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          The cerebellum is classically known for its role in motor functioning; however, 

research has shown cerebellar involvement in other domains, including memory, attention, 

and emotional functioning. Animal studies, lesion studies, and imagining studies have 

contributed to our understanding of the wide array of cerebellar functions. Research 

specifically examining connections between the cerebellum and other systems of the brain 

has greatly expanded our understanding of the complexities of the cerebellum’s dynamic 

involvement with functional brain systems in addition to the motor system. Additionally, 

research has found the cerebellum to be involved in multiple disorders and is one of the 

most consistent sites of abnormality in autism. Connections between the cerebellum and 

the limbic system are thought to support cerebellar involvement in emotional functioning, 

affect, social cognition, and possibly in disorders indicative of impaired limbic-related  
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functions, including autism. However, the functional connectivity of the limbic system and 

the cerebellum has not been comprehensively studied using functional connectivity 

magnetic resonance imaging (fcMRI) procedures. Therefore, the purpose of this present 

study is to determine the functional connectivity of specific cerebellar vermis with 

structures of the limbic system to contribute to the understanding of the organization of the 

limbic cerebellum. This study uses fcMRI and functional connectivity analysis to 

determine to functional coherence of three vermis ROIs with limbic structures. It is 

hypothesized that posterior vermis lobule ROIs will show significant functional coherence 

with limbic brain regions, suggesting posterior vermis involvement in the circuitry of the 

limbic cerebellum.  
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 Chapter 1: Introduction 

 The cerebellum is classically known for its involvement in motor function. More 

recently, research has shown the cerebellum to be involved in a diverse array of functions 

in addition to motor functioning. Executive control, memory, attention, emotional 

functioning and learning are just some of the brain functions that the cerebellum is involved 

in (e.g., Allen, Buxton, Wong, & Courchesne, 1997; Canavan, Sprengelmeyer, Diener, & 

Homberg, 1994; Courchesne & Allen, 1997; Middleton & Strick, 1994; Schmahmann & 

Sherman, 1998; Strick et al., 2009). In addition to specific brain functions, the cerebellum 

has been linked to various disorders including ADHD, dyslexia, and autism (Stoodley, 

2014). The cerebellum is one of the most consistent sites of anatomical abnormality in 

autism (Courchesne, 1997). Gaining a deeper understanding of the cerebellum, and more 

specifically, its connections to other brain regions, may lead to further insight into the 

mechanisms involved in these and other disorders that involve the cerebellum. 

 Our understanding of the cerebellum’s involvement in a wide variety of functions 

and disorders has been enhanced through research establishing projections from the 

cerebellum to other brain structures including the hypothalamus, basilar pons, 

hippocampus, cingulate gyrus, and the cerebral cortex (Allen et al., 2005; Schmahmann, 

2001).  Cerebellar connections with limbic system brain structures including the 

hippocampus and amygdala have been analyzed through animal studies, electrical 

stimulation studies, anatomical studies, and neuroimaging studies (see reviews, Blatt, 

Oblak, and Schmahmann, 2013; Schmahmann, 2001). The limbic system is a set of brain 

structures which include the cingulate gyrus, parahippocampal gyrus, hippocampus, 



2 

 

subicular complex, amygdala, septal area and the hypothalamus. This system has been 

shown to be involved in emotional functioning, affect, and social cognition (Rajmohan & 

Mohandas, 2007). Connections between the cerebellum and the limbic system are thought 

to support cerebellar involvement in these functions and possibly in disorders that are 

indicative of impaired limbic-related functions. However, specific details of the 

connections between structures of the limbic system and particular areas of the cerebellum, 

including individual lobules of the cerebellar vermis, are not known. 

Cerebellar connections with related brain areas can be studied through functional 

connectivity magnetic resonance imaging (fcMRI). FcMRI is a non-invasive brain imaging 

procedure which allows for an examination of the coherence among functionally related 

brain areas through observed correlations in fluctuations in the blood oxygen level 

dependent (BOLD) signal (Biswal, Yetkin, Haughton, & Hyde, 1995; Fox, Halko, Eldaief, 

& Pascual-Leone, 2012). In this proposed study, fcMRI will be used to examine the 

functional connectivity of cerebellar vermis lobules IV, VII, and IX with limbic system 

structures. Investigating the connections of the cerebellum, and more specifically those 

related to limbic regions, will increase our current understanding of the organization of the 

brain and potential functions of the cerebellum.  
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Chapter 2: Integrative Analysis 

 This integrative analysis aims to provide an understanding of the complexity of the 

cerebellum and establish the necessity for cerebellar research in non-motor domains.  

Further, it aims to explore previous studies examining the connectivity of the cerebellum 

and other brain areas, including the limbic system. This section begins with a general 

discussion of cerebellar function, exploring the less traditionally recognized cognitive and 

emotional processes of the cerebellum. Then, cerebellar abnormalities in various disorders, 

including autism, are explored to emphasize the importance of expanding cerebellar 

research. Next, cerebellar connectivity is explicitly discussed to demonstrate the need for 

further research to examine the connectivity of the cerebellum and the limbic system. 

Finally, this section examines the use of functional connectivity magnetic resonance 

imaging (fcMRI) in brain research generally, and then, specifically to explore the 

functional connectivity of the cerebellum with the limbic system. Taken together, these 

topics establish a rationale for a study examining the functional connectivity of the 

cerebellum and the limbic system in typically developed human subjects.  

The Non-Motor Cerebellum 

The cerebellum has traditionally been recognized for its involvement in motor 

function. However, more recent studies have shown the cerebellum to be involved in 

additional complex and diverse functions. In the early nineteenth century, the first animal 

experiments were conducted to determine the function of the cerebellum. Experimental 

animals were given cerebellar lesions and their behaviors observed. A scientific researcher 

by the name of Luigi Rolando (1773–1831) found that those cerebellar lesions resulted in 
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a loss of motor movement in the animals (Glickstein, Strata, & Voogd, 2009). The 

traditional view of the cerebellum as the brain structure responsible for motor coordination 

and motor movement stemmed from early animal experimentation and further research 

continued to support this view (Angier, 1915; Glickstein et al., 2009; Ito, 1984). 

  In recent years, research has supported the view that the cerebellum is involved not 

only in motor functions, but also higher cognitive, emotional, and sensory functions. 

Spatial memory, working memory, attention, emotional functioning and learning are just 

some of the non-motor brain functions that the cerebellum is involved in (Allen et al., 1997; 

Canavan et al., 1994; Moscovitch, Kapur, Kohler, and Houle, 1995; Schmahmann & 

Sherman, 1998; Strick, Dum, & Fiez, 2009). Human lesion studies as well as animal studies 

dominated the early efforts to establish the cerebellum’s involvement in non-motor 

functions. More recently, imaging research has allowed for further investigation into 

cerebellar functioning (Glickstein et al., 2009).  

Lesion studies. Research evaluating cerebellar lesion patients’ impairments has 

provided some insight into the role of the cerebellum in non-motor processes.  Animal 

studies have provided support for the cerebellum’s role in cognitive processes. In one 

example, De Bartolo et al. (2009) concluded that the cerebellum is involved in mediating 

cognitive flexibility after observing rats with cerebellar lesions. Compared to rats without 

cerebellar lesions, experimental rats were less able to complete a maze with constantly 

changing paths. The control rats’ performance improved over time, while the rats with 

cerebellar lesions did not improve (De Bartolo et al., 2009).  
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Human lesions studies have provided further support of the cerebellar role in 

cognitive functioning. One human lesion study found that patients with cerebellar lesions 

had impaired reaction times when required to perform a particular movement in response 

to patterns of visual cues after a period of associative learning as compared with controls 

(Canavan et al., 1994). In this study, participants were taught to either press a button to the 

left, if they were shown a left arrow visual cue, or to the right, if they were shown a right 

arrow visual cue. After baseline reaction times were collected, the visual cues changed. 

