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Parkinson’s Disease

Parkinson’s Disease (PD) is a chronic progressive movement
disorder characterized by a combination of clinical features,
including resting tremor, rigidity, bradykinesia, gait distur-
bance, and postural instability [1, 2]. PD is rare before age
50, with the incidence rising with age [3]. The mean age of
onset is 60 years, and men are 1.5-2 times more likely than
women to develop PD, although this gender ratio has not
been seen in all populations [4, 5]. Earlier-onset PD pro-
gresses at a slower rate and is associated with more levodopa-
induced complications [2]. While the majority of PD remains
idiopathic, a number of genetic risk factors have been identi-
fied as causative of PD. In particular, G2019S mutation in the
leucine-rich repeat kinase 2 (LRRK2) gene and several vari-
ations in the glucocerebrosidase (GBA) gene are frequent in
some populations, including Ashkenazi Jewish, where they
may account for up to one third of sporadic PD [6-8].

The pathological hallmark of PD is selective loss of pig-
mented dopaminergic neurons in the pars compacta of the sub-
stantia nigra coupled with widespread deposition of Lewy
bodies (aggregates of alpha-synuclein) in the brainstem, spinal
cord, and cortex [9-11]. While the definitive diagnosis of PD
requires pathological confirmation, clinically PD is defined by
its motor symptoms. Onset is typically unilateral, with asym-
metry persisting throughout the disease course. Subtle
changes, often having been present preceding the diagnosis,
include reduced facial expression, a lack of arm swing, monot-
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onous speech, loss of gesturing during talking, a lack of coor-
dination, and a change in handwriting. Current diagnostic
criteria require the presence of bradykinesia with at least on
other cardinal motor features such as tremor or rigidity, in
addition to a number of supporting and exclusionary criteria
[12, 13]. It is increasingly recognized that PD is also charac-
terized by a number of non-motor clinical manifestations,
including mood disturbances, cognitive dysfunction, constipa-
tion, and sleep disorders, many of which may be present for
years preceding the motor symptoms. Indeed, REM sleep
behavior disorder (RBD) is now seen as one of the biggest
nongenetic risk factors for the development of PD [14]. While
PD is the most common form of degenerative parkinsonism,
atypical parkinsonian syndromes (APS), specific syndromes
with distinct symptomatology, pathologies, and prognosis,
represent as much as 15-20% of parkinsonism seen in spe-
cialty practices. These include other disorders of dopaminer-
gic dysfunction such as multiple system atrophy (MSA),
progressive supranuclear palsy (PSP), and corticobasal degen-
eration (CBD) [15]. Diagnostic accuracy (established with
postmortem brain examination) approaches well over 95% in
movement disorder specialty practices when patients are fol-
lowed over time, with much lower accuracy early in the dis-
ease or with APS [12, 16]. Neuroimaging has not yet been
included in the diagnostic criteria of PD or any of the APS,
though several modalities can be helpful in that regard and will
be discussed in detail below.

Structural Imaging
Magnetic Resonance Imaging

Conventional MRI shows mostly nonspecific findings in PD,
but in clinical practice it is essential to differentiate neurode-
generative from symptomatic parkinsonism as it allows us to
exclude underlying pathologies such as inflammatory dis-
eases, brain tumors, normal-pressure hydrocephalus, vascu-
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lar disorders, Wilson’s disease, bilateral striatopallidodentate
calcinosis, manganese-induced parkinsonism, and different
subtypes of neurodegeneration associated with brain iron
accumulation [17-19].

In recent years, several groups described an MRI finding
that has the potential to distinguish PD from healthy con-
trols. On iron-sensitive MRI sequences at high field strength
(3 or 7 Tesla), PD subjects lack a hyperintense area within
the dorsolateral border of the hypointense substantia nigra
pars compacta [20-22]. In healthy controls the presence of
this dorsolateral nigral hyperintensity (DNH) is commonly
referred to as the “swallowtail sign,” and its loss is thought to
reflect nigral pathology. Meta-analysis suggests that the
absence of DNH has a high sensitivity and specificity to dis-
tinguish PD from healthy controls (combined 3 T and 7 T
imaging) [23]. Including patients with other forms of parkin-
sonism, DNH was also found to be absent in 8§9.4% of atypi-
cal parkinsonian disorders compared to 21.4% of
nondegenerative parkinsonism, including drug-induced par-
kinsonism [23, 24]. Similarly, in dementia patients, the
absence of DNH may be useful in distinguishing dementia
with Lewy bodies from frontotemporal dementia or
Alzheimer’s disease [25]. One study found that the concor-
dance rate between loss of DNH and abnormal presynaptic
dopaminergic imaging is 86%, suggesting that high field
strength MRI might be usable in the clinical setting instead
of nuclear medicine imaging [26].

MRI also can play a role in discriminating idiopathic PD
from atypical Parkinsonian disorders, though the sensitivity
is low early in the disease course. T1-weighted sequences are
important for anatomical detail and provide good gray mat-
ter/white matter contrast. By using an inversion pulse, the
contrast of T1-weighted images can be improved as in the
MP-RAGE (magnetization-prepared rapid acquisition with
gradient echo) sequence which results in high-resolution 3D
datasets. The use of a ratio of images acquired by two dis-
tinct inversion recovery sequences, depending only on T1,
one designed to suppress the white matter and the other to
suppress the gray matter, when combined is sensitive to cell
loss and reveal structural changes in the substantia nigra in
PD patients. The inversion recovery techniques reveal
decreased ratio between the substantia nigra and midbrain
area, with the most affected lateral and caudal substantia
nigra in PD and the opposite in PSP [17], correlating with the
pathophysiology of idiopathic PD [27].

In MSA, atrophy of the putamen, midbrain, cerebellum,
and corpus callosum as well as the “hot cross bun” sign and
a hyperintense putaminal rim can be seen on structural MRI
sequences [28, 29], while the characteristic findings in PSP
are the “humming bird” and “morning glory signs” relating
to midbrain atrophy [30]. Reduced midbrain/pons ratio sepa-
rates PSP from PD, while lower middle cerebellar/superior
cerebellar peduncle ratio may be characteristic of MSA [31].
These findings vary in their utility. The humming bird sign

has a high specificity for PSP [30], while about 55% of
patients with the “hot cross bun” sign have a disease other
than MSA [32, 33]. Moreover, they are rarely present in the
first few years of the disease, when the clinical need for accu-
rate diagnostics is greatest.

Transcranial Sonography

Transcranial sonography (TCS) depicts the substantia nigra
through an acoustic temporal bone window as an area of
hyperechogenicity in the midbrain and is found in up to 95%
of patients with PD patients, hypothetically reflecting vul-
nerable nigral dopamine neurons and increased iron content
[34-38]. In contrast, in normal controls, such hyperecho-
genicity is only found in about 3-13% of subjects. This
hyperechogenicity is observed in very early stages of the dis-
ease and generally remains unchanged with advancing stages
of PD [37], though in at least one study, it was found to cor-
relate with disease duration in males (but not females) [39].
While the finding has high sensitivity and specificity consti-
tuting a potential biomarker for PD in early stages, it there-
fore cannot be used to monitor disease progression [40, 41].
In addition, TCS findings in PS include hyperechogenicity of
the lenticular nucleus (11-25% of subjects) and caudate
nucleus (50-75%), as well as hypoechogenicity in the mid-
brain Raphe (25-30%) [42].

