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ABSTRACT

Theory of Mind (ToM) is the ability to infer mental states of others and this skill
relies on a distributed network of brain regions. A brain region that has been traditionally
disregarded in relation to non-motor functions is the cerebellum. Here, we leveraged
large-scale multimodal neuroimaging data to elucidate the structural and functional role
of the cerebellum in ToM. We used functional activations to determine whether the
cerebellum has a domain-general or domain-specific functional role. We found that the
cerebellum is organized in a domain-specific way. We used effective connectivity and
probabilistic tractography to map the cerebello-cerebral ToM network. We found a left
cerebellar effective and structural lateralization, with more and stronger effective
connections from the left cerebellar hemisphere to the contralateral cerebral ToM areas
and greater cerebello-thalamo-cortical (CTC) and cortico-ponto-cerebellar (CPC)
streamline counts from and to the left cerebellum. Lastly, we examined the relationship
between CTC and CPC white matter and ToM speed and accuracy but found no
correlation. Our study provides novel insights to the network organization of the
cerebellum, an overlooked brain structure, and ToM, one of humans’ most essential

abilities to navigate the social world.

i



This dissertation is dedicated
to everyone who never

had a doubt.

111



ACKNOWLEDGMENTS

Throughout the writing of this dissertation, I have received a great deal of support
and assistance.

I would like to thank my mentor Dr. Ingrid Olson. She was a wonderful mentor,
helpful and supportive, allowing me to grow with steady guidance. She has been an
invaluable ally during the five years of my graduate work.

I would also like to thank the members of my doctoral committee: Dr. Jason
Chein, Dr. Vishnu Murty, Dr. Geoffrey Wright, Dr. Huiling Peng, and Dr. Nico
Dosenbach. Their suggestions and feedback had a great impact to this dissertation.

I would like to acknowledge my labmates from the Olson lab for their wonderful
collaboration. Thank you Kylie Alm, Zoe Ngo, Tehila Nugiel, Linda Hoffman, Susan
Benear, Haroon Popal and everyone else in the lab. Our conversations over the years
shaped this dissertation. I would particularly like to single out Dr. Yin Wang. This
dissertation, and my PhD as a whole, would have been very different if it hadn’t been for
our collaboration, your help and our stimulating discussions. Thank you.

In addition, I would like to thank my family and friends. My sister, my brother,
my grandmother, great-aunts and great-uncle, my aunt and cousins, my best friend, and
my father. More importantly, [ want to thank my mother and my grandfather. If it hadn’t
been for your support, trust in me, and financial assistance I would still be a social worker
in Asprovalta. I owe you everything because you made this happen.

Last but certainly not least, I want to thank my husband Dr. Aris Sotiras and my
son Yanni. Without my husband’s support and “destructive criticism” I may have been

v



writing acknowledgements for a completely different dissertation. Without Yanni in my
life I wouldn’t have known that it is possible to run analyses and write a dissertation
while taking care of a baby. It is extremely hard, I wouldn’t recommend it to anyone, but

it is possible. I love you both immensely and you are my world. Thank you.



TABLE OF CONTENTS

Page

ABSTRACT ...ttt ettt b e sttt e st ebeeseee e s i

DEDICATION ...ttt ettt ettt et sat e e bt e s bt e e beesateebeeeaee i1

ACKNOWLEDGMENTS ...ttt ettt st v

LIST OF TABLES ...ttt sttt ettt seeeae e viil

LIST OF FIGURES ...ttt sttt st 1X
CHAPTER

1. INTRODUCTION ...ttt sttt et ettt ebe e s ebeesaeeens 1

Social Cognition and Theory of Mind ...........cceccviiiiiiiiiiiieieece e 1

The CerebellUm.........coouiiiiiiii e e 2

The CUITent StUAY ....cccouvieeiiieeiieeee e e e et e e e e saaeeetaeeensaeesnnes 8

2. METHODS .ttt sb e ettt e st e bt e s eenbeesaneens 9

Dataset and PartiCIpantsS..........cc.eeecveeeiiieeiieeeie ettt 9

Overview Of HCP Protocol ........ooeuviiiiiiiciiiece ettt 9

IN-SCanNNEr TaSKS .......ooiuiiiiiiie e 10

Social Cognition (Theory of Mind) ........ccceeeveeeiiieeiiiiiiieeieeeeeeee 11

IMIOTOT ...ttt et ettt st s e e sabee e 11

GaAMDIING.....tiieiieeee et e et e e e e e saee e 12

WOTKING MEMOTY......oiieiiieeiieeeiie ettt et e e sree e es 13

Language ProCeSSING .......cccuveeiiiieeiiieciee et eeieeerree et rveeeaeeesreeesaee e 13

Relational ProCeSSING.......cccuieeiiiieeiiiieeiieecite ettt ee e e saee e 13



Emotion ProCeSSING ........cccvieeiiiiiiiiieeiieeciee ettt e
IMAage PreproCeSSING ......eieiuiieeiiieeiiieciee ettt et e e e e e e e e e e steeesaeeeenanee e
Regions of Interest Definition...........cccvieiiiieriiieeiiie e
Cluster Overlap and Euclidean DiStances...........occveeeiieiriieeniieerieeeiee e
Psychophysiological Interaction AnalySes .........ccccueevvuieerieeenieeeriee e eee e
DiffuSION ANALYSES....ccuviieiiiieiiieeiiee ettt ettt e e e e e e s e e saeeeeneee e

Brain-behavior ASSOCIATION ...covveueeeeeee ettt e e e e e e e eereaeeeeeeeeeeeeaaaeees

3. RESULTS et e st

Testing Hypothesis 1: Functions of Distinct Cerebellar Regions..........................
Testing Hypothesis 2: Effective Connectivity between ToM Cerebellum

ANA CETEDIUML.....cctiiiiiiiiiiiiiiiicet ettt
Testing Hypothesis 3: Structural Connectivity between ToM Cerebellum

ANA CTEDIUML......oviiiiiiiiiiiiiiiiieet ettt

Testing Hypothesis 4: Brain-behavior ASSOCIation ..........ccceeecvveerveeeeveesiveenneeenns

4. DISCUSSION ..ottt ettt e s e

Limitations and Future DIre€CtiOns .......coovueemmmeeeeee e eeeeeeeeeeeeeeeeees

COMCIUSIONS - ettt e e e e e e e e e e e e e e eeeeeeeeanraaaeeeeaanes

REFERENCES CITED.......cooiiiiiiieeee e

APPENDIX

SUPPLEMENTARY TABLES ...ttt

vil



LIST OF TABLES

Table Page
1. Activation clusters and cerebellar lobe percent overlap.............................. 25
2. Percentage of overlap between activation clusters.................ccoceviiiiiinnnn. 26

3. Mean cerebello-thalamo-cortical (CTC) and cortico-ponto-cerebellar (CPC)
streamline COUNtS. ... .....iuiiiitiii i e, 34

Al.Cerebellar clusters of activation and cerebellar lobule percentage

OVETLAD . ..t e e e erneesenee s 1
A2.0ne-sample Kolmogorov-Smirnov test for normality distribution of beta weights

(effective connectivity) of all tasks............cceiiiiii e 74
A3.Spearman’s rho correlations between task activations..............c.c.ooeeveeenenne 75
A4.Wilcoxon signed-rank test results for all possible task pairs..........................75

AS5.Paired samples t-tests on individual beta-weights (effective connectivity) for all
proximal ROIS. ..ot e e evreesreeeneeeenn 10

A6.Wilcoxon signed ranks test on individual beta-weights (effective connectivity) for
proximal ROIs not meeting normality criteria.............coeeevieiineeiniiinnneannn.. 77

A7.Cerebello-thalamo-cortical white matter pathways average streamline counts...78

A8.Cortico-ponto-cerebellar white matter pathways average streamline counts........ 80

A9.0ne-sample Kolmogorov-Smirnov test for normality distribution of cerebello-
thalamo-cortical and cortico-ponto-cerebellar white matter pathway streamline counts

(cerebellar 1obe averages)......o.vveuueiieieeit e 82

A10. Spearman’s rho correlations between cerebello-thalamo-cortical streamline counts
averaged across cerebellar [obes...........ooviiiiiiiiiiii i 83

All. Spearman’s rho correlations between cortico-ponto-cerebellar streamline counts
averaged across cerebellar [obes...........ooviiiiiiiiii 84

A12. Wilcoxon signed-rank test results for all possible left-right streamline count
cerebellar hemisphere and lobe pairs...........oovvviiiiiiiiiiii e 85

viil



LIST OF FIGURES

Figure Page
1. Social cognition (Theory of Mind) task..............coooiiiiiiiiiiiiii i, 12
2. Group-level task clusters of activation...............ooeviiiiiiiiiiiieie e, 23
3. Local maxima for each functional task...............ccocceiiiiiiiiii 24
4. Data-driven cerebellar ToM local maxima.............cocvvieieiiiiiiininiine.n 28
5. Effective connectivity between cerebellar and cerebral ToM ROls................ 30
6. Effective connectivity significance between cerebellar and cerebral ToM

2 J 31
7. Mean streamline counts for each cerebello-thalamo-cortical and cortico-ponto-

cerebellar White matter tract. .. ....ooveerunn ettt e, 33

X



CHAPTER 1
INTRODUCTION
Social Cognition and Theory of Mind

Social cognition broadly encompasses the cognitive processes that humans use to
navigate the social world (Amodio & Frith, 2006; Beer & Ochsner, 2006; Frith & Frith,
2007, 2012; Van Overwalle, 2009; Van Overwalle & Baetens, 2009). Through verbal and
non-verbal input humans manage to detect intentionality, make informed judgements,
attribute emotions and successfully navigate the world. A lack of social cognitive skills
could lead to misjudgment of social situations and interactions with other people, making
every-day life an extremely difficult experience.

Attributing mental states to others, and interpreting their intentions, perspectives,
and beliefs is termed mentalizing or Theory of Mind (ToM) (Blakemore, 2008; Frith &
Frith, 2006; Mar, 2011; Schurz et al., 2014) and is an essential social skill. An extensive
literature in social neuroscience has identified brain areas that work in concert subserving
this process. These collective brain areas form a large-scale neural network: the
mentalizing network. The mentalizing network comprises the occipital gyrus, fusiform
gyrus, temporoparietal junction, precuneus, amygdala, anterior temporal lobe, inferior
frontal gyrus, and medial prefrontal cortex (which can be further divided to dorsomedial
and ventromedial prefrontal cortex) (Bzdok et al., 2013, 2015; Hartwright et al., 2016;
Lahnakoski et al., 2012; Uddin et al., 2007; Yang et al., 2015). Although there is a rich
body of neuroimaging studies that examines these social brain areas, their function, and
their connectivity, there is one brain structure that has been systematically overlooked by

social neuroscientists: the cerebellum.



The Cerebellum

The cerebellum is located below the occipital lobes, posterior to the pons and
medulla oblongata. Traditionally the cerebellum has been considered a motor brain area.
Starting with the work of Jean Marie Pierre Flourens (1842), who demonstrated that
cerebellar damage in pigeons resulted in impaired flight due to loss of coordination of
voluntary wing movements, and following with studies in monkeys (Luciani, 1892;
Ferrier and Turner, 1894; Russell, 1894), and observations by pioneering clinical
neuroscientists (Sanger Brown, 1892; Pierre Marie, 1893; Felix Babinski, 1899; Holmes,
1908, 1917, 1939), the notion that the cerebellum is engaged solely in motor functions,
was a view that solidified as a well-known absolute truth over the decades. What was
overlooked though was that evidence of intellectual and emotional disability in patients
with cerebellar damage or agenesis was also reported (Fisher, 1839; Zanatta, 2018). The
disregard, or sometimes aversion, towards mental health issues in the late 19th century
led to refusal to consider a cerebellar role beyond the coordination of voluntary motor
activity for almost 200 years.

