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Abstract

Despite intensive effort, biomarker research for the detection of prodromal stage, diagnosis and progression of Parkinson’s
disease (PD) falls short of expectations. This article reviews the attempts in the last 20 years to find a biomarker, addresses
challenges along the biomarker search and suggests the steps that should be taken to overcome these challenges. Although
several biomarkers are currently available, none of them is specific enough for diagnosis, prediction of future PD or disease
progression. The main reason for the failure finding a strong biomarker seems to be drastic heterogeneity of PD, which
exhibits itself in all domains; from the clinic to pathophysiology or genetics. The diversity in patient selection, assessment
methods or outcomes in biomarker studies also limit the interpretation and generalizability of the data. In search of a reli-
able biomarker, consideration of novel approaches encompassing individual demographic, clinical, genetic, epigenetic and
environmental differences, employment of strategies enabling marker combinations, designing multicenter studies with
compatible assessment methods, integration of data from preclinical domains and utilization of novel technology-based

assessments are necessary.
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Introduction

The term “biomarker” is the short form of “biological
marker” and was defined by the National Institutes of Health
Biomarkers Definitions Working Group as “a characteris-
tic that is objectively measured and evaluated as an indica-
tor of normal biological processes, pathogenic processes,
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or pharmacologic responses to a therapeutic intervention”
(Biomarkers Definitions Working Group 2001). A biomarker
can be a clinical sign, biological sample or a measurement
in imaging; however, should be objective and reproduc-
ible independent from the subjective “signs” perceived
by the patients (Strimbu and Tavel 2010). With regard to
PD, intensive effort has been expended in the last decades
in various areas such as biochemistry, genetic, epigenetic,
-omics, clinic or imaging to define a reliable biomarker for
the prediction, diagnosis and progression of PD (Table 1). In
this article, we attempt to review the progress that has been
achieved in the last 20 years and discuss further challenges.

Although Dr. James Parkinson already defined the neu-
rodegenerative disorder which was later given his name as
Parkinson’s disease as a motor syndrome with non-motor
aspects in his “Assay on the Shaking Palsy” (Parkinson
1817), this multisystemic character has taken a back seat
for many decades. In fact, Parkinson’s disease (PD) has for
many years been regarded as a disorder of the motor sys-
tem which manifests itself primarily through bradykinesia,
tremor and/ or rigidity. However, thanks to the vigorous
research in the last decades not only non-motor but also epi-
demiologic, environmental, genetic and molecular aspects of
the disease could be highlighted which changed our view of
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Table 1 Relevant biomarkers and their importance

Prodromal  Diagnosis Disease pro-  Advantage of assessment Practical implications
stage gression

Clinical motor

Bradykinesia + + + Practical®, diagnostic Useful®

Rigidity + + + Practical, diagnostic Useful

Balance problems + Practical Useful
Clinical non-motor

Olfactory dysfunction + Practical, inexpensive Useful

REM sleep behavior disorder? + Specific® Useful

Excessive daytime somnolence + + Practical, inexpensive Useful

Autonomic dysfunction + + Practical, inexpensive Useful

Depression + + Practical, inexpensive Useful

Cognitive impairment + Practical, inexpensive Useful

Color vision loss + Practical, inexpensive Investigational
Imaging

FDG-PET + + + Diagnostic, specific® Useful

DaTSCAN + + + Diagnostic, specific’ Useful

SN hyperechogenicity in ultrasound + + Practical, diagnostic Useful

Cardiac sympathetic imaging + + Diagnostic Useful

Dorsal nigral hyperintensity + + Unknown Investigational

Neuromelanin-dependent signal + + Unknown Investigational

Functional network aberrations + + Unknown Investigational
Biochemical-blood

a-Synuclein + + + Practical Investigational

Inflammatory markers + + Practical Investigational

Neurofilament light chain + Practical Investigational

Uric acid + + Practical Investigational
Biochemical-CSF

a-Synuclein + + + Unknown Investigational

UCH-L1 + Unknown Investigational

Endolysosomal enzyme activity + + Unknown Investigational

Neurofilament light chain + + Unknown Investigational

Amyloid $1-42 + Unknown Investigational

Tau-phosphotau + Unknown Investigational

DJ-1 + + + Unknown Investigational
Histologic

a-Synuclein in skin + + Unknown Investigational

a-Synuclein in submandibular gland + + Unknown Investigational

a-Synuclein in GI tract + + Unknown Investigational
Genetic

Parkinson mutations + + Diagnostic, specific Useful

Genetic risk score + Unknown Investigational
Epigenetic

DNA methylation patterns + + Unknown Investigational

Post-translational histone modification + + Unknown Investigational
-omics

RNA biomarkers + + + Unknown Investigational

Epidermal growth factor + + Unknown Investigational

ApoAl + + Unknown Investigational
Technology-based assessments

Sensor-based QMA + + Objective Investigational
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Table 1 (continued)