An increase in total iron content in the substantia nigra
also occurs in MSA and PSP, but in these entities it has been
suggested that iron is bound by increased amounts of ferritin
whereas in idiopathic PD ferritin is decreased. Thus, in PD
the increased amounts of iron must have alternative binding
proteins considered to contribute to the degeneration of the
substantia nigra and leading to hyperechogenicity [42].
Nevertheless, hyperechogenicity of SN may also be seen in
corticobasal degeneration, Wilson’s disease, essential tremor,
depression, and spinocerebellar ataxia type 3. To some
degree, SN hyperechogenicity alone can differentiate
between PD and MSA-P [43]. Combining the different TCS
findings increases accuracy — substantia nigra hyperecho-
genicity associated with normal echogenicity of the basal
ganglia has a positive predictive value of 0.91 for idiopathic
PD whereas the combination of normal echogenicity of the
substantia nigra and hyperechogenicity of the lenticular
nucleus has a high predictive value for MSA-P and PSP [35,
37, 42].

Additional increases in sensitivity and specificity in the
differentiation of PD from APS can be obtained by combin-
ing TCS findings with clinical features such as hyposmia,
myocardial scintigraphy, or motor asymmetry. Izawa et al.
reported olfactory dysfunction in 80-90% of patients with
PD. When associated with substantia nigra hyperecho-
genicity, it improves diagnostic sensitivity for PD diagnosis
to near 100% [34]. Likewise, the combination of SN hyper-
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echogenicity, hyposmia, and motor asymmetry yields sensi-
tivity, specificity, and PPV of 49%, 98%, and 97%,
respectively, in the differentiation of PD from other parkin-
sonism [44]. TCS may also be useful in following preclinical
PD [14, 45]. In a 10-year prospective population-based
study, the relative risk for developing PD was 7.43, 3.60, and
5.52 for baseline SN hyperechogenicity, hyposmia, and mild
parkinsonian signs, respectively [46].

The main advantages of TCS are wide availability, repeat-
ability, safety, real-time imaging, noninvasiveness, and cost-
effectiveness, but optimal transcranial US results depend on
a sufficient temporal bone acoustic window, quality of the
US system, post-processing technology, and on the experi-
ence of the investigator. In some populations, the percentage
of subjects with insufficient temporal windows may be as
high as 60% [38], and to date TCS has not entered routine
clinical practice.

Functional Imaging

Positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) imaging use
radiotracers for in vivo assessment of normal and abnormal
brain function. These techniques have been extensively used
to study the dopaminergic system in parkinsonian disorders,
but other neurochemical systems have also been investi-
gated, and cerebral blood flow or glucose utilization can be
mapped with radiolabeled water and glucose [47]. In gen-
eral, SPECT imaging is less expensive and more widely
available than PET imaging. As such, routine SPECT can be
performed in most nuclear medicine departments without the
need for an on-site cyclotron. However, PET has superior
spatial resolution and higher sensitivity than SPECT. In
regard to parkinsonian disorders, the resolution in SPECT
limits the separation of caudate and putamen, while the
higher sensitivity of PET allows for shorter imaging times.

Dopaminergic Imaging

Presynaptic Dopaminergic Imaging

Motor symptoms in patients with PD correlate with degen-
eration of dopaminergic neurons in the SN and subsequent
loss of their projections to the striatum. The presynaptic
function of these nigrostriatal projections can be assessed
with the use of various radiolabeled tracers. 6-['"*F]Fluoro-L-
dopa (FDOPA) PET is considered the gold standard in the
assessment of dopaminergic neurons in the striatum [48].
The level of FDOPA uptake corresponds to the level of radio-
tracer uptake into the presynaptic terminal, dopa-
decarboxylase (AADC —aromatic amino acid decarboxylase)
activity, and vesicular storage in the presynaptic dopaminer-

gic neurons [49]. The characteristic findings include asym-
metric reduction of FDOPA uptake in PD patients, with
greater reductions contralateral to the clinically more affected
side. Radiotracer binding is lowest in the contralateral puta-
men as compared to the caudate nucleus, referred to as the
rostro-caudal gradient of FDOPA uptake [50]. In early dis-
ease, there is a relative increase in FDOPA uptake as com-
pared to VMAT? (vesicle monoamine transporter 2).

["'C]-Dihydrotetrabenazine (DTBZ) PET is a marker of
vesicle monoamine transporter 2 (VMAT?) activity, which is
found predominantly in the nerve terminals of the dopami-
nergic projections in the striatum. The level of DTBZ bind-
ing corresponds to the amount of dopamine uptake into
intraneuronal vesicles at the presynaptic nerve terminal [49].
Furthermore, protocols of up to 4 hours also allow for assess-
ment of dopamine turnover by measuring changes in its
inverse, the effective dopamine distribution volume (EDV)
[51, 52]. These studies demonstrate compensatory increases
in dopamine turnover when compared to reductions in dopa-
mine synthesis and storage measured, indicating that EDV
may serve as a more sensitive marker of early PD. Unlike
FDOPA and DAT imaging in PD, there is no compensatory
change in the level of DTBZ activity associated with degen-
eration of dopaminergic nerve terminals and disease progres-
sion [53], and therefore, VMAT?2 expression may be the best
reflection of the actual level of denervation in the affected
striatum. It is, however, affected by treatment, as there is a
reduction in striatal DTBZ binding following L-DOPA chal-
lenge in patients with advanced PD, likely reflecting
increased vesicular DA levels [54].

Dopamine transporter (DaT) activity is assessed via vari-
ous PET and SPECT tropane (cocaine-derived) radiotracers
(['*1]-beta-CIT, ['I]-FP-CIT, ['8F]-FP-CIT, ["*F]-CFT,
[''C]-CFT, ["'C]-RTI-32, [''C]-WIN35,428, [''C]-PE2I-BP
[55-60]) and non-tropane analogs ([''C]-nomifensine,
['!C]-methylphenidate [49, 61]) (Fig. 36.1). Since the DA
transporter is involved in the reuptake of dopamine from the
synaptic cleft, the level of DAT activity directly corresponds
to the number of presynaptic dopaminergic nerve terminals
in the striatum. SPECT imaging with ['*I]-FP-CIT (DaT
scan) is currently FDA approved for the differentiation of PD
from essential tremor. While such presynaptic imaging in
general cannot distinguish between PD and APS, it is helpful
in separating dopaminergic degeneration from nondegenera-
tive parkinsonism, such as vascular or drug-induced parkin-
sonism [62-64]. Some studies have suggested that
early-phase ["*F]-FP-CIT PET images, which contain infor-
mation related to perfusion [65], may be able to differentiate
PD from MSA or PSP, but this approach has not been vali-
dated in prospective studies [66, 67].

