Discoveries Journals

JouBlishinG

REVIEW Article

DISCOVERIES 2023, 11(4): e177
DOI: 10.15190/d.2023.16

Roles of molecular neuroimaging techniques in Parkinsonism

Emad Singer !, Kinal Bhatt > *, Adarsh Thomas Anthony °, Mohamad Badi Dabjan ?, Sara

Muhammad ?, Jeffrey Tsai °, George Michel *

' The University of Texas MD Anderson Cancer Center, Houston, Texas, USA
?Larkin Community Hospital, South Miami, Florida, USA

*Mayo Clinic, Rochester, Minnesota, USA

* Corresponding author: Dr. Kinal Bhatt, Larkin Community Hospital, South Miami, Florida, USA. Email:

kinalbhatt@gmail.com

Submitted: May 16, 2023; Revised: Dec. 29, 2023; Accepted: Dec. 30, 2023; Published: Dec 31, 2023.
Citation: Singer E, Bhatt K, Thomas AA, Dabjan MB, Muhammad S, Tsai J, Michel G. Roles of molecular
neuroimaging techniques in Parkinsonism. Discoveries 2023, 11(4): e177. DOI: 10.15190/d.2023.16

ABSTRACT

Parkinson's disease affects millions worldwide and is
characterized by alpha-synuclein accumulation and
loss of dopaminergic neurons in the brain. Until now,
there is no cure for Parkinson's disease, and the
existing treatments aim to alleviate symptoms.
Parkinson's disease diagnosis is primarily based on
clinical observation of bradykinesia, mood, and
cognition symptoms. Nonetheless, clinical diagnosis
has its drawbacks since symptoms of parkinson's
disease only manifest in later stages and can be
similar to those of other conditions, such as essential
tremors or atypical Parkinsonian syndromes.
Molecular imaging techniques, including magnetic
resonance imaging (MRI), single-photon emission
computed tomography (SPECT), and positron
emission tomography (PET), can objectively detect
changes in the brain's neurochemical processes and
help diagnose and study neurodegenerative diseases.
The paper discusses functional imaging objectives,
the tracers employed for imaging, and the condition
of each target in Parkinson's disease. Functional
imaging can bestow invaluable revelations
concerning the intricate mechanisms underlying both
motor and nonmotor impairments in Parkinson's
disease while concurrently illuminating the
involvement of striatal dopamine in behavioral
phenomena extending beyond mere motor regulation.
Furthermore, this cutting-edge technology exhibits
great potential in investigating the preclinical stage of
the ailment, thereby enhancing our comprehension of
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the merits and limitations associated with surgical
interventions and the efficacy of neuroprotective
approaches.
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1. Introduction

Parkinson's disease (P.D.) is considered the second
most common neurodegenerative disease, occuring in
0.2% of the global population. Still, this number
increases to 1% for individuals aged 60 and over and
up to 4% for those aged 80 and over. This indicates a
substantial increase in prevalence as people age'. As
the Western population continues to age, the
incidence of Parkinson's disease is predicted to
increase, resulting in a greater financial load on
society due to the high requirement for healthcare
resources for individuals with Parkinson's disease?>.
P.D. is renowned for its manifestation of motor
symptoms, including rigidity and tremors. However,
patients also experience a range of non-motor
symptoms, encompassing cognitive impairment,
mood disturbances, gastrointestinal complications,
sleep disruptions, and pain*®. The combination of
these symptoms can vary significantly between
patients’. Unfortunately, there is no known cure for
P.D., and present treatments are centered on
alleviating symptoms instead of addressing the
fundamental cause of the disease®.

To diagnose P.D., physicians rely on patient
history and clinical examination, including motor
symptoms and response to anti-parkinsonism
medication, while excluding possible secondary
causes”™'’. However, this approach has limitations as
P.D. symptoms only become evident at an advanced
stage and can overlap with other syndromes like
essential tremors or atypical Parkinsonian
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syndromes!!. Thus, non-invasive imaging modalities
such as MRI, Functional MRI (fMRI), SPECT, and
P.E.T. have made diagnosing P.D. possible and
distinguished it from other conditions in living
patients'?. The utilization of molecular imaging in
P.D. harbors significant potential in uncovering
biomarkers and identifying targets that enable the
diagnosis of P.D. prior to the onset of symptoms.
Moreover, this approach holds promise in facilitating
the development of treatments aimed at addressing
the underlying cause of the disease rather than merely
alleviating symptoms'?.

Traditional imaging methods like CT and
structural MRI are not very useful for evaluating
patients with P.D., as they mainly serve to confirm or
rule out other possible diagnoses. Instead, functional
imaging techniques are highly effective for assessing
functional ~ connections and  changes in
neurochemistry associated with P.D.. Although these
methods are not yet fully established as biomarkers,
they can be used to understand the underlying
metabolic factors contributing to both motor and
nonmotor dysfunction, identify early signs of disease,
and monitor its progression. These techniques offer
valuable insights into how dopamine impacts reward
anticipation, the placebo effect, and other
neurobehavioral processes. Our study provides an
overview of the available imaging techniques and
their potential applications for the study of P.D.,
emphasizing the importance of functional imaging in
this context.

2. Molecular imaging for P.D.

Molecular imaging refers to observing, describing,
and measuring biological activities at the molecular
and cellular levels'. As a result, molecular imaging
can be considered a form of functional imaging
because it yields applicable insights into biological
processes that occur in vivo's.

2.1. Molecular imaging modalities used in P.D.

There are various molecular imaging techniques used
in P.D. patients for different objectives. P.E.T. and
SPECT are nuclear imaging techniques that use
radioactive tracers to produce images of the tracer's
spatial distribution and the distribution of the tracer
throughout the body, respectively'*'6. MRI uses
strong magnetic fields and electromagnetic pulses to
create anatomical images of tissues, and functional
MRI (fMRI) detects functional links between brain
regions'"!®, These techniques are used in P.D.
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patients for different purposes, such as aiding in
diagnosis and patient selection for clinical studies,
evaluating  disease  progression, identifying
differences between P.D. patients and healthy
individuals, and assessing treatment efficacy. The use
of molecular imaging in P.D. helps achieve these
objectives and understand the pathophysiology of the
disease.

