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The Parkinsonian disorders are a large group of neurodegenerative diseases including idio-
pathic Parkinson's disease (PD) and atypical Parkinsonian disorders (APD), such as multiple
system atrophy, progressive supranuclear palsy, corticobasal degeneration, and dementia
with Lewy bodies. The etiology of these disorders is not known although it is considered
to be a combination of genetic and environmental factors. One of the greatest obstacles
for developing efficacious disease-modifying treatment strategies is the lack of biomark-
ers. Reliable biomarkers are needed for early and accurate diagnosis, to measure disease
progression, and response to therapy. In this review several of the most promising cere-
brospinal biomarker candidates are discussed. Alpha-synuclein seems to be intimately
involved in the pathogenesis of synucleinopathies and its levels can be measured in the
cerebrospinal fluid and in plasma. In a similar way, tau protein accumulation seems to
be involved in the pathogenesis of tauopathies. Urate, a potent antioxidant, seems to be
associated to the risk of developing PD and with its progression. Neurofilament light chain
levels are increased in APD compared with PD and healthy controls. The new “omics”
techniques are potent tools offering new insights in the patho-etiology of these disorders.
Some of the difficulties encountered in developing biomarkers are discussed together with

future perspectives.
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PARKINSONIAN DISORDERS

The Parkinsonian disorders have in common, to various degrees,
the parkinsonism, defined as the presence of at least two of six
movement abnormalities, of which either no. 1 or no. 2 are com-
pulsory: (1) hypokinesia or diminished movement activity (also
called bradykinesia, slowness of movement); (2) rest tremor; (3)
rigidity (muscular stiffness); (4) loss of postural reflexes; (5) flexed
posture; and (6) the freezing phenomenon (when the feet seem
temporarily to be glued to the floor; Fahn, 2003). In addition
to the motor abnormalities, specific combinations of non-motor
symptoms such as autonomic and neuropsychiatric disorders, bal-
ance and ocular movement abnormalities, developing at various
disease stages, characterize each particular Parkinsonian disorder,
with major implications with regard to morbidity, treatment, and
prognosis.

The Parkinsonian disorders (Figure 1) represent a large group
of neurodegenerative diseases affecting a considerable number of
patients, most of whom are elderly. Parkinson’s disease (PD) dom-
inates the group by far, as the most prevalent in the population, but
also on scientific grounds, as a flagship for neurodegeneration in
general, and due to the overwhelming impact which levodopa, its
highly efficacious symptomatic treatment, has had on neurology.
To the more uncommon atypical Parkinsonian disorders (APD)
belong multiple system atrophy (MSA), progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD), and dementia with
Lewy bodies (DLB). Depending on the nature of the abnormal
proteins which aggregate in the nervous tissue in these diseases,

they can be subclassified as either synucleinopathies (PD, MSA,
and DLB) with alpha-synuclein accumulation, or tauopathies
(PSP and CBD) with tau protein accumulation. The oftentimes
deceptively similar clinical pictures of these diseases can make the
differential diagnosis difficult, especially in early stages; generally,
the clinical diagnostic accuracy is lower for APD compared with
PD (Hughes et al., 2002). Due to the global aging of the popula-
tion, the number of patients affected by these, for now, incurable
disorders will expand in the future (Dorsey et al., 2007), with con-
siderable strains on the health care system and society at large,
increasing the need for developing new, efficacious therapies.

BIOMARKERS

DEFINITION

The word “biomarker” is being used widely but not always cor-
rectly. The term was defined in 2001 by the Biomarkers Definitions
Working Group as “A characteristic that is objectively measured
and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeu-
tic intervention” (Biomarkers Definitions Working Group, 2001).
Surrogate endpoints are a subgroup of biomarkers. They are a sub-
stitute for clinical endpoints which is what we really are interested
in, reflecting how the patient is doing in reality. The require-
ments for a biomarker to serve as a surrogate endpoint are very
strict and, at the present time, we do not have any surrogate
endpoints in Parkinsonian disorders. However, any reliable bio-
marker, even if not strong enough to be a surrogate endpoint,
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FIGURE 1 | Simplified and non-exhaustive visual representation of
two groups of protein accumulation disorders (synucleinopathies and
tauopathies), two major groups of symptoms (Parkinsonism and
cognitive impairment), and some but not all possible interactions
in-between. All of the depicted disorders are Parkinsonian disorders with
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the exception of Alzheimer’s disease. The figure is not on scale. AD,
Alzheimer's disease; CBD, corticobasal degeneration; DLB, dementia with
Lewy bodies; MSA, multiple system atrophy; PD, Parkinson’s disease; PSF
progressive supranuclear palsy. Dashed line, atypical Parkinsonian
disorders.

