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Abstract: Background: Objective measures of Parkinson’s disease (PD) are needed for purposes of
diagnosis and prognostication, as well as identification of those at risk of PD. In this qualitative review, we
provide an overview of the current state of the field of PD biomarker development, delineate challenges, and
discuss how the field is evolving.
Methods: A search of PubMed was conducted for articles pertaining to objective biomarkers for PD. Articles
were selected based on relevance and methodology; where available, meta-analyses, systematic reviews, and
comprehensive qualitative review articles were preferentially referenced.
Results: There are several potential sources of objective PD biomarkers including biofluids, peripheral tissue,
imaging, genetics, and technology based objective motor testing. Approaches to biomarker identification
include the candidate biomarker approach and unbiased discovery methods, each of which has advantages
and disadvantages. Several emerging techniques hold promise in each of these areas. Advances in
technology and bioinformatics, and the increasing availability of biobanks, are expected to facilitate future PD
biomarker development.
Conclusions: The field of objective biomarkers for PD has made great progress but much remains to be done
in translating putative biomarkers into tools useful in the clinic and for research. Multimodal biomarker
platforms have the potential to capitalize on the utility and strengths of individual biomarkers. Rigorous
methodology and standards for replication of findings will be key to meaningful progress in the field.

Parkinson’s disease (PD) is one of the most common neurode-

generative disorders and its prevalence is increasing.1 It is

currently diagnosed and monitored primarily based on clinical

features. There is, however, widespread recognition that to bet-

ter monitor the disease and advance our therapeutic approaches,

PD biomarkers are necessary for early detection,. Broadly speak-

ing, a biological marker (or biomarker) is “a characteristic that

is objectively measured and evaluated as an indicator of normal

biologic processes, pathogenic processes, or pharmacologic

responses to a therapeutic intervention.”2 Conceptually,

biomarkers can be further categorized into trait, state, and rate

markers,3 though there may be overlap into which category a

given biomarker falls. In the context of PD, trait markers indi-

cate susceptibility to the disease, as in genotypes that confer a

quantifiable risk of future PD. On the other hand, state markers

include those that are diagnostic of disease, an indication of

disease subtype, and/or disease severity. Rate markers are surro-

gates of disease progression. The need for a state biomarker in

PD is obvious: to serve as a diagnostic marker for motor PD.

The clinical diagnosis of PD is relatively accurate in the hands

of movement disorders specialists, but diagnostic inaccuracy

continues to be a problem4 particularly soon after diagnosis and

in older age groups.5,6 Diagnostic inaccuracy is obviously harm-

ful to patients, and is also detrimental from a clinical trial stand-

point. The main utility of a trait PD biomarker would be in

identification of individuals at-risk for PD. This is of particular

importance given the increasing recognition that in order to

meaningfully modify disease course, earlier detection of PD is

needed,5 possibly even prior to the emergence of motor mani-

festations currently required as minimal diagnostic criteria. Rate

biomarkers are needed on clinical grounds to help inform

patients on prognosis. From a clinical trial standpoint,
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biomarkers are needed as surrogates of clinically meaningful

endpoints, to help reduce the required duration of trials as well

as the sample size required to detect meaningful differences.

Biomarkers to objectively measure therapeutic response in PD

could be useful both clinically and in clinical trials, where pla-

cebo response plays a large role in PD. Finally, there is increas-

ing recognition that there are subtypes of PD7 and biomarkers

of these different subtypes will similarly inform prognosis, clini-

cal trial inclusion criteria, and other trial design considerations.

This qualitative review begins with a summary of the

approach to PD biomarker development and how the field is

evolving. A broad overview of the different sources of objective

PD biomarkers is then provided, including biofluids, imaging,

peripheral tissue, imaging, genetics, and technology-based

objective motor testing. Each main topic is divided into two

sections, one that covers progress and challenges to date, and

another that delineates considerations and exciting prospects for

future PD biomarker development (Fig. 1). Where available,

systematic reviews and meta-analyses are referenced. Otherwise,

recent qualitative review articles are cited, as are key original

articles, though the reference list in relation to the latter is by

no means comprehensive.

