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Abstract: Magnetic resonance imaging (MRI) has the potential to serve as a biomarker for Parkinson’s
disease (PD). However, the type or types of biomarker it could provide remain to be determined.
At this time there is not sufficient sensitivity or specificity for MRI to serve as an early diagnostic
biomarker, i.e., it is unproven in its ability to determine if a single individual is normal, has mild PD,
or has some other forms of degenerative parkinsonism. However there is accumulating evidence
that MRI may be useful in staging and monitoring disease progression (staging biomarker), and
also possibly as a means to monitor pathophysiological aspects of disease and associated response
to treatments, i.e., theranostic marker. As there are increasing numbers of manuscripts that are
dedicated to diffusion- and neuromelanin-based imaging methods, this review will focus on these
topics cursorily and will delve into pharmacodynamic imaging as a means to get at theranostic
aspects of PD.

Keywords: diffusion tensor imaging (DTI); fractional anisotropy (FA); functional MRI (fMRI); magnetic
resonance imaging (MRI); magnetic resonance spectroscopy (MRS); neuromelanin; pharmacodynamic
MRI (phMRI); resting state-fMRI (rs-fMRI); theranostics; voxel-based morphometry (VBM)

1. Background on Parkinson’s Disease (PD)

Parkinson’s disease (PD) is a neurodegenerative disorder which is associated with the
accumulation of abnormally folded alpha-synuclein (a-syn) protein [1]. It has been hypothesized that
PD progresses via prion-like spread of a-syn, which may follow highly connected fiber pathways
that constitute a default mode network [1]. However, despite a-syn aggregation and development
of Lewy pathology these changes are not always associated with neuronal loss, i.e., Lewy pathology
and neuronal loss do not always overlap [2]. Thus, neuronal loss may be due to factors other than
abnormal a-syn accumulation such as specific cellular susceptibilities [2,3]. Additionally, another
crucial aspect is that neuronal dysfunction without cell loss may underlie many clinical features of
PD. Thus, because neuronal loss, gliosis, Lewy pathology and neuronal dysfunction are some of the
factors playing a role in the manifestations of PD, it is unlikely a single imaging method will diagnose,
prognose, and stage PD.

2. Imaging and PD

Presently there is no reliable positron emission tomography (PET) radioligand that is able to label
intracellular a-syn in vivo in humans. Since there are many different forms of a-syn, e.g., monomers,
dimers, oligomers, amyloid fibrils, etc., it would be important to determine what form of a-syn is
labeled in order to understand how it relates to the pathogenesis of PD and to cell-specific susceptibility
factors [2]. Meanwhile present imaging methods are unable to provide confirmation of subcellular
pathogenic mechanisms of disease such as ER stress and oxidative stress. Nonetheless, non-invasive
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imaging methods may indirectly ascertain relevant aspects of pathogenesis by evaluating iron (which
is a pro-oxidant leading to oxidative stress) and bioenergetic changes that relate to mitochondrial
dysfunction [4,5]. Additionally, magnetic resonance imaging (MRI) can provide evidence of structural
changes that occur as a result of the loss of dopamine neurons in the substantia nigra, alterations
in myelinated fibers and gliotic changes, as well as the loss of non-dopaminergic neurons in other
brain regions. Therefore, MRI methods that are sensitive to detect these tissue changes may prove
useful as a biomarker. Additionally, improved resolution with enhanced signal-to-noise (SNR) can
be achieved with a higher magnetic field strength, e.g., 7 Tesla (T) having enhanced SNR over 3T
MRI imaging [6,7]. Because of its ready availability and non-invasive nature, many have utilized 3T
structural MRI methods in their pursuit of developing a biomarker for PD; but, it is expected that with
the increasing number of centers acquiring 7T platforms, there will be more data from studies with
this higher field.

To date, researchers have shown the discriminative powers of MRI in separating PD from controls
by assessing myelin structure, free water, iron, fiber pathways, or an assortment of other aspects of
diseased tissues that define PD [8-10]. With atrophy, there is an increase in perivascular space that may
allow for a novel imaging approach [11]. Nonetheless, additional work is needed to show if structural
MRI is able to diagnose PD in early stages, rather than when the disease is advanced and clinically
definable from healthy controls. While this research has been primarily cross-sectional and requires
a large number of subjects to show statistically significant differences, there has been some progress
with the use of machine learning which may aid in the process to show cohort differences [12]. As well,
longitudinal data has showed the feasibility of these methods to provide readout about “static” or
slowly evolving changes that suggest the potential of MRI to monitor disease progression [5,13-21].
Another goal in developing an imaging biomarker would be to stage the disease in a variety of motor
and non-motor domains, as well as to predict the future (prognosticate). To the former, longitudinal
studies are beginning to better define the disease.

Meanwhile, there has been some success in developing functional and neurochemical imaging
approaches that may provide diagnostic abilities, as well as insight into evaluating treatment responses.
This latter field constitutes pharmacological or pharmacodynamic imaging, e.g., pharmacological MRI
or phMRI. Additional studies of these “dynamic” functional and “static” structural methods need
to be done, as well as a determination of how they relate to one another. Specifically, some of these
methods may be better in their ability to diagnose, stage, prognose, track, and evaluate responses to
treatment, making it likely that a multi-modality imaging approach will be needed. This review will
cover some insights into structural MRI biomarker research, but, will primarily focus on functional,
particularly pharmacodynamic, MRI approaches.

3. Structural Imaging

One way to consider structural imaging for PD is its ability to detect atrophy that occurs with
the loss of neurons, axons, and large terminal arbors, along with gliosis, changes in myelinated fibers,
iron deposition, and functional changes. When assessing for brain atrophy, many utilize T1-weighted
segmented grey matter imaging data, which is analyzed using voxel-based morphometry (VBM)
techniques. Atrophy ultimately occurs in PD; however, in previous studies of those with mild PD it
has been controversial as to whether there is atrophy, no change or an increase in brain volume [22].
Detectable atrophy is more easily demonstrated in those with PD and mild cognitive impairment
(MCI), or PD and dementia [22-24]. Specifically in these cohorts, researchers have shown atrophy in
the basal ganglia, amygdala, hippocampus, parahippocampal gyrus, inferior/middle/frontal temporal
gyrus, parietal and occipital lobes [22-26].

Meanwhile, others have employed a Tl-weighted sequence that utilizes its sensitivity to
neuromelanin to examine structures that have high neuromelanin content such as the substantia
nigra and locus ceruleus [27]. Neuromelanin, which can bind iron, is altered in PD and thereby may
provide a potential diagnostic test [28—40].
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This review will also cover iron based imaging [41]. While iron deposition increases with aging,
there are greater amounts of iron deposition in PD individuals, as compared to unaffected age-matched
individuals. This has led to discussion as to whether iron is pathogenic or merely a marker of disease.
Additionally, iron can be free or bound, and it may reside in neurons or glia. Increasing amounts
of evidence support the role of iron-based imaging methods as providing a marker of neuronal loss.
These findings may correlate with the clinical features of PD, but it remains to be determined if
iron-based imaging methods are staging biomarkers [16,42,43]. Additionally, there is great interest in
using iron-based imaging as a means to track experimental iron chelation treatment in people with PD,
which is being administered in the hopes of altering the course of disease [44,45]. While researchers
and patients await the results of a phase III clinical trial of the iron chelator deferiprone, iron-based
imaging remains a solid but secondary structural imaging method. Other iron-based imaging methods,
such as phase contrast data from susceptibility-weighted imaging (SWI), and quantitative susceptibility
mapping (QSM) also demonstrate promise as staging biomarkers [46—49].

Another way to evaluate structure is to use diffusion tensor imaging (DTI). DTI is in a vast
number of PD imaging manuscripts, including a 2008 study from our institution that showed structural
changes in cognitively-normal PD subjects [50]. Recent reviews outline the presence of changes in
early PD subjects, and the association between changes in fractional anisotropy (FA) and motor
severity [19,51-54]. The review by Hall et al. delves into the search for DTI correlates to motor,
cognitive, mood and other features such as hallucinations/psychosis, rapid eye movement sleep
behavior disorder (RBD), and autonomic dysfunction in people with PD [54]. These authors highlighted
the challenges whereby different DTI MRI methodologies are employed at different centers, as well as
the need for a large cohort of mildly affected subjects to demonstrate structural changes in early PD.

To answer this need, McGill University researchers used a standardized data set of 232 PD and
117 control subjects from the 3T MRI Parkinson’s Progression Markers Initiative (PPMI) to identify
brain atrophy in early PD [55]. Using deformation-based morphometry (DBM) and tensor probabilistic
independent component analysis (ICA), Zeighami et al. demonstrated atrophy affecting all components
of the basal ganglia, the pedunculopontine nucleus, basal forebrain, an area containing the nucleus
basalis of Meynert, the hypothalamus, amygdala, hippocampus, parahippocampal gyrus, and two
thalamic regions in PD subjects [55]. As there were changes in numerous hub regions, these findings
are in keeping with the hypothesis of PD spreading through connected structures. However, MRI is
not able to specify the pathological substrate underlying imaging changes, i.e., is there neuronal loss
and/or a-syn related Lewy pathology? The “atrophy” may actually be related to massive losses of
arbors and axons rather than drop-out of cell bodies. MRI-pathological correlation studies in humans
and animal models are needed to address this issue. As well, in the future concomitant a-syn PET
imaging with MRI may help clarify the evolution of disease. Nonetheless, ongoing monitoring of these
PPMI subjects with MRI will help determine the utility of imaging methods to provide a longitudinal
marker of motor and non-motor features of disease. Meanwhile, research funding is aiding in the
development of higher MRI field platforms with more sensitive MRI methods in order to reduce the
needed number of subjects in studies, and to enhance our understanding of pathological substrates.

Another imaging approach is magnetization transfer imaging (MTI) which focuses on exchange of
magnetization between mobile and immobile restricted protons, and therefore, looks at magnetization
between water and structures such as myelin or lipids in membranes [56]. MTI traditionally refers
to magnetization transfer ratios (MTRs) rather than absolute quantitative measurements, the latter
of which we and others have been developing [57]. MTI overall can provide information about
neurodegeneration, as there are an assortment of pathological processes that may reduce the imaging
signal [56].