The cues were more abstract, requiring participants to use trial and error to determine 

whether to click right or left. On average, control participants returned to their baseline 

reaction time after three learning trials, but participants with specific cerebellar lesions did 

not return to their baseline reaction time at any point. Canavan et al. (1994) concluded that 

the cerebellum is involved not only in motor movement, but also in deciding which 

movements to make under specific circumstances, and may be involved in associative 

learning. Associative learning, considered to be a cognitive function, is disrupted or 

impaired in individuals with cerebellar damage. This lesion study is one example of many 

that support a cerebellar role in non-motor functioning. Impairments in other cognitive 

domains including deficits in verbal working memory, cognitive planning, and shifting 

attention have also been found in patients with cerebellar lesions (Courchesne et al., 1994b; 

Grafman et al., 1992; Ravizza et al., 2006). 

 Schmahmann and Sherman (1998) studied 20 patients with cerebellar lesions to 

determine the clinical significance of non-motor functioning of the cerebellum. They 

discovered behavioral changes specific to patients with cerebellar damage and identified 
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“the cerebellar cognitive affective syndrome,” or CCAS (Schmahmann & Sherman, 1998).  

This clinical syndrome has four areas of deficits including executive function difficulties, 

such as planning and working memory problems, spatial cognition difficulties, such as 

visuospatial memory problems, personality change or changes in affect, and linguistic 

difficulties, such as agrammatism. Increasingly severe deficits were found with damage to 

the cerebellar vermis, the medial zone of the cerebellum (Snow, Stoesz, & Anderson, 

2014). Specifically, when patients with CCAS had lesions affecting the cerebellar vermis, 

they showed dysregulation of affect, indicating the cerebellar vermis to be important in 

some areas of emotional functioning (Schmahmann & Sherman, 1998). The core features 

of this syndrome are consistent with a modern understanding of the cerebellum’s role in 

non-motor functions such as higher cognitive processes and emotional functioning. 

Schmahmann and Sherman (1998) suggest that the wide array of deficits seen in the 

cerebellar cognitive affective syndrome may be a result of a disruption in the neural 

circuitry connecting the cerebellum to other brain areas. This may result in an inability of 

the cerebellum to integrate incoming information from various functional systems. This 

was a pioneering study that outlined the role of the cerebellum in the regulation of 

emotional behavior and the clinical significance of non-motor cerebellar functioning 

(Snow et al., 2014).  

Additional lesion case studies have also provided further information about 

cerebellar involvement in human emotional functioning. Annoni, Ptak, Caldara-Schnetzer, 

Khateb, and Pollermann (2003) presented a case study of a 53-year-old man who suffered 

a cerebellar stroke involving the cerebellar vermis and experienced “extreme emotional 
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flattening.” The subject’s autonomic reactions to positive and negative stimuli did not 

differ, supporting the role of the cerebellum in emotional regulation. The only brain 

damage the subject suffered was in the left cerebellar region, and all limbic areas, brain 

structures important in emotional functioning, remained intact. Damage to limbic regions 

could cause a flat affect or personality changes; however, this patient only exhibited 

cerebellar damage, indicating that the cerebellum, specifically the vermis, may also be 

involved in emotional functioning (Reiman et al., 1997).  

Imaging studies. Greater understanding of the cerebellum has resulted from the 

use of imaging technology in addition to animal studies and human lesion research. 

Functional magnetic resonance imaging (fMRI) procedures have been used to study 

cerebellar activation during various sensorimotor, cognitive, and emotional processing 

(Stoodley & Schmahmann, 2010). One example of a study using fMRI to demonstrate 

cerebellar activation during sensorimotor tasks found cerebellar activation in lobules IV-V 

during a hand movement task and activation in lobules II-III during a foot movement task 

(Nitschke, Kleinschmidt, Wessel, & Frahm, 1996).  Researchers collected functional 

imaging data in a sample of women during tasks involving tongue, foot, and hand motor 

movements to reveal these specific sites of cerebellar activation. Cerebellar activation 

during tongue movements was inconsistent in this particular study. The patterns of 

activation during tasks requiring hand or foot movement among study participants supports 

the presence of a somatotopic map, or a corresponding cerebellar region to a specific body 

part (Nitschke et al., 1996). Other fMRI research has contributed to the idea of the presence 

of a cerebellar somatotopic map by looking at cerebellar activation patterns during specific 
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sensorimotor tasks including hand and facial movements among others (Grodd, Hulsmann, 

Lotze, Wildgruber, & Erb, 2001; Dresel et al., 2005; Stoodley & Schmahmann, 2009). 

Allen et al. (1997) used functional magnetic resonance imaging, (fMRI) to 

differentiate cerebellar activation during a visual attention task, a motor task, and a 

combined attention/motor task. The researchers documented cerebellar activation even 

without the addition of a motor component to the attention task, indicating that the 

cerebellum is involved in non-motor functioning, specifically processes requiring visual 

attention. Neuroanatomically, there were marked differences in cerebellar activation based 

on the tasks required of the study participants. Motor output activated the right anterior 

cerebellum and tasks requiring attention activated the superior posterior cerebellum (Allen 

et al., 1997). This indicated that the cerebellum is involved in both motor and attention 

processes. Also, cerebellar activation for attention is localized in a different region of the 

cerebellum than that of motor movement.  

Cerebellar imaging studies have also been used to examine the role of the 

cerebellum in other domains of cognitive processing. Desmond and Fiez (1998) used both 

PET and fMRI procedures to support the role of the cerebellum in cognitive functioning. 

They specifically researched cerebellar activation during tasks involved in working 

memory, learning, and language (Desmond & Fiez, 1998). Petersen, van Mier, Fiez, and 

Raichle (1998) studied cerebellar activation during language tasks using positron emission 

tomography, or PET imaging technology. Participants completed PET scanning while 

during a task requiring them to generate verbs. Results showed increased right cerebellar 

activation during the task, implicating the cerebellum as important in this language process 
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(Peterson et al., 1998). Language tasks involving verbal fluency and semantic judgment 

also have been studied with fMRI and have shown cerebellar activation in the right 

cerebellum of right-handed participants as well (Schlosser et al., 1998; Hubrich-

Ungureanu, Kaemmerer, Henn, & Braus, 2002). 

 Desmond, Gabrieli, Wagner, Ginier, and Glover (1997) studied cerebellar 

activation during a working memory task using fMRI technology. Study participants were 

required to remember either six or one visually presented letters and remember them over 

a brief time period. During this task, the left superior HVIIA  [Roman numeral designations 

(Larsell and Jansen, 1972)], right HVI, posterior vermis (VI and superior VIIA), as well as 

the right inferior cerebellar hemisphere showed increased activation, supporting the idea 

of cerebellar involvement in higher order cognitive functioning including working memory 

functions (Desmond et al., 1997). Interestingly, laterality of cerebellar activity during 

language and working memory tasks differs based on the dominant cerebral hemisphere 

for language (Stoodley & Schmahmann, 2010). Through neuroimaging research, it was 

found that in right-handed subjects, right cerebellar activation results from verbal fluency 

and working memory tasks, while left-handed participants will have left cerebellar 

activation during the same tasks (Jansen et al., 2005).   

Moscovitch et al. (1995) used positron emission tomography (PET) to determine 

that the cerebellum is active during both object memory and spatial memory tasks. 

