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Abstract: This review focuses on methods for diagnosing Parkinson’s disease (PD), highlighting
clinical, pathological, and biomarker-driven approaches. For each of these diagnostic approaches,
the past, present, and future prospects of diagnosing PD will be explored. Our understanding
of PD — its pathogenesis and clinical spectrum — is ever changing. PD is now recognized as a
complex multisystem disorder with motor and nonmotor features, including those preceding the
onset of classic motor features as well as different phenotypes, often associated with different
genetic mutations. Theories regarding the pathophysiology of PD and the role of a-synuclein,
its deposition outside of the central nervous system, and possible progression or propagation are
discussed. It has been almost 200 years since James Parkinson first described this disorder, and
since then, our understanding of the disease process has evolved and become more sophisticated.
However, the clinical diagnostic criteria used have remained fairly static for decades. Proposals
for redefining PD’s diagnostic criteria incorporate clinical, pathological, and biomarker-driven
elements, individually and/or collectively, and may need to consider whether individualized risk
and personalized profiles could be ascertained.
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Introduction

With a prevalence of 1.6% among Medicare beneficiaries over the age of 65, Parkinson’s
disease (PD) is the second most common neurodegenerative disease in the United
States after Alzheimer’s disease (AD).! The economic burden of PD is projected to
be $23 billion annually, and it will likely increase given the country’s rapidly aging
population.? Diagnostic techniques should be improved to identify PD patients, so
they can benefit from early pharmacologic and nonpharmacologic treatments for
symptomatic improvement at the onset of disease. Future disease-modifying and
neuroprotective agents may be targeted toward those persons at risk of developing
PD, though such interventions have not yet come to fruition.

The clinical diagnosis of PD has traditionally been made on the basis of clinical
symptoms, patient history, and neurological examination. The clinical diagnosis can be
confirmed on autopsy by “gold standard” neuropathological findings, though in many
cases, autopsies are infrequently done or primarily used for research purposes. This
review article presents new thoughts in the field regarding establishing the diagnosis
of PD, including the incorporation of its premotor and nonmotor symptoms, genetic
forms, and biomarkers with pathological, imaging, and biofluid modalities. Each
diagnostic category (ie, clinical, pathologic, and biomarker driven) will be discussed
in the context of its past, progress, and future prospects.
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Clinical diagnosis of PD
Past

In his seminal 1817 “Essay on a Shaking Palsy”, James
Parkinson described six patients with a progressive disease
characterized by “involuntary tremulous motion, with
lessened muscular power, in parts not in action”.? Since
James Parkinson’s first description of the disease that would
subsequently carry his name, the clinical definition of PD has
focused primarily on its cardinal motor features of bradykinesia,
muscle rigidity, resting tremor, and postural instability. These
features, along with supportive and exclusionary criteria, are
incorporated in the United Kingdom PD Society Brain Bank
criteria, which is one of the most widely used definitions for
diagnosing PD in clinical and research settings.*

The accuracy of this clinical definition has been tested
against the histopathological “gold standard” of PD. Conduct-
ing autopsy studies of 100 patients with clinical diagnosis of
idiopathic PD, Hughes et al® found that 76% of the patients
had Lewy bodies in the substantia nigra at postmortem
examination. Rajput et al® reported similar accuracy of
clinical diagnosis at 76%. A follow-up study by Hughes
et al’ showed an increased diagnostic accuracy of PD among
movement disorder specialists, reporting a positive predic-
tive value (PPV) of 98.6% and sensitivity of 91.1%. This
improvement in diagnostic accuracy was proposed to result
from movement disorder specialists’ use of pattern recogni-
tion for diagnoses beyond that inherent in any formal set of
diagnostic criteria.’

More recently, a clinicopathological study by Adler et al®
revealed more modest accuracy rates in diagnosing PD.
Among medication-responsive patients, the accuracy of clini-
cal diagnosis of PD was only 53%. Increased disease duration
(>S5 years) raised the diagnostic accuracy to >85%. On the
other hand, among untreated or medication-unresponsive
patients, accuracy of clinical diagnosis was merely 26%.®
This study, which was based on data from a longitudinal
study of aging and neurodegenerative disorders, suggests a
need for greater caution in the accuracy of clinical diagnosis
of early PD, particularly in those patients who are unrespon-
sive to dopaminergic medication or very early in their disease
course. Furthermore, clinical features overlapping with
progressive supranuclear palsy (PSP), multisystem atrophy
(MSA), AD, and other degenerative conditions, especially
early on, suggest that clinical criteria can be insufficient
for differentiating PD from atypical parkinsonian and other
neurodegenerative diseases and that other diagnostic mark-
ers are needed.® Indeed, there is a broad differential for PD,
including the atypical parkinsonian syndromes of MSA,

PSP, and corticobasal degeneration (CBD); dementia with
Lewy bodies (DLB), vascular parkinsonism, AD with par-
kinsonism, secondary parkinsonism, essential tremor (ET);
and others. Although atypical parkinsonian disorders (MSA,
DLB, PSP, and CBD) have unique diagnostic criteria and
pathological features (Table 1), they account for the majority
of misdiagnosed conditions of PD.>" The atypical symptoms
may appear later in the parkinsonian disease course, which
may partially explain the misdiagnosis. Generally speaking,
MSA is characterized by early autonomic dysfunction,
whereas PSP typically has early postural instability and
falls accompanied by vertical gaze palsy or slowed vertical
saccades.”*'* Some PSP patients, however, may have a more
parkinsonian phenotype with asymmetry, tremor, and moder-
ate initial response to levodopa.'® CBD is often associated
with limb apraxia, myoclonus, frontal lobe signs, and speech,
language and cognitive impairments, though some clinical
features can also overlap with PSP.12