2.2. Molecular imaging systems and their role in P.D.

Molecular imaging uses specialized tracers that
specifically bind to molecular targets, such as
proteins or neurotransmitters, involved in the P.D.
disease process. Labeling these targets with a
radioactive or fluorescent marker allows us to
visualize their distribution and activity within the
brain using various imaging modalities, such as
P.E.T., SPECT, and MRI. This allows for non-
invasive detection and tracking of disease-related
changes in molecular activity over time, which can
inform the development of new therapies and help
monitor treatment effectiveness. In P.D., molecular

targeting has been used to study the role of dopamine
transporters and receptors and other neurotransmitters
and proteins implicated in the disease pathology.

The molecular targets and modality used with each
target and their clinical and research applications are
summarized in Table 1'%1°,

3. Implications of functional neuroimaging and
molecular targets in different P.D. aspects

3.1. Etiology and Pathogenesis

The death of cells in the substantia nigra area of the
brain can occur many years prior to the appearance of
symptoms in P.D. People with genetic forms of P.D.
who have not yet displayed symptoms are ideal for
studying the preclinical phase**?¢.  Dopamine
transporter (D.A.T.) SPECT imaging is a well-
established technique referenced in scientific
literature. It serves as a valuable tool for detecting
familial Parkinson's disease and P.D. in first-degree
relatives who exhibit a diminished sense of smell.

Tabel 1. The molecular targets and modality used with each target and their clinical and research

applications
. Examples of
No | Target Modality . .
imaging agents
DISToETS [18F] F-DOPA
1 synthesis PE.T. [1F] FMT
(A.A.D.C)
PE.T.:
5 Dopamine | P.E.T,, ['®F] FE-PE21
transporter =~ SPECT SPECT:
[123]] FP-B-CIT
Vesicular
3 monoamine = P.E.T. [''C/"¥F] DTBZ
transporter
PE.T.:
. [''C] raclopride
4 g‘z’%am‘"e PET, (+)-[''C] PHNO
; SPECT ['8F] fallypride
receptors SPECT-
[13]] IBZM
PET:
[''C] DASB
Serotonin ['®F] F-DOPA (off-
PE.T, o
5 transporter SPECT target binding)
(SERT) SPECT:
[123]] FP-CIT (off-
target binding)
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Application

Used in practice and research for detecting loss of nigrostriatal
dopaminergic nerve endings.

['8F] F-DOPA was approved in the EU and the US in 2019 for
diagnosing P.D. and distinguishing E.T. from parkinsonian
syndromes?’

In both practical clinical applications and research endeavors,
the utilization of this imaging has proven instrumental in
detecting the loss of nigrostriatal dopaminergic nerve endings.
['2*I] FP-B-CIT (DatScan ®) approved in the EU and the US for
diagnosing P.D. and distinguishing E.T. from parkinsonian
syndromes?!

In research endeavors, the utilization of this imaging has
proven instrumental in detecting the loss of nigrostriatal
dopaminergic nerve endings.

This imaging is extensively employed in research to identify
the loss of striatal neurons in multiple system atrophy (MSA)
and progressive supranuclear palsy (PSP). It is also utilized for
measuring dopamine release and assessing receptor occupancy
in various studies.

This imaging is employed in research to effectively detect the
loss of serotonergic nerve endings specifically in the raphe
nuclei. This approach enables researchers to gain insights into
the degeneration of these nerve endings and its implications for
various neuropsychiatric disorders and conditions.



Roles of molecular neuroimaging techniques in Parkinsonism

10

11

12

13
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17

18

Serotonin 5-
HT1
receptors

Serotonin 5-HT
2A
receptors

Vesicular
acetylcholine
transporter
(VAChKT)

Acetylcholine
esterase (AChE)

Nicotinic
acetylcholine
receptors (04p2)

Muscarinic
acetylcholine
receptors

Norepinephrine
transporter
(NE.T.)

Norepinephrine
synthesis in

the heart
(NE.T.,
VMAT2)
Synaptic
terminals
(SV2A)

Glucose
metabolism

Cerebral blood
flow

Neural
connectivity

Microglia
(TSPO)

PE.T.

PE.T.

PE.T,
SPECT

PE.T.

PE.T,
SPECT

PE.T,
SPECT

PE.T.

P.ET.,
SPECT

PE.T.

PE.T.

PE.T,
SPECT,
fMRI

fMRI

PE.T.

5-HT 1A: [''C]
WAY 100635

['*F] MPPF

5-HT 1B:
[''C]AZ10419369

['®F] setoperone
['C] Cimbi-36

PE.T.: ['F]
FEOBV
SPECT: ['2*]]
IBVM

["'"CIMP4A

[!'C] PMP

5-[1C]

methoxy donepezil

PE.T.

2-['8F] fluoro-A-
85380

SPECT:
[123]]5-1A-85380

PE.T.

[''C] NMPB
SPECT:
[1231] QNB

['C] MeNER

PE.T.
[''C] HED
SPECT:
[13]] MIBG

[''C] UCB-J

['F] F.D.G

PE.T.:

[150] H20
SPECT:

[*mTc] Te-ECD
fMRI: none

None

(R)-[''C]PK11195
['SF] FEPPA
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Only applied in research: loss of 5-HT1R availability found
in the cortex

Only applied in research: changes in 5-HT2AR availability
found in P.D.

patients with hallucinations

In research endeavors, molecular imaging is employed to
detect the loss of VACHT specifically in the cortex. This
application enables researchers to investigate the
implications of VACHT loss in various neurological and
neurodegenerative disorders, providing valuable insights
into the underlying mechanisms and potential therapeutic
targets.

In research studies, molecular imaging techniques are
utilized to detect the loss of AChE specifically in the cortex
and the peripheral nervous system

In research investigations, molecular imaging methods are
employed to detect the loss of a4p2 receptors throughout the
brain. This approach allows researchers to examine the
distribution and density of these receptors and investigate
their involvement in various neurological and
neuropsychiatric disorders.

In research endeavors, molecular imaging techniques are
utilized to detect an increase in muscarinic receptor
availability specifically in the cortex

In research studies, molecular imaging is employed to detect
the loss of N.E.T. specifically in the midbrain and thalamus.
This application allows researchers to examine the impact of
N.E.T. loss in these regions, providing insights into the role
of norepinephrine dysfunction in various neurological and
neuropsychiatric disorders.

