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Abstract: Parkinson’s disease is a chronic debilitating disease of the central
nervous system. Diagnosis by clinical examination alone is limited because there
are other disease conditions such as essential tremors, multiple systemic atrophy,
and progressive supranuclear palsy that may present with similar symptoms. The
signs and symptoms in these patients are called parkinsonian syndrome, usually
before a definitive diagnosis is made. Imaging has played an important role in
early diagnosis and management of the disease. Molecular imaging, as discussed
in this chapter, is essential for early detection and enabling clear distinction
between other similar disease entities that may mimic Parkinson’s disease.
Furthermore, systemic manifestations of Parkinson’s disease can also be detected
in some cases, as discussed in this chapter.
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INTRODUCTION

Parkinson’s disease (PD) is a chronic neurodegenerative disease with predominant
motor symptoms and was first described in the essay ‘The shaking palsy’ written
by James Parkinson in 1817 (1). The diagnosis of PD is based on clinical diagnostic
criteria; however, previous studies showed that 10% to 20% of subjects suspected
of PD were clinically misdiagnosed when compared with pathological results,
which is the gold standard (2-5).

The pathological hallmark of PD is a profound loss of nigrostriatal dopamine
cells and an accumulation of intracellular inclusions called Lewy bodies,
which consist of alpha-synuclein aggregates (6). The clinical presentation of
PD can be heterogeneous due to the underlying dopaminergic and
nondopaminergic pathophysiology, and these can overlap with other varieties
of parkinsonism, including the parkinsonian variant of multiple system
atrophy (MSA), progressive supranuclear palsy (PSP), and essential tremor
(ED) (V.

Over the years, there has been a progressive increase in knowledge and
understanding of the pathophysiology of PD. This has fueled the exploration of
neuroimaging biomarkers with single-photon emission computed tomography
(SPECT), positron emission tomography (PET), and magnetic resonance imaging
(MRI) to improve diagnostic accuracy when the clinical diagnosis is uncertain.
Additionally, the use of neuroimaging biomarkers may provide additional
differential diagnoses, help with selection of the most appropriate treatment, and
monitor response to therapy. Despite significant evidence for the utility of
neuroimaging in assessing patients with PD, none of the currently available
neuroimaging techniques is specifically recommended for the routine diagnosis of
PD (7). This chapter presents an overview of the various neuroimaging techniques/
biomarkers used in the diagnosis of PD and compares the published diagnostic
accuracies where applicable.

SINGLE-PHOTON EMISSION COMPUTED
TOMOGRAPHY (SPECT)

The early stages of PD can present with atypical or inconspicuous symptoms,
leading to a complicated and delayed diagnosis. Consequently, there is a
pressing demand for an objective biomarker that can facilitate accurate
diagnosis of PD and appropriate treatment. Single photon emission
computerized tomography (SPECT) is an invaluable resource for clinicians,
enabling them not only to identify PD in its early stages, but also to distinguish
between movement disorders related to parkinsonian syndromes (PS) and
essential tremor (ET).

123l-iofluopane SPECT (DaTScan)

1231-iofluopane SPECT (DaTScan), a tropane-based radiotracer, is used to assess
the availability of the presynaptic dopamine transporter which is known to be
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depleted in individuals with Parkinson’s disease. Clinical parkinsonism occurs
when patients have lost 40%—-50% of the posterior putamen dopamine terminal
function (8, 9).

In healthy individuals, DaTScan images appear as ‘comma-shaped’ regions of
activity in the striatum (caudate anteriorly and putamen posteriorly). An abnormal
scan is seen in conditions with nigrostriatal degeneration such as parkinsonian
syndromes (PS), including MSA and PSP (10-12). An abnormal scan may appear as
(i) asymmetrically reduced putamen activity, (il) symmetrically reduced putamen
activity with relative preservation of caudate activity, (iii) absence of putamen activity
with unilateral or bilateral reduced caudate activity, and (iv) fairly uniform involvement
of putamen and caudate unilaterally (5, 13). The posterior putamen shows earlier and
more severe signal loss than the anterior putamen or caudate in PD (14).

DaTScan has shown significantly higher specificity compared to the clinical
diagnosis of PD. In a multicenter study in Europe in which patients were followed
for 36 months, baseline DaTScan showed a mean sensitivity of 79% and specificity
of 97% compared to baseline clinical diagnosis with a sensitivity of 83% and
specificity of 93%, leading to overdiagnosis of PD in about 15% of subjects (15).
Multiple other studies have shown a range of values in agreement with this with
high sensitivity (87-98%) and specificity (80-100%) in the differentiation of PD
from nondegenerative forms of parkinsonism, such as essential tremor, vascular,
and drug-induced parkinsonism (16-18).