Courtney, Ungerleider, Keil, and Haxby (1996) used a PET procedure and found cerebellar 

activation during a working memory task requiring participants to recognize previously 

shown pictures of faces. Gao et al. (1996) used fMRI technology to identify cerebellar 

http://utexas.summon.serialssolutions.com/search?s.dym=false&s.q=Author%3A%22Ungerleider%2C+L+G%22
http://utexas.summon.serialssolutions.com/search?s.dym=false&s.q=Author%3A%22Ungerleider%2C+L+G%22
http://utexas.summon.serialssolutions.com/search?s.dym=false&s.q=Author%3A%22Haxby%2C+J+V%22
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activation during sensory tasks by exposing participants to sensory material during the 

fMRI. First, sandpaper was rubbed over the participants’ fingers. Then, they were asked to 

grasp different sensory objects. Significant increases of blood flow was found in the dentate 

nuclei during both tasks, including the first task in which no motor movement was 

involved. This supports the view that the cerebellum is involved in non-motor functioning, 

including sensory acquisition and perception.  

In a meta-analysis of cerebellar neuroimaging research, Stoodley and Schmahmann 

(2009) report that the posterior left cerebellum is activated during spatial tasks. Generally, 

cerebellar activation during cognitive tasks involving working memory, spatial tasks, and 

other tasks requiring higher order functioning, is located in the posterior cerebellar lobe 

and is not found in the anterior lobe (Stoodley & Schmahmann, 2010). Neuroimaging, 

specifically fMRI research, has allowed for an expansion of the understanding of cerebellar 

activation and functioning during tasks requiring higher order cognitive functioning. 

Imaging studies have also been used to show cerebellar involvement in emotional 

functioning.  In one study, patients with cerebellar lesions and healthy control subjects 

underwent PET scans while being exposed to “emotion-evoking stimuli,” including images 

proven to evoke happiness (such as smiling babies) or fright (such as someone getting 

robbed) as well as neutral images (Turner et al., 2006). Participants with cerebellar lesions 

reported reduced pleasure responses to happiness-evoking stimuli when compared to 

controls. Also, in response to frightening stimuli, all participants appropriately reported 

feeling frightened; however, participants with cerebellar lesions showed reduced activation 

in brain areas that are usually responsible for this task including the amygdala. Instead they 
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showed increased activity in the anterior cingulate, pulvinar and insula suggesting the 

emergence of a potential alternate pathway of the fear response in patients with cerebellar 

damage (Turner et al., 2006). The researchers concluded that the cerebellum is in part 

responsible for human emotional experiences and supports the view that the cerebellum is 

involved in emotional functioning.  

Cerebellar activation during tasks of emotional functioning have also been studied 

with neuroimaging.  Participants who viewed emotional images showed increased 

cerebellar activation in the posterior lobe of the cerebellum, including lobules VI and VII, 

as compared to participants who viewed neutral, or non-emotional images (Lee et al., 2004; 

Hofer et al., 2007). Emotional intonation identification was examined using both fMRI and 

PET imaging procedures. In both studies, increased cerebellar activation was seen in the 

midline lobule VII and the lateral posterior hemisphere (Imaizumi et al., 1997; Wildgruber 

et al., 2005). Cerebellar activation has also been found in studies looking at pain, panic, 

and grief (Stoodley & Schmahmann, 2010; Blatt et al., 2013). Singer et al. (2004) 

administered fMRIs to study participants, groups of couples, while they were experiencing 

pain through an electrode on their hand. They found that the cerebellar posterior vermis 

was activated while participants experienced this pain. Then, to examine brain activation 

while participants felt empathy, participants were given fMRIs while the same painful 

stimuli was given to their partner. During trials in which empathy for another’s pain was 

provoked, cerebellar lobule VI showed increased activation, not the posterior vermis 

(Singer et al., 1999). Studies investigating emotions of panic and grief have also shown 

cerebellar vermis activation in fMRI research (Lane et al., 1997; Stoodley & Schmahmann, 
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2010). Consistently, activation of the cerebellar lobule VI and vermal lobule VII are found 

among studies with emotional stimuli (Stoodley, & Schmahmann, 2009). Functional 

imaging research has provided evidence for a “limbic cerebellum” made up of the vermis, 

fastigial nucleus, and the flocculonodular lobe (Stoodley & Schmahmann, 2010). Research 

suggests that these cerebellar regions participate in functions related to that of limbic 

system structures, including affect regulation (Blatt et al., 2013). These regions have also 

been shown to be active while feeling pain and empathy for others (Singer et al., 2004). 

Cerebellar vermis activation has also been studied in panic, sadness and autonomic 

processing (Reiman et al., 1989; Gundel, O’Connor, Littrell, Fort, & Lane, 2003; Parsons 

et al., 2000).  

The traditional view of the cerebellum as the brain area responsible for motor 

coordination and motor learning only has expanded to include non-motor functioning due 

to rigorous research conducted within the past century (for review see, Schmahmann 1997). 

Animal and human lesion studies first explored the cerebellum’s role in non-motor 

functioning. Through the invention and use of human brain imaging techniques including 

PET scans and fMRI, studies have shown cerebellar activity during attention, spatial 

memory, object memory, working memory, associative learning, sensory, emotional, and 

motor tasks (for review see, Courchesne & Allen, 1997). Today it is clear that the 

cerebellum is involved in a wide range of functions and is not limited to only motor 

processes. Our understanding of the cerebellum is expanding to incorporate its complexity 

and diversity in function; however, the exact role of the cerebellum in many of these 

functions is not explicitly clear. Functional imaging studies of cerebellar activation during 
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emotional and affective processes is not as extensive as that of higher cognitive processing 

or sensorimotor processing and more research is needed to more completely understand 

the links between emotional functioning and the cerebellum. Specifically, areas of the 

cerebellum that are hypothesized to contribute to emotional processes, such as the vermis, 

need more attention in neuroimaging research to increase the understanding of their 

contribution to the connectivity and functions of the “limbic cerebellum” (Stoodley & 

Schmahmann, 2010). 

Cerebellar Abnormalities in Various Disorders 

Further support for the functional complexity of the cerebellum has come from 

research examining the cerebellum’s role in various disorders, including autism, attention 

deficit-hyperactivity disorder, dyslexia, and depression (Soares & Mann, 1997; Stoodley, 

2014). Research examining these and other specific disorders resulting from cerebellar 

damage has also expanded the current understanding of cerebellar functioning by exploring 

symptoms associated with cerebellar abnormality (Marien, 2013; Schmahmann & 

Sherman, 1998). In addition to gaining a deeper understanding of cerebellar functioning 

through cerebellar abnormality research, the study of cerebellar functioning may also lead 

to further insight into the causes and mechanisms of disorders involving the cerebellum. 

Similarly to cerebellar cognitive affective syndrome, posterior fossa syndrome has 

provided researchers further insight into cerebellar functioning (Schmahmann & Sherman, 

1998). Posterior fossa syndrome most often affects children and adolescents after the 

removal of a cerebellar tumor, although rare cases have been seen in adults (Marien, 2013). 

Posterior fossa syndrome is characterized by a short period without symptoms after 
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resection of the cerebellar tumor, followed by language problems, most notably transient 

mutism, and behavioral and affective changes (Marien, 2013). Language disruption and 

emotional changes after cerebellar tumor removal highlight the similarities between 

symptoms of posterior fossa syndrome and cerebellar cognitive affective syndrome, both 

of which are a result of damage to the cerebellum. The cognitive and emotional symptoms 

of both posterior fossa syndrome and cerebellar cognitive affective syndrome are consistent 

with the current understanding of the complex functioning of the cerebellum in multiple 

domains. 

Cerebellar abnormalities have been studied in autism, a pervasive developmental 

disorder associated with deficits in the areas of language, social functioning, and cognitive 

functioning; including restrictive interests and repetitive behaviors (American Psychiatric 

Association, 2013). The abnormalities include an early reduction of Purkinje cells (Ritvo 

et al., 1986). MRI studies of the brain have shown the cerebellar vermis lobules VIII to X, 

or the posteroinferior vermis, to be significantly smaller in autistic children as compared 

to controls (Hasimoto, Tayama, Miyazaki, Murakawa, & Kuroda, 1993; Levitt et al., 1999). 

