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Abstract:  

BACKGROUND: Parkinson’s disease is the second most common neurodegenerative 

disorder after Alzheimer disease, however to date, there is no approved treatment that 

stops or slows down disease progression. Over the past decades, neuroimaging studies 

including molecular and magnetic resonance imaging are trying to provide insights into 

the mechanisms underlying Parkinson disease.  

METHODS AND FINDINGS: Literature review. It is now becoming clear that these 

imaging modalities can provide biomarkers that can objectively detect brain changes 

related to Parkinson’s disease and monitor these changes as the disease progresses, 

and these biomarkers are required to establish a breakthrough in neuroprotective or 

disease-modifying therapeutics.  

CONCLUSIONS: Here, we provide a review of recent observations deriving from 

positron emission tomography, single positron emission tomography, magnetic 

resonance imaging studies exploring Parkinson’s disease and other parkinsonian 

disorders.   

Key words: Parkinson’s disease, molecular imaging, magnetic resonance imaging, 

imaging biomarker.  
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1. Introduction 

To date, it is difficult to predict the progression of Parkinson’s disease (PD) and 

ensuing treatment complications that may arise. Currently, there is no treatment that 

stops or slows down disease progression in individuals with PD. It is believed that 

progress towards neuroprotective or disease-modifying therapeutics has been affected, 

in part, by the lack of valid, reliable, and clinical-trial ready biomarkers that can 

objectively detect brain changes related to PD and monitor these changes as the 

disease progresses1,2.  

Modern functional neuroimaging techniques have provided important insights into 

neural correlates underpinning PD pathophysiology, potential compensatory 

mechanisms and treatment-related changes from early to advanced stages of the 

disease. Recent developments in magnetic resonance (MR) as well as molecular 

imaging including positron emission tomography (PET) and single-photon emission 

tomography (SPECT) has allowed researchers to gain new insights into the 

pathophysiology of motor, cognitive and behavioural symptoms in PD and other 

parkinsonian disorders. In particular, PET and SPECT studies have enabled the 

investigation of underlying pathological processes such as neurotransmitter dysfunction, 

changes in blood flow and metabolism, neuroinflammation as well as abnormal protein 

aggregation. MR imaging techniques including diffusion MRI (dMRI) and functional MRI 

(fMRI) allow for the exploration of the reorganization of neural pathways and functional 

disruptions that may be proposed as early biomarkers of PD development and 

progression. This review will discuss recent findings of molecular and MR imaging 

studies aiming to better understand symptom development in PD and other 

parkinsonian disorders as well as attempts to identify biomarkers of disease progression 

and treatment complications.   

 

2. Molecular Imaging of PD 
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2.1. The Role of Receptor imaging  
2.1.1. Dopamine 

The profound dopaminergic dysfunction within the striatum is a critical 

neurotransmitter change in the development of PD. There is ample evidence showing 

that this process is widespread and might begin in the lower brainstem and also 

involving other structures, such as the hypothalamus3.  

The level of the membrane dopamine transporter (DAT) seems to be 

downregulated early in PD4, and DAT imaging studies have revealed correlations with 

the severity of PD motor symptoms5-7.  

Recent investigations8 with 11C-dihydrotetrabenazine (DTBZ), a biomarker of 

dopamine neuron integrity have also assessed the striatal dopamine nerve terminal 

degeneration found in the associative striatum, which is generally associated with 

executive processing. Results showed that patients with mild cognitive impairment had 

severe striatal dopamine depletion in the associative (i.e. cognitive) subdivision. Further, 

the evaluation of cortical D2 receptor availability (with 11C-FLB 457) in these patients 

showed also a reduced D2 receptor binding in the bilateral insula compared to 

cognitively normal patients and controls. Although the prefrontal cortex in general has 

generally been a critical region in studies involving dopamine and cognition, these 

findings suggested that striatal dopamine denervation combined with insular D2 

receptor loss may underlie mild cognitive impairment in PD, particularly a decline in 

executive function8. 

 

Treatment of the dopaminergic system is of course, not only associated with the 

amelioration of motor symptoms but also with the development of motor and non-motor 

complications. Impulse control behaviors (ICBs) represent one of the main non-motor 

complications of PD and the use of dopamine agonists (DAs) is associated with an 
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increased risk of their occurrence. It has been recently demonstrated that chronic 

exposure to treatment with DAs but not levodopa, suppresses the D2R striatal 

dopamine receptor availability, which may impact output signaling to frontal lobes9. By 

using a [11C]-raclopride PET challenge, it has been observed that the amount of 

dopamine release after a reward-related cue exposure is higher in those PD patients 

experiencing ICBs10,11. In response to reward cues, PD patients with single or multiple 

ICBs have similar increased ventral striatal dopamine release compared to PD patients 

without ICBs, but the patients with multiple ICBs are more depressed, and have higher 

rates of impulsive sensation-seeking compared to participants with single ICBs and 

without ICBs12. This suggests the implication of both striatal dopamine and possibly 

non-dopaminergic neurotransmission. 

 [123I]-FP-CIT is a radioligand which binds reversibly to striatal presynaptic DAT 

and is used for SPECT imaging. Pavese and colleagues, recently explored the clinical 

phenotype of PD and the degree of nigrostriatal dysfunction - as measured by 123I-FP-

CIT SPECT - at different ages of onset in recently diagnosed patients with untreated 

PD. The authors found that 123I-FP-CIT binding in the most affected putamen was 

similar across the age subgroups. Conversely, binding in the most affected caudate, the 

least affected putamen, and the least affected caudate was lower in older age 

subgroups compared with younger ones, despite similar disease duration. These 

findings suggest the presence of a more widespread involvement of striatal structures in 

older patients, which could reflect the contribution of the aging process to the 

neurodegenerative process of PD and/or a decrease of compensatory mechanisms in 

older patients13. This age-related variability should be taken into account when using 

imaging as a surrogate biomarker of disease progression in clinical trials of disease-

modifying agent, as a floor effect in older patients could affect the interpretation of the 

results.   

2.1.2. SEROTONIN 
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The serotonergic system is profoundly affected in PD14-18 and PET ligands for the 

pre-synaptic serotonergic transporter (SERT), such as [11C]-DASB, are reliable tools to 

assess in vivo serotonergic terminals19. Previous work has demonstrated that the 

administration of levodopa induces markedly higher striatal synaptic dopamine release 

in PD patients with levodopa-induced dyskinesias (LIDs), which can be ameliorated by 

the oral administration of the serotonin receptor type 1A agonist buspirone, a pre-

synaptic modulator of synaptic release in the serotonergic system, prior to levodopa 

administration15. This might be due to a relative preservation of serotonergic terminals in 

the putamen and globus pallidus of PD patients experiencing LIDs18. A further 

confirmation of this hypothesis comes from a recent study showing that the SERT to 

DAT ratio increases as PD progresses whereupon patients experience LIDs17. Overall 

these findings suggest that as the dopaminergic innervation in the striatum becomes 

critically low, the serotonergic system plays a vital role in the development of LIDs by 

handling synaptic dopamine levels in an unregulated manner. Serotonergic 

mechanisms such as excessive striatal innervation and high serotonin to dopamine 

striatal terminal ratio have also been associated with the development of graft-induced 

dyskinesias in PD patients who underwent striatal transplantation with fetal ventral 

mesencephalic tissue20-22. These findings support the role of serotonergic terminals in 

the aberrant release of striatal dopamine and in promoting the development of 

dyskinesias in PD patients. 

123I-FP-CIT SPECT has also been used to assess clinical correlates of brainstem 

raphe serotonergic dysfunction in early stages of PD. Results showed that the 

serotonergic raphe nuclei complex is already dysfunctional in a subgroup of patients 

with less than 2 years of disease. Additionally, lower 123I-FP-CIT binding values in the 

raphe region, which reflects reduced serotonin transporter availability, was associated 

with more severe scores of persistent resting tremor. In these early stages, however, 

levels of raphe serotonergic function did not appear to be related to the non-motor 
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symptoms of fatigue, depression and sleep disturbance23. In a two-year follow-up study, 

patients with isolated resting tremor had a significant inverse correlation between raphe 
123I-FP-CIT binding and resting tremor amplitude scores. However, in the entire cohort, 

more severe tremor scores were still correlated with lower raphe/putamen binding 

ratios, indicative of more severe raphe dysfunction compared with nigrostriatal 

dysfunction. Interestingly, resting tremor in patients with lower raphe/putamen binding 

ratios responded poorly to dopamine replacement therapy. Taken together, these 

findings indicate that the occurrence of raphe serotonergic dysfunction is associated 

with more severe resting tremor and poorer response to dopaminergic drugs24. 

