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Abstract 

We investigated the connectivity of dopamine (DA) neurons emerging from the substantia nigra 

pars compacta (SNc) and ventral tegmental area (VTA) and targeting the dorsal striatum (DS), 

ventral striatum (VS), and prefrontal cortex (PFC). We used diffusion magnetic resonance 

imaging (dMRI) probabilistic tractography on human connectome project MRI data. We found 

that unlike conventional descriptions of DA pathways (i.e., nigrostriatal, mesolimbic, 

mesocortical), connectivity from both SNc and VTA each targeted DS, VS, and PFC. We also 

found that from the DS, VS, and PFC, a greater proportion of connections targeted the SNc as 

compared to the VTA. These findings suggest that DA pathways are more complex than 

conventionally described. In a follow-up dMRI experiment, we found reduced connectivity from 

the SNc/VTA complex to the caudal motor region of the striatum in patients with Parkinson's 

disease, indicating a potential role of dMRI to measure DA connectivity changes in patients with 

DA-mediated diseases. 
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Summary for Lay Audience 

Dopamine (DA) is a neurotransmitter in the brain that binds to brain cells (neurons) and which is 

responsible for a plethora of behaviours like movement, decision-making, reward-processing, 

learning, and memory. When DA transmission goes awry, it can lead to the development of 

various DA-mediated disorders like Parkinson's disease, schizophrenia, substance use disorder, 

and obsessive-compulsive disorder. 

There are two primary brain regions in which DA is produced: the substantia nigra pars 

compacta (SNc) and the ventral tegmental area (VTA). DA from these two areas project to the 

striatum, which itself can be divided into the dorsal striatum (DS) and ventral striatum (VS), and 

the prefrontal cortex (PFC). Classically, DA connectivity from the SNc and VTA to the DS, VS, 

and PFC has been described according to three different pathways. In the nigrostriatal pathway, 

SNc projects DA to the DS. In the mesolimbic pathway, VTA projects DA to the VS. In the 

mesocortical pathway, VTA projects DA to the PFC. This convention, while providing a 

convenient model to understand DA function and DA-mediated diseases, does not take into 

account a body of evidence that suggests that DA projections to the DS, VS, and PFC are far 

more complex. 

To test this in living adults, we obtained magnetic resonance imaging (MRI) data from the 

Human Connectome Project, a consortium that has amassed high-resolution MRI data. We used 

an MRI technique called probabilistic tractography to measure SNc and VTA connectivity to the 

DS, VS, and PFC. At odds with conventional descriptions of DA pathways, we found evidence 

suggesting a VTA to DS pathway, an SNc to VS pathway, and an SNc to PFC pathway. Our 

findings add further evidence to suggest that conventional descriptions of DA pathways 

oversimplify the true underlying complexity. 

Finally, as a validation for this method and as a demonstration of probabilistic tractography as a 

means to measure DA pathway changes in disease, we performed probabilistic tractography on a 

population of recently-diagnosed patients with Parkinson’s disease and on age-matched controls. 

We found that, as predicted, the connectivity from the SNc/VTA to a certain area of the striatum 

was reduced.   
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Chapter 1 – Introduction 
 

1.1 – The Role of Dopamine in Behaviour and Disease 

The substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA) are the two 

primary dopamine (DA) producing nuclei of the midbrain and form a part of the larger basal 

ganglia (BG) system. Through efferent dopaminergic (DAergic) connections to the striatum and 

cortex, the SNc/VTA complex has been implicated in a wide range of behavioural outputs.  

The SNc, which is located lateral to the VTA and medial to the substantia nigra pars reticulata 

(SNr) has been classically ascribed a role in voluntary movement (Figure 1). Lesions to the SNc 

of non-human primates result in bradykinesia, and the degeneration of SNc neurons in patients 

with Parkinson’s disease (PD) is known to underlie symptoms of bradykinesia, tremor, and 

rigidity observed in these patients  (Alexander, 2004; Burns et al., 1983; Stern, 1966; Viallet, 

Trouche, Beaubaton, Nieoullon, & Legallet, 1981). In addition, the SNc has also been 

demonstrated to have a role in goal-directed behaviour, habit formation, learning, working 

memory, and potentially in reward processing and/or salience (Da Cunha, Angelucci, Canteras, 

Wonnacott, & Takahashi, 2002; Faure, Haberland, Condé, & El Massioui, 2005; Frank & 

Surmeier, 2009; Matsumoto & Hikosaka, 2009; Zaghloul et al., 2009) 

The VTA, which is located medial to the SNc, is known to have an important role in the creation 

of reward associations and in the detection of reward prediction errors, which are discrepancies 

between a predicted reward and a received reward (Cohen, Haesler, Vong, Lowell, & Uchida, 

2012; Matsumoto & Hikosaka, 2009; Schultz, Dayan, & Montague, 1997; Takahashi et al., 2009; 

Figure 1). The VTA has also been implicated in motivation, incentive salience, aversion to 

noxious stimuli, and memory formation (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & 

Gabrieli, 2006; Berridge, 2007; Brischoux, Chakraborty, Brierley, & Ungless, 2009; Bromberg-

Martin, Matsumoto, & Hikosaka, 2010; Morales & Margolis, 2017). 
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Figure 1. Anatomy of SNc, VTA, and SNr. Brain images are shown in MNI152 T1w space. SNc, VTA, and SNr 

are derived from the CIT168 atlas. SNc, VTA, and SNr are shown in 1A) coronal, 1B) axial, and 1C) sagittal planes. 

1D) shows a 3D view of the SNc, VTA, and SNr, shown in the axial plane. (SNc = Substantia nigra pars compacta, 

VTA = Ventral tegmental area, SNr = Substantia nigra pars reticulata). 

 

In addition to its neuromodulatory effects on many basic behaviors of normal functioning, the 

importance of SNc/VTA DA is highlighted by its implication in numerous neurodegenerative 

and neuropsychiatric disorders. Perhaps the most well-known of these is PD. PD is a progressive 

disorder in which DA neurons of the SNc and VTA degenerate. This degeneration occurs at 

different rates, such that up to 80% of SNc degenerate by the time of symptom onset, whereas 

the VTA remains relatively replete (Kish, Shannak, & Hornykiewicz, 1988). PD is often 

characterized by its motor symptoms, whereby patients suffer tremor, rigidity, bradykinesia, and 
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postural impairment, and these symptoms have been attributed to the degeneration of SNc 

neurons (Morales & Margolis, 2017). PD is also characterized by the co-incidence of non-motor 

symptoms like cognitive impairment (Goldman et al., 2018; MacDonald & Monchi, 2011). To 

alleviate motor deficits, patients with PD are typically prescribed levodopa (L-dopa), a DA-

precursor that increases DA release from the SNc and VTA (LeWitt, 2015). Although this can 

ameliorate motor symptoms by returning SNc DA release to normal levels, L-dopa can DA 

overdose the relatively replete VTA neurons. This overdose of DA has been implicated in a 

number of cognitive deficits in PD, including deficits in learning (Gotham, Brown, & Marsden, 

1986; Kish et al., 1988; Vaillancourt, Schonfeld, Kwak, Bohnen, & Seidler, 2013).  

The importance of DA is also highlighted by its potential role in schizophrenia (Howes & Kapur, 

2009; Howes, McCutcheon, & Stone, 2015). Schizophrenia is a neuropsychiatric illness 

characterized by positive symptoms of delusions and hallucinations, as well as by negative 

symptoms like anhedonia and avolition (Owen, Sawa, & Mortensen, 2016). Subcortical DA 

hyperactivity is thought to underlie the incidence of psychosis within schizophrenia (Howes & 

Kapur, 2009). This is highlighted by the fact that in patients with schizophrenia, the level of 

tyrosine hydroxylase (TH), the rate limiting enzyme in the synthesis of DA, is elevated in the 

SNc, indicating that there is an increased capacity for DA production (Howes et al., 2013). In 

addition, Positron Emission Topography studies have demonstrated that antipsychotic 

medication used to treat schizophrenia symptoms does so by blocking D2-like receptors on the 

striatum, suggesting that an over-binding of DA to D2-like receptors might contribute to 

schizophrenia symptoms (Howes et al., 2015). Despite these known characteristics of 

schizophrenia, the precise role of the SNc/VTA on symptom etiology remains understudied 

(Rice, Roberts, Melendez-Ferro, & Perez-Costas, 2016). 

Finally, DA alterations have been implicated in substance use disorder (SUD), otherwise known 

as addiction, and in obsessive compulsive disorder (OCD), though the role this plays in symptom 

etiology remain unclear. In SUD, drug seeking and drug taking are voluntary at first, but these 

behaviours become compulsive over time. The use of addictive drugs has been found to increase 

DA signalling to the striatum (Ashok, Mizuno, Volkow, & Howes, 2017). This results in a 

sensitization of the DA striatal system, including a downregulation of post-synaptic DA 

receptors on the striatum (Volkow & Morales, 2015). This sensitization, coupled with increased 
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striatum activation in response to drug cues, is thought to motivate compulsive drug taking 

(Berridge & Robinson, 2016; Jasinska, Stein, Kaiser, Naumer, & Yalachkov, 2014). Though the 

VTA has been studied within the context of SUD, the involvement of the SNc, if any, has not 

received extensive analysis to this end (Oliva & Wanat, 2016; Wise, 2009).  

OCD is characterized by frequent, obsessional, and distressing thoughts and the performance of 

repetitive, compulsive behaviours linked to anxiety. Functional neuroimaging studies have 

yielded evidence to suggest that abnormalities in the striatum could be linked to deficits in 

cognitive flexibility (e.g., choosing different thoughts or responses) and inhibition (e.g. 

withholding more habitual but erroneous responses) in OCD patients (Del Casale et al., 2011; 

Figee et al., 2011). By virtue of its role in behaviours related to compulsivity like reward 

processing, the deficit of VTA function has been proposed as a potential factor in the 

pathogenesis of OCD (Wood & Ahmari, 2015). 

 

1.2 – Basal Ganglia 

To elucidate the complex role of the SNc and VTA in healthy behaviours and in the pathogenesis 

of diseases, it will be critically important for a more detailed understanding of their connections 

with other regions of the brain (Yetnikoff, Lavezzi, Reichard, & Zahm, 2014). The SNc and 

VTA form part of the larger BG system, which is a group of sub-cortical nuclei that comprises 

the striatum, globus pallidus (GP), and subthalamic nucleus (STN) (Meyer & Quenzer, 2012). 

On a fundamental level, the SNc and VTA project DA to the striatum, which is the input nuclei 

of the BG. The striatum is comprised primarily by medium spiny neurons (MSNs), which 

express DA receptors, receive glutamatergic innervation from the cortex, and which propagate 

gamma-aminobutryic acid (GABA) (Thibault et al., 2016). DA receptors are divided into D1-like 

receptors and D2-like receptors based the binding to Gs stimulatory G proteins and Gi inhibitory 

G proteins, respectively (Beaulieu & Gainetdinov, 2011). Binding of DA to D1-like receptors 

results in the activation of the direct pathway, whereby MSNs release GABA to the GP internal 

segment (GPi), which itself transmits GABA to the thalamus. Inhibition of the GPi, in effect 

disinhibiting the thalamus, results in increased thalamic glutamatergic firing to the cortex, which 

yields cortical activation. Binding of DA to D2-like receptors results in the activation of the 
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indirect pathway, which opposes the actions of the direct pathway through an indirect loop 

through the GP external segment (GPe) and the STN. The STN releases glutamate to the GPi, 

resulting in increased inhibition to the thalamus and by extension decreased thalamic 

glutamatergic firing to the cortex and decreasing cortical excitation (Calabresi, Picconi, Tozzi, 

Ghiglieri, & Di Filippo, 2014). In this sense, neurons of the SNc and VTA can modulate 

behaviour, and through reciprocal connections from the striatum and cortex, they can receive 

information from the environment and adjust firing rates to alter behaviour in response to 

external cues (Deperrois & Gutkin, 2018; Joel & Weiner, 2000; Lee & Tepper, 2009; Yetnikoff 

et al., 2014)  

Importantly, different regions of the striatum are known to modulate different behaviours. 

Anatomically, the striatum comprises of the caudate nucleus and putamen (CPu) and the nucleus 

accumbens (NAcc). Functionally and histologically, however, the striatum is divided into the 

dorsal striatum (DS), which comprises the bulk of the dorsal CPu, and the ventral striatum (VS), 

which comprises of the most ventral aspects of the CPu and the entire NAcc (Humphries & 

Prescott, 2010; Voorn, Vanderschuren, Groenewegen, Robbins, & Pennartz, 2004; Wickens, 

Budd, Hyland, & Arbuthnott, 2007). Compared to the VS, the DS is rich in DA input and 

projects to cortical regions associated with movement such as the primary, premotor, and 

supplementary motor cortices as well as cortical regions that mediate executive functions such as 

the prefrontal, somatosensory, and parietal cortices. This is supported by observations of patients 

with DS lesions with impairments to movement, set shifting, planning, memory retrieval, and 

decision-making. Conversely, the VS, when compared to the DS, receives less DAergic input 

and projects to anterior cingulate, orbitofrontal, and anterior temporal cortices. Lesions to the VS 

have been associated with impairments to learning, motivation, and salience processing 

(MacDonald & Monchi, 2011 for full review).  

 

1.3 - SNc/VTA Efferent Projections 

One aspect of the SNc/VTA and its relation to the BG that has been underappreciated, especially 

in the context of humans in vivo, is the complexity of the efferent neural pathways to the striatum 

and to the cortex. By convention, SNc/VTA projections to these regions have often been 

described as three distinct pathways, referred to here as the conventional pathway heuristic. In 
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the nigrostriatal pathway, DA neurons from the SNc project to the DS, which has a role in motor 

induction and control (Meyer & Quenzer, 2012). In the mesolimbic pathway, VTA DAergic 

neurons project to the VS, hippocampus, and limbic cortices. In the mesocortical pathway, VTA 

DAergic neurons project to the prefrontal cortex. Together, these latter two pathways play a role 

in reward processing and motivation (Meyer & Quenzer, 2012; Figure 2). Typically, the 

DAergic pathways are essentially summarized by these three pathways. As examples, recent as 

well as prominent reviews of DA circuitry, function, and influence on disease etiology have used 

this heuristic to describe SNc/VTA targets (Arias-Carrión, Stamelou, Murillo-Rodríguez, 

Menéndez-González, & Pöppel, 2010; Bressan & Crippa, 2005; Caminiti et al., 2017; Cools, 

Ivry, & D’Esposito, 2006; Klein et al., 2019) 

Although providing a convenient explanation for DA-mediated behaviours, this convention is 

now known to be an oversimplification of SNc/VTA DAergic circuits (Bissonette & Roesch, 

2016; Björklund & Dunnett, 2007; Düzel et al., 2009; Yetnikoff et al., 2014). A closer 

examination of the literature reveals evidence that SNc/VTA DA projections do not strictly 

adhere to this conventional pathway heuristic (Joel & Weiner, 2000). 
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Figure 2: Visualization of the Conventional Pathway Heuristic. In the nigrostriatal pathway (blue), SNc projects 

to the DS; in the mesolimbic pathway (red), VTA projects to the VS; in the mesocortical pathway (purple), VTA 

projects to the PFC. Figure was adapted from Klein et al. (2019). Brain illustration used with permission from 

Patrick J. Lynch. 

 

 

1.4 – The Conventional SNc/VTA Pathway Heuristic  

The conventional pathway heuristic has been adopted as it provides convenient explanations for 

DA-mediated diseases (Alcaro, Huber, & Panksepp, 2007). In the case of the nigrostriatal 

pathway, the 1960 discovery that SNc produces DA coupled with previous knowledge that a) 

SNc cells are lost in PD patients and b) that DS projects prominently to motor regions in the 

brain, resulted in the inference that the DA projections from the SNc to the DS mediate motor 

function and dysfunction in the case of PD (Ehringer & Hornykiewicz, 1960; Haber & Fudge, 
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1997; Ungerstedt, 1971). During this period, the non-motor symptoms of PD patients were 

largely unrecognized, and thus projections of SNc were thought to be limited to the DS (Lidsky, 

1995; Pfeiffer, 2016; Ungerstedt, 1971). Subsequent lesion studies of SNc and DS seemed to 

confirm this function (Andén, Dahlström, Fuxe, & Larsson, 1966). The establishment of the 

mesolimbic and mesocortical pathways was spurred by interest in DA’s role in symptoms in 

schizophrenia patients (Brisch et al., 2014; Lidsky, 1995). Given observations that DA receptor 

agonists alleviated schizophrenic symptoms, it was hypothesized that DA hyperactivity resulted 

in schizophrenic symptoms (Baumeister, 2013; Carlsson & Lindqvist, 1963). The link between 

DA and schizophrenic symptoms was unresolved at first given the contemporaneous concept that 

the nigrostriatal DA pathway mediated motor function (Lidsky, 1995). The 1966 description of a 

DA bundle from the VTA to the NAcc (i.e., the VS) and of DA neurons to limbic brain regions 

like the hippocampus and amygdala allowed for a conceptualization of how DA hyperactivity 

could result in the psychiatric symptoms of schizophrenia, given that these brain regions were 

known to affect emotion, attention, and memory (Andén et al., 1966; Lidsky, 1995; Stevens, 

1973). The efficacy of medications that had impacts on DA (i.e., DA replacement therapy in PD 

and DA antagonists in schizophrenia), in addition to an account for how different DAergic 

pathways mediate disparate functions and symptoms (i.e., deficiency in the nigrostriatal pathway 

producing movement symptoms in PD, and hyperactivity in the mesolimbic pathways producing 

psychotic symptoms in PD) solidified this paradigm (Iversen & Iversen, 2007; Lidsky, 1995; 

Moore & Bloom, 1978; Ungerstedt, 1971). The establishment of a direct mesocortical pathway 

occurred following the discovery of DA in the PFC areas with cell bodies clustered in the VTA 

(Koslow, Cattabeni, Costa, Stinus, & Glowinski, 1972; Lindvall, Björklund, Moore, & Stenevi, 

1974).  