As mentioned, this review will focus on objective biomarkers

of PD. Symptom-based markers used for diagnosis and prog-

nosis in PD will not be considered. However, given that much

work remains to be done for objective biomarker development,

the importance of the latter cannot be over-emphasized. For

example, in one study, disorders of sleep and wakefulness and

FIG. 1. Schematic of key components for successful biomarker development.
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autonomic dysfunction, clinically diagnosed or ascertained via

questionnaire, were superior to candidate CSF biomarkers for

predicting progression in early PD.8

Approach to Biomarker
Development

Where Are We with the General
Approach to Biomarker
Development in PD?
There are two main approaches to biomarker development that

can be applied across most potential biomarker sources: candi-

date biomarker development and unbiased biomarker discovery.

In candidate biomarker development, a specific target is identi-

fied based on biologic plausibility. Unbiased biomarker discov-

ery involves measurement of several variables at once without a

priori assumptions.9 Such screens can sometimes yield many

potential signals and based on the strength of the detected signal

and biologic plausibility, a few key candidates are selected for

further testing. Several techniques for unbiased biomarker dis-

covery have been utilized, each with varying degrees of yield,

pitfalls, and prospects.9 Some of these techniques can also be

applied in a targeted fashion to study specific pathways (meta-

bolic or genetic), but to date, these have been minimally

applied in PD and will not be considered here. Two commonly

used unbiased methods are proteomics and metabolomics. Pro-

teomics is broadly defined as the study of the structure and

function of proteins. Several proteomic methods exist including

various immunoassays, 2-dimensional gel electrophoresis, and

liquid chromatography based high-resolution tandem mass spec-

trometry.9 Untargeted metabolomics (or metabolomic profiling)

is defined as the study of chemical metabolic processes via the

measurement of small-molecule metabolites, including lipids,

amino acids, sugars, biogenic amines, and organic acids. Tech-

nologies applied in metabolomics include nuclear magnetic res-

onance spectroscopy, gas chromatography mass spectrometry,

and liquid chromatography mass spectroscopy.9 The outcome of

metabolomic methods could be single molecules or patterns of

co-occurring molecules that reflect certain metabolic processes.

While metabolomics techniques have been applied in various

biofluids for biomarker identification in PD, no clearly promis-

ing biomarkers have emerged. This is likely due to the many

challenges and limitations that come with metabolomics tech-

niques.9 Studies applying metabolomics methods to various

biofluids acquired from individuals with PD have largely been

limited by small sample sizes and lack of accounting for key

influences on the metabolome, such as sex and diet. Proteomics

shares some of these challenges,9 but has nevertheless yielded

promising biomarkers as discussed below. A major confounder

with “-omics” techniques is batch effect, in which measures

vary by the batch tested, resulting at least in part from suscepti-

bility to even minor changes in testing conditions.10 Finally,

genotyping and gene expression profiling is another route for

unbiased biomarker discovery. For example, untargeted tran-

scriptomics (analysis of mRNA patterns) can help identify dif-

ferential patterns of gene expression that could be specific to

the PD population, as described further below.11

Where Do We Go Next with the
General Approach to Biomarker
Development in PD?
The large and ever-increasing number of techniques that can be

used to identify biomarkers in PD is exciting and holds great

promise. However, the path of a biomarker, from preliminary

identification to widespread use (whether in clinical trials or for

clinical purposes), is long and arduous and few PD biomarkers

have made it through. Among other things, this enforces the

necessity for key steps in biomarker development: replication

and reproducibility.

