocca et al., 2017) and that 

damage of specific cerebellar lobules differentially contributes to cognitive disability in all disease 

phenotypes (Cocozza et al., 2017; Grothe, Lotze, Langner, & Dressel, 2017; Moroso, Ruet, 

Lamargue-Hamel, Munsch, Deloire, Coupe, Charre-Morin, et al., 2017; Moroso, Ruet, Lamargue-

Hamel, Munsch, Deloire, Coupe, Ouallet, et al., 2017), no data is available about FC abnormalities 

of individual cerebellar lobuli and the potential impact on the cognitive status in MS. In the present 

study we focused on the investigation of patients with progressive MS (PMS), more likely to 

experience cognitive deficits and cerebellar damage, in order to further understand the 

physiopathological bases of cognitive deficits in MS. Therefore, the aims of our study were: 

(i) to investigate cerebellar lobular FC taking into account the presence of cerebellar structural 

damage 

(ii) to test the relationship between FC rearrangements and cognitive performance. 
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6.2 Methods 

Participants 

Thirty-five patients with PMS (mean age 50.7±11.6 years; range 29-72 years; M/F:13/22) were 

prospectively enrolled along with 22 HC of comparable age and sex (mean age 49.6±8.8 years; 

range 35-69 years; M/F:11/11). 

All patients enrolled had to fulfill the following inclusion criteria: age between 18 and 75 years, MS 

diagnosis according to the revised McDonald criteria (Polman et al., 2011) with a progressive 

phenotype (Lublin et al., 2014) and an EDSS score ≤ 7.0. In particular, patients were classified as 

primary progressive (PP) when showing a clinical progression over a period of at least one year 

without prior exacerbations, while they were classified as secondary progressive (SP) when 

showing a clinical progression (also confirmed over a period of at least one year) after a conversion 

from a relapsing remitting (RR) course. According to the same criteria (Lublin et al., 2014), disease 

activity and progression over the year preceding the study visit was also evaluated. Exclusion 

criteria of the present study were: presence of other systemic conditions, alcohol or drug addiction, 

prior history of head trauma, clinical diagnosis of psychiatric disorders, and, for patients, clinical 

diagnosis of any other neurological disorder other than MS. 

Within 1 week from the MRI scan all patients underwent neuropsychological and clinical 

examination with evaluation of the Expanded Disability Status Scale (EDSS). The Brief 

International Cognitive Assessment of Multiple Sclerosis (BICAMS) battery, which includes the 

following tests: Symbol Digit Modalities Test (SDMT), Brief Visuospatial Memory Test - Revised 

(BVMT) and California Verbal Learning Test-II (CVLT), was also administered. 

Neuropsychological raw scores were then converted in z-scores according to (Goretti et al., 2014), 

and used in the following analyses. 

MRI data acquisition 
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All images were acquired on the same 3T MRI scanner (Trio, Siemens Healthineers). The following 

sequences were acquired: a T2-weighted sequence (40 axial slices, TE=63.0ms, TR=4500ms, voxel 

size=1.0x1.0x4.0mm3) used for the quantification of the lesion volumes, a 3D T1-weighted 

MPRAGE sequence (224 sagittal slices, TE=2.47ms, TR=3000ms, TI=1000ms, voxel 

size=1.0x1.0x1.0mm3) used for the volumetric analyses and a T2*-weighted echo-planar imaging 

sequence (30 axial slices, TE=40ms TR=2500ms, voxel size=3x3x4mm3, gap 1 mm, 200 time 

points) for the RS-fMRI analysis. 

During the BOLD acquisition subjects were asked to relax with eyes closed, without falling asleep, 

while laying supine in the MR scan with their head lightly fixed by straps and foam pads to 

minimize any possible head movement. 

MRI data processing 

T2-weighted hyperintense lesions were segmented for all MS patients by experienced observers 

using a semi-automatic segmentation technique (Jim 7, Xinapse Systems Ltd, Northants, UK), and 

both entire brain (LV) and the cerebellar (CLV) lesion volumes were derived. 

Cerebellar volumes were calculated on lesion-filled 3D T1-weighted images using SUIT, as 

previously described in Chapter 4.2 (page 7). 

Preprocessing of RS-fMRI was conducted using the FC toolbox CONN (McGovern Institute for 

Brain Research, Massachusetts Institute of Technology, Cambridge; 

http://www.nitrc.org/projects/conn), which contains libraries for fMRI analysis based on SPM. 