In more recent years there has been a newfound interest in the cerebellum and its
non-motor functions. Although the majority of the cerebellum-related research is still
centered around motor related actions, such as the coordination of voluntary movements,
gait, posture, and speech (Brodal & Bjaalie, 1997; Fine et al., 2002; Glickstein, 1992,
1993; Ito, 2002), researchers have started shifting their attention on its non-motor role,
contemplating new theories of cerebellar function (Leiner et al., 1986; Schmahmann,
1991, 1998), and investigating its anatomical properties (Middleton & Strick, 1994;
Schmahmann & Pandya, 1989, 1997). These investigations were prompted by anatomical

2



tracer studies in animals which showed that cerebello-cerebral structural connectivity was
different between primates and other vertebrates, with primate cerebellar output fibers
reaching the frontal association cortex (Ito, 1984). Additional primate studies using viral
retrograde transneuronal tracing methods showed not only that the cerebellum projects to
specific premotor and prefrontal cortex (Brodmann areas 9 and 46 which correspond to
the dorsolateral/medial prefrontal cortex) (Clower et al., 2005; Dum & Strick, 2003;
Kelly & Strick, 2003) but also that these cortical areas project back to specific cerebellar
areas forming closed cerebro-cerebellar loops (Middleton & Strick, 1997, 2001;
Schmahmann & Pandya, 1997).

Post-mortem studies in the human brain also showed that while the
phylogenetically older anterior portion of the cerebellum has connections to motor cortex,
the phylogenetically newer posterior cerebellar lobe projects to the frontal lobe (Leiner et
al., 1993). The functional significance of these connections was illuminated by work
showing that cerebellar damage could at times cause the “Cerebellar Cognitive Affective
Syndrome” which includes personality changes, blunting of affect, disinhibition or
inappropriate behavior, as well as language deficits such as mutism, dysprosodia, and
anagrammatism (Schmahmann & Sherman, 1998).

Subsequently, a number of studies, using neuroimaging methods (e.g. Positron
Emission Tomography (PET) or functional magnetic resonance imaging (fMRI)) reported
cerebellar activations to various linguistic tasks (Petersen et al., 1988, 1989), specifically
in lobule VI and Crus I (Ackermann et al., 1998; Desmond et al., 1997; Fiez & Raichle,
1997; Martin et al., 1995; Raichle et al., 1994). Consistent with the crossed cerebro-
cerebellar fiber pathways, linguistic impairments can arise following right cerebellar
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hemisphere lesions, whereas visual—spatial difficulties may follow left cerebellar
hemisphere damage (Fiez et al., 1992; Gottwald et al., 2004; Gross-Tsur et al., 2006;
Hokkanen et al., 2006; Riva & Giorgi, 2000; Scott et al., 2007). Other studies reported
that different cerebellar regions, lobules VIIb, VIIla, and Crus I, are active during various
working memory tasks, a finding replicated multiple times (Ravizza et al., 2006;
Schmahmann & Sherman, 1998; Silveri et al., 1998). Several studies have also shown
activation in the cerebellar vermis during behaviors related to emotions (Lane et al.,
1997; Reiman et al., 1989, 1997) and affective processing.

From a clinical perspective, cerebellar, social cognition, and emotion processing
impairments have been observed in multiple neuropsychiatric and neurodevelopmental
disorders, including attention-deficit/hyperactivity disorder (ADHD) (Mackie et al.,
2007), autism spectrum disorder (ASD; Bailey et al., 1998; Catani et al., 2008; Palmen et
al., 2004; Whitney et al., 2008), major depressive disorder (Shah et al., 1992), and
schizophrenia (Segarra et al., 2008). Children with ASD, that presented with constrictions
in social interaction, had hypoplasia in the cerebellar vermis lobules VI and VII
compared to healthy controls (Courchesne et al., 1994), although other studies have
found evidence of cerebellar vermis hyperplasia (Courchesne et al., 1994). In a diffusion
tensor imaging study, Catani et al. (2008) demonstrated that individuals with Asperger
syndrome had reduced axonal density in short fibers in the right cerebellar peduncle
while no differences were observed in the afferent fiber density. Furthermore, it has been
suggested that cerebellar alterations interrupt functional connectivity with the cerebral
cortex, which results in decreased release of dopamine in the frontal cortex (Mittleman et

al., 2008). Multiple neuroimaging studies also propose that cerebellar abnormalities are
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observed in individuals with schizophrenia. Cerebellar grey and white matter volume
reductions have been reported (Segarra et al., 2008; Sharma et al., 1998), including
vermal volume reduction (Heath et al., 1982; Jacobsen et al., 1997; Lippmann et al.,
1982; Varnés et al., 2007). Lastly, a reduced vermis volume has been found in individuals
with bipolar disorder (Delbello et al., 1999) and major depressive disorder (Shah et al.,
1992).

It is clear that the cerebellum plays a role not only in motor functions but in non-
motor as well, including social cognition. But what is the exact role of the cerebellum in
all these functions? In the motor literature there is agreement that the cerebellum
contributes in the regulation of the rhythm, rate, accuracy, and force of movements (for a
review see Manto et al., 2012). Similarly, it is considered that the cerebellum regulates
the capacity, speed, appropriateness and consistency of mental processes. The theory that
the cerebellum maintains behavior around a homeostatic baseline is termed the
“dysmetria of thought theory” (Schmahmann, 1998) and it is analogous to the dysmetria
of movement theory. The latter is presented with overshooting and lack of control in the
motor system. In the dysmetria of thought theory, these are equated with unpredictability
in social interactions, a mismatch between reality and perceived reality, and unsuccessful,
illogical efforts to correct errors in behavior and thought (Schmahmann, 2019). It is clear
that dysmetria of movement is matched with dysmetria of thought and this match in
functions is explained by the theory of the Universal Cerebellar Transform (UCT;
Schmahmann, 2000, 2001, 2004) according to which there is a unique computation to the
cerebellum applying to all functions (movement- and cognition-related) due to the

uniform cortical cytoarchitectonic organization of the cerebellum (Ito, 1993; Voogd &
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Glickstein, 1998) which is applied to all its functions (Guell, Gabrieli, et al., 2018;
Schmahmann, 2000, 2001, 2004). The most prominent theory about the nature of the
cerebellar computation posits that the cerebellum is encoding internal models that
reproduce the dynamic properties of body parts for controlling these body parts without
any sensory feedback, and for mental processes, that it encodes internal models which
reproduce the essential properties of mental representations in the cerebral cortex (Ito,
2008).

So how can we best define and explore the role of the cerebellum in social
cognition, anatomically and functionally? Van Overwalle and colleagues proposed and
showed through meta-analyses that the cerebellum is specifically involved in ToM and
somatomotor processes (Van Overwalle, Baetens, et al., 2015; Van Overwalle, D’aes, et
al., 2015; Van Overwalle & Marién, 2016). This idea drew heavily on findings by
(Buckner et al., 2011) showing at the group level that the cerebellum is linked to the
default network, which in turn has been linked to ToM, with a triple representation of
cognitive domains in the cerebellar posterior lobe, specifically lobules VI-Crus I, Crus II-
VIIb, and lobule IX. In a recent study, Guell, Gabrieli, et al. (2018) confirmed and
extended Buckner’s demonstration using the Human Connectome Project dataset (Van
Essen et al., 2013). Consistent with this, (Hoche et al., 2016) found that patients with
cerebellar damage are impaired in a task of emotion attribution from faces, supporting the
notion of the importance of the cerebellum in social cognition.

Regarding anatomical connectivity, few studies have employed diffusion-
weighted imaging techniques and tractography to confirm in-vivo the existence of white

matter connections in humans between the cerebellum and the cerebral cortex and
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explore their quality. Salamon et al. (2007) were able to delineate the cerebellar
peduncles using diffusion tensor imaging (DTT). Jissendi et al. (2008) were the first

to isolate cerebellar projections to prefrontal and posterior parietal cortices using
tractography. They were the first to show these pathways in humans in-vivo even though
they were not able to extract pathways for all 10 of their subjects and their DTI protocol
was rudimentary but reasonable for the year the study was conducted. Salmi et al. (2010)
used task-fMRI and diffusion-weighted MRI with probabilistic tractography with a
nonverbal auditory working memory task and found that cognitive and motor functions
are segregated in the cerebellum. They did not delineate the whole cerebro-cerebellar
loop, but fragments of the loop interconnecting at the pons and the thalamus. Granziera et
al. (2009) conducted a diffusion spectrum imaging study identifying several white matter
connections in four subjects. The white matter connections they traced were
predominately within the cerebellum (i.e. deep cerebellar nuclei to cerebellar cortex) or
up to the pons and thalamus, but not all the way to the cerebral cortex. Sokolov et al.,
(2014) were the first group that delineated the cerebro-cerebellar white matter loop from
the right posterior superior temporal sulcus to the left cerebellar lobule Crus I. Keser et
al. (2015) was the first group to explore the full extent of the white matter feedforward
and feedback pathways between the cerebellum and the cerebral cortex. They

used deterministic tractography to reconstruct the spinocerebellar pathway, the dentate-
rubro-thalamo-cortical pathway (feedforward, cerebellar origin), and the cortico-ponto-
cerebellar pathways (feedback, cerebral cortex origin) which comprise of the fronto-
ponto-cerebellar, parieto-ponto-cerebellar, temporo-ponto-cerebellar and occipito-ponto-

cerebellar pathways. This study’s findings were important because they clearly
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demonstrated that the white matter connections between the cerebellum and cerebral
cortex are diverse, both contralateral and ipsilateral, and not solely involving the motor
cortex. Yet the study had some limitations such as the use of deterministic tractography
instead of probabilistic (Behrens et al., 2007), the small number of participants (n=10),
and the fact that their results would not survive multiple comparisons due to the small
sample size (Keser et al., 2015). Furthermore, the researchers did not demonstrate lobular
variation in the dentate-rubro-thalamo-cortical pathway. Karavasilis et al. (2019)
confirmed the results by Keser et al. (2015) by replicating their study with a larger
number of participants (n=60).
The Current Study
Proof of functional connectivity and anatomical connectivity between the
cerebellum and the cerebral cortex is evident. Yet the functional relationship and
anatomical connectivity between the ToM areas of the cerebellum and the ToM areas of
the cerebral cortex, remains unknown.
The goal of this study is to bring together disparate findings linking ToM
processing to portions of the cerebellum by testing the following hypotheses:
1. There are distinct cerebellar regions related to ToM;
2. Portions of the cerebellum functionally interact with portions of the cerebrum to
solve social tasks;
3. There are white matter networks linking the cerebellum to cerebral regions
involved in ToM;
4. White matter microstructural indices are correlated with behavioral indices of

ToM.