Reductions in FDOPA-PET uptake have consistently
shown to best correlate with disease severity and clinical
bradykinesia scores, while the correlation with rigidity and
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Fig. 36.1 FP-CIT Staging of disease severity. ['*F]-FP-CIT uptake is
delineated from the background activity in the brain. Normal: In normal
subjects, uptake is bilaterally symmetrical and of uniform thickness in
both caudate and putamen (crescent shapes). Stage 1, mild: ['*F]-FP-
CIT uptake is asymmetric in the putamen; near normal on one side but
reduced on the contralateral side with respect to the background, espe-
cially in the posterior part. Caudate uptake is relatively preserved on

Normal

Stage 1
(Mild)

postural disturbance is less significant [68, 69], while there is
no correlation between tremor and the level of dopaminergic
deficit, pointing towards the involvement of other neural cir-
cuits in the pathogenesis of Parkinsonian tremor [69]. Due to
compensatory downregulation of DaT activity in early PD
secondary to the denervation of dopaminergic neurons, DaT
scans tend to overestimate the percentage of remaining
nigrostriatal projections as compared to VMAT2 or FDOPA
imaging [49]. Nevertheless, like FDOPA imaging, DaT stud-
ies demonstrate a significant correlation between radiotracer
uptake and the severity of clinical disease as measured by the
Hoehn and Yahr scale and Unified Parkinson Disease Rating
Scale (UPDRYS) [56].

Dopaminergic tracer uptake declines with disease pro-
gression. In an FDOPA-PET study of de novo PD patients,
mean presynaptic dopaminergic function at the time of the
first PET scan varies from 45% in the posterior putamen to
76% of the control mean in the caudate nucleus [70]. If it is
assumed that the loss of radiotracer binding is a linear func-
tion, extrapolating back from these values allows for the cal-
culation of the pre-symptomatic period, which is estimated
to be 6.5 years for the posterior putamen [70, 71]. Following
disease onset, the yearly rate of DA loss is greatest in the
putamen, ranging from 4 to 13% according to FDOPA imag-
ing studies, although the absolute decline is equal in the
entire striatum [70, 71]. Similarly, DaT PET imaging with
['*F]-CFT PET calculated annual decline in radiotracer
uptake to be 13.12% of the baseline mean in the putamen and
12.5% of the baseline mean in the caudate nucleus, with no
significant correlation between the change in [18F]-CFT
uptake and Unified Parkinson’s Disease Rating Scale

© o

Stage 2
(Moderate)

Stage 3
(Severe)

both sides and clearly delineated from the background. Stage 2, moder-
ate: ["®F]-FP-CIT uptake is bilaterally reduced with respect to the back-
ground in the putamen but still relatively preserved in the caudate
nuclei. Stage 3, severe: ['F]-FP-CIT uptake is bilaterally reduced sig-
nificantly with respect to the background in the putamen and somewhat
reduced in the caudate nuclei. (Images courtesy of D. Eidelberg, MD)

(UPDRS) scores [72]. Similarly, the annual decline in striatal
uptake assessed by DaT SPECT (['*’I]-beta-CIT) was calcu-
lated to be 11.2%/year from the baseline scan, compared
with 0.8%/year in controls.

This decline precedes symptom onset. Patients with hemi-
parkinsonism (i.e., with no symptoms yet on one side of their
body) already exhibit reduced tracer uptake in the bilateral
striatum, including ipsilateral to the clinically affected side,
indicating preclinical disease [71, 73, 74]. Moreover, in sub-
jects with REM sleep behavior disorder (RBD), which is
considered a strong risk factor for the development of synu-
cleinopathy, tracer uptake in the putamen progressively
decreases from controls to idiopathic RBD and PD patients
with RBD, while tracer uptake in the caudate nucleus over-
laps between patients with idiopathic RBD and those with
PD without RBD [75].

Again, while there was a significant correlation between
['21]-beta-CIT binding and disease severity quantified by
UPDRS, there was no association between the annual rate of
disease progression and change in clinical scores [76].
Furthermore, the progression of imaging findings correlated
only with age and degree of dopaminergic loss at symptom
onset, with slower progression in younger-onset patients and
those with a greater reduction in tracer binding at baseline
[76]. Likewise, studies looking at the efficacy of dopaminer-
gic therapy in PD have repeatedly demonstrated a poor cor-
relation between the progression of clinical symptoms and
functional imaging findings [15, 77]. Similarly, trials looking
at novel treatment options, such as human embryonic mesen-
cephalic tissue grafts, have consistently shown increased
FDOPA binding in the grafted putamen, indicating graft sur-
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vival [78-80], which do not necessarily correlate with
improvement in clinical symptomatology [81, 82].

Normal Dopaminergic Imaging in PD

Several clinical studies have noted normal dopaminergic
imaging in 10-15% of subjects with a clinical diagnosis of
PD, which were termed “SWEDDs” — scans without evi-
dence of dopaminergic deficit [15, 77, 83]. While this raised
concern that dopaminergic imaging thus might miss patients
with PD, follow-up diagnoses in 150 patients with normal
DaT imaging at baseline revealed that 97% were reclassified
to nondegenerative parkinsonism (vascular Parkinsonism,
drug-induced Parkinsonism) or tremor (dystonic tremor,
essential tremor), indicating that normal DaT imaging sup-
ports the diagnosis of movement disorders other than PD in
the majority of cases [84]. Likewise, in the PRECEPT study,
91/799 subjects were classified as SWEDD at baseline. A
total of 72 subjects had repeat imaging at 22 months, and
66/72 remained as SWEDD. In contrast 626/629 subjects
with abnormal DaT scans at baseline remained abnormal at
follow-up. The clinical diagnosis was changed in 44% of
SWEDD subjects over the course of the study [85]. This was
further confirmed with an FDG PET study looking at
SWEDD patients, which revealed low Parkinson-related
metabolic patterns and a lack of clinical progression in these
subjects [86]. Prospective trials have found increased agree-
ment between initial dopaminergic imaging results and diag-
nosis based on clinical assessment at a later time point,
therefore suggesting that patients with normal dopaminergic
imaging are unlikely to have idiopathic PD [87, 88].

Postsynaptic Dopaminergic Imaging

Striatal output in the basal ganglia is facilitated by both D1
and D2 receptors. D1 receptor activity, assessed using
[''C]-SCH-23390 [89] and [''C]-NNC- 112 [90], is normal
in PD with a symmetric distribution of radiotracer uptake
between the hemispheres, in contrast to other neurodegener-
ative disorders characterized by loss of striatal neurons such
as MSA [89]. Evaluation of D2 receptor function may be
done utilizing antagonistic radiotracers such as
['%1]-epidepride [91] and ['ZI]-(S-)-2-hydroxy-3-iodo-6--
methoxy-N[(1-ethyl-2-pyrrolidinyl) methyl]-benzamide
(["**1]-IBZM) [92] for SPECT or [''C]-raclopride [93] and
['*F]-desmethoxyfallypride [94] for PET imaging, which
have a greater affinity for the receptor when compared to D2
agonists. In early PD, [''C]-raclopride PET has repeatedly
demonstrated increased receptor binding in the putamen
contralateral to the clinically affected side, likely secondary
to compensatory upregulation of D2 receptors on the post-
synaptic nerve terminals in response to decreased dopamine
levels [93-95]. On the other hand, patients with advanced
disease demonstrate reduced [!!C]-raclopride uptake in the

entire striatum, which tends to be more prominent in the cau-
date nucleus as compared to the ipsilateral putamen [95, 96].