4. Perfusion Imaging and Pharmacodynamic (Pharmacologic) Imaging

Phamacodynamic imaging can be used to evaluate drug effects, as well as appreciating clinical
features of PD. Both MRI and PET imaging have implemented this approach in PD [5,58]. Traditionally
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18F-fluorodopa (Fdopa) radiotracer administration with PET imaging has been employed to evaluate
the integrity of the dopaminergic system, and when combined with raclopride (post-synaptic
dopamine receptor radiotracer), it is possible to look at dopamine release in response to a variety
of tasks [10]. Meanwhile, other PET methods use 1°?O-H,O to look at cerebral blood flow (CBF) or
I8F-fluorodeoxyglucose (FDG) to assess brain metabolism. PET imaging has been used to evaluate
PD subjects off and on symptomatic PD medications, and at rest or during a task, e.g., joy stick motor
task [10]. Resting metabolic changes have been noted in PD using FDG PET methods whereby there
is a pattern of reduction, i.e., PD-related pattern (PDRP) in the globus pallidus, putamen, thalamus,
premotor and supplementary motor areas [59]. This may be due to functional changes, i.e., neuronal
dysfunction rather than neuronal atrophy [59]. Another important FDG PET scan study showed
changes in the primary visual cortex, which has relevance for metabolic MRI studies discussed
below [60]. Additionally, researchers have demonstrated regional CBF (rCBF) changes in PD subjects
in response to an oral levodopa challenge [61-63]. Building upon the understanding of dopamine as
it relates to blood flow, researchers have used this paradigm to assess PD phenotypes. Specifically,
researchers evaluated for functional differences in PD subjects who experience mood effects from
orally administered levodopa, in comparison to a PD cohort of similar disease severity who did
not have such mood alterations [64]. Using rCBF PET methods, they demonstrated changes in the
medial frontal gyrus and posterior cingulate cortex (PCC), which presumably was related to abnormal
dopaminergic modulation from caudate, anterior cingulate cortex or orbito-frontal cortex in those with
PD and mood fluctuations. These findings may help in defining and managing clinical differences
in patients. Another group demonstrated differences in connectivity between tremor-dominant
from akinetic-rigid subtypes of PD using an on and off medication functional MRI (fMRI) tapping
task [65]. While pharmacodynamic studies using oral levodopa can be done, there may be a delay in
onset of action from this route of administration as well as variable bioavailability. A recent review
demonstrating the use of intravenous (i.v.) levodopa in research suggests its viability as a safe, rapid
acting, and potentially more reliable means to probe into pharmacodynamic effects using MRI or
PET [66]. Thus, it is expected that pharmacodynamic studies using i.v. or inhaled levodopa (CVT-301)
may help determine if this approach can be used as a diagnostic or staging biomarker.

In regards to pharmacological MRI methods, there are two commonly employed options: blood
oxygen level dependent (BOLD) signal changes and arterial spin labeling (ASL).

5. BOLD

BOLD relies on the change in measurements of the amounts of oxyhemoglobin and deoxyhemoglobin
in brain regions, which vary with neuronal activity [22]. BOLD changes can be ascertained when a
subject is at rest, while performing a task, or to determine a therapeutic effect. Rodent and non-human
primate PD models have been studied and have altered BOLD responses to medications, including the
dopamine agonist apomorphine as compared to control animals [67-73]. Use of BOLD in people with
PD is summarized in recent review articles [74,75], including work to evaluate treatment responses in
people with PD [76-82]. A study by Mohl et al. 2017 used BOLD response to better understand the basal
ganglia subcircuits in the postural instability /gait disorder- as opposed to tremor dominant-subtypes
of PD [65].

Recently researchers have been focused on assessing for temporal correlations between BOLD
from different brain regions, i.e., functional connectivity when subjects are at rest (resting state fMRI or
rsfMRI) [74,75]. Using rsfMRI it is possible to evaluate PD and other synucleinopathies such as Lewy
body dementia and idiopathic REM sleep disorder and to separate affected subjects from controls or
other neurologic conditions [79,83-100]. Researchers have also focused on how functional connectivity
changes in response to treatments, and how they relate to features of PD [86,87,101-104]. Typically,
rsfMRI PD studies need to be done when subjects are off their usual antiparkinsonian medication in
order to demonstrate differences between those with PD from healthy controls—and resumption of
antiparkinsonian medications normalizes resting state abnormalities in PD [93]. Nonetheless, some
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researchers have found another functional imaging method, termed arterial spinal labeling (ASL),
provides a more stable signal than BOLD [101].

6. ASL

ASL is an fMRI method that can provide insight into regional blood flow without the need
for a nuclear radiotracer such as >O-H,0O, which is used with PET imaging [101,105]. Thus, ASL
methods have been increasingly employed in evaluating psychoactive drugs such as ketamine,
risperidone, lamotrigine, citalopram and amphetamine [101]. In PD, researchers have used
perfusion-weighted dynamic susceptibility methods to measure rCBF changes with apomorphine
administration in PD subjects [106]. There also have been an assortment of ASL studies in PD which
have demonstrated blood flow changes such as a reduction in parieto-occipital and dorsolateral
prefrontal perfusion [106-111]. One group showed correlations between regions where there were ASL
perfusion changes with alterations in glucose metabolism using FDG PET on the same subjects; thereby
validating ASL as a potential tool in PD research [111]. Using ASL investigators demonstrated a
reduction in thalamic perfusion in PD subjects who were administered the symptomatic dopaminergic
agent adenosine a2a antagonist syn115 (tozadenant) [112]. These ASL findings support the putative
mechanism of action of this drug as well as assist in determining dosing or understanding its efficacy
in patients [112]. Meanwhile, others have focused on ASL as a means to stage PD with a loss
of a caudate perfusion laterality index in more advanced patients [113]. As part of the National
Institute of Neurological Disorders and Stroke (NINDS) Morris K. Udall Parkinson’s Disease Research
Centers of Excellence, one group has shown a correlation between rCBF and cortical thickness in a
cognitively intact PD cohort providing a functional (ASL) and structural correlation of two different
MRI methods that may be useful as surrogates for cognitive function [110]. The goal of understanding
cognitive impairment with ASL methods was outlined in a prior study that showed, while there are
typical cognitive differences between PD and Alzheimer’s disease, there are posterior ASL functional
network similarities between these two conditions that support the idea of shared pathophysiological
mechanisms [114]. In summary, given the seemingly greater reliability of ASL methods over BOLD,
it is expected that there will be additional studies using these methods including pharmacodynamic
studies in PD utilizing symptomatic treatments [101].

7. Neurochemical and Metabolic Imaging

Magnetic resonance spectroscopy (MRS) provides information about neurochemistry with (*H)
proton and bioenergetics with phosphorus (' P) imaging. Our initial 4T 'H MRS study showed reliable
neurochemical profiles in the substantia nigra (SN), but did not demonstrate the expected finding of a
reduction in the antioxidant glutathione (GSH) in PD subjects as compared to controls [115]. The small
size (2.2 milliliter, mL) of the SN region of interest (ROI) as well as the presence of iron and other
factors, makes it difficult to know if there is selective nigral GSH reduction [115]. Our interest in GSH
led to additional 'H-MRS work, where we utilized 8 mL occipital ROIs to measure GSH concentrations
in two pharmacodynamic studies of the GSH precursor N-acetylcysteine (NAC): (1) a single (i.v.)
dose study; and (2) a repeated oral dose trial [116,117]. The i.v. NAC study showed initial blood
(200%-1000%) and then brain (~30%) increases in GSH concentrations [116]. Our 4 week daily oral
NAC dose study in PD and control subjects showed blood antioxidant parameter increases (though
10-fold lower than the increases seen in the i.v. study), and trends, but not statistically significant, brain
GSH increases [117]. The goal of the oral NAC study was to help determine dosing for a longer oral
NAC clinical trial planned by colleagues at the University of California at San Francisco. However, our
brain data did not assist us in creating useful dosing models. Finally, Mischley et al. has conducted
an important study to evaluate the effect of intranasal administration of GSH on brain GSH levels as
measured with 'H-MRS [118]. Their work shows promising findings, but is fraught with the challenges
of placebo effects, and it remains unclear if the profound increases in brain GSH demonstrated are
valid [118]. A second important finding we have discovered with 'H-MRS has been the ability to
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demonstrate changes in the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) in the
pons and striatum in PD, which probably relates to the manifestations (pathophysiology) of PD when
subjects are off symptomatic medication [119]. It is expected that further 'H-MRS studies may explore
the relationship of symptomatic PD medications on GABA, the relationship of GABA to disease
symptomatology, and if GABA could be a staging biomarker, i.e., has a relationship to disease severity
allowing for its use to track disease progression [119].