The vermis makes up the midline portion of the cerebellum and is divided into ten sections 

or lobules (Carpenter, 1978, pp. 224-225). Others have shown reductions in the size, 

specifically in the cross-sectional area in vermis lobules VI–VII, or the posterosuperior 

vermis of the cerebellum (Saitoh & Courchesne, 1998; Courchesne et al., 1994a). In some 

cases, individuals with autism that do not have a reduction in size, or hypoplasia, of vermis 

lobules had an enlargement, or hyperplasia, of lobules VI-VII (Courchesne et al., 1994a). 

Courchesne & Pierce (2001) studied the relationship between cerebellar vermis hypoplasia 
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and stereotyped behaviors and reduced exploration in children with autism. Reduced 

exploration of new environments as well as stereotyped movements are common 

characteristics of children with autism. Magnetic resonance imaging measures (MRI) were 

taken for a group of children with autism and compared with healthy controls. Significant 

correlations between reduced size of vermal lobules VI-VII and decreased exploration in 

the children with autism, while no correlation was found for the control subjects. Also, 

stereotyped behavior was negatively correlated with size of lobules VI-VII (Courchesne & 

Pierce, 2001). This was the first study to link cerebellar abnormality to these specific 

symptoms of autism.  

Autism is not the only disorder to have been linked to cerebellar abnormalities. In 

addition to autism, cerebellar gray matter reduction was also found in attention deficit 

hyperactivity disorder (ADHD) and dyslexia (Stoodley, 2014). Through an anatomic 

likelihood estimate (ALE) meta-analysis procedure, Stoodley (2014) found reduced gray 

matter in the following cerebellar regions in individuals with autism spectrum disorders 

(ASD): right Crus I, left lobule VIIIB, and vermis lobule IX. In ADHD, consistent 

reductions in gray matter were found in cerebellar lobule IX (Stoodley, 2014). ADHD is a 

disorder marked by behavior problems of inattention, hyperactivity, or a combination of 

both (American Psychiatric Association, 2013). An MRI study in girls with ADHD found 

reduced size, or hypoplasia, in cerebellar vermis lobules VIII-X, which was consistent with 

results found in a sample of boys with ADHD (Castellanos et al., 2001). A meta-analysis 

of MRI studies found the cerebellum to have the largest overall volume differences in 

individuals with ADHD when compared with cerebellar volume in healthy controls 
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(Valera, Faraone, Murray, & Seidman, 2007).  Cerebellar abnormalities have also been 

studied in dyslexia. Dyslexia is defined as “deficient literacy skills in the context of normal 

intelligence and educational opportunity” (American Psychiatric Association, 2000). 

Reduced gray matter was found in the cerebellar regions of the right lobule VI and right 

Crus II in subjects with dyslexia (Stoodley, 2014). Eckert et al. (2005) also found reduced 

gray matter volume in the right cerebellar anterior lobe and left and right pars triangularis 

in children with dyslexia. Differences in cerebellar asymmetry has also been studied in 

dyslexia (Stoodley & Stein, 2012).  

Structural cerebellar abnormalities have also been studied in mood disorders and 

schizophrenia. Mood disorders are affective disorders characterized by persistent or 

episodic exaggeration of mood states, such as extreme sadness in depression (American 

Psychiatric Association, 2000). Analysis of structural imaging studies of mood disorders 

revealed smaller cerebellar volumes in unipolar and bipolar mood disorders, including 

depression and bipolar disorder (Soares & Mann, 1997; Tobe, 2014). Schizophrenia is a 

disorder “characterized by delusions, hallucinations, disorganized speech and behavior, 

and other symptoms that cause social or occupational dysfunction” (American Psychiatric 

Association, 2013). Autopsy and neuroimaging reports suggest cerebellar abnormality in 

schizophrenia (Katsetos, Hyde, & Herman, 1997). More specifically, cerebellar Purkinje 

cell reduction and decreased cerebellar blood flow are some of these documented cerebellar 

abnormalities in schizophrenia (Andreasen & Pierson, 2008).  

Through cerebellar research, further insight into disorders including autism, 

attention deficit hyperactivity disorder, dyslexia, schizophrenia, and depression may be 
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discovered. Understanding typical cerebellar functioning may allow for new directions of 

research. Although cerebellar abnormalities in disorders such as autism are beginning to 

be researched, the picture is not complete. For example, not all cerebellar connections have 

been studied or clearly mapped, and so these connections have not been investigated in 

individuals with autism. With continued research examining cerebellar functioning and 

connectivity, a more complete understanding of both the typically developing human brain 

and the abnormally developing brain may be possible. Additionally, the causes and 

mechanisms of multiple disorders characterized by cerebellar abnormalities may be better 

realized through a more comprehensive understanding of typical cerebellar functioning and 

connectivity in the future.  

Cerebellar Connectivity 

 Much of the current understanding of the complexity of the cerebellum is due to 

connectivity research. Research examining the connections between the cerebellum and 

other brain regions responsible for cognitive and emotional processes helped to facilitate 

the shift from the traditional understanding of cerebellar functioning to our current 

understanding. Connections between the cerebellum and brain regions responsible for 

higher order cognitive processes including the prefrontal cortex have been established 

through anatomical animal studies as well as through neuroimaging research (Middleton 

& Strick, 1994; Allen et al., 2005). Additionally, connections between the cerebellum and 

regions of the limbic system have been established, supporting the role of the cerebellum 

in emotional processes (Anand, Malhotra, Singh, & Dua, 1959; Snider & Maiti, 1975; 

Stoodley & Schmahmann, 2010; Blatt et al., 2013). 
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Cerebellar organization. Imaging, anatomical, and clinical research support the 

possibility of cerebellar circuits that are functionally and anatomically different. Together, 

through research examining cerebellar input as well as cerebellar output, a tentative 

understanding of the organization of the cerebellum has emerged. Although incomplete, 

the known circuits of the cerebellum provide information about how the cerebellum is 

functioning in the typical brain. These circuits can be used to examine the cerebellar 

organization in clinical populations as well. The cerebellum is connected to the cerebral 

cortex through the corticopontine pathway and the pontocerebellar pathway. The cortico-

pontine-cerebellar pathway has been studied in the monkey and rat, including identified 

projections from the dorsolateral prefrontal cortex and medial prefrontal cortex to the 

medial pons (Schmahmann & Pandya, 1997; Watson, Jones, & Apps, 2009). This 

“cerebrocerebellar circuit” is believed to be the main pathway of cerebellar involvement in 

cognition and emotion. The cerebrocerebellar circuit includes an afferent or feedforward 

limb. This afferent limb originates in the cerebral cortex and terminates in the pons, where 

pontocerebellar mossy fiber projections are sent to the cerebellum. Motor, premotor, and 

sensorimotor cortices send efferents to the cerebellum through this circuit (Brodal, 1978; 

Schmahmann, 1996). The cerebrocerebellar circuit also includes an efferent, or feedback, 

limb of cerebellothalamic and thalamocortical projections. Projections from the cerebellar 

cortex through the deep cerebellar nuclei terminate in the thalamus, where projections are 

sent to the cerebral cortex (Schmahmann, 1996). In this circuit, sensorimotor information 

is processed in different regions of the cerebellum than other information such as cognition 

and emotion (Stoodley & Schmahmann, 2010). The finding of distinct functional circuits 
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that correspond with different types of information processes support the view that the 

cerebellum is involved in a diverse collection of functioning, including motor, cognitive 

and emotional processes.  

Stoodley and Schmahmann (2010) hypothesized there to be a topographical 

organization of the cerebellum based on four functional domains: 1) sensorimotor 

cerebellum (includes the anterior lobe and lobule VIII of posterior lobe); 2) cognitive-

cerebellum (includes lobules VI and VII of the posterior region); 3) limbic cerebellum 

(includes primarily the posterior vermis and fastigial nucleus); and 4) vestibulocerebellum 

(includes the flocculonodular lobule, lobule X), involved in equilibrium and balance. 