CHAPTER 2
METHODS
Dataset and Participants
All data used in this study are part of the Human Connectome Project (HCP)
dataset, specifically the WU-Minn HCP Consortium S900 Release (WU - Minn
Consortium Human Connectome Projec, 2015). This dataset is publicly available,

accessible at https://www.humanconnectome.org. Only subjects that completed all

imaging sessions of interest (T1/T2, task fMRI (tfMRI), and diffusion MRI (dMRI)) were
included in this study. To reduce variance in structural organization (McKay et al., 2017)
we restricted our population to only right-handed subjects using the Edinburgh
Handedness questionnaire (Oldfield, 1971), which resulted in 679 healthy young adults.
Additionally, five subjects were excluded due to lack of enough robust signal in all
bilateral ROIs in the ToM localizer task, and one more subject for missing all the
explanatory variable files with timing information necessary for psychophysiological
interaction (PPI) analyses, thus leading to a final sample of 671 healthy young adults
(377 females, M=28.78, SD=3.67). Unless otherwise stated, all significant results
reported in this study were corrected for multiple comparisons using the false discovery
rate (FDR; Benjamini & Hochberg, 1995).
Overview of HCP protocol

Due to the complexity of the HCP data acquisition and preprocessing pipelines,
listing all scanning protocols and data analysis procedures in detail is beyond the scope of
this dissertation. Full detailed description of all protocols and procedures can be found
elsewhere (Barch et al., 2013; Glasser et al., 2013; S. M. Smith et al., 2013; Van Essen et
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al., 2012). Briefly, the HCP protocol includes acquisition of structural MRI (0.7mm
isotropic voxels), resting-state fMRI (rfMRI) (2mm isotropic voxels, four runs of 1200
volumes, TR = 720mm, 14m33sec per run), ttMRI (2mm isotropic voxels, TR = 720ms,
tasks: working memory, gambling, motor, language processing, relational processing,
social cognition, emotion processing), and dMRI (1.25mm isotropic voxels, three shells
of b= 1000, 2000, and 3000s/mm?, 90 diffusion-weighting directions acquired with
right-to-left and left-to-right phase encoding) in a customized Siemens 3T “Connectome
Skyra” scanner, with subsets of the subjects getting further scanning in a 7T scanner and
a combined MEG/EEG (resting-state and task-evoked) session. Participants also received
extensive behavioral testing (Barch et al., 2013): NIH Toolbox for Assessment of
Neurological and Behavioral Function (cognition, emotion, motor, sensory), The
University of Pennsylvania Computerized Neuropsychological Testing (personality,
psychiatric, and additional cognitive and emotion measures), and the Semi-Structured
Assessment for the Genetics of Alcoholism (SSAGA; psychiatric and substance use
questionnaires). Additional measures that were obtained included, among others,
demographics information, health measures, sleep pattern, drug screening.
In-scanner Tasks

Participants were assessed in seven major domains: 1) social cognition; 2) motor
(visual, motion, somatosensory, and motor systems); 3) gambling; 4) working
memory/cognitive control systems and category specific representations; 5) language
processing (semantic and phonological processing); 6) relational processing; and 7)

emotion processing (Barch et al., 2013).
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Social Cognition (Theory of Mind)

In the social cognition task (henceforth “ToM”), participants viewed short video
clips (20s each) of geometrical shapes (circles, squares, triangles) that either interacted or
moved purposelessly on the screen (Figure 1). The videos were developed by either
Castelli et al. (2000) or Wheatley et al. (2007) and have been validated as a measure of
ToM given evidence that they generate task related activation in brain regions associated
with ToM with reliable results across subjects (Barch et al., 2013; Castelli et al., 2000,
2002; Wheatley et al., 2007; White et al., 2011). After each video clip participants were
asked to select whether the shapes interacted in a socially meaningful way (e.g. playing,
dancing, coaxing) with each other taking into account each other’s feelings or thoughts,
whether there was no obvious interaction and the shapes moved randomly, or they could
select that they weren’t sure. Each of the task’s two runs had five video blocks, two
socially meaningful and three random in one and three socially meaningful and two
random in the other, and five fixation blocks.

Motor

The motor task was an adaptation of the task developed by Buckner and
colleagues (Buckner et al., 2011; Yeo et al., 2011) and was intended to map the motor
areas of the brain. Participants were presented with visual cues that asked them to either
tap their right or left fingers, squeeze their right or left toes, or move their tongue. Each
block of a movement was preceded by a 3s cue and lasted 12s (10 movements). Each of
the two runs, consisted of 13 blocks, with two blocks of tongue movements, four of hand

movements (two right and two left), and four of foot movements (two right and two left).
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Figure 1. Social cognition (Theory of Mind) task. Snapshot of a video clip from the
Theory of Mind task, were two triangles interacted in a socially meaningful way. In this
video clip, the triangles were displaying playful behavior with each other, acting as if
they were family or close friends. The smaller triangle was excitedly following and
nudging the larger one. In other video clips the triangles did not interact at all and were
moving in a completely random manner.

Gambling

The gambling task was a modified version of the task developed by Delgado et al.
(2000). In this task, participants were presented with a card and they were asked to guess
whether the “?”” symbol in the card represents a number bigger or smaller than 5. After
they guessed they received feedback: The number which was represented by the “?”” and
a green upward arrow with “$1” for reward trials, a red downward arrow with “-$0.50”
for loss trials, and the number 5 and a gray double headed arrow for neutral trials. The
“?” was presented for 1500ms followed by feedback for 1000ms and a 1000ms intertrial

interval with a “+”. The task was presented in blocks of eight trials that were either
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mostly reward or mostly loss. In each of the two runs, there were two mostly reward and
two mostly loss blocks, interleaved with four fixation blocks (15 seconds each).
Working Memory

In this task participants were presented with blocks of trials consisting of images
of faces, places, tools, and body parts. Each run included the four stimulus types
presented in separate blocks. Within each run half of the blocks used a 2-back working
memory task while half used a 0-back working memory task. Each run contained eight
task blocks (10 trials of 2.5s each) and four fixation blocks (15s). On each trial, the
stimulus was presented for 2s, followed by a 500ms intertrial interval (ITT).

Language Processing

The language processing task (henceforth “language”) was developed by Binder
et al. (2011). The task consisted of two runs each with four blocks of a story task and four
blocks of a math task. The average length of the blocks was 30s, with the length of the
math blocks matching the length of the story blocks. In the story blocks participants were
presented with brief auditory adapted stories from Aesop’s fables followed by a two-
alternative forced-choice question asking participants about the topic of the story. In the
math blocks participants were presented with arithmetic operations followed by “equals”
and then two choices. The operations are presented auditorily and the participants
responded by pushing a button.

Relational Processing

The relational processing task (henceforth “relational””) was an adaptation of a

task developed by Smith, Keramatian, & Christoff (2007) designed to localize activation

in anterior prefrontal cortex. Participants were presented with two pairs of stimuli, one at
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the top of the screen and one at the bottom, that may differ across two dimensions: shape
or texture. They were asked to decide whether the top pair of objects differs in shape or
texture. After they decided, they were asked whether the bottom pair of objects differs in
the same dimension as the top pair. In the control matching condition, they were
presented with two objects at the top of the screen and one at the bottom. In the middle of
the screen they either saw the word “shape” or the word “texture”. They were asked to
decide whether the bottom object matches either of the top ones in the dimension
mentioned in the middle of the screen. For both conditions, subjects respond “yes” or
“no” with button press. The task has two runs, with three relational, three control, and
three fixation blocks. In the relational block there are four trials with the stimuli
presented for 3500ms with a 500ms ITI, while in the control block there are five trials
with the stimuli presented for 2800ms with an ITI of 400ms.
Emotion Processing

The emotion processing task (henceforth “emotion”) was adapted from the one
developed by Hariri et al. (2006). Participants were presented with either three faces or
three shapes on the screen, one at the top and two at the bottom and were asked to match
the bottom face or shape to the ones in the top. The faces had either a fearful or an angry
expression. The task had two runs, with three face and three shape blocks each and 8s of
fixation at the end of each run. Each block was preceded by a 3000ms task cue (“shape”
or “face) and had six trials with the stimuli presented for 2000ms with a 1000ms ITT.
Both the emotion and the ToM task require some degree of ToM. The ToM task asks
participants to implement mental state attributions when watching the geometrical shapes

interact, hence the ToM is intentional. On the other hand, the emotion task has a far
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smaller degree of ToM as participants only implicitly attribute mental states to the faces
they view (Kliemann & Adolphs, 2018; Van Overwalle & Vandekerckhove, 2013).
Image Preprocessing

The imaging data used in this dissertation were the “minimally preprocessed”
included in the WU-Minn HCP Consortium S900 Release (WU - Minn Consortium
Human Connectome Projec, 2015). The dMRI data preprocessing included echo planar
imaging (EPI) distortion, eddy-current-induced distortion, and subject motion correction,
gradient nonlinearity correction, normalization of the b0 image intensity across runs, and
registering the mean b0 volume to a native T1 volume. The tfMRI data had undergone
spatial artifact/distortion correction, cross-modal registration, and spatial normalization to
MNI space. Additionally, we further processed the dMRI data with FSL’s BEDPOSTX
multi-shell, ball and zeppelins model (Herndndez et al., 2013; Sotiropoulos et al., 2016)
to model white matter fiber orientations and crossing fibers, and removed motion artifacts
from the ttMRI data using ICA-AROMA (Griffanti et al., 2014; Pruim, Mennes,
Buitelaar, & Beckmann, 2015; Pruim et al., 2015). All fMRI data were spatially
smoothed at 4mm.

Regions of Interest Definition

We used two sets of ROIs for our analyses: one set in the cerebrum and one in the
cerebellum. The cerebral brain areas from which ROIs were extracted included anterior
temporal lobe (ATL), dorsomedial prefrontal cortex (DMPFC), precuneus (PreC),
temporoparietal junction (TPJ), and ventromedial prefrontal cortex (VMPFC). Portions of
the ATL are considered to be a repository for person-related semantic knowledge, social
concepts, and social scripts (Olson et al., 2007; Ross & Olson, 2010; Wang et al., 2017).
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The DMPEFC is believed to be involved in reasoning about others’ enduring traits (e.g.
stable attitudes, preferences, and dispositions) (Schurz & Perner, 2015; Van Overwalle,
2009; Van Overwalle & Baetens, 2009; Van Overwalle & Vandekerckhove, 2013), while
the VMPEFC is known to represent emotional and motivational components of social
reasoning, linking valence to particular persons, their actions, and their thoughts (Koster-
Hale et al., 2017; Molenberghs et al., 2016). The PreC has been suggested to be linked
with mental imagery related to perspective taking (e.g. online mental simulation of how a
person thinks, acts or behaves in fictitious situations) (Cavanna & Trimble, 2006; Peer et
al., 2015; Schiller et al., 2009; Schurz et al., 2014; Uddin et al., 2007) and the TPJ is
thought to be involved in attributing other’s transient mental states (e.g. instant goals,
thoughts, and feelings) (Koster-Hale & Saxe, 2013; Van Overwalle, 2009). Although
other brain areas are considered to support the mentalizing network (occipital gyrus,
fusiform gyrus, amygdala, inferior frontal gyrus), we focused on brain areas involved in
basic, core social processes. To ensure sensitivity within each individual we defined
individual-specific ROIs using the social cognition task as a ToM ROI localizer. To
precisely localize each ToM ROI, the social cognition task was processed on the
“grayordinate-based” space (cortical surface vertices and subcortical voxels) using the
MSM-AII registration (Robinson et al., 2014). We used the Connectome Workbench
software (Marcus et al., 2011) to manually extract the vertices (which were later
transformed to MNI coordinates) of the peak activations of the bilateral ten predefined
ROIs (as well as their magnitudes) from the contrast “ToM > random” (socially
meaningful interaction of the shapes > random movement of the shapes) for each

individual separately. These individual-specific cluster peak coordinates were used as
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input (spheres, 6 mm radius) for subsequent seed-based brain connectivity analyses at the
individual level (probabilistic tractography and PPI). It is important to note that, based on
the meta-analysis by (Schurz et al., 2014), which showed that activation from social or
intentional interactions > physical movements contrast spans broadly on the TPJ, the TPJ
was defined as a broad brain area encompassing the inferior parietal lobule (IPL, i.e.
perspective taking) and posterior superior temporal sulcus (pSTS, i.e. biological motion
perception). In the event that the TPJ had multiple clusters (falling either into what is
traditionally considered to be the TPJ, or IPL or pSTS), we selected the strongest cluster
to avoid excessive inter-subject inconsistency.