REM, Rapid eye movement; FDG-PET, '8F-fluorodeoxyglucose positron emission tomography; DAT, dopamine transporter; SN, substantia
nigra; SPECT, single photon emission computed tomography; GI, gastrointestinal; QMA, quantitative motor assessment

+ Depicts the stage in which the mentioned biomarker may be relevant
The biomarker is easy to access

>The biomarker is currently being used in the clinic

A high specificity as a biomarker compared to healthy controls or atypical parkinsonism

dAssessed by polysomnography
¢a-Synucleinopathies

"Depiction of presynaptic neurodegeneration

PD substantially. Still, in spite of all advance in many fields,
PD is clinically defined (Lewis et al. 2005).

Importantly, motor symptoms form the key criteria for
diagnosis and differential diagnosis of PD, which may deem
remarkable as non-motor symptoms antecede the classical
motor symptoms in most individuals later diagnosed as PD.
For a long time the diagnosis of PD was based on the UK
Queen Square Brain Bank criteria which suggested a step-
wise method by introducing the core symptoms followed by
supportive and exclusion criteria (Gibb and Lees 1988). The
main symptom was bradykinesia which must be accompa-
nied by one or more of the following: rest tremor, rigidity
or postural instability. Recently, however, the “International
Parkinson and Movement Disorders Society Task Force for
the Definition of PD” (MDS-TF-PD) proposed a revised set
of criteria (Postuma et al. 2015). They refined the core crite-
ria by excluding postural instability and incorporated other
supportive features such as imaging and red flags such as
absence of any non-motor symptoms (which were absent
in the former criteria) suggesting a more comprehensive
approach based on the advances in the field of PD. Similar
to the former, the latter criteria recognized motor symptoms
as fundamental for diagnosis, but acknowledged movement
disorders expert examination as reference to codify the diag-
nostic process and make it reproducible and applicable also
by (relative-) non experts. Application of the MDS-TF-PD
criteria in reference to an expert diagnosis showed a higher
diagnostic accuracy (92.6%) compared to the UK Queen
Square Brain Bank criteria (86.4%) in a recent multicenter
study (Postuma et al. 2018).

Although diagnostic accuracy in the clinical phase has
improved, it is not 100%, yet. Moreover, progression mark-
ers in the clinical phase, which are urgently needed to bet-
ter understand the individual course of the disease, the effect
of different treatment strategies, and as endpoints for clinical
studies are still lacking. This may on the one hand be due to the
heterogeneity of PD, on the other hand on individual compen-
satory mechanisms etc. Recently, a task force on PD subtypes
has been assembled by the MDS (https://www.movementdi
sorders.org/MDS/About/Committees--Other-Groups/Task-
Force-on-PD-Subtypes.htm), which is hoped to lay a strong

basis for progression marker research by giving a clear defini-
tion on subtypes of the disease.

Given the fact, that PD is still a clinical diagnosis and that
discovery of progression markers in the clinical phase may
need to be set aside until subgroups are defined the question
remains: What has biomarker research in the last decades
accomplished?

The premotor stages of Parkinson'’s disease

Parkinson’s disease occurs as a result of a long ongoing
and so far relentlessly progressive degeneration which is
reported to begin outside the substantia nigra, even outside
the brain—with possible starting points in the gut or the
olfactory bulb (Braak et al.). For the definition of the stages
before the classical motor symptoms allow clinical diagno-
sis, i.e. the yet prediagnostic stage, the MDS-TF-PD sug-
gests two terms, namely the “preclinical” and “prodromal”
stages. The preclinical stage encompasses the presence of an
ongoing neurodegenerative process without any detectable
clinical symptom—neither motor, nor non-motor, whereas
the prodromal stage was defined as the time when clinical
symptoms or signs that may be related to the neurodegen-
erative process occur, but key motor criteria are still miss-
ing (Fig. 1) (Berg et al. 2014). This segregation of PD into
stages provides a broader view and understanding of the
relation between the clinical portrait and the neurodegenera-
tive process, which has facilitated biomarker research for
prediction of biomarkers for earlier diagnosis and progres-
sion in the prodromal phase.