Replication and reproducibility within the context of bio-

marker development involves re-demonstration of the perfor-

mance of a putative biomarker in different cohorts and by

different investigators. Assay standardization is essential to mini-

mize the impact of technical differences in biomarker measure-

ment on reported results.10 Application of appropriate statistical

analyses, public sharing of datasets, and transparent reporting of

methods will be key to replication and reproducibility. Higher

standards for publication of first-reported biomarkers are

needed, especially in the case of biomarkers identified through

an unbiased approach.9,10

Other important considerations are ease of use, accessibility,

and requirements for dissemination of a given biomarker. If a

biomarker performs well yet is costly, requires unwieldy equip-

ment, and/or necessitates extensive personnel training, these

impracticalities may prevent widespread adoption.

Finally, it is likely that the future of PD biomarker develop-

ment will see the integration of several biomarkers into multi-

modal platforms that include biomarkers identified from various

sources. These models may combine biomarkers of varying

degrees of sensitivity and specificity, capitalizing on test charac-

teristics of the individual biomarkers. This is exemplified in the

area of prodromal PD biomarker identification by the Parkinson

Associated Risk Study (PARS). In PARS, the combination of

hyposmia (a high sensitivity, low specificity marker) and

reduced dopamine transporter binding on single photon emis-

sion computed tomography (SPECT, a modality discussed fur-

ther below) accurately predicted future risk of PD.12

Accounting for additional features suggestive of increased PD

risk, including constipation and cognitive dysfunction further

improved predictive accuracy.13,14 As more data become avail-

able, statistical manipulation of multimodal models will allow

for weighting of the different biomarkers (according to their test

characteristics) to yield “risk scores.” This approach has been

applied in multimodal risk scores proposed for identification of

prodromal PD.5 Their application to date has been informa-

tive.15,16 However, it is also clear that additional biomarkers

will need to be incorporated to optimize application of these
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models, particularly outside of the research setting.16,17 Machine

learning will likely assist in the building of these models.18

Great care will be needed in selecting the assumptions taken

during the model building process. In order for the findings of

models based on machine learning to be replicated and dissemi-

nated, clarity and transparency in reporting of these assumptions

and details of the statistical approach will be essential, as exem-

plified in the publication by Dinov et al.19

An important consideration in PD biomarker development

pertains to what the “gold standard” for the clinical correlate of

a given biomarker is. For example, in searching for a biomarker

of dementia risk in PD, PD dementia needs to be clearly

defined. Concerns have been raised about anchoring of unbi-

ased biomarker development on clinical criteria.20 It has even

been suggested that biomarkers be used to define clinical phe-

notype, particularly in relation to identifying targets for

“personalized” disease-modifying therapies.20 Whether this bio-

marker-to-clinical-phenotype model will be of utility and what

the place is for the clinical phenotype-to-biomarker approach

remains to be seen, and will likely be an area of intense investi-

gation and debate in years to come.

Biofluid Biomarker
Development

Where Are We with Biofluid
Biomarker Development in PD?

Candidate Biomarkers

The potential source of PD biomarkers is large and ever expand-

ing. Several biofluids have the potential to serve as sources of PD

biomarkers, including, but not limited to, cerebrospinal fluid

(CSF), blood (including whole blood and all blood compart-

ments), saliva, and urine. Of course, identifying biomarkers in

biofluids that are easily accessible with low risk procedures (such

as saliva, blood, or urine) would be most desirable. However,

the peripheral nature of the latter fluids contributes to significant

“noise” in measures of various biomarkers. CSF is thus seen as a

key source of PD biomarkers as it is thought to best reflect what

is going on in the central nervous system (CNS).

An example of a candidate biomarker receiving great atten-

tion in PD is a-synuclein. This stems from its key role in PD

pathophysiology and the potential for a-synuclein to be a thera-

peutic target. Various antibody-based assays that measure differ-

ent a-synuclein species (such as total, phosphorylated,

oligomeric, and fibrillar a-synuclein) have been developed and

applied to CSF and plasma. Contradictory results have been

found in plasma.21 A complicating factor in measuring

a-synuclein in components of blood is the abundance of a-
synuclein within red blood cells. In the CSF, contradictory

results have also been reported. The mixed reports likely result,

at least in part, from confounding factors, including contamina-

tion of the sample with blood and differences in sample acquisi-

tion and laboratory procedures used to measure it.