Evidence for cerebellar involvement in multiple areas of functioning including the 

regulation of cognition and emotion led the researchers to hypothesize that different 

portions of the cerebellum may be responsible for specific functions (Schmahmann 1997; 

Schmahmann & Sherman, 1998). This hypothesis suggests that cerebellar area responsible 

for cognitive and emotional regulation is physically separate from that of sensorimotor 

functioning. Advances in functional imaging allows for further testing of this hypothesis, 

enabling researchers to identify new regions of functional connectivity or cerebellar 

activation during tasks in specific domains (Stoodley & Schmahmann, 2010).  

Cerebellar input. Information about the anatomic connectivity of the cerebellum 

first emerged through animal studies. Results from animal studies have suggested that the 

cerebellum receives input from multiple brain areas responsible for cognitive and 

emotional functioning (Schmahmann, 1996). Schmahmann and Pandya (1995) used 

anterograde tracer injections to establish projections from the prefrontal cortex to the 
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cerebellum. Rhesus monkeys were injected with the tracer in multiple prefrontal cortex 

regions to determine the presence of this projection. Projections from the prefrontal cortex 

to the cerebellum indicated that the cerebellum is included in the neural circuity necessary 

for higher order cognitive functioning (Brodal, 1978; Schmahmann & Pandya, 1995). 

Transneuronal transport of neurotropic viruses have also been used to study this connection 

in monkeys (Kelly & Strick, 2003). Kelly and Strick (2003) found that the prefrontal 

cortex, specifically area 46, projects to the cerebellar cortex and those regions of cerebellar 

cortex project to area 46, suggesting a closed path of cerebrocerebellar connectivity.   

The prefrontal cortex/cerebellar connection is not the only one to be studied through 

animal research. Both afferent and efferent projections have been shown to connect the 

cerebellum to portions of the brainstem associated with the limbic system (Snow, Stoesz, 

& Anderson, 2014). The limbic system is a classification of brain structures, including the 

limbic lobe, amygdala, septal nuclei, hypothalamus, epithalamus, and thalamic nuclei, that 

are involved in emotional processes (Carpenter, 1978, pp 384-385). Heath and Harper 

(1974) also studied connections between the cerebellum and structures of the limbic 

system. They found that fastigial nucleus of the cerebellum stimulation induced responses 

from the hippocampi, the basolateral amygdalae, and the middle temporal gyri, in monkeys 

and cats, through an evoked potential procedure (Heath & Harper, 1974).  

Evidence of a connection between the cerebellum and the hypothalamus was first 

suggested in cats. A specific behavior, sham rage, in cats is caused by hypothalamic 

stimulation. That behavior was altered by vermal and fastigial nucleus stimulation, 

suggesting a cerebellar role in autonomic functioning (Zanchetti & Zoccolini, 1954). 
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Projections from the hypothalamus to the cerebellum have also been studied using the 

retrograde transport of a wheat germ agglutinin-horseradish peroxidase complex in cats. 

The main termination site of the projection was in the fastigial nucleus of the cerebellum 

in the cats (Dietrichs, Walberg, & Haines, 1985).  The hypothalamo-cerebellar connection 

has also been studied through other animal studies involving the rat, tree shrew, greater 

bushbaby, and squirrel monkey (Haines, Dietrichs, & Sowa, 1984; Haines, Sowa, & 

Dietrichs, 1985; Dietrichs & Haines, 1986). The projection is bilateral and mainly 

terminates in the ipsilateral fastigial nucleus, although all other cerebellar nuclei receive 

afferent projections from the hypothalamus (Dietrichs, Haines, Røste, & Røste, 1994). 

Projections from the cingulate gyrus to the cerebellum by way of the pontine nuclei 

were studied in cats through the use of wheat germ agglutinin-horseradish peroxidase as a 

retrograde tracer. The researchers also used a combined lesion and injection procedure to 

determine the ventral paraflocculus of the cerebellum as a termination site of the projection 

originating from the cingulate gyrus (Brodal, Bjaalie, & Aas, 1991).  The cingulate gyrus 

makes up a portion of the limbic lobe, along with the subcallosal and parahippocampal 

gyri, of the limbic system (Carpenter, 1978, pp 284-285). Schmahmann and Pandya (1997) 

used rhesus monkeys to identify a projection from the parahippocampal gyrus to the 

cerebellum. Noradrenergic, serotonergic, and dopaminergic inputs to the cerebellum from 

brainstem nuclei have also been studied with the introduction of neuroimaging to the area 

of cerebellar connectivity research (Dolan, 1998). 

Cerebellar output. Cerebellar efferents have also provided new insight to 

cerebellar function. Deep cerebellar nuclei, including the dentate, project to the primary 
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motor cortex by way of the ventrolateral thalamic nucleus. The ventrolateral thalamic 

nucleus also projects to non-motor brain areas of the cerebral cortex, suggesting that 

different cerebellar regions modulate non-motor functioning and motor functioning 

(Schmahmann & Sherman, 1998; Schmahmann 2001; Blatt et al., 2013). Middleton and 

Strick (1994) used retrograde transneuronal transport of a herpes simplex virus in cebus 

monkeys to identify neuronal projections from the cerebellum to non-motor brain regions 

and establish cerebellar involvement in cognitive functions. Results showed cerebellar 

outputs to the prefrontal cortex, the brain region responsible for higher level cognitive 

processes, such as such as working memory, rule-based learning, attention, and planning 

future behavior (Middleton & Strick, 1994).  

The fastigial nucleus is the most medial of the deep cerebellar nuclei of the cerebellum. 

Research has shown fastigial projections to limbic structures, implicating its involvement 

the cerebellar-limbic connection (Whiteside & Snider, 1953; Heath & Harper, 1974; Ball, 

Micco, & Berntson, 1974). Limbic regions are connected with associated brain areas 

including the ventral tegmental area, periaqueductal gray, and the interpeduncluar nucleus, 

all of which the fastigial nucleus also projects to in the cat (Snider & Maiti, 1975). Animal 

studies have also given attention to a direct cerebellohypothalamic projection from all four 

of the cerebellar nuclei to the posterior, dorsal, and lateral areas of the hypothalamus 

(Dietrichs et al., 1994). In addition to the direct projections from the cerebellar nuclei to 

the hypothalamus, there are also indirect projections from the hypothalamus by way of the 

basilar pontine nuclei to the paraflocculus and vermis of the cerebellum (Liu & Mihailoff, 

1999). 
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One of the earliest connectivity studies of the cerebellum examined cerebellar 

projections to the limbic system in dogs through use of electrical stimulation in the 

cerebellum (Anand et al., 1959).  An oscilloscope was used to record electrical responses 

in limbic structures including the anterior cingulate gyrus, amygdaloid nuclei, hippocampal 

and dentate gyri and the hypothalamus. Stimulation of the flocculonodular lobe and the 

paleocerebellar portions of the vermis evoked heightened electrical responses in all limbic 

areas in which recordings were taken. At the same time, stimulation of neocerebellar 

regions of the vermis did not evoke electrical potentials in recorded regions of the limbic 

system, indicating the neocerebellar vermis does not project to the limbic system (Anand 

et al., 1959).  Harper and Heath (1973) made lesions on the fastigial nuclei of six cats to 

look at the cerebellar connectivity. The cats’ brains were then stained to reveal fiber 

degeneration originating from the fastigial nucleus projected to several limbic regions 

including the hypothalamus, the central nuclei of the thalamus, and the septal nuclei 

(Harper & Heath 1973). A similar evoked potential and degeneration technique was used 

to study the connections between the fastigial nucleus of the cerebellum and the limbic 

regions of the hippocampus and the amygdala in cats and monkeys (Heath and Harper, 

1974).  