would be tremendously valuable. In order for a parameter to
be considered a biomarker for a certain disease, it must fulfill
several requirements: (1) Validity: there must be a correlation
between the biomarker and the disease which it stands for; a
treatment must affect the disease and not only the biomarker
itself; (2) Performance: how good is the biomarker? How well
does it differentiate between affected and non-effected? The bio-
marker assessment must be reliable and reproducible, both in the
same patient at different points in time, and at different cen-
ters. It must be feasible in a clinical context and that implies
safety, tolerability, simplicity, and low cost; (3) Generalizability:
the performance in different patient subsets, based, e.g., on age,
gender, disease stage, and medication, must be known (Brooks
et al., 2003; Marek et al., 2008). It is easy to use the word “bio-
marker,” but the implications of this word are profound, and
despite all the efforts, we cannot say, for the time being, that
we really have a biomarker for Parkinsonian disorders. What
we do have in neurological sciences are: (1) biomarkers for cer-
tain disease-related processes, such as neurofilament light chain
(NFL) as a biomarker of axonal degeneration, particularly dam-
age to large-caliber, myelinated axons; and (2) different forms of
protein inclusions, such as the 42 amino acid isoform of amy-
loid B (AB42) as a biomarker of Alzheimer-related senile plaque
pathology.

TYPES OF POTENTIAL BIOMARKERS FOR PARKINSONIAN DISORDERS

There are different types of potential biomarkers for neurode-
generative disorders: biochemical analysis of blood, cerebrospinal
fluid (CSF), urine or brain tissues, genetics, and multiple imaging

modalities (e.g., different MRI techniques, SPECT, PET, and ultra-
sound of substantia nigra). In addition, several clinical markers are
used to measure different aspects of the diseases and to track their
progression: motor analysis; assessments of olfaction, autonomic
functions, cognition, sleep, speech and swallowing, neuropsycho-
logical, and psychiatric investigations (Marek et al., 2008). This
overview is only concerned with biochemical markers, mostly in
the CSF but to a lesser degree also in the blood.

According to the aims of the investigation and the technique
utilized, there are two main approaches to assess body fluids and
body/brain tissues for biomarkers:

(1) Targeted search to investigate one or several a priori defined
compounds in patients and in healthy controls and looking
for differences, patterns, and associations.

(2) Untargeted search to investigate broadly a large amount of
components in a sample and compare patients with healthy
controls. Nowadays, this is achieved by the “omics” techniques.

THE “OMICS” TECHNIQUES

The relatively new “omics” techniques present both an enormous
potential, through their capacity of screening wide and comple-
mentary areas of different biological materials, and a significant
challenge, through the huge amount of data that are generated
and need interpretation. In biologic materials, transcriptomics,
proteomics, and metabolomics evaluate the transient, momenta-
neous, or “state” characteristics of a sample while genomics mirror
its permanent or “trait” characteristics.
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GENOMICS
Genomic studies survey and compare genomes in patients and
controls, looking for associations between gene alleles, genetic risk
factors, and disease. The more restricted candidate gene approach
investigates specific genes in the context of a certain disease, such as
mutations in the alpha-synuclein gene (SNCA) causing a rare form
of autosomal dominant PD. The genome-wide association studies,
a more recent technique, investigate the whole genome. Genetic
studies and metaanalyses have found more than 16 PARK loci
associated with PD and 11 genes for PARK loci, and new insights
are gained every year (International Parkinson’s Disease Genomics
Consortium and Wellcome Trust Case Control Consortium, 2011;
Lill et al., 2012). Five of the identified genes induce a roughly
typical PD presentation [a-synuclein, parkin, PTEN induced puta-
tive kinase 1, DJ-1, and leucine-rich repeat kinase 2 (LRRK2)]
while mutations of ATP13A2 (PARK9) cause Kufor—Rakeb disease
characterized by both Parkinsonism and many atypical features
(Coppede, 2012). A genetic biomarker is unchangeable and indi-
cates a trait, a predisposition to develop a disease. However, it does
not indicate whether the disease has started or how advanced it is;
it does not provide information about the state. Due to environ-
mental factors, age, or reduced penetrance, the trait may or may
not induce a state of disease during the lifetime of the bearer. The
LRRK2 mutation is an example of a genetic trait for an autoso-
mal dominant form of PD with variable penetrance probably due
to non-genetic factors. Through genome-wide association stud-
ies, Simon-Sanchez et al. (2009) found a strong association in
PD with the alpha-synuclein gene (SNCA) and, surprisingly for a
synucleinopathy, also with the MAPT locus, related to tau protein.
An emerging research field is epigenetics which may bridge
the gap between the apparently unchanging genome and the ever
changing environment. There is evidence from both human but
mostly from in vitro and animal models that DNA methylation,
histone modifications, and small RNA-mediated mechanisms,
could modify the expression of PD-related genes such as the
alpha-synuclein gene, DJ-1, LRRK2, and parkin-gene, and thereby
contributing to the development of the disease (Marques et al.,
2011; Coppede, 2012).

TRANSCRIPTOMICS

Transcriptomics investigates mRNA levels of expressed genes cod-
ing for proteins. Several studies have examined cells from sub-
stantia nigra in PD patients, controls, and PD animal models.
Differences were found between controls and patients but the
results in regard to particular genes were not similar between
studies (Smith, 2009; Caudle et al., 2010). However, looking at
patterns, findings became more consistent across studies and a pat-
tern could be discerned showing that genes involved in oxidative
stress, mitochondrial function, protein degradation, dopaminer-
gic transmission, and axonal guiding were expressed differently in
the different diagnostic groups (Smith, 2009; Caudle et al., 2010).