The principal use of DaTScan to rule out other causes of tremor has contributed
to patient management and boosts physician confidence. Marshall et al. reported
11 patients who were clinically diagnosed with PD and were treated with
dopaminergic agents, but further evaluation with a DaTScan revealed a negative
result which led to subsequent withdrawal from antiparkinsonian therapy (19).
Withdrawal was achieved without clinical deterioration, suggesting that
dopaminergic imaging may be valuable when inappropriate use of antiparkinsonian
medication is suspected (20).

The challenge with the use of DaTScan in the management of PD remains
the difficulty of differentiating between PD from other parkinsonism conditions
such as MSA and PSP, which also demonstrate abnormal findings in DaTScan
images. Nocker et al. reported that MSA patients present with higher rates of
signal reduction in the caudate and anterior putamen relative to PD, a finding
consistent with a faster rate of disease progression in MSA (21). A more
symmetric pattern of DAT loss was observed in PSP (22, 23) with an index of
asymmetry higher in PD (23). Despite all these findings, DaTScan is still
limited in differentiating PD from other neurological disorders. However, it
has contributed immensely to decision making in the management of
individuals with PD.

1231-Metaiodobenzylguanidine (MIBG) SPECT

MIBG, an analogue of noradrenaline storage with which it shares a similar
metabolic pathway, has been used in cardiac scintigraphy to evaluate sympathetic
nerve function (24). The sympathetic nervous system is impaired in PD (25).
Individuals with PD showed reduced uptake on the 1231-MIBG scan (26-28)
(Figure 1). In a study of 391 patients with Parkinson-like symptoms, the MIBG
scan showed a sensitivity of 87.7% and a specificity of 37.4%. This study also
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Figure 1. 1231-MIBG scintigraphy. Early anterior planar images of myocardial 1231-MIBG
scintigraphy in control patient (A) and patient with idiopathic Parkinson’s disease (IPD) (B).
Regions of interest enclosing 1231-MIBG uptake were placed in the mediastinum and heart
(labeled with M and H, respectively). Cardiac uptake is less in patients with IPD.

Source: ] Nucl Med. 2006;47(7):1099-101. Published with permission.

reported a decrease in MIBG uptake in 66.5% of individuals without PD (29). The
MIBG scan can differentiate PD and MSA with a sensitivity and specificity of
100% (30). The importance of MIBG use in PD is to differentiate PD from other
neurological disorders (7).

POSITRON EMISSION TOMOGRAPHY SCAN

Throughout its development, PET scanning has demonstrated its indispensability
in research and clinical domains, highlighting its immense significance. Its
remarkable capacity to identify and visualize pathological alterations in movement
disorders has firmly established it as a fundamental instrument for diagnosis and
assessment. Moreover, PET imaging has provided us with the tools necessary to
evaluate groundbreaking treatments and has emerged as a powerful methodology
for capturing dynamic changes occurring across the various stages of movement
disorders. This extraordinary capability substantially amplifies the precision and
effectiveness of diagnosis.

18F-fluoro-3,4-dihydroxyphenylalnine (F-DOPA) PET Scan

18F-fluoro-3,4-dihydroxyphenylalnine (F-DOPA) is a positron emission
tomography (PET) agent that measures dopamine precursor uptake for the
assessment of presynaptic dopaminergic integrity and has been shown to
accurately reflect the monoaminergic disturbances in PD (31). F-DOPA brain
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Figure 2. Transverse 18F-DOPA PET images. Healthy control (left) and patient with idiopathic
PD (right). In PD, there is asymmetric loss of uptake of the tracer, and more pronounced loss
in the caudal putamen than in the rostral putamen and the caudate nucleus.

Source: Am ] Transl Res 2011;3(4):323-41. Published with permission.

imaging demonstrated a decrease in the caudate nucleus uptake in early stage of
idiopathic PD with associated frontal lobe impairment such as attention
suppression (32) (Figure 2). Several studies have shown high sensitivity and
specificity of F-DOPA PET. For example, a study by Biju et al. reported sensitivity
and specificity of 90%—-100% and 91% respectively (33). Recently, Ibrahim et al.
also reported sensitivity of 95.4% and specificity of 100% (34). There is a strong
correlation between the findings on the F-DOPA PET scan in the putamen and the
severity of the disease evaluated with the Unified Parkinson Disease Rating Scale
(UPDRS) (35, 36) as well as bradykinesia and rigidity (37).