However, given the non-selective nature of the ligand (123I-FP-CIT), it is not possible to 

rely entirely on this method to assess serotonergic terminal field integrity in brain 

structures where other monoaminergic neuronal populations predominate23 . 

 

2.1.3. Cholinergic dysfunction  

Cognitive changes in PD may result from multifactorial processes that include 

cellular or network dysfunctions due to regional deposition of proteinopathies, 

neurotransmitter changes due to the involvement of important neuromodulator 

projection systems, neuroinflammation or effects of accelerated aging due to the 

interaction of disease-specific changes and cerebral effects of medical 

comorbidities25,26. A dual-syndrome hypothesis of cognitive impairment in PD has been 

proposed where the concept of mild cognitive impairment and fronto-executive 

dysfunction in particular is mainly driven by dopaminergic dysfunction and manifesting 

as deficits in flexibility, planning, working memory, and reinforcement learning. In 

contrast, conversion to dementia in PD might depend on non-dopaminergic, cholinergic 

and more posterior cortical dysfunctions27. More recent studies emphasize the role of 

disruption in global brain networks underlying the development of cognitive impairment 
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in PD28. Interestingly, brain imaging studies have found early changes in the posterior 

temporal-occipital regions which correlated with visual cognitive changes in PD28.  

The cholinergic system is believed to be one of the major neural mechanisms 

underlying progressive cognitive decline in PD. Therefore, failure of the cholinergic 

system may worsen cognitive deficits and make the severity of the dementia syndrome 

worse. A previous acetylcholinesterase PET study found early regional cortical 

vulnerability of occipital association cortices in PD, especially in Brodmann area 1829. 

These are areas that overlap with the ventral and dorsal visual stream of visual cortical 

projections30, which are important for the processing of shape functions and may 

provide a link to the susceptibility of PD to develop visual illusions and ultimately visual 

hallucinations when dementia emerges. Interestingly, a glucose metabolic PET study 

found that patients with PD with mild cognitive impairment who also had visual 

hallucinations had more severe posterior cortical hypometabolism and higher rate of 

conversion to dementia compared to patients with similar mild cognitive impairment but 

no hallucinations31. 

The cholinergic system plays an important role in widespread and diffuse brain 

networks that sub-serve cognitive functioning32. For example, a muscarinic cholinergic 

receptor [123I]-QNB brain SPECT study in patients with PD dementia (PDD) found co-

occurring receptor reductions in anterior cingulate, basal forebrain, insula, temporal, and 

striatal regions. Higher or stable binding, however, was seen in parieto-occipital and 

frontal regions compared to controls33. Interestingly, the topography of receptor binding 

changes that reflected a beneficial response to cholinesterase inhibitor treatment had 

regional overlap with default mode and frontoparietal brain networks. These 

observations may imply a cholinergic role for the maintenance of these networks33. 

More recent studies illustrate interactive cognitive effects of dopaminergic and 

cholinergic neurotransmitter changes in PD. The so-called 'compensatory' hypothesis 

posits that fronto-parietal cortical cholinergic functions associated with top-down control 
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may be recruited (increased cholinergic activity in cortical circuits) to compensate for 

executive dysfunctions associated with striatal dopaminergic declines in early stage 

disease34. Conversely, combined dopaminergic and cholinergic neurotransmitter system 

losses may aggravate cognitive, especially executive function, deficits and jointly 

increase the risk of conversion to PDD34. For example, Kim et al. showed that cortical 

cholinergic integrity was a stronger predictor of conflict processing in PD patients with 

relatively low caudate dopaminergic function35. These findings imply also a more 

nuanced perspective that diverges from the dual-syndrome hypothesis as the 

cholinergic system may make an important contribution to executive dysfunction in PD. 

Acetylcholine can dynamically switch between different cognitive networks 

processing extrinsic versus intrinsic signals36,37, thereby optimizing cognitive flexibility 

and performance. Recent studies in PD support a cholinergic role in switching function 

between large-scale brain network functions where the cortical cholinergic system is 

involved in top-down cognitive control function38, whereas thalamic cholinergic nerve 

terminals may have an important role in bottom-up saliency processing39. Consequently, 

breakdown of these diverse cholinergic systems may result in attentional and executive 

function deficits and behavioral inflexibility in PD. Cognitive control plays an important 

role in mobility40,41 and the cholinergic system has also been implicated in postural 

instability and gait difficulties, in particular slow gait speed, falls and freezing of gait, in 

PD42-45. A post-mortem study confirmed more severe loss of penduculopontine nucleus 

cholinergic neurons in PD fallers compared to non-fallers46. Pharmacological studies of 

fall reducing effects cholinesterase inhibitors provide supplemental evidence of the 

cholinergic system and mobility in PD47,48. 

Other research groups aim to explore the evidence that alpha-synuclein 

pathology in PD could start in peripheral organs including the gastrointestinal tract 

(GIT).  Pavese and colleagues used 11C-donepezil PET, a marker of 

acetylcholinesterase density in the brain and peripheral organs, to assess 
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parasympathetic innervation in the GIT of patients with early PD. They found that 

compared with controls, PD patients had significantly reduced 11C-donepezil uptake in 

the small intestine, colon, and kidneys, providing further support that parasympathetic 

denervation in these organs is present early in the natural history of PD49. 

2.1.4 Phosphodiesterase 10A, Cannabinoid and Noradrenergic system   

Lesions in nigrostriatal dopaminergic projections in animal models of PD lead to 

increased levels of cyclic adenosine monophosphate (cAMP).  Furthermore, treatment 

with levodopa reduces the high cAMP levels observed in the denervated striatum50. In 

striatal neurons, cAMP catabolism is mediated by phosphodiesterases (PDE) such as 

PDE10A. PDE10A is a regulator of cAMP signaling within the striatum and has been 

studied in animal models of PD. Pharmacological modulations with PDE10A inhibitors 

have been shown to ameliorate the severity of levodopa-induced dyskinesias (LIDs), 

restoring physiological cAMP levels in the cortico-striatal-pallidal pathways51. Recent 

findings have demonstrated that PDE10A levels are reduced in the striatum and globus 

pallidus of PD patients and that these measures can be associated with the severity of 

motor symptoms and LIDs52. In particular, using a selective PDE10A radioligand, i.e. 
(11)C-IMA107, a reduced binding was observed in the caudate, putamen and globus 

pallidus which correlated with severity of Unified Parkinson's Disease Rating Scale part-

III motor scores and Unified Dyskinesia Rating Scale scores. These findings suggest 

that nigrostriatal degeneration affects the expression of PDE10A 52. Type 1 cannabinoid 

receptor (CB1) is a modulator of synaptic transmission and potential therapeutic target 

for LIDs53. Using, a CB1-selective radioligand, i.e. [(18)F] MK-9470, PD patients showed 

an increased of CB1 availability in nigrostriatal, mesolimbic, and mesocortical 

dopaminergic projection areas. However, CB1 availability did not differ significantly in 

patients with and without LIDs, and there was no correlation with LID severity. Thus, 

these observations demonstrated some regional changes in CB1 availability in PD, but 
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did not reveal a role of CB1 in the pathogenesis of LIDs53. Noradrenergic impairment 

may also play an important role in PD complications54,55. Using a noradrenaline 

transporter, 11C-MeNER, PD patients had a reduced binding which correlated with 

amount of REM sleep behavioral disorders (RBDs), cognitive performance, and 

orthostatic hypotension. Thus, impaired noradrenergic function in PD may contribute to 

a number of non-motor symptoms54,55. 

 

2.2. The Contribution of neuro-inflammation and proteinopathies  

The development of radiotracers specifically targeting pathological protein 

aggregates such as tau and β-amyloid, as well as markers of neuroinflammation has 

been a particular focus within the last years.  