The second MRS method to be discussed is 3! P-MRS, which provides bioenergetic information
that could be used to monitor disease-modifying treatments. This review will outline the potential
of 3'P-MRS as it relates to an antioxidant clinical trial we are conducting. As it is well known
that oxidative stress and mitochondrial impairments, with reductions in adenosine triphosphate
(ATP), are thought to play a role in the pathogenesis of PD, many antioxidant treatments have been
studied for their purported neuroprotective value for PD [120]. However, these trials have been
unsuccessful. Thus, researchers have focused on creating models of disease that allow for greater
insights into PD, as well as provide a platform to screen for newer treatments and evaluate their
mechanism of action. Bandmann et al. has created genetic parkinsonian mutation fibroblast cell
lines—one with a parkin and the other with a LRRK2 mutation—in order to screen for potential
disease modifying therapies [121,122]. From these models, which have mitochondrial impairments
and associated reduction in ATP, they found that the naturally occurring bile acid and Food and Drug
Administration (F.D.A) approved medication ursodeoxycholic acid (UDCA, Actigal®) was able to
rescue mitochondprial function and restored ATP levels to “normal” [121,122]. Given this promising
data, as well as expertise at our institution in conducting a clinical trial of UDCA in a small cohort
of patients with amyotrophic lateral sclerosis (ALS), we began to explore our ability to measure
ATP with 3'P-MRS and to look at the effects of UDCA on our measurements [123]. Meanwhile,
others have conducted 3T 3'P-MRS studies and have demonstrated a greater reduction in ATP and
high energy phosphate in men than women with mild-moderately advanced PD, but did not find
significant changes in a cohort of mildly affected PD subjects as compared to controls [124,125].
Our MRI group at the Center for Magnetic Resonance Research (CMRR) has demonstrated the
viability of ultra-high field (7T) 3! P-MRS methods to obtain reliable quantitative measurements of ATP,
phosphocreatine, phosphoethanolamine, inorganic phosphate, glycerophosphocholine, and ratios of
oxidized to reduced forms of nicotinamide adenine dinucleotide (NAD+ and NADH, respectively—the
ratio NAD+/NADH representing the intracellular redox state) [5]. In our preliminary work using an
8 mL occipital lobe ROI, we showed lower cerebral ATP and NAD contents and altered NAD
redox state, greater acidity, and reductions in precursors for phospholipid metabolism in PD
subjects compared with controls [5,126]. Another important advancement that we have made is
the development of an approach that can evaluate enzymatic activity of ATPase, which may be more
dynamic and sensitive than absolute measurements of ATP itself [127]. We have now begun studies to
evaluate two cortical ROIs simultaneously (frontal and occipital) to determine if both brain regions
manifest ATP deficits, and if there are compensatory changes in ATPase. It is possible that these
extra-nigral regions are feed-forward based with independent oxidative phosphorylation without
regard to ATP levels [2]. These methods we have developed will be implemented in evaluating
for pharmacodynamic effects of UDCA on bioenergetics in a small open-label high dose trial of PD
subjects [121,123]. With this platform, it may be feasible to monitor bioenergetic impairments in PD
in vivo and use these methods in staging and monitoring treatments. As there are several putative
pathogenic mechanisms in PD and numerous different treatment strategies directed at different
mechanisms, this approach may provide a downstream readout if such potential neuroprotective
therapies are directly or indirectly impacting cellular energetics. Further technical advancements, such
as other specialized head coils, would be required to obtain subcortical, e.g., striatal measurements.
Given the small size of the SN, it seems 3 P-MRS would face similar challenges that arose when we
performed 'H-MRS imaging of this region, thus it is unlikely that 3'P-MRS of the SN will be a feasible
strategy for treatment monitoring.
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8. Conclusions

In conclusion, diffusion and iron-based imaging may allow for staging PD; however, they remain
to be validated as a diagnostic test. Pharmacodynamic/functional imaging through a variety of
methods such as BOLD, ASL, 3'P-MRS and 'H-MRS may provide insights into PD therapeutics and
pathophysiology. Continued funding from federal and private sources are crucial for technological
developments, as well as for evaluating MRI and PET methods, which will help determine their role
as PD biomarkers.

Acknowledgments: Research funding: Northwestern University, M] Fox Foundation, University of Minnesota,
National Institutes of Health Grant 1P50NS098573, Biotie, Kyowa, Bristol-Meyers-Squibb. Jennifer Sees provided
extremely helpful editorial assistance in this manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Warren, ].D.; Rohrer, ].D.; Schott, ].M.; Fox, N.C.; Hardy, J.; Rossor, M.N. Molecular nexopathies: A new
paradigm of neurodegenerative disease. Trends Neurosci. 2013, 36, 561-569. [CrossRef] [PubMed]

2. Surmeier, D.J.; Obeso, J.A.; Halliday, G.M. Selective neuronal vulnerability in Parkinson disease.
Nat. Rev. Neurosci. 2017, 18, 101-113. [CrossRef] [PubMed]

3.  Sulzer, D.; Surmeier, D.J. Neuronal vulnerability, pathogenesis, and Parkinson’s disease. Mov. Disord. 2013,
28,41-50. [CrossRef] [PubMed]

4.  Powers, W.].; Videen, T.O.; Markham, J.; Black, K.J.; Golchin, N.; Perlmutter, J.S. Cerebral mitochondrial
metabolism in early Parkinson’s disease. J. Cereb. Blood Flow Metab. 2008, 28, 1754-1760. [CrossRef] [PubMed]

5. Tuite, P. Magnetic resonance imaging as a potential biomarker for Parkinson’s disease. Transl. Res. 2016, 175,
4-16. [CrossRef] [PubMed]

6.  Terpstra, M.; Cheong, I; Lyu, T.; Deelchand, D.K.; Emir, U.E.; Bednarik, P; Eberly, L.E.; Oz, G. Test-retest
reproducibility of neurochemical profiles with short-echo, single-voxel MR spectroscopy at 3T and 7T.
Magn. Reson. Med. 2016, 76, 1083-1091. [CrossRef] [PubMed]

7. Lenglet, C.; Abosch, A.; Yacoub, E.; De Martino, F,; Sapiro, G.; Harel, N. Comprehensive in vivo mapping of
the human basal ganglia and thalamic connectome in individuals using 7T MRI. PLoS ONE 2012, 7, €29153.
[CrossRef] [PubMed]

8.  Lehericy, S.; Vaillancourt, D.E.; Seppi, K.; Monchi, O.; Rektorova, I.; Antonini, A.; McKeown, M.].;
Masellis, M.; Berg, D.; Rowe, ].B.; et al. The role of high-field magnetic resonance imaging in parkinsonian
disorders: Pushing the boundaries forward. Mov. Disord. 2017, 32, 510-525. [CrossRef] [PubMed]

9.  Saeed, U.; Compagnone, J.; Aviv, R.I; Strafella, A.P.; Black, S.E.; Lang, A.E.; Masellis, M. Imaging biomarkers
in Parkinson’s disease and Parkinsonian syndromes: Current and emerging concepts. Transl. Neurodegener.
2017, 6, 8. [CrossRef] [PubMed]

10. Strafella, A.P; Bohnen, N.I; Perlmutter, J.S.; Eidelberg, D.; Pavese, N.; Van Eimeren, T.; Piccini, P.; Politis, M.;
Thobois, S.; Ceravolo, R.; et al. Molecular imaging to track Parkinson’s disease and atypical parkinsonisms:
New imaging frontiers. Mov. Disord. 2017, 32, 181-192. [CrossRef] [PubMed]

11. Ramirez, J.; Berezuk, C.; McNeely, A.A.; Gao, F.; McLaurin, J.; Black, S.E. Imaging the Perivascular Space
as a Potential Biomarker of Neurovascular and Neurodegenerative Diseases. Cell. Mol. Neurobiol. 2016, 36,
289-299. [CrossRef] [PubMed]

12.  Banerjee, M.; Okun, M.S.; Vaillancourt, D.E.; Vemuri, B.C. A Method for Automated Classification of
Parkinson’s Disease Diagnosis Using an Ensemble Average Propagator Template Brain Map Estimated from
Diffusion MRI. PLoS ONE 2016, 11, e0155764. [CrossRef] [PubMed]

13.  Gee, M.; Dukart, J.; Draganski, B.; Wayne Martin, WR.; Emery, D.; Camicioli, R. Regional volumetric change
in Parkinson’s disease with cognitive decline. J. Neurol. Sci. 2017, 373, 88-94. [CrossRef] [PubMed]

14. Nurnberger, L.; Gracien, RM.; Hok, P.; Hof, S.M.; Rub, U.; Steinmetz, H.; Hilker, R.; Klein, J.C.; Deichmann, R.;
Baudrexel, S. Longitudinal changes of cortical microstructure in Parkinson’s disease assessed with T1
relaxometry. Neurolmage Clin. 2017, 13, 405-414. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.tins.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23876425
http://dx.doi.org/10.1038/nrn.2016.178
http://www.ncbi.nlm.nih.gov/pubmed/28104909
http://dx.doi.org/10.1002/mds.25095
http://www.ncbi.nlm.nih.gov/pubmed/22791686
http://dx.doi.org/10.1038/jcbfm.2008.63
http://www.ncbi.nlm.nih.gov/pubmed/18575458
http://dx.doi.org/10.1016/j.trsl.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26763585
http://dx.doi.org/10.1002/mrm.26022
http://www.ncbi.nlm.nih.gov/pubmed/26502373
http://dx.doi.org/10.1371/journal.pone.0029153
http://www.ncbi.nlm.nih.gov/pubmed/22235267
http://dx.doi.org/10.1002/mds.26968
http://www.ncbi.nlm.nih.gov/pubmed/28370449
http://dx.doi.org/10.1186/s40035-017-0076-6
http://www.ncbi.nlm.nih.gov/pubmed/28360997
http://dx.doi.org/10.1002/mds.26907
http://www.ncbi.nlm.nih.gov/pubmed/28150432
http://dx.doi.org/10.1007/s10571-016-0343-6
http://www.ncbi.nlm.nih.gov/pubmed/26993511
http://dx.doi.org/10.1371/journal.pone.0155764
http://www.ncbi.nlm.nih.gov/pubmed/27280486
http://dx.doi.org/10.1016/j.jns.2016.12.030
http://www.ncbi.nlm.nih.gov/pubmed/28131236
http://dx.doi.org/10.1016/j.nicl.2016.12.025
http://www.ncbi.nlm.nih.gov/pubmed/28116233

Brain Sci. 2017, 7, 68 8of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Melzer, TR.; Myall, D.J.; MacAskill, M.R,; Pitcher, T.L.; Livingston, L.; Watts, R.; Keenan, R.J;
Dalrymple-Alford, J.C.; Anderson, T.J. Tracking Parkinson’s Disease over One Year with Multimodal
Magnetic Resonance Imaging in a Group of Older Patients with Moderate Disease. PLoS ONE 2015, 10,
€0143923. [CrossRef] [PubMed]