Neuroimaging studies have led to a more concrete establishment of cerebellar 

connections to brain areas responsible for non-motor functioning. Cerebellar connections, 

mostly by way of the thalamus, to the dorsolateral prefrontal cortex, the medial frontal 

cortex, the parietal and superior temporal areas, the anterior cingulate, and the posterior 

hypothalamus have been studied with imaging techniques (Blatt et al., 2013). 



24 

 

Neuroimaging has allowed for further research into the connectivity and activation of the 

cerebellum. Imaging techniques, such as functional magnetic resonance imaging, have 

been used to study cerebellar activation during different motor, cognitive, or emotional 

tasks to support the role of the cerebellum in different domains. Also, the imaging 

technique of functional connectivity magnetic resonance imaging has been used to study 

the functional coherence of the cerebellum with other related brain areas.  

  Both animal and imaging studies have provided the field with cerebellar 

connectivity information supporting the non-traditional view of the cerebellum as 

important in cognitive, emotional, and motor functioning. Anatomical connections 

between parts of the cerebellum and the prefrontal cortex, or parts of the cerebellum and 

limbic structures including the hypothalamus are difficult to ignore and have facilitated a 

broader understanding of cerebellar function. With advances in imaging technology, 

imaging research has expanded that understanding even further.  

 Functional connectivity. In addition to fMRI procedures, functional connectivity 

is also beneficial in increasing the current understanding of cerebellar functioning. In 1995, 

fMRI technology was first used to study the functional connectivity of brain structures. 

Often called functional connectivity magnetic resonance imaging, or fcMRI, this procedure 

uses fMRI images to determine correlations in spontaneous changes of brain activity 

(Dosenbach, Petersen, & Schlaggar, 2013).  Researchers used an fcMRI procedure to look 

at the resting state functional connectivity of the motor cortex. They found that the left and 

right motor cortex was functionally connected to the supplementary motor area during a 
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resting state (Biswal et al., 1995). This study was the first to use fMRI technology to look 

at functional connectivity of brain regions.  

This technology has since been used to examine the functional connectivity of 

cerebellar brain areas and related brain areas responsible for higher order cognitive 

functioning. Allen et al. (2005) used fcMRI to examine the functional relationship between 

the dentate nucleus of the cerebellum and the cerebral cortex, providing further evidence 

of the cerebellum’s role in functional networks involved in cognition. More specifically, 

dentate nucleus magnetic resonance fluctuations correlated with those in cerebellar, 

thalamic, limbic, striatal, and cerebrocerebellar region. This was one of the first studies to 

use fcMRI to look at the functional relationships between the cerebellum and other brain 

regions (Allen et al., 2005). Functional connectivity has demonstrated that the cerebellar 

areas crus I and II cortico-cerebellar loops involved in executive control, supported the 

cerebellum’s role in higher cognitive functions such as working memory (Habas et al., 

2009). Krienen & Buckner (2009) used resting state functional connectivity to identify 

functional circuits between the frontal cortex and the cerebellum. Four fronto-cerebellar 

circuits were identified that involve the motor cortex, dorsolateral prefrontal cortex, medial 

prefrontal cortex, and the anterior prefrontal cortex. Functional connectivity between the 

cerebellum and prefrontal cortex support the cerebellum as necessary in cognitive domains 

of functioning (Krienen & Buckner, 2009). O’Reilly, Beckmann, Tomassini, Narender, & 

Johansen-Berg (2010) also identified cerebellar connections in functionally different areas 

of the cerebral cortex. FcMRI has also been used to examine the functional relationship 
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between the cerebellum and cerebral cortices in disorders including schizophrenia and 

depression (Kasparek et al., 2012; Wang et al., 2014; Liu et al., 2012).  

Functional connectivity research has become increasingly useful in studying the 

functional relationships of the cerebellum and other brain areas, such as the cerebral cortex, 

as well as studying differences in those functional relationships between brain regions of 

people suffering from various disorders. The majority of fcMRI research examining 

cerebellar connections have focused on those connections in cognitive domains. Functional 

connectivity of the cerebellum as related to emotional functioning is lacking in the 

research. Further fcMRI research is needed to identify these potential connections. For 

example, although the cerebellar vermis has been identified as important in cerebellar-

limbic connections, connectivity between specific vermis lobules and limbic structures has 

not been studied (Stoodley, & Schmahmann, 2009). Identifying these connections will 

provide further understanding of the cerebellum’s role in limbic circuits and emotional 

functioning. Additionally, disorders such as autism, which are characterized by cerebellar 

differences, may be better understood through a greater understanding of the functional 

connectivity of the limbic cerebellum (Courchesne, 1997). Gaining a deeper understanding 

of the cerebellum, and more specifically, its connections to other brain regions, may lead 

to further insight into the mechanisms involved in these and other disorders that involve 

the cerebellum. 

Summary 

In summary, research from animal studies and imaging studies has shown that the 

cerebellum is involved in non-motor functions as well as non-motor circuits (Middleton & 
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Strick, 1994; Schmahmann & Sherman, 1998; Schmahmann, 2001; Blatt et al., 2013). 

Functional connectivity has been used to examine the functional coherence of the 

cerebellum and brain areas related to higher order cognitive functioning (Allen et al., 2005; 

Habas et al., 2009; Krienen & Buckner, 2009). The functional connectivity of the “limbic 

cerebellum” has not been extensively studied using fcMRI. Although, portions of the 

cerebellum including the cerebellar vermis are believed to be involved in the cerebellar-

limbic circuitry and require particular attention in the research. Identifying these 

connections will provide new information about the cerebellar role in emotional 

functioning and have implications for understanding disorders characterized by cerebellar 

abnormalities.  
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Chapter 3: Proposed Research Study 

Statement of Purpose 

The present study is proposed to further develop the field’s understanding of the 

functional connectivity of the limbic cerebellum using a resting-state fcMRI procedure. 

Schmahmann (2000) introduced the concept of a “limbic cerebellum” consisting of the 

fastigial nucleus, vermis, and flocculonodular lobe. Early animal research identified 

projection from multiple cerebellar vermis lobules to the fastigial nucleus; however the 

specific contributions of individual vermis regions to the limbic system are unknown 

(Courville & Diakiw, 1976). The vermis is the medial zone of the cerebellum, which is 

divided into lobules. Anatomical animal studies have not conclusively identified the vermis 

to be part of a limbic cerebellar circuit; however, physiological and imaging studies have 

provided some evidence for vermal involvement in this system (Zanchetti & Zoccolini, 

1954; Anand et al., 1959; Lane et al., 1997; Stoodley & Schmahmann, 2010). Identification 

of connectivity between specific vermis lobules to areas of the limbic cerebellum may be 

explored using resting state fcMRI.  Resting-state functional connectivity studies have been 

used to study correlations between different brain regions by examining slow (<0.1 Hz) 

spontaneous fluctuations in the blood oxygen level-dependent (BOLD) signal in various 

brain regions (Biswal et al., 1995; Allen et al., 2005; Fox et al., 2005; Uddin, Kelly, Biswal, 

Castellanos, & Milham, 2009). Brain regions with similar functional properties display 

similar BOLD fluctuations under resting conditions (Biswal et al., 1995). Understanding 

the functional coherence between the specific vermis lobules and the limbic system will 

help researchers to better understand the cerebellum’s role in emotional functioning and 

limbic circuits as well as disorders characterized by limbic or emotional dysfunction (e.g., 
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autism). Resting-state functional connectivity has been used to examine cortico-cerebellar 

connections related to cognitive functioning, but not to examine the specific vermis 

connectivity with structures of the limbic system (Bernard et al., 2012).  The proposed 

study aims to determine the functional connectivity of portions of cerebellar vermis and 

limbic regions at rest. In addition, the proposed study aims to establish a foundation for 

studies investigating such circuitry in clinical populations (e.g., autism spectrum disorder).  