The radiotracer [18F]-AV-1451, a ligand that binds to paired helical filaments of 

tau in Alzheimer's disease, has recently been used to explore its potential as a 

biomarker for the diagnosis and disease progression monitoring in progressive 

supranuclear palsy (PSP). Previous findings did not show significant tracer retention in 

PSP patients compared to PD and controls 56, however further investigations with the 

same tracer showed an off-target binding to neuromelanin-containing neurons in the 

midbrain 57,58. These observations demonstrated that [18F]-AV-1451 might be the first 

PET radiotracer capable of imaging neurodegeneration of the substantia nigra in 

parkinsonism. Other tau PET imaging with [11C]PBB3, [18F]THK-5317, [18F]THK-5351, 

showed specific patterns of tau tracer retention in atypical parkinsonism 59-63. These 

observations provide some evidence for the underlying neuropathology, which may in 

future allow tauopathies (e.g. corticobasal degeneration or PSP) to be distinguished 

from non-tauopathies (e.g. multiple-system atrophy [MSA])64. However, the primary 

concern with all these tracers is often the lack of specificity for tau with off target binding 
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(e.g. neuromelanin, monoamine oxidase A/B). Neuroimaging65-69 studies have 

demonstrated as well a relationship between elevated striatal and cortical β- amyloid 

deposits and cognitive impairment in PD65,66. However, in PD with dementia (PDD), the 

distribution of β-amyloid measured with [11C] PIB had a different pattern than those with 

Alzheimer disease69. The presence of an abnormal [11C] PIB binding in PDD under-

estimated at autopsy the risk of β-amyloid-deposition in these people67,68.  

Another area of current interest is the potential usage of the mitochondrial 

translocator protein 18kDa (TSPO) as an in vivo biomarker of neuroinflammation. The 

recent development of second-generation radiotracers such as [18F]-FEPPA enables 

researchers to explore the role of TSPO expression in PD by controlling for genotyping 

expression. While Strafella and colleagues could not observe increased tracer uptake in 

the striatum 70 or in the cortical and subcortical brain regions 71 in patients with PD 

compared to controls, the combination of the radioligands [18F] FEPPA and [11C] PIB, a 

measure of β-amyloid load, revealed interesting findings. The dual-tracer PET study 

detected significantly higher [18F] FEPPA binding in PD patients with cognitive 

impairment in the frontal and temporal lobe, striatum, precuneus and dorsolateral 

prefrontal cortex, when β-amyloid was present in these brain regions72. Other areas of 

research focus on patients with idiopathic Rapid Eye Movement Sleep Behavior 

Disorder (iRBD) who could be in the pre-motor phase of alpha-synucleinopathies such 

as PD, dementia with Lewy bodies (DLB), and MSA. Pavese and colleagues used PET 

imaging to explore the extent and distribution of early inflammation (microglia activation) 

in the brain of iRBD to clarify whether it could contribute to the neurodegenerative 

process of developing alpha-synucleinopathies. The relationship between 

neuroinflammation and striatal and extrastriatal dopamine dysfunction was also 

investigated.  They found that 11C-PK11195 binding, a marker of activated microglia 

was significantly increased in the substantia nigra of iRBD patients compared to 
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controls. Increased binding was also observed at a lesser extent in the putamen and 

caudate nuclei bilaterally. Individual analysis showed that 26% of the iRBD patients had 

significant increases in 11C-PK11195 binding in the putamen and/or caudate (> 2 

standard deviations above the mean of the controls), suggesting that 11C-PK11195 PET 

can be used to identify individual iRBD patients who have high levels of 

neuroinflammation. Activated microglia were also found in the visual associative cortex 

of the occipital lobe of these patients, which might potentially indicate those at greater 

risk of developing DLB. However, 11C-PK11195 is known for its technical limitations 

such as low signal-to-noise ratio, high nonspecific binding, low brain penetration, and 

high plasma protein binding73. Analysis of nigrostriatal function with 18F-dopa PET in 

individual iRBD patients showed that a subgroup of these iRBD patients had a 

homogeneous and more widespread decrease of tracer uptake in the striatal sub-

regions including the caudate, possibly suggesting that these patients are in an early 

stage of DLB or MSA rather than idiopathic PD74,75. 

2.3. Blood flow and metabolism 

The valuable role of 18F-FDG PET in the detection of spatial patterns of metabolic 

dysfunction allowing differentiation between different parkinsonian disorders has 

repeatedly been demonstrated76. Moreover, it has been shown that patterns of 

metabolism detected with FDG-PET may correlate more with the clinical phenotype 

(e.g. motor vs. cognitive impairments) than with a specific underlying pathology77. 

When investigating fatigue in PD by using 18F-FDG-PET, results revealed that 

PD patients with higher levels of fatigue showed anti-correlated metabolic changes in 

cortical regions associated with the salience (i.e., right insular region) and default (i.e., 

bilateral posterior cingulate cortex) networks. These observations propose that fatigue 

in PD might be the expression of metabolic abnormalities and impaired functional 

interactions between brain regions linked to the salience and other neural networks78.  
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As mentioned earlier, increased impulsivity and hypomania are non-motor 

symptoms associated with behavioral addictions (e.g. pathological gambling) that may 

occur with dopamine replacement therapy. Recent studies have shown that metabolic 

patterns associated with impulsivity and hypomania in PD are mostly found within the 

fronto-insular network79-81. This is in line with the view that the insula plays an important 

role in various non-motor disturbances in PD82.  

Metabolic activity has also demonstrated spatially distributed networks of brain 

function. In particular, 18F-FDG-PET has provided a means of quantifying highly specific 

spatial covariance patterns associated with PD motor and cognitive functions 83-85 

 

3. Magnetic resonance imaging in PD 

3.1. Magnetic Resonance Imaging Techniques 

Over the past years, researchers are using as well different MR imaging 

techniques such as dMRI and fMRI to study functional disruptions and the 

reorganization of neural pathways in PD and other movement disorders.  

Using dMRI and a computational bi-tensor model instead of a single-tensor 

model, several studies have uncovered a consistent pattern of elevated free water in the 

substantia nigra of patients with PD that progresses over time. For instance, it was 

shown that free water levels in the posterior substantia nigra were elevated in PD 

relative to healthy controls across separate single- and multi-site cohorts86, and this 

region is consistent with the ventrolateral tier of the substantia nigra where 

dopaminergic cell loss is greatest in PD87,88. Furthermore, free water in posterior 

substantia nigra was also elevated in atypical parkinsonian syndromes, consistent with 

more severe pathology in these disorders as compared to PD89. Most importantly, the 

results of a prospective, single-site longitudinal study revealed that free water in 
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posterior substantia nigra increased over the course of 1 year in PD but not in controls, 

and baseline free water predicted changes in bradykinesia and cognitive scores90.  In a 

recent validation study using the Parkinson Progression Marker Initiative Cohort91, it 

was found that (i) free water level in the posterior substantia nigra increased over 1 year 

in de novo PD but not in controls; (ii) free water kept increasing over 4 years in PD; (iii) 

sex and baseline free water predicted 4-year changes in free water; (iv) free water 

increases over 1 and 2 years were related to worsening on the Hoehn and Yahr scale 

over 4 years; and (v) the 4-year increase in free water was associated with the 4-year 

decrease in striatal binding ratio in the putamen. Importantly, all longitudinal results 

were consistent across sites.   

In addition to studies of dMRI, task-based fMRI studies have also revealed 

progression changes in the putamen and motor cortex in parkinsonism.  To explore 

longitudinal changes in brain activity in patients with PD, MSA, and PSP a robust task-

based fMRI protocol was used that has consistently shown cross-sectional changes in 

PD, MSA, and PSP92-94. A total of 112 individuals were scanned 1 year apart while 

performing a unimanual grip force task: 46 PD, 13 MSA, 19 PSP, and 34 controls95. 

Compared with the control group, patients with PD showed a decline in functional 

activity over the course of 1 year in the putamen and motor cortex compared to controls. 

Changes after 1 year in MSA were exclusively extrastriatal, and included a reduction in 

functional activity in the primary motor cortex (M1), supplementary motor area (SMA), 

and superior cerebellum. In PSP, all regions of interest across putamen, cerebellum, 

and motor cortex were less active at 1 year compared to baseline. A key finding was 

that the functional activity of these regions did not change in the control group.   

Latest investigations from Strafella and colleagues96 using fMRI, explored the 

dynamic functional connectivity in PD, focusing on temporal properties of functional 

connectivity states, and the variability of network topological organization. Results 

revealed changes within- as well as between network states in PD versus controls, 
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confirming the vulnerability of functional connectivity networks in this movement 

disorder. 

Recent fMRI work from Lewis and colleagues focuses on the investigation of the 

common clinical phenomena of freezing of gait (FOG) and hallucinations in PD.  