Ulla, M.; Bonny, ].M.; Ouchchane, L.; Rieu, I; Claise, B.; Durif, F. Is Ry* a new MRI biomarker for the
progression of Parkinson’s disease? A longitudinal follow-up. PLoS ONE 2013, 8, €57904. [CrossRef]
[PubMed]

Wieler, M.; Gee, M.; Martin, W.R. Longitudinal midbrain changes in early Parkinson’s disease: Iron content
estimated from Ry*/MRI. Parkinsonism Relat. Disord. 2015, 21, 179-183. [CrossRef] [PubMed]

Tessa, C.; Lucetti, C.; Giannelli, M.; Diciotti, S.; Poletti, M.; Danti, S.; Baldacci, F.; Vignali, C.; Bonuccelli, U.;
Mascalchi, M.; et al. Progression of brain atrophy in the early stages of Parkinson’s disease: A longitudinal
tensor-based morphometry study in de novo patients without cognitive impairment. Hum. Brain Mapp.
2014, 35, 3932-3944. [CrossRef] [PubMed]

Ofori, E.; Pasternak, O.; Planetta, PJ.; Li, H.; Burciu, R.G.; Snyder, A.F; Lai, S.; Okun, M.S,; Vaillancourt, D.E.
Longitudinal changes in free-water within the substantia nigra of Parkinson’s disease. Brain 2015, 138,
2322-2331. [CrossRef] [PubMed]

Schuster, C.; Elamin, M.; Hardiman, O.; Bede, P. Presymptomatic and longitudinal neuroimaging in
neurodegeneration-from snapshots to motion picture: A systematic review. J. Neurol. Neurosurg. Psychiatry
2015, 86, 1089-1096. [CrossRef] [PubMed]

Lehericy, S.; Sharman, M.A.; Dos Santos, C.L.; Paquin, R.; Gallea, C.; Emir, U.E.; Tuite, PJ.; Oz, G. Magnetic
resonance imaging of the substantia nigra in Parkinson’s disease Elevated pontine and putamenal GABA
levels in mild-moderate Parkinson disease detected by 7 tesla proton MRS. Mov. Disord. 2012, 27, 822-830.
[PubMed]

Pyatigorskaya, N.; Gallea, C.; Garcia-Lorenzo, D.; Vidailhet, M.; Lehericy, S. A review of the use of magnetic
resonance imaging in Parkinson’s disease. Ther. Adv. Neurol. Disord. 2014, 7, 206-220. [CrossRef] [PubMed]
Apostolova, L.G.; Beyer, M.; Green, A.E.; Hwang, K.S.; Morra, J.H.; Chou, Y.Y,; Avedissian, C.; Aarsland, D.;
Janvin, C.C,; Larsen, J.P; et al. Hippocampal, caudate, and ventricular changes in Parkinson’s disease with
and without dementia. Mov. Disord. 2010, 25, 687-695. [CrossRef] [PubMed]

Silbert, L.C.; Kaye, J. Neuroimaging and cognition in Parkinson’s disease dementia. Brain Pathol. 2010, 20,
646—653. [CrossRef] [PubMed]

Ibarretxe-Bilbao, N.; Junque, C.; Marti, M.].; Tolosa, E. Brain structural MRI correlates of cognitive
dysfunctions in Parkinson’s disease. J. Neurol. Sci. 2011, 310, 70-74. [CrossRef] [PubMed]

Camicioli, R. Comment: Brain amyloid increases the risk of falls. Neurology 2013, 81, 441. [CrossRef]
[PubMed]

Nakamura, K.; Sugaya, K. Neuromelanin-sensitive magnetic resonance imaging: A promising technique for
depicting tissue characteristics containing neuromelanin. Neural Regener. Res. 2014, 9, 759-760. [CrossRef]
[PubMed]

Blazejewska, A.L; Schwarz, S.T.; Pitiot, A.; Stephenson, M.C.; Lowe, ].; Bajaj, N.; Bowtell, RW.; Auer, D.P.;
Gowland, P.A. Visualization of nigrosome 1 and its loss in PD: Pathoanatomical correlation and in vivo 7 T
MRI. Neurology 2013, 81, 534-540. [CrossRef] [PubMed]

Lehericy, S.; Bardinet, E.; Poupon, C.; Vidailhet, M.; Francois, C. 7 Tesla magnetic resonance imaging: A
closer look at substantia nigra anatomy in Parkinson’s disease. Mov. Disord. 2014, 29, 1574-1581. [CrossRef]
[PubMed]

Castellanos, G.; Fernandez-Seara, M. A.; Lorenzo-Betancor, O.; Ortega-Cubero, S.; Puigvert, M.; Uranga, J.;
Vidorreta, M.; Irigoyen, J.; Lorenzo, E.; Munoz-Barrutia, A ; et al. Automated neuromelanin imaging as a
diagnostic biomarker for Parkinson’s disease. Mov. Disord. 2015, 30, 945-952. [CrossRef] [PubMed]
Reimao, S.; Pita Lobo, P.; Neutel, D.; Correia Guedes, L.; Coelho, M.; Rosa, M.M.; Ferreira, J.; Abreu, D.;
Goncalves, N.; Morgado, C.; et al. Substantia nigra neuromelanin magnetic resonance imaging in de novo
Parkinson’s disease patients. Eur. J. Neurol. 2015, 22, 540-546. [CrossRef] [PubMed]

Reimao, S.; Pita Lobo, P.; Neutel, D.; Guedes, L.C.; Coelho, M.; Rosa, M.M.; Azevedo, P.; Ferreira, J.;
Abreu, D.; Goncalves, N.; et al. Substantia nigra neuromelanin-MR imaging differentiates essential tremor
from Parkinson’s disease. Mov. Disord. 2015, 30, 953-959. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0143923
http://www.ncbi.nlm.nih.gov/pubmed/26714266
http://dx.doi.org/10.1371/journal.pone.0057904
http://www.ncbi.nlm.nih.gov/pubmed/23469252
http://dx.doi.org/10.1016/j.parkreldis.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25534153
http://dx.doi.org/10.1002/hbm.22449
http://www.ncbi.nlm.nih.gov/pubmed/24453162
http://dx.doi.org/10.1093/brain/awv136
http://www.ncbi.nlm.nih.gov/pubmed/25981960
http://dx.doi.org/10.1136/jnnp-2014-309888
http://www.ncbi.nlm.nih.gov/pubmed/25632156
http://www.ncbi.nlm.nih.gov/pubmed/22649063
http://dx.doi.org/10.1177/1756285613511507
http://www.ncbi.nlm.nih.gov/pubmed/25002908
http://dx.doi.org/10.1002/mds.22799
http://www.ncbi.nlm.nih.gov/pubmed/20437538
http://dx.doi.org/10.1111/j.1750-3639.2009.00368.x
http://www.ncbi.nlm.nih.gov/pubmed/20522090
http://dx.doi.org/10.1016/j.jns.2011.07.054
http://www.ncbi.nlm.nih.gov/pubmed/21864849
http://dx.doi.org/10.1212/WNL.0b013e31829d87aa
http://www.ncbi.nlm.nih.gov/pubmed/23803319
http://dx.doi.org/10.4103/1673-5374.131583
http://www.ncbi.nlm.nih.gov/pubmed/25206885
http://dx.doi.org/10.1212/WNL.0b013e31829e6fd2
http://www.ncbi.nlm.nih.gov/pubmed/23843466
http://dx.doi.org/10.1002/mds.26043
http://www.ncbi.nlm.nih.gov/pubmed/25308960
http://dx.doi.org/10.1002/mds.26201
http://www.ncbi.nlm.nih.gov/pubmed/25772492
http://dx.doi.org/10.1111/ene.12613
http://www.ncbi.nlm.nih.gov/pubmed/25534480
http://dx.doi.org/10.1002/mds.26182
http://www.ncbi.nlm.nih.gov/pubmed/25758364

Brain Sci. 2017, 7, 68 90of 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Reimao, S.; Pita Lobo, P,; Neutel, D.; Guedes, L.C.; Coelho, M.; Rosa, M.M.; Ferreira, J.; Abreu, D.;
Goncalves, N.; Morgado, C.; et al. Quantitative Analysis Versus Visual Assessment of Neuromelanin
MR Imaging for the Diagnosis of Parkinson’s disease. ]. Parkinson Dis. 2015, 5, 561-567. [CrossRef] [PubMed]
Ohtsuka, C.; Sasaki, M.; Konno, K.; Kato, K.; Takahashi, J.; Yamashita, F.; Terayama, Y. Differentiation of
early-stage parkinsonisms using neuromelanin-sensitive magnetic resonance imaging. Parkinsonism Relat.
Disord. 2014, 20, 755-760. [CrossRef] [PubMed]

Ohtsuka, C.; Sasaki, M.; Konno, K.; Koide, M.; Kato, K.; Takahashi, J.; Takahashi, S.; Kudo, K.; Yamashita, F,;
Terayama, Y.; et al. Changes in substantia nigra and locus coeruleus in patients with early-stage Parkinson’s
disease using neuromelanin-sensitive MR imaging. Neurosci. Lett. 2013, 541, 93-98. [CrossRef] [PubMed]
Sasaki, M.; Shibata, E.; Tohyama, K.; Takahashi, J.; Otsuka, K.; Tsuchiya, K.; Takahashi, S.; Ehara, S.;
Terayama, Y.; Sakai, A. Neuromelanin magnetic resonance imaging of locus ceruleus and substantia nigra in
Parkinson’s disease. Neuroreport 2006, 17, 1215-1218. [CrossRef] [PubMed]

Langley, J.; Huddleston, D.E.; Chen, X,; Sedlacik, J.; Zachariah, N.; Hu, X. A multicontrast approach for
comprehensive imaging of substantia nigra. Neuroimage 2015, 112, 7-13. [CrossRef] [PubMed]

Kashihara, K.; Shinya, T.; Higaki, F. Neuromelanin magnetic resonance imaging of nigral volume loss in
patients with Parkinson’s disease. . Clin. Neurosci. 2011, 18, 1093-1096. [CrossRef] [PubMed]