Research Questions and Hypotheses 

Research question 1. Is there functional coherence between the anterior vermis 

lobule IV and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? 

Hypothesis 1. It is hypothesized that vermis lobule IV will not display functional 

coherence with regions of the limbic system.  

Rationale 1. Recent research has shown the anterior cerebellum to be connected 

with prefrontal motor brain regions and has been identified as part of a sensorimotor 

network between the cerebellum and cerebrum (Kelly & Strick, 2003; Stoodley & 

Schmahmann, 2010). However, early evoked potential research has indicated that 

stimulation of the anterior cerebellar vermis, including vermis lobule IV, resulted in 

heightened electrical responses in limbic areas including the amygdaloid nuclei, 

hippocampal gyri, and the hypothalamus (Anand et al., 1959). This early research suggests 

there could be functional connectivity between vermis lobule IV and structures of the 

limbic system; however, more recent research suggests that connectivity between the 
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anterior vermis and limbic structures is unlikely. Methodologically, lobule IV of the 

anterior vermis was specifically chosen for its readability on an MRI. 

Research question 2. Is there functional coherence between the superior posterior 

vermis lobule VII and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? 

Hypothesis 2. It is hypothesized that vermis lobule VII will display functional 

coherence with regions of the limbic system.  

Rationale 2. Imaging research indicates vermis lobule VII activation during 

emotional experiences including grief and panic (Lane et al., 1997; Stoodley & 

Schmahmann, 2009). Studies introducing emotional stimuli to subjects have consistently 

shown vermis lobule VII activation; however, this has not been studied using resting-state 

fcMRI (Stoodley & Schmahmann, 2010). This research suggests there could be functional 

connectivity between vermis lobule VII and structures of the limbic system during resting-

state conditions. Methodologically, lobule VII of the anterior vermis was specifically 

chosen for its readability on an MRI. 

Research question 3. Is there functional coherence between the interior posterior 

vermis lobule IX and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? 

Hypothesis 3. It is hypothesized that vermis lobule IX will display functional 

coherence with regions of the limbic system.  
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Rationale 3. Research indicates that damage to the inferior posterior vermis may 

result in problems of emotional functioning supported by the limbic system (Schmahmann 

& Sherman, 1998; Marien, 2013). Based on both clinical and imaging studies, the “limbic 

cerebellum” has been hypothesized to include the posterior vermis (Schmahmann, 2000; 

Blatt et al., 2013). This research suggests there could be functional connectivity between 

vermis lobule IX and structures of the limbic system during resting-state conditions. 

Methodologically, lobule IX of the anterior vermis was specifically chosen for its 

readability on an MRI. 

Methods 

 Participants. Data were previously collected as part of a larger study examining 

the anatomical and functional connectivity of the cerebellum in autism spectrum disorder. 

Participants were 21 healthy young adult males between the ages of 18 and 24 years old. 

Approximately 21 participants are needed to achieve 80% power with a threshold of 0.05 

for typical activations based on an estimation of statistical power for fMRI neuroimaging 

studies (Desmond & Glover, 2002).  Subjects were recruited into the larger study through 

recommendations, self-referral and advertising. All subjects gave informed consent prior 

to testing, and were compensated for their time. The University of Texas at Austin 

Institutional Review Board approved all procedures. 

Data acquisition. MRI data were acquired on a General Electric Signa Excite 3.0 

Tesla HD system. Images for resting-state functional connectivity analyses were acquired 

with a gradient-echo echo planar imaging (EPI) pulse sequence (TR = 2000 ms; TE = 30 

ms; flip angle = 90º; 46 3.0-mm axial slices; matrix = 64 x 66; FOV = 240 mm; in-plane 
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resolution = 3.75 mm x 3.75 mm; duration 7 min 14 sec) while subjects were instructed to 

rest. A time series of 216 EPI volumes were acquired for each participant. High-resolution 

sagittal images (SPGR sequence: TR=6.1 ms; TE=1.3 ms; flip angle=11°; matrix=256 x 

192; FOV= 256 mm; slice thickness = 1 mm) were acquired during the same scan session 

for each participant. 

Proposed Analysis and Expected Results 

 Analysis. 

 Pre-processing. Before the images can be used to determine functional coherence 

between regions, data pre-processing will be completed using FSL (Oxford Centre for 

Functional Magnetic Resonance Imaging of the Brain Software Library, 

www.fmrib.ox.ac.uk). Image preprocessing will include slice-timing correction (using 

Fourier-space timeseries phase-shifting). Images are acquired one slice at a time, resulting 

in each slice having a slightly different time of sampling. Slice timing correction minimizes 

these errors (Huettel, Song, & McCarthy, 2004). To correct for participant movement, FSL 

motion correction MCFLIRT will also be used on the data (Jenkinson, Bannister, Brady, 

& Smith, 2002). Head movement may alter the time course of each voxel measurement, 

necessitating movement correction during pre-processing (Huettel et al., 2004). Spatial 

smoothing (using a Gaussian kernel of FWHM 6mm) and Gaussian lowpass temporal 

filtering will be completed on the collected images (Uddin et al., 2009). Spatial smoothing 

statistically increases the normality of the data (Huettel et al., 2004). Previous research has 

demonstrated that functional coherence between different brain regions exists in a low-
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frequency time series (Biswal et al., 1995). Therefore, inclusion of a lowpass filter 

facilitates removal of high-frequency noise unrelated to signals of interest (Uddin et al., 

2009). Finally, each participant’s time series will be normalized by registration to the 

Montreal Neurological Institute (MNI) template, with 3mm resolution, using FSL’s FLIRT 

to enable time series extraction using standard anatomical masks (Jenkinson et al., 2002; 

Jenkinson & Smith, 2001). 

Functional connectivity analysis. For each subject, three vermis “seed volumes” 

will be identified. Vermis lobules IV, VII, and IX will be identified using the probabilistic 

MR atlas of the human cerebellum (Diedrichsen, 2006; Diedrichsen et al., 2009). These 

candidate regions will identify the extent of image space that could potentially contain the 

vermis lobules IV, VII, and IX in any individual subject. The candidate regions will then 

be overlaid on each individual subject's anatomical data and edited so that it corresponds 

to the extent of image space occupied by the individual vermis lobules. Then, the 

temporally filtered time series MR signal data will be extracted from all voxels falling 

within the region of interest (ROI) volumes. The fMRI signals within all voxels in the 

vermis lobule IV ROI will be averaged for each time point to create the vermis lobule IV 

time series course. This will be repeated for the two remaining ROIs for each participant.  

 Then, multiple regression analysis using FSL’s FEAT program will be completed 

on each vermis lobule ROI’s time series regressors and nuisance covariates including 

global signal and signals from cerebrospinal fluid and white matter. The global signal has 

been shown to reveal physiological processes including cardiac and respiratory fluctuation 

patterns and is included in the regression analysis to remove these factors from the results 
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(Birn, Diamond, Smith, & Bandettini, 2006; O’ Reilly et al., 2010; Uddin et al., 2009). 

Cerebrospinal fluid (csf) and white matter will be regressed out to minimize the inclusion 

of non-gray matter voxels and non-tissue voxels that may potentially confound results of 

the functional analysis between seed ROIs and areas of the limbic system (Smith et al., 

2004; O’Reilly et al., 2010). FEAT orthogonalizes each vermis lobule ROI with global, 

csf, and white matter to minimize their influence on the desired signal data. This process 

then identifies voxels that are functionally connected to each of the separate seed volumes 

(lobule IV, VII, and IX) by identifying positively and negatively correlated voxels (Uddin 

et al., 2009).  

 The group analysis will then be completed using FSL’s FLAME, a mixed-effects 

model, which will calculate a threshold to identify voxels significantly correlated with each 

seed region of interest. FLAME uses Markov Chain Monte Carlo randomization to get an 

accurate estimation of the true random-effects variance and degrees of freedom at each 

voxel. FLAME will then create thresholded Z-score maps of correlated voxels (positive 

and negative functional connectivity) associated with each vermis lobule ROI (Smith et al., 

2004; Richards & Berninger, 2008).   