Freezing of gait is a complex, heterogeneous, and highly variable phenomenon 

whose pathophysiology and neural signature remains enigmatic. Evidence suggests 

that freezing is associated with impairments across cognitive, motor and affective 

domains; however, most research to date has focused on investigating one axis of 

freezing of gait in isolation. By contrast, recent work using an established virtual reality 

gait paradigm to elicit freezing behaviour has examined individual differences in the 

differential component processes that underlie freezing of gait (i.e. cognitive, motor and 

affective function)97.  Simultaneously probing three freezing triggers: set-shifting ability 

for cognition, step time variability for motor function, and self-reported anxiety measures 

in a principal components analysis, has allowed a multivariate approach to interrogate 

the pattern of task-based functional connectivity associated with the freezing 

phenomena. Specifically, the investigators used the first principal component from their 

behavioral analysis to classify patterns of functional connectivity into those that were 

associated with: (i) increased severity; (ii) increased compensation; or (iii) those that 

were independent of freezing severity. Coupling between the cognitive and limbic 

networks was associated with ‘worse freezing severity’, whereas anti-coupling between 

the putamen and the cognitive and limbic networks was related to ‘increased 

compensation’. Additionally, anti-coupling between cognitive cortical regions and the 

caudate nucleus were ‘independent of freezing severity’ and thus may represent 

common neural underpinnings of freezing that are unaffected by heterogenous factors.  

Subsequently, these investigators related these connectivity patterns to each of the 

individual components of freezing in turn (i.e. cognitive, motor, affective), thus exposing 

latent heterogeneity in the freezing phenotype whilst also identifying critical functional 
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network signatures that may represent potential targets for novel therapeutic 

intervention. In conclusion, the findings from this study provided confirmatory evidence 

for systems-level impairments in the pathophysiology of freezing of gait and further 

advances our understanding of the whole-brain deficits that mediate symptom 

expression in PD. 

Visual hallucinations are a common and troubling neuropsychiatric feature in 

more advanced PD but the ability to capture such activity using fMRI has been severely 

restricted98.  However, the recent development of a neuropsychological paradigm that 

can reliably induce visual misperceptions in PD patients reporting visual hallucinations99 

has allowed for its combination with fMRI to provide greater insights into the 

pathophysiology of this phenomenon100,101. This work has demonstrated that visual 

hallucinations seem to arise from an increased engagement of the Default Mode 

Network (DMN) (operating across the hippocampal formations, posterior cingulate and 

intraparietal sulcus) with the primary visual system.  This is the result of a disengaged 

Dorsal Attention Network (representing regions of the frontal eye fields and superior 

parietal lobule), which would normally maintain directed attention and prevent 

hallucinations arising.  These fresh clues may provide the basis of future treatments 

targeting pathological network activity102. 

Resting-state functional magnetic resonance imaging (RS-fMRI) is a relatively 

new, non-invasive tool to assess functional abnormalities observed in PD without the 

effects of motor or cognitive tasks. A recent meta-analysis of RS-fMRI studies in PD 

found evidence for an intrinsic functional disturbance of the inferior parietal lobule (IPL) 

and the supra-marginal gyrus potentially linked to functional impairment of perception 

and executive processes103. However, when interpreting RS-fMRI results, it is important 

to consider the impact of dopamine replacement therapy104.  

Tessitore and colleagues applied RS-fMRI to study functional disruption and 

reorganization of neural pathways that may be proposed as early biomarkers of PD 
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development and progression. Among the most reported RS networks, alterations within 

the sensori-motor network (SMN) have been consistently reported across PD stages by 

means of different analytic approaches105,106. In a cohort of drug-naïve early PD 

patients, the authors have demonstrated the presence of functional connectivity 

disruption in the SMA compared to controls, partially restored by the first levodopa 

administration compared to placebo107. Moreover, a region of interest analysis of the 

SMN functional connectivity within the basal ganglia revealed that levodopa significantly 

increased the participation of these subcortical regions to the SMN activity and may 

selectively induces low-frequency rhythm changes107. Interestingly, SMN connectivity 

abnormalities were also detected in asymptomatic LRRK2 (G2019S) mutation carriers, 

suggesting that functional changes may also occur earlier during the preclinical phase 

of the disease108,109. 

As SMN functional connectivity has consistently shown a levodopa modulation 

and symptoms severity correlation, the authors could speculate that: 1) SMN functional 

connectivity disruption may be considered as a neural correlate of the cortico-striatal 

disruption which underlies PD pathophysiology, even before symptoms emerge, 2) SMN 

connectivity may be potentially used as a biomarker of both symptom development and 

treatment response throughout the disease course. 

In recent years, an intrinsic aberrant functional connectivity within the DMN has 

been implicated in cognitive processing in several neurodegenerative disorders110-112, 

including PD113-115, with and without cognitive impairment116,117.  In a cohort of early-

stage cognitively unimpaired patients with PD, researchers demonstrated the presence 

of decreased medial temporal and inferior parietal connectivity within the DMN, which 

correlated with cognitive performance116. This finding suggests that functional 

disconnection of posterior brain regions can precede clinically measurable cognitive 

impairment in PD118 and may be proposed to develop a sensitive and specific biomarker 

of dementia in PD for prognostic and disease-monitoring purposes. 
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Together with the DMN, other so-called neurocognitive networks, such as the 

salience (SN) and the central-executive (CEN) networks, have been implicated into PD 

progression. Typically, the SN and CEN show increased activation in response to 

external stimuli119, whereas DMN activity is suppressed, resulting in anti-correlated 

coupling between the CEN and DMN120,121. The same pattern of interaction among the 

three neurocognitive networks has been also shown at rest122,123. This dynamic balance 

may allow an individual to remain prepared for unexpected environmental events120 and 

seems to be critical in generating and maintaining an efficient behavioral and cognitive 

performance122. Interestingly, using RS-fMRI Tessitore and colleagues highlighted the 

presence of a disrupted connectivity within these three networks in treated PD patients 

with ICBs compared to those without124. These behavioral symptoms may be triggered 

by dopamine replacement treatment in a specific subset of patients, showing clinical risk 

factors which are not able, to date, to predict their development. To fill this gap, the 

researchers investigated the intrinsic brain networks connectivity at baseline in a cohort 

of drug-naïve PD patients that subsequently developed ICB (ICB+) over a 36-month 

follow-up period compared with patients who did not (ICB-)125. The imaging data 

demonstrated the presence of a specific decreased connectivity within and between the 

DMN and CEN networks at baseline as well as an increased connectivity within the SN 

in ICB+ compared with ICB- patients.  Specifically, the authors found that the 

physiological anti-correlation between DMN/CEN is lost at the time of diagnosis in PD 

patients who are more prone to develop ICB and this inverse pattern seems to predict 

ICB emergence over time. Moreover, this altered DMN/CEN coupling showed a positive 

correlation with the time to ICB onset (i.e. the less the anti-correlation between DMN 

and CEN the earlier is the emergence of ICB). These connectivity changes are 

independent from motor, behavioral and cognitive features and do not result from 

chronic dopaminergic treatment, suggesting that it may represent a potential biomarker 

for the emergence of ICB symptoms. 
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Further investigations have aimed to explore functional changes in sensorimotor 

and cognitive networks in PD, focusing on inter- and intra-connectivity organization in 

the disease-associated nodal and hub regions using graph theoretical analyses. To 

date, findings have highlighted diffuse alterations in nodal organization and regional hub 

disruption that result in a number of distributed abnormalities across brain networks that 

may be related to the specific clinical manifestations of PD126. 

3.2. The role of Ultra-High Field (UHF) Imaging 

Despite several limitations, MR imaging has certainly enhanced the diagnostic 

accuracy in the differential diagnosis of neurodegenerative parkinsonism over the last 

years. 

Technological advances and the introduction of high-field 3 Tesla (3T) and ultra-

high-field 7 Tesla (7T) MRI have led to improved spatial resolution and contrast thus 

enabling better visualization of brain structures affected in neurodegenerative disorders. 

Consequently, a new MRI finding has been described in the substantia nigra on iron-

sensitive MRI sequences capable of differentiating between PD patients and controls127. 