Thus, the prodromal stage has been the subject of several
longitudinal population-based and enriched risk cohort stud-
ies since this long time frame provides an opportunity to
investigate promising factors for the prediction of future PD.

Biomarkers in the prodromal stage
The symptoms or traits associated with PD are numer-

ous. These markers may be stable indicating a (decreased
or increased) risk of PD and occurring independent of the
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Fig.1 Stages of Parkinson’s disease (PD) and the biomarkers of
interest. The clinical stage begins with the diagnosis which is pre-
ceded by risk, preclinical (beginning of neurodegeneration without
any symptom) and prodromal (presence of PD related symptoms

neurodegenerative process—here the term “risk markers”
is appropriate. Or they may be clinical manifestations of
the ongoing neurodegenerative process—here the term
“prodromal markers” is applied. Gathering the literature of
population-based studies and examining the existing evi-
dence for each marker, the MDS-TF-PD published a list of
the currently known risk and the prodromal markers (Berg
et al. 2015). In this classification, risk markers include
demographic features such as gender, history of smoking,
pesticide exposure or family history as well as increased
nigral echogenicity detected by transcranial ultrasound. Pro-
dromal markers comprise among others autonomic dysfunc-
tion, rapid eye movement sleep behavior disorder (RBD),
slight motor impairment, olfaction, depression or detection
of reduced nigrostriatal radioligand uptake in SPECT (Berg
et al. 2015).

Other than SPECT of the dopaminergic terminals, imag-
ing markers have not been included in the criteria for pro-
dromal PD, even though there are several potential candi-
dates for prodromal state markers which may indicate, how
advanced the prodromal state of the disease has progressed.

First and foremost, absence of the dorsal nigral hyperin-
tensity (DNH) using susceptibility-weighted Imaging (SWI)
of the substantia nigra in 3T MRI has shown promise as a
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Clinical stage

without fulfilling the diagnostic criteria) stages. Currently, no bio-
marker exists that can specifically detect the prediagnostic stages,
assist the diagnosis or predict disease progression. Domains of ongo-
ing biomarker research are shown in relation to the disease stage

prodromal disease marker indicating an already advanced
prodromal stage. De Marzi and colleagues showed that DNH
was absent in 92% of PD patients, 77% of RBD cases and
only in 3% of healthy controls (De Marzi et al. 2016). It is
yet unknown, how well this marker may serve as a progres-
sion marker longitudinally, but a recent study showing good
cross-sectional correlation of the DNH with SPECT of the
dopaminergic terminals indicates relevant potential (Frosini
et al. 2017).

Another recently emerged imaging marker with poten-
tial as a state marker in the prodromal stage is loss of the
neuromelanin-dependent signal in a modified T1 sequence in
3T MRI of the substantia nigra and locus coeruleus. Volume
and signal strength of the substantia nigra in neuromelanin
MRI accurately distinguished RBD patients from controls
in 88% of the cases. If combined with fractional anisotropy
of the same area, accuracy increased to 92% (Pyatigorskaya
et al. 2017). Interestingly, neuromelanin loss in the locus
coeruleus seems to be dependent of the presence of RBD
as a prodromal PD phenotype (Garcia-Lorenzo et al. 2013;
Knudsen et al. 2018).

Characteristic functional network aberrations may also
be present in the prodromal phase, even though some of the
changes observed may also stem from preclinical functional
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compensation (van Nuenen et al. 2009). Using resting-state
fMRI, Rolinski and colleagues have shown reduction in
basal ganglia connectivity in RBD of a similar magnitude
to that in PD cases, even though striatal denervation as evi-
denced in DAT SPECT was less advanced (Rolinski et al.
2016). Moreover, RBD patients seem to express specific
metabolic patterns in FDG PET which partially overlap with
the well-described PD-related metabolic patterns (Meles
et al. 2018).

These studies propose highly promising surrogate imag-
ing markers for detection of individuals at the prodromal
stage and/or for disease progression. However, with regard
to prodromal PD more data should be accumulated to under-
stand the strength of the candidate markers, their associa-
tion with other markers as well as their contribution to the
conceptualization of prodromal PD.