Present
PD is now thought of as a complex multisystem disorder with
premotor and nonmotor features, in addition to its classic
motor features. Indeed, motor parkinsonism only represents
the “tip of the iceberg” of this diverse disease.!® Nonmotor
symptoms include autonomic dysfunction, cognitive and
behavioral changes, sleep problems, and sensory disturbances
(eg, vision problems, pain). These symptoms are now recog-
nized as part of the PD symptom spectrum. Some of these
nonmotor symptoms manifest years before the typical motor
symptoms, and as such, these premotor features have the
potential to serve as early diagnostic markers of PD."”
Common premotor symptoms include hyposmia,
constipation, mood changes, and sleep disturbance.'” In a
questionnaire filled out by newly diagnosed PD patients
in Spain and Austria regarding premotor symptoms, smell
loss, taste loss, constipation, dream-enacting behavior,
and frequent nightmares were reported significantly more
among PD patients compared to controls (odds ratios with
95% confidence interval [95% CI] were 5.4 [2.6-10.9], 11.9
[1.5-93.9],2.7[1.4-5.2],9.9 [3.0-26.4], and 4.1 [1.7-9.5],
respectively).'® A large-scale UK study reported similar find-
ings when they assessed premotor symptoms in a primary
care database of newly diagnosed PD patients. In addition,
they found a high incidence at 5 years before PD diagnosis
of premotor hypotension, erectile dysfunction, urinary
dysfunction, dizziness, fatigue, depression, and anxiety
(relative risk [95% CI] 3.23 [1.85-5.52], 1.3 [1.11-1.51],
1.96 [1.34-2.80], 1.99 [1.67-2.37], 1.56 [1.27-1.91], 1.76
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[1.41-2.17], 1.41 [1.09-1.79], respectively), as well as
tremor and balance impairments (relative risk [95% CI]
13.7 [7.82-24.31], 2.19 [1.09-4.16], respectively), in PD
patients compared to healthy controls. At 10 years prior to
PD diagnosis, constipation, along with tremor (relative risk
[95% CI]2.01[1.62-2.49],7.59 [1.11-44.83], respectively),
was higher in those who subsequently developed PD
compared to controls.!” In a meta-analysis that included
many early nonmotor features such as constipation and mood
disorders and multiple risk factors of PD spanning genetic,
environmental, lifestyle, comorbidities, and medication fac-
tors, the strongest associations with a later diagnosis of PD
were genetic (ie, having a first degree or any relative with
PD, or any relative with tremor), followed by constipation,
and lack of smoking history; for a later diagnosis of PD, the
relative risk of constipation was 2.34 (95% CI, 1.55-3.53)
and mood disorders 1.86 (95% CI, 1.64-2.11).2° Some
premotor symptoms (eg, hyposmia, constipation, and mood
changes) have higher sensitivity for predicting PD develop-
ment than others, but may have low specificity since they
occur frequently in the general population and/or in other
neurodegenerative diseases. In contrast, other symptoms (eg,
rapid eye movement Behavior Disorder [RBD]) have high
specificity, but are not necessarily common. For example,
RBD is reported in <1% of newly diagnosed PD patients,"’
though another study cites a higher rate of RBD at 25%,?!
which may reflect differences in study methodologies
and RBD ascertainment. However, among patients with
idiopathic RBD, there is a high rate of developing PD or
other synucleinopathies, with rates greater than 50%. Two
separate prospective cohorts reported that 81% and 82% of
RBD subjects developed parkinsonism or neurodegenera-
tive disease at 16- and 14-year follow-up, respectively,???
while Postuma et al** reported a frequent but slightly lower
conversion rate at 52% in 12 years.

Combining premotor symptoms with other clinical signs
and/or biomarkers can improve the sensitivity and specificity
of PD detection. For example, in the aforementioned study,
Pont-Sunyer et al'® found that the combination of three
premotor symptoms, smell loss, constipation, and dream-
enacting behavior, could discriminate between PD and con-
trols with high specificity (97.2%) but sacrificing sensitivity
(25.7%). The Parkinson Associated Risk Study (PARS)
reported that combining hyposmia with two other risk fac-
tors, male sex and constipation, increased the likelihood
of having an abnormal dopamine transporter (DAT) scan
to over 40%, compared to hyposmia alone at 11%.% Busse
et al*® demonstrated that the combination of three signs,

hyposmia, hyperechogenicity on transcranial sonography
(TCS), and asymmetric motor signs, had a 49% sensitivity,
98% specificity, and 97% PPV in discriminating PD from
other parkinsonian syndromes, including vascular PD,
atypical parkinsonism, ET, and major depressive disorder
with motor slowing.?® In another study, the combination of
major depressive disorder, mild asymmetric motor slowing,
hyposmia, and substantia nigra hyperechogenicity on TCS
predicted subsequent PD in all their subjects at 10-year
follow-up.?’