PROTEOMICS

Proteomics characterizes the protein content — the proteome of a
sample. Comparing the proteomes of patients and controls, differ-
ences may be found. The technology is based on three components:
(1) separation of proteins; (2) analyzing proteins through mass

spectrometry; and (3) quantifying and identifying the proteins
through advanced data processing (Caudle et al., 2010). Using this
technique, a comprehensive characterization of the proteome in
substantia nigra was made by one group (Kitsou et al., 2008).
Many of the proteins known to be involved in PD such as DJ-1
and UCHL-1 were identified. Using proteomics, the proteome of
the CSF was characterized and over 1500 proteins were identified
and grouped according to their functions, such as cell cycle, signal
transduction, and cellular transport. In addition, a large number
of proteins unique to PD, AD, and DLB were identified (Abdi et al.,
2006). Seventy two of them were uniquely altered in PD compared
with healthy controls. Apolipoprotein H (Apo H) and ceruloplas-
min appeared to be able to segregate PD from healthy controls and
from non-PD (AD and DLB). Using the same material, Zhang et al.
(2008) validated a multianalyte CSF profile, identifying a panel of
eight CSF proteins that were highly effective at recognizing PD. In
a study in PD, MSA, CBD, PSP, and healthy controls, a panel of
four proteins (ubiquitin, B2-microglobulin, and 2 secretogranin
1 [chromogranin B] fragments) was identified which could dif-
ferentiate PD and healthy controls on one side from APD on the
other side with an AUC of 0.8 (Constantinescu et al., 2010a).

Subcellular proteomics investigates the proteome at the sub-
cellular level, in compartments of the cell. Such a compartment
is neuromelanin, a granular pigment associated with lysosomes
and present in cathecolaminergic neurons. It interacts with com-
pounds in the cytoplasm such as iron, lipids, pesticides, neurotox-
ins, and it sequesters them, thus having a cytoprotective function.
However, if it malfunctions, it could turn out to become cytotoxic
and be involved in neurodegeneration. The proteins associated
with neuromelanin were investigated using proteomics (Tribl et al.,
2006). Several were associated with mitochondrial function and
chaperons. Interestingly, antibodies against neuromelanin have
been found in serum from PD patients (Double et al., 2009).
Subcellular proteomics was also used for analyzing Lewy bodies.
Several proteins thought to be involved in the pathogenesis of PD
were found, associated with alpha-synuclein, such as chaperons,
proteins involved in oxidative stress, and proteosomal degradation
(Xia et al., 2008). Analyzing mitochondrial fractions, 119 proteins
were found to differ in PD compared with controls. Especially
interesting is mortalin, involved in mitochondrial function and
oxidative stress reactions. Low levels of mortalin were found in
substantia nigra from PD patients compared with controls (Jin
et al., 2006).

A shortcoming of the proteomics technique is that it is often
biased toward identification of abundant proteins. As albumin and
immunoglobulins represent more than 70% of CSF proteins, a way
to enhance the discovery of proteins present in small amounts is
to exclude the abundant proteins from the sample through frac-
tionation. Blood contamination with its high protein content can
dramatically alter CSF proteomic pattern and it has been suggested
to exclude from proteomic analyses CSF containing more than 10
erythrocytes per microliter (Caudle et al., 2010).

METABOLOMICS

Metabolomics investigates end products of metabolic pathways.
These are molecules with low molecular weights required for the
maintenance, growth, and normal function of a cell (Beecher,
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2003). Adequate sample collection and preparation prior to analy-
sis is very important for accurate results. Metabolomic studies con-
ducted by Bogdanov et al. have confirmed the inverse association
between blood urate levels and the risk for PD. In addition, they
found higher levels of glutathione and 8-hydroxydeoxyguanosine
(8-OHAG) in PD compared with controls. These compounds are
markers of oxidative processes and support the oxidative stress
hypothesis in PD (Bogdanov et al., 2008). The same group could
differentiate controls from idiopathic PD patients, patients with
idiopathic PD from those with hereditary PD caused by the
G2019S variant of the LRRK2 mutation, and also symptomatic
LRRK2 mutation carriers from asymptomatic carriers, based on
the metabolomic profile (Johansen et al., 2009).

CONCLUSION

Ideally, findings from the four “omics” techniques applied on dif-
ferent materials (e.g., substantia nigra cells or the CSF) should
be consistent. Thus, if genomics shows an altered gene in neu-
ronal nuclei, then the mRNA (transcriptomics) should reflect that
in the cytoplasm, and further, after translation, in proteins and
through them metabolic products detected in the cell or in the
CSF by proteomics and ultimately by metabolomics. Findings in
the CSF should be replicated in substantia nigra cells. Unfortu-
nately, this congruence of findings is not often to be seen. That
may be due to the limitations of the techniques or experimental
incongruences, along with the use of different techniques and the
inherent complexities of living organisms (Caudle et al., 2010).
Better equivalence is achieved when findings from different tech-
niques are categorized within pathways such as oxidation, synaptic
transmission, mitochondrial function, or protein degradation. Of
these, the oxidative stress pathway is the most robust with similar
results from both cellular and CSF analysis, from genomics, tran-
scriptomics, proteomics, and metabolomics. Thus, oxidative stress
appears to be the final common pathway in the neurodegenera-
tive process in PD (Caudle et al., 2010). Better integration of these
techniques should lead to a deeper understanding of the patho-
physiology of PD as well as other neurodegenerative disorders, and
open venues for developing new treatment strategies.