Another area of great expectation is biomarker research
from body fluids or histological samples. Different bio-
markers that are able to identify Alzheimer’s disease (AD)
are available for a considerable period of time. Amyloid-§
plaques and tau tangles, both pathological hallmarks of Alz-
heimer’s disease provide reliable information on whether
the disease is present or not also in the very early stage of
disease (Hansson et al. 2014; Zetterberg and Schott 2019).
Using Elisa assay, beta-amyloid (1-40), tau protein and
phospho-tau protein may separate AD from new diagnosed
PD and allows an estimate of the progress of dementia in
PD (Andreasen et al. 1998; Hansson et al. 2006; Siderowf
et al. 2010).

The field of objective biomarkers for PD has made great
progress; however, there is currently no reliable fluid bio-
marker. On the protein level, there are indications that (1)
levels of a-synuclein oligomers in cerebrospinal fluid (CSF)
and the oligomers/total-a-synuclein ratio can be useful for
diagnosis and early detection of PD (Tokuda et al. 2010), (2)
that metabolites and peptide levels in plasma and CSF may
differentiate healthy controls from patients with newly diag-
nosed PD (Trupp et al. 2014), (3) that changes in endolyso-
somal enzyme activities in CSF may indicate disease status
(van Dijk et al. 2013), and (4) that CSF levels of a-synuclein
and UCH-L1 show distinct patterns in parkinsonian syn-
dromes (Mondello et al. 2014).

Further studies evince alterations in neurotransmitters
(decreases in 3,4-dihydroxyphenylacetic acid, L-3,4-dihy-
droxyphenylalanin, norepinephrine and 3,4-dihydroxyphe-
nylglycolaldehyde as potential markers) (Goldstein et al.
2008, 2012; LeWitt et al. 2011). However, individual find-
ings have never been replicated in large collectives. The
involvement of excitotoxicity and oxidative stress and its
impact as biomarker in PD has also been examined in sev-
eral studies but found inconsistent results (Hong et al. 2010;
Lewitt et al. 2013; Willkommen et al. 2018). Recent evi-
dence also suggests contribution of the adaptive immune

system in PD. Thus, immunological biomarkers (interleu-
kins, tumor necrosis factors, major histocompatibility com-
plex) are currently also of interest as potential biomarker in
PD (Nilsonne and Lekander 2017; Kim et al. 2018). Moreo-
ver, growth factors have also become the focus of interest
in PD biomarker research in the last years (Saal et al. 2017;
Rahmani et al. 2019). Again, the results are partially contra-
dictory and there are no blinded studies in large groups of
patients. Furthermore, there is evidence for CSF plasma neu-
rofilament light (NFL) as sensitive and specific biomarker
that may help to rule out neurodegenerative others than idi-
opathic PD (multiple system atrophy, supranuclear palsy,
corticobasal syndrome, frontotemporal dementia) (Herbert
et al. 2015). Axonal damage releases NFLs into CSF and
eventually into blood (Khalil et al. 2018). Considering age-
dependent normal ranges, plasma NFL may represent a
biomarker of cognitive decline in AD and PD, with more
specificity for AD (Lin et al. 2018).

Current basic research studies integrate the findings of
proteomics (investigation of the entire set of proteins that
is expressed by a genome), microbiome (community of
commensal, symbiotic and pathogenic microorganisms),
epigenetics (study of heritable phenotype changes that do
not involve alterations in the DNA sequence such as DNA
methylation and histone modification and RNA transcripts)
with other omics data to characterize and quantify biologi-
cal molecules that translate into the structure, function, and
dynamics in the organism affected from PD (Halbgebauer
et al. 2016; Hopfner et al. 2017; Ping et al. 2018; Navarro-
Séanchez et al. 2018; Scheperjans et al. 2018; Smith et al.
2019). The validation of these potential biomarkers in large-
scale clinical studies is necessary to evaluate the diagnostic
potential in future.

In the last years great attention has been paid to the stud-
ies histologically examining phosphorylated a-synuclein
deposits in different tissues of PD cases. Skin biopsies
might be a promising tool for pre-mortem histopathological
diagnosis of idiopathic PD and early diagnosis in prelimi-
nary stages of PD (such as RBD) (Doppler et al. 2016; Vilas
et al. 2016). The results from this histological biomarker
are promising, but the sensitivity and the analysis protocols
are still not high enough for clinical routine despite easily
accessible tissues for biopsies (skin, salivary glands) (Dop-
pler et al. 2016).