In recent years, PD has been characterized by different
genetic forms, which may lead to differences in clinical
symptoms, age of onset, course, and thereby PD diagnosis.
Genetic forms account for approximately 10% of PD cases.
To date, genome-wide association studies have identified
20 PD-related loci, designated as PARK 1-20.%® The clinical
and pathological features of each genetic form are unique
and may deviate from those of idiopathic PD. For example,
the most common autosomal dominant form of parkin-
sonism is a mutation in the LRRK2 gene (PARK 8).2%
This mutation has high prevalence in populations with
North African and Ashkenazi Jewish ancestry, and in some
series, is associated with lower prevalence of hyposmia
and cognitive dysfunction.’! Though the motor features are
similar to presentations of idiopathic PD, the pathological
changes associated with LRRK2 mutation are variable,
and differences in synuclein deposition may be seen. The
synuclein (SNCA) mutations (PARK 1, PARK 4) lead to
a-synuclein misfolding and aggregation within Lewy bodies.
These mutations are associated with atypical clinical features
including myoclonus, dysautonomia, dementia, and poor
levodopa response. The autosomal recessive forms of PD
due to parkin (PARK 2), DJ-1 (PARK 7), and PINK1
(PARK 6) gene mutations are associated with early-onset
PD.22! Autosomal recessive mutations that lead to juvenile
onset parkinsonism include ATPase type 13A2 gene
(PARK 9) and F-box protein 7 gene (PARK 15).3° New
genetic mapping tools, such as whole exome sequencing,
have led to the identification of additional genes associated
with increased risk of PD or parkinsonism. For example,
DNAJC6 and SYNIJ1 were recently identified as rare
autosomal recessive genes associated with juvenile parkin-
sonism in some family cohorts. Both genes encode proteins
involved in postendocytic recycling of synaptic vesicles.
Unique molecular markers have also been identified in PD
cohorts, such as decreased gene expression of Nurrl, a
transcription factor essential for development, survival and
maintenance of nigral dopaminergic neurons, in PD patients
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compared to patients with non-PD neurological diseases and
healthy controls.*

Future

The future of PD may bring forth new clinical definitions.
The Movement Disorder Society (MDS) created a task force
to update the definition of PD, and this group recently pub-
lished an article challenging some of the traditional notions
about PD and introducing new definitions and criteria. The
MDS task force recommended that the “gold standard” of PD
diagnosis remain a clinical motor syndrome accompanied by
pathological evidence of substantia nigra neurodegeneration
and synuclein deposition. However, they also suggested cre-
ating a “clinicogenetic” category of PD diagnosis that takes
into account genetic mutations that result in PD symptoms,
regardless of synuclein pathology. In addition, they recom-
mended incorporation of the preclinical/prodromal stage into
the definition of PD, elimination of the “l-year” rule that
separates PD dementia and DLB, and further delineation of
atypical syndromes (eg, MSA, PSP, CBD).**

Though the MDS task force paper provides only an
introductory statement (the formal definition statement/
diagnostic criteria is yet to be published), it has already
incited some controversy. In an online feedback forum setup
by the MDS task force, excerpted comments include that
it may be futile to reclassify PD until robust, noninvasive
biomarkers (eg, either advanced imaging or biochemical
markers) can identify o-synuclein; urges that the new cri-
teria need not stray far from the traditional one; requests
to include unilateral onset and persistent asymmetry (from
the UK Parkinson’s Disease Society Brain Bank criteria);
and that if premotor symptoms are indeed included in
the new criteria, they must be considered as second-line
manifestations, with the more typical motor symptoms
remaining first line.*

Regardless of whether premotor and/or nonmotor
symptoms are incorporated into new diagnostic criteria for
PD, the increased awareness and treatment of these symp-
toms will likely have positive effects on quality of life and
symptom management for PD patients. Perhaps the greatest
diagnostic challenge lies in combining premotor symptoms
with other robust, reliable, and potentially noninvasive bio-
markers to increase sensitivity and specificity of predicting
PD development. These techniques could be used to make
preclinical diagnoses (before the onset of classical motor
symptoms) or identify at-risk populations who might be
candidates for research studies and interventions for disease
modification or neuroprotection.

Pathological diagnosis of PD
Past

The pathological hallmark of PD is neuronal loss and Lewy
bodies in the substantia nigra. This definition evolved from
1912, when German pathologist Fredrick Lewy described the
characteristic neuronal eosinophilic cytoplasmic concentric
inclusion bodies in the brainstem, and from 1919, when
Russian pathologist Konstantin Tretiakoff noted the presence
of such inclusion bodies in substantia nigra neurons of
parkinsonian patients and named them “corps de Lewy”
in honor of Fredrick Lewy.*® Though it was suspected that
Lewy body formation may cause neurodegeneration in
PD, the mechanism was unknown. Initially ubiquitin and
neurofilaments were implicated,’” but eventually o-synuclein
staining was identified in histopathological studies of
patients diagnosed with PD and DLB.*® a-Synuclein is a
protein normally abundant in presynaptic terminals of the
brain. Though its exact function is unknown, it is thought
to be involved with vesicle trafficking given its interactions
with microtubules and phospholipids. Usually it adopts a
helical structure, but when misfolded, a-synuclein forms
B-sheets that polymerize to form toxic oligomers and
fibrils. Accumulation of misfolded o-synuclein is thought
to contribute to dysfunction and death of neurons in the
substantia nigra of PD patients.*