Applied in practice and research: detecting loss of cardiac
noradrenergic innervation

Only applied in research: loss of synaptic terminals found in
SN, cortical

Synaptic density decreased in P.D. patients with dementia
Only applied in research: detecting P.D.-related patterns of
metabolism/

blood flow/functional connectivity

In research endeavors, molecular imaging techniques are
utilized to diagnose Parkinson's disease and differentiate it
from atypical parkinsonian syndromes (APS) at an
individual level.

Only applied in research: studying microglia activation in
P.D.

Elevation of TSPO expression across the brain found in
initial

studies, but not confirmed in follow-up studies
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Only applied in research: measuring occupancy of A2A
targeting drugs

Increase in striatal A

2A availability found in P.D. with dyskinesias

Only applied in research: increase in CB1 availability found in the
striatum

In research studies, molecular imaging techniques are employed to
detect an increase in NMDA availability specifically in the
striatum and cortex of P.D. patients with levodopa-induced
dyskinesia (LID). By utilizing specific radiotracers that bind to
NMDARs, researchers can assess the alterations in NMDAR levels
and their potential contribution to the development of LID.

Only applied in research: loss of P.D.E found in striatal and
cortical regions

Only applied in research: loss of neuromelanin found in SN and
locus
coeruleus (LC)

Applied in practice and research: imaging beta-amyloid
accumulation

The three ®F-tracers approved for use in A.D. diagnosis in the US
and Europe??

DLB patients tend to have higher beta-amyloid load than P.D.
patients

['®F] AV1451 and ['®F] F.D.DNP are used in practical clinical
applications and research studies, molecular imaging techniques
are utilized for imaging the load of tau fibrils. By employing
specific radiotracers that bind to tau aggregates, researchers and
clinicians can visualize and quantify the accumulation of tau
pathology in the brain

['®F] AV1451 approved in the US for A.D. diagnosis?®

PSP patients tend to have higher tau load than P.D. patients
[18F]MK-6240 and [18F]PI-2620 are second generation tracers
with promising results in identifying atypical P.D. as PSP and
corticobasal degeneration.

A.A.D.C, aromatic L-amino acid decarboxylase; P.E.T., positron emission tomography; [18F]F-
DOPA, 6-[18F]fluoro-DOPA; [18F]FMT, 6-[ 18F]fluoro-m-tyrosine; SPECT, single photon emission

Adenosine A ['!C] SCH442416
19 2A PE.T. ["'C] TMSX
receptors [''C] preladenant
g9 Cannabinoid CBL 5 p 1 [SFIMK-9470
receptors
N-methyl-D-
g1  Aspartate PET.  ['C]CNS5161
receptor
(NMDA)
Phosphodiesterase P{P'E4: .
[''C] rolipram
22 enzymes PED ]
(PD.EI-11) P.D.E10A:
" [''C] IMA107
PE.T.
. PE.T. ['®F] AV 1451 (off-
23 | Neuromelanin MRI target binding)
MRI: None
[''C] PIB
. ['®F] florbetaben
24 | Beta-amyloid PE.T. [18F] florbetapir
['®F] flutametamol
[18F] AV1451
[18F] F.D.DNP
25 | Tau PE.T. [1SF]MK-6240
[18F]PI-2620
Abbreviations

computed tomography; [11C/18F]DTBZ, [11C](+)dihydrotetrabenazine/[ 18F]

(+)dihydrotetrabenazine; [18F]FEOBYV, [18F]fluoroethoxy benzovesamicol; [11C]MeNER, (S,S)-
[11C]-2-(a~(2-methoxyphenoxy) benzyl)morpholine; [11C]TMSX, 7-methyl-[11C]-(E )-8-(3,4,5-
trimethoxystyryl)1,3,7- trimethylxanthine; DLB, dementia with Lewy bodies; E.T., essential tremor.

By utilizing radiotracers specific to the D.A.T., this
imaging modality allows for the visualization and
quantification of dopamine transporter density in the
brain?* %, This imaging method reveals an uneven
loss of tracer uptake in the posterior putamen region
in the early stages of the illness. Both sporadic and
dominantly inherited P.D. exhibit comparable
patterns of dopamine dysfunction, with the putamen
being more affected than the caudate.

Conversely, recessively inherited P.D. affects the
caudate to a greater degree. P.E.T. imaging with the
benzodiazepine ligand ''C-PK11195 has been
employed to explore the role of inflammation in
P.D.% The literature revealed increased tracer binding
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in the midbrain related to disease severity. However,
another study found widespread microglia activation
outside the brainstem and basal ganglia, with no
connection between microglial activation and disease
severity or putaminal F-Dopa (F.D.) uptake. A further
study used [''C]-verapamil P.E.T. and discovered that
patients with P.D. had increased tracer binding in the
midbrain, which may indicate a breakdown in P-
glycoprotein function, responsible for removing
toxins from the brain?*2¢,

3.2. Early P.D.

P.D. symptoms only appear after significant
dopamine loss, which equates to about 80% of striatal
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dopamine content or approximately 50% of nigral
dopamine neurons®*?°, This suggests that either the
brain has more dopamine than required for daily
functioning or, more likely, compensatory
mechanisms activate during the pre-symptomatic
phase to counterbalance this loss**?°. P.E.T. imaging
of asymptomatic carriers of Leucine-rich repeat
kinase 2 (L.R.R.K.2)-associated parkinsonism has
demonstrated normal fluorodopa (F.D.) uptake and
abnormal dopamine transporter (D.A.T.) binding.
These findings suggest an upregulation of aromatic L-
amino acid decarboxylase (A.A.D.C) activity and a
downregulation of D.A.T. expression. These results
align  with  previous reports  highlighting
compensatory changes in dopamine processing
observed in early sporadic P.D. The P.E.T. imaging
technique allows for the non-invasive assessment of
dopamine-related molecular changes in
asymptomatic L.R.R.K.2 carriers, shedding light on
the underlying mechanisms and potential biomarkers
associated with the prodromal stages of P.D.?"2%.
These changes may explain the focal release of
dopamine in the asymptomatic striatum of patients
with hemi-parkinsonism; a rare form of P.D. affecting
one side of the body?’. Compensatory increases in
striatal dopamine turnover occur faster than the
reduction in F.D. uptake during early P.D.