Calculation of probability for prodromal PD

In the absence of valid imaging and biosample-derived
biomarkers and considering the fact that there is no single
marker that allows the diagnosis of prodromal PD the MDS-
TF-PD established a model to calculate the risk for an indi-
vidual to be in the prodromal phase. Thus, for the very first
time a mathematical model is used to form research criteria

@ Springer



808

R.Yilmaz et al.

for a prodromal stage of a disease—in this case: PD. As
a first step the strength of each marker for the association
with PD was defined by its likelihood ratio (LR) which was
calculated according to the marker’s sensitivity and speci-
ficity for being associated with the later diagnosis of PD.
Each marker has two LR values, one positive (LR+) and
one negative (LR—) indicating a positive or a negative test
result (presence or absence of the marker meaning increased
or decreased likelihood for PD) for the assessed individual.
In a second step the method uses a Bayesian naive clas-
sifier in which the a priori (pre-test) risk/probability for
PD is defined according to the age of the individual. Then
the pre-test probability value is multiplied with the LRs of
the assessments. Each added LR+ increases, whereas each
LR— decreases the overall probability of the assessed indi-
vidual to be in the prodromal phase. For instance, a 72 years-
old has a pre-test probability of 2.5% (pre-test odds =0.025)
for PD. Being male leads to a slight increase of likelihood of
1.2, whereas the history of smoking decrease the likelihood
by multiplication with 0.8. Assuming that he has a first-
degree relative with PD (LR+ =2.5), an increased substantia
echogenicity on transcranial ultrasound (LR+ =4.7), RBD
detected by the RBD screening questionnaire (LR+ =2.3),
hyposmia (LR+ =4.0), subthreshold parkinsonism (LR+
=10) and a severe erectile dysfunction (LR+ =2.0), but
no constipation (LR— =0.8), depression (LR— =0.85) or
orthostatic hypotension (LR— =0.87) a multitude of mark-
ers is at hand to calculate the individual risk. Multiplying
all these LRs gives the value of 1228 (total LR) which is
further multiplied by the pre-test odds (in this case 0.025)
resulting in the post-test odds of 30.7 which corresponds
to a post-test probability of 97% according to the universal
formula of probability (probability = odds/(1 + odds)) sug-
gesting that this individual has a 97% probability of being
in the prodromal stage of PD.

The MDS-TF-PD determined a cut-off value of 80% for
the definition of probable prodromal PD. Later the value of
50% was also suggested for possible prodromal PD (Mahl-
knecht et al. 2016). The performance of the method has been
investigated in several longitudinal studies and proven to be
capable of detecting individuals who are in the prodromal
stage of PD (Mahlknecht et al. 2016; Pilotto et al. 2017,
Fereshtehnejad et al. 2017).

Challenges for the detection of prodromal
PD

By suggesting this calculation method the MDS-TF-PD
also aimed to introduce a scheme for participant selection
for neuroprotection trials. However, for predicting prodro-
mal PD with this method, one needs to take some factors
into account that influence the assessment process. Surely,
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the outcome of the calculation depends on several factors
including (1) the number and (2) the predictive value of the
detected markers as well as (3) the diagnostic strength of the
performed test for the respective marker. More assessments
mean more LRs to multiply indicating a more comprehen-
sive assessment and a more reliable conclusion. Addition-
ally the reliability of detecting prodromal PD increases with
more specific markers. For instance, prevalence of consti-
pation in the elderly is at least 20% (Vazquez Roque and
Bouras 2015) which indicates a low predictive value for
future PD. On the other hand, RBD has the highest speci-
ficity of all known markers (Postuma and Berg 2016). It
is known that within 10 years, more than 80% of patients
with RBD proceed to an a-synucleinopathy (Postuma and
Berg 2016). However, the way of assessing is crucial. For
instance, a positive polysomnography (PSG) for the detec-
tion of RBD has a very high LR (LR+ =130) in comparison
to the RBD screening questionnaire (LR+ =2.3) (Berg et al.
2015).

Another factor that influences the prediction accuracy is
(4) the “lead time” of the marker which indicates the period
between emerging of the marker and the clinical diagno-
sis (Postuma and Berg 2016). For many markers time of
occurrence in the neurodegenerative process is not clear,
neither is time of progression until motor symptoms allow
diagnosis. In some (but not all) individuals the number of
detectable symptoms increases over time. This suggests that
the efficiency of the method is dependent on the lead time
of the prodromal markers and the sensitivity of the criteria
may increase over the course of the prodromal stage. How-
ever, for studies on strategies with presumed neuroprotec-
tive properties lead time is essential. A very short lead time
would provide little window for any neuroprotective inter-
vention to get effective, especially as the neurodegeneration
would have proceeded too far at that stage. On the other hand
it is hardly possible to conduct a trial over many years when
there are no progression markers other than conversion to
PD that may be used as endpoint.