Present

Pathological stages of PD have been proposed by Braak
et al,***! with a predictable topography of Lewy body depo-
sition and a sequence that progresses with disease severity,
seeming to spread along the nervous system. Specifically,
a-synuclein pathology has been proposed to start in the
peripheral nervous system (dorsal motor nucleus of cranial
nerves [CN] 9 and 10 and the olfactory bulb), followed by
deposition and ascent through the brainstem, and eventu-
ally to the cortical areas. Braak et al**** suggest that this
pattern occurs because certain “vulnerable” neuronal cell
types (specifically, those with long, thin projections and
unmyelinated or poorly myelinated axons) are more suscep-
tible to the formation and effects of synuclein aggregates.
Thereby, PD affects such cells in a predictable sequence,
moving from cell-to-cell via a consecutive series of projection
neurons.**

PD-associated pathology has been described outside
of the central nervous system, such as in the olfactory
bulb and gastrointestinal (GI) system. The GI system is a
region of particular interest since Lewy-related pathology
and o-synuclein staining have been found in the gastric
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mucosa and enteric nervous system of PD patients. Braak
et al*? identified oi-synuclein in the submucosal (Meissner’s)
plexus on autopsy of 5 PD or incidental Lewy body disease
(iLBD) patients, but in contrast, did not find any in five con-
trol subjects. Beach et al*® identified synuclein pathology at
autopsy in the GI tract of 16/26 (62%) patients with PD or
DLB, but only in 2/26 (8%) patients with AD or iLBD. Studies
examining in vivo measures of synuclein in the gut (ie, with
colonic biopsies) have detected Lewy pathology in 21/29
(72%) and 9/10 (90%) of PD patients in two separate studies,
but none in the control subjects.*** Interestingly, Lebouvier
et al** also noted a higher frequency of constipation reported
in the Lewy neurite-positive patients, suggesting a potential
link between the GI synuclein pathology and constipation, a
potential premotor symptom in PD patients. Shannon et al*®
have investigated a predictive role of gut synuclein pathology
in PD and found synuclein-staining deposits in colonic
tissue biopsies in three patients that were taken 2—5 years
before their clinical diagnosis of PD. Other studies, however,
have detected a-synuclein staining in the colonic mucosa of
healthy controls as well as in PD patients.*’ Differences in
study results may be due to differing methodologies, such as
depth of biopsy (full versus partial thickness), tissue source
(use of autopsied versus biopsied samples), frequency of
sampling, and longitudinal follow-up of healthy controls.

Regarding the olfactory system, o-synuclein pathology has
been identified in mitral and tufted cells in the anterior olfactory
nucleus of the olfactory bulb, which receive projections from
primary olfactory epithelial neurons.****# Of note, the ante-
rior olfactory nucleus has numerous connections with tertiary
olfactory regions as well as nonolfactory structures, including
the amygdala, substantia nigra, and other brainstem nuclei.*
In autopsy studies, o-synuclein staining in the olfactory bulb
was found to effectively distinguish Lewy body disorders
from healthy controls. Sensitivities and specificities, respec-
tively, were 91% and 95% for PD versus controls, 97% and
91% for DLB versus controls, and 67% and 91% for iLBD
versus controls.>! Based on these results, Beach et al’! propose
olfactory bulb biopsy be considered to confirm PD diagnosis,
though further research regarding this is needed.

Synuclein pathology also has been detected in the periph-
eral nerves in the skin, heart, and oropharynx. o-Synuclein
pathology was identified in unmyelinated dermis fibers
from skin biopsies of the abdominal wall and upper arm
flexors in 20/85 (24%) autopsied subjects, with concurrent
central nervous system Lewy body pathology, whereas
no staining was found in 194 control subjects.> Donadio
et al® distinguished idiopathic PD from other causes of

parkinsonism (including vascular parkinsonism, tauopathy,
and parkin mutation) by examining peripheral nerves
obtained from cervical skin biopsies, finding phosphorylated
o-synuclein deposits in 21/21 (100%) idiopathic PD subjects,
but none in the 20 subjects with parkinsonism or 30 controls.
In cardiac tissue studies, a-synuclein aggregates have been
found in the distal axons of cardiac sympathetic nerves in
18/20 (90%) of subjects with idiopathic Lewy body disease,
6/10 (60%) of PD subjects, 3/20 (15%) of MSA subjects,
but none of the controls.** Cardiac synuclein pathology may
underlie the autonomic symptoms that many PD and MSA
patients experience. In addition, Mu et al*® observed synuclein
positivity in pharyngeal sensory nerves (including CN 9,
pharyngeal sensory branch of CN 10, and internal superior
laryngeal nerve innervating the laryngopharynx) in all 10
neuropathologically confirmed PD patients, but none of the
control subjects. Del Tredici et al’® described Lewy-related
pathology in postmortem samples of submandibular glands
and cervical superior ganglia in all nine PD cases, compared
to none in controls. Cervical sympathetic trunk and peripheral
vagus nerve inspection similarly revealed synuclein pathol-
ogy among the PD subjects.’® Adler et al’” assessed in vivo
Lewy-related pathology in submandibular gland biopsies in
living PD patients, finding that 9/12 (75%) were positive for
o-synuclein staining as well as that submandibular needle core
biopsies are feasible to perform in PD patients.”’