Along with abnormalities in the nigrostriatal
pathway, early P.D. patients also have increased F.D.
uptake in the globus pallidus internal segment,
possibly reflecting a compensatory alteration*2°,
Postsynaptic D2 receptor binding increases in early,
untreated P.D., which may help maintain function
despite dopamine deficiency**2°. Compensatory
mechanisms unrelated to dopamine projections may
activate during certain tasks, such as motor sequence
learning, which involves activations in the cortex
beyond those seen in healthy controls, likely
compensating for the lack of striatal activation.
Asymptomatic carriers of a Parkin mutation exhibit
movement-related overactivity in the right rostral
cingulate motor cortex and left dorsal premotor cortex
during internally selected finger movements,
indicating reorganization of motor loops that may
suggest pre-symptomatic compensation®*26,

3.3. Correlation with P.D. symptoms

The uptake of Striatal F.D. is a good indicator of
bradykinesia, but it does not have a strong correlation
with tremors which may be caused by serotonergic
dysfunction*2®. According to research, the P.D.-
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related metabolic covariance pattern (P.D.R.P.) on
F.D.G P.E.T. can be linked to motor disability and
disease severity’*?°. P.D.R.P. is characterized by
high metabolic activity in the pallidal and thalamic
regions but low activity in the lateral premotor cortex,
supplementary motor cortex, dorsolateral prefrontal
cortex, and parieto-occipital association areas. These
findings suggest that the neural circuits responsible
for the planning and execution of voluntary
movements are involved in this pattern®*26,

3.4. Treatment response

Elevation of the striatal dopamine levels, which can
be assessed through Raclopride (RAC) P.E.T. and
levodopa, is associated with decreased symptoms of
Parkinson's disease. A decrease in P.D.R.P.
expression is also linked to a favorable response to
levodopa. The subsequent part of this article
examines the imaging indicators of motor
complications resulting from levodopa and the
efficacy of surgical treatments®*2°.

3.5. Motor complications

In P.D. patients, loss of dopamine terminals can lead
to drug-induced motor complications due to impaired
buffering capacity. However, studies suggest that
additional mechanisms, such as increased dopamine
turnover, may also contribute to motor fluctuations,
particularly in younger onset P.D.>*2°, P.E.T. studies
using RAC binding have demonstrated an altered
pattern of dopamine release in response to levodopa
in patients who develop fluctuations, even before
clinical evidence is present**2%%°, The variability in
synaptic dopamine levels can cause dramatic changes
in receptor occupancy and peak dose dyskinesias.
Presynaptic mechanisms contribute to motor
complications, while postsynaptic alterations may
also play a role in advanced P.D. However, limited
imaging evidence supports a correlation between
altered dopamine receptors and motor complications.
Current imaging techniques are insufficient to assess
postsynaptic mechanisms downstream of dopamine
receptors, but studies suggest that striatal opioid
function may be altered in patients with levodopa-
induced dyskinesias. P.E.T. studies have shown
altered blood flow in certain brain regions associated
with dyskinesias, which could indicate an altered
pallidal output to the thalamus and provide insight
into the clinical efficacy of pallidotomy as a treatment
for these complications®*2¢,
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3.6. Non-motor dysfunction and complication

P.D. is often associated with psychiatric and cognitive
complications, possibly due to the degeneration of
non-dopaminergic pathways. P.E.T. studies have
provided evidence suggesting that depression and
anxiety observed in P.D. may be associated with
dysfunction in the dopamine and noradrenergic
systems within the limbic system. These studies have
shown alterations in neurotransmitter activity and
receptor binding in regions implicated in emotional
regulation, such as the amygdala and prefrontal
cortex. Additionally, fluctuations in mood related to
levodopa treatment have been linked to dopaminergic
modulation of blood flow in the posterior cingulate
cortex. These findings highlight the complex
interplay between neurotransmitter systems and
mood regulation in P.D., providing insights into the
underlying neurochemical mechanisms involved in
mood disorders associated with the disease. **%°. In
P.D. patients, cognitive deficits do not respond to
levodopa and are treated with cholinesterase
inhibitors. P.E.T. studies have also shown that visual
hallucinations in P.D. may be associated with relative
frontal hypermetabolism and relative
hypometabolism in posterior cortical areas on F.D.G
P.E.T.>*%6, P.E.T. studies have found that compulsive
drug use in P.D. patients may be linked to
sensitization of levodopa-induced dopamine release
in the ventral striatum, providing direct evidence for
the role of dopamine in addiction syndromes.
Furthermore, the dopaminergic system may play a
role in pain modulation in P.D. P.E.T. studies have
demonstrated marked reductions in cardiac
sympathetic denervation in P.D. patients, particularly
in cases with clinical evidence of autonomic
dysfunction. Lastly, REM sleep alteration has been
associated with reduced meso-pontine F.D. uptake in
P.D. patients** %,

3.7. Diagnosis

Diagnosing parkinsonism based solely on clinical
manifestations may be difficult, especially in the
early stages. Functional imaging can be useful in
differentiating normal dopamine function from
abnormal dopamine innervation, aiding in the early
detection of dopamine deficiency, and supporting the
diagnosis of atypical Parkinsonian disorders*2°.
However, literature has reported normal imaging in
about 10-15% of patients with early P.D., although it
is unclear if this reflects insensitivity of the
techniques or misdiagnosis?*2°. Additional scans
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assessing pre- and postsynaptic dopamine function
and other imaging techniques like F.D.G P.E.T.,
diffusion-weighted MRI, and proton magnetic
resonance spectroscopy may help improve diagnostic
differentiation®*2¢, Cardiac scintigraphy can also help
distinguish between P.D. with autonomic dysfunction
and multiple system atrophy. However, the issue of
normal imaging in some patients remains unresolved,
and at least some of these patients may have clinical
P.D. despite normal imaging®*2S.