These changes in the density of postsynaptic D2 receptors
in patients with PD may be secondary to chronic L-DOPA
therapy or occur independently of treatment [95]. Studies
have postulated that this decrease in the number of postsyn-
aptic receptors is likely induced by chronic dopaminergic
therapy rather than disease progression [96]. In addition,
various interventions, such as D-amphetamine [97, 98], pla-
cebo administration [99], L-DOPA therapy [100, 101], repet-
itive transcranial magnetic stimulation (rTMS) [102], and
neural transplantation of embryonic mesencephalic tissue
[79, 100], have all resulted in decreased [''C]-raclopride
PET and ['*I]-IBZM SPECT uptake in the affected striatum.
Since these changes in radiotracer uptake correlate with
increased levels of endogenous dopamine in the synaptic
clefts, D2 receptor imaging can serve as a biomarker of ther-
apeutic intervention in patients with PD.

Reductions in [''C]-raclopride uptake following L-DOPA
challenge in the striatum of PD patients signify increased
levels of endogenous dopamine binding to the postsynaptic
D2 receptors in response to dopaminergic therapy. These
changes in tracer binding were associated with significant
improvement in bradykinesia and rigidity, but not in tremor
as assessed by the UPDRS [103].

Postsynaptic imaging has helped to give some insight into
motor complications of chronic levodopa therapy, including
fluctuation  and  peak-dose  dyskinesias. Using
[11C]-raclopride PET, de la Fuente-Fernandez and col-
leagues found that in patients with motor fluctuations, synap-
tic dopamine levels were three times higher than in those
without fluctuations, and advance PD patients lose their abil-
ity to regulate synaptic dopamine release [104, 105]. This
dysregulation also may relate to the development of dyskine-
sias, as larger changes in raclopride binding relate to higher
dyskinesias score [103, 106]. It should be noted that this
likely is not the only mechanism involved in the develop-
ment of dyskinesias, as recent studies have also implicated
changes in the cerebral vasomotor response to levodopa
[107-109]. Another complication of dopaminergic therapy is
the development of impulse control disorders and dopamine
dysregulation syndrome. Several raclopride studies have
shown that these disorders are not related to changes in dopa-
mine levels in the dorsal striatum but rather the ventral stria-
tum, similar to drug addiction [110-112].

While presynaptic dopaminergic imaging is of little util-
ity in the differentiation of PD and APS, postsynaptic imag-
ing does show some promise. In contrast to upregulated
tracer binding in the striatum of early PD [94, 113], striatal
D2 binding has been found to be markedly reduced in MSA
and PSP [114, 115] while relatively preserved in CBD [116,
117]. Nonetheless, the role of ['*I]-IBZM SPECT on the dif-
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ferential diagnosis of parkinsonism remains controversial. In
a ['#I]-IBZM SPECT study, Vlaar et al. reported a low accu-
racy in differentiating between PD and APS [118], while
another SPECT study suggests that a combination of
['21]-FP-CIT, ['#I]-IBZM, and meta-['?*[]-iodobenzylguani-
dine (MIBG) scintigraphy resulted in high accuracy of 94%
sensitivity and 94% specificity in differentiating PD from
APS [119]. More studies are needed to investigate the utility
of these imaging tracers in the diagnosis of atypical parkin-
sonian syndromes.

Metabolic Imaging

Functional imaging with ['®F]-fluorodeoxyglucose (FDG)
PET measures glucose utilization of neurons, providing an
estimate of rest-state regional and global metabolism in the
brain. This technique has been used extensively in parkinso-
nian disorders to identify disease-specific changes in neural
activity [120]. A number of analytical approaches have been
used to identify abnormal brain networks in normal aging
and neurological disease [121-124], as outlined below.

The PD-Related Motor Pattern

In PD, ['8F]-FDG PET imaging reveals hypermetabolism in
the globus pallidus, putamen, thalamus, pons and cerebel-
lum, and hypometabolism in the frontal and parietal associa-
tion areas [125, 126]. However, in order to develop
biomarkers that can quantify network expression in individ-
ual subjects, multivariate approaches are needed [127] and
have been widely used in defining and studying abnormal
networks in neurodegenerative disorders such as PD, APS,
AD, FTD, and Huntington’s disease [128—134]. One such
method, spatial covariance analysis, detects network-level
functional abnormalities in a variety of neurodegenerative
disorders, including PD (Eidelberg et al. 1994; Eckert
et al.2007b), APS, HD, and dementia [135—-139]. The details
of this method based on principal component analysis (PCA)
have been reviewed elsewhere [140, 141]. Briefly, the scaled
subprofile model (SSM) is applied to metabolic imaging data
in a combined sample of scans from healthy subjects and
patients. Once a pattern is identified that distinguishes one
group from the other, its expression can then be prospec-
tively quantified on an individual basis, and the resulting
subject scores can be correlated with clinical and physiologi-
cal measures of interest, aid in the diagnosis, or followed
with disease progression.

The most validated network pattern is the Parkinson’s
disease-related pattern (PDRP), which is characterized by
increased pallidothalamic and pontine metabolic activity and
relative reductions in the premotor cortex, supplemental
motor area, and parietal association regions [130].
Abnormally elevated PDRP expression does not simply dis-

criminate patients with PD from healthy subjects, but also
can distinguish between PD and APS (described below). The
PDRP topography has been identified in a number of inde-
pendent patient populations regardless of medication state of
scanner parameters [142-150] (Fig. 36.2). PDRP was identi-
fied primarily in subjects on dopaminergic therapy; however,
a very similar abnormal network can be identified in PD sub-
jects who have never been on therapy [151]. Subject scores
(which denote pattern expression levels in individual
patients) show excellent within-subject reproducibility on
repeat scanning [152]. Furthermore, since metabolism and
cerebral blood flow are coupled, at least in the absence of
dopaminergic medication [153], PDRP expression can also
be measured in scans of resting cerebral perfusion obtained
with ['*0]-H20 PET [154] or 99mTc-ethylcysteinate dimer
(ECD) SPECT [155], though larger studies with these
modalities are lacking.

PDRP expression correlates strongly with spontaneous
subthalamic nucleus activity recorded intraoperatively dur-
ing deep brain stimulation surgery, linking abnormal PDRP
functional topography directly to alterations of basal ganglia
pathways [156]. Some studies have found metabolic correla-
tions with striatal and frontal FDOPA uptake [157, 158],
while a more recent study found even more widespread cor-
relations between FDOPA uptake and PDRP-related areas
[145].

Individual PDRP expression scores consistently correlate
with Unified Parkinson’s Disease Rating Scale (UPDRS)
motor ratings of bradykinesia and rigidity [130, 149, 159—
162], while tremor shows a relation with a distinct tremor-
related pattern. Additionally, PDRP expression normalizes
with treatment, either with dopaminergic medication or deep
brain stimulation, though it remains elevated relative to
healthy controls [149, 163, 164].