For the ROIs in the cerebellum we used a different approach. Although several
studies have attempted to functionally map the cerebellar cortex (Buckner et al., 2011;
Diedrichsen & Zotow, 2015; Guell, Gabrieli, et al., 2018; Guell, Schmahmann, et al.,
2018; King et al., 2019; Krienen & Buckner, 2009; Marek et al., 2018; Riedel et al.,
2015), there isn’t consensus when it comes to clear boundaries within the cerebellum that
correspond to specific functions. Hence, it was impossible to employ the same approach
as we did with the cerebral ROIs since there was no predefined cerebellar areas that are
identified as playing specific roles in specific functions. Following the method used by
Guell, Gabrieli, and Schmahmann (2018) we transformed individual level 2 cope files
(results of within-subject fixed-effects grayordinate-based analyses which generate output
files that index mean effects for an individual subject averaged across the two scan runs
for a task) into Cohen's d group maps by first transforming the grayordinate .dscalar.nii
files to NIfT1. We then used FSL commands fslselectvols to extract the contrast of

interest “ToM > random” for each individual, and fslmerge, fsmaths -Tmean, -Tstd, and -
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div to merge the individual contrast images, extract the mean, and the standard deviation,
and divide the two, ultimately getting group Cohen’s D maps for the contrasts “ToM >
random” (ToM), “faces > shapes” (emotion), “story > math” (language), “2-back > 0-
back” (working memory), “reward > punishment” (gambling), “relational > match”
(relational processing), and “average” (motor) based on our 671 subjects. The HCP S900
Release provides level 3 group z-maps, but Cohen’s D maps made it possible to observe
the effect size of each task contrast rather than the significance of the BOLD signal
change. A sample of 671 subjects ensures that a d value higher than 0.5 (J. Cohen, 1988)
will be statistically significant even after correction for multiple comparisons (d =
z/sqrt(n), d > 0.5 we have z > 12.95 for n = 671; analysis of 17,853 cerebellar voxels
would require p < 0.000028 after Bonferroni correction, and p < 0.000028 is equivalent
to z>4.026). Accordingly, we used the Cohen’s D maps and a threshold of 0.5 to extract
clusters of activation for each task and local maxima within each cluster. After using a
whole cerebellar mask to retain only the clusters and local maxima within the cerebellum,
clusters smaller than 100 mm? were further removed in order to omit very small clusters
that were considered to be non-informative and would make a comprehensive description
of the results too extensive. The coordinates of the remainder local maxima from the
“ToM > random” (ToM) contrast within the cerebellum were used to create group
cerebellar ROIs (spheres, 6 mm radius). Eleven ROIs were created for the left cerebellar
hemisphere and seven ROIs were created for the right.
Cluster Overlap and Euclidean distances
Given that the HCP dataset uses FNIRT registration to the MNI template, we

calculated the percentage of overlap of each cerebellar cluster, in reference to the
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cerebellar lobules, by using Diedrichsen's FNIRT MNI maximum probability map
(Diedrichsen et al., 2009). It has been shown though that functional parcellation of the
cerebellum does not match its anatomical parcellation into lobules (King et al., 2019).
Because of this, we created an atlas of cerebellar lobes (anterior, posterior,
flocculonodular, and vermis) by combining the lobules from Diedrichsen's FNIRT MNI
maximum probability map (Diedrichsen et al., 2009) that belong in each lobe and used
these maps for our analyses. We used FSL's atlasq tool to determine the percentage of
overlap of each cerebellar cluster to the cerebellar lobes, hence determining the primary
location of each cluster. The Serensen—Dice coefficient, which is a statistic measuring the
similarity of two samples (Dice, 1945; Serensen, 1948), was then used to calculate the
percentage of overlap between the functional clusters generated from all tasks and
determine their similarity, and Euclidean distances were calculated to estimate the
distances of local maxima within and between clusters. At the individual level, we
thresholded Z-scored B-weights of each subject’s activation map for each task to > 0 to
retain only increased activation during the tasks and then ran Wilcoxon signed-rank tests
between each task pair to examine whether there was a statistical difference between
them.
Psychophysiological Interaction Analyses

Effective connectivity is a way to capture stimulus-driven patterns of directional
influence among neural areas (Friston et al., 1997). Along with functional connectivity,
they are the two ways to quantify functional integration (Friston, 1994). As functional
connectivity only expresses statistical dependencies (i.e. non-directional correlations)

among spatially segregated neuronal events (Stephan & Friston, 2010), we selected
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effective connectivity which describes the directed causal influences of brain regions,
simply the effect of one region on another (Zeidman et al., 2019). PPI analyses were used
as a method of understanding effective connectivity by identifying brain regions whose
activity depends on an interaction between psychological context (the task) and
physiological state (the time course of brain activity) of the seed region (Gerchen, Bernal-
Casas, & Kirsch, 2014; O’Reilly, Woolrich, Behrens, Smith, & Johansen-Berg, 2012;
Smith, Gseir, Speer, & Delgado, 2016). To address Hypothesis 2, we built a generalized
PPI model (McLaren et al., 2012) using a non-deconvolution method (Di & Biswal,
2017) for each cerebellar and cerebral ROI. Our model had five separate regressors: two
psychological regressors of task events (mental interaction and random interaction), one
physiological regressor of the time series of the seed ROIs and two corresponding
interaction regressors (task events x seed ROI’s time series). To estimate the effective
connectivity, we used the contrast between the interaction regressors (PPI mental > PPI
random). Z-scored S-weights were extracted for each pair of cerebellar to cerebral ROls,
which resulted in an 11 x 5 matrix for the left cerebellar-right cerebral hemispheres and a
7 x 5 matrix for the right cerebellar-left cerebral hemispheres for each individual. We
applied symmetrization to the matrices by averaging the Z-scored f-weights of each pair
of cerebro-cerebellar and cerebello-cerebral ROIs (Tompson et al., 2020). At the group
level of the effective connectivity, one-sample t-tests were performed across individuals
at each pair of ROIs to detect any significant effective connectivity. What we expect to
learn from this analysis is which cerebellar ToM regions present significant coupling with

cerebral ToM regions due to mental state attribution (ToM task).
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Diffusion Analyses

Probabilistic tractography analyses were performed using FSL’s probtrackx?2
(probabilistic tracking with crossing fibres) (Behrens et al., 2003, 2007) in each subject’s
native space and then the results were transformed to MNI standard space. An ROI-to-
ROI approach was used with cerebral and cerebellar ROIs used as seeds and targets to
reconstruct each subject’s cerebello-cerebral white matter connections. Fiber tracking
was initialized in both directions separately (from seed to target and vice versa) and 5,000
streamlines were drawn from each voxel in each ROI. To address Hypothesis 3,
tractographies were performed to delineate the cerebello-thalamo-cortical (CTC)
(Middleton & Strick, 1997, Palesi et al., 2017; Schmahmann & Pandya, 1997) and
cortico-ponto-cerebellar (CPC) (Palesi et al., 2017; Ramnani, 2006) between left/right
cerebral hemispheres and right/left cerebellar hemispheres. For the CTC tractographies, a
binarized mask of the superior cerebellar peduncle in MNI space from the Johns Hopkins
University [CBM-DTI-81 white-matter labels atlas (Hua et al., 2018; Mori, S., Wakana,
S., Van Zijl, P. C., & Nagae-Poetscher, 2005; Wakana et al., 2007) was used as a
waypoint, while the binarized contralateral cerebellar and cerebral hemispheres were set
as exclusion masks (Example: CTC tractography between a left cerebellar ROI and a
right cerebral ROI would entail a left superior cerebellar peduncle waypoint, a right
cerebellar hemisphere exclusion mask, and a left cerebral hemisphere exclusion mask).
For the CPC tractographies, a binarized mask of the middle cerebellar peduncle in MNI
space from the Johns Hopkins University ICBM-DTI-81 white-matter labels atlas (Hua et
al., 2018; Mori, S., Wakana, S., Van Zijl, P. C., & Nagae-Poetscher, 2005; Wakana et al.,
2007) was used as a waypoint, and the contralateral cerebellar and cerebral hemispheres
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were used as exclusion masks (Example: CPC tractography between a left cerebellar ROI
and a right cerebral ROI would entail the middle cerebellar peduncle waypoint mask, a
right cerebellar hemisphere exclusion mask, and a left cerebral hemisphere exclusion
mask). The pons was not selected as an inclusion mask due to lack of a pons mask in
standardized space through a standardized atlas. We also chose not to include the
thalamus as a waypoint mask for the CTC pathway to keep the CTC and CPC
tractography methods as similar as possible.

The number of streamlines for each path, produced by tractography, was obtained
and used as a white matter integrity measurement.

Brain-behavior Association

Spearman correlations were used to examine brain-behavior association and
address Hypothesis 4. The brain features used were streamline counts for all left
cerebellar-right cerebral and right cerebellar-left cerebral ROI-ROI connections. For the
behavior, we used two metrics from the HCP ToM task: task accuracy
(Social Task TOM Perc TOM) and median reaction time

(Social Task Median RT TOM).
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CHAPTER 3
RESULTS
Testing Hypothesis 1: Functions of Distinct Cerebellar Regions
We first tested the hypothesis that regions of the cerebellum have domain specific
functions. At the group level, we extracted clusters of activation related to different task

domains (Figure 2) and local maxima (Figure 3) for each task.

Theory of Mind (ToM-Random) Emotion processing (faces-shapes) Motor (average)
o 4

Figure 2. Group-level task clusters of activation. Clusters of activation at the group level
for the six fMRI tasks: Theory of Mind, emotion processing, motor, language, relational
processing, and working memory.
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Figure 3. Local maxima for each functional task. Cerebellar flatmap with local maxima
of each functional task. Each colored circle corresponds to a functional task. The total
amount of local maxima among all tasks and the amount within each task is indicated
next to the name of the tasks. Yellow=emotion processing; Pink=language processing;
Turquoise=motor; Red=relational processing; Green=theory of mind; Blue=working
memory; L=left; R=right.

The Serensen—Dice coefficient was used to calculate the overlap between the functional

clusters of all tasks. Euclidean distances were then calculated to estimate the distances of

local maxima within and between clusters. Lastly, at the individual level, we performed
Wilcoxon signed-rank tests for each task pair to examine whether there was a statistical
difference between them. All task contrasts generated activation clusters at the Cohen’s d
> (.5 threshold, except for the gambling task which was, subsequently, excluded from all
analyses. Percentage of overlap between functional clusters from the tasks and cerebellar
lobes are presented in Table 1. Consistent with previous findings, the motor task was the
only task that activated the anterior lobe (lobules I-VI), while emotion and ToM were the
only tasks showing activation in the vermis (Albazron et al., 2019; Brady et al., 2019;

Gao et al., 2018; Watson et al., 2019). Interestingly, ToM and emotion tasks also
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activated the flocculonodular lobe (lobule X), an area of the cerebellum known to

regulate saccadic eye movements and balance (B. Cohen & Highstein, 1972; Ito, 1982;

Schniepp et al., 2017). A detailed description of the overlap of each cluster of activation

and each lobule is presented in Table Al.

Table 1. Activation clusters and cerebellar lobe percent overlap. The amount of overlap
between task activation clusters and cerebellar lobes expressed in percentage.