CEREBROSPINAL FLUID

The first lumbar puncture (LP) was done in London 1889 and
CSF studies have a long tradition in neurology, both in research
and in clinical practice (Frederiks and Koehler, 1997). We know
mainly from AD research that CSF studies in patients with neu-
rodegenerative disorders are feasible with a low rate of post LP
headache or other complications (Andreasen et al., 2001) and
CSF analysis for assessing tau protein and beta-amyloid belongs
now to the standard of care in the management of dementias.
Brain-derived proteins do not usually appear in the blood due
to the blood-brain barrier. In contrast, CSF is very close to the
pathologic processes in the brain, and may better reflect changes
in brain metabolism (Mollenhauer and Zhang, 2012). This may
offer advantages when investigating neurodegenerative disorders.
Even though protected by the blood-brain barrier, the CSF is
dynamic. Proteins that diffuse in the CSF from plasma have a
concentration gradient with a 2.5 times higher lumbar concen-
tration than cranial. Proteins secreted in the CSF from the brain

have about the same concentration in the CSF space, but some,
including tau protein, may actually have a lower concentration
distally, in the lumbar region. There are also diurnal variations,
as the secretion of proteins into the CSF is higher at night. In
addition, the protein concentration decreases between the first ml
CSF tapped at the LP and the later portion which is the preferred
one as it more accurately reflects the environment in the brain.
All this makes imperative the standardization of the CSF sampling
protocol (Kroksveen et al., 2011).

It has been suggested that CSF itself mediates humoral signaling
which is distinct from synaptic neurotransmission. In one study,
spherical nanometric-scale structures were identified in the CSF
containing synaptic vesicles (Harrington et al., 2009). Cell-line
studies have shown that CSF from PD patients affects dopamin-
ergic cells differently than CSF from healthy controls, implying
that there are differences in their composition (Le et al., 1999).
Due to all this, CSF has been widely investigated in Parkinsonian
disorders and it might be considered to offer the most promising
insights in the disease processes (Lewitt, 2012).

There have been concerns regarding CSF sample handling and
its impact on the acuity of CSF data as post-translational modifica-
tions, protein loss, and degradation can be caused by non-optimal
CSF related procedures including sampling, freezing, thawing, and
storage. Therefore it is important to have standard operating pro-
cedures in place (Lewczuk et al., 2006). A consensus protocol for
the standardization of CSF collection and handling has been pub-
lished in 2009 and is being followed by many European centers
(Teunissen et al., 2009). In regard to analysis, for increasing the
reliability of results, a study should ideally include a training sub-
group and a validation subgroup, the latter preferably run by a
different research group (Zetterberg et al., 2008; Mollenhauer and
Trenkwalder, 2009).

CSF BIOMARKER CANDIDATES FOR PARKINSONIAN
DISORDERS
In a review by Mollenhauer et al. from 2008 of all then current
publications regarding CSF biomarkers in PD, MSA, PSP, CBD,
and DLB, no less than 67 tested compounds were identified, most
of them in PD. However, several limitations were found in most
of the studies: sensitivity and specificity were low; there was a
lack of reproducibility of results by independent cohorts; and the
analysis methods in use were still considered to be in their infancy
(Mollenhauer and Trenkwalder, 2009). Thus, there is no scarcity
of investigations on CSF compounds with biomarker potential
in Parkinsonian disorders. What we barely have are mature CSF
biomarker candidates and what we still lack is a real biomarker.
Historically, due to the prominence of the dopaminergic abnor-
malities in these disorders, the first compounds to be tested
were dopamine and other monoamines and their metabolites.
As these results were prone to be influenced by a multitude of
other factors, the quest went further to compounds which were
already known and tested in other diseases such as tau protein,
beta-amyloid, and NFL. With advancing knowledge and technical
capabilities, the search turned further toward specific targets fol-
lowing theoretical considerations in regard to patho-etiology, such
as alpha-synuclein, or inflammatory markers. Later on, the newer
and far-reaching possibilities offered by the “omics” techniques
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led to broad searches surveying large, nod-discriminate entities
like the genome or the proteome. The overview presented here has
no claim on being exhaustive; instead it focuses on a number of
compounds perceived to be more mature and/or promising for
the future.

SPECIFIC BIOMARKER CANDIDATES IN THE CSF AND BLOOD
A summary is presented in Table 1.

Alpha-synuclein

Background. Alpha-synuclein is the main component of intra-
cytoplasmatic Lewy bodies and of Lewy neurites in neuronal
processes. These structures are found in PD and in DLB in the
remaining dopaminergic neurons in substantia nigra, and also in
non-dopaminergic cortical and non-cortical neurons (Jellinger,
1990, 2003). In MSA, alpha-synuclein is a component of the
characteristic glial intracytoplasmatic inclusions.