In controls, a hyperintense ovoid area within the dorsolateral border of the otherwise 

hypointense substantia nigra pars compacta (SNpc), referred to as dorsolateral nigral 

hyperintensity (DNH), has been recognized. DNH seems to correspond 

histopathologically to nigrosome-1, a calbindin-negative subregion in the SNpc127. A 

recent meta-analysis128 evaluated DNH as an imaging marker for PD, concluding that 

visual assessment of DNH could provide excellent diagnostic accuracy for PD 

compared to controls. The loss of DNH may enable the discrimination between PD and 

other movement disorders including drug-induced parkinsonism, essential tremor, and 

dystonic tremor128. Studies in iRBD cohorts129 have shown that at least two third of 

these patients had a loss of DNH as seen in PD. Therefore, loss of DNH could 

represent a potential marker for prediagnostic stages of PD128.  
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4. Future Directions & Conclusions 

Overall, previous and current work has provided some insights on PD and 

parkinsonian disorders and their underlying pathophysiological abnormalities. These 

observations have offered researchers and clinicians a better understanding of the 

neural correlates of the symptoms experienced in PD such as cognitive dysfunction, 

FOG and hallucinations as well as subsequent treatment complications including ICBs. 

Nonetheless, the visualization of neuroanatomical and functional hallmarks of these 

pathological conditions remains an active and challenging area, while PET and MR 

imaging have raised their value as powerful tools to detect brain changes. These 

neuroimaging techniques have also proven to be helpful in the clinical setting e.g. 

metabolic PET and structural or dMRI can accurately distinguish PD from atypical 

parkinsonism. Further, dopaminergic and serotonergic PET and SPECT imaging can 

follow the development of motor and nonmotor symptoms and complications as the 

disease progresses whereas metabolic, cholinergic and β-amyloid PET methods are 

useful for investigating cognitive decline in PD130.  

There are several factors delaying the transfer of neuroimaging techniques from 

the research setting into clinical practice. For instance, many research achievements 

have derived from PET imaging, which is a powerful tool, however also expensive and 

not widely available. Most biomarkers are unsuitable for individual level type of analysis, 

and allow only group-wise comparison. Moreover, several PET and MRI techniques 

depend on sophisticated quantification, which necessitates specialized software and 

skilled technicians. Another prerequisite for clinical application is standardized data 

processing and the availability of well-defined imaging criteria. The combination of PET 

and MR imaging may be helpful in determining diagnostic criteria based on these 

innovative MRI techniques. Also, data from different investigational modalities need to 
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be united to recognize mechanisms that are meaningful drug targets. Lastly, physicians 

require training and experience with these techniques to obtain optimization130.  

 

PD remains a complex neurodegenerative disease, and several novel 

neuroimaging techniques require further research and longitudinal assessments to 

evaluate their stability and validity as PD biomarkers before being recommended for 

routine clinical practice130. 

 
AUTHOR ROLES 
Manuscript Preparation: all authors 

Writing of the First Draft: all authors 

Review and Critique: all authors 

 

 
DISCLOSURES  
 
Funding Sources and Conflicts of Interest: The authors report no sources of funding 

and no conflicts of interest. 

 
Financial Disclosures for previous 12 months: The presented research data from 

NB was supported by grants from the NIH [P01 NS015655, RO1 NS070856, with 

additional support from P50 NS091856], Department of Veterans Affairs [I01 

RX000317] and the Michael J. Fox Foundation.  

APS is supported by Canadian Institutes of Health Research (MOP-136778) and the 

Canada Research Chair program from the Canadian Institutes of Health Research. 

CG declares that there are no additional disclosures to report.   

22 
 

This article is protected by copyright. All rights reserved.



SJGL is personally supported by an NHMRC-ARC Dementia Fellowship (#1110414) 

and his work was supported by funding from the Michael J. Fox Foundation, the 

NHMRC (#1085404, #1044791) and the Forefront, a collaborative research group 

dedicated to the study of non-Alzheimer disease degenerative dementias, from the 

National Health and Medical Research Council of Australia program grant (#1037746 

and #1095127). 

MP’s research is supported by Parkinson’s UK, Lily and Edmond J. Safra Foundation, 

the European Union, CHDI Foundation, and Michael J Fox Foundation (MJFF) for 

Parkinson’s research. 

TVE has received grants by the German Research Foundation (DFG, EI 892/3-1, EI 

892/5-1) and honoraria from Lilly Germany. 

 

ETHICAL COMPLIANCE STATEMENT 
 

1) Institutional Review Board approval was not required by the authors’ institutions for 

this review article. 

2) Obtaining patient consent was not required for this review article. 

3)  We confirm that we have read the Journal’s position on issues involved in ethical 

publication and affirm that this work is consistent with those guidelines. 

 
REFERENCES 

1. Athauda D, Foltynie T. The ongoing pursuit of neuroprotective therapies in parkinson 

disease. Nat Rev Neurol. 2015;11(1):25-40. 

2. Olanow CW, Rascol O, Hauser R, et al. A double-blind, delayed-start trial of 

rasagiline in parkinson's disease. N Engl J Med. 2009;361(13):1268-1278. 

23 
 

This article is protected by copyright. All rights reserved.



3. Politis M, Piccini P, Pavese N, Koh SB, Brooks DJ. Evidence of dopamine 

dysfunction in the hypothalamus of patients with parkinson's disease: An in vivo 11C-

raclopride PET study. Exp Neurol. 2008;214(1):112-116. 

4. Lee CS, Samii A, Sossi V, et al. In vivo positron emission tomographic evidence for 

compensatory changes in presynaptic dopaminergic nerve terminals in parkinson's 

disease. Ann Neurol. 2000;47(4):493-503. 

5. Seibyl JP, Marek KL, Quinlan D, et al. Decreased single-photon emission computed 

tomographic [123I]beta-CIT striatal uptake correlates with symptom severity in 

parkinson's disease. Ann Neurol. 1995;38(4):589-598. 

6. Brucke T, Asenbaum S, Pirker W, et al. Measurement of the dopaminergic 

degeneration in parkinson's disease with [123I] beta-CIT and SPECT. correlation with 

clinical findings and comparison with multiple system atrophy and progressive 

supranuclear palsy. J Neural Transm Suppl. 1997;50:9-24. 

7. Benamer HT, Patterson J, Wyper DJ, Hadley DM, Macphee GJ, Grosset DG. 

Correlation of parkinson's disease severity and duration with 123I-FP-CIT SPECT 

striatal uptake. Mov Disord. 2000;15(4):692-698. 

24 
 

This article is protected by copyright. All rights reserved.



8. Christopher L, Marras C, Duff-Canning S, et al. Combined insular and striatal 

dopamine dysfunction are associated with executive deficits in parkinson's disease with 

mild cognitive impairment. Brain. 2014;137(Pt 2):565-575. 

9. Politis M, Wilson H, Wu K, Brooks DJ, Piccini P. Chronic exposure to dopamine 

agonists affects the integrity of striatal D2 receptors in parkinson's patients. Neuroimage 

Clin. 2017;16:455-460. 

10. O'Sullivan SS, Wu K, Politis M, et al. Cue-induced striatal dopamine release in 

parkinson's disease-associated impulsive-compulsive behaviours. Brain. 2011;134(Pt 

4):969-978. 

11. Steeves TD, Miyasaki J, Zurowski M, et al. Increased striatal dopamine release in 

parkinsonian patients with pathological gambling: A [11C] raclopride PET study. Brain. 

2009;132(Pt 5):1376-1385. 

12. Wu K, Politis M, O'Sullivan SS, et al. Single versus multiple impulse control 

disorders in parkinson's disease: An (1)(1)C-raclopride positron emission tomography 

study of reward cue-evoked striatal dopamine release. J Neurol. 2015;262(6):1504-

1514. 

13. Pagano G, Ferrara N, Brooks DJ, Pavese N. Age at onset and parkinson disease 

phenotype. Neurology. 2016;86(15):1400-1407. 

25 
 

This article is protected by copyright. All rights reserved.



14. Pagano G, Niccolini F, Fusar-Poli P, Politis M. Serotonin transporter in parkinson's 

disease: A meta-analysis of positron emission tomography studies. Ann Neurol. 

2017;81(2):171-180. 

15. Politis M, Wu K, Loane C, et al. Serotonergic mechanisms responsible for levodopa-

induced dyskinesias in parkinson's disease patients. J Clin Invest. 2014;124(3):1340-

1349. 

16. Lee JY, Seo S, Lee JS, Kim HJ, Kim YK, Jeon BS. Putaminal serotonergic 

innervation: Monitoring dyskinesia risk in parkinson disease. Neurology. 

2015;85(10):853-860. 

17. Roussakis AA, Politis M, Towey D, Piccini P. Serotonin-to-dopamine transporter 

ratios in parkinson disease: Relevance for dyskinesias. Neurology. 2016;86(12):1152-

1158. 