 

1.5 – Counterevidence of the Conventional Pathway Heuristic 

Histochemical, tracer, and molecular studies in rodent and non-human primate models seem to 

indicate that the SNc targets the VS as well as the DS and that the VTA projects to the DS in 

addition to the VS. This has been demonstrated in both rodent and non-human primate models. 
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1.5.1 - Evidence in Rodent Models 

1.5.1.1 - SNc Projections to the VS 

Numerous retrograde studies examining the afferent connections to the NAcc have reported non-

insignificant numbers of labelled cells in the SNc, suggesting a connection from the SNc to the 

VS. In Nauta et al. (1978), injections of horseradish peroxidase (HRP) into the ventral aspect of 

the NAcc resulted in labelled cells clustered in the SNc, but it was also reported that there was 

labelling of the SNc increasing in a rostral-caudal orientation (Nauta, Smith, Faull, & Domesick, 

1978). This was replicated by Brog and colleagues, who reported the presence of labelled cells in 

the SNc following the injection of Fluoro-Gold (FG) radiotracer into the core and lateral shell of 

the NAcc (Brog, Salyapongse, Deutch, & Zahm, 1993). In a more recent retrograde tracer study, 

it was demonstrated that following injection of Fast Blue (FB) an FG into the NAcc core and 

NAcc shell, up to 7% of cells labelled in the SNc/VTA were found in the SNc (Rodríguez-

López, Clascá, & Prensa, 2017). These retrograde tracer studies provide evidence that the SNc 

projects to the VS; in fact, given that the VS is composed of the dorsal aspects of the caudate 

nucleus and putamen in addition to the NAcc, it might be that the extent of connections from the 

SNc to the VS are underreported in these studies. A more conclusive finding to suggest the 

existence of these connections was reported by Matsude and colleagues (2009), who injected a 

recombinant Sindbis viral vector with a membrane-targeting green fluorescent protein (GFP) into 

the SNc to allow for the tracking of individual SNc DA neurons (Matsuda et al., 2009). Of eight 

neurons examined, five were found to innervate the DS, whereas the remaining three were found 

to innervate the middle and ventral portions of the striatum, including the border of the ventral 

CPu and the NAcc (Matsuda et al., 2009). 

 

1.5.1.2 - VTA Projections to the DS 

Rodent studies have also demonstrated the possibility of VTA efferent neurons that target the 

DS. In a set of experiments by Fallon et al. (1978), anterograde radioactive proline/leucine tracer 

injected in the VTA resulted in limited labelling in the medial and anterior sectors of the DS, 

whereas retrograde HRP tracer injection into the DS resulted in HRP labels in the lateral VTA in 
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addition to the SNc (Fallon & Moore, 1978). The former result was replicated a year later, in 

which injections of anterograde proline/leucine tracer into the VTA resulted in the labelling of a 

wide distribution of cells in the striatum (Beckstead, Domesick, & Nauta, 1979). Many of these 

cells were located in the VS as expected, but labelled cells were also found extending in the 

dorsal direction into much of the CPu in a graded fashion (Beckstead et al., 1979). This was also 

demonstrated in a study in which retrograde fluorescent beads were injected into various sites of 

the DS, which resulted in labels in the VTA (in 29/33 injection sites) in addition to the SNc (in 

31/33 injection sites), although the VTA projections seemed less dense than those of the SNc 

(Pan, Mao, & Dudman, 2010).  

In more direct observations of individual neurons following the injection of VTA cells with the 

anterograde tracer biotinylated dextran amine, it was noted that certain classes of VTA neurons 

projected to regions in the ventral aspect of the DS, whereas others projected to the VS (Prensa 

& Parent, 2001).  In a combined anterograde tracer-GFP viral vector approach, Aransay et al. 

(2015) described intense labelling in the NAcc and the CPu following injection into the VTA, 

though they did not specific to what regions of the CPu (Aransay, Rodríguez-López, García-

Amado, Clascá, & Prensa, 2015) Using the GFP-viral vector, they also described a cluster of 

“mesostriatal” neurons that targeted the central and dorsal sections of the striatum (Aransay et 

al., 2015). These neurons were interpreted to potentially emerge from an overlap between the 

VTA and SNc, but similar direct VTA-DS connections were also described by Brier et al. (2019) 

(Aransay et al., 2015; Beier et al., 2019). In their study, a cacine advenovirus expressive cre-

dependent Flp recombinase was injected into the medial PFC and into the amygdala of a DAT-

cre mouse line (Beier et al., 2019). Subsequently, an Flp-dependent adeno-associated virus 

expressing GFP was injected into the VTA such that projections from the VTA that received 

projections from the PFC and amygdala could be measured. The researchers found that efferent 

projections tended to exit the VTA in clusters, and that one cluster class contained axon 

collaterals that targeted the dorsomedial and dorsolateral striatum in addition to the NAcc (Beier 

et al., 2019).  
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1.5.2 – Evidence in Non-Human Primate Models 

Investigations into SNc/VTA projections in non-human primates have perhaps been even more 

illustrative of the potential pitfalls of a nigrostriatal/mesolimbic dichotomy. It has been 

demonstrated that the organization of SNc and VTA neurons is more complex in non-human 

primates compared to rodents (Düzel et al., 2009; Haber & Knutson, 2010; Joel & Weiner, 

2000). Based on cellular characteristics, the DA neurons of the midbrain can be divided into a 

dorsal tier comprised of the dorsal aspects of the SNc and the VTA versus a ventral tier 

comprised of the medial and ventral aspects of the SNc (Haber & Knutson, 2010; Lynd-Balta & 

Haber, 1994). On the basis that certain regions of the SNc overlap with the VTA, it has been 

argued that the nigrostriatal/mesolimbic heuristic might be inaccurate in humans (Düzel et al., 

2009; Wise, 2009). Indeed, following the injection of anterograde tracers into the dorsal tier, 

labelled cells were found in the VS, indicating that certain neurons of the SNc projected to the 

VS (Haber, Fudge, & McFarland, 2000). Conversely, in a number of studies, following 

retrograde tracer into the DS, it has been shown that though the majority of neurons projecting to 

the DS were from the SNc, there were also labels found in the VTA (Parent, Mackey, & De 

Bellefeuille, 1983; Szabo, 1980). 

 

1.6 – Evidence of SNc-PFC Projections 

Finally, though the discovery of VTA innervation to the PFC prompted the proposal of the 

mesocortical pathway, it was subsequently discovered that the SNc also projects to the PFC 

(Fallon, 1988; Lindvall et al., 1974; Wise, 2009). Evidence in support of this finding has been 

elucidated by numerous studies. In one study of rodents, for example, retrograde HRP was 

injected into various regions of the cortex; following injection into the PFC, retrograde labels 

were found in the medial SNc in addition to the VTA (Loughlin & Fallon, 1984). This has been 

demonstrated in non-human primates as well. For instance, the injection of retrograde tracer cells 

into the PFC resulted in retrograde labelling in the dorsal aspects of the SNc and the VTA 

(Gaspar, Stepniewska, & Kaas, 1992). In a similar study, retrograde labels were also found in the 

dorsal aspects of the SNc and VTA following injection into the dorsolateral PFC (Williams & 

Goldman-Rakic, 1998).  
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1.7 – SNc/VTA Projections in Humans in Vivo 

Few investigations have been undertaken to investigate SNc/VTA connectivity of humans in 

vivo, and this has largely been due to technological limitations. Magnetic resonance imaging 

(MRI) has been a promising tool to accomplish this due to its non-invasiveness and because of 

its multiple modalities that can measure brain anatomy, function, and connectivity.  

A full description of MRI physics and principles can be found elsewhere (Huettel, Song, & 

McCarthy, 2008). Briefly, MRI uses a powerful magnet that generates a primary magnetic field 

(B0). This magnetic field aligns the hydrogen atoms of water in brain tissue in a parallel fashion 

in the low-energy state and in an antiparallel fashion in the high-energy state. Gradient coils can 

add additional magnetic fields across different orientations. Radiofrequency (RF) pulses (B1) 

reorient some parallel atoms into a high-energy antiparallel state, in which they are in phase. 

Subsequent relaxation of high-energy antiparallel atoms into the low-energy parallel state emits 

RF energy that is converted to a digital signal and into an image on a computer screen. White 

and gray matter return to relaxation at different rates, and thus they can be distinguished 

anatomically (Huettel et al., 2008). The resolution of MRI images is largely dependent on the 

strength of the magnet, with higher magnetic strength, measured in Tesla (T), yielding greater 

resolution (Ladd et al., 2018). 

Thus far, attempts to measure SNc/VTA connectivity using MRI have employed diffusion MRI 

(dMRI) and functional MRI (fMRI) to measure structural and functional connectivity, 

respectively.  

 

1.7.1 – Structural Connectivity Measured with Diffusion MRI 

Structural neural connectivity can be measured using dMRI imaging. dMRI is an imaging 

technique that allows for the inference of white matter location and orientation based on the 3D 

anisotropic diffusion of water molecules in brain tissue (Baser, 1995; Peter J. Basser & Jones, 

2002; Soares, Marques, Alves, & Sousa, 2013). dMRI is reliant on the acquisition of diffusion 

weighted imaging (DWI) scans. DWI is an MRI modality that measures the level of water 
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diffusion within each voxel (Soares et al., 2013). Briefly, DWI scans are acquired with the use of 

gradient pulses of equal strength applied along the same orthogonal plane but in different 

directions (Bammer, 2003). Following the excitatory RF pulse, two gradient pulses are applied in 

opposite directions. The first is a dephasing gradient pulse which places the hydrogen protons 

out of phase. The second is a rephasing gradient pulse that puts the hydrogen protons back in 

phase by applying a gradient of equal magnitude in the opposite direction. However, if the 

hydrogen protons move via diffusion in the time between these two opposing gradients, the 

protons will not return in phase in the same location and there will be a signal loss. Thus, regions 

without diffusion restriction (i.e., within brain ventricles) will have a signal loss, whereas regions 

with diffusion restriction (i.e., within the cell membrane-confined axon) will have no signal loss 

(Bammer, 2003). 

Notaby, dMRI allows for the reconstruction of white matter tracts throughout the brain using 

fiber tractography methods, which can calculate the connectivity density between brain regions 

(Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000). Using mathematical models, sampled 

streamlines are calculated that traverse continuous pathways of anisotropic diffusion by 

connecting each voxel to its adjacent voxel with respect to corresponding anisotropic fields 

(Alexander, Lee, Lazar, & Field, 2007).  

Probabilistic tractography, as opposed to deterministic tractography, calculates thousands of 

seeded streamlines from a seed brain region to target brain regions (A. L. Alexander et al., 2007; 

Behrens, Woolrich, et al., 2003; Parker & Alexander, 2003; Figure 3). These probability density 

functions are estimated using Markov Chain Monte Carlo (MCMC) sampling, which calculates a 

probability index between the seed region and the target regions. It should be noted that these 

maps cannot determine the polarity of axon fibers  (Behrens, Woolrich, et al., 2003). 

Probabilistic tractography has been used to create connectomic maps amongst brain regions 

based off the extent to which sampled streamlines connect between brain regions, offering 

insight into the extent that regions structurally connect with one another (Cacciola et al., 2016, 

2017; Chung et al., 2017; Kwon & Jang, 2014; Lenglet et al., 2012; Shi & Toga, 2017; 

Skudlarski et al., 2008; Theisen et al., 2017; Vosberg et al., 2018; Yu Zhang, Larcher, Misic, & 

Dagher, 2017). In addition, it can be used to sub-divide, or parcellate brain regions based on each 

of its voxel’s connectivity patterns. This can be accomplished using various clustering methods 
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as well as sampled streamline voting (Behrens, Johansen-Berg, et al., 2003; Eickhoff, Thirion, 

Varoquaux, & Bzdok, 2015). These methods have been used extensively to parcellate the cortex 

but have also shown promise in parcellating the BG and midbrain DAergic structures. 

(Chowdhury, Lambert, Dolan, & Düzel, 2013a; Ganepola, Nagy, Ghosh, Papadopoulo, & 

Sereno, 2018; Gao et al., 2018; Gong et al., 2009; Lambert et al., 2012; Liu et al., 2013; Menke, 

Jbabdi, Miller, Matthews, & Zarei, 2010; Schiffler, Tenberge, Wiendl, & Meuth, 2017; Tziortzi 

et al., 2014; Wiegell, Tuch, Larsson, & Wedeen, 2003; Y. Zhang et al., 2014; Yu Zhang et al., 

2017). 

 

Figure 3: Representative Example of Probabilistic Tractography. In this example, the brain of a sample 

participant is shown in the coronal plane. Probabilistic tractography is performed from a seed region (“SEED”). 

Seeded streamlines (yellow) follow paths according to adjacent voxel's anisotropic character (shown in red, green, 

and blue). The number of streamlines that contact a target region (“TARGET”) are retained to calculate connectivity 

density. Adapted from Behrens et al. (2003). 
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Though many studies have utilized dMRI to measure FA, MD, and RD within the SNc and the 

VTA, very few have taken advantage of dMRI to measure the connectivity density of the 

SNc/VTA to other brain regions (Atkinson-Clement, Pinto, Eusebio, & Coulon, 2017; Deng, 

Wang, Yang, Li, & Yu, 2018; Langley et al., 2016). This is in part due to challenges with this 

form of MRI imaging. The SNc and VTA can be prone to image distortions and artifacts due to 

their small sizes, and their projections to the striatum and cortex pass through the internal 

capsule, where fibers from very disparate areas of the brain converge, risking erroneous claims 

about connectivity between SNc/VTA and cortical areas because of inaccurate tracking, 

especially at lower magnetic field strengths (Jbabdi, Sotiropoulos, Haber, Van Essen, & Behrens, 

2015; Meola, Yeh, Fellows-Mayle, Weed, & Fernandez-Miranda, 2016; Yu Zhang et al., 2017). 

Furthermore, the lack of an accurate, publicly-available subcortical atlas has made it difficult to 

define the SNc and VTA or delineate between them in MRI space (Pauli, Nili, & Tyszka, 2018).  

To our knowledge, only one study has used dMRI to measure the connectivity of the SNc/VTA 

to the striatum and cortex in which the SNc and VTA were measured as separate regions of 

interest (ROIs; Kwon & Jang, 2014). In this study by Kwon et al. (2014), anatomical and DWI 

images measured at 1.5T were acquired from 63 participants. Probabilistic tractography was 

performed on the DWI scans to assess the connectivity of the SNc and the VTA to various 

regions in the striatum and cortex. The authors defined connectivity between either the SNc or 

the VTA to a target as the percentage of participant hemispheres in which sampled streamlines 

reached the target region at a threshold of 0.1%. They found that both the SNc and the VTA 

connected with the CPu, though the SNc had a significantly higher connectivity than the VTA 

(SNc to CPu = 99.21%, VTA to CPu = 68.25%, p < 0.001). They also found that both the SNc 

and the VTA connected with the NAcc; intriguingly, the connectivity of the SNc to the NAcc 

was also significantly higher than that of the VTA (SNc to NAcc = 97.62%, VTA to NAcc = 

65.87%, p < 0.001). SNc and VTA connectivity were also measured with respect to the PFC, 

wherein the SNc connectivity was 95.24% and VTA connectivity was 65.87%, with SNc being 

significantly higher than VTA (p = 0.001; Kwon & Jang, 2014). Their results are intriguing 

because they are at odds with the conventional SNc/VTA pathway heuristic. However, their 

study was limited by the facts that a) MRI scans were performed at 1.5T, risking the generation 

of less accurate connectivity profiles due to erroneous mapping, especially in the internal 

capsule, and b) the ROIs for the VTA were hand-drawn. Further, their definition of connectivity 
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to a target as the incidence of connectivity was measured as the percent of participant 

hemispheres in which that target was innervated. For instance, if 0.1% connectivity occurred 

from SNc to the DS in 90 participant hemispheres out of 100, they would have reported 90% 

connectivity from SNc to DS. This definition does not reveal information about the connectivity 

densities among the structures themselves, however. For these reasons, their results, which 

challenge the conventional DA pathway heuristic have been largely discounted, with reviews and 

theories of disease continuing to implement the conventional pathway heuristic without 

qualification. An analysis of relative SNc and VTA connectivity density, as defined by 

streamline density, measured with ultra-high field MRI, using SNc/VTA atlases derived from 

high resolution imaging investigations, and employing sampled streamline counts, remains to be 

performed in vivo in humans to fully address this issue. 