Cumulatively, the literature shows lower total CSF a-synuclein
in individuals with PD compared to controls, but with signifi-

cant overlap, resulting in low specificity.22 While there is also

some suggestion that total CSF a-synuclein may have some

utility in sub-typing PD and as a marker of disease progres-

sion,23 data are limited and too contradictory to draw any firm

conclusions in this regard. More specific assays to measure both

total a-synuclein as well as different species are therefore

needed. How levels of CSF a-synuclein vary over the course of

the disease also needs to be clarified.24

Biofluid biomarkers relevant to other pathologies such as

Alzheimer’s disease have also been studied in PD. In non-

demented individuals with PD, low baseline CSF amyloid-b1-42
predicts development of cognitive impairment.25 While some

studies suggest CSF tau and phospho-tau are higher in PD

compared to non-PD comparators,23 these are not specific

enough to be diagnostic markers, and they have not been con-

sistently associated with cognitive function or decline in PD.25

Neurofilament light chain is another example of a candidate

biomarker being pursued in PD. It is a marker of axonal injury.

It may have some utility in distinguishing PD from other neu-

rodegenerative, atypical parkinsonian syndromes when measured

in CSF26,27 and blood.28 However, it is also not specific and is

elevated in several other non-parkinsonian neurologic disorders.

There are a few other candidate PD biomarkers being pur-

sued in other biofluids. Uric acid is a candidate biomarker based

on its anti-oxidant properties combined with the low levels of

uric acid found in the substantia nigra of PD patients.29 Several

longitudinal cohort studies have demonstrated a lower risk of

PD in individuals with higher uric acid levels at baseline.30–32 A

meta-analysis demonstrated that the pooled rate ratio of PD

associated with 1 standard deviation increase in urate (1.32 mg/dL)

is 0.80.31 There are some data to suggest the utility of uric acid

as a PD state and rate marker33 as well. Given how non-specific

uric acid levels are, it is unlikely to serve as a biomarker in iso-

lation but rather may be combined in multimodal models.

There is evidence that neuroinflammation contributes to PD

pathogenesis34 and markers of inflammation have been studied as

potential PD biomarkers.35 Increases in several inflammatory

markers including b2-microglobulin, interleukin-1b and inter-

leukin-8 have been reported in PD compared to non-PD con-

trols. However, studies investigating markers of inflammation as

PD biomarkers have had small sample sizes35 and none of the pos-

sible biomarkers identified have yet to be validated or replicated.

Biomarkers Identified Through An
Unbiased Approach

A few notable blood-based biomarkers that hold promise in PD

have been identified through proteomic analysis. Epidermal

Growth Factor (EGF) was first identified as a possible blood-

based biomarker of cognitive impairment in PD via an unbiased

approach, utilizing a large-scale multiplex immunoassay plat-

form36 and replicated by another group.37 However, as is the

case with many potential PD biomarkers, the variability of levels

of EGF over the course of the disease challenges its utility.38
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Similarly, ApoA1 has been identified as a potential biomarker of

PD risk and disease severity, and findings have been replicated in

independent cohorts.39,40 ApoA1 is a component of HDL and its

biological plausibility as a PD biomarker lies in the role of

cholesterol dysmetabolism in PD pathogenesis and prognosis.

Where Do We Go Next in
Regards to Biofluid Biomarker
Development in PD?