3.8. Disease progression

Variability in study designs, analytical methods, and
the application of different radiotracers makes it
challenging to monitor disease progression in P.D.
using radiotracer imaging®*?°. Literature has shown a
poor correlation between longitudinal changes in
PE.T. or SPECT measurements and clinical
progression®* 2%, Therefore, imaging measures should
not be considered surrogate endpoints in clinical trials
of P.D. Despite these limitations, imaging techniques
have been applied to estimate the symptomatic
threshold and the annual rate of disease progression®*
%, P.E.T. imaging of clinically hemi-parkinsonian
subjects suggests that while D.A.T. binding may be
the most sensitive tool for detecting dopamine
deficiency, it may overestimate the degree of cell loss,
particularly in early disease, while F.D. uptake may
underestimate the degree of cell loss**2°. Available
P.E.T. data indicate that the level of denervation in
the putamen progresses at an annual rate of 5% to
13%, influenced by the stage of the disease and age at
onset?* %, P.D. tends to progress more quickly in
early disease, while clinical progression usually tends
to be slower in young-onset disease. Recent work
shows age-related differences in dopamine turnover,
synthesis, and storage in P.D. Patients with younger
onset exhibit a greater increase in dopamine turnover
relative to the decline in dopamine synthesis and
storage. A longitudinal study of asymptomatic
individuals with genetic forms of P.D. using multi-
tracer P.E.T. imaging may provide more insight into
the natural history of the early disease*2°.

3.9. Deep brain stimulation

Pallidal deep brain stimulation (D.B.S.) and
subthalamic D.B.S. have both been found to reduce
the expression of P.D.R.P., which is related to
Parkinson's disease’*?°. However, the mechanisms
by which D.B.S. works are not fully understood, and
some studies suggest that Sub-thalamic nucleus
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(STN)-D.B.S. may actually stimulate rather than
inhibit STN output neurons. STN-D.B.S. does not
increase striatal dopamine release or improve disease
progression as measured by a longitudinal decline in
F.D. uptake’*?6, STN stimulation affects the
frontotemporal network, which may explain some of
its neuropsychological side effects. However,
designing activation studies is challenging, as
changes in behavior across stimulation conditions
could affect the results.

4. Pros and Cons for each imaging modality in
P.D.

Molecular imaging encompasses several key aspects:
sensitivity, specificity, accuracy, and temporal and
spatial resolution. In preclinical research, SPECT
scanners generally exhibit superior spatial resolution
compared to preclinical P.E.T. scanners. However,
P.E.T. scanners typically offer greater spatial
resolution in the clinical setting than clinical SPECT
scanners’!. Indeed, P.E.T. generally offers higher

sensitivity and temporal resolution compared to
SPECT. P.E.T. scanners utilize positron-emitting
radiotracers that undergo annihilation events,
emitting two photons in opposite directions. This
detection of coincidence events allows for accurate
localization of the radiotracer and higher sensitivity
in detecting and quantifying the radiotracer
distribution®?. Hybrid P.E.T./CT or P.E.T./MRI
systems offering anatomical reference frames to
functional imaging data are more widely available
than SPECT/CT and SPECT/MRI systems**. P.E.T.
represents the foremost imaging modality in clinical
research, with a significant emphasis on developing
novel nuclear imaging agents specifically designed
for P.E.T. applications. Notwithstanding its manifold
advantages, P.E.T. does exhibit certain limitations,
including the requirement for costly scanning
equipment and tracers reliant on short-lived isotopes.
Consequently, the establishment of P.E.T. imaging
centers necessitates close proximity to cyclotron
facilities to facilitate the production of these isotopes.
In stark contrast, Single-Photon Emission Computed

SPECT vs. PET

fMRI vs. PET/SPECT
Preclinical . . Superior spatial
i Clinical settin PET
setting g Limitations and temporal
resolution than
t 1 PET/SPECT.
SPECT: Superior PET: Higher —
spatial 1'6:5011:1‘['101:1. _ sensitivity and PET is costly Ntﬁn-m_vas_n_re
temporal equipment and without 1onizmg
resolution. [ short-lived radiation.

PET: Utilizes
positron-
| emitting
radiotracers for
accurate
localization.

PET/CT or
PET/MRI: More
— widely available
than SPECT/CT
or SPECT/MRL.

isotopes.
I ~ No limit on scans
] per day
Requires
cyclotron

facilities nearby.

PET: Foremost in
~— clinical research
with novel agents.

Figure 1. Pros and Cons for different modalities
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Tomography (SPECT) serves as an older and more
cost-effective technique employing longer-lived
isotopes, thereby enabling their transportation across
substantial distances. Consequently, in imaging
centers lacking P.E.T. scanners or the requisite
infrastructure to support them, SPECT remains the
imaging modality of choice®.

fMRI presents a superior spatial and temporal
resolution compared to P.E.T. and SPECT, rendering
it a convenient method for quantifying dynamic
alterations in neural network activity®>. Moreover,
fMRI obviates the need for ionizing radiation,
ensuring a non-invasive procedure without contrast
agents. Theoretically, there are no inherent
constraints on the number of scans that can be
performed on a given day. However, it is worth noting
that fMRI exhibits a lower signal-to-noise ratio than
P.E.T. and SPECT, consequently resulting in a more
intricate and uncertain analysis of the imaging data’®.

5. Discussion

P.D. is a complex condition that we don't fully
understand yet. This makes it challenging to detect
and prevent the disease early. Parkinson's disease is
diagnosed based on a patient's motor symptoms, with
molecular imaging methods serving a supplementary
role’. The significance of molecular imaging in P.D.
research cannot be overstated, as it facilitates the
investigation of the underlying molecular
mechanisms responsible for the onset and progression
of the disease in both human patients and animal
models. This invaluable capability contributes to the
development and evaluation of novel therapeutic
interventions for P.D. and holds the potential to
enable early diagnosis of the disease prior to the
manifestation of symptoms. Molecular imaging
studies have wunveiled compelling evidence
suggesting that P.D. likely represents a collection of

related  disorders  sharing  similar  clinical
manifestations rather than being a singular disease
entity™’.