Briefly, the following pre-processing steps were applied: removal of the first five time points, 

motion correction, slice timing correction, temporal despiking with a hyperbolic tangent squashing 

function followed by band-pass filtering (for f between 0.008 Hz and 0.09 Hz) and a spatial 

smoothing using a 6-mm Gaussian kernel. From the motion correction procedure a computation of 

the mean displacement of the brain voxels was obtained as the RMS of the translations along the 

three axes (Van Dijk, Sabuncu, & Buckner, 2012), and those studies showing a mean relative RMS 

of 0.20 mm or higher, or with more than 2.0 mm displacement along or 2.0 degrees rotation around 
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any axis were discarded from the analysis. In addition, a "scrubbing" procedure was applied to 

those time points (along with the preceding and the two following ones) showing a framewise 

differential of signal intensity >9 z-values, to further suppress the effect of patient movements. 

Data sets were then normalized to the standard MNI EPI template and resampled to a voxel size of 

2×2×2mm3. To evaluate the overall accuracy of the processing, an experienced operator assessed 

quality of the images. 

For each subject, BOLD signal time course was calculated for lobules VI, Crus I, Crus II and VIIb 

using the Harvard-Oxford Atlas available in CONN (Desikan et al., 2006), and correlation map of 

the BOLD signal across the brain was generated, including in a GLM the time courses of WM and 

CSF signals, and the six parameters (translations and rotations along the X, Y and Z axes) of spatial 

transformation, as derived from the coregistration step. 

Statistical analysis 

Student's t-test was used to test group differences in terms of age, while Chi-squared test was used 

to test possible differences in terms of gender, with a significance level set for p<0.05. 

Group differences in terms of cerebellar volumes were tested via multivariate GLM, including ICV 

as a covariate of no interest to account for head size, with a significance level of p<0.01, 

Bonferroni-corrected for multiple comparisons (0.05/5, as the number of tested variables, namely 

the total cerebellar and lobules VI, Crus I, Crus II and VIIb volumes). Differences in terms of FC 

maps were also probed voxel-wise over the whole brain using a GLM, including as confounding 

covariates age, sex and the average motion, in order to remove potential residual movement effects. 

This second-level analysis was also carried out including cerebellar structural metrics (namely, 

CLV and cerebellar lobule volumes) as additional confounding variables in the GLM, in order to 

test the impact of these metrics on cerebellar FC.  

For all RS-fMRI analyses, both contrasts (HC > MS and HC < MS) were probed, and differences 

were considered significant for p<0.0125 (0.05/4 as the number of tested seeds), corrected for the 

family-wise error at the cluster level. 
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In order to explore all possible relationships between cerebro-cerebellar abnormalities in FC and 

cognition, when significant differences emerged for the tested seeds after controlling for specific 

cerebellar atrophy and CLV, the first eigenvariate of each significant cluster was extracted in 

SPM12, corrected for age, sex, and RMS, and entered in a nonparametric correlation analysis with 

all available cognitive scores using the Spearman coefficient, with results considered significant for 

p<0.05. 

Analyses were carried out using Statistical Package for Social Science (SPSS Inc, v. 20.0, Chicago, 

Ill).  
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6.3 Results 

The HC and MS groups were no different in terms of age (p=0.68) and sex (p=0.34). Of the 35 

enrolled patients, 12 presented a PP course and 23 a SP course, with 10 subjects showing activity 

and 8 subjects showing disease progression in the year preceding the study visit. 

Due to excessive movements during the RS-fMRI acquisition, six MS patients were excluded and a 

final population of 29 PMS patients was considered in all subsequent analyses. In the remaining 51 

RS-fMRI datasets (29 PMS patients and 22 HC), no difference, no difference in terms of RMS was 

present between MS patients and HC (0.043 ± 0.036 vs 0.057 ± 0.044 in HC and MS respectively, 

p=0.22). 

Compared to HC, MS patients showed a decrease of total cerebellar volume (p=0.001), as well as a 

decrease of all investigated cerebellar lobules (p≤0.005). 

When testing FC of cerebellar lobules without taking into account cerebellar structural damage, MS 

patients showed a cluster of reduced FC between Crus II and right frontal pole (p=0.001) and a 

similar cluster of reduced FC between Lobule VIIb and the right frontal pole (p=0.002). In addition, 

MS patients showed increased FC between Lobule VIIb and a cluster located at the level of the 

right precentral gyrus, partly extending to the ipsilateral superior frontal gyrus (p<0.001; Figure 

27A).  
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Figure 27: Results of the RS-fMRI analysis without taking into account (a) and after controlling (b) for cerebellar 

structural damage. Clusters of significant FC decrease in MS patients compared to HCs are shown in red, while clusters 

of significant FC increase are presented in blue. All results are superimposed on a standard 3D rendering of a brain 

volume in the Montreal Neurological Institute space (top–bottom: frontal view, lateral right view and upper view).  

RS-fMRI resting-state functional MRI, MS multiple sclerosis, HC healthy controls. 