Other investigations into the connectivity patterns of the DAergic midbrain have either used only 

an SNc ROI, only a VTA ROI, or a combined, undifferentiated SNc/VTA ROI, though these 

studies have offered insight into DAergic pathways to the striatum and cortex as well. In a study 

by Chowdhury et al. (2013), dMRI measured at 3T was used to parcellate a combined SNc/VTA 

ROI into ventrolateral and dorsomedial subregions based upon connectivity to the DS or VS, 

respectively (Chowdhury, Lambert, Dolan, & Düzel, 2013). That both subregions contained 

aspects of the SNc and the VTA lends evidence to a more complex DAergic projection pattern 

than the conventional pathway heuristic contends. Potential evidence to this end was also 

reported by Vosberg et al. (2018). They performed dMRI probabilistic tractography on MRI data 

of healthy controls and of DCC (Deleted in Colorectal Cancer)-haploinsufficient participants 

(Vosberg et al., 2018). The DCC gene produces DCC protein, which is an axon guidance 

molecule receptor thought to play a role in axon guidance and known to increase DA innervation 

to the NAcc (Manitt et al., 2011; Vosberg et al., 2018). They employed a seed ROI that 

contained voxels primarily of the SNc but potentially overlapped with part of the VTA. They 

found that connectivity density from the SNc/VTA to the NAcc was reduced in carriers of the 

DCC mutation, indicating potential connectivity between the SNc and the NAcc. Finally, 

evidence for connectivity between the SNc and the PFC was also demonstrated in a study by 

Menke et al. (2010), in which a substantia nigra (SN) ROI that included both SNc and SNr was 

parcellated into two subregions based off the location of fibre connections through each voxel 

within the ROI. It was noted that one of these regions corresponded with the SNc, and that using 
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probabilistic tractography, it mostly connected with the posterior striatum, GP, anterior thalamus, 

and PFC (Menke et al., 2010).  

 

1.7.2 – Functional Connectivity Measured with Functional 

Magnetic Resonance Imaging 

ROI-based functional connectivity, quantified via fMRI, has also been posited as an indirect 

measure of connectivity (Damoiseaux et al., 2006; Lv et al., 2010). fMRI measures the blood-

oxygen-level-dependent (BOLD) contrast of different brain regions that activate temporally 

either in response to a task or at rest. BOLD is a proxy measurement for neural activity that relies 

on the fact that neurons consume a massive amount of energy following activation (Attwell & 

Laughlin, 2001). The activation of neurons within a brain region results in increased vascular 

supply of oxygen, which is transported on the hemoglobin molecule in red blood cells (Attwell et 

al., 2010). Rather conveniently, the magnetic properties of hemoglobin are different when 

oxygenated and when deoxygenated: when oxygenated, hemoglobin is diamagnetic, but when 

deoxygenated, it is paramagnetic which disrupts the local magnetic field  (Ogawa, Lee, Kay, & 

Tank, 1990). The relative decrease of paramagnetic deoxygenated hemoglobin following the flux 

of oxygenated hemoglobin to active brain region has been exploited with MRI sequences to 

measure BOLD (Kirilina, Lutti, Poser, Blankenburg, & Weiskopf, 2016). Functional 

connectivity is the organization and inter-relationship of BOLD response of different brain 

regions; regions whose BOLD responses correlate overtime are considered functionally 

connected (Rogers, Morgan, Newton, & Gore, 2007).  

Potential evidence to suggest that the conventional pathway heuristic is an oversimplification has 

also been demonstrated in functional connectivity studies. In ROI-based functional connectivity 

studies in which ROIs have been defined for both the SNc and the VTA, it has been shown, for 

example, that both the SNc and the VTA demonstrated highly significant resting state functional 

connectivity (RSFC) with both the DS and the VS (Bär et al., 2016; Tomasi & Volkow, 2014). 

Furthermore, Peterson et al. (2017) found that the SNc and the VTA had positively correlated 

RSFC with the VS, and that there was no significant difference in these RSFC levels. These 

studies have also demonstrated that the SNc and the VTA have positively correlated RSFC with 
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broad cortical regions, including the PFC (Bär et al., 2016; Peterson, Zhang, Hu, Chao, & Li, 

2017; Tomasi & Volkow, 2014). 

These findings are, however, inconsistent with that of Murty et al. (2014), who found that only 

the VTA was positively correlated with VS; oddly, they found that neither the SNc nor the VTA 

functional activity was positively correlated with that in the DS (Murty et al., 2014). This could 

be reflective of the potential limitations of functional connectivity as a measure of structural 

connectivity. Indeed, the extent to which functional connectivity is correlated to structural 

connectivity remains a matter of debate (Honey et al., 2009; Huang & Ding, 2016; Lv et al., 

2010; Tsang et al., 2017). As a matter of principle, a pair of ROIs with correlated BOLD activity 

could reflect a) a direct connection between the two, but also b) a common input from a separate 

region or regions, or c) an interaction that is mediated by a separate region or regions (Huang & 

Ding, 2016). Furthermore, it has been suggested, given the small volume of the SNc and VTA, 

that only high resolution fMRI with voxel sizes of 1.5 mm x 1.5 mm x 1.5 mm isotropic and 

smaller be used to assess differences among SNc and VTA BOLD signals (Düzel et al., 2009). 

Studies examining SNc and VTA functional connectivity have all been performed at 3T, which 

can typically perform fMRI at a resolution of 3 mm x 3 mm x 3 mm, potentially limiting the 

accuracy of their findings (Bär et al., 2016; Goense, Bohraus, & Logothetis, 2016; Murty et al., 

2014; Peterson et al., 2017; Tomasi & Volkow, 2014) In fact, some studies examining SNc/VTA 

functional connectivity at 3T have opted not to compare the difference in SNc and VTA 

connectivity for this reason (Di Martino et al., 2008). 

 

1.8 – Aims of the Present Study  

Given that there remains uncertainty regarding even the most commonly-held notions of the 

DAergic pathways from the SNc/VTA to the striatum and cortex, it follows that investigations 

into these circuits will offer insight into how DA regulates a wide range of essential behaviours 

and how DA-mediated disease symptomology occurs. This is especially important for humans in 

vivo, in which neuroimaging can potentially be used to uncover biomarkers of disease (Khan et 

al., 2019). In addition, though post-mortem dissections are often held as the gold-standard to 

measure human anatomical mapping, significant changes are known to occur to the central 
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nervous system immediately following death, potentially limiting understanding as to how 

SNc/VTA neural tracts are structured in vivo (Weickenmeier et al., 2018). Thus, a connectomic 

analysis of human SNc/VTA tracts to the striatum and cortex using high resolution neuroimaging 

remains an important but unfulfilled goal.  

The goal of Experiment 1 of the present study was to investigate the pathways of the SNc and the 

VTA in the context of the conventional heuristic of SNc/VTA pathways to DS, VS, and the PFC. 

Specifically, we measured and compared the connectivity density of the SNc and VTA to and 

from the DS, VS, and PFC, which might inform about the extent to which the SNc and VTA 

project to each of these regions. We have also measured the connectivity density of the DS, VS, 

and PFC to and the SNc and VTA. We compared each region’s connectivity to SNc versus VTA, 

which might inform about the extent to which each region’s total innervation arose from the SNc 

and the VTA. 

To overcome some of the limitations of the few others studies that have employed dMRI on the 

SNc and VTA, we have used data acquired from the Human Connectome Project (HCP) (Van 

Essen et al., 2012; Van Essen et al., 2013). This data has been acquired from human participants 

scanned on a 3T scanner with added customizations to improve DWI acquisitions to even higher 

resolution than conventional 7T scanners (Uğurbil et al., 2013). We have also employed the use 

of the CIT168 SNc/VTA atlas, which was delineated on the same scanner as the HCP data (Pauli 

et al., 2018). Finally, we have used a probabilistic tractography modality called ball & stick 

(BEDPOSTX) which attempts to overcome the dMRI limitation of crossing fibers by using 

MCMC within each voxel to estimate the anisotropic measurements across many orientations 

(Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007). 

However, given the knowledge that there is a potential overlap between SNc and VTA, with 

some arguing that these are not accurate with respect to underlying anatomy, we have extended a 

model by Tziortzi et al. (2014) to assess connectivity from the VTA/SNc to the striatum without 

relying on defined borders between subregions (Tziortzi et al., 2014). Tziortzi et al. (2014) 

described a method to parcellate the striatum into limbic, executive, caudal motor (CM), rostral 

motor (RM), parietal, occipital, and temporal subregions based on connectivity to cortical lobes 

(Tziortzi et al., 2014). They accomplished this by using a winner-take-all approach, where each 
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voxel in the striatum was labelled based on whichever cortical subregion the majority of its 

streamlines targeted (Johansen-Berg et al., 2005; Tziortzi et al., 2014).  

We have previously shown that the CM region of the striatum, which is connected primarily to 

CM cortex, is significantly smaller in PD patients as compared to controls (Khan et al., 2019). 

We conjectured that this was because of its connectivity to the CM subregion of the SNc, which 

is known to degenerate first and most in PD (Fearnley & Lees, 1991; Kish et al., 1988) 

Furthermore, the CM striatum connects to the CM cortex, made up of the premotor and motor 

cortices accounting for the motor symptoms that characterize PD. These include slowed 

movements (i.e., bradykinesia), tremor, and muscular rigidity.  

In Experiment 2 of this study, we extend this line of reasoning to the SNc/VTA by at first 

parcellating the striatum with respect to the cortex and then assessing independent connectivity 

of the SNc/VTA to each striatal subregion. Independent connectivity measures the seeded 

streamline count from all voxels in the SNc/VTA to each striatal subregion. Connectivity to each 

striatal subregion is calculated one by one, allowing for connectivity measures across potentially 

overlapping SNc/VTA subregions. This avoids potential limitations of parcellating the SNc/VTA 

under winner-take-all voting before probabilistic tractography. Voting, although beneficial for 

creating subregions, discards some potential information about voxel targets. For example, if a 

voxel in the SNc sends 1000 streamlines to the limbic striatal subregion and 500 to the executive 

striatal subregion, it will be labelled as a limbic voxel under winner-take-all voting, essentially 

disregarding its streamlines to the executive subregion. In this example, independent 

connectivity would account for these 500 streamlines to the executive striatum because it does 

not create the SNc/VTA parcellations in the first place. 

To explore this connectivity scheme, we have at applied it to a population of recently diagnosed 

PD patients who, by virtue of the progressive nature of SNc degeneration in PD, might not have 

progressed enough in the disease to see changes in the striatum. The purpose of this experiment 

is to a) offer validation that probabilistic tractography can more or less accurately measure 

DAergic tracts emerging from the SNc and the VTA, and to b) demonstrate that dMRI can be 

used to explore changes to DAergic tracts in patients with DA-mediated diseases. 
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1.9 – Hypotheses  

In Experiment 1, we predicted that the connectivity of the SNc and VTA to and from the DS, 

VS, and cortex would be more complicated than the conventional pathway heuristic. In other 

words, we predicted that there would be significant connectivity density of the SNc to and from 

the VS, of the VTA to and from the DS, and of the SNc to and from the PFC. Similarly, we 

predicted that the percentage of connections in the DS, VS, and PFC that target the SNc and 

VTA would not follow conventional pathway heuristic, such that the DS would target the VTA, 

that the VS would target the SNc, and that the PFC would target the SNc. 

In Experiment 2, we predicted that there would be lower independent connectivity from the 

SNc/VTA to the CM striatum in PD patients as compared to controls. We also predicted that 

connectivity from the whole SNc to the whole striatum would not be significantly different 

between groups. 
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Chapter 2 – Methods 
 

2.1 – Experiment 1: Human Connectome Project 

 3T MRI Data from the WU-Minn 1200 subjects Release (S1200) of March 01, 2017 were 

utilized in this study (Van Essen et al., 2012; Van Essen et al., 2013). The dataset is available in 

the Human Connectome Project repository (https://www.humanconnectome.org/study/hcp-

young-adult). 

 

2.1.1 - Participants 

 In this study, we analyzed the 100 unrelated (U100) subjects sub-dataset, which consisted 

of 54 females and 45 males with an age range of 22 to 35 years of age (Hodge et al., 2016). 

Healthy participants between the ages of 22 and 25 were eligible for the study and were screened 

for the inclusion/absence of inclusion/exclusion criteria (Van Essen et al., 2012). Participants 

who smoked, were overweight, or who had a history of alcohol/recreational substance use were 

eligible as long as they had not experienced severe symptoms. Participants were excluded if they 

had a diagnosis of or familial history of a neurodevelopmental, neuropsychiatric, or neurological 

disorder. The Semi-Structured Assessment for the Genetics of Alcoholism was provided to each 

participant to ensure the absence of significant psychiatric illness (Bucholz et al., 1994). As per 

HCP protocol, all participants had provided informed consent to the Human Connectome Project 

Consortium (Van Essen et al., 2013).  

 

2.1.2 - MRI Acquisition 

 The U100 participants were asked to complete 3T MRI sessions according to the HCP 

protocol, which included structural, fMRI (resting state and task-evoked), and DWI acquisitions 

over the span of two days. Scans took place within a customized Siemens 3T “Connectome 

Skyra” scanner at Washington University in St. Louis, which contained a number of 

customizations to improve resolution, the full details of which can be found elsewhere (Van 
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Essen et al., 2013). Relevant to the present study, a customized SC72 gradient insert typically 

used in 7T field strength was used to improve the resolution of DWI images (Uğurbil et al., 

2013). This, along with gradient coil and gradient power amplifiers, allows for a maximum 

gradient strength (Gmax) of 100 mT/m, which is higher than typical 40-60 mT/m Gmax scanners 

(S. Y. Huang et al., 2015). The increased Gmax as a result of these customizations is especially 

beneficial to DWI scans because it reduces the signal loss that occurs during the delay between 

proton signal excitation and image acquisition during which diffusion encoding occurs, therefore 

increasing DWI resolution (Setsompop et al., 2013; Uğurbil et al., 2013).   

The present study utilized the U100 pre-processed structural data (T1w and T2w) and 

pre-processed DWI data. For the T1w anatomical scan, 3D magnetization-prepared rapid 

acquisition with gradient echo (MPRAGE) sequence was performed with the following 

parameters: TR = 2400ms, TE = 2.14 ms, TI = 1000 ms, flip angle = 8º, FOV = 224x224 mm, 

voxel size = 0.7 mm x 0.7 mm x 0.7 mm, BW = 210 HZ/Px, and acquisition time = 7 min, 40s. 

A multi-slice echo-planar imaging (EPI) with multiband (MB) excitation sequence was 

used to collect DWI data (Sotiropoulos et al., 2013). The following parameters were used: TR = 

5520 ms, TE = 89.5 ms, flip angle = 78º, FOV = 210x180 pixels, acquisition matrix = 168x144 

pixels, and with one whole brain image consisting of 111 slices with slice thickness = 1.25 mm 

and with voxel size = 1.25 mm x 1.25 mm x 1.25 mm. The DWI images were collected using 

gradient tables with R/L and L/R phase encoding polarities for a total of six runs. Each run had 

95-97 directions and six b=0 acquisitions. Diffusion weighting had three shells of b = 1000, 

2000, 3000 s/mm2 which were interspersed with an approximately equal number of 

acquisitions/shell within each run. 