Isaias, 1.U.; Trujillo, P.; Summers, P.; Marotta, G.; Mainardi, L.; Pezzoli, G.; Zecca, L.; Costa, A. Neuromelanin
Imaging and Dopaminergic Loss in Parkinson’s Disease. Front.Aging Neurosci. 2016, 8, 196. [CrossRef]
[PubMed]

Ogisu, K.; Kudo, K.; Sasaki, M.; Sakushima, K.; Yabe, I.; Sasaki, H.; Terae, S.; Nakanishi, M.; Shirato, H.
3D neuromelanin-sensitive magnetic resonance imaging with semi-automated volume measurement of
the substantia nigra pars compacta for diagnosis of Parkinson’s disease. Neuroradiology 2013, 55, 719-724.
[CrossRef] [PubMed]

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, 619-623. [CrossRef]
[PubMed]

Martin, W.R.; Wieler, M.; Gee, M. Midbrain iron content in early Parkinson disease: A potential biomarker of
disease status. Neurology 2008, 70, 1411-1417. [CrossRef] [PubMed]

Hopes, L.; Grolez, G.; Moreau, C.; Lopes, R.; Ryckewaert, G.; Carriere, N.; Auger, E; Laloux, C.; Petrault, M.;
Devedjian, J.C.; et al. Magnetic Resonance Imaging Features of the Nigrostriatal System: Biomarkers of
Parkinson’s Disease Stages? PLoS ONE 2016, 11, e0147947. [CrossRef] [PubMed]

Devos, D.; Moreau, C.; Devedjian, J.C.; Kluza, J.; Petrault, M.; Laloux, C.; Jonneaux, A.; Ryckewaert, G.;
Garcon, G.; Rouaix, N.; et al. Targeting chelatable iron as a therapeutic modality in Parkinson’s disease.
Antioxid. Redox Signal. 2014, 21, 195-210. [CrossRef] [PubMed]

Grolez, G.; Moreau, C.; Sablonniere, B.; Garcon, G.; Devedjian, J.C.; Meguig, S.; Gele, P.; Delmaire, C.;
Bordet, R.; Defebvre, L.; et al. Ceruloplasmin activity and iron chelation treatment of patients with
Parkinson’s disease. BMC Neurol. 2015, 15, 74. [CrossRef] [PubMed]

Wang, Z.; Luo, X.G.; Gao, C. Utility of susceptibility-weighted imaging in Parkinson’s disease and atypical
Parkinsonian disorders. Transl. Neurodegener. 2016, 5, 17. [CrossRef] [PubMed]

Schneider, E.; Ng, KM.; Yeoh, C.S.; Rumpel, H.; Fook-Chong, S.; Li, HH.; Tan, EK,; Chan, L.L.
Susceptibility-weighted MRI of extrapyramidal brain structures in Parkinsonian disorders. Medicine 2016,
95, €3730. [CrossRef] [PubMed]

Wang, Y.; Butros, S.R.; Shuai, X.; Dai, Y.; Chen, C.; Liu, M.; Haacke, EM.; Hu, J.; Xu, H. Different
iron-deposition patterns of multiple system atrophy with predominant parkinsonism and idiopathetic
Parkinson diseases demonstrated by phase-corrected susceptibility-weighted imaging. AJNR Am.
J. Neuroradiol. 2012, 33, 266-273. [CrossRef] [PubMed]

Schwarz, S.T.; Afzal, M.; Morgan, P.S.; Bajaj, N.; Gowland, P.A.; Auer, D.P. The ‘swallow tail” appearance
of the healthy nigrosome—A new accurate test of Parkinson’s disease: A case-control and retrospective
cross-sectional MRI study at 3T. PLoS ONE 2014, 9, e93814. [CrossRef] [PubMed]

Karagulle Kendi, A.T.; Lehericy, S.; Luciana, M.; Ugurbil, K.; Tuite, P. Altered diffusion in the frontal lobe in
Parkinson disease. AJNR Am. ]. Neuroradiol. 2008, 29, 501-505. [CrossRef] [PubMed]


http://dx.doi.org/10.3233/JPD-150551
http://www.ncbi.nlm.nih.gov/pubmed/26406136
http://dx.doi.org/10.1016/j.parkreldis.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24768616
http://dx.doi.org/10.1016/j.neulet.2013.02.012
http://www.ncbi.nlm.nih.gov/pubmed/23428505
http://dx.doi.org/10.1097/01.wnr.0000227984.84927.a7
http://www.ncbi.nlm.nih.gov/pubmed/16837857
http://dx.doi.org/10.1016/j.neuroimage.2015.02.045
http://www.ncbi.nlm.nih.gov/pubmed/25731994
http://dx.doi.org/10.1016/j.jocn.2010.08.043
http://www.ncbi.nlm.nih.gov/pubmed/21719292
http://dx.doi.org/10.3389/fnagi.2016.00196
http://www.ncbi.nlm.nih.gov/pubmed/27597825
http://dx.doi.org/10.1007/s00234-013-1171-8
http://www.ncbi.nlm.nih.gov/pubmed/23525598
http://dx.doi.org/10.1002/mds.26932
http://www.ncbi.nlm.nih.gov/pubmed/28151553
http://dx.doi.org/10.1212/01.wnl.0000286384.31050.b5
http://www.ncbi.nlm.nih.gov/pubmed/18172063
http://dx.doi.org/10.1371/journal.pone.0147947
http://www.ncbi.nlm.nih.gov/pubmed/27035571
http://dx.doi.org/10.1089/ars.2013.5593
http://www.ncbi.nlm.nih.gov/pubmed/24251381
http://dx.doi.org/10.1186/s12883-015-0331-3
http://www.ncbi.nlm.nih.gov/pubmed/25943368
http://dx.doi.org/10.1186/s40035-016-0064-2
http://www.ncbi.nlm.nih.gov/pubmed/27761236
http://dx.doi.org/10.1097/MD.0000000000003730
http://www.ncbi.nlm.nih.gov/pubmed/27367979
http://dx.doi.org/10.3174/ajnr.A2765
http://www.ncbi.nlm.nih.gov/pubmed/22051807
http://dx.doi.org/10.1371/journal.pone.0093814
http://www.ncbi.nlm.nih.gov/pubmed/24710392
http://dx.doi.org/10.3174/ajnr.A0850
http://www.ncbi.nlm.nih.gov/pubmed/18202242

Brain Sci. 2017, 7, 68 10 of 13

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Vaillancourt, D.E.; Spraker, M.B.; Prodoehl, J.; Abraham, I.; Corcos, D.M.; Zhou, X.J.; Comella, C.L.;
Little, D.M. High-resolution diffusion tensor imaging in the substantia nigra of de novo Parkinson disease.
Neurology 2009, 72, 1378-1384. [CrossRef] [PubMed]

Cochrane, C.J.; Ebmeier, K.P. Diffusion tensor imaging in parkinsonian syndromes: A systematic review and
meta-analysis. Neurology 2013, 80, 857-864. [CrossRef] [PubMed]

Zhan, W.,; Kang, G.A.; Glass, G.A.; Zhang, Y.; Shirley, C.; Millin, R.; Possin, K.L.; Nezamzadeh, M.;
Weiner, M.W.; Marks, W.J.J.; et al. Regional alterations of brain microstructure in Parkinson’s disease
using diffusion tensor imaging. Mov. Disord. 2012, 27, 90-97. [CrossRef] [PubMed]

Hall, ].M.; Ehgoetz Martens, K.A.; Walton, C.C.; O’Callaghan, C.; Keller, PE.; Lewis, S.J.; Moustafa, A.A.
Diffusion alterations associated with Parkinson’s disease symptomatology: A review of the literature.
Parkinsonism Relat. Disord. 2016, 33, 12-26. [CrossRef] [PubMed]

Zeighami, Y.; Ulla, M.; Iturria-Medina, Y.; Dadar, M.; Zhang, Y.; Larcher, KM.; Fonov, V.; Evans, A.C,;
Collins, D.L.; Dagher, A. Network structure of brain atrophy in de novo Parkinson’s disease. eLife 2015, 4,
€08440. [CrossRef] [PubMed]

Tambasco, N.; Nigro, P.; Romoli, M.; Simoni, S.; Parnetti, L.; Calabresi, P. Magnetization transfer MRI in
dementia disorders, Huntington’s disease and parkinsonism. J. Neurol. Sci. 2015, 353, 1-8. [CrossRef] [PubMed]
Tuite, PJ.; Mangia, S.; Tyan, A.E.; Lee, M.K.; Garwood, M.; Michaeli, S. Magnetization transfer and adiabatic
R 1rho MRI in the brainstem of Parkinson’s disease. Parkinsonism Relat. Disord. 2012, 18, 623-625. [CrossRef]
[PubMed]

Rougemont, D.; Baron, J.C.; Collard, P.; Bustany, P.; Comar, D.; Agid, Y. Local cerebral glucose utilisation in
treated and untreated patients with Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 1984, 47, 824-830.
[CrossRef] [PubMed]

Eidelberg, D. Metabolic brain networks in neurodegenerative disorders: A functional imaging approach.
Trends Neurosci. 2009, 32, 548-557. [CrossRef] [PubMed]

Bohnen, N.I; Minoshima, S.; Giordani, B.; Frey, K.A.; Kuhl, D.E. Motor correlates of occipital glucose
hypometabolism in Parkinson’s disease without dementia. Neurology 1999, 52, 541-546. [CrossRef] [PubMed]
Hershey, T.; Black, K.J.; Carl, J.L.; McGee-Minnich, L.; Snyder, A.Z.; Perlmutter, ].S. Long term treatment and
disease severity change brain responses to levodopa in Parkinson’s disease. . Neurol. Neurosurg. Psychiatry
2003, 74, 844-851. [CrossRef] [PubMed]

Hershey, T.; Black, K.J.; Carl, J.L.; Perlmutter, ].S. Dopa-induced blood flow responses in nonhuman primates.
Exp. Neurol. 2000, 166, 342-349. [CrossRef] [PubMed]