 

When testing cerebellar lobular FC taking into account metrics of cerebellar structural damage, the 

FC between Crus II and right frontal pole (p=0.005) remained significantly decreased, although to a 

lesser extent. Similarly, the cluster of increased FC between Lobule VIIb and right precentral gyrus 

was still significant (p=0.003; Figure 27B). No significant differences emerged for the other tested 

lobules. 

Finally, when testing for possible relationship between clinical scores and clusters of altered FC 

between cerebellum and cortex, we found an inverse correlation between the cluster of increased 

FC in MS at the level of the right precentral gyrus and BVMT scores (r=-0.393; p=0.03; Figure 28).  
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Figure 28: Scatter plot of the correlation between clinical data and the cluster of increased functional connectivity in 

MS patients compared to HC (r=−0.393; p=0.03) between cerebellar Lobule VIIb and the right PCG (extending to the 

ipsilateral SFG). Linear fit (middle line) and 95%individual CIs (dashed lines) are shown. BVMT z-scores were 

calculated according to (Goretti et al., 2014).  

MS: multiple sclerosis; HC: healthy controls; PCG: precentral gyrus; SFG: superior frontal gyrus; BVMT: brief 

visuospatial memory test; CI: confidence interval. 

 

No other significant correlation emerged between the cluster of reduced FC at the level of the right 

frontal pole and the other clinical variables. 

A list of demographic and clinical information of MS patients and HC analyzed in this study is 

reported in Table 9, while the results of the volumetric analysis are provided in Table 10 and results 

of the RS-fMRI analysis are showed in Table 10 and Figure 27. 
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 HC (n=22) MS (n=29) 

Age (mean ± SD) 
49.6± 8.8 

(range 35-69) 

51.2± 11.9 

(range 29-72) 

Sex (M/F) 11/11 11/18 

DD (mean ± SD) n.a. 16.6± 10.6 

EDSS (median) n.a. 6.0 (range 1.5 - 7.0) 

SDMT (mean ± SD) n.a. -1.58 ± 1.43 

BVMT (mean ± SD) n.a. -0.98 ± 1.34 

CVLT (mean ± SD) n.a. -0.94 ± 1.58 

 

Table 9: Demographics and clinical variables of all subjects included in the MS analysis.  

Ages and DD are expressed in years, while cognitive scores are expressed as z-scores obtained according to (Goretti et 

al., 2014). 

MS: multiple sclerosis; SD: standard deviation; DD: disease duration; EDSS: expanded disability status scale; SDMT: 

symbol digit modalities test; BVMT: brief visuospatial memory test-revised; CVLT: California verbal learning test-II; 

n.a: not applicable 
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 HC (n=22) MS (n=29) p-values 

LV (mean ± SD) n.a 12.4± 12.6 n.a 

CLV (mean ± SD) n.a 0.1± 0.1 n.a 

Total cerebellar volume 137.54 ± 12.14 128.35 ± 13.61 0.001 

Lobule VI volume 23.76 ± 2.04 21.97 ± 2.42 <0.001 

Crus I volume 28.03 ± 2.58 26.26 ± 2.88 0.003 

Crus II volume 19.94 ± 1.99 18.58 ± 2.02 0.003 

Lobule VIIb volume 10.79 ± 1.16 10.06 ± 1.20 0.005 

 

Table 10: MRI metrics for all subjects included in the analysis. 

HC: healthy controls; MS: multiple sclerosis; SD: standard deviation; LV: whole brain lesion volume; CLV: cerebellar 

lesion volume; n.a: not applicable. 

Volumes (in milliliters) are expressed as mean ± standard deviation. Significant differences are reported in bold. 
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Table 11: Results of the RS-fMRI analysis.  

Volumes of the cluster of significant differences between the two groups are reported in ml. 

RS-fMRI: resting-state functional MRI; MS: multiple sclerosis; HC: healthy controls; MNI: Montreal Neurological 

Institute 
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6.4 Discussion 

We explored, for the first time, whole-brain FC of the individual cerebellar lobules involved in 

cognitive functions in PMS patients, demonstrating a functional rearrangement of the physiological 

connections between posterior cerebellum, frontal pole and areas involved in the task-positive and 

salience network (M. D. Fox et al., 2005; O'Reilly, Beckmann, Tomassini, Ramnani, & Johansen-

Berg, 2010; Sang et al., 2012). Such reconfiguration of cerebellar FC seems to be somehow 

independent from cerebellar structural damage, as suggested by the results of our two-step analysis. 

This finding is not completely surprising, considering that structural damage occurring in different 

regions of the cerebellum-cortex circuits might play a different role in cerebellar FC rewiring. 

Specifically, in our population the reduction in FC between lobule VIIb and frontal pole is partially 

accounted for by cerebellar structural damage, while the decreased FC between Crus II and frontal 

pole is still evident after correction for cerebellar atrophy and lesion volume. The latter finding 

might also be related to a lower degree of atrophy affecting Crus II, in line with the results of a 

recent work that showed a relative lower volume loss in Crus II of PMS patients compared with 

HCs (Cocozza et al., 2017).  