 

2.1.3 - T1 and DWI Pre-processing 

2.1.3.1 - Anatomical pre-processing 

A full description of the HCP anatomical pre-processing pipeline can be found elsewhere (Fischl, 

2012; Glasser et al., 2013; Jenkinson, Bannister, Brady, & Smith, 2002; Jenkinson, Beckmann, 

Behrens, Woolrich, & Smith, 2012). 
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In brief, Gradient distortion correction is applied to each participant’s T1w and T2w 

image using the HCP pipeline gradunwrap (https://github.com/Washington-

University/gradunwarp/). T1w and T2w images were aligned and averaged using FSL FLIRT 

and an HCP in-house script and then registered to Anterior Commissure-Posterior Commissure 

coordinates using FLIRT such that each image was in participant’s native space (Jenkinson et al., 

2002). Brain extraction was accomplished with FSL FNIRT (J. L. R. Andersson et al., 2007; 

Jenkinson et al., 2012). Then, all images underwent field map distortion correction and B1 field 

bias correction using a customized FSL FLIRT Boundary-Based registration pipeline and sqrt 

(t1w X t2w), respectively. The t1w and t2w images were then non-linearly registered to MNI152 

space using FSL FNIRT.  

 

2.1.3.2 - DWI pre-processing 

The DWI pre-processing pipeline is described in full elsewhere (Andersson, Skare, & 

Ashburner, 2003; Andersson & Sotiropoulos, 2015, 2016). 

Briefly, pre-processing is initialized with intensity normalization across the six runs. 

Following this, FSL TOPUP was used to correct for EPI distortions and FSL EDDY was used to 

correct for eddy currents and motions. The pipeline used FSL EDDY v5.0.10, which detects slice 

outliers which have been distorted due to participant movement and is replaced by non-

parametric Gaussian Process Modelling predictions. Subsequently, gradient b-value and b-vector 

deviations were corrected with gradient nonlinearity correction. Following these steps, 

registration of each participant’s average B0 image was registered to the T1w image using 

FLIRT BBR-bbregister, which also transformed the dMRI into 1.25 mm x 1.25 mm x 1.25 mm 

T1w-space.  

Finally, FSL Bayesian Estimation of Diffusion Parameters Obtained using Sampling 

Technique (BEDPOSTX) was used to model the estimate the probability of dMRI diffusion 

parameters (Behrens, Woolrich, et al., 2003; Behrens et al., 2007). This pre-processing pipeline 

used MCMC sampling to establish probability estimates of diffusion at each voxel by modelling 

diffusion as sticks (anisotropic tensors) and a ball (isotropic background). This step is a 

prerequisite to run probabilistic tractography. 
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2.1.4 – Mask Segmentation 

To analyze the connectivity of the SNc/VTA to the striatum and cortex, we used a variety of 

publicly available atlases. 

 

2.1.4.1 – Segmentations of the SNc/VTA and Cortex 

Left and right SNc and VTA labels of the CIT168 atlas were used to form the segmentation of 

the SNc and VTA (Pauli, Nili, & Tyszka, 2018; https://neurovault.org/collections/3145/). The 

CIT168 is optimal for this analysis due to its clear demarcation of the SNc and the VTA. It was 

also derived with respect to HCP data collected on the same machine as the U100 set, reducing 

the risk of high inter-machine variability, which is an important consideration for dMRI data, and 

because of its high inter-rater and intra-rater reliability (Bonilha et al., 2015; Pauli et al., 2018). 

The SNc and VTA ROIs were generated by at first creating eight validation templates by 

merging 84 T1w and 84 T2w image pairs that had been randomly selected from 168 image pairs. 

Then, subcortical ROIs were delineated by three observers in the left hemisphere of each 

validation template; the ROIs were then averaged across observer and template and projected to 

the right hemisphere (Pauli et al., 2018). The subcortical ROIs were delineated with reference to 

the Allen Institute Adult 34 year old human atlas (Hawrylycz et al., 2012). The SNc was defined 

as the hyperintense band between the parabrachial pigmented area (PBP) and SNr with the 

rostral limit coinciding with the caudal limit of the hypothalamus (Pauli et al., 2018). The VTA 

was delineated ventral to the red nucleus (RN) at the ventromedial limit of the PBP and 

extending rostrocaudally from the rostrocaudal midpoint of the RN to slightly beyond the caudal 

limit of the RN (Pauli et al., 2018). 

Cortical regions were adapted from the Harvard-Oxford FSL atlas, which features 48 

anatomically-derived subregions, lateralized by side (Fischl et al., 2004; Rademacher, 

Galaburda, Kennedy, Filipek, & Caviness, 1992). We also added an additional rostral-motor 

subregion within the frontal lobe, located posterior to the superior and middle frontral gyri, 

anterior to the precentral gyrus, and extending from the midline to the superior border of the 

inferior frontal gyrus pars opercularis. This region was added to be more in line with the frontal 
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cortical sub-divisions described by Tziortzi et al. (Tziortzi et al., 2014). As a result, 98 cortical 

subregions were used in the analysis. (See Appendix A for list of regions and abbreviations). 

The designation of the PFC is ambiguous in the literature; here, we considered the PFC to 

include frontal pole, superior frontal gyrus, middle frontal gyrus, paracingulate gyrus, anterior 

cingulate gyrus, and subcallosal cortex, according to Tziortzi et al. (2014) and Santos et al. 

(2011) (Santos, Seixas, Brandão, & Moutinho, 2011; Tziortzi et al., 2014). 

 

2.1.4.2 – Segmentation of the Striatum 

To measure connectivity density from the SNc/VTA to the DS/VS, we used the striatumstruc 

striatum atlas supplied by FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases/striatumstruc). The 

striatumstruc atlas is divided into the VS and DS, lateralized by side (Tziortzi et al., 2011). VS is 

defined as the NAcc, medial caudate nucleus, and rostral-ventral putamen. The remaining 

portions of the caudate nucleus and the putamen were defined as the DS. Though the CIT168 

atlas has defined a version of the striatum with more accurately external boundaries than that of 

striatumstruc, striatumstruc has been parcellated into the DS and VS, whereas CIT168 has not 

(Pauli et al., 2018).  

 

2.1.4.3 – Atlas Registration 

All cortical, striatal, and VTA/SNc labels were registered to each participant using 

NiftyReg linear and deformable b-spline registration tools. The probabilistic labels of the entire 

cortex, striatum, and VTA/SNc were then transformed back into MNI space with non-linear 

transformations.  
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2.1.5 - Probabilistic Tractography 

2.1.5.1 – SNc and VTA Connectivity to DS, VS, and PFC 

FSL PROBTRACKX was used to calculate connectivity density from seed voxels in the SNc and 

VTA to striatal and cortical targets. 1500 streamlines were seeded from each seed voxel to 

proximal probability density functions previously established by FSL BEDPOST. Default step 

length of 0.5 mm and curvature of 0.2 (80°) were used. Streamlines that made contact with a 

striatal or cortical subregion were tallied. Within each seed structure (left and right SNc and 

VTA), a streamline count map was generated for every striatal or cortical target, whereby each 

voxel was labelled with an intensity value representing the number of seeded streamlines that 

emerged from the seed structure and made contact with a particular striatal or cortical subregion. 

Each streamline count map was normalized by the largest intensity value within each map so that 

each map contained values ranging from 0-1. These values were then averaged across all seed 

voxels within each streamline count map to generate an aggregate connectivity value from 0-1 

within each seed structure. The aggregate value was multiplied by 100% to generate connectivity 

density.  

 

2.1.5.2 – Relative Connectivity of DS, VS, and PFC from SNc and 

VTA 

To assess the relative percentages of DS, VS, and PFC connections that arose from the SNc and 

the VTA, FSL PROBTRACKX was used to calculate connectivity from seed voxels from the 

DS, VS, and PFC to SNc and VTA targets. 1500 streamlines emerged from each seed voxel 

using the parameters and methods described above. Within each seed structure (left and right DS, 

VS, and PFC), a streamline count map was generated for every SNc and VTA target, whereby 

each voxel was labelled with an intensity value representing the number of seeded streamlines 

that emerged from the seed structure and made contact with a particular SNc and VTA 

subregion. Each streamline count map was normalized by the largest intensity value within each 

map so that each map contained values ranging from 0-1. These values were then averaged 

across all seed voxels within each streamline count map to generate an aggregate connectivity 
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value from 0-1 within each seed structure. The aggregate value was multiplied by 100% to 

generate connectivity density. 

 

2.1.6 – Connectogram Construction 

To visualize the connectivity densities among subregions, we used Circos software to create 

connectograms, as described by Irimia et al. (2012) (Irimia, Chambers, Torgerson, & Van Horn, 

2012; Krzywinski et al., 2009).  SNc/VTA, striatal, and cortical subregions were modelled in a 

circle to represent a coronal section of the brain, with lobes clustered together. Connectivity 

densities between subregions were modelled as connecting links. Connectivity densities were 

weighted against an arbitrary link width of 50 pixels, such that the highest connectivity density 

would be modelled as 50 pixels. A connectivity density at half the highest value would be 

modelled as 25 pixels. Thus, all connections were relatively weighted. 

 

2.1.7 – Statistical Analysis 

Typically, studies of connectomic data threshold against a minimum connectivity %, considering 

the limitations of probabilistic tractography (van Wijk, Stam, & Daffertshofer, 2010), with some 

suggesting that only connectivity densities >1% should be considered (Cacciola et al., 2017). 

However, given that there are clear predictions about SNc and VTA connectivity to the DS, VS, 

and PFC in conventional theories, we have considered connectivity density below 1% if it had 

been computed between one of these areas. However, any connections with a connectivity 

density below 1% should be interpreted with caution (Cacciola et al., 2017). Connections with 

connectivity strength < 1% from the SNc and VTA to non-PFC cortical regions have not been 

considered. 

Given the known differences between ipsilateral connectivity and contralateral connectivity, with 

ipsilateral connections estimated to have 95% greater innervation than contralateral connections, 

statistical analyses among ipsilateral and contralateral connections were performed separately 

(Parent et al., 1983). 
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Statistical analyses are described as follows: 

2.1.7.1 – Ipsilateral Connectivity to and from the DS 

Connectivity density of the SNc and VTA to and from the ipsilateral DS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Ipsilateral DS Target (Left DS vs. Right DS) as within-subject variables.  

Connectivity density of the Left and Right DS to and fromthe Ipsilateral SNc/VTA was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with DS Side (Left DS vs. Right 

DS) and Ipsilateral SNc/VTA Target (SNc vs. VTA) as within-subject variables 

2.1.7.2 – Ipsilateral Connectivity to and from the VS 

Connectivity density of the SNc and VTA to and fromthe ipsilateral VS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Ipsilateral VS Target (Left VS vs. Right VS) as within-subject variables.  

Connectivity density of the Left and Right VS to and from the Ipsilateral SNc/VTA was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with VS Side (Left VS vs. Right 

VS) and Ipsilateral SNc/VTA Target (SNc vs. VTA) as within-subject variables 

2.1.7.3 – Ipsilateral Connectivity to and from the PFC 

Connectivity density of the SNc and VTA to and from the ipsilateral PFC was used as the 

dependent measure in a 2 x 6 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA), PFC Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. 

Paracingulate Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), and Ipsilateral PFC 

Side (Left PFC vs. Right PFC) as within-subject variables. 

Connectivity density of Left and Right PFC regions to and from the Ipsilateral SNc/VTA was 

used as the dependent measure in a 6 x 2 x 2 repeated-measures ANOVA with PFC Subregion 

(Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. Paracingulate Gyrus vs. 

Anterior Cingulate Gyrus vs. Subcallosal Cortex), PFC Side (Left PFC vs. Right PFC), and 

SNc/VTA Structure (SNc vs. VTA) as within-subject variables. 
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2.1.7.4 – Comparisons of Connectivity to and from Ipsilateral DS, 

VS, and PFC 

To compare between ipsilateral connectivity to DS and VS, connectivity of the SNc to and from 

the ipsilateral DS and ipsilateral VS was used as the dependent measure in a 2 x 2 repeated-

measures ANOVA with Ipsilateral Target (DS vs. VS) and SNc Side (Left SNc vs Right) as 

within-subject variables.  

To allow for comparisons to the PFC regions, we first averaged the connectivity of the left SNc 

to and from the six left PFC regions (left frontal pole, superior frontal gyrus, middle frontal 

gyrus, paracingulate gyrus, anterior cingulate gyrus, subcallosal cortex) to generate one left SNc 

connectivity to ipsilateral PFC value. We then averaged the connectivity of the right SNc to and 

from the six right PFC regions right frontal pole, superior frontal gyrus, middle frontal gyrus, 

paracingulate gyrus, anterior cingulate gyrus, subcallosal cortex) to generate one right SNc 

connectivity to ipsilateral PFC value 

To compare between SNc ipsilateral connectivity to and from the DS and PFC, connectivity of 

the SNc and from ipsilateral DS and ipsilateral PFC was used as the dependent measure in a 2 x 

2 repeated-measures ANOVA with Ipsilateral Target (DS vs. PFC) and SNc Side (Left SNc vs 

Right) as within-subject variables.  

To compare between SNc ipsilateral connectivity to and from the DS and PFC, connectivity of 

the SNc to and from the ipsilateral VS and ipsilateral PFC was used as the dependent measure in 

a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (VS vs. PFC) and SNc Side (Left SNc 

vs Right) as within-subject variables.  

These analyses will also be performed with VTA ispilateral connectivity using the same 

procedures.  
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2.1.7.5 – Contralateral Connectivity to and from the DS 

Connectivity density of the SNc and VTA to and from the contralateral DS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Contralateral DS Target (Left DS vs. Right DS) as within-subject variables.  

Connectivity density of the Left and Right DS to and from the Contralateral SNc/VTA was used 

as the dependent measure in a 2 x 2 repeated-measures ANOVA with DS Side (Left DS vs. Right 

DS) and Contralateral SNc/VTA Target (SNc vs. VTA) as within-subject variables. 

2.1.7.6 – Contralateral Connectivity to and from the VS 

Connectivity density of the SNc and VTA to and from the contralateral VS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Contralateral VS Target (Left VS vs. Right VS) as within-subject variables.  

Connectivity density of the Left and Right VS to and from the Contralateral SNc/VTA was used 

as the dependent measure in a 2 x 2 repeated-measures ANOVA with VS Side (Left VS vs. Right 

VS) and Contralateral SNc/VTA Target (SNc vs. VTA) as within-subject variables 

2.1.7.7 – Contralateral Connectivity to and from the PFC 

Connectivity density of the SNc and VTA to and from the contralateral PFC was used as the 

dependent measure in a 2 x 6 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA), PFC Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. 

Paracingulate Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), and Contralateral PFC 

Side (Left PFC vs. Right PFC) as within-subject variables. 

Connectivity density of the Left and Right PFC regions to and from the Contralateral SNc/VTA 

was used as the dependent measure in a 6 x 2 x 2 repeated-measures ANOVA with PFC 

Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. Paracingulate 

Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), PFC Side (Left PFC vs. Right PFC), 

and SNc/VTA Structure (SNc vs. VTA) as within-subject variables. 
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2.1.7.8 – Comparisons of Connectivity to and from Ipsilateral DS, 

VS, and PFC 

To compare between contralateral connectivity to and from the DS and VS, connectivity of the 

SNc to and from the contralateral DS and contralateral VS was used as the dependent measure in 

a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. VS) and SNc Side (Left 

SNc vs Right) as within-subject variables.  

To allow for comparisons to the PFC regions, we first averaged the connectivity of the left SNc 

to and from the six right PFC regions (right frontal pole, superior frontal gyrus, middle frontal 

gyrus, paracingulate gyrus, anterior cingulate gyrus, subcallosal cortex) to generate one left SNc 

connectivity to contralateral PFC value. We then averaged the connectivity of the right SNc to 

and from the six left PFC regions right frontal pole, superior frontal gyrus, middle frontal gyrus, 

paracingulate gyrus, anterior cingulate gyrus, subcallosal cortex) to generate one right SNc 

connectivity to contralateral PFC value 

To compare between SNc contralateral connectivity to and from the DS and PFC, connectivity of 

the SNc to and from the contralateral DS and contralateral PFC was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. PFC) and SNc 

Side (Left SNc vs Right) as within-subject variables.  

To compare between SNc contralateral connectivity to and from the DS and PFC, connectivity of 

the SNc to and from the contralateral VS and contralateral PFC was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (VS vs. PFC) and SNc 

Side (Left SNc vs Right) as within-subject variables.  

These analyses will also be performed with VTA contralateral connectivity using the same 

procedures.  

2.1.7.9 – Connectivity to and from Ipsilateral non-PFC Regions 

Though not forming part of our main hypotheses, we also examined the connectivity of the SNc 

and VTA to and from ipsilateral non-PFC targets. First, we noted which non-PFC regions had 

connectivity above 1%.  
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To explore the influence of SNc and VTA on these regions, we used connectivity of the SNc and 

VTA to and from these ipsilateral non-PFC regions as the dependent measure in a 2 x number of 

non-PFC regions >1%  x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA), non-PFC Subregion, and Ipsilateral PFC Side (Left PFC vs. Right PFC) as within-subject 

variables 

Connectivity density of Left and Right non-PFC regions to and from the Ipsilateral SNc/VTA 

was used as the dependent measure in a number of non-PFC regions >1% x 2 x 2 repeated-

measures ANOVA with non-PFC Subregion, non-PFC Side (Left PFC vs. Right PFC), and 

SNc/VTA Structure (SNc vs. VTA) as within-subject variables. 