The investigation of P.D. through molecular
imaging necessitates using specific techniques such
as SPECT, P.E.T., and MRI. P.E.T. and SPECT
tracers can be tailored to offer valuable insights into
molecular targets of interest. Consequently, nuclear
imaging techniques play a pivotal role in identifying
and characterizing subtle alterations in the brain's
molecular architecture associated with P.D.%3.
Nuclear imaging techniques such as SPECT and
P.E.T. use specific tracers to target molecular features
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in the brain (as shown in Table 1), including the
dopaminergic and noradrenergic systems, which can
aid in diagnosing P.D. P.E.T. and fMRI can also be
used to study cerebral flow and metabolism,
providing diagnostic information®®*, In order to
explore the origins of non-motor symptoms in P.D.
and evaluate the efficacy of medications targeting
these symptoms, researchers have employed tracers
that specifically target receptors and enzymes
unrelated to dopamine neurotransmission. By
utilizing such tracers, they aim to gain a deeper
understanding of the underlying mechanisms
contributing to P.D.'s non-motor symptoms and
assess the effectiveness of therapeutic interventions
designed to alleviate these symptoms*®“?. These
studies can ultimately lead to the development of
better medications for adjunct therapy of P.D.,
improving the quality of life for patients.

Despite notable advancements in P.D. research,
diagnosis, and treatment, achieving a significant
breakthrough necessitates a more profound
comprehension of the mechanisms involved in P.D.
pathogenesis during the asymptomatic stage. P.E.T.
imaging investigations have provided insights by
demonstrating that degeneration of dopaminergic
connections within the brain initiates several years
before the manifestation of P.D. symptoms®.
Nonetheless, a critical requirement exists for tracers
capable of targeting the underlying cause of
neurodegeneration rather than solely focusing on the
observable neurodegenerative changes themselves.

During the asymptomatic phase of P.D., the
principal imaging target for unraveling the underlying
mechanisms is a-Syn (alpha-synuclein). This protein
is widely recognized as the hallmark of P.D., and its
aggregation and accumulation within the brain are
strongly correlated with neurotoxicity**“¢. Indeed,
imaging o-Syn poses a significant challenge.
However, researchers are actively working on
developing and evaluating various classes of small-
molecule probes specifically designed to target and
image a-Syn. Despite the complexities involved,
these probes have demonstrated promising results in
in-vivo studies* 6,

The imaging of L.R.R.K.2 and mitochondrial
complex I present a potential avenue for uncovering
the underlying cause of neurodegeneration in P.D.
L.R.R.K.2 has been linked to both familial and
idiopathic forms of P.D., indicating its significance in
the disease process. By imaging L.R.R.K.2,
researchers can gain insights into its role and potential
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contributions to neurodegeneration. Additionally,
mitochondrial deficiency, particularly in the context
of complex I dysfunction, can lead to increased
oxidative stress and neurotoxicity, which are
implicated in P.D. pathology?’*. Histone
(de)acetylation represents another potential imaging
biomarker in P.D., providing insights into the
disease's epigenetic mechanisms. A tracer called
[11C] Martinostat has been investigated for imaging
histone deacetylase (HDAC) activity and has shown
promise in other neurodegenerative disorders?’.

It is crucial to recognize that P.D. may not have a
single imaging target to serve as a perfect
biomarker!'’*. Indeed, the accumulation of a-Syn is
not specific to P.D. alone, as it can also be observed
in other neurodegenerative disorders such as
dementia with Lewy bodies and progressive
supranuclear palsy. This overlapping pathology
underscores the need for approaches that can
differentiate and characterize these conditions
accurately. Multimodal imaging techniques that
combine and compare results from different imaging
modalities can be valuable in addressing this
challenge**°.

The development of imaging agents targeting
specific suspected targets implicated in P.D. can
greatly expedite fundamental research into the
mechanisms  underlying P.D.  pathogenesis.
Engineered antibodies capable of active transport
across the blood-brain barrier (BBB) hold promise as
potential imaging agents in this context’,
Preclinical investigations have provided evidence for
the efficacy of employing dual-action antibodies that
target  beta-amyloid in  the context of
neurodegenerative disorders such as Alzheimer's
disease. Moreover, the practicality of these antibodies
has been established. They possess the ability to
traverse the blood-brain barrier by interacting with
transferrin receptors present within the cerebral blood
vessels®*. The sluggish movement of antibodies
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within the body has presented a challenge in the
clinical utilization of antibody-based imaging agents.
However, promising advancements are being made in
the development of pre-targeting strategies that have
the potential to overcome this limitation>-¢,

6. Conclusion

P.D. diagnosis is based on clinical observation of
symptoms, but this has limitations as symptoms only
become apparent in later stages and can be similar to
other conditions. Molecular imaging techniques such
as MRI, SPECT, and P.E.T. can objectively detect
changes in neurochemical processes, aiding in
diagnosis and study of neurodegenerative diseases.
Functional imaging has the potential to provide
insights into both motor and nonmotor dysfunction in
Parkinson's disease, the role of striatal dopamine in
behavioral processes, and the preclinical phase of the
disease. This technology may also improve our
understanding of surgical interventions and
neuroprotective strategies.

Conflict of Interest

The authors declare no conflicts of interest regarding
the content, research, or publication of this paper.
There are no financial, personal, or professional
relationships that could influence the work reported
in this manuscript.

Acknowledgements

Conceptualization: Emad Singer and Kinal Bhatt.
Methodology: Emad Singer conducted the initial
literature search, while Kinal Bhatt verified and
expanded upon the sources. Writing and Original
Draft Preparation: Emad Singer and Kinal Bhatt
primarily drafted the manuscript, which was
subsequently revised and edited by Adarsh Thomas
Anthony, Mohamad Badi Dabjan, Sara Muhammad,
Jeftrey Tsai, and George Michel. Review and Editing:
Emad Singer, Kinal Bhatt, Adarsh Thomas Anthony,

10



Roles of molecular neuroimaging techniques in Parkinsonism

Mohamad Badi Dabjan, Sara Muhammad, Jeffrey
Tsai, and George Michel reviewed, critiqued, and
contributed to the final version of the manuscript.
Supervision: George Michel supervised the overall
progress of the literature review and provided
guidance throughout the process.

References

1.

10

11

Driver JA, Logroscino G, Gaziano JM, Kurth T.
Incidence and remaining lifetime risk of Parkinson
disease in advanced age. Neurology 2009; 72: 432—
438.

Wanneveich M, Moisan F, Jacqmin-Gadda H, Elbaz
A, Joly P. Projections of prevalence, lifetime risk, and
life expectancy of Parkinson's disease (2010-2030) in
France. Movement Disorders 2018; 33: 1449-1455.