18. Smith R, Wu K, Hart T, et al. The role of pallidal serotonergic function in parkinson's 

disease dyskinesias: A positron emission tomography study. Neurobiol Aging. 

2015;36(4):1736-1742. 

19. Houle S, Ginovart N, Hussey D, Meyer JH, Wilson AA. Imaging the serotonin 

transporter with positron emission tomography: Initial human studies with [11C]DAPP 

and [11C]DASB. Eur J Nucl Med. 2000;27(11):1719-1722. 

26 
 

This article is protected by copyright. All rights reserved.



20. Politis M, Wu K, Loane C, et al. Serotonergic neurons mediate dyskinesia side 

effects in parkinson's patients with neural transplants. Sci Transl Med. 

2010;2(38):38ra46. 

21. Politis M. Dyskinesias after neural transplantation in parkinson's disease: What do 

we know and what is next? BMC Med. 2010;8:80-7015-8-80. 

22. Politis M, Oertel WH, Wu K, et al. Graft-induced dyskinesias in parkinson's disease: 

High striatal serotonin/dopamine transporter ratio. Mov Disord. 2011;26(11):1997-2003. 

23. Qamhawi Z, Towey D, Shah B, et al. Clinical correlates of raphe serotonergic 

dysfunction in early parkinson's disease. Brain. 2015;138(Pt 10):2964-2973. 

24. Pasquini J, Ceravolo R, Qamhawi Z, et al. Progression of tremor in early stages of 

parkinson's disease: A clinical and neuroimaging study. Brain. 2018. 

25. Kalaitzakis ME, Pearce RK. The morbid anatomy of dementia in parkinson's 

disease. Acta Neuropathol. 2009;118(5):587-598. 

26. Williams-Gray CH, Mason SL, Evans JR, et al. The CamPaIGN study of parkinson's 

disease: 10-year outlook in an incident population-based cohort. J Neurol Neurosurg 

Psychiatry. 2013;84(11):1258-1264. 

27 
 

This article is protected by copyright. All rights reserved.



27. Kehagia AA, Barker RA, Robbins TW. Neuropsychological and clinical 

heterogeneity of cognitive impairment and dementia in patients with parkinson's 

disease. Lancet Neurol. 2010;9(12):1200-1213. 

28. Luo CY, Guo XY, Song W, et al. Functional connectome assessed using graph 

theory in drug-naive parkinson's disease. J Neurol. 2015;262(6):1557-1567. 

29. Shimada H, Hirano S, Shinotoh H, et al. Mapping of brain acetylcholinesterase 

alterations in lewy body disease by PET. Neurology. 2009;73(4):273-278. 

30. Weil RS, Schrag AE, Warren JD, Crutch SJ, Lees AJ, Morris HR. Visual dysfunction 

in parkinson's disease. Brain. 2016;139(11):2827-2843. 

31. Gasca-Salas C, Clavero P, Garcia-Garcia D, Obeso JA, Rodriguez-Oroz MC. 

Significance of visual hallucinations and cerebral hypometabolism in the risk of 

dementia in parkinson's disease patients with mild cognitive impairment. Hum Brain 

Mapp. 2016;37(3):968-977. 

32. Berger-Sweeney J. The cholinergic basal forebrain system during development and 

its influence on cognitive processes: Important questions and potential answers. 

Neurosci Biobehav Rev. 2003;27(4):401-411. 

28 
 

This article is protected by copyright. All rights reserved.



33. Colloby SJ, McKeith IG, Burn DJ, Wyper DJ, O'Brien JT, Taylor JP. Cholinergic and 

perfusion brain networks in parkinson disease dementia. Neurology. 2016;87(2):178-

185. 

34. Bohnen NI, Albin RL, Muller ML, et al. Frequency of cholinergic and caudate 

nucleus dopaminergic deficits across the predemented cognitive spectrum of parkinson 

disease and evidence of interaction effects. JAMA Neurol. 2015;72(2):194-200. 

35. Kim K, Bohnen NI, Muller MLTM, Lustig C. Compensatory dopaminergic-cholinergic 

interactions in conflict processing: Evidence from patients with parkinson's disease. 

Neuroimage. 2018. 

36. Demeter E, Sarter M. Leveraging the cortical cholinergic system to enhance 

attention. Neuropharmacology. 2013;64:294-304. 

37. Newman EL, Gupta K, Climer JR, Monaghan CK, Hasselmo ME. Cholinergic 

modulation of cognitive processing: Insights drawn from computational models. Front 

Behav Neurosci. 2012;6:24. 

38. Kim K, Muller MLTM, Bohnen NI, Sarter M, Lustig C. The cortical cholinergic system 

contributes to the top-down control of distraction: Evidence from patients with 

parkinson's disease. Neuroimage. 2017. 

29 
 

This article is protected by copyright. All rights reserved.



39. Kim K, Muller MLTM, Bohnen NI, Sarter M, Lustig C. Thalamic cholinergic 

innervation makes a specific bottom-up contribution to signal detection: Evidence from 

parkinson's disease patients with defined cholinergic losses. Neuroimage. 

2017;149:295-304. 

40. Yogev G, Giladi N, Peretz C, Springer S, Simon ES, Hausdorff JM. Dual tasking, 

gait rhythmicity, and parkinson's disease: Which aspects of gait are attention 

demanding? Eur J Neurosci. 2005;22(5):1248-1256. 

41. Yarnall A, Rochester L, Burn DJ. The interplay of cholinergic function, attention, and 

falls in parkinson's disease. Mov Disord. 2011;26(14):2496-2503. 

42. Bohnen NI, Muller ML, Koeppe RA, et al. History of falls in parkinson disease is 

associated with reduced cholinergic activity. Neurology. 2009;73(20):1670-1676. 

43. Bohnen NI, Muller ML, Kotagal V, et al. Heterogeneity of cholinergic denervation in 

parkinson's disease without dementia. J Cereb Blood Flow Metab. 2012;32(8):1609-

1617. 

44. Bohnen NI, Frey KA, Studenski S, et al. Gait speed in parkinson disease correlates 

with cholinergic degeneration. Neurology. 2013;81(18):1611-1616. 

30 
 

This article is protected by copyright. All rights reserved.



45. Bohnen NI, Frey KA, Studenski S, et al. Extra-nigral pathological conditions are 

common in parkinson's disease with freezing of gait: An in vivo positron emission 

tomography study. Mov Disord. 2014;29(9):1118-1124. 

46. Karachi C, Grabli D, Bernard FA, et al. Cholinergic mesencephalic neurons are 

involved in gait and postural disorders in parkinson disease. J Clin Invest. 

2010;120(8):2745-2754. 

47. Chung KA, Lobb BM, Nutt JG, Horak FB. Effects of a central cholinesterase inhibitor 

on reducing falls in parkinson disease. Neurology. 2010;75(14):1263-1269. 

48. Henderson EJ, Lord SR, Brodie MA, et al. Rivastigmine for gait stability in patients 

with parkinson's disease (ReSPonD): A randomised, double-blind, placebo-controlled, 

phase 2 trial. Lancet Neurol. 2016;15(3):249-258. 

49. Fedorova TD, Seidelin LB, Knudsen K, et al. Decreased intestinal 

acetylcholinesterase in early parkinson disease: An (11)C-donepezil PET study. 

Neurology. 2017;88(8):775-781. 

50. Hossain MA, Weiner N. Dopaminergic functional supersensitivity: Effects of chronic 

L-dopa and carbidopa treatment in an animal model of parkinson's disease. J 

Pharmacol Exp Ther. 1993;267(3):1105-1111. 

31 
 

This article is protected by copyright. All rights reserved.



51. Giorgi M, D'Angelo V, Esposito Z, et al. Lowered cAMP and cGMP signalling in the 

brain during levodopa-induced dyskinesias in hemiparkinsonian rats: New aspects in 

the pathogenetic mechanisms. Eur J Neurosci. 2008;28(5):941-950. 

52. Niccolini F, Foltynie T, Reis Marques T, et al. Loss of phosphodiesterase 10A 

expression is associated with progression and severity in parkinson's disease. Brain. 

2015;138(Pt 10):3003-3015. 

53. Van Laere K, Casteels C, Lunskens S, et al. Regional changes in type 1 

cannabinoid receptor availability in parkinson's disease in vivo. Neurobiol Aging. 

2012;33(3):620.e1-620.e8. 

54. Sommerauer M, Fedorova TD, Hansen AK, et al. Evaluation of the noradrenergic 

system in parkinson's disease: An 11C-MeNER PET and neuromelanin MRI study. 