Candidate Biomarkers

Despite the challenges faced, there are many reasons for optimism

that an accurate and useful measure of a-synuclein in biofluids

will emerge as a PD biomarker. There are ongoing efforts to

develop and standardize immunoassays that measure strains of a-
synuclein specific to PD in various biofluids and yield consistent

results across labs and patient populations. Rigorous procedures

applied during assay development and validation, including repli-

cation at multiple sites (as exemplified by Kruse et al.41) as well as

in sample acquisition and processing42 should allow for greater

uniformity in future results. Another exciting prospect in devel-

opment of an a-synuclein biofluid biomarker is the application of

protein misfolded cyclic amplification (PMCA) to detect abnor-

mal a-synuclein in CSF and other biofluids.43,44 PMCA assays (or

“seeding” assays) call upon the prion-like conformational proper-

ties of pathological a-synculein to recruit normal a-synuclein to

misfold. One such assay44 was built upon the real-time quaking-

induced conversion (RT-QuIC) techniques used to develop a

diagnostic CSF test for sporadic Creutzfeldt–Jakob disease.

Biomarkers Identified Through An
Unbiased Approach

Advances in computational abilities and bioinformatics resources

will likely aid in future unbiased biomarker identification. For

example, in recent years several advances in the field of metabo-

lomics have been seen, including the integration of key analyti-

cal chemistry techniques with comprehensive database resources

and advanced computational methods.45 The future may also

see “-omics” applied more broadly to characterize the “expo-

some,”46 defined functionally as the “biologically-active chemi-

cals in a person’s blood—from both exogenous and endogenous

processes.”47 This approach, while seeming of most utility in

examining gene-environment interactions, also has the potential

to aid in discovery of new PD biomarkers.46

Genetics

Where Are We with Genetic
Biomarker Development in PD?
Understanding genetic contributions to PD is key to determin-

ing PD pathophysiology, but genetics also provide a source of

PD biomarkers. One example is the PD genetic risk score,

calculated by summing and weighting risk allele counts for 28

loci that have been identified through genome-wide association

studies as being associated with PD risk. This genetic risk score,

combined with olfactory function, family history of PD, age,

and sex was able to distinguish PD from control with high

specificity.48

Untargeted transcriptomics (analysis of RNA transcription

patterns) have also shown some promise in identifying PD

biomarkers. For example, a study identified a unique expression

pattern of 8 genes in PD and this was replicated in a separate

cohort.11 Others have also reported on the possible utility of

transcriptomics for PD biomarker development.9 In addition,

preliminary work suggests that expression patterns of micro-

RNA panels may differ in PD compared to non-PD controls.49

However, studies to date have had relatively small sample sizes

and the findings require replication.

Where Do We Go Next in
Regards to Genetic Biomarker
Development in PD?
Advances in powerful high throughput sequencing technologies

such as next-generation sequencing (NGS) enable the assess-

ment of large numbers of genetic loci at once. This will allow

for the identification of genomic signatures specific to the PD

population. As mentioned, progress has already been made in

identifying genomic features within coded DNA sequences that

may serve as PD biomarkers. Another area that is actively being

explored and holds promise for the future is epigenetics. The

field of epigenetics focuses not within the DNA or RNA

sequence itself but within the molecules and structures associ-

ated with DNA and RNA, such as the methylation pattern of

DNA or post-translational modification of histones. This is

exemplified in preliminary work showing that there are DNA

methylation patterns that may be unique to PD.50

It is also expected that untargeted transcriptomics will be

increasingly applied to identify differential gene expression pat-

terns in PD.9,11,49 Availability of various genetic samples on

well-characterized PD patients is expected to facilitate this, as

exemplified by the unprecedented resources made available by

studies such as the Parkinson Progression Markers Initiative

(PPMI)51 and Biofind.52

Peripheral Tissue
Biomarker Development

Where Are We with Peripheral
Tissue Biomarker Development
in PD?
There is a growing body of evidence that a-synuclein pathol-

ogy occurs outside of the CNS in PD and it may even precede

CNS involvement. Thus, there is great interest in peripheral tis-

sue biomarkers in PD and prodromal PD. Several tissues have
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been examined as a possible source of PD biomarkers including