Gustavsson A, Svensson M, Jacobi F, Allgulander C,
Alonso J, Beghi E et al. Cost of disorders of the brain
in Europe 2010. European Neuropsychopharmacology
2011;21: 718-779.

Antonini A. Complementary PET studies of striatal
neuronal function in the differential diagnosis between
multiple system atrophy and Parkinson's disease.
Brain 1997; 120: 2187-2195.

Balestrino R, Schapira AHV. Parkinson disease. Euro
J of Neurology 2020; 27: 27-42.

Mertsalmi TH, Aho VTE, Pereira PAB, Paulin L,
Pekkonen E, Auvinen P et al. More than constipation
— bowel symptoms in Parkinson's disease and their
connection to gut microbiota. Euro J of Neurology
2017; 24: 1375-1383.

Von Coelln R, Shulman LM. Clinical subtypes and
genetic heterogeneity: of lumping and splitting in
Parkinson disease. Current Opinion in Neurology
2016; 29: 727-734.

Oertel W, Schulz JB. Current and experimental
treatments of Parkinson disease: A guide for
neuroscientists. Journal of Neurochemistry 2016; 139:
325-337.

Armstrong MJ, Okun MS. Diagnosis and Treatment of
Parkinson Disease: A Review. JAMA 2020; 323: 548.

Marsili L, Rizzo G, Colosimo C. Diagnostic Criteria
for Parkinson's Disease: From James Parkinson to the
Concept of Prodromal Disease. Front Neurol 2018; 9:
156.

Rizzo G, Copetti M, Arcuti S, Martino D, Fontana A,
Logroscino G. Accuracy of clinical diagnosis of
Parkinson disease: A systematic review and meta-
analysis. Neurology 2016; 86: 566-576.

www.discoveriesjournals.org/discoveries

12

13

14

15

16

17

18

19

20

21

22

23

24

Abbasi Gharibkandi N, Hosseinimehr SJ. Radiotracers
for imaging of Parkinson's disease. European Journal
of Medicinal Chemistry 2019; 166: 75—89.

Bidesi NSR, Vang Andersen I, Windhorst AD,
Shalgunov V, Herth MM. The role of neuroimaging in
Parkinson's disease. Journal of Neurochemistry 2021;
159: 660—689.

Ametamey SM, Honer M, Schubiger PA. Molecular
Imaging with PET. Chem Rev 2008; 108: 1501-1516.

Peter J. Medical Imaging Modalities - An
Introduction. In: Sensen CW, Hallgrimsson B (eds).
Advanced Imaging in Biology and Medicine. Springer
Berlin Heidelberg: Berlin, Heidelberg, 2009, pp 225—
254.

Kristensen, J. L., Herth MM. In vivo imaging in drug
discovery. In K. Stromgaard, P. Krogsgaard-Larsen, &
U. Madsen (Eds.), Textbook of drug design and
discovery.;5th ed. .

Weingarten CP, Sundman MH, Hickey P, Chen N.
Neuroimaging of Parkinson's disease: Expanding
views. Neuroscience & Biobehavioral Reviews 2015;
59: 16-52.

Glover GH. Overview of functional magnetic
resonance imaging. Neurosurg Clin N Am 2011; 22:
133-139, vii.

Politis M. Neuroimaging in Parkinson disease: from
research setting to clinical practice. Nat Rev Neurol
2014; 10: 708-722.

FDA. FLUORODOPA F 18 Injection, for intravenous
use Initial U.S. Approval. 2019.
doi:https://www.accessdata.fda.gov/drugsatfda_docs/
label/2019/200655s0001bl.pdf.

FDA. DaTscan (loflupane 1 123 Injection) for
Intravenous Use, CII Initial U.S. Approval. 2011.
doi:https://www.accessdata.fda.gov/drugsatfda_docs/
label/2011/0224540rig1s000Lbl.pdf.

FDA. Regulatory Perspectives on Technical
Characteristics of Drugs for Brain Amyloid PET.
2022.
doi:https://www.fda.gov/media/163651/download.

FDA. FDA Approves First Drug to Image Tau
Pathology in Patients Being Evaluated for Alzheimer's
Disease. 2020. doi:https://www.fda.gov/news-
events/press-announcements/fda-approves-first-drug-
image-tau-pathology-patients-being-evaluated-
alzheimers-disease.

Mena AM, Strafella AP. Imaging pathological tau in
atypical  parkinsonisms: A review. Clinical
Parkinsonism & Related Disorders 2022; 7: 100155.

11



Roles of molecular neuroimaging techniques in Parkinsonism

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Stoessl AJ. Neuroimaging in Parkinson's disease: from
pathology to diagnosis. Parkinsonism & Related
Disorders 2012; 18: S55-S59.

Brooks DJ. Morphological and functional imaging
studies on the diagnosis and progression of
Parkinson's disease. J Neurol 2000; 247: 1111-1118.

Nandhagopal R, McKeown MJ, Stoessl AJ. Invited
Article: Functional imaging in Parkinson disease.
Neurology 2008; 70: 1478—-1488.

Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M,
Lincoln S et al. Mutations in LRRK2 Cause
Autosomal-Dominant Parkinsonism with
Pleomorphic Pathology. Neuron 2004; 44: 601-607.

Hauser DN, Hastings TG. Mitochondrial dysfunction
and oxidative stress in Parkinson's disease and
monogenic parkinsonism. Neurobiology of Disease
2013; 51: 35-42.

Tessitore A, Russo A, Cirillo M, Giordano A,
Marcuccio L, Tedeschi G. Hemiparkinsonism and
hemiatrophy syndrome: A rare observation. Clinical
Neurology and Neurosurgery 2010; 112: 524-526.

Thobois S, Dominey P, Fraix V, Mertens P, Guenot
M, Zimmer L et al. Effects of subthalamic nucleus
stimulation on actual and imagined movement in
Parkinson's disease: a PET study. Journal of
Neurology 2002; 249: 1689—1698.

Khalil MM, Tremoleda JL, Bayomy TB, Gsell W.
Molecular SPECT Imaging: An Overview.
International Journal of Molecular Imaging 2011;
2011: 1-15.

Rahmim A, Zaidi H. PET versus SPECT: strengths,
limitations and challenges. Nuclear Medicine
Communications 2008; 29: 193-207.