 Results. 

 Research Question 1. Is there functional coherence between the anterior vermis 

lobule IV and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? FSL software and 

functional connectivity analysis will be conducted to determine if there is functional 

coherence between vermis lobule IV and structures of the limbic system.  
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It is hypothesized that when the average BOLD time course of voxels in vermis 

lobule IV ROI is correlated with all voxels of the limbic system, significant functional 

coherence will not be found.  

Research Question 2. Is there functional coherence between the anterior vermis 

lobule VII and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? FSL software and 

functional connectivity analysis will be conducted to determine if there is functional 

coherence between vermis lobule VII and structures of the limbic system.  

It is hypothesized that when the average BOLD time course of voxels in vermis 

lobule VII ROI is correlated with all voxels of the limbic system, significant functional 

coherence will be found.  

Research Question 3. Is there functional coherence between the anterior vermis 

lobule IX and areas of the limbic system including the hippocampi, amygdale, 

hypothalamus, the septal nuclei, and the central nuclei of the thalamus? FSL software and 

functional connectivity analysis will be conducted to determine if there is functional 

coherence between vermis lobule IX and structures of the limbic system.  

It is hypothesized that when the average BOLD time course of voxels in vermis 

lobule IX ROI is correlated with all voxels of the limbic system, significant functional 

coherence will be found. 
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Chapter 4: Discussion 

Summary 

 The cerebellum contributes to not only motor functioning, but also to cognitive and 

emotional functioning. Cerebellar abnormalities have been identified in patient populations 

with disruptions in emotional functioning, often associated with the limbic system. The 

functional connectivity of the limbic cerebellum has not been comprehensively studied 

using fcMRI procedures. More specifically, contributions of specific vermis lobules to the 

cerebellar-limbic limbic-cerebellar circuits are unknown and an emotional resting state 

network in the human brain has not been recognized. Animal studies, physiological studies, 

and imaging studies have implicated cerebellar vermis involvement in emotional 

functioning but the exact lobules contributing to this network have not been identified using 

resting-state functional connectivity research. Understanding this circuitry is particularly 

important for understanding the functional implications of cerebellar pathology and the 

role of cerebellar abnormality in clinical disorders characterized by cerebellar differences.  

 The purpose of the current study proposal is to determine the functional 

connectivity of specific vermis lobules from different areas of the cerebellum with 

structures of the limbic system to contribute to the understanding of the organization of the 

limbic cerebellum and its circuitry. FSL software and functional connectivity analysis is 

proposed to be used to determine the functional coherence of three vermis ROIs with limbic 

structures. It is hypothesized that posterior vermis lobules (VII & IX) will show significant 

functional coherence with structures of the limbic system, suggesting posterior vermis 
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involvement in the circuitry of the limbic cerebellum. Conversely, anterior vermis lobule 

IV is hypothesized not to show significant functional coherence with limbic regions.  

Limitations 

Examining brain fluctuations at rest allows researchers to analyze the resting state 

connectivity networks of the brain (Daliri & Behroozi, 2013). Resting state connectivity 

networks that have been identified using this method include the “default mode network” 

and the “core network,” which link different brain regions and have been suggested to be 

important in cognitive functioning (Raichle, et al. 2001; Dosenbach et al., 2007). Although 

the resting state fcMRI procedures proposed are a strength for this study because they allow 

for the study of the connectivity of structurally separate but functionally related brain areas 

to be examined, they also contribute some limitations. This procedure is beneficial in 

identifying possible resting-state networks; however, resting state fcMRI is a correlational 

procedure. Consequently, causal conclusions cannot be made using this method (Fox et al., 

2012). Therefore, a limitation of the proposed study is that causal statements about the 

certainty of the connectivity between vermis lobule ROIs and areas of the limbic system 

cannot be made. Resting state fcMRI is not a direct measure of neural activity between 

regions. Instead, fcMRI allows for an examination of the coherence among functionally 

related brain areas through observed correlations in fluctuations in the blood oxygen level 

dependent (BOLD) signal, which is associated with neural activity (Biswal, Yetkin, 

Haughton, & Hyde, 1995; Fox, Halko, Eldaief, & Pascual-Leone, 2012). This allows for 

the identification of reproducible functional brain networks. In this proposed study, fcMRI 
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is used to identify the functional brain networks between vermis lobules IV, VII, and IX, 

each with limbic system structures. 

Another limitation of this study is the lack of previous literature distinguishing the 

connectivity of specific lobules of the posterior vermis with limbic system structures. The 

literature identifies posterior vermis activation during emotional tasks, but does not identify 

specific lobules of vermis that are most associated with limbic system structures (Lee et 

al., 2004; Hofer et al., 2007). Although Stoodley and Schmahmann (2010) hypothesize the 

“limbic cerebellum” is composed of the fastigial nucleus and the posterior vermis, specific 

areas of vermis are not discussed. Due to the non-specificity of the previous literature, the 

hypotheses of this study could not include very precise or targeted limbic structures, but 

instead needed to be more open to multiple possibilities of vermis lobule connectivity with 

the limbic system. The results from the proposed study will contribute to the literature 

identifying connections between the cerebellum and the limbic system, which will help to 

specify future research hypotheses involving vermis connectivity. 

Implications and Future Directions 

Results of this proposed research study could have important implications for future 

research. Currently, it is unclear which specific areas of the cerebellar vermis are 

contributing to emotional functioning. By examining the functional connectivity of 

individual vermis with limbic system brain structures, previously unknown cerebellar 

circuits may be identified. Additional information evaluating resting state connections of 

specific areas of cerebellar vermis (lobules IV, VII, & IX) with the limbic system will 

contribute to the current understanding of human brain connectivity at a baseline. This may 



39 

 

prompt further research examining specific connectivity of cerebellar vermis lobules on a 

larger scale. In addition, identifying specific vermis lobules that are functionally connected 

with structures of the limbic system will contribute to the literature supporting the role of 

the cerebellum, specifically the cerebellar vermis, in emotional functioning. Understanding 

the connectivity of individual vermis lobules will provide a clearer picture of the 

organization of the limbic cerebellum. This may encourage researchers to continue the 

study of specific vermis lobule connectivity in order to identify other resting state 

networks. 

The results of this study may encourage researchers to replicate these methods in 

clinical populations with known cerebellar abnormalities. Research has shown cerebellar 

vermis abnormalities in individuals with autism, schizophrenia, and ADHD. In autism, a 

number of studies have shown reduced area of vermis lobules (Akshoomoff et al., 2004; 

Courchesne et al., 2001; Levitt et al., 1999). Gray matter reduction found in the vermis of 

children with autism has been linked to lower ADI-communication and ADOS-total scores, 

suggesting the cerebellum’s contribution to emotional and cognitive functioning that are 

impaired in children with autism (Riva et al., 2013). The cerebellum is one of the most 

consistent sites of brain abnormality in autism (Courchesne, 1997). The results of this study 

will help researchers to understand the functional implications of this very common site of 

abnormality in individuals with autism spectrum disorders. Future research examining the 

functional connectivity of the cerebellar vermis lobules with limbic structures in autism 

may help to identify potential cerebellar functional differences in this population. Results 

of the current proposal will allow for these comparisons between nonclinical and patient 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Courchesne%20E%5BAuthor%5D&cauthor=true&cauthor_uid=11468308
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populations to be made and will further expand our understanding of the role of the 

cerebellum in disorders with impairments in emotional functioning domains. By 

comparing nonclinical vermis lobule functional connectivity to that in patient populations, 

researchers may identify unknown abnormalities in autism and other clinical populations 

with known cerebellar vermis abnormalities, including schizophrenia and ADHD.  
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