Taken together, these pathological studies suggest that
peripheral tissue may have potential as a diagnostic, and
in vivo, biomarker for PD. In their meta-analysis, Malek
et al*® reviewed the sensitivities and specificities associated
with different tissues in regards to detecting o-synuclein
pathology: skin (19%, 80%), colonic mucosa (42%—-90%,
100%), and submandibular salivary glands (100%, 100%)
for sensitivity and specificity, respectively. Of the tissues
discussed, some are more easily accessible (eg, colonic
mucosa, submandibular gland, skin) compared to others
(eg, cardiac tissue). Longitudinal studies are also needed to
determine if tissue biopsies could serve as preclinical bio-
markers of PD. Additionally, more in vivo studies are needed
to ascertain the feasibility of obtaining tissue biopsies in PD
patients at differing disease stages and in potentially at-risk
PD populations. Furthermore, studies will need to examine
how these tissue markers correlate with other biofluid or
imaging measures of synuclein pathology and with clinical
symptomatology. Nonetheless, given the high specificity
for identifying a-synuclein pathology in peripheral nerve
fibers and other target tissues, biopsies may serve as useful
premortem diagnostic tests for PD.
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Future
Many interesting theories are forming about the etiology
and spread of PD. The “dual hit hypothesis” developed from
Braak’s pathological staging studies and the descriptions of
Lewy-related pathology in the peripheral nervous system,
including the olfactory bulb and GI tract. Thus, it has been
posited that a pathogen could enter the brain via two routes:
nasal and gastric. For example, a pathogen could penetrate
the GI epithelial lining and travel through Meissner’s plexus
of the gut, vagus nerve, and ultimately reach the midbrain
substantia nigra, at which point, typical motor symptoms of
PD are manifested.>

Recent theories propose that PD is a prion-like disorder,
with a-synuclein, specifically, acting like a prion protein
such that the misfolded protein forms pathologic aggregates,
which act as a template to promote conformational change in
wild-type protein in a chain-reaction manner. The abnormal
protein is transmitted from “infected” to healthy, unaffected
nerve cells, thereby leading to neurodegeneration.***° This
theory is supported by postmortem studies of PD patients
who received grafts of fetal mesencephalic brain tissue
10-22 years prior to autopsy. The grafted neurons stained
positive for a-synuclein and had reduced staining for DAT
and tyrosine hydroxylase. These studies suggest that the
misfolded o-synuclein formed B-sheets, which migrated
from affected cells to unaffected graft neurons.®* In a
recent study by Recasens et al,* purified human nigral Lewy
body-enriched extracts were injected into the nigrostriatal
system of mice and two macaque monkeys. They observed
time-dependent degeneration of dopaminergic fibers and
nigral neurons in both the mice and monkeys during the
4—17 months postinoculation period, thereby demonstrating
that pathological transport of Lewy body extracts can induce
nigrostriatal degeneration in nonhuman primates.**> Many in
vivo and in vitro laboratory studies suggest cell-to-cell trans-
fer of ai-synuclein pathology. Though the exact mechanism
is unknown, it is possible that a-synuclein travels along long
unmyelinated axons and acts as a “seed” that induces endog-
enous o-synuclein production in neighboring neurons. ¢

Both the dual hit and prion hypotheses operate under
the premise that o-synuclein aggregation initially occurs
in the periphery, before reaching the brainstem and cortex. If
this holds true, then detection of PD pathology in peripheral
tissues could serve as an important preclinical biomarker
or diagnostic confirmatory test. Furthermore, if the exact
mechanism of o-synuclein spread is elucidated, then tar-
geted therapies could be developed to inhibit its spread and
subsequent neurodegenerative processes.

Biomarker-driven diagnosis of PD
Past

Historically, biomarker studies, such as biofluids or neu-
roimaging, had limited use as diagnostic tools for PD. For
example, neuroimaging of PD patients was typically charac-
terized by “negative” or “normal” results. That is, magnetic
resonance imaging (MRI) and computed tomography (CT)
scans of the brain generally revealed normal age-related
changes, but no structural abnormalities that were distinctive
to PD. Thus, neuroimaging was primarily utilized to exclude
secondary causes of parkinsonian symptoms such as vascular,
neoplastic, infectious, or toxic/metabolic etiologies and thus,
had minimal diagnostic relevance for PD.®”%® The field of
biomarker studies has grown tremendously in recent years,
with markers of diagnosis, progression, and prognosis in
AD, oncology, and other disciplines, with carry over to
investigations in PD.

Present
Advances in neuroimaging modalities and biofluid assays
have led to a growing interest in their potential for diagnosis,
monitoring progression, and establishing prognosis in PD.
Here, several examples of biomarker studies focused on PD
diagnosis and early disease detection will be highlighted.
Among various neuroimaging modalities and techniques
are positron emission tomography (PET), single photon
emission computed tomography (SPECT), TCS, diffusion
tensor imaging (DTI), and MR spectroscopy (MRS).®® In
addition, blood and cerebrospinal fluid (CSF) assays measure
biochemical markers that reflect disrupted dopamine metabo-
lism, misfolded protein aggregation, and oxidative stress.
Radioligands used in PET and SPECT studies for PD
aim to capture dopaminergic function, such as presynaptic
dopamine function, by binding DAT or with VMAT, AAAD,
postsynaptic dopamine function (eg, dopamine receptor),
or nondopaminergic systems (eg, serotonergic, cholinergic,
noradrenergic, and inflammation/glial activation markers).%."
SPECT imaging has been proposed as a highly sensitive indi-
cator of early PD.” ['#]]-B-CIT SPECT imaging had 92%
sensitivity and 100% specificity in diagnosing parkinsonian
syndromes when compared to the gold standard of clinical
diagnosis by a movement disorder specialist.”! SPECT may
have a role in ruling out PD in clinically uncertain cases.”"’
In several studies, 'ZI-ioflupane ['**I]FP-CIT has differenti-
ated PD from ET, with high sensitivity and specificity.”
In 2011, the United States Food and Drug Administration
(FDA) approved DAT SPECT imaging (DaTSCAN) using
the ['2I]FP-CIT ligand for use in suspected parkinsonian
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syndromes, based on two multicenter, Phase III studies.”>™
In early parkinsonian patients with or without tremor (desig-
nated possible and probable PD), compared to patients with
non-PD tremor and healthy controls, the DaTSCANSs had
79% sensitivity and 97% specificity, while clinical diagnosis
in early PD had 98% sensitivity but 67% specificity. Among
patients with the clinical diagnosis of PD, DAT scan identi-
fied striatal neurodegeneration with sensitivity of 88% and
specificity of 91%; additionally, a striatal anterior posterior
ratio >2 differentiated between clinically idiopathic PD and
atypical parkinsonism syndromes, but with 63% sensitiv-
ity and 84% specificity.”” Moreover, since the sensitivity,
specificity, and PPV of DAT imaging are similar to that of
clinical assessment, the utility of DAT imaging for diagnostic
purposes, especially among parkinsonian syndromes, has
been questioned.”