Mutations affecting the gene coding for alpha-synuclein cause
rare hereditary forms of PD, such as in PARKI1 (missense) and
PARK4 (duplication, triplication; Polymeropoulos etal., 1997) but
are also important for sporadic forms of PD (Farrer etal.,2001). In
addition, in both PD and MSA, genome-wide association studies
showed a strong association between disease risk and distinct sin-
gle nucleotide polymorphisms (SNPs) in the a-synuclein encoding
gene (Simon-Sanchez et al., 2009). There seems to be a dose-effect
of alpha-synuclein as increased levels of synuclein caused by dupli-
cations and triplications of the gene cause PD (Fuchs et al., 2008;
Simon-Sanchez et al., 2009).

Alpha-synuclein’s role in the pathogenesis of synucleinopathies.
Although it is widely expressed in the brain, the precise func-
tion of alpha-synuclein is not known. It might play an important
role in neurotransmission by regulating synaptic vesicle size and
recycling. Mutant alpha-synuclein builds fibrils, aggregates, resists
degradation, and ultimately interferes with vital cell functions such
as transcription, the ubiquitin-proteasome system, lysosomes and
mitochondria, disrupting protein metabolism, and energy produc-
tion. Oxidation, pesticides, and mitochondrial dysfunction can
damage alpha-synuclein and initiate its metamorphosis to toxic
forms (Moore et al., 2005). It has been proposed that alpha-
synuclein pathology and subsequent neurodegeneration could

represent a common event for different forms of PD, with different
etiologies. A recent theory proposes pathologic “seeding” through-
out the nervous system of abnormal alpha-synuclein which, after
finding its way in the body, might, through a prion-like induction,
spread from cell to cell, causing the neurodegenerative process in
PD (Angot et al., 2010; Jucker and Walker, 2011). Due to alpha-
synuclein’s prominence in the pathogenesis of these disorders, PD,
MSA, and DLB are considered to be synucleinopathies.

Previous findings in Parkinsonism. Cerebrospinal fluid alpha-
synuclein levels in PD have been investigated using different tech-
niques in over 10 studies. A majority of them showed decreased
levels in PD (Tokuda et al., 2006; Mollenhauer et al., 2008; Hong
et al., 2010; Mollenhauer et al., 2011) but not all (Borghi et al,,
2000; Ohrfelt et al., 2009).

Four studies have investigated CSF alpha-synuclein levels in
MSA. Three of them found decreased levels in MSA compared
with controls but not with PD patients (Mollenhauer et al., 2011;
Shietal., 20115 Hall et al.,2012). In one of them levels were similar
in MSA, PD, and controls (Tateno et al., 2012). In one study, PD
and MSA could be differentiated by the CSF Flt3 ligand, not by
alpha-synuclein (Shi et al., 2011).

In one study, CSF alpha-synuclein levels in PSP and CBD were
not significantly different compared with controls. However, levels
in PSP but not in CBD were higher than in PD (Hall et al., 2012).

Alpha-synuclein levels have also been investigated in plasma
in PD and MSA but with conflicting results. Both higher (Lee
et al., 2006) and similar (Li et al., 2002) levels compared with
controls have been found and there was no correlation with PD
severity. A major difficulty in measuring both alpha-synuclein and
DJ-1 in plasma is the risk for contamination with erythrocytes or
platelets as more than 95% of these compounds reside in erythro-
cytes and about 4% in platelets. However, even after controlling
for that, there were no statistically significant differences between
PD patients and controls in regard to these compounds although
there was a trend for lower levels in PD. It does not seem that
plasma alpha-synuclein can be used as a biomarker for PD for the
time being (Shi et al., 2010).

Oligomeric forms of alpha-synuclein protein in plasma were
higher in PD than in controls, in one study (El-Agnaf et al., 2006).
However, in another study, phosphorylated alpha-synuclein, but

Table 1 | Cerebrospinal fluid biomarker candidates in Parkinsonian disorders.

Compound PD MSA PSP CBD Conclusion

Alpha-synuclein 1< 1< <1 < Decreased in PD and MSA but not in PSP and CBD. Inconsistent data
NFL < 1 0 0 NFL normal in PD but increased in MSA, PSE and CBD, vs. controls

Total tau protein 1 (1) < RS < 1t < Decreased in PD and increased in CBD. Inconsistent data

AB42 I < < 1< 1< Decreased in PDD and DLB. Inconsistent data in PD, MSA, PSP and CBD
DJ-1 T - - - Data is not consistent

8-OHdG 4 - - - Limited results. Probably increased in PD

Urate [J] [J] - Lower urate levels are associated with a higher risk for developing PD and

with a faster rate of disease progression in PD and MSA

AB42, amyloid; CBD, corticobasal degeneration; DLB, dementia with Lewy bodies;, MSA, multiple system atrophy,; NFL, neurofilament light chain; PD, Parkinson’s
disease,; PDD, Parkinson’s disease with dementia, PSF, progressive supranuclear palsy, vs., versus. 8-OHdG, 8-hydroxydeoxyguanosine.
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not total alpha-synuclein nor oligomers of alpha-synuclein, was
higher in PD than in controls (Foulds et al., 2011). Interest-
ingly, antibodies directed against monomeric alpha-synuclein
were found in plasma of PD patients, with higher response in ear-
lier disease phases (Yanamandra et al., 2011). Studies in animal
models suggest that immunomodulatory interventions such as
vaccination with alpha-synuclein (Masliah et al., 2005) or admin-
istration of alpha-synuclein antibodies (Masliah et al., 2011) may
have a positive impact on the intraneuronal accumulation of
alpha-synuclein, presumably reflected by reduced neuropatholog-
ical and behavioral deficits. Intravenous immunoglobulin reduced
alpha-synuclein oligomer neurotoxicity in human neuroblastoma
cells (Smith et al., 2012). These results may motivate further
research aiming to find whether immunomodulation might be
a novel therapeutic approach in PD.