skin, salivary glands, and other regions of the GI tract. Abnor-

mal a-synuclein in the submandibular gland of individuals with

PD but not healthy controls has been the most consistently

reported potential tissue PD biomarker (in regards to sensitivity

and specificity).21,53 Importantly, aggregated a-synuclein has

also been reported in individuals with the prodromal disorder

REM sleep behavior disorder (RBD).54,55 Earlier studies exam-

ining skin a-synuclein as a PD biomarker were contradic-

tory,21,56 but more recent studies suggest promise for this as a

PD biomarker as well.57 Small studies have also shown a-synu-
clein in skin biopsies from various body regions in RBD but

not in healthy controls.58,59 These findings require further repli-

cation in larger studies.

Aggregated a-synuclein has been reported in biopsies taken

from various regions of the GI tract (besides the salivary glands),

including stomach, appendix, ascending and descending colon,

sigmoid colon, and rectum. However, the specificity of extra-

salivary GI a-synuclein for PD has been questioned, as a-synu-
clein has been reported in biopsies taken from these regions in

Multiple System Atrophy and healthy controls as well.60–62 It is

likely that non-specific staining of non-neuronal a-synuclein in

the enteric nervous system confounds these results, largely

reflecting suboptimal staining techniques.62,63 Other potential

reasons for the difficulty in replicating reports of abnormal a-
synuclein in peripheral tissue in PD include differences in pre-

analytical tissue acquisition (including both technique and

biopsy site) and processing, differences in the immunoassays

used, and the subjective and operator-dependent nature of neu-

ropathological characterization.64 Thus, assays and interpreters

that distinguish between neuronal aggregated a-synuclein that

represents a pathologic state from non-specific staining are

needed. Safety is also an important consideration in peripheral

tissue PD biomarker development. For example, adverse events

are not uncommon in studies reporting on GI tract tissue as a

PD biomarker, though fortunately the adverse events have been

largely mild.64

Where Do We Go Next in
Regards to Peripheral Tissue
Biomarker Development in PD?
There is good reason to believe that the future will bring a

robust measure of tissue a-synuclein that will be a useful bio-

marker for PD and prodromal PD. The ongoing Systemic

Synuclein Sampling Study (S4) is a multisite study in which

three tissues (submandibular gland, skin, and colon) and three

fluids (CSF, saliva, and blood) are being acquired in the same

subject in a standardized manner.65 Total a-synuclein will be

measured in the biolfuids and neuropathologists, blinded to

diagnosis and uniformly trained, will make semi-quantitative

determinations of a-synuclein immunohistochemical staining in

the tissues. S4 is unique in its design and implementation,

including standardized tissue acquisition and processing across

multiple sites, rigorous methodology used to develop the

biofluid and tissue assays used, and expertise and training of the

neuropathologists.65 S4 will yield not only valuable data to

inform future development of tissue a-synuclein biomarkers in

PD, but serves to help establish a biobank of various tissue

which will be available to the PD research community, thus

facilitating the challenging logistical aspect of tissue biomarker

development. In addition, several assays are under development

that may have advantages over conventional immunohistochem-

ical staining techniques in identifying pathologic forms of

a-synuclein specific to the PD state.66 For example, PMCA

assays such as RT-QuIC (discussed in the biofluilds section)

may be applied using tissue specimens as the “seeding”

source.