Brain. 2018;141(2):496-504. 

55. Nahimi A, Sommerauer M, Kinnerup MB, et al. Noradrenergic deficits in parkinson 

disease imaged with (11)C-MeNER. J Nucl Med. 2018;59(4):659-664. 

56. Coakeley S, Cho SS, Koshimori Y, et al. Positron emission tomography imaging of 

tau pathology in progressive supranuclear palsy. J Cereb Blood Flow Metab. 

2016:271678X16683695. 

32 
 

This article is protected by copyright. All rights reserved.



57. Coakeley S, Cho SS, Koshimori Y, et al. 18F]AV-1451 binding to neuromelanin in 

the substantia nigra in PD and PSP. Brain Struct Funct. 2017. 

58. Hansen AK, Knudsen K, Lillethorup TP, et al. In vivo imaging of neuromelanin in 

parkinson's disease using 18F-AV-1451 PET. Brain. 2016;139(Pt 7):2039-2049. 

59. Hammes J, Bischof GN, Giehl K, et al. Elevated in vivo [18F]-AV-1451 uptake in a 

patient with progressive supranuclear palsy. Mov Disord. 2017;32(1):170-171. 

60. Kikuchi A, Okamura N, Hasegawa T, et al. In vivo visualization of tau deposits in 

corticobasal syndrome by 18F-THK5351 PET. Neurology. 2016;87(22):2309-2316. 

61. Passamonti L, Vazquez Rodriguez P, Hong YT, et al. 18F-AV-1451 positron 

emission tomography in alzheimer's disease and progressive supranuclear palsy. Brain. 

2017;140(3):781-791. 

62. Whitwell JL, Lowe VJ, Tosakulwong N, et al. (18) F]AV-1451 tau positron emission 

tomography in progressive supranuclear palsy. Mov Disord. 2017;32(1):124-133. 

63. Schweyer K, Busche MA, Hammes J, et al. Pearls & oy-sters: Ocular motor apraxia 

as essential differential diagnosis to supranuclear gaze palsy: Eyes up. Neurology. 

2018;90(10):482-485. 

33 
 

This article is protected by copyright. All rights reserved.



64. van Eimeren T, Bischof GN, Drzezga A. Is tau imaging more than just upside-down 

(18)F-FDG imaging? J Nucl Med. 2017;58(9):1357-1359. 

65. Petrou M, Bohnen NI, Muller ML, Koeppe RA, Albin RL, Frey KA. Abeta-amyloid 

deposition in patients with parkinson disease at risk for development of dementia. 

Neurology. 2012;79(11):1161-1167. 

66. Shah N, Frey KA, Muller ML, et al. Striatal and cortical beta-amyloidopathy and 

cognition in parkinson's disease. Mov Disord. 2016;31(1):111-117. 

67. Foster ER, Campbell MC, Burack MA, et al. Amyloid imaging of lewy body-

associated disorders. Mov Disord. 2010;25(15):2516-2523. 

68. Kotzbauer PT, Cairns NJ, Campbell MC, et al. Pathologic accumulation of alpha-

synuclein and abeta in parkinson disease patients with dementia. Arch Neurol. 

2012;69(10):1326-1331. 

69. Campbell MC, Markham J, Flores H, et al. Principal component analysis of PiB 

distribution in parkinson and alzheimer diseases. Neurology. 2013;81(6):520-527. 

70. Koshimori Y, Ko JH, Mizrahi R, et al. Imaging striatal microglial activation in patients 

with parkinson's disease. PLoS One. 2015;10(9):e0138721. 

34 
 

This article is protected by copyright. All rights reserved.



71. Ghadery C, Koshimori Y, Coakeley S, et al. Microglial activation in parkinson's 

disease using [18F]-FEPPA. J Neuroinflammation. 2017;14(1):8-016-0778-1. 

72. Ghadery C, Koshimori Y, Kim J, et al. Interactions between amyloid-β and microglial 

activation in parkinson’s disease. abstract. Inter Mov Dis Soc, Vancouver, 2017.  

73. Mizrahi R, Rusjan PM, Kennedy J, et al. Translocator protein (18 kDa) 

polymorphism (rs6971) explains in-vivo brain binding affinity of the PET radioligand 

[(18)F]-FEPPA. J Cereb Blood Flow Metab. 2012;32(6):968-972. 

74. Stokholm MG, Iranzo A, Ostergaard K, et al. Assessment of neuroinflammation in 

patients with idiopathic rapid-eye-movement sleep behaviour disorder: A case-control 

study. Lancet Neurol. 2017;16(10):789-796. 

75. Stokholm MG, Iranzo A, Ostergaard K, et al. Extrastriatal monoaminergic 

dysfunction and enhanced microglial activation in idiopathic rapid eye movement sleep 

behaviour disorder. Neurobiol Dis. 2018;115:9-16. 

76. Hellwig S, Amtage F, Kreft A, et al. (1)(8)F]FDG-PET is superior to [(1)(2)(3)I]IBZM-

SPECT for the differential diagnosis of parkinsonism. Neurology. 2012;79(13):1314-

1322. 

35 
 

This article is protected by copyright. All rights reserved.



77. Granert O, Drzezga AE, Boecker H, et al. Metabolic topology of neurodegenerative 

disorders: Influence of cognitive and motor deficits. J Nucl Med. 2015;56(12):1916-

1921. 

78. Cho SS, Aminian K, Li C, Lang AE, Houle S, Strafella AP. Fatigue in parkinson's 

disease: The contribution of cerebral metabolic changes. Hum Brain Mapp. 

2017;38(1):283-292. 

79. Tahmasian M, Rochhausen L, Maier F, et al. Impulsivity is associated with 

increased metabolism in the fronto-insular network in parkinson's disease. Front Behav 

Neurosci. 2015;9:317. 

80. Schwartz F, Tahmasian M, Maier F, et al. Overlapping and distinct neural metabolic 

patterns related to impulsivity and hypomania in parkinson's disease. Brain Imaging 

Behav. 2018. 

81. van Eimeren T, Pellecchia G, Cilia R, et al. Drug-induced deactivation of inhibitory 

networks predicts pathological gambling in PD. Neurology. 2010;75(19):1711-1716. 

82. Christopher L, Koshimori Y, Lang AE, Criaud M, Strafella AP. Uncovering the role of 

the insula in non-motor symptoms of parkinson's disease. Brain. 2014;137(Pt 8):2143-

2154. 

36 
 

This article is protected by copyright. All rights reserved.



83. Tang CC, Eidelberg D. Abnormal metabolic brain networks in parkinson's disease 

from blackboard to bedside. Prog Brain Res. 2010;184:161-176. 

84. Ko JH, Lerner RP, Eidelberg D. Effects of levodopa on regional cerebral metabolism 

and blood flow. Mov Disord. 2015;30(1):54-63. 

85. Schindlbeck KA, Eidelberg D. Network imaging biomarkers: Insights and clinical 

applications in parkinson's disease. Lancet Neurol. 2018;17(7):629-640. 

86. Ofori E, Pasternak O, Planetta PJ, et al. Increased free water in the substantia nigra 

of parkinson's disease: A single-site and multi-site study. Neurobiol Aging. 

2015;36(2):1097-1104. 

87. Fearnley JM, Lees AJ. Ageing and parkinson's disease: Substantia nigra regional 

selectivity. Brain. 1991;114 ( Pt 5)(Pt 5):2283-2301. 

88. Kordower JH, Olanow CW, Dodiya HB, et al. Disease duration and the integrity of 

the nigrostriatal system in parkinson's disease. Brain. 2013;136(Pt 8):2419-2431. 

89. Planetta PJ, Ofori E, Pasternak O, et al. Free-water imaging in parkinson's disease 

and atypical parkinsonism. Brain. 2016;139(Pt 2):495-508. 

90. Ofori E, Pasternak O, Planetta PJ, et al. Longitudinal changes in free-water within 

the substantia nigra of parkinson's disease. Brain. 2015;138(Pt 8):2322-2331. 

37 
 

This article is protected by copyright. All rights reserved.



91. Burciu RG, Ofori E, Archer DB, et al. Progression marker of parkinson's disease: A 

4-year multi-site imaging study. Brain. 2017;140(8):2183-2192. 

92. Burciu RG, Ofori E, Shukla P, et al. Distinct patterns of brain activity in progressive 

supranuclear palsy and parkinson's disease. Mov Disord. 2015;30(9):1248-1258. 