Alpha-synuclein was found not only in the brain and the blood
but in other peripheral locations too. It was found in the colonic
mucosa years before the emergence of PD symptoms and the ques-
tion was raised whether it can be a biomarker for premotor PD
stages (Shannon et al., 2012a,b). In saliva, alpha-synuclein was
lower in PD patients than in controls and it inversely correlated
with the UPDRS score (Devic et al., 2011).

Cerebrospinal fluid alpha-synuclein levels increase non-
specifically in Creutzfeldt—Jakob’s disease, presumably due to mas-
sive neuronal death (Mollenhauer et al., 2008). The same phe-
nomenon but on a smaller scale occurs in AD, with increased CSF
alpha-synuclein levels (Hall et al., 2012).

Although alpha-synuclein is a strong biomarker candidate due
to its important role in the pathogenesis of synucleinopathies and
to several promising results, currently it cannot be considered a
mature biomarker. However, in a group of parkinsonian patients,
low CSF alpha-synuclein levels could help with their stratification,
due to its high positive predictive value for synucleinopathies. An
additional marker (e.g., non-motor prodromal symptoms) would
strengthen the stratification process and help to select a group of
patients who may benefit from future synuclein-reducing thera-
pies (Mollenhauer et al., 2011). Longitudinal studies and studies
in early disease stages are needed in order to better understand the
value of alpha-synuclein as potential biomarker in Parkinsonism.

Neurofilament light chain protein

Background. Neurofilaments (NF) are major neuronal structural
elements, composing the intermediate filaments present in nerve
fibers. They are mainly involved in maintaining the axonal cal-
iber and the neuronal shape and size (Lasec, 1988) and are thereby
critical for the morphological integrity of neurons and for the con-
duction of nerve impulses along the axons (Hoffman et al., 1987).
The NF are composed of three subunits of different molecular
weights: light chain NF (NFL), medium chain NF (NFM), and
heavy chain NF (NFH). The NFL forms the backbone to which
NFH and NFM chains copolymerize to form NE Increased levels
of CSF NF primarily reflect axonal degeneration of large myeli-
nated axons, such as those present in the pyramidal tracts. NFL is
a mainly non-phosphorylated protein, whereas NFH is substan-
tiality phosphorylated (pNFH), and can be measured in that form.
CSF NFL has been shown to be increased in a variety of acute and
chronic neurological diseases (Rosengren et al., 1996; Rosengren

et al., 1999; Zetterberg et al., 2006; for review, see Norgren et al.,
2003).

Previous findings in Parkinsonism. NFL has been investigated
in Parkinsonian disorders in a relatively large number of stud-
ies (Holmberg et al., 1998; Holmberg et al., 2001; Abdo et al,,
2007a; Abdo et al., 2007b). A review from 2009 concluded that
NFL could differentiate between PD and controls on one side and
MSA and PSP on the other side, although with overlap. NFL could
not discriminate between MSA with predominant Parkinsonism
and MSA with predominantly cerebellar symptoms, nor between
MSA and PSP (Constantinescu et al., 2009). Consecutive analy-
ses of CSF NFL did not show any significant changes over 1 year
and no correlation with disease severity. CSF NFL levels were also
increased in CBD (Constantinescu et al., 2010b). Several studies
have been conducted since then with similar findings (see Combi-
nations of CSF Compounds for the most recent results). Hall et al.
(2012) found increased NFL in MSA, PSP, and CBD. In one study
in advanced PD patients treated with deep brain stimulation of
nucleus subthalamicus, CSF NFL levels increased sharply directly
after surgery but normalized gradually and were normal at 1 year
and later. Thus, using this method, no signs of accelerated neuronal
death due to active DBS could be found (Constantinescu et al.,
2011). To be able to ascertain that a therapy is not in itself delete-
rious for the disease being treated remains a key point, and even
more as new therapeutic approaches to PD are envisioned that
employ potentially harmful techniques (e.g., intracranial catheters
for injection of neurotrophic factors, cell transplants, and genet-
ical modifications using viral vectors). Thus, in the future there
may arise the need to detect adverse events using a sensitive, albeit
non-specific, marker for brain damage. In this context, CSF NFL
with its high sensitivity for detecting more aggressive neuronal
death than it occurs in PD, even if enfeebled by a low diagnostic
specificity, might be of use.