18F-fluorodeoxyglucose (FDG) PET Scan

18F-fluorodeoxyglucose (FDG) PET demonstrates the regional pattern of glucose
metabolism in the body. Its diagnostic use is somewhat limited due to the presence
of high background physiological activity because the brain primarily utilizes
glucose for its metabolism. In the evaluation of PD, there is increased activity in
the basal ganglia, pons, and cerebellum with a concurrent reduction in the glucose
metabolism in premotor, pre-supplementary motor, and parietal cortices. These
patterns are different from atypical degenerative forms of parkinsonism and make
them valuable in the differential diagnosis of PD (38).

[1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline
carboxamide] (PK11195) PET

PK11195,[1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline
carboxamide], is a selective ligand for peripheral benzodiazepine sites (PBBS).
In vivo and in the absence of invading blood-borne cells, the de novo expression of
PBBS occurs primarily in activated microglia (39). The selectivity of [11C](R)-
PK11195 makes it a useful positron emission tomography (PET) marker of PBBS
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expressed by activated microglia in degenerative brain lesions (12, 40—42). Activated
microglia were first reported in the substantia nigra of PD patients post-mortem
(43). A study reported the presence of microglial activation in the putamen,
hippocampus, cingulate, and temporal cortex in post-mortem tissue of PD patients
(44). In a retrospective study of 18 patients with clinical diagnosis of IPD who
underwent 11C](R)-PK11195 PET, widespread microglial activation was reported
in the brainstem, basal ganglia, and frontal areas with no correlation with disease
severity, rated both clinically and with [18F]-DOPA PET, or disease duration (45).
Although an earlier study in recently diagnosed PD patients reported increased
microglia activation in the midbrain but not in other regions of the brain (46).

A recent study concluded that PK11195 PET scan can discriminate between PD
patients and healthy volunteers (HV). The study reported a 24% difference in the
substantia nigra between PD and HV with a repeatability coefficient of 13%, showing
that it will be possible to estimate responses in longitudinal, within subject trials of
novel neuroprotective drugs (47). The idea that neuroinflammation may drive the
neurodegenerative process in PD was supported by PET imaging with 11C-PK11195
showing increased midbrain uptake that correlates with a reduction in DaT in the
putamen and with greater severity of motor symptoms (45).

Cyclic nucleotide phosphodiesterase 10 A (PDE10 A) PET Scan

Cyclic nucleotide phosphodiesterase 10 A (PDE10 A) is a dual substrate specific
enzyme involved in the hydrolysis of the cyclic nucleotides adenosine monophosphate
(cAMP) and guanosine monophosphate acid (cGMP) (48, 49). These substances are
important intracellular second messengers that mediate a variety of responses by
binding to effectors that include protein kinases, ion channels, and exchange
proteins directly activated by cAMP (50) and phosphodiesterase, determining both
acute and long-term changes in cellular function. Inhibition of PDE10A has the
potential to facilitate dopamine D1 receptor (D1R) mediated signaling (by enhancing
the concentration of cAMP induced by the Gs-coupled D1R) and reduce dopamine
D2 receptor (D2R) signaling (by decreasing the cAMP induced by the Gi-coupled
D2R) (51). Post-mortem analysis of the brain of patients with PD showed a
downregulation of PDE10 A in the striatal regions. The decline can be attributed in
this case to the activation of a compensatory mechanism for both dopaminergic
receptors (52). In the study of PDE10OA PET imaging using [11C]IMA107 as
radioligand, compared to a healthy control, brain images of individuals with PD
demonstrated decreased PDE10A in the caudate, putamen and globus pallidus
(Figure 3). The findings were also correlated with a longer duration of the disease
and a higher Unified Parkinson Disease Rating Score (UPDRS) (53).

MAGNETIC RESONANCE IMAGING (MRI)

MRI provides clinicians with structural and functional information of the human
brain noninvasively. Advanced quantitative MRI techniques have shown promise
in detecting pathological changes related to different stages of PD. Collectively,
advanced MRI techniques at high and ultrahigh magnetic fields help to better
understand the nature and progression of PD (54).
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Figure 3. 11C-IMA107 binding. PDE10A availability, visualized by 11C-IMA107 binding in the
striatum of a healthy control (A), a presymtomatic Huntington disease mutation carrier (B), and
a patient with Parkinson’s disease (C). Source: Brain: 2015; 138: 3003-3015. Published with
permission.