Hershey, T.; Black, K.J.; Stambuk, M.K,; Carl, J.L.; McGee-Minnich, L.A.; Perlmutter, ].S. Altered thalamic
response to levodopa in Parkinson’s patients with dopa-induced dyskinesias. Proc. Natl. Acad. Sci. USA
1998, 95, 12016-12021. [CrossRef] [PubMed]

Black, K.J.; Hershey, T.; Hartlein, ].M.; Carl, ]J.L.; Perlmutter, J.S. Levodopa challenge neuroimaging of
levodopa-related mood fluctuations in Parkinson’s disease. Neuropsychopharmacology 2005, 30, 590-601.
[CrossRef] [PubMed]

Mohl, B.; Berman, B.D.; Shelton, E.; Tanabe, ]. Levodopa response differs in Parkinson’s motor subtypes:
A task-based effective connectivity study. J. Comp. Neurol. 2017, 525, 2192-2201. [CrossRef] [PubMed]
Black, K.J.; Carl, J.L.; Hartlein, ].M.; Warren, S.L.; Hershey, T.; Perlmutter, ].S. Rapid intravenous loading of
levodopa for human research: Clinical results. J. Neurosci. Methods 2003, 127, 19-29. [CrossRef]

Nguyen, T.V,; Brownell, A.L.; Iris Chen, Y.C; Livni, E.; Coyle, ].T.; Rosen, B.R.; Cavagna, E; Jenkins, B.G.
Detection of the effects of dopamine receptor supersensitivity using pharmacological MRI and correlations
with PET. Synapse 2000, 36, 57-65. [CrossRef]

Delfino, M.; Kalisch, R.; Czisch, M.; Larramendy, C.; Ricatti, ]J.; Taravini, LR.; Trenkwalder, C.;
Murer, M.G.; Auer, D.P,; Gershanik, O.S. Mapping the effects of three dopamine agonists with different
dyskinetogenic potential and receptor selectivity using pharmacological functional magnetic resonance
imaging. Neuropsychopharmacology 2007, 32, 1911-1921. [CrossRef] [PubMed]

Andersen, A.H.; Hardy, PA.; Forman, E.; Gerhardt, G.A.; Gash, D.M.; Grondin, R.C.; Zhang, Z.
Pharmacologic MRI (phMRI) as a tool to differentiate Parkinson’s disease-related from age-related changes
in basal ganglia function. Neurobiol. Aging 2015, 36, 1174-1182. [CrossRef] [PubMed]

Zhang, Z.; Andersen, A.H.; Avison, M.].; Gerhardt, G.A.; Gash, D.M. Functional MRI of apomorphine
activation of the basal ganglia in awake rhesus monkeys. Brain Res. 2000, 852, 290-296. [CrossRef]


http://dx.doi.org/10.1212/01.wnl.0000340982.01727.6e
http://www.ncbi.nlm.nih.gov/pubmed/19129507
http://dx.doi.org/10.1212/WNL.0b013e318284070c
http://www.ncbi.nlm.nih.gov/pubmed/23439701
http://dx.doi.org/10.1002/mds.23917
http://www.ncbi.nlm.nih.gov/pubmed/21850668
http://dx.doi.org/10.1016/j.parkreldis.2016.09.026
http://www.ncbi.nlm.nih.gov/pubmed/27765426
http://dx.doi.org/10.7554/eLife.08440
http://www.ncbi.nlm.nih.gov/pubmed/26344547
http://dx.doi.org/10.1016/j.jns.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25891828
http://dx.doi.org/10.1016/j.parkreldis.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22265140
http://dx.doi.org/10.1136/jnnp.47.8.824
http://www.ncbi.nlm.nih.gov/pubmed/6332176
http://dx.doi.org/10.1016/j.tins.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19765835
http://dx.doi.org/10.1212/WNL.52.3.541
http://www.ncbi.nlm.nih.gov/pubmed/10025784
http://dx.doi.org/10.1136/jnnp.74.7.844
http://www.ncbi.nlm.nih.gov/pubmed/12810765
http://dx.doi.org/10.1006/exnr.2000.7522
http://www.ncbi.nlm.nih.gov/pubmed/11085899
http://dx.doi.org/10.1073/pnas.95.20.12016
http://www.ncbi.nlm.nih.gov/pubmed/9751782
http://dx.doi.org/10.1038/sj.npp.1300632
http://www.ncbi.nlm.nih.gov/pubmed/15602502
http://dx.doi.org/10.1002/cne.24197
http://www.ncbi.nlm.nih.gov/pubmed/28256710
http://dx.doi.org/10.1016/S0165-0270(03)00096-7
http://dx.doi.org/10.1002/(SICI)1098-2396(200004)36:1&lt;57::AID-SYN6&gt;3.0.CO;2-K
http://dx.doi.org/10.1038/sj.npp.1301329
http://www.ncbi.nlm.nih.gov/pubmed/17287822
http://dx.doi.org/10.1016/j.neurobiolaging.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25443764
http://dx.doi.org/10.1016/S0006-8993(99)02243-X

Brain Sci. 2017, 7, 68 11 of 13

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhang, Z.; Andersen, A.; Grondin, R.; Barber, T.; Avison, R.; Gerhardt, G.; Gash, D. Pharmacological MRI
mapping of age-associated changes in basal ganglia circuitry of awake rhesus monkeys. Neuroimage 2001, 14,
1159-1167. [CrossRef] [PubMed]

Zhang, Z.; Andersen, A.H.; Ai, Y.; Loveland, A.; Hardy, PA.; Gerhardt, G.A.; Gash, D.M. Assessing
nigrostriatal dysfunctions by pharmacological MRI in parkinsonian rhesus macaques. Neuroimage 2006, 33,
636-643. [CrossRef] [PubMed]

Luan, L.; Ding, F; Ai, Y.; Andersen, A.; Hardy, P.; Forman, E.; Gerhardt, G.A.; Gash, D.M.; Grondin, R.;
Zhang, Z. Pharmacological MRI (phMRI) monitoring of treatment in hemiparkinsonian rhesus monkeys.
Cell Transplant. 2008, 17, 417-425. [PubMed]

Gao, L.L.; Wu, T. The study of brain functional connectivity in Parkinson’s disease. Transl. Neurodegener.
2016, 5, 18. [CrossRef] [PubMed]

Tahmasian, M.; Bettray, L.M.; van Eimeren, T.; Drzezga, A.; Timmermann, L.; Eickhoff, C.R.; Eickhoff, S.B.;
Eggers, C. 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. [CrossRef] [PubMed]

Haslinger, B.; Erhard, P; Kampfe, N.; Boecker, H; Rummeny, E.; Schwaiger, M., Conrad, B.;
Ceballos-Baumann, A.O. Event-related functional magnetic resonance imaging in Parkinson’s disease
before and after levodopa. Brain 2001, 124, 558-570. [CrossRef] [PubMed]

Ng, B.; Palmer, S.; Abugharbieh, R.; McKeown, M.]. Focusing effects of L-dopa in Parkinson’s disease.
Hum. Brain Mapp. 2010, 31, 88-97. [CrossRef] [PubMed]

Eckert, T.; Peschel, T.; Heinze, H.].; Rotte, M. Increased pre-SMA activation in early PD patients during
simple self-initiated hand movements. J. Neurol. 2006, 253, 199-207. [CrossRef] [PubMed]

Wu, T.; Long, X.; Zang, Y.; Wang, L.; Hallett, M.; Li, K.; Chan, P. Regional homogeneity changes in patients
with Parkinson’s disease. Hum. Brain Mapp. 2009, 30, 1502-1510. [CrossRef] [PubMed]

Buhmann, C.; Glauche, V,; Stiirenburg, H.J.; Oechsner, M.; Weiller, C.; Biichel, C. Pharmacologically
modulated fMRI—Cortical responsiveness to levodopa in drug-naive hemiparkinsonian patients. Brain 2003,
126, 451-461. [CrossRef] [PubMed]

Peters, S.; Suchan, B.; Rusin, J.; Daum, I.; Koster, O.; Przuntek, H.; Muller, T.; Schmid, G. Apomorphine
reduces BOLD signal in fMRI during voluntary movement in Parkinsonian patients. Neuroreport 2003, 14,
809-812. [CrossRef] [PubMed]

Cerasa, A.; Donzuso, G.; Morelli, M.; Mangone, G.; Salsone, M.; Passamonti, L.; Augimeri, A.; Arabia, G.;
Quattrone, A. The motor inhibition system in Parkinson’s disease with levodopa-induced dyskinesias.
Mowv. Disord. 2015, 30, 1912-1920. [CrossRef] [PubMed]

Ellmore, T.M.; Castriotta, R.J.; Hendley, K.L.; Aalbers, B.M.; Furr-Stimming, E.; Hood, A.].; Suescun, J.;
Beurlot, M.R.; Hendley, R.T.; Schiess, M.C. Altered nigrostriatal and nigrocortical functional connectivity in
rapid eye movement sleep behavior disorder. Sleep 2013, 36, 1885-1892. [CrossRef] [PubMed]

Wu, T.; Wang, L.; Hallett, M.; Chen, Y.; Li, K.; Chan, P. Effective connectivity of brain networks during
self-initiated movement in Parkinson’s disease. Neuroimage 2011, 55, 204-215. [CrossRef] [PubMed]

Wu, T,; Long, X.; Wang, L.; Hallett, M.; Zang, Y.; Li, K.; Chan, P. Functional connectivity of cortical motor
areas in the resting state in Parkinson’s disease. Hum. Brain Mapp. 2011, 32, 1443-1457. [CrossRef] [PubMed]
Wu, T.; Wang, L.; Chen, Y.; Zhao, C.; Li, K.; Chan, P. Changes of functional connectivity of the motor network
in the resting state in Parkinson’s disease. Neurosci. Lett. 2009, 460, 6-10. [CrossRef] [PubMed]

Kwak, Y.; Peltier, S.; Bohnen, N.I.; Miiller, M.L.; Dayalu, P.; Seidler, R.D. Altered resting state cortico-striatal
connectivity in mild to moderate stage Parkinson’s disease. Front. Syst. Neurosci. 2010, 4, 143. [CrossRef]
[PubMed]