Metabolic Imaging and Preclinical PD

Similar to dopaminergic imaging, PDRP expression is
already abnormal prior to the onset of symptoms. In patients
with hemi-parkinsonism, PDDR expression is similarly ele-
vated in both brain hemispheres at baseline, with parallel and
fairly linear increases on follow-up scans [71, 165], suggest-
ing that PDRP does not simply reflect symptoms. Indeed,
PDRP expression may be able to serve as a biomarker in the
prodromal stages of the disease.

The presence of REM sleep behavior disorder (RBD)
appears to confer an especially high risk of PD [14]. Patients
with idiopathic RBD (iRBD) have reduced uptake on dopa-
minergic imaging [75], and up to 50% of patients with iRBD
develop a synucleinopathy within 5 years (most often PD but
also dementia with Lewy bodies (DLB) or MSA) [166].
Voxel-wise comparison between iRBD subjects and healthy
controls has found increased metabolism in the hippocam-
pus/parahippocampus, cingulate gyrus, supplementary



36 Parkinson’s Disease 427
Off medication On medication Drug-naive
I T " 1
pvalbe  p<2x107  p<ixi0®  2x10® 1x107 1x10° 6x10"° 1x10° p<ax10®  7x10° p<ixto’  3x10®
8
°
°
° ° °
6 ° ) ° ° o °
[} [
° [ ] L4 8 ° [} (] °
{ 3 8 ° e e : °
@ [} ° °
N4+ ° § 8 e
S .1 © : § I .{ H ! ° '
: 1 1 g g 81 ¢ .
= L, T o of ° § 8 e Igi:
o 2 ° o 8 ° 8
3.1 60 o 8 L o g o 5 © 9 8 ° 8 ° g
a (3 (']
a o [}
-3.1 -6.0 g e 8 8 . B g 8 § HE 8 g o !
ol S I g:r g:— T Ie 86T @ 8I ~T8 Ox
0 T T 1O TO T T T T oL E g T
8 ° Q g-e 8+g °
Red=increased metabolic activity ° g g @ °
in the globus pallidus, putamen, o 3 <] ° <] 8 °
thalaums, pons, cerebellum, o4 o © ° 3
and sensorimotor cortex o
Blue=reduced metabolic activity
in the lateral cortex and parieto- 14 25 o3 o "
occipital association regions Number of | usa™ USA Netherlands®® Germany22 Slovenia' India China Usa?%?” South Korea' USA” Italy”
participants (20/20) (20/20) (18/18) (20/20) (20/20) (19/19) (19/19) (20/21) (16/18) (20/37) (46/42)

Fig. 36.2 Discovery and validation of the Parkinson’s disease-related
pattern. (a) The Parkinson’s disease-related pattern (PDRP) displayed
as voxel weights (i.e., regional loadings) thresholded at Z = 3.1
(p <0.001) and overlaid on T1-weighted MRI template. (b) Data are Z
scored with respect to healthy control values; means (SE) are presented
to the right of the individual data. PDRP expression was increased in
patients with Parkinson’s disease (closed circles) relative to healthy
controls (open circles) in the North Shore University Hospital deriva-
tion cohort (p < 2 x 1077), and it was consistently elevated across six
independent testing samples when scanned in a medication-free (OFF)
state. Significant PDRP elevations were also observed in Parkinson’s

motor area, and pons and decreased metabolism in the
occipital/lingual gyrus; metabolism in several of these areas
correlated either with disease duration or chin electromyog-
raphy [167]. On a network level, PDRP expression has been
studied in at least four independent cross-sectional iRBD
cohorts. In each case, PDRP expression was found to be ele-
vated compared to healthy controls, in general at intermedi-
ate levels between PD and healthy controls [168—171]. On
long-term follow-up, iRBD patients that convert to PD or
DLB have elevated PDRP expression at baseline, while
abnormally low PDRP scores (in the negative range) seem to
favor conversion to MSA [168]. Separate metabolic covari-
ance patterns for iRBD were recently described in two
cohorts with topographies that show partial overlap with
PDRP [169, 171]. Expression of one of these iRBD-related
patterns was similar in PD patients regardless of the presence
of RBD, suggesting a possible common pathway. Indeed,
expression of both PDRP and iRBDRP was higher in patients
with a more severe form of PD, suggesting that iRBDRP is
an early manifestation of PDRP [171].

The PD-Related Tremor Pattern
Tremor in PD is somewhat distinct, as it does not consis-
tently respond to dopaminergic treatment and its pathophysi-

disease cohorts who were scanned in a medicated (ON) state (USA,
South Korea) and in two cohorts of newly diagnosed patients who had
not yet begun drug therapy (denoted by *: USA, courtesy of Chris C
Tang, The Feinstein Institute for Medical Research, Manhasset, NY,
USA; Italy, courtesy of Flavio M Nobili, University of Genoa, Genoa,
Italy). These results show that the underlying pathogenic changes are
quantifiable regardless of the patients’ disease stage or treatment state.
Slight differences in mean PDRP expression scores across the different
cohorts are due to group differences in disease duration and severity.
(Reprinted from Schindlbeck and Eidelberg [150], with permission
from Elsevier)

ology 1is thought to involve cerebellothalamocortical
pathways in addition to the cortico-striato-pallido-thalamo-
cortical motor circuits that lead to bradykinesia and rigidity
[172]. Accordingly, PDRP expression is not affected by the
severity or presence of parkinsonian tremor [160, 173, 174].

OrT/CVA is an algorithm that relies on supervised princi-
pal component analysis (PCA) to identify distinct spatial
covariance patterns with consistent changes in subject
expression across experimental conditions [175]. Applying
OrT/CVA to [¥F]-FDG PET images from PD patients with
tremor acquired at baseline and after tremor suppression
with deep brain stimulation, Mure et al. identified a network
that specifically relates to PD tremor [176]. This tremor-
related pattern, termed PDTP, is characterized by hyperme-
tabolism in the cerebellum/dentate nucleus and primary
motor cortex and, to a lesser degree, caudate/putamen, brain
regions known to be connected through the Vim thalamic
nucleus [177, 178]. At baseline, without stimulation, PDTP
scores correlated significantly with concurrent measure-
ments of tremor amplitude, while Vim stimulation resulted in
consistent reductions in pattern expression along with clini-
cal improvement.

Conversely to PDRP (which is correlated with akinesia
and rigidity), prospective PDTP computations in an indepen-
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dent group of 41 PD patients showed this network to be
related to the severity of tremor, but not akinesia-rigidity,
highlighting the functional difference between these two
PD-related metabolic networks [176]. Comparison of the
effects of Vim thalamic and subthalamic nucleus stimulation
on network activity during tremor suppression further under-
scored these differences. At baseline, PDTP expression was
abnormally elevated in PD patients with either Vim thalamic
or subthalamic nucleus (STN) DBS implanted electrodes. In
line with clinical experience, tremor was improved by stimu-
lation at either target, whereas only STN stimulation
improved akinesia-rigidity. Accordingly, both stimulations
led to reductions of abnormally elevated PDTP scores. On
the other hand, baseline PDRP elevations were only sup-
pressed by STN DBS, consistent with clinical benefit [176].
Thus, PDTP and PDRP appear to be functionally indepen-
dent networks, both as symptom biomarkers and targets of
intervention.