The percentages in each row do not add up to 100% as part of the activations
were categorized as “Unknown”. Percentages in bold are > 10%.

Cerebellar Anterior Posterior Flocculonodular Vermis

Task lobe

Emotion 0.002 62.54 9.07 18.56
Language 92.83 0.01 0.38
Motor 17.04 71.35 0.004 1.96
Relational 95.98 0.13
ToM 0.0008 87.96 1.91 2.98
Working Memory 0.03 91.14 0.02 0.73

Percentage of overlap between activation clusters, calculated using the Serensen—
Dice coeftficient, is presented in Table 2. The ToM and language clusters share almost
half of their voxels (45.17%), the ToM and emotion clusters share 18.66% of their
voxels, and ToM and working memory clusters share 11.76% of their voxels, while
working memory shares voxels with the motor (20.99%) and relational processing
(19.61%). The language and motor clusters were the only ones with zero overlap. The

remainder of the clusters have <10% overlap. To further examine the relationship
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Table 2. Percentage of overlap between activation clusters. Percentages in bold are

>10%.
Task Emotion  Language Motor Relatlopal ToM Working
Processing Memory

Emotion
Language 0.09
Motor 1.08 0
Relational = 35 0.63 1.09
Processing
ToM 18.66 45.17 5.50 2.89
Working 7.50 0.41 20.99 19.61 11.76
Memory

between the task clusters of activation, we extracted the local maxima within each cluster
and then calculated the mean Euclidean distance of the local maxima within each cluster
and between clusters. More than 96% of Euclidean distances were >8.5mm (whole
sample of Euclidean distances M =39.01, SD = 8.41) which is 78 proximal Euclidean
distances out of 2278. Out of those, 58 are Euclidean distances of local maxima between
different clusters, bringing the percentage of local maxima that are proximal, yet belong
to dissociable clusters, to 2.5%. These findings demonstrate that at the group level there
isn’t strong evidence to make a claim of generality vs specificity for cerebellar function,
even though Euclidean distances results indicate that, despite shared activation,
overlapping clusters have distinct local maxima.

At the individual level, we extracted average positive beta-weights for each
subject and each task. Kolmogorov-Smirnov tests indicated that the task beta-weights did

not follow a normal distribution (all p’s <.001; Table A2) hence we used Spearman’s rho
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to examine the strength and direction of association between each task, and the Wilcoxon
signed-rank test to examine whether there was a statistical difference between each task
pair. We found very weak positive correlations between emotion-language, emotion-
relational, emotion-ToM, working memory-motor and working memory-language beta-
weights, and a weak correlation between relational-working memory beta-weights (Table
A3). Wilcoxon signed-rank tests showed that there was a statistically significant
difference between beta-weights of all task pairs (Table A4) except for the relational-
emotion pair. Together, the group-level and individual-level findings suggest that the
cerebellum functions in a domain specific way with distinct cerebellar areas devoted to
distinct cognitive functions.

Testing Hypothesis 2: Effective Connectivity between ToM Cerebellum and Cerebrum

Our second hypothesis was that functionally-defined ToM regions in the

cerebellum would functionally interact with functionally-defined contralateral ToM
regions in the cerebrum. Our goal was to map the ToM cerebellocerebral effective
connectivity patterns. To achieve this, we created 6mm spherical ROIs based on each
ToM local maximum (Figure 4) and individual-subject peak activation on the ToM task
for ATL, DMPFC, PreC, TPJ, and VMPFC. We used PPI to examine the effective
connectivity between the cerebellar and cerebral ToM areas. This resulted in 110
connections between the left cerebellum and right cerebrum (55 cerebellum-to-cerebrum
e.g. L1toR ATL, L1 to R DMPFC, 55 cerebrum-to-cerebellum e.g. R ATL to L1,
R_DMPFC to L1) and 70 connections between the right cerebellum and left cerebrum
(35 CTC, 35 CPC). We extracted Z-scored f-weights for each pair of cerebellar to
contralateral cerebral ROIs for each subject, averaged them, and at the group level we
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Figure 4. Data-driven cerebellar ToM local maxima. If a local maximum was found in
both cerebellar hemispheres, it was named accordingly (e.g. L1 — R1). If two local
maxima were found in close proximity, the extra local maximum was denoted by the
letter “a”. L=left; R=right.

performed one-sample t-tests at each pair of ROIs to detect significant effectivity
connectivity. Each local maximum was represented in both cerebellar hemispheres and
named accordingly (e.g. L1 — R1) with the exception of left hemisphere local maxima L7,
L7a, and L8. In some cases, two local maxima were found in close proximity. In these
cases we gave the extra local maximum the same name as the one near it, adding “a”.
This resulted in the pairs L5-L5a (Euclidean distance = 8.485), L6-L6a (Euclidean
distance = 7.211), L7-L7a (Euclidean distance = 4.899), and R1-R1a (Euclidean distance

= 6.325). We asked whether these cerebellar local maxima with close proximity to one
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another had different effective connectivity to and from ToM ROIs in the cerebrum. The
goal of this was to understand whether these ROIs have any functional distinction. To test
this, we ran paired samples t-tests (Wilcoxon signed-rank tests for connections that did
not follow a normal distribution) on individual beta-weights for all connections between
proximal ROIs (e.g. paired t-test comparing L5-ATL to L5a-ATL). Effective connectivity
results for all R1 — R1a pairs was not significant but we found significant results between
some proximal left ROIs (see Tables A5 & A6). These findings suggest that there is
significantly different effective connectivity between ToM cerebellar and cerebral ROIs
despite close proximity of the cerebellar local maxima.

Overall, we found more connections (Figure 5) and stronger effective
connectivity (Figure 6) between the left cerebellum and right cerebrum compared to the
right cerebellum and the left cerebrum. Local maxima on each of the right cerebellar
lobes were connected to all five ToM cerebral areas. On the left cerebellar hemisphere all
local maxima ROIs were significantly connected to three or more contralateral cerebral
ROIs, with the exception of L8 on the flocculonocular node which was only connected to
the right ATL and DMPFC. The right DMPFC, ATL, and TPJ displayed significant
connections with most left cerebellar ROIs (10 out of 11 left cerebellar ROIs for the
DMPFC and 9 out of 11 for the ATL and TPJ; Figure 6a). The right cerebellar
hemisphere displayed a different pattern of connectivity. With the exception of R1 and
R1a, which combined were significantly connected to all left cerebral ROls, all other
right cerebellar ROIs were significantly connected to either one or two left cerebral ROlIs.
The left TPJ was the brain area with significant effective connectivity from all right

cerebellar ROIs, except R_4. Combining the significant connections of all the left
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cerebellar ROIs, we find that the left superior posterior, inferior posterior, and
flocculonodular lobes each displays significant connectivity to all five right ToM brain
areas. The right superior posterior cerebellar lobe is significantly connected to all five left
cerebral brain areas if we combine the significant connectivity results of all its cerebellar
ROIs (R1-R4), but the right inferior posterior lobe is only connected to the left ATL and

TPJ and the right flocculonodular lobe is only connected to the left TPJ (Figure 6b).

Right hemisphere Left hemisphere

Figure 5. Effective connectivity between cerebellar and cerebral ToM ROIs. Blue =
superior posterior lobe; Green = inferior posterior lobe; Yellow = flocculonodular lobe;
ATL = anterior temporal lobe; DMPFC = dorsomedial prefrontal cortex; PreC =
precuneus; TPJ = temporopatietal junction; VMPFC = ventromedial prefrontal cortex; L
= left; R = right.
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Figure 6. Effective connectivity significance between cerebellar and cerebral ToM ROIs.
Stars indicate significant connections. ATL = anterior temporal lobe; DMPFC =

dorsomedial prefrontal cortex; PreC = precuneus; TPJ = temporopatietal junction;
VMPFC = ventromedial prefrontal cortex.

All the above results indicate that there is a clear functional connection between

ToM cerebellar and cerebral areas and there seems to be a difference in the connectivity

pattern between cerebellar hemispheres but also between cerebellar lobes with the left

cerebellar lobes communicating with all right ToM cerebral areas and the right

cerebellum displaying a more active posterior lobe. Notably, local maxima in both

cerebellar hemispheres showed strongest connectivity to the TPJ, while the right DMPFC
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was significantly connected to all left local maxima whereas the left DMPFC was weakly
connected only to R1a local maximum.
Testing Hypothesis 3: Structural Connectivity between ToM Cerebellum and Cerebrum

Our third hypothesis was that the cerebellar ToM areas would be structurally
connected to cerebral ToM areas. To test this, we ran probabilistic tractography to
reconstruct the CTC and CPC white matter pathways. We used the same 6mm spherical
ROIs from the PPI analysis as seeds and targets for the tractographies, the superior
cerebellar peduncle as a waypoint for the CTC white matter pathway, and the middle
cerebellar peduncle for the CPC white matter pathway. We then extracted streamline
counts for each pathway.

The average streamline count spanned from 0.93 (L_ATL to RS5; Table A7) to
211.01 (L8 to R_DMPFC; Table A8). Overall, the right and left CTC and CPC pathways
showed similar connectivity patterns and average streamline counts (Figure 7).

We combined the individual average streamline counts to create average
streamline counts for the superior posterior, inferior posterior, and flocculonodular lobes
for the right and left CTC and CPC pathways (Table 3). Kolmogorov-Smirnov tests
indicated that the white matter pathway streamline counts did not follow a normal
distribution (all p’s < .001; Table A9) hence we used Spearman’s rho to examine the
strength and direction of association between left and right CTCs and CPCs, and the
Wilcoxon signed-rank test to examine whether there was a statistical difference between

them. For both the CTC and CPC pathways we found that the right superior posterior
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Figure 7. Mean streamline counts for each cerebello-thalamo-cortical and cortico-ponto-
cerebellar white matter tract. Average ToM CTC and CPC streamline counts per
local maximum. ATL = anterior temporal lobe; DMPFC = dorsomedial
prefrontal cortex; PreC = precuneus; TPJ = temporopatietal junction; VMPFC =
ventromedial prefrontal cortex

streamline count is correlated to the left superior posterior, inferior, and flocculonodular
lobes but it shows greater correlation to the left superior posterior lobe. The same applies
for the inferior posterior and flocculonodular lobe streamline counts for both the right and
left cerebellar hemisphere (Tables A10 & A11). Wilcoxon signed-rank tests showed that
there was a statistically significant difference in streamline counts between each lobe pair
(e.g. left superior posterior — right superior posterior) for CTC and CPC tracks, with the
majority of subjects having greater CTC streamline counts in the right superior posterior
lobe rather than the left but smaller streamline counts in the right inferior and

flocculonodular lobes compared to the respective left. The exact same pattern
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Table 3. Mean cerebello-thalamo-cortical (CTC) and cortico-ponto-cerebellar (CPC)
streamline counts. Average ToM CTC and CPC streamline counts per cerebellar
hemisphere and lobe. The average streamline counts of whole ToM CTC and
CPC pathways are in bold.