Baudrexel, S.; Witte, T.; Seifried, C.; von Wegner, F,; Beissner, F,; Klein, J.C.; Steinmetz, H.; Deichmann, R.;
Roeper, J.; Hilker, R. Resting state fMRI reveals increased subthalamic nucleus-motor cortex connectivity in
Parkinson’s disease. Neuroimage 2011, 55, 1728-1738. [CrossRef] [PubMed]

Skidmore, EM.; Yang, M.; Baxter, L.; von Deneen, K.M.; Collingwood, J.; He, G.; White, K.; Korenkevych, D.;
Savenkov, A.; Heilman, K.M.; et al. Reliability analysis of the resting state can sensitively and specifically
identify the presence of Parkinson disease. Neuroimage 2013, 75, 249-261. [CrossRef] [PubMed]
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. 2012, 119, 443-454. [CrossRef]
[PubMed]


http://dx.doi.org/10.1006/nimg.2001.0902
http://www.ncbi.nlm.nih.gov/pubmed/11697947
http://dx.doi.org/10.1016/j.neuroimage.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16949305
http://www.ncbi.nlm.nih.gov/pubmed/18522244
http://dx.doi.org/10.1186/s40035-016-0066-0
http://www.ncbi.nlm.nih.gov/pubmed/27800157
http://dx.doi.org/10.1016/j.cortex.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26386442
http://dx.doi.org/10.1093/brain/124.3.558
http://www.ncbi.nlm.nih.gov/pubmed/11222456
http://dx.doi.org/10.1002/hbm.20847
http://www.ncbi.nlm.nih.gov/pubmed/19585587
http://dx.doi.org/10.1007/s00415-005-0956-z
http://www.ncbi.nlm.nih.gov/pubmed/16222427
http://dx.doi.org/10.1002/hbm.20622
http://www.ncbi.nlm.nih.gov/pubmed/18649351
http://dx.doi.org/10.1093/brain/awg033
http://www.ncbi.nlm.nih.gov/pubmed/12538411
http://dx.doi.org/10.1097/00001756-200305060-00006
http://www.ncbi.nlm.nih.gov/pubmed/12858037
http://dx.doi.org/10.1002/mds.26378
http://www.ncbi.nlm.nih.gov/pubmed/26275050
http://dx.doi.org/10.5665/sleep.3222
http://www.ncbi.nlm.nih.gov/pubmed/24293763
http://dx.doi.org/10.1016/j.neuroimage.2010.11.074
http://www.ncbi.nlm.nih.gov/pubmed/21126588
http://dx.doi.org/10.1002/hbm.21118
http://www.ncbi.nlm.nih.gov/pubmed/20740649
http://dx.doi.org/10.1016/j.neulet.2009.05.046
http://www.ncbi.nlm.nih.gov/pubmed/19463891
http://dx.doi.org/10.3389/fnsys.2010.00143
http://www.ncbi.nlm.nih.gov/pubmed/21206528
http://dx.doi.org/10.1016/j.neuroimage.2011.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21255661
http://dx.doi.org/10.1016/j.neuroimage.2011.06.056
http://www.ncbi.nlm.nih.gov/pubmed/21924367
http://dx.doi.org/10.1007/s00702-011-0723-5
http://www.ncbi.nlm.nih.gov/pubmed/22002597

Brain Sci. 2017, 7, 68 12 of 13

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Rolinski, M.; Griffanti, L.; Szewczyk-Krolikowski, K.; Menke, R.A.; Wilcock, G.K.; Filippini, N.; Zamboni, G.;
Hu, M.T.; Mackay, C.E. Aberrant functional connectivity within the basal ganglia of patients with Parkinson’s
disease. Neurolmage. Clin. 2015, 8, 126-132. [CrossRef] [PubMed]

Skidmore, EM.; Yang, M.; Baxter, L.; von Deneen, K.; Collingwood, J.; He, G.; Tandon, R.; Korenkevych, D.;
Savenkov, A.; Heilman, K.M.; et al. Apathy, depression, and motor symptoms have distinct and separable
resting activity patterns in idiopathic Parkinson disease. Neuroimage 2013, 81, 484—495. [CrossRef] [PubMed]
Festini, S.B.; Bernard, J.A.; Kwak, Y.; Peltier, S.; Bohnen, N.I; Muller, M.L.; Dayalu, P; Seidler, R.D. Altered
cerebellar connectivity in Parkinson’s patients ON and OFF L-DOPA medication. Front. Hum. Neurosci. 2015,
9, 214. [CrossRef]| [PubMed]

Kwak, Y.; Miiller, M.L.; Bohnen, N.L; Dayalu, P; Seidler, R.D. -DOPA changes ventral striatum recruitment
during motor sequence learning in Parkinson’s disease. Behav. Brain Res. 2012, 230, 116-124. [CrossRef]
[PubMed]

Monchi, O.; Petrides, M.; Mejia-Constain, B.; Strafella, A.P. Cortical activity in Parkinson’s disease during
executive processing depends on striatal involvement. Brain 2007, 130, 233-244. [CrossRef] [PubMed]
Rieckmann, A.; Gomperts, S.N.; Johnson, K.A.; Growdon, ].H.; Van Dijk, K.R. Putamen-midbrain functional
connectivity is related to striatal dopamine transporter availability in patients with Lewy body diseases.
Neurolmage Clin. 2015, 8, 554-559. [CrossRef] [PubMed]

Wu, T.; Chan, P,; Hallett, M. Effective connectivity of neural networks in automatic movements in Parkinson’s
disease. Neuroimage 2010, 49, 2581-2587. [CrossRef] [PubMed]

Wu, T.; Ma, Y.; Zheng, Z.; Peng, S.; Wu, X.; Eidelberg, D.; Chan, P. Parkinson’s disease-related spatial
covariance pattern identified with resting-state functional MRI. J. Cereb. Blood Flow Metab. 2015, 35, 1764-1770.
[CrossRef] [PubMed]

Szewczyk-Krolikowski, K.; Menke, R.A.; Rolinski, M.; Dulff, E.; Salimi-Khorshidi, G.; Filippini, N.;
Zamboni, G.; Hu, M.T.; Mackay, C.E. Functional connectivity in the basal ganglia network differentiates PD
patients from controls. Neurology 2014, 83, 208-214. [CrossRef] [PubMed]

Long, D.; Wang, J.; Xuan, M.; Gu, Q.; Xu, X,; Kong, D.; Zhang, M. Automatic classification of early Parkinson’s
disease with multi-modal MR imaging. PLoS ONE 2012, 7, e47714. [CrossRef] [PubMed]

Stewart, S.B.; Koller, ].M.; Campbell, M.C.; Black, K.J. Arterial spin labeling versus BOLD in direct challenge
and drug-task interaction pharmacological fMRI. Peer] 2014, 2, e687. [CrossRef] [PubMed]

Agosta, F; Caso, F; Stankovic, I; Inuggi, A.; Petrovic, I.; Svetel, M.; Kostic, V.S.; Filippi, M.
Cortico-striatal-thalamic network functional connectivity in hemiparkinsonism. Neurobiol. Aging 2014,
35, 2592-2602. [CrossRef] [PubMed]

Bell, P.T.; Gilat, M.; O’Callaghan, C.; Copland, D.A.; Frank, M.].; Lewis, S.J.; Shine, ].M. Dopaminergic
basis for impairments in functional connectivity across subdivisions of the striatum in Parkinson’s disease.
Hum. Brain Mapp. 2015, 36, 1278-1291. [CrossRef] [PubMed]

Herz, D.M.; Haagensen, B.N.; Nielsen, S.H.; Madsen, K.H.; Lokkegaard, A.; Siebner, H.R. Resting-state
connectivity predicts levodopa-induced dyskinesias in Parkinson’s disease. Mov. Disord. 2016, 31, 521-529.
[CrossRef] [PubMed]

Wolf, R.L.; Detre, J.A. Clinical neuroimaging using arterial spin-labeled perfusion magnetic resonance
imaging. Neurotherapeutics 2007, 4, 346-359. [CrossRef] [PubMed]

Brusa, L.; Bassi, A.; Pierantozzi, M.; Frasca, EG.S.; Floris, R.; Stanzione, P. Perfusion-weighted dynamic
susceptibility (DSC) MRI: Basal ganglia hemodynamic changes after apomorphine in Parkinson’s disease.
Neurol. Sci. 2002, 23 (Suppl. 2), S61-562. [CrossRef] [PubMed]

Kamagata, K.; Motoi, Y.; Hori, M.; Suzuki, M.; Nakanishi, A.; Shimoji, K.; Kyougoku, S.; Kuwatsuru, R.;
Sasai, K.; Abe, O.; et al. Posterior hypoperfusion in Parkinson’s disease with and without dementia measured
with arterial spin labeling MRI. ]. Magn. Reson. Imaging 2011, 33, 803-807. [CrossRef] [PubMed]

Melzer, T.R.; Watts, R.; MacAskill, M.R.; Pearson, J.E; Rueger, S.; Pitcher, T.L.; Livingston, L.; Graham, C.;
Keenan, R.; Shankaranarayanan, A.; et al. Arterial spin labelling reveals an abnormal cerebral perfusion
pattern in Parkinson’s disease. Brain 2011, 134, 845-855. [CrossRef] [PubMed]