Additional factors that influence the performance of the
proposed criteria are (5) the cost and the practicality of the
assessment. The LRs+ of PSG proven RBD and nigrostriatal
dysfunction detected by DATScan are high, assuring a more
accurate conclusion. However, these assessments are rather
expensive, elaborate, are available in selected centers only
or entail radiation (SPECT). Thus, they are not practically
well suited as screening instruments outside of clinical trials.

The classification of prodromal markers with respect to
disease progression is also an important issue. It may be
assumed that some of them contribute not only to disease
prediction but may also serve as markers for measuring pro-
gression (being indirect indicators of the underlying neuro-
degenerative process) since they are de facto disease related
symptoms which are expected to worsen in the course of the
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disease. However, results from different studies show that
this is not always the case. Some, like hyposmia may even
improve in the course of the disease (Fullard et al. 2017).
Other markers such as autonomic dysfunction or depression
may fluctuate, at least do not show a steady worsening.

Still, there is some hope from neuroimaging studies.
Follow-up of the PARS study shows that hyposmic indi-
viduals with a DATScan deficit <65% of normal show fur-
ther decline of tracer uptake of 20% (SD 15%) over the next
4 years (Jennings et al. 2017). Moreover, imaging of the
Braak stages with peripheral markers as proposed by the
group of P. Borghammer seems promising (Knudsen and
Borghammer 2018), although results need to be confirmed
and it needs to be acknowledged that this comprehensive
neuroimaging assessment battery cannot be performed in
larger groups of individuals.

New insights into the understanding of progression of
neurodegeneration may also be expected from quantitative
motor assessments. Several groups are currently measuring
movements in various conditions longitudinally in individu-
als supposed to be in the prodromal phase of PD (see http://
www.trend-study.de as one example). Although algorithms
for a better understanding of slight changes in movements
are still in the process of being developed first promising
results indicate that quantitative movement assessment may
predict PD 4-6 years prior to clinical diagnosis and that
worsening of the parameters over time can be seen (Del Din
et al. 2019, submitted).

Overall, validation studies showed that the suggested cri-
teria can identify prodromal PD when suspected individu-
als are investigated thoroughly, preferably with high quality
tests. As none of these biomarkers can predict PD with 100%
accuracy in a clearly defined time span (neither alone nor in
combination) support from other research areas is urgently
needed.

Challenges in disease approach

One of the most important reasons for the failure of attempts
to find a reliable biomarker for PD is its striking heterogene-
ity. Clinically, vast diversity is seen regarding motor or non-
motor symptoms. Furthermore, the reasons for differences
in treatment response and symptom progression are also still
unsolved, challenging clinicians. Thus, subtyping is neces-
sary to better categorize individual cases and—importantly
to better understand the underlying pathophysiology and to
design causative, disease modulating trials.

So far, PD has been divided into three main subtypes with
regard to motor manifestations as tremor dominant, postural
instability gait disorder or akinetic/rigid form (Obeso et al.
2017). It has been reported that these subtypes may differ
in terms of disease severity and progression (Marras et al.

2002; Obeso et al. 2017). However, little can be explained
with the help of this broad classification. Despite further
efforts for a more comprehensive subtyping (Marras and
Lang 2013), no sufficient grouping regarding the diversity
in phenotype has been provided, yet (Berg et al. 2014). One
reason may be that most of the suggested subtyping systems
applied cluster analyses using only clinical data. However,
heterogeneity of PD is not only found in clinical symptoms
(motor and non-motor manifestations) and clinical disease
progression, but also in genetics, pathways involved in the
pathophysiology and even in the histopathology of the dis-
ease. For instance, disease phenotype and progression are
different between patients with LRRK2 or GBA mutations
in comparison to idiopathic PD (Davis et al. 2016; Saunders-
Pullman et al. 2018). Likewise occurrence and distribution
of pathological substrates may vary on the one hand between
individual patients possibly accounting for different pheno-
types, on the other hand between different forms—post-
mortem investigation of brains of PD patients due to Parkin
mutation for example lack in general Lewy-bodies. Moreo-
ver, additional pathology (vascular, abeta-pathology etc.)
may contribute to the clinical phenotype (Obeso et al. 2017).