Davis KM, Ryan JL, Aaron VD, Sims JB. PET and
SPECT Imaging of the Brain: History, Technical
Considerations, Applications, and Radiotracers.
Seminars in Ultrasound, CT and MRI 2020; 41: 521
529.

Beer AJ, Kessler H, Wester H-J, Schwaiger M. PET
Imaging of Integrin aVP3 Expression. Theranostics
2011; 1: 48-57.

Kameyama M, Murakami K, Jinzaki M. Comparison
of [150] H20O positron emission tomography and
functional magnetic resonance imaging in activation
studies. World J Nucl Med 2016; 15: 3-6.

Pysz MA, Gambhir SS, Willmann JK. Molecular
imaging: current status and emerging strategies.
Clinical Radiology 2010; 65: 500-516.

Cropley VL, Fujita M, Bara-Jimenez W, Brown AK,
Zhang X-Y, Sangare J et al. Pre- and post-synaptic
dopamine imaging and its relation with frontostriatal

www.discoveriesjournals.org/discoveries

39

40

41

42

43

44

45

46

47

48

cognitive function in Parkinson disease: PET studies
with [11CINNC 112 and [I8F]FDOPA. Psychiatry
Research: Neuroimaging 2008; 163: 171-182.

Wu T, May, Zheng Z, Peng S, Wu X, Eidelberg D et
al. Parkinson's Disease—Related Spatial Covariance
Pattern Identified with Resting-State Functional MRI.
J Cereb Blood Flow Metab 2015; 35: 1764-1770.

Walker Z, Gandolfo F, Orini S, Garibotto V, Agosta
F, Arbizu J et al. Clinical utility of FDG PET in
Parkinson's disecase and atypical parkinsonism
associated with dementia. Eur J Nucl Med Mol
Imaging 2018; 45: 1534-1545.

Ballanger B, Strafella AP, Van Eimeren T, Zurowski
M, Rusjan PM, Houle S et al. Serotonin 2A Receptors
and Visual Hallucinations in Parkinson Disease. Arch
Neurol 2010; 67. doi:10.1001/archneurol.2010.35.

Bohnen NI, Kaufer DI, Hendrickson R, Constantine
GM, Mathis CA, Moore RY. Cortical cholinergic
denervation is associated with depressive symptoms in
Parkinson's disease and parkinsonian dementia.
Journal of Neurology, Neurosurgery & Psychiatry
2007; 78: 641-643.

Ishibashi K, Miura Y, Wagatsuma K, Toyohara J,
Ishiwata K, Ishii K. Occupancy of adenosine A2A
receptors by istradefylline in patients with Parkinson's
disease using 11C-preladenant PET.
Neuropharmacology 2018; 143: 106—112.

de la Fuente-Fernandez R, Schulzer M, Kuramoto L,
Cragg J, Ramachandiran N, Au WL et al. Age-specific
progression of nigrostriatal dysfunction in Parkinson's
disease. Annals of Neurology 2011; 69: 803—810.

Kotzbauer PT, Tu Z, Mach RH. Current status of the
development of PET radiotracers for imaging alpha
synuclein aggregates in Lewy bodies and Lewy
neurites. Clin Transl Imaging 2017; 5: 3—14.

Kalia LV, Kalia SK, McLean PJ, Lozano AM, Lang
AE. a-Synuclein oligomers and clinical implications
for Parkinson disease. Annals of Neurology 2013; 73:
155-169.

Eberling JL, Dave KD, Frasier MA. a-synuclein
Imaging: A Critical Need for Parkinson's Disease
Research. Journal of Parkinson's Disease 2013; 3:
565-567.

Pascoal TA, Chamoun M, Shin M, Benedet AL,
Mathotaarachchi S, Kang MS et al. Imaging
Epigenetics in The Human Brain with The Novel
Martinostat PET In Preclinical AD, MCI, AD, and
Frontotemporal Dementia Individuals. Alzheimer’s
&amp; Dementia 2018; 14.
doi:10.1016/j.jalz.2018.06.2053.

12



Roles of molecular neuroimaging techniques in Parkinsonism

49

50

51

52

53

Schapira AHV. Recent developments in biomarkers in
Parkinson disease: Current Opinion in Neurology
2013; 26: 395-400.

Horsager J, Andersen KB, Knudsen K, Skjerbak C,
Fedorova TD, Okkels N et al. Brain-first versus body-
first Parkinson's disease: a multimodal imaging case-
control study. Brain 2020; 143: 3077-3088.

Perani D, laccarino L, Jacobs AH, IMBI Brain
Imaging Working Group, Lammertsma AA, Nordberg
A et al. Application of advanced brain positron
emission tomography—based molecular imaging for a
biological  framework in  neurodegenerative
proteinopathies. Alz &amp; Dem Diag Ass &amp; Dis
Mo 2019; 11: 327-332.

Gee AD, Herth MM, James ML, Korde A, Scott PJH,
Vasdev N. Radionuclide Imaging for Neuroscience:
Current Opinion and Future Directions. Mol Imaging
2020; 19: 153601212093639.

Sehlin D, Syvidnen S. Engineered antibodies: new
possibilities for brain PET? Eur J Nucl Med Mol
Imaging 2019; 46: 2848-2858.

www.discoveriesjournals.org/discoveries

54

55

56

57

Zella SMA, Metzdorf J, Ciftci E, Ostendorf F,
Muhlack S, Gold R et al. Emerging Immunotherapies
for Parkinson Disease. Neurol Ther 2019; 8: 29-44.

Sehlin D, Fang XT, Cato L, Antoni G, Lannfelt L,
Syvénen S. Antibody-based PET imaging of amyloid
beta in mouse models of Alzheimer's disease. Nat
Commun 2016; 7: 10759.

Rossin R, Renart Verkerk P, van den Bosch SM,
Vulders RCM, Verel I, Lub J et al. In Vivo Chemistry
for Pretargeted Tumor Imaging in Live Mice. Angew
Chem Int Ed 2010; 49: 3375-3378.

Altai M, Membreno R, Cook B, Tolmachev V, Zeglis
BM. Pretargeted Imaging and Therapy. J Nucl Med
2017; 58: 1553-1559.

This article is an Open Access article distributed under the
terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited
and it is not used for commercial purposes; 2023, Singer
et al., Applied Systems and Discoveries Journals.

13