The PD Cognition-Related Pattern

In addition to the motor signs and symptoms of Parkinson’s
disease, non-motor symptoms can be prominent and even
precede motor symptoms [14, 179]. Cognitive dysfunction
can be substantial in PD, typically appearing later in the dis-
ease and progressing slower [180].

The nature of progression to cognitive impairment in PD
is not entirely clear, but likely involves multiple transmitter
systems, beginning with dopaminergic dysfunction, but also
cholinergic or noradrenergic systems later on in the disease
[181-185]. Cortical metabolic reductions are often evident
early in PD, even in cognitively intact patients [138, 186,
187]. Moreover, different neuropsychiatric symptoms corre-
late with distinct metabolic changes in PD, such as cognitive
dysfunction with posterior cingulate and temporoparietal
lobe hypometabolism and depressive symptoms with amyg-
dala hypermetabolism [162, 188-190]. Spatial covariance
analysis has revealed a specific metabolic topography associ-
ated with cognitive function in PD, termed PDCP. PDCP is
characterized by hypometabolism in the dorsolateral pre-
frontal cortex, rostral supplementary cortex, precuneus, and
posterior parietal regions, in association with relative meta-
bolic increases in the cerebellum [138, 191, 192]. Similar to
PDRP, PDCP is not restricted to a single imaging site or
scanner, as a comparable pattern has been derived indepen-
dently from a separate cohort imaged with a different scan-
ner, with af high correlation between expression scores of
the two versions [193].

Clinically, PDCP expression correlates with performance
on neuropsychological tests of memory and executive func-
tioning (but not motor disability) in the original cohort, as
well as independent validation cohorts [191, 193]. Although
originally identified in a cohort of non-demented PD patients,

PDCP expression increases with increasing cognitive dys-
function, with substantial increases seen in PD patients with
dementia or in DLB [147, 194]. The PDCP topography
involves both dopaminergic and cholinergic afferents to the
cerebral cortex, and abnormal network expression is similar
in patients with PD dementia and DLB. There is relative
sparing of the medial temporal lobes in PDD compared to
AD, and accordingly, PDCP topography is distinct from that
of an independently derived AD-related pattern [194, 195].
Functionally, the two main PD-related metabolic patterns
(PDRP and PDCP) are independent. Although both PDRP
and PDCP expression progress over time, PDCP expression
lags behind [71, 150], consistent with cognitive dysfunction
typically developing later in the course of PD. PDRP expres-
sion correlates with dopaminergic dysfunction in the caudate
and putamen, though this remains significant only in the pos-
terior putamen once corrected for PDCP [145]. Conversely,
PDCP expression is correlated with dopaminergic dysfunc-
tion in the anterior striatum [145, 196], highlighting the
importance of caudate circuitry for cognitive functioning.
However, the correlations between PDCP expression and
striatal dopaminergic function are modest, and PDCP activ-
ity is not simply determined by dopaminergic dysfunction in
the caudate, but extrastriatal dopaminergic and other neu-
rotransmitter systems are likely to be involved as well.

MRI Equivalents of PD-Related Networks

While PD-related covariance patterns have been well charac-
terized and validated in ['8F]-FDG PET scans, this approach
relies on the use of radiotracers (exposing subjects to radia-
tion) and availability, as the technology is often limited to
tertiary centers. In contrast, MRI scanners are widely avail-
able, and do not require exposure to radioactive isotopes.
Applying network analysis to arterial spin labeling MRI did
show some success in identifying PD-related patterns [197,
198], and resting-state functional MRI (rs-fMRI) has shown
changes in connectivity in PD patients [199-201]. Principal
component analysis has been used to identify a significant
PD-related covariance pattern [202] on rs-fMRI, and this has
been further refined with independent component analysis
[203, 204] to identify an MRI-based PDRP, termed fPDRP
[205] (Fig. 36.3). This pattern is characterized by increased
activity in the basal ganglia, thalamus, cerebellum/pons,
anterior cingulate cortex, and supplementary motor area,
with considerable topographic similarity to the PET-derived
PDRP. Similar to PDRP, fPDRP expression separates PD
patients from healthy controls, its expression correlates with
clinical ratings of akinesia-rigidity (but not tremor), and
treatment with dopaminergic medication leads to declines in
network activity. The same method also identified a
cognition-related pattern (fPDCP), which resembles the
PET-derived PDCP, with fPDCP expression correlating with
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Fig. 36.3 PDRP identified with rs-fMRI. (a) PDRP identified in rs-
fMRI (fPDRP, left) and PET (pPDRP, right) are shown on the MNI 152
template. fPDRP, derived from 20 normal controls and 20 PD patients,
is characterized by increased activity in the basal ganglia, thalamus,
cerebellum/pons, anterior cingulate cortex (ACC), and supplementary
motor area (SMA). The major network regions that defined the fPDRP
corresponded closely to the metabolically active (red areas) regional
counterparts of the pPDRP topography. [The color stripes show
Z-values thresholded at 60.5. Activity increases (fPDRP) or relative
metabolic increases (pPDRP) are displayed in red; relative metabolic
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verbal learning [205]. Thus, fMRI has the potential to
become a noninvasive method for network analysis in PD,
though further studies in independent cohorts are needed.

Abnormal Network Architecture of PDRP

and PDCP

PDRP does have clinical relevance and reflects underlying
pathology, but the biological basis underlying PDRP is not
straightforward. For instance, it is not obvious that PDRP
represents a distinct brain network of connected areas. This
question has been approached using graph theory to analyze
functional connections across the brain [122, 206]. Such
graph theoretical representation is a topographical schematic
based on functional relationships between regions, rather
than the functional significance of an area assigned by
PDRP. Applying a social network computation to the graphs
allows for the delineation of anatomical-functional connec-
tions within PDRP and for visualization of enhancing versus
competing functional interactions between pairs of nodes
[122,207].

Overall, the PD network exhibits a distinctive core-
periphery structure, with a core of dense, mutually facilitat-
ing connections between metabolically active nodes in the
putamen, globus pallidus, and thalamus, while the periphery
contains metabolically less active cortical regions with
weaker node-to-node interactions [122]. There is an addi-
tional separate module of interconnected, metabolically
active nodes involving the cerebellum, pons, frontal cortex,
and limbic regions. Organizationally, this PD network is
characterized by an exaggeration of the small-world prop-
erty, i.e., a greater-than-normal number of functional inter-
connections between nodes within the PDRP space [122]. In
general, such small-world properties are thought to achieve
efficient information processing at a lower energetic cost
[208]. Even in healthy controls, PDRP regions exhibit some
degree of this small-world property, reflecting the high
information-processing demands on these brain regions. In
PD, the increased network small-worldness then is consis-
tent with a maladaptive response to nigrostriatal denervation.
Of note, the PD hyperconnectivity is arranged in discrete
subnetworks, each of which has been associated with spon-
taneous oscillatory activity and may mediate distinct clinical
features such as bradykinesia-rigidity or tremor [122, 209—
211]. These small-world changes were not reversed by clini-
cally effective levodopa treatment, though levodopa does
partially normalize the average path length between network
nodes to improve information transfer [122].