2.1.7.10 – Adjustments for Multiple Comparisons 

For each set of analyses (i.e, section 2.1.7.1, 2.1.7.2, 2.1.7.3, 2.1.7.4, 2.1.7.5, 2.1.7.6, 2.1.7.7, 

2.1.7.8, 2.1.7.9), we adjusted for multiple comparisons by controlling for false discovery rate 

(FDR) according to the Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995). P-

values were ordered from lowest to highest. For each p-value, an adjusted p-value was calculated 

by multiplying the unadjusted p-value by the number of comparisons and dividing it by its rank 

in the order. An FDR rate was set to 0.05.  

 

2.2 – Experiment 2: PD vs. Healthy Control 

2.2.1 – Participants 

Twenty-one recently-diagnosed PD patients (i.e. diagnosed within the last five years), 21 

healthy, age-matched healthy controls (HCs) participated in the MRI study. PD patients were 

recruited from a movement disorders database at the London Health Sciences Centre. Elderly 

control participants consisted of PD participant’s spouses, friends, or family who volunteered to 

participate or individuals who were recruited through paper advertisements in the London, 

Ontario area. PD patients were previously diagnosed by a licensed neurologist and met the UK 

Brain Bank criteria for PD diagnosis (Hughes, Daniel, Kilford, & Lees, 1992). PD participants 

were excluded if they had previous or current neurological illness other than PD, including 
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dementia, or any major neuropsychiatric disorder. Participants were also excluded if they had a 

history of overusing alcohol or other prescription or illegal drugs. Those taking cognitive-

enhancing medications like methylphenidate, donepezil, rivastigmine, galantine, or memantine 

were also excluded. HCs had the same exclusions as the PD patient with the added exclusion that 

they did not have PD and were not treated with DAergic therapy. The Health Sciences Research 

Ethics Board of the University of Western Ontario approved this study (REB # 18517). All 

participants provided written informed consent according to the Declaration of Helsinki (World 

Medical Association, 2013). The age of these PD patients (M = 67.24, SD = 6.34) and HCs (M = 

65.00, SD = 6.68) did not differ significantly, t = -1.038, p = 0.306.  

Three PD patients and one control participant were excluded because they scored lower than 25 

on the Montreal Cognitive Assessment (MoCA), and one additional PD patient was excluded due 

to excessive motion inside the MRI machine. Thus, 17 PD patients and 20 healthy elderly control 

participants were included in our analyses of this study. 

The ages of the PD Group after these exclusions (M = 65.00, SEM = 1.494) and the HC Group 

(M = 67.235, SEM = 1.538), hence those who were included for analyses, did not differ 

significantly (t = -1.038, p = 0.306). PD patients had been diagnosed with PD for an average of 

2.229 years (SEM = 0.381) years before their testing date and had an average levodopa 

equivalent dose (LED) of 374.412 mg (SEM = 70.856). LED was calculated according to the 

following formula: L-dopa dose + L-dopa × 1/3 if on entacapone + bromocriptine (mg) × 67 + 

ropinerole (mg) × 20 + pergolide (mg) × 100 + apomorphine (mg) × 8. Table 1 presents a 

complete outline of PD and HC demographic information. 

 

Table 1: Demographic data for PD patients and controls 

 PD HC 

n 17 20 

Age 65 (1.494) 67.235 (1.538) 

Sex 11M:6F 8M:12F 
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Education 15.267 (0.658) 15.421 (0.480) 

Disease duration 2.222 (0.381) - 

LED 374.412 (70.856) - 

MoCA 27.875 (0.427) 28.706 (0.340) 

BAI 8.588 (1.764) 2.158 (0.685) 

BDI-II 9.765 (1.482) 3.263 (0.851) 

ESS 7.118 (1.057) 5.789 (0.801) 

NFOG 3.235 (1.110) - 

SAS 12.765 (1.265) 9.222 (1.589) 

Oxford 4.137 (0.148) 5.065 (0.117) 

ANART  122.504 (2.388) 123.979 (1.892) 

F-Words 13.706 (1.162) 15.632 (1.082) 

A-Words 10.235 (0.941) 13.579 (1.033) 

S-Words 14.118 (0.992) 15.789 (0.984) 

Animals 18.765 (0.893) 20.737 (1.204) 

Heart rate 73.313 (2.966) 72.789 (3.250) 

Blood pressure (Sys) 129.824 (2.848) 122.526 (3.651) 

Blood pressure (Dia) 80.529 (1.717) 76.526 (2.302) 

All values are reported as Mean (SEM). Age is reported in years. Education refers to the amount 

of years in the education system starting at grade 1. LED reported in mg. Heart rate is reported in 

beats per minutes. Blood pressure millimeters of mercury. The remaining variables are cognitive 

assessments, with scores reported. A description of these assessments are as follows: MoCA = 

Montreal Cognitive Assessment, BAI = Beck Anxiety Inventory, BDI-II = Beck Depression 

Inventory II, ESS = Epworth Sleepiness Scale, NFOG = New Freezing of Gait Questionnaire, 

SAS = Starkstein Apathy Scale, Oxford = Oxford Happiness Questionnaire, ANART = National 

Adult Reading Test, F-, A-, S-Words = the number of words beginning with the letter F, A, or S, 

respectively, produced in 60s, Animals = the number of words of animals produced in 60s. 
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2.2.2 – MRI Acquisition 

Participants were scanned on a Siemens Prisma Fit 3T scanner, in which anatomical MPRAGE 

and DWI sequences were performed. MPRAGE was obtained with the following parameters: TR 

= 2300 ms, TE = 2.9 8ms, TI = 900 ms, flip angle = 9º, FOV = 256x256 mm, voxel size = 1 mm 

x 1mm x 0.9mm, and acquisition time = 5min, 35s. A DWI EPI series was obtained with the 

following parameters: gradient directions = 95, b-value = 2000 s/mm2, TR = 3800 ms, TE = 

87.60 ms, FOV = 224x224 mm, acquisition matrix = 128x128 pixels, and with one whole brain 

image consisting of 72 slices with slice thickness = 2mm and with 2 mm x 2 mm x 2mm voxels. 

 

2.2.3 – T1 and DWI Pre-preprocessing 

T1w and DWI images were imported and converted into NIFTI volume files using dcm2niix. 

T1w and DWI images were pre-processed using the prepdwi_dev in-house pipeline 

(https://github.com/khanlab/prepdwi). T1w pre-processing included skull-stripping (FSL BET), 

non-uniformity correction (N4), and intensity normalization. DWI pre-processing included linear 

registration to the b0 image (FSL eddy correct), co-registration to the T1w image (NiftyReg), 

tensor fitting (FSL drift), and fibre modelling for probabilistic ball and stick tractography (FSL 

BEDPOSTX). Quality assurance steps were built into the pipeline to check for registration 

failures, which were corrected by initializing unsuccessful registrations to the registrations of a 

participant whose pre-processing was successful. 

 

2.2.4 – Mask Segmentation 

To analyze the independent connectivity of the SNc/VTA to subregions of a parcellated striatum, 

we used the CIT168 SNc/VTA atlas, the CIT168 striatum atlas, and the Harvard-Oxford cortical 

atlas, each of which was lateralized by side (Fischl et al., 2004; Pauli et al., 2018; Rademacher et 

al., 1992).  
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2.2.4.1 - Cortical Parcellation  

The cortical mask was sub-divided into seven subregions that consider gross functional 

specialization, according to Tziortzi et al. (Tziortzi et al., 2014). These consisted of the limbic, 

executive, rostral motor (RM), caudal motor (CM), parietal, occipital, and temporal subregions, 

which overlap with subregions of the Harvard-Oxford atlas (Appendix A). Briefly, the limbic, 

executive, RM, and CM subregions overlap with the frontal lobe, and were delineated with 

respect to meta-data of frontal lobe functioning. The limbic subregion consists of medial and 

prefrontal cortical regions, including orbitofrontal cortex and anterior cingulate, and correspond 

to brain regions that involved in emotion and reward-processing. The executive subregions 

consists of the superior and medial frontal gyri and the dorsal PFC, and it is involved in 

executive functions like decision-making, planning, and set-switching. Inferior frontal gyrus, 

caudal portions of the lateral and medial superior gyrus, pre-supplementary motor, and rostral 

operculum cortex made up the RM subregion, which is largely responsible for planning and 

controlling movements. The CM subregion contained the primary motor cortex and the caudal 

portion of the pre-motor cortex, and it is involved in the execution of movements. The parietal, 

occipital, and temporal subregions correspond to the parietal, occipital, and temporal lobes, 

respectively. Each subregion was lateralized to the left and right side for a total of 14 subregions. 

 

2.2.4.2 – Atlas Registration 

All cortical, striatal, and VTA/SNc labels were registered to each participant using 

NiftyReg linear and deformable b-spline registration tools. The probabilistic labels of the entire 

cortex, striatum, and VTA/SNc were then transformed back into MNI space with non-linear 

transformations. Following atlas registration, each participant’s T1w image was overlaid with 

each brain region segmentation; this was then observed for quality assurance.  
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2.2.5 – Striatum Parcellation 

Maximal probabilistic multi-fibre ball and stick tractography (FSL PROBTRACKX) was used to 

parcellate the striatum (Behrens et al., 2007; Behrens, Johansen-Berg, et al., 2003; Figure 4). 

5000 probabilistic streamlines were seeded from each voxel of the striatum. Participant-specific 

parcellations of the striatum were generated in a winner-take-all approach, such that each voxel 

was labelled as whichever cortical subregion its seeded streamlines maximally targeted. 

 

Figure 4: Parcellation scheme for the PD versus HC Comparison. Progressing from left to right, the T1w 

anatomical and DWI images for each participant were pre-processed. T1w images underwent skull-stripping, non-

uniformity correction, and intensity normalization. DWI images underwent linear registration to the b0 image, co-

registration to the T1w image, tensor fitting, and FSL BEDPOSTX. Participant cortices were parcellated into seven 

subregions as described by Tziortzi et al. (2014), which include the limbic (red), executive (yellow), rostral motor 

(light green), caudal motor (blue), parietal (purple), temporal (brown), and occipital (dark green). Then, FSL 

PROBTRACKX probabilistic tractography was performed with seeds in the striatum and targeting the cortex 

following cortico-striatal white matter. The striatum was parcellated in a winner-take-all approach, such that each 

voxel was labelled as whichever cortical subregion its seeded streamlines maximally targeted. 

 

2.2.6 – SNc/VTA Independent Connectivity 

To calculate independent connectivity, we at first used FSL PROBTRACKX to calculate the 

number of seeded streamlines from each SNc/VTA voxel to the striatum. 5000 streamlines were 

seeded from each voxel to proximal probability density functions established by FSL 

BEDPOSTX. Default step length of 0.5mm and curvature of 0.2 (80°) were used. Streamlines 

that made contact with a striatal parcellation were tallied. 
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For the measure of independent connectivity, for a given striatal target region, the streamline 

count map was generated (i.e., all SNc/VTA seed voxels, with intensity as the number of 

streamlines reaching the target region). The streamline count map was normalized by its largest 

value such that values are from 0-1 and then averaged across all seed voxels to generate an 

aggregate connectivity value from 0-1. The aggregate value was multiplied by 100% to generate 

independent connectivity density.  

Notably, independent connectivity measures for parietal, occipital, and temporal striatum targets 

were not included for similar reasons. In pilot data, connectivity from the SNc/VTA to the 

parietal, occipital, and temporal striatal subregions were highly variable across different runs and 

relatively insignificant. We therefore opted to target solely the limbic, executive, RM, and CM 

striatum. 

 

2.2.7 – Connectivity from the Entire SNc to the Entire Striatum 

FSL PROBTRACKX was used to calculate connectivity density from seeds voxels in the SNc. 

5000 streamlines were seeded from each seed voxel to proximal probability density functions 

previously established by FSL BEDPOST. Settings and procedures are the same as described in 

2.1.5.1, except the CIT168 striatum was used instead of the striatumstruc atlas. Targets included 

the CPu and the NAcc. 

To acquire an aggregate value for the connectivity from the entire SNc to the entire Striatum, we 

averaged the generated connectivity values across SNc side (Left SNc and Right SNc) and 

striatum target region (Caudate nucleus, putamen, and NAcc). 

 

2.2.7– Statistical Procedures 

To understand the impact of PD on independent connectivity, we performed two planned a priori 

independent-sample between-subject t-tests, one for each hemisphere, with Group (PD vs. HC) 

as the between-subject factor and independent connectivity from the SNc/VTA to the CM 
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striatum as the dependent measure, expecting independent connectivity to the CM striatum to be 

reduced in PD. 

To examine the difference of the CM striatum in the context of all other striatum subregions, we  

performed 8 independent-sample between-subject t-tests, one for each striatum subregion in each 

hemisphere, with Group (PD vs. HC) as the between-subject factor and Independent connectivity 

from the SNc/VTA to each striatum target (i.e., limbic, executive, RM, CM) as the dependent 

measures. We adjusted for multiple comparisons by controlling for false discovery rate (FDR) 

according to the Benjamini-Hochberg procedure, as described above (Benjamini & Hochberg, 

1995). 

Finally, to test whether connectivity from the whole SNc to the whole striatum was diminished in 

the PD patients, we performed an independent-sample between-subject t-test with Group (PD vs. 

HC) as the between-subject factor and Average Connectivity from the SNc to the Striatum as the 

dependent measure.  
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Chapter 3: Results 
 

3.1 – Experiment 1: HCP Anatomical Connectivity 

dMRI probabilistic tractography allowed us to construct connectivity profiles of the SNc and 

VTA to and from the DS, VS, and cortex. Connectograms of the connectivity profile of the SNc 

(Figure 5) and VTA (Figure 6) are shown for visualization.  

Average connectivity densities of the SNc and VTA to and from the ipsilateral DS, VS, and PFC 

are shown in Table 2.  

Average ipsilateral connectivity densities of the DS, VS, and PFC to and from the ipsilateral SNc 

and VTA are shown in Table 3.  

Average connectivity densities of the SNc and VTA to and from the ipsilateral DS, VS, and PFC 

are shown in Table 4 . 

Average ipsilateral connectivity densities of the DS, VS, and PFC to and from the ipsilateral SNc 

and VTA are shown in Table 5. 
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Figure 5: Connectogram showing connectivity density profile of the SNc to and from the striatal and cortical 

subregions. Connectivity densities were weighted against an arbitrary link width of 50 pixels. Connections between 

the SNc to the DS, VS, and PFC are shown. Only SNc connections with non-PFC regions with connectivity 

densities >1% are shown. (Limb = Limbic, Ins = Insula, Exec = Executive, RM = Rostral Motor, CM = Caudal 

Motor, Pari = Parietal, Occ = Occipital, Temp = Temporal, Stri = Striatum, SNc/VTA = Substantia nigra pars 

compacta/ventral tegmental area) (Please see Appendix A for subregion abbreviations) 
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Figure 6: Connectogram showing connectivity density profile of the VTA to and from the striatal and cortical 

subregions. densities were weighted against an arbitrary link width of 50 pixels. Connections between the SNc to 

the DS, VS, and PFC are shown. Only SNc connections with non-PFC regions with connectivity densities >1% are 

shown. (Limb = Limbic, Ins = Insula, Exec = Executive, RM = Rostral Motor, CM = Caudal Motor, Pari = Parietal, 

Occ = Occipital, Temp = Temporal, Stri = Striatum, SNc/VTA = Substantia nigra pars compacta/ventral tegmental 

area) (See Appendix A for subregion abbreviations)  

 

 

 



44 
 

3.1.1 – Ipsilateral Connectivity to and from the DS 

Connectivity density of the SNc and VTA to and from the ipsilateral DS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Ipsilateral DS Target (Left DS vs. Right DS) as within-subject variables. We found no 

main effect of SNc vs. VTA Structure, F(1,98) <1. We found a main effect of Ipsilateral DS 

Target, F(1,98) = 13.483, MSe = 16.232, p < 0.001, whereby ipsilateral connectivity to the Left 

DS was greater than ipsilateral connectivity to the Right DS overall. There was no SNc/VTA 

Structure x Ipsilateral DS Target interaction, F(1,98) <1.  