Streamline count Streamline count

Mean SD Mean SD

Left CTC 35.52 (23.07) Right CTC 32.76 (22.77)
Left superior Right superior
posterior lobe 2427 (18.79) posterior lobe 3226 (24.54)
Left inferior Right inferior
posterior lobe 38.42 (30.75) posterior lobe 22.04 (23.65)
Left Right
flocculonodular 56.10 (34.66) flocculonodular 45.99 (32.48)
lobe lobe

Left CPC 28.04 (20.64) Right CPC 21.74 (17.01)
Left superior Right superior
posterior lobe 17.82 (13.45) posterior lobe 20.89 (16.80)
Left inferior Right inferior
posterior lobe 13.96 (12.94) posterior lobe 1.86 (2.71)
Left Right
flocculonodular 57.84 (44.96) flocculonodular 45.87 (48.06)
lobe lobe

The exact same pattern was observed in the CPC tracks as well (Table A12). We also
found that the overall left CTC streamline count was significantly larger compared to the
right CTC streamline count and the same was true for the CPCs (Table A12).
Additionally, we found that CTC streamline counts (from the left and right cerebellar

hemispheres) were significantly larger compared to the ipsilateral CPC streamline counts
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(Table A12). CTC pathways from both the left and right cerebellar hemisphere and
towards all five contralateral ToM cerebral ROIs displayed the exact same streamline
count pattern (DMPFC>VMPFC>PreC>ATL>TPJ). The CPC pathways did not display
an equally homogenous pattern. In the CPC pathways projecting to the left cerebellar
hemisphere, the TPJ was the brain area with the second largest streamline count towards
all cerebellar ROIs, except for L8. Also, in the CPC pathways projecting to the right
cerebellar hemisphere, the VMPFC displayed disproportionally smaller streamline counts
towards all right cerebellar ROIs compared both to the CTC patterns and the left CPC
pattern (Figure 7; Tables A7 & AS8). Overall, the DMPFC was the cerebral area with the
greatest streamline count among both the CTC and CPC pathways.

The above results point to a structural connection between the ToM cerebellar and
cerebral areas. The feedforward (CTC) and feedback (CPC) pathway streamlines counts
between the right and left cerebellar lobes differ significantly with the right superior
posterior lobe having a greater streamline count than the left, but the left having
significantly greater streamline counts in the inferior and flocculonodular lobes. The
DMPFC appeared to be the ToM brain area with the largest streamline count from and to
it.

Testing Hypothesis 4: Brain-behavior Association

We used Spearman’s rho to examine the strength and direction of association
between each white matter connectivity metric and behavior measurements. Our analysis
showed that the participants demonstrated ceiling effects for both ToM measurements

(task accuracy: skewness = —2.16, task speed: skewness = 1.03). We found some
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significant correlations between the behavioral ToM indices and CTC and CPC white

matter connectivity, but none survived multiple comparison corrections using FDR.
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CHAPTER 4
DISCUSSION

The cerebellum is an underappreciated brain structure for which little is still
known. For decades it was considered to contribute solely to motor functions, hence the
vast majority of cerebellar research is related to movement. Evidence regarding the
cerebellum’s potential role on other functions, such as cognition and emotion, started
slowly emerging in the past two decades, and only in the past few years researchers have
started taking a more active interest in examining these contributions in depth. In this
study we ventured to explore the cerebellum’s role in ToM, the ability to attribute mental
states to others and interpret their intentions, perspectives, and beliefs. We used a large-
scale dataset and mapped out the cerebellum’s functional and structural profiles in
relation to ToM.

First, we investigated whether the cerebellum is functionally specific. At the
group level, we found small overlap between the clusters of activation of the six tasks
(emotion processing, language, motor, relational processing, ToM, working memory).
ToM had a sizeable overlap with the emotion and language. The ToM-emotion overlap
occurred in the vermis and bilateral flocculonodular lobes (Figure 2) and was anticipated.
The vermis and flocculonodular lobes have been considered the limbic system of the
cerebellum (Schmahmann, 1994), involved in affective behavior through their structural
connections to the amygdala, hippocampus, septum (Heath & Harper, 1974; Snider et al.,
1976) and hypothalamus (Hu et al., 2008). Vermal stimulation in mice, cats, and primates
leads to fire pattern modulation in these structures (Babb, Mitchell, & Crandall, 1974;
Berman, 1997; Bobée, Mariette, Tremblay-Leveau, & Caston, 2000; Zanchetti &
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Zoccolini, 1954) and aggression amelioration in human patients (Heath et al., 1979).
Damage to the vermis has been shown to lead to atypical social and emotional behaviors
(Levisohn et al., 2000; Manto & Marién, 2015; Pollack, 1997; Schmahmann, 1991;
Schmahmann & Sherman, 1998; Tavano et al., 2007) and neuroimaging studies have
confirmed that the vermis and flocculonodular lobes are active during emotion learning
or change of affect tasks (Beauregard et al., 1998; Giindel et al., 2003; Lane et al., 1997)
and social processing (Guell, Gabrieli, et al., 2018; Van Overwalle et al., 2014). This
overlap also makes sense due to the emotion task itself which has a degree of ToM, albeit
implicit, by attributing emotion to the faces viewed. Emotion attribution from faces is
considered key to social cognition (Hoche et al., 2016) but this task has been shown to
require less ToM compared to the ToM task (Wang et al., 2020). The ToM-language
overlap, on the other hand, was expected mainly due to the nature of the language task
used. The adapted stories from Aesop’s fables that the participants heard during scanning
involved animals or humans interacting in easily understandable social situations (Binder
etal., 2011). Hence, we believe it is the social aspect of the stories that may have
activated ToM areas as well, leading to the overlap.

It is important to note that the clusters, and subsequently their overlap, are heavily
dependent on thresholding decisions. Guell et al. (2018) also used the HCP S900 dataset
to examine the task representations on the cerebellum but they analyzed the 2mm
smoothed fMRI data. Subsequently, their task clustering results are similar to ours, but
the cluster overlaps are smaller. Specifically, they reported only an overlap between the
ToM and language tasks. Complimented by the resting-state functional connectivity

analysis they performed, they conclude that the cerebellum has domain-specific
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representations of different kinds of cognition and emotion. We believe this is a
reasonable conclusion, but we wanted to provide additional evidence which would
strengthen the claim to a domain-specific cerebellar role.

The task cluster overlaps led us to explore in more depth the relationship between
the activation clusters. We extracted local maxima within each task and calculated
Euclidean distances among local maxima within clusters of a task and between clusters of
different tasks. We found that in spite of the overlap, each cluster had distinct local
maxima, not proximal to the ones in the overlapping clusters. These results add to the
notion that the cerebellum operates in a functionally specific way. Lastly, we analyzed
the beta-weights for each task at the individual level and found that all pairs, except for
relational processing and emotion, have a significantly different pattern of activation.
Overall, our results provide support to our hypothesis that the cerebellum functions in a
domain-specific manner.

Second, we mapped the ToM cerebellocerebral effective connectivity patterns by
running PPI analyses between the cerebellar and cerebral (ATL, DMPFC, PreC, TPJ,
VMPFC) ToM areas. We found important cerebellar hemispherical differences in
effective connectivity. The left cerebellar hemisphere displayed more and stronger
effective connections to the contralateral cerebral ToM areas compared to the right
cerebellar hemisphere. These results fit well with our current knowledge of the
mentalizing network’s organization in the brain. The mentalizing network is a right brain
hemisphere dominated network (Wang et al., 2020) with multiple studies showing right
ATL (Acres et al., 2009; Gainotti, 2007; Olson et al., 2007, 2013; Rice et al., 2015) and
right TPJ (Karolis et al., 2019; Santiesteban et al., 2015; Saxe, 2010; Saxe & Wexler,
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2005; Van Overwalle & Baetens, 2009) lateralization for tasks involving social stimuli,
though there are mixed findings for the latter. In our study, the ATL displayed this
lateralization with the right ATL being significantly connected to all but two left ToM
cerebellar ROIs. Interestingly, the TPJ did not display lateralizing effects since the TPJs
bilaterally displayed significant connectivity to the respective, contralateral cerebellar
ToM ROIs. The role of the TPJs in ToM is debated with several studies showing
unilateral right TPJ activation in ToM (see above), but others showing bilateral
involvement (Bzdok et al., 2012; Gallagher et al., 2000; Jenkins & Mitchell, 2010;
Molenberghs et al., 2016; Schurz et al., 2014; Van Overwalle, 2009). Despite this debate,
we attribute the bilateral TPJ activation to the fact that the ToM task involved videos of
socially meaningful motions. In their study on the underlying neural responses of
anthropomorphism in autism spectrum disorder and typically developing individuals,
Ammons et al. (2018) found bilateral TPJ activation during observation of social
movement regardless of the type of agent (human figure or geometrical shape) in both
autistic and typically developing individuals. Furthermore, in our study the used a
broader definition of the TPJ which could include parts of the IPL, known to be involved
in perspective taking and pSTS, suggests involvement in biological motion perception.
We believe that the nature of the stimuli used to activate the ToM areas (shapes
interacting in a socially meaningful way vs neutrally), combined with our selection
method of the TPJ ROI, could explain the significant bilateral cerebellar connectivity to
almost all local maxima to the contralateral TPJs. To sum up, our results show a laterality
effect of ToM cerebellar connections which match the laterality effects observed in

functional activation of the cerebral areas involved in ToM processing.
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Third, we examined the structural connectivity profile between cerebellar and
cerebral ToM areas. We recreated the CTC and CPC pathways using probabilistic
tractography. We found that the bilateral CTC pathways had greater streamline counts
compared to the CPC pathways. Furthermore, the CTC and CPC pathways from and to
the left cerebellum had greater streamline counts compared to the right CTC and CPC
pathways. This result matches nicely with our effective connectivity results and with the
known literature of the mentalizing network being a right brain hemisphere dominated
network. The ToM streamline count pattern, with the DMPFC and VMPFC leading in
average streamline counts, is partially concurrent to the effective connectivity findings. It
is the TPJ that is effectively connected to more cerebellar ToM ROls, followed by the
DMPFC, the ATL, and then the VMPFC, but the well-known quantitative mismatch
between structural and functional connectivity (Huang & Ding, 2016) could explain why
even though the DMPFC and VMPFC lead in average streamline counts they aren’t also
the top ones with effective connectivity to most ToM cerebellar ROIs.

Lastly, we examined whether the streamline count of the CTC and CPC pathways
correlated with the behavior indices of ToM. We used speed and accuracy of the ToM
task the participants completed during their MRI scan. We found no correlation after
FDR correction for multiple comparisons. We believe this is attributed to ceiling effects
for the two behavioral ToM indices due to the fact that this task was originally designed
for autistic children (Castelli et al., 2002), making it potentially easy for neurotypical

adults.
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Limitations and Future Directions

This study has a few limitations. First, connectivity analyses are inherently
vulnerable to conceptual and methodological issues (Buckner et al., 2013) and their
results depend on various factors (e.g. ROI selection methods, stimuli features,
thresholding choices). Accordingly, our findings should be interpreted with caution
(Turchi et al., 2018; Uddin et al., 2008). Furthermore, diffusion MRI tractography has
received criticism for being a method with high rates of false positives (Maier-Hein et al.,
2017; Reveley et al., 2015; Thomas et al., 2014). Regardless, functional and diffusion
MRI have provided valuable insight into the anatomical and functional organization of
the ToM network, and as both techniques improve, we hope other researchers replicate
and extend our cerebellar findings.

Secondly, our study could incorporate the ipsilateral ToM cerebello-cerebral
effective and structural connections to include a more complete image of the ToM
cerebello-cerebral connectome. Additionally, further analyses could be included between
the ToM cerebellar areas and a set of non-ToM cerebral areas (e.g. motor) to serve as
control analyses.

Lastly, as with other large-scale publicly available datasets, the HCP does not
include the optimal stimuli for activation of the ToM cerebellar and cerebral areas. The
social animation task was originally designed to assess ToM in children with autism
spectrum disorder (Castelli et al., 2002). Hence, the task may have been easy for
neurotypical adults, leading to ceiling effects making it impossible to capture individual
differences between the cerebrocerebellar white matter microstructure and behavior.