As in the motor-related networks, graph theory has found
increased local connectedness with decreased long-range
connections in PD subjects with mild cognitive impairment
[212]. These patients showed a marked reduction in the aver-
age correlation strength between cortical and subcortical
regions compared with healthy controls, demonstrating that

even early stages of cognitive decline in PD are associated
with disrupted coordination and decreased information-
processing efficiency [213].

Differentiating PD from APS

Dopaminergic imaging cannot reliably differentiate between
PD and the APS, while in general, metabolic imaging appears
superior to dopaminergic imaging in the differentiation of
PD and the atypical parkinsonian syndromes [214]. In PD,
["®®F]-FDG PET imaging reveals hypermetabolism in the
basal ganglia, pons, and cerebellum and hypometabolism in
the frontal and parietal association areas [125, 126]. In con-
trast, one of the main findings in APS is hypometabolism in
the basal ganglia, coupled with other abnormalities depend-
ing on the specific APS [150]. Using voxel-based compari-
sons between subjects with PD or APS and healthy controls,
characteristic patterns for PD and APS can be identified and
compared by trained readers prospectively on individual
scans [125]. This approach, though, is difficult to scale and
does not yield quantifiable measures. Using the SSM/PCA
approach (described above for PD), disease-specific meta-
bolic patterns have been identified and validated for the APS
[136, 215-217]. The MSA-related pattern (MSARP) is char-
acterized by decreased metabolism in the putamen and cer-
ebellum, while the PSP-related pattern (PSPRP) is
characterized by metabolic decreases in the brainstem and
medial frontal cortex. The CBD-related patter (CBDRP)
exhibits bilateral, asymmetric metabolic reductions involv-
ing the frontal and parietal cortex, ipsilateral thalamus, and
caudate nucleus.

Such disease-specific covariance networks can easily dis-
tinguish between patients and healthy controls, but in order
to automatically differentiate among different diseases, mul-
tiple patterns need to be utilized [218]. To that end, Tang and
colleagues developed a multiple-pattern imaging algorithm
that calculates the probability that patients of uncertain clini-
cal diagnosis (at the time of imaging) have PD, MSA, or PSP
[219]. Briefly, this algorithm classifies the patient as having
PD or APS if certain cutoff criteria for pattern expression is
met, followed by second-level analysis to differentiate those
subjects with a diagnosis of APS into MSA or PSP. This
approach was recently validated in an independent cohort of
129 parkinsonian patients with uncertain diagnosis at the
time of imaging [146, 220]. Idiopathic PD subjects were dis-
tinguished from APS with 94% specificity and 96% PPV. The
algorithm also achieved high accuracy in MSA and PSP. A
majority of patients had a disease duration of under 2 years,
and diagnostic accuracy was similar in the subjects with
shorter symptom duration, underlining the possible utility of
this approach even early in the disease course.

Based on a small study, a similar approach can be used to
distinguish patients with CBD from those with PSP, though
additional steps were required [147, 216]. While PDRP and
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MSARP values are elevated predominantly in their respec-
tive disease, CBDRP and PSPRP are both abnormally ele-
vated in both CBD and PSP cohorts [147, 216]. So far,
CBDRP has not been incorporated into the larger algorithm
for PD and APS, and it remains to be seen which (if any) pat-
tern would be elevated in patients with pathologically proven
CBD who have different clinical syndromes in life
[221-224].

Other automated methods for the differential diagnosis of
PD and APS have been reported, such as relevance vector
machine analysis [225] and decision trees applied to covari-
ance patterns [226] with some promising results, at least in
differentiating PD from APS. Nevertheless, prospective vali-
dation studies, preferably comparing these methods in
several independent cohorts, are needed before the relative
utility of these methods in clinical practice can be judged.

Treatment-Related Network Imaging

PDRP and PDCP expression can decrease with effective PD
treatment such as levodopa or DBS though this effect is rela-
tively modest and nonspecific and may be insufficient for
clinical trials [149, 163, 164]. Network imaging may prove
to be beneficial especially in smaller clinical trials. Accuracy
of clinical diagnosis is important for any trial, and clinical
trials that use dopaminergic imaging have found that 10-15%
of subjects that were clinically categorized as idiopathic PD
lack findings of a dopaminergic deficit [55, 77, 227].

Even in a gene therapy trial of advanced PD patients, a
significant portion of patients probably did not have PD
based on imaging criteria on enrollment [228, 229]. In this
phase 2 trial, delivering glutamic acid decarboxylase (GAD)
into the subthalamic nucleus (STN) of patients with PD had
therapeutic effects. Employing OrT/CVA [175], it was found
that those who received AAV2-GAD gene therapy developed
a unique treatment-dependent polysynaptic brain circuit,
termed the GAD-related pattern (GADRP), which reflected
the formation of new polysynaptic functional pathways link-
ing the STN to motor cortical regions [230].

Lastly, placebo effects can be a particularly prominent
confounder in PD trials, with 16% of PD subjects random-
ized to placebo demonstrating >50% improvement in motor
ratings in a review of placebo-controlled PD trials [231]. In
the same gene therapy trial, Ko and colleagues were able to
identify and validate a specific metabolic brain network
associated with the placebo response in PD. This sham
surgery-related pattern primarily involved anatomical-
functional pathways linking the posterior cerebellar vermis
to the limbic cortex via the ventral anterior thalamus, amyg-
dala, and caudate nucleus [165]. Baseline network expres-
sion, which was measured prior to randomization, correlated
with the motor response that was subsequently observed
under blinded trial conditions in the sham group. These net-
work changes did not appear following the experimental

subthalamic nucleus AAV2-GAD gene therapy, and they
were reversed by unblinding. Future studies will be needed
to determine if this sham surgery-related pattern is universal
to PD or unique to this trial.

Another group using fMRI also showed that the placebo
response in PD involves a complex network of regions
beyond the striatum [232]. In this study an expensive placebo
produced a stronger response than a cheap placebo, deacti-
vating the left putamen, sensorimotor cortices, and premotor
cortex, whereas the cheaper placebo activated the bilateral
anterior and posterior cingulate cortices, left lateral senso-
rimotor cortex, and right parietal cortex, among other
regions.

Other Functional Imaging

Serotonergic Imaging

Functional imaging studies have used radioligands such as
["'C](+)McN5652 and [''C]-3-amino-4-(2-
dimethylaminomethylphenylthio)-benzonitrile
(["'C]-DASB) to assess the function of the serotonin trans-
porter (SERT) in the brain of patients with PD [233-235]. An
early study found decreased [''C](+)McN5652 binding in
the putamen and caudate nucleus of PD patients bilaterally,
which correlated with disease severity as assessed by the
Hoehn-Yahr Scale (HYS) [234]. [''C]-DASB PET studies
have repeatedly demonstrated widespread, symmetric reduc-
tions in SERT uptake in the forebrain, striatum, and brain-
stem, with relative sparing of the caudal brainstem raphe
nuclei in early PD [233, 235, 236]. Specifically, regional
analysis of [''C]-DASB uptake indicated decreased SERT
binding in the caudate nucleus, thalamus, hypothalamus, and
anterior cingulate in early disease; additional reductions in
the putamen, insular cortex, posterior cingulate, and prefron-
tal cortex in established cases; and further reduced values in
the ventral striatum, raphe nuclei, and amygdala in advanced
disease. Decreased [''C]-DASB binding did not correlate to
UPDRS scores, Hoehn and Yahr staging, disease duration, or
level of exposure to dopaminergic therapy, indicating that
involvement of the serotonergic system is most reflected in
non-motor PD symptoms [233, 235].