Connectivity density of the Left and Right DS to and from the Ipsilateral SNc/VTA was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with DS Side (Left DS vs. Right 

DS) and Ipsilateral SNc/VTA Target (SNc vs. VTA) as within-subject variables. We found a 

main effect of SNc versus VTA Target, F(1,98) = 300.055, MSe = 0.039, p < 0.001, whereby 

connectivity to the SNc was greater than connectivity to the VTA. 

 

3.1.2 – Ipsilateral Connectivity to and from the VS 

Connectivity density of the SNc and VTA to and from the ipsilateral VS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA) and Ipsilateral VS Target (Left VS vs. Right VS) as within-subject variables. We found a 

main effect of SNc vs. VTA Structure, F(1,98) = 41.583, MSe = 0.163, p < 0.001, whereby VTA 

connectivity to ipsilateral VS was greater SNc connectivity to ipsilateral VS. We found a main 

effect of Ipsilateral VS Target, F(1,98) = 29.602, MSe = 0.302, p < 0.001, whereby ipsilateral 

connectivity to the Left VS was greater than ipsilateral connectivity to the Right VS overall. 

There was no SNc/VTA Structure x Ipsilateral VS Target interaction, F(1,98) = 1.453, MSe 

0.148, p = 0.231. Notably, connectivity density to the VS tended to be <1%. 

Connectivity density of the Left and Right VS to and from the Ipsilateral SNc/VTA was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with VS Side (Left VS vs. Right 

VS) and Ipsilateral SNc/VTA Target (SNc vs. VTA) as within-subject variables. We found a 
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main effect of SNc versus VTA Target, F(1,98) = 78.850, MSe = 0.004, p < 0.001, whereby 

connectivity to the SNc was greater than connectivity to the VTA. 

 

3.1.3 – Ipsilateral Connectivity to and from the PFC 

Connectivity density of the SNc and VTA to and from the ipsilateral PFC was used as the 

dependent measure in a 2 x 6 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. 

VTA), PFC Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. 

Paracingulate Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), and Ipsilateral PFC 

Side (Left PFC vs. Right PFC) as within-subject variables. We found a main effect of SNc vs. 

VTA Structure, F(1,98) = 16.798, MSe = 4.791, p < 0.001, whereby VTA connectivity to 

ipsilateral PFC regions was greater than SNc connectivity to ipsilateral PFC regions. The PFC 

Region violated the assumption of sphericity according to Mauchly’s Test of Sphericity, χ2(14) = 

614.696, p < 0.001.  Consequently, degrees of freedom were corrected using Greenhouse-Geisser 

estimates of sphericity (ε = 0.325). The main effect of PFC region was significant, 

F(1.627,159.423) = 470.628, MSe = 11.538, p < 0.001. Post-hoc, pairwise comparisons revealed 

that connectivity to PFC regions decreased according to the following order: frontal pole (M = 

5.298, SEM = 0.211) > superior frontal gyrus (M = 3.121, SEM = 0.128) > paracingulate gyrus 

(M = 0.452, SEM = 0.034) and anterior cingulate gyrus (M = 0.464, SEM = 0.034) > middle 

frontal gyrus (M = 0.225, SEM = 0.017) and subcallosal cortex (M = 0.248, SEM = 0.035). 

Finally, the main effect of Ipsilateral PFC Side reached significance, F(1,98) = 9.883, MSe = 

3.312, p = 0.002, whereby ipsilateral connectivity to the Right PFC was greater than ipsilateral 

connectivity to the Left PFC overall. Notably, connectivity to the PFC regions was <1% for all 

but the frontal pole and middle frontal gyrus.  

Connectivity density of Left and Right PFC regions to and from the Ipsilateral SNc/VTA was 

used as the dependent measure in a 6 x 2 x 2 repeated-measures ANOVA with PFC Subregion 

(Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. Paracingulate Gyrus vs. 

Anterior Cingulate Gyrus vs. Subcallosal Cortex), PFC Side (Left PFC vs. Right PFC), and 

SNc/VTA Structure (SNc vs. VTA) as within-subject variables. We found a main effect of SNc 
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versus VTA Structure, F(1,98) = 142.676, MSe = 0.008, p < 0.001, whereby connectivity to the 

SNc was greater than to the VTA. 

Table 2: Average connectivity density values of the SNc and VTA to and from the 

ipsilateral DS, VS, and PFC 

Seed Connectivity Density Ipsilateral Target 

SNc 11.169 (0.359) DS 

 0.419 (0.025) VS 

 4.929 (0.260) Frontal pole 

 2.506 (0.126) Superior frontal gyrus 

 0.181 (0.012) Middle frontal gyrus 

 0.443 (0.043) Paracingulate Gyrus 

 0.413 (0.032) Anterior Cingulate Gyrus 

 0.232 (0.031) Subcallosal Cortex 

VTA 11.189 (0.342) DS 

 0.681 (0.053) VS 

 5.667 (0.276) Frontal pole 

 3.734 (0.002) Superior frontal gyrus 

 0.268 (0.025) Middle frontal gyrus 

 0.461 (0.039) Paracingulate Gyrus 

 0.515 (0.041) Anterior Cingulate Gyrus 

 0.265 (0.042) Subcallosal Cortex 

All values are measured in % and are reported as Mean (SEM). Seed refers to the seed region 

during probabilistic tractography, and target refers to the target brain region. Connectivity 

Density reports the average ipsilateral connectivity of left seed to left target and right seed to 

right target.  
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Table 3: Average connectivity density values of the DS, VS, and PFC to and from 

ipsilateral SNc and VTA 

Seed Connectivity Density Ipsilateral Target 

DS 0.504 (0.024) SNc 

VS 0.120 (0.010)  

Frontal pole 0.148 (0.008)  

Superior frontal gyrus 0.175 (0.010)  

Middle frontal gyrus 0.108 (0.009)  

Paracingulate Gyrus 0.038 (0.003)  

Anterior Cingulate Gyrus 0.039 (0.003)  

Subcallosal Cortex 0.005 (0.000)  

DS 0.158 (0.007) VTA 

VS 0.063 (0.006)  

Frontal pole 0.064 (0.006)  

Superior frontal gyrus 0.103 (0.007)  

Middle frontal gyrus 0.047 (0.004)  

Paracingulate Gyrus 0.022 (0.002)  

Anterior Cingulate Gyrus 0.020 (0.002)  

Subcallosal Cortex 0.002 (0.000)  

All values are measured in % and are reported as Mean (SEM). Seed refers to the seed region 

during probabilistic tractography, and target refers to the target brain region. Connectivity 

Density reports the average ipsilateral connectivity of left seed to left target and right seed to 

right target.  
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3.1.4 – Comparisons of Connectivity to and from Ipsilateral DS, 

VS, and PFC 

3.1.4.1 – SNc Connectivity to and from Ipsilateral DS, VS, and 

PFC 

Connectivity of the SNc to and from ipsilateral DS and ipsilateral VS was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (DS vs. VS) and SNc Side 

(Left SNc vs Right) as within-subject variables. We found a main effect of Ipsilateral Target, 

F(1,98) = 970. 860, MSe = 11.785, p < 0.001, with connectivity to the ipsilateral DS being 

greater than to the ipsilateral VS.  

Connectivity of the SNc to and from ipsilateral DS and ipsilateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (DS vs. PFC) 

and SNc Side (Left SNc vs Right) as within-subject variables. We found a main effect of 

Ipsilateral Target, F(1,98) = 932.049, MSe = 10.032, p < 0.001, with connectivity to the 

ipsilateral DS being greater than to the ipsilateral PFC.  

Connectivity of the SNc to and from ipsilateral VS and ipsilateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (VS vs. PFC) 

and SNc Side (Left SNc vs Right) as within-subject variables. We found a main effect of 

Ipsilateral Target, F(1,98) = 287.117, MSe = 0.367, p < 0.001, with connectivity to the ipsilateral 

PFC being greater than to the ipsilateral VS.  

 

3.1.4.2 – VTA Connectivity to and from Ipsilateral DS, VS, and 

PFC 

Connectivity of the VTA to and from ipsilateral DS and ipsilateral VS was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (DS vs. VS) and VTA 

Side (Left VTA vs Right) as within-subject variables. We found a main effect of Ipsilateral 



49 
 

Target, F(1,98) = 1042.235, MSe = 10.998, p < 0.001, with connectivity to the ipsilateral DS 

being greater than to the ipsilateral VS.  

Connectivity of the VTA to and from ipsilateral DS and ipsilateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (DS vs. PFC) 

and VTA Side (Left VTA vs Right) as within-subject variables. We found a main effect of 

Ipsilateral Target, F(1,98) = 1056.997, MSe = 8.223, p < 0.001, with connectivity to the 

ipsilateral DS being greater than to the ipsilateral PFC.  

Connectivity of the VTA to and from ipsilateral VS and ipsilateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Ipsilateral Target (VS vs. PFC) 

and VTA Side (Left VTA vs Right) as within-subject variables. We found a main effect of 

Ipsilateral Target, F(1,98) = 190.643, MSe = 0.673, p < 0.001, with connectivity to the ipsilateral 

PFC being greater than to the ipsilateral VS. 

 

3.1.5 – Contralateral Connectivity to and from the DS 

Connectivity of the SNc and VTA to and from the contralateral DS was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. VTA) and 

Contralateral DS Target (Left DS vs. Right DS) as within-subject variables. We found a main 

effect of SNc versus VTA Structure, F(1,98) = 89.036, MSe = 0.403, p < 0.001, whereby VTA 

connectivity to contralateral DS was greater than SNc connectivity to contralateral DS. We found 

a main effect of Contralateral DS Target, F(1,98) = 11.583, MSe = 0.249, p = 0.001, whereby 

contralateral connectivity to the Right DS was greater than contralateral connectivity to the Left 

DS overall. There was no SNc/VTA Structure x Contralateral DS Target interaction, F(1,98) = 

2.755, MSe = 0.228, p = 0.100.  Table 1 as above paragraphs. 

Connectivity density of the Left and Right DS to and from the Contralateral SNc/VTA was used 

as the dependent measure in a 2 x 2 repeated-measures ANOVA with DS Side (Left DS vs. Right 

DS) and Contralateral SNc/VTA Target (SNc vs. VTA) as within-subject variables. We found a 

main effect of SNc versus VTA Target, F(1,98) = 46.124, MSe = 0.000, p < 0.001, whereby 

connectivity to the SNc was greater than connectivity to the VTA. 
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3.1.6 – Contralateral Connectivity to and from the VS 

Connectivity of the SNc and VTA to and from the contralateral VS was used as the dependent 

measure in a 2 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. VTA) and 

Contralateral VS Target (Left VS vs. Right VS) as within-subject variables. We found a main 

effect of SNc versus VTA Structure, F(1,98) = 21.207, MSe = 0.004, p < 0.001, whereby VTA 

connectivity to contralateral DS was greater SNc connectivity to contralateral DS. We found a 

main effect of Contralateral DS Target, F(1,98) = 26.601, MSe = 0.003, p < 0.001, whereby 

contralateral connectivity to the Right VS was greater than contralateral connectivity to the Left 

VS overall. There was a significant SNc/VTA Structure x Contralateral VS Target interaction, 

F(1,98) = 10.754, MSe = 0.003, p = 0.001, indicating that there was a significant difference in 

the SNc compared to VTA projections on the right but not the left side.  

Connectivity density of the Left and Right VS to and from the Contralateral SNc/VTA was used 

as the dependent measure in a 2 x 2 repeated-measures ANOVA with VS Side (Left VS vs. Right 

VS) and Contralateral SNc/VTA Target (SNc vs. VTA) as within-subject variables. We found a 

main effect of SNc versus VTA Target, F(1,98) = 4.642, MSe = 0.000, p = 0.034, whereby 

connectivity to the SNc was greater than connectivity to the VTA. 

 

3.1.7 – Contralateral Connectivity to and from the PFC 

Connectivity of the SNc and VTA to and from the contralateral PFC was used as the dependent 

measure in a 2 x 6 x 2 repeated-measures ANOVA with SNc/VTA Structure (SNc vs. VTA), 

PFC Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. 

Paracingulate Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), and Contralateral PFC 

Side (Left PFC vs. Right PFC) as within-subject variables. We found a main effect of SNc 

versus. VTA Structure, F(1,98) = 79.235, MSe = 0.214, p < 0.001, whereby VTA connectivity to 

contralateral PFC regions was greater than SNc connectivity to contralateral PFC regions. The 

PFC Region violated the assumption of sphericity according to Mauchly’s Test of Sphericity, 

χ2(14) = 236.064, p < 0.001; therefore, degrees of freedom were corrected using Greenhouse-
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Geisser estimates of sphericity (ε = 0.569). The main effect of PFC region was significant, 

F(2.844,278.666) = 230.431, MSe = 0.257, p < 0.001. Post-hoc, pairwise comparisons revealed 

that connectivity to PFC regions decreased according to the following order: frontal pole (M = 

0.764, SEM = 0.032) > superior frontal gyrus (M = 0.668, SEM = 0.028) > anterior cingulate 

gyrus (M = 0.337, SEM = 0.026) > middle frontal gyrus (M = 0.152, SEM =0.009), paracingulate 

gyrus (M = 0.111, SEM = 0.006), and subcallosal cortex (M = 0.111, SEM = 0.020). Finally, the 

main effect of Ipsilateral PFC Side reached significance, F(1,98) = 18.722, MSe = 0.171, p <  

0.001, whereby contralateral connectivity to the Right PFC was greater than contralateral 

connectivity to the Left PFC overall.   

Connectivity density of the Left and Right PFC regions to and from the Contralateral SNc/VTA 

was used as the dependent measure in a 6 x 2 x 2 repeated-measures ANOVA with PFC 

Subregion (Frontal Pole vs. Superior Frontal Gyrus vs. Middle Frontal Gyrus vs. Paracingulate 

Gyrus vs. Anterior Cingulate Gyrus vs. Subcallosal Cortex), PFC Side (Left PFC vs. Right PFC), 

and SNc/VTA Structure (SNc vs. VTA) as within-subject variables. We found a main effect of 

SNc versus VTA Structure, F(1,98) = 61.839, MSe = 0.002 p < 0.001, whereby connectivity to 

the SNc was greater than to the VTA. 
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Table 4: Average connectivity density values of the SNc and VTA to and from the 

contralateral DS, VS, and PFC 

 

Seed Connectivity Density Contralateral Target 

SNc 0.329 (0.017) DS 

 0.026 (0.002) VS 

 0.567 (0.022) Frontal pole 

 0.478 (0.023) Superior frontal gyrus 

 0.088 (0.006) Middle frontal gyrus 

 0.116 (0.007) Paracingulate Gyrus 

 0.285 (0.023) Anterior Cingulate Gyrus 

 0.099 (0.016) Subcallosal Cortex 

VTA 0.931 (0.065) DS 

 0.054 (0.006) VS 

 0.958 (0.052) Frontal pole 

 0.857 (0.045) Superior frontal gyrus 

 0.134 (0.009) Middle frontal gyrus 

 0.187 (0.013) Paracingulate Gyrus 

 0.388 (0.031) Anterior Cingulate Gyrus 

 0.012 (0.024) Subcallosal Cortex 

All values are measured in % and are reported as Mean (SEM). Seed refers to the seed region 

during probabilistic tractography, and target refers to the target brain region. Connectivity 

Density reports the average contralateral connectivity of left seed to right target and right seed to 

left target.  
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Table 5: Average connectivity density values of the DS, VS, and PFC to and from 

contralateral SNc and VTA 

Seed Connectivity Density Ipsilateral Target 

DS 0.033 (0.003) SNc 

VS 0.013 (0.002)  

Frontal pole 0.020 (0.001)  

Superior frontal gyrus 0.063 (0.005)  

Middle frontal gyrus 0.035 (0.003)  

Paracingulate Gyrus 0.059 (0.005)  

Anterior Cingulate Gyrus 0.047 (0.004)  

Subcallosal Cortex 0.003 (0.000)  

DS 0.019 (0.001) VTA 

VS 0.008 (0.001)  

Frontal pole 0.013 (0.001)  

Superior frontal gyrus 0.038 (0.002)  

Middle frontal gyrus 0.021 (0.002)  

Paracingulate Gyrus 0.035 (0.003)  

Anterior Cingulate Gyrus 0.023 (0.002)  

Subcallosal Cortex 0.001 (0.000)  

All values are measured in %  and are reported as Mean (SEM). Seed refers to the seed region 

during probabilistic tractography, and target refers to the target brain region. Connectivity 

Density reports the average contralateral connectivity of left seed to right target and right seed to 

left target.  
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3.1.8 – Comparisons of Connectivity to and from Contralateral 

DS, VS, and PFC 

3.1.8.1 – SNc Connectivity to and from Contralateral DS, VS, and 

PFC 

Connectivity of the SNc to and from the Contralateral DS and Contralateral VS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. VS) 

and SNc Side (Left SNc vs Right) as within-subject variables. We found a main effect of 

Contralateral Target, F(1,98) = 383.821, MSe = 0.024, p < 0.001, with connectivity to the 

Contralateral DS being greater than to the Contralateral VS.  