Tau protein

Background. Tau protein is important for the function of axonal
microtubules and thereby for the structural integrity of the neu-
ron and for axonal transport. In hyperphosphorylated form it
has reduced binding affinity for microtubules and leads to their
malfunction. At the same time, it adopts an abnormal configura-
tion favoring aggregation and inclusion formation (Kouri et al.,
2011). Tau protein is the main structural element of neurofibrils
in Alzheimer’s disease (AD) but it has also been found in neurofib-
rillary tangles in PSP, in neuronal cytoplasmatic inclusions, and in
ballooned neurons in CBD and PSP (Mori et al., 1994).

Previous findings in Parkinsonism. Cerebrospinal fluid tau pro-
tein levels in Parkinsonism have been investigated in many studies
in the past, with inconclusive results. In PD, most studies found
normal values, but both higher and lower values were reported. In
atypical Parkinsonism, tau levels tended to be higher in MSA than
in PD, but not in PSP. The results for CBD are mixed, with both
higher and lower levels than in controls being reported (for review
of older literature, see Constantinescu et al., 2009).

Recently, in a large study on patients with dementia, total tau
and phosphorylated tau levels were not significantly different in
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PSP and CBD compared with controls (patients with subjective
memory complaints; Schoonenboom et al., 2012). In four recent
large studies, tau protein was investigated along with other CSF
compounds (see Combinations of CSF Compounds).

Amyloid-

Background. AB42, derived from the proteolytic processing of a
larger protein, amyloid precursor protein, is a major component
of neuritic plaques in AD. Due to its sequestration in plaques, the
characteristic pattern in AD is low CSF AB42 levels. Low CSF con-
centrations have also been found in Creutzfeldt—Jakob’s disease, in
DLB, in frontotemporal and vascular dementias, and in PD with
dementia.

Previous findings in Parkinsonism. Previous studies in Parkin-
sonism were inconclusive, with both normal and decreased levels
in the same disorder, and did not allow drawing any conclusions
(Hall et al., 2012; for review, see Constantinescu et al., 2009). How-
ever, in vitro studies have shown that AB42 promotes accumulation
of alpha-synuclein making it interesting in a PD context (Masliah
etal., 2001).

More recent studies have found a correlation between AB42
and cognitive dysfunction in PD, with significantly lower CSF
AP42 and higher total tau protein levels in Parkinson’s disease
with dementia (PDD) compared with PD (Mollenhauer et al.,
2006). In addition, this pattern also distinguished AD from PD,
DLB, and MSA, although CSF AB42 was lower in DLB compared
with controls and PD (Zhang et al., 2008; Shi et al., 2011; Hall
etal., 2012). In a study from Norway, non-demented PD patients
with memory impairment had lower AB42 than those without
memory impairment (Alves et al., 2010). Significant associations
were found between cognitive performance and CSF levels of AB42
and AB42/total tau (Leverenz et al., 2011). Interestingly, in a rare
occurrence, the ratio fractalkine/AB42 correlated with PD severity
assessed by UPDRS-III (Shi et al., 2011).

DJ-1

Background. DJ-1 is a gene product associated with PD in both
familial and sporadic forms. Its exact function is not known but
it seems to play an important role in oxidative processes where it
probably acts as a protease, chaperon, or antioxidant (Choi et al.,
2006). Loss of DJ-1 function leads to neurodegeneration.

Previous findings in Parkinson’s disease. Previous studies have
found both higher (Waragai et al., 2006) and lower (Hong et al.,
2010) CSFDJ-1 levels in sporadic PD compared with non-PD con-
trols. DJ-1 will be investigated in the ongoing Parkinson Progres-
sion Markers Initiative study aiming to identify markers for disease
progression (Parkinson Progression Marker Initiative, 2011).

8-Hydroxydeoxyguanosine

Background. 8-Hydroxydeoxyguanosine (8-OHdG) is produced
when reactive oxygen radicals react with guanine residues in DNA.
When the oxidized DNA is repaired, 8-OHdG is excreted in the
blood and eventually in urine, where it can be measured. As such, it
has emerged as a marker of oxidation and mitochondrial dysfunc-
tion, not only in neurodegenerative disorders but also in cancer
research.

Previous findings in Parkinson’s disease. Sato etal. (2005) found
that the mean urinary 8-OHdG increased with the disease stage in
PD patients and another group found an association between hal-
lucinosis in PD and urinary 8-OHdG levels (Hirayamaetal.,2011).

The CSF 8-OHAG levels were increased in non-demented PD
compared with controls (Gmitterova et al., 2009). 8-OHdG is one
of the parameters selected for assessment in the FS-ZONE study,
investigating the effect of pioglitazone, a potential antioxidant, in
early PD'. Increased 8-OHdAG blood levels in PD were identified in
metabolomic studies as previously discussed in the metabolomics
section.

Urate

Background. In humans, uric acid is the major product of the
catabolism of the purine nucleosides adenosine and guanosine.
Purines are derived from dietary intake as well as from endogenous
metabolic processes (synthesis and cell turnover). The enzyme uri-
case which breaks down urate is absent in humans and apes, due
to mutations which occurred millions of years ago (Wu et al,,
1989). As a result, along with an extensive reabsorption of fil-
tered urate (>90%), humans have high serum urate levels (about
5mg/dL in men), close to the maximum solubility. Levels above
the saturation limit (7 mg/dL) can result in hyperuricemia which
may be a cause of disease in humans. However, higher urate lev-
els may account for the greater longevity of humans, e.g., due to
lower cancer rates compared with shorted-lived mammals. Dur-
ing the evolution, urate has replaced ascorbate as the most potent
antioxidant in humans.