Indeed, relatively higher [''C]-DASB binding in the raphe
and limbic structures (reflecting lower extracellular sero-
tonin levels) has been found to correlate with depressive
symptoms in PD [237]. Similarly, apathetic parkinsonian
patients display greater serotonergic alteration in the ventral
striatum, dorsal and subgenual parts of the anterior cingu-
late, as well as the right caudate nucleus and right orbitofron-
tal cortex, compared to non-apathetic PD patients [238]. The
severity of apathy was mainly related to specific serotonergic
lesions within the right anterior caudate nucleus and orbito-
frontal cortex, while the degree of both depression and anxi-
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ety was primarily linked to serotonergic disruption within
the bilateral subgenual and/or right dorsal anterior cingulate
cortex. In this study, dopaminergic degeneration did not cor-
relate with apathy, anxiety, or depression [238]. Another
study found PD patients with sleep dysfunction to have lower
[''C]-DASB binding in the caudate, putamen, ventral stria-
tum, thalamus, hypothalamus, and raphe nuclei, compared to
PD without sleep dysfunction [239].

Serotonin may, nevertheless, be involved in some motor
symptoms. A [''C]-WAY-100635 PET study assessed bind-
ing to serotonergic 5S-HT(1A) receptors in PD patients dem-
onstrated significant reductions in midbrain raphe 5-HT(1A)
uptake compared to controls, and in these patients, the level
of midbrain [!!C]-WAY-100635 binding correlated with
UPDRS composite tremor scores, but not rigidity or
bradykinesia [240]. Likewise, studies using ['!C]-DASB and
[''C]-raclopride found that striatal serotonergic terminals
may contribute to the development of levodopa-induced dys-
kinesias via aberrant levodopa processing [241-243].

['2*I]-FP-CIT, which is used for imaging of the dopamine
transporter system, also exhibits binding to the SERT system
(with a DaT/SERT selectivity of 2.8 [244, 245]) and may be
useful to detect differences in predominantly serotonergic
brain regions between PD and DLB, although this has not
been studied prospectively [246, 247].

Using a different SERT radiotracer and PET imaging,
['!C]-MADAM, Fazio and colleagues did not find statisti-
cally significant regional differences between early PD
patients and healthy controls, though there was a trend
towards reduced SERT availability in the caudate, putamen,
and pallidus, with no difference in the raphe nuclei [248].
This did not change on a 2-year follow-up, but using network
analysis, they found a progressive disconnection of the raphe
nuclei and cortical and subcortical regions, suggesting that
the serotonergic system may play a role in network
dysregulation.

Microglial Activation
Neuroinflammation associated with increased microglial
activation is present in PD and the various APS [249-252],
suggesting that activated microglia may play a role in the
pathogenesis of these disorders. [''C](R)-PK11195 is a spe-
cific ligand for the mitochondrial translocator protein18 kDa
(TSPO, previously also known as the peripheral benzodiaz-
epine binding site, PBBS) which is highly expressed in acti-
vated microglial cells [253]. Though specific for TSPO,
['C]-(R)-PK11195 exhibits a low signal-to-noise ratio. To
overcome this, several TSPO radioligands with improved
signal have recently been described, including [!!C]-PBR28,
[''C]-DPA713, ["F]-FEPPA, and [''C]-DAA1106 [254,
255].

In a 6-hydroxydopamine (6-OHDA)-induced PD rat
model, increased [''C](R)-PK11195 binding is seen in the

substantia nigra and striatum, indicating marked microglial
activation in these areas, which was further confirmed by
postmortem immunohistochemical evidence of regional neu-
roinflammation [256]. Using a second generation TSPO
radioligand, [''C]-PBR28, Real and colleagues found
increased tracer uptake in the striatum 10 days after 6-OHDA
injection. This increase, however, reversed by 30 days, sug-
gesting that the microglial activation is an acute process
accompanying nigral neurodegeneration [257].

In advanced PD, widespread microglial activation has
been documented involving the meso-basal ganglia, thala-
mocortical loop, and extrastriatal regions, indicating that
neuroinflammation persists as the disease progresses [258—
260]. TSPO binding levels, however, are not correlated with
clinical severity of striatal FDOPA uptake and remain stable
over time. This contrasts with early drug-naive PD, where
the level of [''C](R)-PK11195 uptake in the midbrain contra-
lateral to the clinically affected side correlated with the
severity of motor symptoms and inversely with DaT binding
(["'C]-CFT uptake) in the striatum [259]. In PD patients with
and without dementia, [''C]-(R)-PK11195 binding corre-
lated with lower cognitive scores and cortical hypometabo-
lism [261, 262].

Since neuroinflammation and accompanying microglial
activation may contribute to the early neurodegenerative pro-
cess in PD; theoretically, early treatment with anti-
inflammatory or neuroprotective drugs might be beneficial
[263]. This hypothesis was explored in a small pilot study of
["'C](R)-PK11195 PET imaging in five PD patients treated
with celecoxib [264]. This did not result in significant post-
treatment changes in the putamen and midbrain binding in
this small sample, suggesting that the neuroinflammation in
PD is not easily altered by conventional anti-inflammatory
therapy.

However, it must be noted that at least one study with
['!C]-PBR28 in 16 PD patients could not demonstrate
increased TSPO binding or any relationship between TSPO
binding and DAT binding [254]. Studies with both
['!C]-PBR28 and ['®F]-FEPPA suggest that TSPO polymor-
phisms strongly influence ligand binding, which ultimately
may limit the utility of these tracers as biomarkers in parkin-
sonian disorders [265-268].

Conclusion

In this chapter, we have briefly reviewed recent advances in
MRI, SPECT, and PET imaging in Parkinson’s disease.
Dopaminergic imaging correlates with the underlying
pathology of PD and may be helpful in imaging preclinical
PD; however, there is overlap in dopaminergic dysfunction
between PD and other degenerative parkinsonism. Using
metabolic imaging and network approaches has led to insight
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into the more widespread dysfunction in PD, and some of the

biological underpinnings related to

that dysfunction.

Moreover, metabolic imaging has been proven to aid in the
differential diagnosis of PD and APS, even early in the dis-
ease course. Metabolic imaging has been incorporated into at
least one clinical trial, aiding with accurate diagnosis at
enrollment and shedding light on the response to treatment
and placebo. MR imaging, in particular fMRI, may be able to
replace the more invasive nuclear medicine imaging tech-
niques, but further prospective studies are needed.
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