93. Planetta PJ, Kurani AS, Shukla P, et al. Distinct functional and macrostructural brain 

changes in parkinson's disease and multiple system atrophy. Hum Brain Mapp. 

2015;36(3):1165-1179. 

94. Spraker MB, Prodoehl J, Corcos DM, Comella CL, Vaillancourt DE. Basal ganglia 

hypoactivity during grip force in drug naive parkinson's disease. Hum Brain Mapp. 

2010;31(12):1928-1941. 

95. Burciu RG, Chung JW, Shukla P, et al. Functional MRI of disease progression in 

parkinson disease and atypical parkinsonian syndromes. Neurology. 2016;87(7):709-

717. 

96. Kim J, Criaud M, Cho S, et al. Abnormal intrinsic brain functional network dynamics 

in parkinson’s disease. Brain : a journal of neurology. 2017;accepted. 

97. Ehgoetz Martens KA, Hall JM, Georgiades MJ, et al. The functional network 

signature of heterogeneity in freezing of gait. Brain. 2018;141(4):1145-1160. 

38 
 

This article is protected by copyright. All rights reserved.



98. Goetz CG, Vaughan CL, Goldman JG, Stebbins GT. I finally see what you see: 

Parkinson's disease visual hallucinations captured with functional neuroimaging. Mov 

Disord. 2014;29(1):115-117. 

99. Shine JM, Halliday GH, Carlos M, Naismith SL, Lewis SJ. Investigating visual 

misperceptions in parkinson's disease: A novel behavioral paradigm. Mov Disord. 

2012;27(4):500-505. 

100. Shine JM, Halliday GM, Gilat M, et al. The role of dysfunctional attentional control 

networks in visual misperceptions in parkinson's disease. Hum Brain Mapp. 

2014;35(5):2206-2219. 

101. Shine JM, Muller AJ, O'Callaghan C, Hornberger M, Halliday GM, Lewis SJ. 

Abnormal connectivity between the default mode and the visual system underlies the 

manifestation of visual hallucinations in parkinson's disease: A task-based fMRI study. 

NPJ Parkinsons Dis. 2015;1:15003. 

102. Shine JM, O'Callaghan C, Halliday GM, Lewis SJ. Tricks of the mind: Visual 

hallucinations as disorders of attention. Prog Neurobiol. 2014;116:58-65. 

103. Tahmasian M, Eickhoff SB, Giehl K, et al. Resting-state functional reorganization in 

parkinson's disease: An activation likelihood estimation meta-analysis. Cortex. 

2017;92:119-138. 

39 
 

This article is protected by copyright. All rights reserved.



104. Tahmasian M, Bettray LM, van Eimeren T, et al. A systematic review on the 

applications of resting-state fMRI in parkinson's disease: Does dopamine replacement 

therapy play a role? Cortex. 2015;73:80-105. 

105. Tessitore A, Giordano A, De Micco R, Russo A, Tedeschi G. Sensorimotor 

connectivity in parkinson's disease: The role of functional neuroimaging. Front Neurol. 

2014;5:180. 

106. Tahmasian M, Bettray LM, van Eimeren T, et al. A systematic review on the 

applications of resting-state fMRI in parkinson's disease: Does dopamine replacement 

therapy play a role? Cortex. 2015;73:80-105. 

107. Esposito F, Tessitore A, Giordano A, et al. Rhythm-specific modulation of the 

sensorimotor network in drug-naive patients with parkinson's disease by levodopa. 

Brain. 2013;136(Pt 3):710-725. 

108. Helmich RC, Thaler A, van Nuenen BF, et al. Reorganization of corticostriatal 

circuits in healthy G2019S LRRK2 carriers. Neurology. 2015;84(4):399-406. 

109. Vilas D, Segura B, Baggio HC, et al. Nigral and striatal connectivity alterations in 

asymptomatic LRRK2 mutation carriers: A magnetic resonance imaging study. Mov 

Disord. 2016;31(12):1820-1828. 

40 
 

This article is protected by copyright. All rights reserved.



110. Agosta F, Pievani M, Geroldi C, Copetti M, Frisoni GB, Filippi M. Resting state 

fMRI in alzheimer's disease: Beyond the default mode network. Neurobiol Aging. 

2012;33(8):1564-1578. 

111. Rocca MA, Valsasina P, Absinta M, et al. Default-mode network dysfunction and 

cognitive impairment in progressive MS. Neurology. 2010;74(16):1252-1259. 

112. Tedeschi G, Trojsi F, Tessitore A, et al. Interaction between aging and 

neurodegeneration in amyotrophic lateral sclerosis. Neurobiol Aging. 2012;33(5):886-

898. 

113. Krajcovicova L, Mikl M, Marecek R, Rektorova I. The default mode network 

integrity in patients with parkinson's disease is levodopa equivalent dose-dependent. J 

Neural Transm (Vienna). 2012;119(4):443-454. 

114. van Eimeren T, Monchi O, Ballanger B, Strafella AP. Dysfunction of the default 

mode network in parkinson disease: A functional magnetic resonance imaging study. 

Arch Neurol. 2009;66(7):877-883. 

115. Baggio HC, Segura B, Sala-Llonch R, et al. Cognitive impairment and resting-state 

network connectivity in parkinson's disease. Hum Brain Mapp. 2015;36(1):199-212. 

41 
 

This article is protected by copyright. All rights reserved.



116. Tessitore A, Esposito F, Vitale C, et al. Default-mode network connectivity in 

cognitively unimpaired patients with parkinson disease. Neurology. 2012;79(23):2226-

2232. 

117. Amboni M, Tessitore A, Esposito F, et al. Resting-state functional connectivity 

associated with mild cognitive impairment in parkinson's disease. J Neurol. 

2015;262(2):425-434. 

118. Shinotoh H, Tessitore A. Resting-state fMRI sheds light on neural substrates of 

cognitive decline in parkinson disease. Neurology. 2014;83(22):2000-2001. 

119. Dosenbach NU, Visscher KM, Palmer ED, et al. A core system for the 

implementation of task sets. Neuron. 2006;50(5):799-812. 

120. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The 

human brain is intrinsically organized into dynamic, anticorrelated functional networks. 

Proc Natl Acad Sci U S A. 2005;102(27):9673-9678. 

121. Greicius MD, Flores BH, Menon V, et al. Resting-state functional connectivity in 

major depression: Abnormally increased contributions from subgenual cingulate cortex 

and thalamus. Biol Psychiatry. 2007;62(5):429-437. 

42 
 

This article is protected by copyright. All rights reserved.



122. Menon V. Large-scale brain networks and psychopathology: A unifying triple 

network model. Trends Cogn Sci. 2011;15(10):483-506. 

123. Sridharan D, Levitin DJ, Menon V. A critical role for the right fronto-insular cortex in 

switching between central-executive and default-mode networks. Proc Natl Acad Sci U 

S A. 2008;105(34):12569-12574. 

124. Tessitore A, Santangelo G, De Micco R, et al. Resting-state brain networks in 

patients with parkinson's disease and impulse control disorders. Cortex. 2017;94:63-72. 

125. Tessitore A, De Micco R, Giordano A, et al. Intrinsic brain connectivity predicts 

impulse control disorders in patients with parkinson's disease. Mov Disord. 

2017;32(12):1710-1719. 

126. Koshimori Y, Cho SS, Criaud M, et al. Disrupted nodal and hub organization 

account for brain network abnormalities in parkinson's disease. Front Aging Neurosci. 

2016;8:259. 

127. Blazejewska AI, Schwarz ST, Pitiot A, et al. Visualization of nigrosome 1 and its 

loss in PD: Pathoanatomical correlation and in vivo 7 T MRI. Neurology. 

2013;81(6):534-540. 

43 
 

This article is protected by copyright. All rights reserved.



128. Mahlknecht P, Krismer F, Poewe W, Seppi K. Meta-analysis of dorsolateral nigral 

hyperintensity on magnetic resonance imaging as a marker for parkinson's disease. 

Mov Disord. 2017;32(4):619-623. 

129. De Marzi R, Seppi K, Hogl B, et al. Loss of dorsolateral nigral hyperintensity on 3.0 

tesla susceptibility-weighted imaging in idiopathic rapid eye movement sleep behavior 

disorder. Ann Neurol. 2016;79(6):1026-1030. 

130. Politis M. Neuroimaging in parkinson disease: From research setting to clinical 

practice. Nat Rev Neurol. 2014;10(12):708-722. 

  

44 
 

This article is protected by copyright. All rights reserved.