Thus, PD needs to be considered as a multifaceted syn-
drome with clinical, epidemiological and genetic subtypes
(Espay et al. 2017) and has to be conceptualized within the
notion of precision medicine (Funke et al. 2013; Espay et al.
2017), which is a systems biology approach recognizing the
disease as a whole, embracing infrequent manifestations and
outliers rather than a reductionist approach which focuses on
the common feature of all different PD phenotypes (Espay
et al. 2017). Past unsuccessful attempts to find neuroprotec-
tive or disease modifying therapeutic strategies may at least
in part be explained by the reductionist approach since little
attention has been paid to disease variability in the trials
conducted that far.

The importance of decent subtyping, e.g. integration of
molecular and genetic portraits of patients in study designs
to meet a refined trial outcome (Chen-Plotkin and Zetterberg
2018) can be exemplified in trials conducted thus far with
co-enzyme Q10, which is supposed to support metabolism
of the mitochondria. Several studies have been conducted
thus far with either non-significant outcomes between the
verum and placebo groups or diverse results (Zhu et al.
2017). Importantly, it needs to be considered that with
regard to the genotype unstratified populations had been
included in these trials. Based on the knowledge that specific
mutations (mutations in the Parkin, PINK1 or DJ1 gene) are
associated with severe changes in mitochondrial metabolism
whereas these metabolic abnormalities play only a minor
role in other forms of PD, a study on the effect of co-enzyme
Q10 and vitamin K2 which acts as an electron carrier in the
mitochondria and promotes ATP production in genetically
stratified patients has just been initiated (Vos et al. 2012).
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Similarly a clinical study investigating the efficacy of GZ/
SAR402671, which is supposed to lower the increased glu-
cosylceramide levels inducing a-synuclein formation in
selected patients with a glucocerebrosidase (GBA) mutation
is ongoing (ClinicalTrials.gov identifier: NCT02906020).
These studies in specific genetically stratified PD subtypes
obviously include a more homogenous group, which is of
great importance when pathomechanism-related strategies
are applied.

In the precision medicine approach, integration of infor-
mation from different fields such as epidemiology, pathol-
ogy, molecular/genetics or -omics may contribute to a better
understanding of subtypes regarding clinical presentation
and progression. For example transcriptome studies reported
that a subset of RNA biomarkers in blood may predict dis-
ease characteristics such as motor progression or cognitive
impairment (Santiago et al. 2018). Another attempt to inte-
grate the pathophysiology in subtyping is the assessment
of inflammatory markers. It has been proposed that serum
inflammatory markers correlate with disease progression and
cognitive impairment (Williams-Gray et al. 2016). Although
the findings in these fields need to be confirmed in further
studies, easily obtained inflammatory or -omics based bio-
markers from blood or CSF may be promising for subtyping
and explaining the heterogeneity in disease progression.

Directions for future biomarker research

The attempt to detect reliable biomarkers for PD has been
ongoing on different levels in clinical and basic science and
more effort is needed. Yet, much has been learned from the
accumulating literature in terms of what sort of research
approaches can be applied or what types of biomarkers can
be developed (Chahine and Stern 2017). The detection of
a candidate biomarker is mostly based on the existing con-
jecture or biological coherence. This type of research is in
itself biased since it originates from a deduction. The sec-
ond approach is using an unbiased technique such as detec-
tion of peptides using mass spectroscopy, whole genome-
wide genetic or epigenetic approaches without any a priori
hypothesis in the fields of proteomics or metabolomics. Both
approaches should be accepted as valid and have their own
advantages and disadvantages for finding a biomarker. In
any case, the ultimate aim should be reaching optimal bio-
markers which are easy to access, inexpensive, valid and
reproducible. These biomarkers must then also be easily
integrated with other markers to increase the strength of the
prediction.

The potential sites for such biomarkers are tissues, bioflu-
ids and the fields of imaging, genetic or molecular biology
(Chahine and Stern 2017). Another emerging area is tech-
nology-based motor assessments which yield more objective
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information than the limited routine clinical examination.
Using algorithms, detailed movement maps of patients can
be created by application of small accelerometric body-
sensors that can be worn day and night even at home and
monitor everyday activities of patients (Hansen et al. 2018).
These home-based assessment systems are being used
increasingly since they are unbiased in nature and provide
reliable information for the difficulties in daily life that can
hardly be detected in the clinical setting. Utilization of such
technology including advanced imaging techniques, bioin-
formatics and other computer-based platforms may provide
enormous assistance for disease diagnosis and prediction
(Chahine and Stern 2017).