Another puzzling aspect of DAT imaging is the SWEDD
phenomenon (scans without evidence of dopaminergic
deficit), found in patients with clinically apparent symptoms
of PD but normal DAT scans. A study of subjects with
uncertain parkinsonism had a 14% rate of SWEDDs. Of
the 12 SWEDDs, 7 had a revised diagnosis by 3—6 months
follow-up and the remaining 5 were younger than the PD
patients with positive imaging (average age: 53.4 years versus
62.1 years).”” A 22-month longitudinal follow-up study found
that SWEDD subjects had minimal change in DAT imaging
and minimal progression of motor symptoms.’”® A 5-year
follow-up of SWEDD patients with dystonic tremor showed
similar results; of the 16 subjects, 12.5% (2/16) had reduced
nigrostriatal uptake on DAT scan at follow-up, whereas the
remaining (87.5%) continued to have normal dopaminergic
imaging and no change in clinical progression.” Further
studies and longitudinal follow-up of the SWEDD patients
are needed to understand this phenomenon.

Combining the presence of hyposmia and positive DAT
imaging may be helpful in predicting PD development.
Sommer et al* found that of 30 patients with hyposmia, 11 had
substantia nigral hyperechogenicity and 7 of these 11 also had
decreased DAT binding or borderline uptake ratios on SPECT
scans. In PARS, 11% of hyposmic patients had abnormal DAT
scans.” Longitudinal studies show that hyposmic patients
with abnormal DAT imaging have increased risk of develop-
ing PD. In a cohort of first-degree relatives of PD patients,
the combination of hyposmia and abnormal DAT SPECT
imaging at baseline was associated with 100% risk of PD
development in 5 years, whereas hyposmia alone conferred
arisk of only 12.5%.3! Borghammer et al®* similarly showed
that the combination of positive dopamine SPECT scans and

hyposmia predicted PD development with 91%—97% certainty
at 18—42-month follow-up.

Transcranial ultrasound (TCS) permits the visualiza-
tion of the echogenecity of the substantia nigra at the level
of the mesencephalic brainstem. In PD, TCS demonstrates
characteristic substantia nigral hyperechogenicity (SN+).
Advantages to TCS include short test duration, ability to
use in patients with tremor or involuntary movement, lack
of radiation, ability to perform at bedside, and low cost,
though drawbacks include dependence on user experience,
obtaining an adequate bone window, lack of well-established
cutoff for hyper- or hypoechogenecity, and a fairly high rate
of false positives.”” TCS differentiates PD patients from
healthy controls, with sensitivity of 95% and PPV of 85.7%,
though having high sensitivity but low specificity when dis-
tinguishing PD from other neurodegenerative conditions.®*3*
Lauckaité et al® noted that TCS was better at distinguishing
PD from ET, but poor at distinguishing PD from atypical
parkinsonian syndromes. Kim et al*® found a higher degree of
SN+ in ET cases with premotor symptoms and PD risk fac-
tors (eg, constipation, RBD-like symptoms, family history)
compared to ET subjects without such features; longitudinal
studies will be needed to determine whether this ET group
has increased risk of developing PD. Gaenslen et al*’ fol-
lowed 60 patients with new parkinsonian symptoms for 12
months and determined that baseline SN+ on TCS was able
to predict the PD diagnosis with 90.7% sensitivity, 82.4%
specificity, and 92.9% PPV.

Other imaging modalities that show diagnostic potential
for PD include MR techniques (eg, DTI, MRS) and myocar-
dial scintigraphy (MIGB). MRS measures the concentration
of brain tissue metabolites as markers of neuron integrity,
while DTI measures diffusion of water molecules through
different tissues based on directionality, or anisotropy. Using
MRS, Emir et al®® reported greater y aminobutyric acid
(GABA) elevation in the pons than putamen as consistent
with the involvement of the lower brainstem structures and
basal ganglia and a rostrocaudal progression of the disecase
as suggested by Braak et al.**#! Using high-resolution DTI
in early, untreated PD patients, Vaillancourt et al® reported
100% sensitivity and specificity in distinguishing PD patients
from healthy controls, with decreased fractional anisotropy
in the substantia nigra in all 14 newly diagnosed PD cases.
Originally developed to assess cardiac postganglionic pre-
synaptic sympathetic nerve endings in heart failure and
cardiomyopathy patients, MIGB scintigraphy demonstrates
peripheral noradrenergic depletion. Reduced cardiac MIGB
uptake has been demonstrated in patients with Lewy body
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disease, perhaps also reflecting their dysautonomia. In a
meta-analysis of 13 studies, pooled data revealed that MIGB
scanning differentiated PD from atypical parkinsonian dis-
orders (including MSA, PSP, CBD), with >80% sensitivity
and specificity.”