The traditional T1 and T2 weighted sequences have limited role in the identification
of dopaminergic deficits in PD but can identify lesions associated with other forms
of parkinsonism and should be considered for differential diagnosis (7). Certain
anatomical structures stand out in each of these sequences to differentiate PD from
atypical parkinsonian syndromes. For example, hypointense putamen on T2 MRI is
seen in MSA unlike PD with a sensitivity of 88% and a specificity 0of 89% (55). Similarly,
atrophy of the cerebellar peduncles (56) and frontal cortex helps to differentiate PSP
from PD with a sensitivity of 74—79% and a specificity of 91-95% (7).

Structural damage can be quantified by diffusion-weighted imaging, which
maps the restriction to the free diffusion of water molecules resulting from the
local architecture of brain tissue (57). Substantia nigra diffusion is altered in PD
(58). A study by Schocke et al. using single tensor diffusion weighted imaging (DWI)
modeling was able to demonstrate patients with PSP and MSA were different from
those with PD with 90-100% sensitivity and specificity (59).

Magnetic resonance spectroscopy (MRS)

Magnetic resonance spectroscopy (MRS) allows direct monitoring of energy
metabolism in the brain (60). In individuals with PD, MRS is used to assess
metabolites such as lactate (metabolic product of glycolysis, elevation of which can
indicate transient changes in physiological state), N-acetyl aspartate (NAA, a marker
of neuronal injury), choline-containing compound (Cho, marker of demyelination
and cell proliferation), creatine (Cr, a marker of energy metabolism), myoinositol
(mins, a marker for osmotic stress or astrogliosis), glutathione (GSH), and
neurotransmitters such as glutamate/glutamine (61, 62). MRS at high and ultrahigh
magnetic fields benefits from an increased signal-to-noise ratio and excellent spatial
separation. Excellent spatial separation will result in a significant increase in the
number of detectable metabolites with high specificity (63). In a study conducted
using 3T MRI, the levels of glutamine, N-acetyl aspartate, and glutathione were
lower in the substantia nigra of PD and there was an increase in choline. The same
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study also reported a higher GABA/glutamine ratio in the cerebral cortex (64). Using
7T MRI to evaluate the brain of PD patients, an increase in the GABA level was
reported in the pons (64%) and putamen (32%) (65).

Iron-sensitive magnetic resonance imaging (MRI) sequences

The innovation of ultrahigh magnetic field MRI and new sequences have improved
structural imaging of the substantia nigra, improving qualitative and quantitative
measure of structural damage (56). These advanced forms of MRI are now being
utilized to study the iron content of the substantia nigra. Normally, there is a regional
variability in iron concentration in the brain until the end of the second decade (66).
About 80% of the iron of substantia nigra is stored as soluble ferritin and insoluble
hemosiderin, while the remaining 20% is bound to neuromelanin in ferric form
(67-69). MRI evaluation of patients with PD is based on the assessment of changes in
iron metabolism in the substantial nigra. In PD brain, there is an abnormality in the
nigrosome 1 which is the largest subregion of the substantia nigra pars compacta.
Detection of abnormality of nigrosome 1 on 3T MRI scan provided an accuracy of
94.6% in comparison to clinical assessment and laterality (70). MRI demonstration
of hypointensity in the nigrosome 1 in PD is due to loss of neurons containing
neuromelanin, iron depletion, change in iron oxidation state, or a combination of

both (71) (Figure 4).

Figure 4. NM-MRI and QSM images. (A-C) represent the normal, possible abnormal and
definitely abnormal SN on NM-MRI, respectively. Nigrosome-1 (N1) could be visualized in
the dorsal part of the healthy SN on QSM images (D, arrow). D-F) represent that N1 was
present, indecisively present and absent, respectively. (G-H), a control subject, female

65 years, neuromelanin was normal (G) and N1 was present (H, arrow) in bilateral SN. (1, J), an
essential tremor (ET) patient, 59 years, female, neuromelanin was normal (I) and N1 was
present (J, arrow) in bilateral SN. (K, L), a denovo PD patient, 75 years female, neuromelanin
was definitely abnormal in unilateral SN (K, arrowhead) and N1 was absent in bilateral SN (L).
Combined Visualization of Nigrosome-1 and neuromelanin in Substantia Nigra (SN) Using 3T
MRI for the Differential Diagnosis of Essential Tremor and de novo Parkinson’s Disease.
Source: Front Neurol. 2019 Feb 12;10:100. Published with permission.
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CONCLUSION

The diagnosis of Parkinson disease is primarily a clinical diagnosis. However, the
utilization of imaging remains essential in differentiating idiopathic PD from other
forms of parkinsonism. Imaging will continue to contribute to overall management
of PD, emergence of new therapeutics and monitoring of response to treatment.
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