Imaging

Where Are We with Imaging
Biomarker Development in PD?
Many imaging modalities have been utilized in the search for

PD biomarkers.67,68 Conventional MRI studies have shown

reduced volumes in various cortical and subcortical regions in

PD compared to healthy and disease controls. MR-based high-

resolution morphometric and volumetric analysis of substantia

nigra has yielded several promising findings that may serve as

PD biomarkers.67,68 Techniques applied include diffusion tensor

imaging (DTI) which measures tissue microstructure and struc-

tural connectivity, proton magnetic resonance spectroscopy, and

quantitative susceptibility mapping which measures iron deposi-

tion. Signal changes thought to result from neuromelanin depo-

sition have also been identified. However, there has been little

reproducibility across studies67 and some contradictory results

reported. Thus, the preliminarily promise seen in MR-based

PD biomarkers awaits validation and replication.67,68

Radioligand-based imaging (utilizing both SPECT and posi-

tron emission tomography (PET)) has also been widely applied

in the search for PD biomarkers.67 Neurotransmitter systems

have been investigated using several radioligands reflective of

the dopaminergic, serotonergic, and cholinergic systems.

Reduced binding of presynaptic dopamine transporter (DAT)

ligand is well established as a surrogate marker for nigrostriatal

degeneration,67 and dissemination of radioligand measuring

DAT binding into the clinical space has been successful. How-

ever, DAT binding deficit is not specific to PD69 and utility as

a rate marker is not clear. Emerging data suggest DAT SPECT

is also a trait marker for risk of PD in individuals with other

prodromal features,12,70 but in order to maximize its specificity

and predictive value it is unlikely that it can be used in isola-

tion. Other targets of radioligand imaging have included mark-

ers of neuroinflammation,67 but sample sizes have been small

and findings are yet to be replicated. Radioligand biomarkers of

underlying protein deposition are actively being pursued, with

the most progress made for cerebral b-amyloid. Finally, cardiac

imaging as a measure of autonomic denervation may be useful

but requires further validation and dissemination as well.67
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Functional imaging with MRI, PET, and SPECT has also

been applied to identify specific patterns of cortical and/or sub-

cortical blood flow or metabolism. Fluorodeoxyglucose PET

imaging in the resting state has revealed a PD-related metabolic

pattern (PDRP) using a technique called special covariance

mapping.71 This pattern was also found in individuals with

RBD, a prodromal PD state.72 While these and other imaging

findings have demonstrated high sensitivity and specificity for

PD,67,68 most functional imaging studies are small in sample size

and conclusions are hard to draw. While in many cases the

results have been reproducible in collaboration with the group

that reported on them,71,73 their replication by other groups has

been limited, also raising concerns for the disseminability of

such imaging biomarkers.

Finally, ultrasound based imaging, and specifically transcranial

ultrasonography (TCS), has shown an area of substantia nigra

hyperechogenicity that has strong potential as a diagnostic mar-

ker for PD as well as a biomarker of risk in prodromal individu-

als.74 However, challenges of TCS include difficulty obtaining

ultrasound windows into the skull (especially in older adults and

in certain ethnicities), significant operator-dependence of result

interpretation, and specific equipment needs (operator training

and technical requirements for the more widely used application

of transcranial sonography, namely transcranial Doppler sonog-

raphy of cerebral blood vessels, are different from those used to

measure substantia nigra hyperechogenicity).

Where Do We Go Next with
Imaging Biomarker Development
in PD?
Advances in MR technology, such as ultra-high field imaging

with 7 tesla MRI, is allowing for increased spatial resolution

and sensitivity to susceptibility. This will allow for significantly

improved visualization of structures relevant to PD such as the

substantia nigra, but also smaller nuclei that cannot be well visu-

alized with lower strength MRIs.67 Many research-based MR

techniques have not yet made it to the conventional scanners

used in the clinic, so the logistics and feasibility of dissemination

will be important to consider.

Another potential imaging biomarker source is “connec-

tomics” which studies patterns of co-activation as a measure of

connectivity between different brain regions. Altered connectiv-

ity is thought to underlie the pathophysiology of many neu-

ropsychiatric disorders, and certain brain activation patterns

could serve as state markers as well.75 Changes in connectivity

patterns, following therapeutic intervention, suggest a potential

use as a surrogate outcome in clinical trials. However, replica-

tion of findings has been limited and will be key to validation

and dissemination of connectivity-based imaging biomarkers.