There are numerous potential biomarkers that may reflect
disrupted protein misfolding, mitochondrial dysfunction,
oxidative stress, inflammation, and altered gene expression
in PD. o-Synuclein stands out given the deposition of this
misfolded protein is a pathological hallmark of PD and
a core component of Lewy bodies.® Total o.-synuclein
levels have been decreased in the CSF of PD patients.
A meta-analysis of nine studies showed that CSF o-synuclein
levels were lower in patients with synucleinopathies (PD
and MSA) compared to healthy controls and PSP subjects,”!
though further study is needed. While blood is more easily
obtained than CSF, serum o-synuclein detection has been
inconsistent across studies. Differences may be due to
variation in study methodologies, such as differing assays
or type of o-synuclein protein detection (eg, total versus
oligomeric, phosphorylated versus nonphosphorylated).®
Despite difficulties with using serum o-synuclein as a
diagnostic marker of PD, it may have a role in monitoring
disease progression. In a longitudinal study of newly diag-
nosed PD patients followed for 3—4 years, total plasma
o-synuclein was found to increase over time in PD patients
during the study period.*

Another potential biomarker that has been studied is
urate, an antioxidant which has been investigated regarding
a protective role against oxidative stress in PD. Two recent
studies have demonstrated that elevated serum urate levels
correlate with decreased likelihood of abnormal DAT imag-
ing in newly diagnosed, medication-naive PD or parkinso-
nian patients,”>* though in one study, this association was
only significant in male subjects.** Additionally, high serum
and CSF urate were associated with slower rates of clinical
decline in PD.” Moreover, lower urate concentrations may
reflect worse nonmotor function as they were related to
higher severity scores in attention, memory, cardiovascular,
and sleep domains.’® However, serum urate levels did not
affect risk of dementia.’” Genetic variability may account for
differing serum urate concentrations in PD patients. Of note,
single nucleotide polymorphisms (SNPs) in urate transporter
gene SLC2A9 (GLUT9) were found to predict differences in
serum urate among patients with early PD. Subjects who had
SLC2A9 SNPs associated with lower serum urate had faster
progression to disability, requiring dopaminergic treatment
at 13-month follow-up.”

Neuroinflammatory markers have been noted in biofluids
of PD patients.”” Numerous cytokines and chemokines have
been found to be elevated in serum or CSF of PD subjects
compared to non-PD controls, including interleukin (IL)-1j3,
IL-6, IL-8, IL-10, monocyte chemoattractant protein-1,
macrophage inflammatory protein-lo, tumor necrosis
factor-o., transforming growth factor-o,, and RANTES.*1%2
Interestingly, the degree of inflammatory marker elevation in
CSF correlated with severity of nonmotor symptoms in PD
patients, including depression, anxiety, fatigue, and cogni-
tive impairment.'® The presence of such common inflam-
matory molecules in CSF or blood, however, may not be a
specific marker for PD, given that elevations can occur in a
variety of disease states, including infection, acute injury/
trauma, malignancy, autoimmune disease, and other non-PD
inflammatory conditions. Certain markers may show greater
promise in diagnosing PD, as a recent study by Shi et al'®
found that elevated Flt3 ligand (an inflammatory marker) in
CSF differentiated PD from MSA with a sensitivity of 99%
and specificity of 95%.

PD-associated gene products may also serve as biomarkers.
DJ-1 gene mutation (PARK 7 locus) is a rare autosomal reces-
sive form of PD, and the resulting DJ-1 protein is detectable in
blood and CSE.* Hong et al'®® found significantly decreased
DJ-1 levels in CSF of PD patients compared to healthy con-
trols, distinguishing the PD patients with 90% sensitivity
and 70% specificity. Also with CSF DJ-1, Herbert et al'%®
distinguished PD from MSA with 78% sensitivity and 78%
specificity. However, as with serum and CSF o-synuclein,
DIJ-1 protein detection in blood has proven somewhat com-
plicated, and CSF measurements may be more compelling at
this time, though additional study is needed.®

Future

Several areas pertaining to PD biomarkers require further
inquiry. Additional longitudinal studies are needed to deter-
mine which biomarker techniques will be most useful in the
earlier detection of PD and for identifying preclinical, at-risk
populations. Potential diagnostic imaging or biofluid assays
may be compared to the gold standard of neuropathology,
rather than solely clinical assessment, since in some settings,
this diagnostic accuracy may be low.® Biomarker study meth-
odologies must be fine-tuned and standardized, especially
relevant for biofluid assays and neuroimaging protocols, as
methodological differences may account for inconsistent
results. Lastly, novel biomarkers and analytic methods must
be identified. Imaging methods to detect a-synuclein in the
brain are in development.!”” Multimodal datasets, such as
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with different types of neuroimaging, in combination with
biofluid measurements, among other data, may advance
our understanding of PD and, through various models, our
ability to detect PD early and distinguish PD patients (or
at-risk persons) from healthy controls, atypical parkinsonian
syndromes, or other neurodegenerative conditions. Multiple
consortia have developed as resources for biomarker research
in PD, including Parkinson’s Progression Markers Initiative
(PPMI), Fox Investigation for New Discovery of Biomark-
ers in Parkinson’s disease (BioFIND), and Parkinson’s
Disease Biomarker Program (PDBP) among others, which
are multicenter, international, shared databases with clinical,
imaging, and biologic information made available to the
larger scientific community.'%''° Such collaborative efforts
will aid in identifying and validating markers of PD not only
for diagnosis, but also for progression and prognostication.