Fernandez-Seara, M. A ; Mengual, E; Vidorreta, M.; Aznarez-Sanado, M.; Loayza, ER.; Villagra, F; Irigoyen, J.;
Pastor, M.A. Cortical hypoperfusion in Parkinson’s disease assessed using arterial spin labeled perfusion
MRI. Neuroimage 2012, 59, 2743-2750. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.nicl.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26106536
http://dx.doi.org/10.1016/j.neuroimage.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21782030
http://dx.doi.org/10.3389/fnhum.2015.00214
http://www.ncbi.nlm.nih.gov/pubmed/25954184
http://dx.doi.org/10.1016/j.bbr.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22343069
http://dx.doi.org/10.1093/brain/awl326
http://www.ncbi.nlm.nih.gov/pubmed/17121746
http://dx.doi.org/10.1016/j.nicl.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26137443
http://dx.doi.org/10.1016/j.neuroimage.2009.10.051
http://www.ncbi.nlm.nih.gov/pubmed/19853664
http://dx.doi.org/10.1038/jcbfm.2015.118
http://www.ncbi.nlm.nih.gov/pubmed/26036935
http://dx.doi.org/10.1212/WNL.0000000000000592
http://www.ncbi.nlm.nih.gov/pubmed/24920856
http://dx.doi.org/10.1371/journal.pone.0047714
http://www.ncbi.nlm.nih.gov/pubmed/23152757
http://dx.doi.org/10.7717/peerj.687
http://www.ncbi.nlm.nih.gov/pubmed/25538867
http://dx.doi.org/10.1016/j.neurobiolaging.2014.05.032
http://www.ncbi.nlm.nih.gov/pubmed/25004890
http://dx.doi.org/10.1002/hbm.22701
http://www.ncbi.nlm.nih.gov/pubmed/25425542
http://dx.doi.org/10.1002/mds.26540
http://www.ncbi.nlm.nih.gov/pubmed/26954295
http://dx.doi.org/10.1016/j.nurt.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17599701
http://dx.doi.org/10.1007/s100720200070
http://www.ncbi.nlm.nih.gov/pubmed/12548344
http://dx.doi.org/10.1002/jmri.22515
http://www.ncbi.nlm.nih.gov/pubmed/21448943
http://dx.doi.org/10.1093/brain/awq377
http://www.ncbi.nlm.nih.gov/pubmed/21310726
http://dx.doi.org/10.1016/j.neuroimage.2011.10.033
http://www.ncbi.nlm.nih.gov/pubmed/22032942

Brain Sci. 2017, 7, 68 13 of 13

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Madhyastha, T.M.; Askren, M.K,; Boord, P.; Zhang, J.; Leverenz, ].B.; Grabowski, T.J. Cerebral perfusion and
cortical thickness indicate cortical involvement in mild Parkinson’s disease. Mov. Disord. 2015, 30, 1893—-1900.
[CrossRef] [PubMed]

Teune, LK,; Renken, R.J.; de Jong, B.M.; Willemsen, A.T.; van Osch, M.].; Roerdink, J.B.; Dierckx, R.A;
Leenders, K.L. Parkinson’s disease-related perfusion and glucose metabolic brain patterns identified with
PCASL-MRI and FDG-PET imaging. Neurolmage Clin. 2014, 5, 240-244. [CrossRef] [PubMed]

Black, K.J.; Koller, ].M.; Campbell, M.C.; Gusnard, D.A.; Bandak, S.I. Quantification of indirect pathway
inhibition by the adenosine A2a antagonist SYN115 in Parkinson disease. ]. Neurosci. 2010, 30, 16284-16292.
[CrossRef] [PubMed]

Yamashita, K.; Hiwatashi, A.; Togao, O.; Kikuchi, K.; Yamaguchi, H.; Suzuki, Y.; Kamei, R.; Yamasaki, R.;
Kira, ].I,; Honda, H. Cerebral blood flow laterality derived from arterial spin labeling as a biomarker for
assessing the disease severity of parkinson’s disease. . Magn. Reson. Imaging 2017, 45, 1821-1826. [CrossRef]
[PubMed]

Le Heron, C.J.; Wright, S.L.; Melzer, T.R.; Myall, D.J.; MacAskill, M.R.; Livingston, L.; Keenan, R.J.; Watts, R.;
Dalrymple-Alford, J.C.; Anderson, T.J. Comparing cerebral perfusion in Alzheimer’s disease and Parkinson’s
disease dementia: An ASL-MRI study. ]. Cereb. Blood Flow Metab. 2014, 34, 964-970. [CrossRef] [PubMed]
Oz, G,; Terpstra, M.; Tkac, I; Aia, P,; Lowary, J.; Tuite, PJ.; Gruetter, R. Proton MRS of the unilateral substantia
nigra in the human brain at 4 tesla: Detection of high GABA concentrations. Magn. Reson. Med. 2006, 55,
296-301. [CrossRef] [PubMed]

Holmay, M.J.; Terpstra, M., Coles, L.D.,; Mishra, U; Ahlskog, M., Oz, G. Cloyd, J.C;
Tuite, PJ. N-Acetylcysteine boosts brain and blood glutathione in Gaucher and Parkinson diseases.
Clin. Neuropharmacol. 2013, 36, 103-106. [CrossRef] [PubMed]

Coles, L.D.; Terpstra, M.; Oz, G.; Mangia, S.; Heller, B.; Mishra, U.; Cloyd, J.C.; Tuite, P. Repeated-dose oral
N-acetylcysteine: Pharmacokinetics and effect on brain glutathione. Mov. Disord. 2015, 30, e10.

Mischley, L.K.; Leverenz, J.B.; Lau, R.C.,; Polissar, N.L.; Neradilek, M.B.; Samii, A.; Standish, L.J.
A randomized, double-blind phase I/1la study of intranasal glutathione in Parkinson’s disease. Mov. Disord.
2015, 30, 1696-1701. [CrossRef] [PubMed]

Emir, U.E.; Tuite, PJ.; Oz, G. Elevated pontine and putamenal GABA levels in mild-moderate Parkinson
disease detected by 7 tesla proton MRS. PLoS ONE 2012, 7, e30918. [CrossRef]

Franco-Iborra, S.; Vila, M.; Perier, C. The Parkinson Disease Mitochondrial Hypothesis: Where Are We at?
Neuroscientist 2015. [CrossRef] [PubMed]

Mortiboys, H.; Aasly, J.; Bandmann, O. Ursocholanic acid rescues mitochondrial function in common forms
of familial Parkinson’s disease. Brain 2013, 136, 3038-3050. [CrossRef] [PubMed]

Mortiboys, H.; Furmston, R.; Bronstad, G.; Aasly, J.; Elliott, C.; Bandmann, O. UDCA exerts beneficial effect
on mitochondrial dysfunction in LRRK2G2019S carriers and in vivo. Neurology 2015, 85, 846-852. [CrossRef]
[PubMed]

Parry, G.J.; Rodrigues, C.M.; Aranha, M.M.; Hilbert, S.J.; Davey, C.; Kelkar, P.; Low, W.C.; Steer, C.]. Safety,
tolerability, and cerebrospinal fluid penetration of ursodeoxycholic Acid in patients with amyotrophic lateral
sclerosis. Clin. Neuropharmacol. 2010, 33, 17-21. [CrossRef] [PubMed]

Weiduschat, N.; Mao, X.; Beal, M.E,; Nirenberg, M.].; Shungu, D.C.; Henchcliffe, C. Usefulness of proton and
phosphorus MR spectroscopic imaging for early diagnosis of Parkinson’s disease. J. Neuroimaging 2015, 25,
105-110. [CrossRef] [PubMed]

Weiduschat, N.; Mao, X.; Beal, M.E,; Nirenberg, M.].; Shungu, D.C.; Henchcliffe, C. Sex differences in cerebral
energy metabolism in Parkinson’s disease: A phosphorus magnetic resonance spectroscopic imaging study.
Parkinsonism Relat. Disord. 2014, 20, 545-548. [CrossRef] [PubMed]

Zhu, X.-H.; Lee, B.-Y,; Rolandelli, S.; Tuite, P.; Chen, W. Abnormal occipital metabolism in mild-moderate
Parkinson’s disease revealed by in vivo 31P-MRS at 7T. Mov. Disord. 2014, 29, e2.

Du, F; Zhu, X.H.; Zhang, Y.; Friedman, M.; Zhang, N.; Ugurbil, K.; Chen, W. Tightly coupled brain activity
and cerebral ATP metabolic rate. Proc. Natl. Acad. Sci. USA 2008, 105, 6409-6414. [CrossRef] [PubMed]

@ © 2017 by the author. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/mds.26128
http://www.ncbi.nlm.nih.gov/pubmed/25759166
http://dx.doi.org/10.1016/j.nicl.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25068113
http://dx.doi.org/10.1523/JNEUROSCI.2590-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21123574
http://dx.doi.org/10.1002/jmri.25489
http://www.ncbi.nlm.nih.gov/pubmed/27696565
http://dx.doi.org/10.1038/jcbfm.2014.40
http://www.ncbi.nlm.nih.gov/pubmed/24619276
http://dx.doi.org/10.1002/mrm.20761
http://www.ncbi.nlm.nih.gov/pubmed/16408282
http://dx.doi.org/10.1097/WNF.0b013e31829ae713
http://www.ncbi.nlm.nih.gov/pubmed/23860343
http://dx.doi.org/10.1002/mds.26351
http://www.ncbi.nlm.nih.gov/pubmed/26230671
http://dx.doi.org/10.1371/journal.pone.0030918
http://dx.doi.org/10.1177/1073858415574600
http://www.ncbi.nlm.nih.gov/pubmed/25761946
http://dx.doi.org/10.1093/brain/awt224
http://www.ncbi.nlm.nih.gov/pubmed/24000005
http://dx.doi.org/10.1212/WNL.0000000000001905
http://www.ncbi.nlm.nih.gov/pubmed/26253449
http://dx.doi.org/10.1097/WNF.0b013e3181c47569
http://www.ncbi.nlm.nih.gov/pubmed/19935406
http://dx.doi.org/10.1111/jon.12074
http://www.ncbi.nlm.nih.gov/pubmed/24325203
http://dx.doi.org/10.1016/j.parkreldis.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24593902
http://dx.doi.org/10.1073/pnas.0710766105
http://www.ncbi.nlm.nih.gov/pubmed/18443293
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Background on Parkinson’s Disease (PD) 
	Imaging and PD 
	Structural Imaging 
	Perfusion Imaging and Pharmacodynamic (Pharmacologic) Imaging 
	BOLD 
	ASL 
	Neurochemical and Metabolic Imaging 
	Conclusions 