A further essential strategy to accelerate research and
improve data quality is combining the effort of different
centers. A review on longitudinal cohort studies in PD
revealed that in 2017, 44 cohort studies were being followed
the majority of which had a sample size smaller than 100
participants (Heinzel et al. 2017). Only less than half of the
cohorts had a sample size larger than 200 indicating a pos-
sibly limited statistical power considering the outliers and
drop-outs. Unfortunately, comparison of results between
these studies also appears to be extremely difficult, as a huge
variety of scales, assessments tools and techniques had been
applied. Thus, harmonizing of assessment is seen as a major
goal for deriving the important information from ongoing
studies. Once assessments are harmonized, combination
of the results of these studies would create a sample size
of thousands boosting the statistical power extremely and
granting valuable information for rarely studied variables.
Moreover, comparison of data would be facilitated. An
example of center overarching longitudinal data collection
is the “Parkinson’s Progression Marker Initiative” (PPMI)
study, which includes more than 30 centers across the world
with detailed and standardized assessments to find biologi-
cal, imaging or clinical biomarkers for the progression of PD
(Marek et al. 2011). Fortunately, more multicenter center
studies are being planned to accelerate research progress
and increase data quality and harmonization between cent-
ers. The “Systemic Synuclein Sampling Study” is such an
example which set out to measure a-synuclein from four
different tissue samples in six different centers to define a
reproducible way of detecting a biomarker for the diagnosis
and progression of PD (Visanji et al. 2017).

Still, additional genetic, environmental and life style
factors should also be taken into account. For instance,
individuals with a traumatic brain injury (TBI) have shown
to have a 44% increased risk for PD in 5-7 years follow-
ing the TBI (Gardner et al. 2015). This risk increases up
to 83% in patients with a severe TBI in 12 years (Gard-
ner et al. 2018). However, not in all. There seems to be a
genetic vulnerability which increases the risk to develop
PD after TBI. Individuals with an expanded SNCA Repl
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genotype were found to have an increased risk, while short
Repl is associated with a decreased risk (Goldman et al.
2012). This finding is a perfect example for gene-environ-
ment interaction.

Moreover, possible environmental factors can account
for the diverse penetrance even in monogenic PD forms.
It has been reported that the penetrance of Gly2019Ser
pathogenic variant of LRRK?2 mutation is more frequent in
Tunisian or Ashkenazi Jewish in comparison to Norwegian
PD patients pointing out an effect of outer influences (Hen-
tati et al. 2014). Probably, environmental factors operate
their effects through epigenetic mechanisms which affect
gene expression without changing the DNA itself. It is
known that DNA transcription is inhibited with methyla-
tion of the DNA (Wiillner et al. 2016). In sporadic PD, for
instance, methylation of the PGC-1 gene (stimulated by
the pro-inflammatory fatty acid palmitate) has been shown
to contribute to the diagnosis of PD (Su et al. 2015). The
effects of the methylation pattern of the DNA on other PD
features such as the age of onset, male susceptibility or
drug response have also been demonstrated, highlighting
the pivotal role of epigenetics on PD heterogeneity.

Conclusion

Despite considerable advance in the last decades, bio-
marker research in PD has yielded only limited success.
One major reason for the difficulty in biomarker detec-
tion seems to be the heterogeneity of PD which can be
observed in every aspect of the disease, from pathology to
clinical phenotype including disease progression. Incon-
sistencies between biomarker studies in patient selection
or assessment methods can also partly explain the lack of
success for developing a biomarker. Nevertheless, a lot
has been learned from past failures. For the detection of
a convenient and strong biomarker we need unbiased bio-
marker discovery programs in large (multicenter) cohorts,
transparent reporting and harmonization of assessment
methods across centers, public data sharing, utilization of
complex analysis strategies and automated standardized
assessment methods. This will set the basis for replication
and reproduction (validation) of findings, creating models
to integrate different biomarkers in multimodal platforms
and employing a precision medicine approach, which
takes additional and individual factors such as life style
or comorbidities into account. Future research integrating
these aspects should help setting criteria for PD subtyping
by clarifying disease heterogeneity, allowing individual-
ized counseling by predicting disease progression and ena-
bling the development of neuroprotective interventions by
predicting the prodromal stage.
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