Conclusion

Our understanding of PD — its pathogenesis and clinical
spectrum — has evolved in the almost 200 years since James
Parkinson first described this disorder. PD is now recognized
as a complex multisystem disorder with multiple potential eti-
ologies, including environmental triggers, genetic predisposi-
tion, and other risk factors. Moreover, PD is now recognized
pathologically to have a topographical spread and potentially
cellular spread as postulated in the prion-like hypotheses. As
such, the progress and future prospects now take these factors
into account (Table 2). These prospects provide avenues to
expand our thinking regarding the many facets of PD and
potentially redefine the PD syndrome and its diagnostic cri-
teria, not only utilizing clinical, pathological, and biomarker-
driven elements, but also developing models or algorithms
that combine these features in order to diagnose PD at its very
earliest stage and calculate individualized risk and personal-
ized profiles. One could envision a diagnostic schema for PD
in some ways similar to the revised criteria for a diagnosis
of dementia due to AD by McKhann et al''! on behalf of the
National Institute on Aging and the Alzheimer’s Association
workgroup, while also capturing elements of the MDS Task
Force introductory statement on redefining PD. These revised
criteria provide diagnostic categories with “probable, pos-
sible and unlikely due to AD” categories, each with required
clinical criteria and with varying degrees of biomarker
probability (eg, uninformative, low, intermediate, or high)
or biomarker availability (eg, unavailable, indeterminate,
negative, or positive) for evidence of f-amyloid deposition
on PET or decrease in CSF and of neuronal injury such as
with elevated CSF tau, hippocampal atrophy, or positive

Table 2 Factors to be considered in PD diagnosis present and
future

Clinical
e Cardinal motor features
o Bradykinesia
o Resting tremor, unilateral
o Rigidity
o Postural instability
e Nonmotor symptoms
o Dysautonomia
o Insomnia and other sleep disorders
o Cognitive impairment and dementia
o Psychosis
0 Mood changes
o Impulse control disorders
e Proposed premotor symptoms
o REM behavior disorder
o Hyposmia
o Constipation
0 Mood changes
e Risk factors
o Increasing age
o Family history
o Environmental factors
e Possible protective factors
o Caffeine
o Smoking
Pathological
o Biopsies showing a-synuclein pathology from:
o Gut mucosa
o Skin
o Oropharynx
o Autopsies showing neuron loss and Lewy-related pathology in the
substantia nigra, among other central and peripheral nervous system
regions
Biomarker
e |maging
o Dopamine transporter uptake reduction on PET/SPECT
o Subthalamic nucleus hyperechogenicity on TCS
o Reduced fractional anisotropy in substantia nigra on DTI
o Reduced uptake on cardiac scintigraphy
e Fluids
o Reduced total o-synuclein in CSF
o Reduced DJ-1 protein in CSF
o Reduced urate in blood
e Genomic studies
o Loci known to cause PD
= Autosomal dominant, adult onset parkinsonism: LRRK2, SNCA
= Autosomal recessive, early-onset parkinsonism: parkin,
PINK, DJ-1
= Autosomal recessive, juvenile atypical parkinsonism: ATPase
I13A2, F-box 7
o Other factors associated with increased risk of PD
= Genes (eg, DNAJC6, SYNJI)
= Transcription factors (eg, Nurrl)

= Single nucleotide polymorphisms (eg, SLC2A9)

Abbreviations: CSFcerebrospinal fluid; DTI, diffusion tensor imaging; PD, Parkinson’s
disease; PET, positron emission tomography; REM, rapid eye movement; SPECT, single
photon emission computerized tomography; TCS, transcranial sonography.
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FDG-PET scans.'"! For PD, one such hypothesized schema
could include several diagnostic levels or categories such as
a purely clinical diagnosis without regard to biomarkers or
underlying pathology; a clinical diagnosis with support of
biomarkers (positive genetics, blood, CSF, tissue biopsy, or
neuroimaging findings) that could be ranked by probability,
availability, and combined effect to a similar degree as in
the AD criteria; and a pathologically confirmed diagnosis.
Furthermore, this schema could be extended to a category
of premotor PD symptoms and how they fit in preclinical or
prodromal subtypes: a pure clinical symptomatology or as a
clinical diagnosis of premotor PD with supportive biomarker
evidence. If biomarkers are to be included, research will
be needed to standardize assays and analyses; determine
appropriate cutoff values for quantitative variables; interpret
qualitative and quantitative biomarker data; elucidate how
they relate to clinical symptoms, underlying pathology, and
disease progression; and identify ways to practically incor-
porate biomarkers into clinical practice and research settings
in convenient, accessible, and affordable ways. In addition,
future studies will be necessary to determine the best ways
to incorporate clinical features, pathological findings, and
biomarkers, individually and collectively, into PD diagnostic
criteria and to capture the clinical breadth of the PD spectrum
with not only premotor and motor symptoms but also PD’s
different motor and nonmotor phenotypes.
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