Future studies could develop more ecologically valid social tasks (Redcay & Schilbach,
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2019; Schilbach et al., 2013) to be able to capture the variation in ToM cerebellocerebral
connectivity and behavior.
Conclusions

This multimodal neuroimaging study investigated the structural and functional
connectivity between ToM cerebellar and cerebral areas. We found that the cerebellum
functions in a domain specific way with distinct cerebellar areas devoted to distinct
cognitive functions, among which is ToM. Furthermore, we mapped out the effective
connectivity between the ToM cerebellum and cerebrum and found cerebellar
hemispherical differences in cerebello-cerebral effective connectivity. The left cerebellar
hemisphere displayed more and stronger effective connections to the contralateral
cerebral ToM areas. Additionally, we recreated the CTC and CPC pathways using
probabilistic tractography and found that the CTC and CPC pathways from and to the left
cerebellum had greater streamline counts compared to the right CTC and CPC pathways.
We also found that the bilateral CTC pathways had greater streamline counts compared
to the CPC pathways. Lastly, we examined the relationship between CTC and CPC white
matter and speed and accuracy on the ToM task but found no correlation, possibly due to

ceiling effects while performing the ToM.
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APPENDIX

SUPPLEMENTARY TABLES

Table Al. Cerebellar clusters of activation and cerebellar lobule percentage overlap.

Percentages > 10% are in bold.

Cerebellar lobes Cerebellar Emotion Language Motor Relational ToM Working
lobules Memory Memory
Left Left I-IV 0.00 1.60 0.00
anterior lobe Left V 5.34 0.00 0.02
Left VI 9.95 19.90 5.74 5.14 8.88
Left superior Left Crus I 5.14 7.70 4.95 21.97 13.82 22.68
posterior lobe Left Crus II 25.41 9.61 0.09 30.41 20.40 12.61
Left VIIb 7.85 0.01 2.95 7.00 7.68 5.33
Left inferior Left VIlIa 0.19 4.08 0.00 1.10 0.44
posterior lobe Left VIIIb 0.30 0.01 0.02 0.11 0.18
Left IX 0.39 1.41 4.34 0.75
Left
flocculonodular | Left X 4.77 1.05 0.01
lobe
Right Right I-IV 3.32
anterior lobe Right V 0.00 6.79 0.00 0.01
Right VI 3.09 1.13 20.93 4.66 3.86 7.71
Right superior Right Crus I 1.58 29.03 6.18 24.71 11.04 17.61
posterior lobe Right Crus II 6.68 40.12 0.33 1.49 16.49 7.33
Right VIIb 1.40 0.19 4.27 2.97 6.36
Right inferior Right VIIIa 0.09 7.26 0.04 1.25
. Right VIIIb 0.27 0.01 0.38 0.06 0.01
posteriorlobe | piohi Ix 0.20 3.63 0.01 091
Right
flocculonodular | Right X 4.30 0.01 0.00 0.86 0.01
lobe
Vermis VI 10.86 1.93 0.03 0.57
Vermis Crus I 1.09 0.00 0.06 0.10
Vermis Crus II 3.65 0.03 0.07
Vermis Vermis VIIb 0.18 0.00 0.00
Vermis VIIla 0.05 0.03 0.01
Vermis VIIIb 0.03 0.04 0.01 0.10
Vermis IX 2.04 0.31 2.36
Vermis X 0.65 0.03 0.51

Table A2. One-sample Kolmogorov-Smirnov test for normality distribution of beta

weights (effective connectivity) of all tasks. Significant results are in bold.

One-sample Kolmogorov-Smirnov test

D value df Sig.
emotion .06 671 .00
language .06 671 .00
motor .05 671 .00
relational .08 671 .00
ToM .07 671 .00
wm .07 671 .00
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Table A3. Spearman’s rho correlations between task activations. Significant results are in

bold.
emotion language  motor relational ToM wm

emotion
language  .12*
motor -.01 -.05
relational  .10™ .07 .07
ToM .01 147 .05 .07
wm .05 .05 A57 227 A8

**Correlation is significant at the 0.01 level (two-tailed).

Table A4. Wilcoxon signed-rank test results for all possible task pairs. Significant results

are in bold.

Negative ranks

Positive ranks

Test statistics

Mean

Sum of

Mean

Sum of

Tie

" Rank  Ranks " Rank  Ranks s z P

(language)—(emotion) 272  317.63 86394 399 348.53 139062 0 -5.24>  .00*
(motor)—(emotion) 83 16.72 13340 588 36.74 212116 0 -19.79>  .00*
(relational)—(emotion) 345  321.00 110745 326 351.87 114711 0 —.40° .69

(ToM)—(emotion) 219  276.57 60569 452 364.79 164887 0 -1.38" .00*
(wm)—(emotion) 67 114.73 7687 604 36.54 217769 0 -2.91° .00*
(motor)—(language) 115 191.50 22022 556 365.89 203434 0 -18.06°  .00*
(relational)—(language) 381 342.47 130482.50 290  327.49  94973.50 0 -3.54*  .00%
(ToM)—(language) 264 297.78 78613 407 36.79 146843 0 -6.79*  .00*
(wm)—(language) 82 15.80 12366 589 361.78 213090 0 -19.98*  .00*
(relational)—(motor) 577 359.66 207521 94 19.80 17935 0 -18.87°  .00*
(ToM)—(motor) 513  373.46 191586 158 214.37 33870 0 -15.70> .00~
(wm)—(motor) 250 294.76 73691 421 36.49 151765 0 =177 .00%
(ToM)—(relational) 222 308.44 68474 449  349.63 156982 0 -8.81*  .00*
(wm)—(relational) 69 11.12 7598 602 361.89 217858 0 -2.932 .00*
(wm)—(ToM) 104 168.42 17516 567 366.74 207940 0 -18.96*  .00*

*Indicates statistically significant change
“Based on negative ranks
"Based on positive ranks
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Table AS. Paired samples t-tests on individual beta-weights (effective connectivity) for

all proximal ROIs. Significant results are in bold.

Mean Std Dev Paired 1 test
t value df Sig. (two-tailed)

L5 —L5a

L5 R ATL .02 49 -1.18 670 24
L5a R ATL .04 46

L5 R DMPFC -.05 .50 44 670 .66
L5a R DMPFC -.06 S1

L5 R PreC .08 Sl -1.65 670 .10
L5a R PreC A2 57

L5 R TPJ .07 .55 1.64 670 .10
L5a R TPJ .03 .55

L5 R VMPFC .04 45 -.44 670 .66
L5a R VMPFC .05 47

L6 —Lb6a

L6 R ATL .07 47 .89 670 38
L6éa R ATL .05 47

L6 R DMPFC .03 46 -1.08 670 28
L6a R DMPFC .06 47

L6 R PreC .08 S1 5.72 670 .00
L6a_ R PreC -.04 49

L6 R_ VMPFC .01 47 -4.23 670 .00
L6a_ R VMPFC 10 49

L7—L7a

L7 R_ATL .09 49 4.81 670 .00
L7a_ R ATL -.01 S5

L7 R_DMPFC .08 Sl 1.71 670 .09
L7a R DMPFC .05 .50

L7 R PreC .03 53 7.31 670 .00
L7a R PreC -11 .56

L7 R_TPJ 10 57 8.81 670 .00
L7a_ R TPJ -.07 54

L7 R_VMPFC 18 54 4.77 670 .00
L7a_R VMPFC .09 49

RI—Rla

R1 L ATL .07 46 =72 670 47
Rla L ATL .09 S1

R1 L DMPFC .02 .50 -1.13 670 26
Rla L DMPFC .05 47

R1 L TPJ .09 Sl -1.14 670 26
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Rla L TPJ 11 52
R1 L VMPFC .06 48 1.08 670
Rla L VMPFC .04 47

Table A6. Wilcoxon signed ranks test on individual beta-weights (effective connectivity)
for proximal ROIs not meeting normality criteria. Significant results are in

bold.
Wilcoxon signed ranks test
Z value Sig. (two-tailed)
L6 —L6a
L6 R TPJ -1.84 .07
Léa R TPJ
L7—L7a
L7 R TPJ -8.41 .00
L7a R_TPJ
RI—Rla
R1_L PreC -1 32
Rla L PreC
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Table A7. Cerebello-thalamo-cortical white matter pathways average streamline counts. Results
for each cerebellar lobe and the averaged whole CTC and CPC are in bold.

Streamline count Streamline count
Mean SD Mean SD
Left CTC 35.52 (13.67) Right CTC 32.76 (35.73)
Left superior Right superior
posterior lobe 24.27 (26.93) posterior lobe 3226 (35.79)
L1-R ATL 7.26 (13.67) R1-L_ATL 8.75 (21.19)
L1-R DMPFC 80.17 (84.47) R1-L_DMPFC 100.40 (98.79)
L1-R PreC 21.18 (36.19) R1-L PreC 29.22 (38.89)
L1-R TPJ 4.65 (10.62) R1-L_TPJ 4.85 (9.99)
L1-R_VMPFC 33.47 (47.37) R1-L_VMPFC 38.30 (66.03)
Rla-L ATL 8.86 (21.61)
Rla-L_DMPFC 08.88 (94.63)
Rla-L PreC 29.43 (39.13)
Rla-L TPJ 4.52 (9.72)
Rla-L_VMPFC 39.21 (68.69)
L2-R ATL 9.62 (17.18) R2-L_ATL 11.65 (21.67)
L2-R DMPFC 112.91 (128.06) R2-L_ DMPFC 143.06 (160.77)
L2-R PreC 28.25 (40.34) R2-L PreC 41.97 (51.97)
L2-R TPJ 7.22 (20.47) R2-L_TPJ 6.96 (13.21)
L2-R_VMPFC 48.28 (77.53) R2-L__ VMPFC 54.87 (90.42)
L3-R ATL 4.01 (8.18) R3-L_ATL 3.62 (8.80)
L3-R_DMPFC 48.55 (65.79) R3-L_DMPFC 42.08 (50.82)
L3-R PreC 12.39 (22.01) R3-L PreC 13.06 (17.96)
L3-R_TPJ 2.73 (6.27) R3-L_TPJ 2.03 4.71)
L3-R_ VMPFC 21.2 (45.41) R3-L_VMPFC 16.25 (26.35)
L4-R ATL 6.81 (10.49) R4-L ATL 5.23 (10.85)
L4-R_DMPFC 78.37 (90.26) R4-L_ DMPFC 58.33 (69.50)
L4-R PreC 21.13 (41.09) R4-L PreC 18.83 (31.59)
L4-R TPJ 4.82 (12.42) R4-L TPJ 2.84 (6.52)
L4-R_VMPFC 33.49 (53.01) R4-L_ VMPFC 23.23 (43.42)
L7-R_ATL 3.23 (6.86)
L7-R_DMPFC 39.76 (60.18)
L7-R_PreC 9.66 (16.15)
L7-R_TPJ 2.25 (5.72)
L7-R_VMPFC 16.47 (31.70)
L7a-R_ATL 3.1 (6.40)
L7a-R_DMPFC 39.03 (56.93)
L7a-R_PreC 9.92 (18.13)
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L7a-R_TPJ
L7a-R_VMPFC

Left inferior
posterior lobe

L5-R ATL
L5-R_ DMPFC
L5-R_PreC
L5-R TPJ
L5-R_ VMPFC
L5a-R ATL
L5a-R_ DMPFC
L5a-R_PreC
L5a-R TPJ
L5a-R_ VMPFC
Left
flocculonodular
lobe

L6-R ATL
L6-R_ DMPFC
L6-R_PreC
L6-R TPJ
L6-R_VMPFC
L6a-R_ATL
L6a-R_ DMPFC
L6a-R_PreC
L6a-R TPJ
L6a-R_ VMPFC
L7-R_ATL
L7-R_DMPFC
L7-R_PreC
L7-R TPJ
L7-R_VMPFC

2.24
15.87

38.42

6.25
71
19.27
4.23
31.01
11.78
139.34
34.61
9.32
57.38

56.10

11.46
132.81
35.59
8.86
55.38
10.06
117.07
31.78
8.11
49.1
16.99
211.01
50.41
11.72
91.22

(5.78)
(30.79)

(41.90)

(10.14)
(80.34)
(29.65)
(10.39)
(52.30)
(17.70)
(134.45)
(55.27)
(23.67)
(79.88)

(58.60)

(15.54)
(125.52)
(50.65)
(24.91)
(68.56)
(13.35)
(109.76)
(48.23)
(27.19)
(60.73)
(25.48)
(179.70)
(59.08)
(27.44)
(113.75)

Right inferior
posterior lobe

R5-L ATL
R5-L_ DMPFC
R5-L_PreC
R5-L TPJ
R5-L_ VMPFC

Right
flocculonodular
lobe

R6-L ATL
R6-L_ DMPFC
R6-L PreC
R6-L TPJ
R6-L_VMPFC

22.04

5.42
59.57
17.96
291
24.34

45.99

11.31
125.54
39.66
6.37
47.10

(22.76)

(11.28)
(70.72)
(24.36)
(6.33)

(44.99)

(47.81)

(22.76)
(110.95)
(49.49)
(10.73)
(58.77)
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Table A8. Cortico-ponto-cerebellar white matter pathways average streamline counts. Results for
each cerebellar lobe and the averaged whole CTC and CPC are in bold.