Connectivity of the SNc to and from the Contralateral DS and Contralateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. 

PFC) and SNc Side (Left SNc vs Right) as within-subject variables. We found a main effect of 

Contralateral Target, F(1,98) = 16.271, MSe = 0.020, p < 0.001, with connectivity to the 

Contralateral DS being greater than to the Contralateral PFC.  

Connectivity of the SNc to and from the Contralateral VS and Contralateral PFC was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (VS vs. 

PFC) and SNc Side (Left SNc vs Right) as within-subject variables. We found a main effect of 

Contralateral Target, F(1,98) = 578.296, MSe = 0.010, p < 0.001, with connectivity to the 

Contralateral PFC being greater than to the Contralateral VS.  

 

3.1.8.2 – VTA Connectivity to and from Contralateral DS, VS, and 

PFC 

Connectivity of the VTA to and from the Contralateral DS and Contralateral VS was used as the 

dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. VS) 

and VTA Side (Left VTA vs Right) as within-subject variables. We found a main effect of 
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Contralateral Target, F(1,98) = 206.795, MSe = 0.368, p < 0.001, with connectivity to the 

Contralateral DS being greater than to the Contralateral VS.  

Connectivity of the VTA to and from the Contralateral DS and Contralateral PFC was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (DS vs. 

PFC) and VTA Side (Left VTA vs Right) as within-subject variables. We found a main effect of 

Contralateral Target, F(1,98) = 74.343, MSe = 0.320, p < 0.001, with connectivity to the 

Contralateral DS being greater than to the Contralateral PFC.  

Connectivity of the VTA to and from the Contralateral VS and Contralateral PFC was used as 

the dependent measure in a 2 x 2 repeated-measures ANOVA with Contralateral Target (VS vs. 

PFC) and VTA Side (Left VTA vs Right) as within-subject variables. We found a main effect of 

Contralateral Target, F(1,98) = 370.576, MSe = 0.040, p < 0.001, with connectivity to the 

Contralateral PFC being greater than to the Contralateral VS. 

 

3.1.9 – Connectivity to and from non-PFC Regions 

Though not forming part of our main hypotheses, connectivity of the SNc and VTA to and from 

several ipsilateral non-PFC cortical regions >1% were also noted. Specifically, ipsilateral 

connections of the SNc and VTA to and from the precentral gyrus, temporal pole, postcentral 

gyrus, superior division of the lateral occipital cortex, anterior parahippocampal gyrus, occipital 

pole, and frontal rostral motor regions were >1% (Table 6). 
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Table 6: Average connectivity density values of the SNc and VTA to and from ipsilateral 

non-PFC regions 

Seed Connectivity Density Ipsilateral Target 

SNc 11.526 (0.413) Precentral gyrus 

 1.155 (0.081) Temporal pole 

 8.630 (0.309) Postcentral gyrus 

 2.752 (0.108) Superior division of the lateral occipital cortex 

 1.294 (0.121) Anterior parahippocampal gyrus 

 1.592 (0.078) Occipital pole 

 3.315 (0.174) Frontal rostral motor region 

VTA 4.859 (0.255) Precentral gyrus 

 1.579 (0.108) Temporal pole 

 2.066 (0.144) Postcentral gyrus 

 1.596 (0.064) Superior division of the lateral occipital cortex 

 1.706 (0.192) Anterior parahippocampal gyrus 

 1.422 (0.069) Occipital pole 

 3.724 (0.185) Frontal rostral motor region 

All values are measured in % and are reported as Mean (SEM). Seed refers to the seed region 

during probabilistic tractography, and target refers to the target brain region. Connectivity 

Density reports the average ipsilateral connectivity of left seed to left target and right seed to 

right target. Only ipsilateral connectivity densities >1% are shown here.  

 

To explore the influence of SNc and VTA on these regions, we used connectivity of the SNc and 

VTA to and from these ipsilateral non-PFC regions as the dependent measure in a 2 x 7 x 2 

repeated-measures ANOVA with SNc/VTA Structure (SNc vs. VTA), non-PFC Subregion 

(Precentral Gyrus vs. Temporal Pole vs. Postcentral Gyrus vs. Superior Division of the Lateral 

Occipital Cortex vs. Anterior Parahippocampal Gyrus vs. Occipital Pole vs. Frontal Rostral 

Motor Region), and Ipsilateral PFC Side (Left PFC vs. Right PFC) as within-subject variables. 

We found a main effect of SNc vs. VTA Structure, F(1,98) = 423.348, MSe 5.920, p < 0.001, 
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whereby SNc connectivity was greater than VTA connectivity to ipsilateral non-PFC regions that 

received greater than 1% projections from these DAergic regions. 

Connectivity density of Left and Right non-PFC regions to and from the Ipsilateral SNc/VTA 

was used as the dependent measure in a 7 x 2 x 2 repeated-measures ANOVA with nonPFC 

Subregion ((Precentral Gyrus vs. Temporal Pole vs. Postcentral Gyrus vs. Superior Division of 

the Lateral Occipital Cortex vs. Anterior Parahippocampal Gyrus vs. Occipital Pole vs. Frontal 

Rostral Motor Region), non-PFC Side (Left PFC vs. Right PFC), and SNc/VTA Structure (SNc 

vs. VTA) as within-subject variables. We found a main effect of SNc versus VTA Structure, 

F(1,98) = 476.348, MSe = 0.072, p < 0.001, whereby connectivity to the SNc was greater than to 

the VTA. 

. 

3.2 – Experiment 2: PD versus Healthy Control 

3.2.1 – SNc/VTA Independent Connectivity 

To understand the impact of PD on independent connectivity, we performed eight a priori 

independent-sample between-subject t-tests, one for each striatum subregion in each hemisphere, 

with Group (PD vs. HC) as the between-subject factor and independent connectivity from the 

SNc/VTA to each striatum target (i.e., limbic, executive, RM, CM) as the dependent measures, 

expecting connectivity in the CM SNc to be reduced in PD. Indeed, independent connectivity to 

the right CM striatum was significantly lower in PD patients compared to HC, t = 2.711, p = 

0.010 (Figure 7).   

If adjusting for multiple comparisons across the eight target subregions using Benjamini-

Hochberg procedure, of all striatal targets, only independent connectivity to the right CM 

striatum was marginally significant, t = 2.711, p =  0.083. Adjusted p-values to all other striatum 

subregions were above 0.60. 
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Figure 7: Independent connectivity values to each striatum subregion, divided into left and right sides. For 

each striatal target region, a streamline count map was generated. The streamline count map was normalized by its 

largest value such that values are from 0-1 and then averaged across all seed voxels to generate an aggregate 

connectivity value from 0-1. The aggregate value was multiplied by 100% to generate independent connectivity 

density for each of the bilateral striatum subregions.  Light gray bars represent healthy, elderly controls whereas 

dark gray represent PD patients.  Error bars represent SEM. Only Right CM SNc independent connectivity was 

reduced for PD relative to age-matched controls, as predicted.  *RM = Rostral motor, CM = Caudal motor 

 

3.2.2 – Connectivity from the Entire SNc to the Entire Striatum 

An independent-sample between-subject t-test with Group (PD vs. HC) as the between-subject 

factor and Average Connectivity from the SNc to the Striatum as the dependent measure showed 

that there was no significant difference between Group, t = 0.175, p = 0.862. 
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Chapter 4: Discussion 
 

4.1 – Experiment 1: HCP Anatomical Connectivity 

4.1.1 – Summary of Findings 

In Experiment 1, we used dMRI probabilistic tractography to assess the connectivity of the SNc 

and the VTA to and from the striatum and the cortex in healthy young humans in vivo, 

constituting one of the first attempts at this kind of analysis. We measured connectivity using an 

anatomical definition of midbrain SNc and VTA to assess the validity of the conventional 

pathway heuristic of the DAergic system. This was performed with data from the HCP and with 

SNc and VTA masks that were derived from the HCP data as well.  

Using standard anatomical definitions, we examined the connectivity of SNc versus VTA to and 

from the DS, VS, and PFC to directly test predictions regarding connectivity based on 

conventional pathway heuristic of DA circuits. To measure the extent to which the SNc and VTA 

differentially connect to and from the DS, VS, and PFC with respect to all SNc/VTA 

connections, we placed seeds in the SNc and VTA and targeted the DS, VS, and PFC, measured 

the connectivity density from these regions to the targets, then compared the connectivity density 

between SNc and VTA for each target. To measure the extent of DS, VS, and PFC projections 

that are accounted by the SNc and the VTA, we placed seeds in the DS, VS, and PFC and 

targeted the SNc and the VTA. We then measured the connectivity density of these regions to 

and from the SNc and VTA and compared the connectivity density between SNc and VTA for 

each seed. 

With respect to ipsilateral connectivity, we found that the SNc (M = 11.169% , SEM = 0.359) 

and the VTA (M  = 11.189% , SEM = 0.342) had equal connectivity densities to and from the 

ipsilateral DS, that the SNc (M = 0.419, SEM = 0.025) had lower connectivity density to and 

from the ipsilateral DS than the VTA (M = 0.681, SEM = 0.053), and that the SNc (M = 1.451, 

SEM = 0.064) had lower connectivity density to and from the ipsilateral PFC than the VTA (M = 

1.819 , SEM = 0.076). In general, connectivity was greatest to and from the DS, then to and from 

the PFC, then to the VS.  
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Conversely, we found that the DS had a greater connectivity density to and from the ipsilateral 

SNc (M = 0.504, SEM = 0.024) than to and from the ipsilateral VTA (M = 0.158, SEM = 0.007), 

that the VS had a greater connectivity density to and from the ipsilateral SNc (M = 0.120, SEM = 

0.010) than to and from the ipsilateral VTA (M = 0.063, SEM = 0.006), and that the PFC had a 

greater overall connectivity density to and from the ipsilateral SNc (M = 0.086, SEM = 0.005) 

than to and from the ipsilateral VTA (M = 0.043, SEM = 0.003). 

With respect to contralateral projections, these patterns were largely the same. The only 

difference was that unlike the equal connectivity density of the SNc and the VTA to and from 

ipsilateral DS targets, we found that the SNc (M = 0.329, SEM = 0.017) had lower connectivity 

density to and from the contralateral DS than the VTA (M = 0.931, SEM = 0.065). Like the 

ipsilateral connectivity, the SNc (M = 0.026, SEM = 0.002) had lower connectivity density to and 

from the contralateral DS than the VTA (M = 0.054, SEM = 0.006), and the SNc (M = 0.273, 

SEM = 0.011) had lower connectivity density to and from the contralateral PFC than the VTA (M 

= 0.441, SEM = 0.021). Like the ipsilateral connectivity, connectivity was greatest to and from 

the DS, then to and from the PFC, then to and from the VS. 

Connectivity of the DS, VS, and PFC to and from contralateral SNc and VTA followed the same 

patterns as ipsilateral projections. We found that the DS had a greater connectivity density to and 

from the contralateral SNc (M = 0.033, SEM = 0.003) than to and from the contralateral VTA (M 

= 0.019, SEM = 0.001), that the VS had a greater connectivity density to and from the 

contralateral SNc (M = 0.013, SEM = 0.002) than to and from the contralateral VTA (M = 0.008, 

SEM 0.001), and that the PFC had a greater overall connectivity density to and from the 

contralateral SNc (M = 0.038, SEM = 0.003) than to and from the contralateral VTA (M = 0.022, 

SEM = 0.001). 

In addition, we also examined SNc and VTA connectivity to and from non-PFC cortical regions 

with a connectivity of >1%. We found that this was the case for connections of the SNc and 

VTA to and from the precentral gyrus, temporal pole, postcentral gyrus, superior division of the 

lateral occipital cortex, anterior parahippocampal gyrus, occipital pole, and the frontal rostral 

motor region. We found that the SNc (M = 4.323, SEM = 0.101) had greater connectivity to and 

from these regions than the VTA (M = 2.422, SEM = 0.078). Conversely, we found that these 
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regions had greater connectivity to and from the SNc (M = 0.279, SEM = 0.011) than to and from 

the VTA (M = 0.057, SEM = 0.002).  

 

4.1.2 – Findings in the Context of the Conventional Pathway 

Heuristic 

Our results are somewhat at odds with the conventional pathway heuristic of DA projections of 

the SNc and VTA to and from the DS, VS, and PFC (Figure 8). Given that we found much 

higher connectivity among ipsilateral connections, the discussion will focus primarily on the 

ipsilateral connectivity. 

With seeds in the SNc and VTA, we found that the SNc and VTA had substantial connectivity to 

and from DS, and, at odds with the conventional DA pathway heuristic, SNc versus VTA did not 

differ significantly in the percentage of total connections of these regions projecting to and from 

DS. This suggests that neurons in the SNc and the VTA might be equally likely to project to the 

DS. Conversely, with a seed in the DS, we found that DS projected significantly greater to and 

from the SNc than to the VTA, potentially suggesting that the DS is more innervated by the SNc. 

This seemingly paradoxical finding could be explained by the SNc’s greater size but also by 

immunohistochemistry studies of non-human primates that suggest that the SNc has a greater 

concentration of DA neurons overall than the VTA (François, Yelnik, Tandé, Agid, & Hirsch, 

1999). Indeed, that the SNc and VTA have the same connectivity density to and from the DS 

does not imply that an equal number of neurons connect there, rather it implies that streamlines 

of the SNc and VTA have an equal chance of projecting there. Given the findings of François et 

al. (1999), it could be that while the SNc and VTA have equal chance of projecting to the DS, the 

DS still receives more DA from the SNc.  
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Figure 8: Schematic of the conventional pathway heuristic (8A) and 8C)) versus our findings (8B) and 8D)). 

Figure 8A) shows what the connectivity density of the SNc and VTA to and from the DS, VS, and PFC would be if 

the conventional pathway heuristic were true; Figure 8B) shows the connectivity density of the SNc and VTA to and 

from the DS, VS, and PFC as measured in the HCP data. Figure 8C) shows the connectivity density of the DS, VS, 

and PFC to and from the SNc and VTA if the conventional pathway heuristic was assumed to be true; Figure 8D) 

shows the relative connectivity densities of the DS, VS, and PFC to and from the SNc and VTA as measured in the 

HCP data. Seed regions are labelled in green; Target regions are labelled in yellow. Connectivity densities to and 

from the SNc are labelled blue; connectivity densities to and from the VTA are labelled red. The thickness of each 

blue or red line represents the relative connectivity density revealed by probabilistic tractography. Thickness is only 

relative within each subsection of the figure; for example, line thicknesses found in 8B) are not relative to line 

thicknesses in 8D). In the case of 8B) and 8D), the largest connectivity was set to an arbitrary arrow width (3.75), 

and all others were adjusted to be relative to that width. Marginal means were used to show connectivity to and from 

the PFC. Only ipsilateral connectivity values are shown. Brain illustrations used with permission from Patrick J. 

Lynch. 

 

Although we found that less than 1% of both SNc and VTA projections connected to and from 

the VS, connectivity of the VTA to and from the VS was significantly greater than connectivity 
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of the SNc to and from the VS. This finding is somewhat in keeping with predictions of 

conventional DA circuitry theories in which VTA investment to VS is greater than SNc 

investment to DS. However, conversely, we found that the VS connectivity density to and from 

the SNc was larger than to and from the VTA. This could suggest that the VS received more SNc 

neurons than the VTA, which is at odds with the conventional pathway heuristic. Like the 

innervation of the DS, this could be due to the SNc’s greater size and DA concentration 

(François et al., 1999). 

Furthermore, we observed that both the SNc and the VTA had substantial connectivity to and 

from numerous PFC regions. Connectivity of the VTA to and from the PFC was significantly 

greater than connectivity of the SNc to and from the PFC. The latter finding is somewhat in 

keeping with predictions of conventional DA circuitry theories. However, we found that the PFC 

had greater connectivity to and from the SNc than to and from the VTA, suggesting that the PFC 

received more SNc neurons than the VTA, at odds with the conventional pathway heuristic. 

Finally, we also showed that the SNc and VTA had substantial connectivity to and from a 

number of non-PFC regions, with the SNc having a greater connectivity to and from these 

regions than the VTA. Conversely, the non-PFC regions had greater connectivity density to and 

from the SNc than to and from the VTA. 