Our results partially confirm and expand recent findings about dentate nucleus connectivity in 

relapsing-remitting and pediatric MS (Cirillo et al., 2016; Sbardella et al., 2017). In both 

populations, increased cerebellar FC with cortical fronto-parietal regions characterized MS patients 

in comparison with controls (Cirillo et al., 2016; Sbardella et al., 2017). Since such FC increase was 

directly correlated with better clinical performance, it was interpreted as a compensatory adaptation. 

In our study, the presence of both increased and decreased cerebellar FC in patients compared to 

HC might reflect the more advanced disease stage of our population, and the consequence of a more 

diffuse and severe structural damage and/or the exhaustion of reserve capacity.  

It has been recently suggested that cerebellar function shows similarities across different processing 

domains, with function prediction and error-based learning constituting the common mechanisms at 
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the basis of cerebellar involvement in both motor and cognitive control (Sokolov, Miall, & Ivry, 

2017). In this functional frame, the posterior cerebellum participates in complex cognitive processes 

by means of partially overlapping connection to prefrontal and posterior-parietal cortex (O'Reilly et 

al., 2010). In particular, lobule VI and VIIb are involved in selection of pertinent stimuli through 

their interaction with the salience network, while Crus I and Crus II are mostly involved in 

executive control, verbal working memory and language function, together with lobule VI. 

Furthermore, Lobule VI is also involved in visuospatial processing, while lobule VIIb additionally 

participates in attention-demanding tasks and social cognition (Sang et al., 2012; Sokolov et al., 

2017). Against this background, the inverse relationship we identified between increased FC in 

precentral gyrus and BVMT scores could be interpreted as an example of maladaptive functional 

reorganization, or, alternatively, could represent an attempt to maintain adequate cognitive 

performances, by increasing the connections between posterior cerebellum and areas involved in 

stimulus selection and level of attention (Sang et al., 2012). Interestingly, the lack of other 

correlations between cerebellar FC changes and cognitive scores suggests that cerebellar 

connectivity impairment, although clinically relevant, it is not the only factor driving the 

development of cognitive impairment in PMS, but it has to be considered in a wider scenario where 

reconfiguration of different circuits controlling cognition, along with volume loss, contribute to the 

clinical expression of cognitive deficits in MS (Cocozza et al., 2017; Loitfelder et al., 2012; 

Petracca et al., 2017; Rocca et al., 2012). 

Although all efforts have been made to account for the impact of atrophy and focal lesions on 

cerebellar FC, a limitation of the present study is the lack cerebellar damage assessment at 

microstructural level. A further limitation can be found in the small number of subjects falling into 

each group when categorizing patients according to the disease course (PP/SP), activity 

(active/inactive) and progression status (progressive/stable), which prevented us from conducting 

any subgroup comparison. For these reasons, further explorations are warranted in future studies. 
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In conclusion, our study shows that FC rearrangements occur in PMS patients, somehow 

independently from cerebellar macroscopic structural damage, and that they are likely to be an 

expression of a maladaptive functional rearrangement rather than a compensatory mechanisms. 

Taken together, these results further expand the current knowledge of cerebellar damage in MS, 

confirming its role in the complex pathophysiology of cognitive deficits. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
 

The cerebellum plays a key role in the control of motor and cognitive functions due to the multiple 

connections to the forebrain, the thalamus, and the spinal cord. However, the cerebellar complex 

anatomical structure and its location in the posterior fossa represent a challenge for in vivo 

structural and cerebellar neuroimaging. While conventional MRI is widely used for brain and 

cerebellar morphologic evaluation, advanced MRI techniques allow the investigation of cerebellar 

microstructural and functional characteristics. Volumetric analyses, VBM, diffusion MRI based 

fiber tractography, resting state and task related functional MRI, perfusion, and proton MR 

spectroscopy are among the most common techniques applied to the study of cerebellum. The 

recent advancement in MRI hardware and software and the development of more accurate and 

robust algorithms for image analysis has improved the structural and functional assessment of the 

cerebellum. We have learned that, beyond the effect of macroscopically evident atrophy, even the 

microstructural involvement of the cerebellum can result in clinical disability in a variety of 

neurological disorders and that cerebellar functional reorganization does not necessarily follow the 

accrual of macrostructural damage, but can somehow occur independently from it, possibly further 

reflecting the effect of cerebellar and brain microscopic abnormalities. 

In conclusion, thanks to the application of advanced imaging sequences and processing techniques, 

we are now able to investigate in vivo the physiopathology behind several neurodegenerative and 

neuroinflammatory diseases and to explore the role of MRI measures of cerebellar structure and 

function as early and sensitive marker of disease progression and treatment response. 
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