The improved resolution available with ultra-high field imaging

will also be useful in functional imaging, including resting state

MRI, which has so far been somewhat limited in resolution of

subcortical structures (basal ganglia and brainstem). It is likely

that PD imaging biomarkers of the future will be multimodal:

fusion of images acquired via different modalities has been pro-

posed as a means of improving discrimination between studied

groups compared to single markers alone.68

It will be incumbent upon the imaging biomarker field to set

high standards for reproducibility. Calls for standardization have

been made for functional, structural, and molecular imaging.

Many aspects of imaging studies are amenable to standardization.

For example, there could be minimum sample size requirements,

guidelines for correction for multiple comparisons, suggested cor-

rections for effects of age, motion, partial volume effects, and arti-

fact removal, and standardization of analysis pipelines for different

imaging modalities.76 Detailed reporting of methods (including

imaging acquisition, processing, and statistical analysis) and data

sharing will also contribute to the success of this standardization

and to the ultimate goal of replication and reproducibility.

Finally, there is great interest in imaging a-synuclein in vivo,

and intensive efforts are underway to develop appropriate synu-

clein imaging ligands.77 Partnerships between industry and aca-

demia will likely be essential to the development and ultimate

dissemination of such agents.

Objective Motor Testing

Where Are We with Objective
Motor Biomarker Development in
PD?
Technology-based objective measures (TOMs) using various

technologies are an attractive source of PD biomarkers for various

reasons.78,79 First, TOMs may allow for detection of subtle motor

abnormalities prior to the threshold required for clinical detec-

tion, thus serving as both a state marker (diagnostic of early PD)

as well a trait marker (to help identify individuals at risk for PD).

Second, objective measures of motor function may be useful as

rate markers, since in longitudinal studies baseline motor abnor-

malities are strongly predictive of rate of change and future out-

come.80 There is a wide and ever increasing array of technologies

available for objective motor testing in PD.78 Some allow for

cross-sectional assessments via administration of specific tasks,

whereas others are comprised of sensors (including “wearables”)

that allow continuous monitoring. With the exciting advances

seen in sensor-based data come several challenges. The sheer

amount of data collected by wearable sensors poses a bioinformat-

ics challenge. Much work is needed to translate digital signals into

measures of clinically meaningful manifestations. The proprietary

nature of some of the algorithms applied in data collection makes

interpretation and, more importantly, replication challenging.

Where Do We Go Next with
Objective Motor Biomarker
Development in PD?
The field of TOMs is in its infancy and the future is likely to

bring several advances that will hopefully translate into a useful
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PD biomarker. Involvement of formal task forces will help facil-

itate definition and standardization of measures and maximize

complementary efforts by different groups while minimizing

duplication.78 Development of computational methods that can

integrate massive amounts of data into practical, easily inter-

pretable, but not over-simplified measures will be key. Synthesis

of the collected data into composite scores may be of utility.79

Efforts to relate objective motor measures to biomarkers from

other sources, as they emerge, will be essential.

Conclusion
Since the description of PD over two centuries ago, much pro-

gress has been made in characterizing it clinically. With this

progress has come recognition that objective markers are needed

to diagnose PD, measure its severity and progression, define

subtypes, and predict who is at risk of PD. The need for

biomarkers is clinical and research-based, both for PD clinical

trials and for exploring the application and implications of preci-

sion medicine in PD. The source of PD biomarkers is large and

ever increasing, including, but not limited to, biofluifds, periph-

eral tissue, imaging, genetics, and technology-based objective

measures of motor and other functions. Multimodal biomarker

platforms, incorporating combinations of biomarkers from these

different sources, can be used to capitalize on the strengths of

individual biomarkers. While there are many promising and

exciting prospects for PD biomarker development, there is also

the need to be thoughtful and methodical in our quest to find

those markers that are consistent and reproducible. Adoption of

modality-specific standards will be key to this.
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