In summary, we measured the following findings that are at odds with the conventional pathway 

heuristic: a) that the SNc and VTA have statistically equivalent connectivity to and from the DS, 

suggesting a VTA to DS pathway, b) that the VS has greater connectivity to and from the SNc 

than to and from the VTA, suggesting a SNc to VS pathway, c) that the PFC has greater 

connectivity to and from the SNc than to and from the VTA, suggesting a SNc to PFC pathway, 

and d) that there was substantial connectivity of the SNc and the VTA to and from multiple non-

PFC regions, suggesting a SNc/VTA to non-PFC region pathway. 
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4.1.3 – VTA Connectivity to DS 

A main finding of our study is that, in addition to the predicted SNc connectivity to and from DS, 

a significant proportion of VTA streamlines targeted the DS.  This is one of only a small number 

of studies that have investigated this issue using neuroimaging and healthy participants.  The 

presence of strong connectivity density between the VTA and the DS, observed here is line with 

the dMRI study conducted by Chowdhury et al. (2013), in which they were able to parcellate the 

SNc/VTA into two subregions based upon connectivity to the DS and VS (Chowdhury et al., 

2013. They found that both SNc and VTA subregions of the SNc/VTA connected to the VS as 

well as to the DS, failing to find evidence of the conventional pathway heuristic in which the 

VTA solely targets the VS. 

Interestingly, we did not find a significant difference in terms of the percentage of total SNc 

streamlines or of total VTA streamlines that terminated in the DS. This was inconsistent with the 

hypotheses of the conventional DA circuitry. It is also at odds with findings by Kwon and 

colleagues (2014), who used MRI and probabilistic tractography to measure the connectivity 

from the SNc and VTA to striatal and cortical targets. They found that SNc had 97.62 % 

connectivity to the NAcc and that the VTA had 68.25 % to the NAcc. Their definition of 

connectivity was different to ours, however. They defined connectivity from the SNc/VTA to a 

target as the percentage of participants’ hemispheres in which in which sampled streamlines 

reached the target region at a threshold of 0.1%. For instance, if 0.1% connectivity occurred from 

SNc to 90 participant hemispheres out of 100, they would have reported 90%. Thus, their study 

does not report the nature of the connectivity itself. Further, they defined the DS as the whole 

CPu and not the bulk of the CPu as we have, potentially explaining their divergent findings from 

ours. Their study essentially showed in how many participants a certain connectivity density 

occurred. In our study, we analyzed the connectivity density of the SNc and VTA themselves. 

Given that in humans and in non-human primates, the SNc contained approximately five times 

the amount of DA as the VTA, it would follow, according to these findings, that the DS still 

receives the bulk of DA from the SNc (Düzel et al., 2009; François et al., 1999) We have added 

further evidence to these findings, given that a greater percentage of connectivity of the DS went 

to and from the SNc compared to the VTA.  
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In all, these findings suggest that while neurons from the SNc and the VTA are both equally 

likely to project to the DS, the DS is more innervated by the SNc. This configuration is 

inconsistent with the conventional view that the VTA does not project to the DS. 

 

4.1.4 – SNc/VTA Connectivity to PFC 

Contrary to the conventional view that SNc projects exclusively or primarily to DS, we found 

that there was substantial connectivity density of the SNc as well as the VTA to and from PFC. 

In line with the conventional theory of DA circuitry, however, we found that the PFC accounted 

for more of VTA’s DA projections than DS’s DA projections. However, we also found that a 

significantly greater proportion of the PFC’s connectivity targeted the SNc compared to the 

VTA. This suggests that the SNc contributes neurons to the PFC, unlike as described in the 

conventional pathway heuristic.  

The finding of an extensive connectivity density between the SNc and the PFC was in line with 

recent findings of two studies by Cacciola and colleagues (2016, 2017). They used Constrained 

Spherical Deconvolution, which is another way to model DWI data, on a sample of participants 

and found that there was substantial connectivity between the PFC and SNc. The authors 

explained that this was likely due to a glutamatergic tract emerging from the PFC and targeting 

the SNc (Cacciola et al., 2016, 2017). However, others have demonstrated DAergic efferent 

connections from the SNc to the PFC in rodents and non-human primates, suggesting that our 

findings could also be reflective of DA tracts (Gaspar et al., 1992; Loughlin & Fallon, 1984; 

Williams & Goldman-Rakic, 1998).  

 

4.1.5 – Connectivity to non-PFC Areas 

Though not a central question of our study, we also observed substantial connectivity of the SNc 

and the VTA to and from multiple non-PFC cortical areas. This was consistent with the findings 

of Cacciola et al., (2016, 2017), who found substantial connectivity density between the SNc and 

multiple non-PFC cortical areas. Specifically, we found that there was >1% connectivity of the 

SNc and the VTA to and from the following cortical regions in decreasing order based on 
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average ipsilateral connectivity density: 1) precentral gyrus, the primary motor cortex, 2) 

postcentral gyrus, the somatosensory cortex, 3) the frontal rostral motor region, consisting 

mainly of the frontal eye field and supplementary motor area, 4) lateral occipital subdivision and 

occipital pole,representing part of the occipital lobe), and 5) the anterior parahippocampal gyrus 

and temporal pole. This is reflective of the fact that DA projections are found in nearly all 

regions of the neocortex in non-human primates (Brown, Crane, & Goldman, 1979). In fact, it 

has been found that cortical DA concentration decreases nearly linearly along the fronto-occipital 

axis; this seems to be reflected in the connectivity of observed >1% connectivity densities 

(Brown et al., 1979). 

Whether there are direct SNc/VTA DAergic connections to each cortical region remains under 

investigation. Though a full review of SNc and VTA connections to non-PFC regions of the 

cortex is beyond the scope of this study, we have focused on evidence of direct connections to 

the precentral and postcentral gyri, which were the two to have had the greatest connectivity 

densities in our Experiment 1. With respect to the former, a direct DAergic connection from the 

VTA to the primary motor cortex has been well-studied, and has been implicated in motor skill 

learning  (Brown et al., 1979; Hosp, Pekanovic, Rioult-Pedotti, & Luft, 2011). A direct SNc 

connection to the primary motor cortex has also been shown (Gaspar et al., 1992; Luft & 

Schwarz, 2009) though these studies did not investigate the impact of these connections on 

function. With respect to the latter, it is possible that DA from the SNc/VTA projects to the 

somatosensory cortex, though perhaps quite minimally. However, the potential role of these 

potential connections is unknown (Jacob & Nienborg, 2018; Lewis, Campbell, Foote, Goldstein, 

& Morrison, 1987). 

 

4.2 – Experiment 2: PD versus Healthy Control 

Finally, given our thorough understanding of the pathophysiological changes involving 

SNc/VTA in PD, particularly in the early stages, testing our in vivo approach for SNc/VTA 

connectivity measurement in recently-diagnosed PD patients relative to HCs provided a means 

for validation.  The CM SNc/VTA is known to degenerate first and most in PD. Consequently, 
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we predicted that only independent connectivity to the CM striatum would be reduced in our 

early-staged PD patients relative to HC.  

 

4.3 – Independent Connectivity 

Using probabilistic tractography, we were able to measure the independent connectivity of the 

SNc/VTA to subregions of the striatum. This technique is beneficial because it allows for the 

measurement of connectivity density even within the context of overlapping subregions. We 

found that there was a significant difference of independent connectivity to the right CM striatum 

between PD and HCs. Adjusting for multiple comparisons revealed a marginally significant 

difference to this region. Whether a priori testing is statistically valid is debated in the literature 

(Frame, 2015; Lindquist & Mejia, 2015). However, we suggest that in this case, there is a real 

significant difference between PD patients and HCs to the right CM striatum because a) it 

represents known DAergic loss in PD patients, and b) it matches the finding of volumetric CM 

striatal decrease in PD patients (Khan et al., 2019). 

 

4.4 – Validation 

Numerous studies have been conducted to assess the validity of dMRI to represent the 

underlying neural tracts, though few have been undertaken to assess the validity of dMRI to 

measure tracts from the midbrain (Berman, Berger, Chung, Nagarajan, & Henry, 2007). In one 

study that compared dMRI measurement of SNc tracts, it was determined that diffusion measures 

such as MD were found to correlate to nigral DA neurons and striatal fiber density in non-human 

primates (Shimony et al., 2018). To our knowledge, no study has validated the use of 

probabilistic tractography from the SNc/VTA against a non-human primate gold standard. 

However, studies that have parcellated the SNc/VTA based on connectivity to the striatum have 

reported parcellation schemes that match the known bounds of cytoarchitecture differences in the 

SNc/VTA, suggesting that the connectivity from the SNc/VTA to the striatum reflects the 

DAergic neural tracts (Chowdhury et al., 2013; Menke et al., 2010; Yu Zhang et al., 2017). In 
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our experiment 2, that independent connectivity to the right CM striatum was decreased in PD 

patients as compared to HCs serves to help validate this method. Given the known 

neuropathology of PD patients, in which the degeneration of SNc and VTA DAergic neurons 

underlie the motor and non-motor symptoms, and given that we found a reduction of 

connectivity density to the region that is responsible for motor movements, we suspect that use 

of dMRI tractography to measure neural tracts is at least sensitive enough to make inferences, 

but not conclusions, about the structural connections that emerge from the SNc/VTA.  

 

4.5 – Limitations 

While dMRI can offer unique insights into the structural connectivity of the human brain in vivo, 

it is prone to numerous limitations that prevent the conclusive determination of connective tracts 

(Jbabdi & Johansen-Berg, 2011; Jbabdi, Sotiropoulos, Haber, Van Essen, & Behrens, 2015; 

Jones, Knösche, & Turner, 2013; Thomas et al., 2014). Importantly, dMRI cannot determine the 

direction of neural propagation. Though we have described the connections as being from the 

SNc/VTA to the striatum/cortex, this is a reflection of the propagation of seeded streamlines 

from the seed (SNc/VTA) to the target (striatum/cortex), not neuron direction. We have 

interpreted our findings as being efferent in the case of SNc/VTA to DS, VS, and PFC and 

afferent in the case of DS, VS, and PFC to SNc/VTA based on known neuroanatomy and based 

on our validation, but we cannot conclude this conclusively. Further, dMRI cannot make any 

determination about the neurotransmitter of a measured tract. We have interpreted the majority 

of measured connections as DAergic based off our validation, but the BG system is influenced 

heavily by other neurotransmitters like glutamate and GABA. Further, dMRI cannot perfectly 

resolve crossing fibers within a voxel; for instance, limiting the inference of bending or crossing 

neurons. We attempted to somewhat resolve this issue by using BEDPOSTX, but even still, it 

does not perfectly resolve the issue (Behrens et al., 2007). Further, as a matter of mathematical 

construction, dMRI is known to be prone to false positives and negatives and to favour shorter 

connections. We have employed ultra-high resolution data to reduce the effects of these 

limitations; however, future studies of human connectivity could utilize more optimal diffusion 

modelling techniques such as High angular resolution diffusion imaging (HARDI) (Berman, 

Lanza, Blaskey, Edgar, & Roberts, 2013; Glasser et al., 2013; Sotiropoulos et al., 2013). 
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Furthermore, though the Pauli atlas has a multitude of benefits that are advantageous to this 

analysis, there are limitations in the boundaries between the SNc and VTA with respect to other 

brain regions (Pauli et al., 2018). Even though the boundary between SNc and VTA was well-

defined in the CIT168 atlas, it is possible that the two regions succumbed to partial volume 

effects, whereby voxels between the SNc and VTA contain information of both tissues but are 

only labelled as one or the other. However, this problem is, in effect, also the case for the 

anatomical definitions of the SNc and VTA, which are posited as separate structures despite 

known overlapping areas between them (Haber & Knutson, 2010). Thus, we suspect that partial 

volume effects might be reflective of the limitations of conventional anatomical boundaries. 

Second, the boundary between the SNc and the SNr was reported not to be a poorly defined 

boundary, as they were difficult to differentiate on the T1w/T2w pairs. Thus, it is possible that a 

small portion of the voxels within the SNc segmentations are comprised of the SNr.  

With respect to the validation step, it is possible, given that the CIT168 atlas was defined in a 

sample of healthy adults rather than PD patients, that some of the variability between groups 

could be explained by the atlas being more similar to the HC group than the PD group. This issue 

could have potentially been avoided by using a subcortical atlas developed using data from PD 

patients, but to our knowledge, no such atlas exists.  

Finally, though we did find a significant difference in the caudal motor independent connectivity 

between PD and HC group before adjustments for multiple comparison, we did not after the 

adjustment. We suspect that this is likely due to a low sample size. 

  

4.6 – Conclusion 

We have performed one of the first studies measuring the connectivity of the SNc and the VTA 

to the striatum and cortex, in which we implemented ultra-high resolution data and anatomical 

masks. We have found evidence to suggest that the SNc potentially connects with the VS, that 

the VTA potentially connects with the DS, and that the SNc connects with the PFC. This 

counters the conventional pathway heuristic and adds to a growing body of evidence to suggest 

that it is an oversimplification of DAergic connectivity We have also measured the connectivity 

to other regions of the cortex that seem to reflect known anatomical connections.  
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We extended the use of dMRI to assess if it could be used to measure differences between 

population groups. We found that in PD patients, the independent connectivity to the right CM 

region of the striatum was significantly reduced, as hypothesized. Understanding dMRI 

connectivity patterns within healthy controls and within PD patients could help understand the 

influence of DA on other diseases like schizophrenia, SUD, and OCD.  
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Appendices 
 

Appendix A: Cortical Subregions, abbreviations, and indication of Tziortzi et al. (2014) 

subregion 

* Not included in the Tziortzi et al. (2014) parcellation 

† Used as PFC subregion 

RM = Rostral Motor, CM = Caudal Motor, Pari = Parietal, Occi = Occipital, Temp = Temporal 

 

Cortical Region Abbreviation Tziortzi 

subregion 
  

 

Frontal Medial Cortex FMC Limbic 

Paracingulate Gyrus* † PcG Limbic 

Cingulate Gyrus Ant*† Cga Limbic 

Frontal Orbital Cortex FOC Limbic 

Subcallosal Cortex*† ScC Limbic 

Cingulate Gyrus Post* CGp Limbic 

Insular Cortex  Ins Insula 

Frontal Pole† FP Executive 

Superior Frontal Gyrus † SFG Executive 

Middle Frontal Gyrus† MFG Executive 

Inf. Frontal Gyrus (Pars Tri) IFGpt RM 

Inf. Frontal Gyrus (Pars Oper) IFGpo RM 

Frontal Rostral Motor FRM RM 

Frontal Operculum Cortex FopC RM 

Juxtapositional Lobule Cortex SMC RM 

Precentral Gyrus PrG CM 

Central Opercular Cortex COpC CM 

Postcentral Gyrus PoG Pari 
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Supramarginal Gyrus Ant Division SmGa Pari 

Parietal Operculum Cortex POpC Pari 

Supramarginal Gyrus Post Division SmGp Pari 

Precuneous Cortex PcC Pari 

Superior Parietal Lobule SPL Pari 

Angular Gyrus AG Pari 

Temporal Occipiral Fusiform Cortex TOF Occi 

Lingual Gyrus LG Occi 

Supracalcarine Sulcus SccC Occi 

Lateral Occipital Cortex Sup Division LOCs Occi 

Lateral Occipital Cortex Inf Division LOCi Occi 

Intracalcarine Cortex IcC Occi 

Cuneal Cortex CC Occi 

Occipiral Fusiform Gyrus OFG Occi 

Occipiral Pole OcP Occi 

Temporal Pole TP Temp 

Superior Temporal Gyrus Ant. STGa Temp 

Temporal Fusiform Cortex Ant. TFCa Temp 

Mid. Temporal Gyrus Ant. MTGa Temp 

Inf. Temporal Gyrus Ant. ITGa Temp 

Planum Polare PP Temp 

Parahippocampal Gyrus Ant. PhGa Temp 

Inf. Temporal Gyrus Post. ITGp Temp 

Temporal Fusiform Cortex Post. TFCp Temp 

Superior Temporal Gyrus Post. STGp Temp 

Mid. Temporal Gyrus Post. MTGp Temp 

Hershel's Gyrus (H1&H2) H1/H2 Temp 

Planum Temporale PT Temp 
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Parahippocampal Gyrus Post. PhGp Temp 

Inf. Temporal Gyrus Temporooccipital ITGtp Temp 

Mid. Temporal Gyrus Temporooccipital MTGtp Temp 
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Appendix B. Ethics approval notice 
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Appendix C. Approval to use sagittal brain figure 
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Appendix D. Montreal Cognitive Assessment (MoCA) 
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Appendix E. Epworth Sleepiness Scale 
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Appendix F. New Freezing of Gait Questionnaire 
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Appendix G. Starkstein Apathy Scale 
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Appendix H. Oxford Happiness Questionnaire 
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Appendix I. American National Adult Reading Test (ANART) 
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Appendix J. Verbal Category Fluency 
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