Streamline count Streamline count
Mean SD Mean SD
Left CPC 28.04 (33.81) Right CPC 21.74 (25.30)
Left superior Right superior
posterior lobe 17.82 (19.26) posterior lobe 20.89 (19.93)
R ATL-LI 15.96 (17.86) L ATL-RI 12.99 (15.50)
R _DMPFC-L1 72.64 (98.81) L DMPFC-RI1 72.82 (87.45)
R PreC-L1 10.92 (13.11) L PreC-R1 19.85 (21.81)
R_TPJ-L1 23.08 (33.07) L TPJ-R1 15.34 (29.55)
R _VMPFC-L1 21.38 (42.25) L VMPFC-RI1 18.76 (38.54)
L ATL-Rla 12.32 (13.39)
L DMPFC-R1a 67.38 (78.16)
L PreC-Rla 18.78 (21.52)
L TPJ-Rla 14.73 (26.95)
L VMPFC-Rla 18.50 (39.59)
R ATL-L2 15.81 (17.84) L ATL-R2 11.79 (13.64)
R _DMPFC-L2 71.99 (84.57) L DMPFC-R2 66.68 (87.66)
R _PreC-L2 13.32 (27.04) L PreC-R2 19.02 (24.39)
R_TPJ-L2 23.77 (39.17) L TPJ-R2 13.84 (20.04)
R_VMPFC-L2 18.80 (33.76) L VMPFC-R2 15.96 (34.09)
R _ATL-L3 5.37 (7.12) L ATL-R3 3.42 (5.37)
R _DMPFC-L3 25.25 (40.25) L DMPFC-R3 20.73 (30.74)
R _PreC-L3 4.33 (7.97) L PreC-R3 5.26 (8.02)
R_TPJ-L3 8.23 (15.01) L TPJ-R3 4.21 (9.36)
R_VMPFC-L3 7.06 (26.53) L VMPFC-R3 4.02 (9.31)
R ATL-L4 15.66 (18.74) L ATL-R4 7.92 (10.16)
R_DMPFC-L4 66.82 (89.37) L DMPFC-R4 45.59 (57.27)
R _PreC-L4 10.35 (13.65) L PreC-R4 12.09 (14.93)
R TPJ-L4 24.00 (35.34) L TPJ-R4 9.73 (23.76)
R_VMPFC-L4 17.47 (36.53) L VMPFC-R4 10.48 (22.34)
R ATL-L7 4.26 (6.60)
R _DMPFC-L7 17.58 (26.19)
R _PreC-L7 3.16 (5.54)
R_TPJ-L7 6.36 (11.97)
R_VMPFC-L7 4.62 (11.40)
R ATL-L7a 3.25 (5.17)
R_DMPFC-L7a 12.98 (19.31)
R _PreC-L7a 2.30 (4.18)
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R TPJ-L7a
R_VMPFC-L7a

Left inferior
posterior lobe

R _ATL-L5

R _DMPFC-L5
R PreC-L5

R TPJ-L5

R _VMPFC-L5
R _ATL-L5a

R _DMPFC-L5a
R PreC-L5a

R TPJ-L5a

R _VMPFC-L5a
Left
flocculonodular
lobe

R ATL-L6

R _DMPFC-L6
R _PreC-L6

R TPJ-L6

R _VMPFC-L6
R _ATL-Lé6a

R _DMPFC-Lé6a
R PreC-L6a

R TPJ-L6a

R _VMPFC-Lé6a
R _ATL-L7

R _DMPFC-L7
R _PreC-L7

R TPJ-L7

R _VMPFC-L7

4.58
3.38

13.96

4.15
17.68
2.82
5.89
6.52
10.20
51.66
7.57
14.23
18.91

57.84

34.74
138.17
22.50
54.44
33.34
38.34
144.61
25.14
60.58
31.18
22.69
150.01
20.27
27.15
64.50

(7.69)
(10.53)

(14.36)

(5.85)
(24.50)
(4.14)
(8.96)
(16.59)
(11.47)
(68.38)
(9.46)
(17.50)
(33.61)

(46.81)

(36.06)
(170.01)
(26.27)
(72.23)
(48.08)
(43.20)
(164.80)
(30.59)
(81.73)
(44.83)
(6.60)
(26.19)
(5.54)
(11.97)
(11.40)

Right inferior
posterior lobe

L ATL-RS

L DMPFC-R5
L PreC-R5

L TPJ-R5

L VMPFC-R5

Right
flocculonodular
lobe

L ATL-R6

L DMPFC-R6
L PreC-R6

L TPJ-R6

L VMPFC-R6

1.86

0.93
4.75
1.19
1.05
1.40

45.87

21.82
121.89
33.73
27.97
23.94

(1.62)

(2.51)
(7.81)
(2.18)
(3.25)
(4.03)

(42.73)

(22.65)
(140.21)
(34.68)
(69.82)
(42.36)
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Table A9. One-sample Kolmogorov-Smirnov test for normality distribution of cerebello-
thalamo-cortical and cortico-ponto-cerebellar white matter pathway streamline

counts (cerebellar lobe averages). Significant results are in bold.

One-sample Kolmogorov-Smirnov test

D value df Sig.
Left cerebellum to right cerebrum 0.12 671 .00
Superior posterior lobe 0.16 671 .00
Inferior posterior lobe 0.14 671 .00
Flocculonodular lobe 0.12 671 .00
CTC
Right cerebellum to left cerebrum 0.14 671 .00
Superior posterior lobe 0.14 671 .00
Inferior posterior lobe 0.19 671 .00
Flocculonodular lobe 0.13 671 .00
Left cerebrum to right cerebellum 0.14 671 .00
Superior posterior lobe 0.14 671 .00
Inferior posterior lobe 0.25 671 .00
Flocculonodular lobe 0.15 671 .00
CPC
Right cerebrum to left cerebellum 0.14 671 .00
Superior posterior lobe 0.14 671 .00
Inferior posterior lobe 0.17 671 .00
Flocculonodular lobe 0.14 671 .00
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Table A10. Spearman’s rho correlations between cerebello-thalamo-cortical streamline

counts averaged across cerebellar lobes. Bold indicates the correlation of
interest (e.g. left superior lobe correlated to right superior lobe streamline
count). Blue boxes enclose correlations between right-left CTC streamline

counts.
Left cerebellum to right Right cerebellum to left
cerebrum cerebrum
Superi . Superi .
Inferior Floccul Inferior Floccul
or i or )
. posteri  onodul . posteri  onodul
poster1 poster1
or lobe arlobe or lobe arlobe
or lobe or lobe
o;lelfif(:)rricl)(r)be 1 642" 774" 230% 121" 191"
Left P
cerebgllum to Infenor 642" 1 845" 148" 2757 179™
right posterior lobe
cerebrum Fl lonod
oceuionodu - 774 gq5™ 1 1797 1627 234
lar lobe
Superior | 53gv 148" 179" 1 534 697"
posterior lobe
Right Inferi
cerebellum to nterior 1217 2757 162 534" 1 599"
posterior lobe
left cerebrum
Flocculonodu 191** ‘179** .234** 697** 599** 1

lar lobe

**Correlation is significant at the 0.01 level (two-tailed).
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Table A11. Spearman’s rho correlations between cortico-ponto-cerebellar streamline

counts averaged across cerebellar lobes. Bold indicates the correlation of
interest (eg. left superior lobe correlated to right superior lobe streamline
count). Blue boxes enclose correlations between right-left CPC streamline

counts.
Left cerebrum to right Right cerebrum to left
cerebellum cerebellum
Superi ) Superi .
Inferior Floccul Inferior Floccul
or X or X
. posteri onodul . posteri onodul
poster1 poster1
or lobe arlobe or lobe arlobe
or lobe or lobe
Superior 1 5577 825™ 2407 2017 204"
posterior lobe
Left cerebrum Inferior
to right erio 557" 1 6417 106" 251" .160™
cerebellum posterior lobe
Flocculonodu 825" 641" 1 164™ 207" 215
lar lobe
Superior 2407 106" .164™ 1 688" .860™
Right posterior lobe
cerebrum to Infgrlor 201" 2517 207 688" 1 829"
left posterior lobe
cerebellum Fl lonod
occwionodu ¥ Ho4 160" 215" 860" .829* 1
lar lobe

**Correlation is significant at the 0.01 level (two-tailed).
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Table A12. Wilcoxon signed-rank test results for all possible left-right streamline count
cerebellar hemisphere and lobe pairs. Significant results are in bold.

Negative ranks Positive ranks Test statistics
n Mean Sum of . Mean Sum of Ties 7
Rank Ranks Rank Ranks P

CTCR-CTCL 372 340.75 126759.50 297 327.80  97355.50 2 —-2.94P .003*

(SPR)~(SPL) 235 29757 69930 433 35454 153516 3 -838  .00%
(IPR)—(IPL) 503  359.68 180919 166 26022 43196 2 -1377° .00%
(FR)(FL) 429 34168 146581 240 323.06 77534 2 —690°  .00%

CPCR-CPCL 424 349.52  148197.50 245 309.87  75917.50 2 -7.23" 00*

(SPR)(SPL) 300 31149 93446 369 35412 130669 2 3720 L00%

(IPR)—(IPL) 649  339.66  220437.50 18 130.03  2340.50 4 21910 00%

(FR)~(FL) 404 35575  143724.50 265  303.36  80390.50 2 -633>  .00%
CPCR-CTCR 484  357.61 17308150 184 27372 50364.5 3 -1230°  .00%
CPCL-CTCL 434 35397 153.624 235 299.96 70491 2 -831°  .00%

*Indicates statistically significant change

“Based on negative ranks

"Based on positive ranks

CTC: cerebello-thalamo-cortical pathway, CPC: cortico-ponto-cerebellar pathway, SPR:
superior posterior right lobe, SPL: superior posterior left lobe, IPR: inferior posterior
right lobe, IPL: inferior posterior left lobe, FR: flocculonodular right lobe, FL:
flocculonodular left lobe
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