Previous findings in Parkinsonian disorders. There is a sub-
stantial amount of evidence showing a relationship between urate
and PD. Higher serum urate levels and higher dietary urate intake
are associated with lower risk for developing PD, and with slower
disease progression, better cognitive performance, and reduced
loss of striatal [1231] B-CIT uptake in patients already having
PD (Davis et al., 1996; Annanmaki et al., 2007; Annanmaki et al.,
2008; Ascherio et al., 2009). In a recent study, the ratio between
the immediate precursor of urate, xanthine, and homovanil-
lic acid, the major catabolite of dopamine, was different in PD
patients compared with controls and correlated with disease sever-
ity (Lewitt et al., 2011). The odds for having parkinsonism but
without signs of dopaminergic deficit on iodine-123-labeled 2-f-
carboxymethoxy-3-f-(4-iodophenyl) tropane ([123I]b-CIT) scan
were higher in subjects with higher urate levels (Schwarzschild
et al., 2011). In one small study serum urate levels were higher
in tauopathies compared with synucleinopathies (Constantinescu
et al., 2012). In MSA, higher serum urate was associated with
a lower rate of disease progression (Lee et al., 2011). In DLB,
serum urate levels were lower than in controls (Maetzler et al.,
2011). There are discrepancies in the reported data concerning the
importance of gender in this context. Some studies have found the
association with urate levels to be significant in men only, others
in both genders.

The title of a recent article reflects the encouraging data
centered on urate and its future perspectives: “Urate: a novel

Uhttp://www.ninds.nih.gov/disorders/clinical_trials/-NCT01280123.htm
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biomarker of PD risk, diagnosis, and prognosis” (Cipriani et al.,
2010).

Peroxisome proliferator-activated receptor gamma coactivator-1
alpha

Background. Peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) is a key transcriptional co-regulator
involved in mitochondrial respiration, oxidative stress defense, and
adaptive thermogenesis (Puigserver and Spiegelman, 2003).

Previous findings in Parkinson’s disease. Reduced mRNA levels
of PGC-1a leading to mitochondrial dysfunction and neurode-
generation were found in Huntington’s disease models (Cui et al.,
2006), opening up for new therapeutic targets (McGill and Beal,
2006). The same phenomenon seems to occur in PD (Keeney et al.,
2009; Pacellietal.,2011) and PGC-1a is under investigation in new
PD studies such as Pioglitazone in Early PD? (FS-ZONE).

Combinations of CSF compounds

Hong et al. investigated PD patients, healthy controls, and AD
patients, and found that both DJ-1 and alpha-synuclein were
decreased in PD compared with the other groups. Alpha-synuclein
discriminated PD from controls with a sensitivity of 92% and
a specificity of 58%. For DJ-1 the sensitivity was 90% and the
specificity 70%. There was no association with disease sever-
ity. Combining alpha-synuclein with DJ-1 did not enhance the
performance of the test model. They emphasized that blood cont-
amination must be an exclusion criterion for sample analysis as it
influenced the results; likewise, age must be taken into considera-
tion as both DJ-1 and alpha-synuclein increased with age (Hong
et al., 2010).

Mollenhauer et al. investigated a large number of patients with
both synucleinopathies (PD, MSA, and DLB) and tauopathies
(PSP and AD) plus neurological controls, first in a training set
and afterward in a validation set. They found that a CSF alpha-
synuclein concentration of 1.6 pg/pL discriminated PD from non-
synucleinopathies with a 70% sensitivity and a 53% specificity. At
this cut-off, the positive predictive value for any synucleinopathy
was 91%. In the training set, a combination of alpha-synuclein,
tau protein, and age discriminated between synucleinopathies and
neurological controls and AD with an area under the curve (AUC)
of 0.908. In the validation cohort the AUC was 0.702 for dis-
criminating between synucleinopathies and a mixture of PSP,
normal pressure hydrocephalus, and neurological controls. Age,
not diagnosis, was the strongest factor affecting total tau pro-
tein levels. Only mean alpha-synuclein levels and not total tau, or
AB42 levels differentiated PD and MSA from neurological controls
(Mollenhauer et al., 2011).

Hall et al. assessed patients with synucleinopathies (PD, MSA,
DLB, and PDD), tauopathies (PSP, CBD, and AD) and healthy con-
trols using a panel of compounds: alpha-synuclein, total tau pro-
tein, hyperphosphorylated tau, AB42, and NFL. Alpha-synuclein
levels were decreased in synucleinopathies compared with con-
trols, PSP, and AD. NFL levels were substantially increased in APD.

Zhttp://clinicaltrials.gov/ct2/show/NCT01280123

A receiver operating characteristics (ROC) analysis conducted to
determine the value of NFL to differentiate PD from APD resulted
in an AUC of 0.93. Total tau protein was decreased in PD compared
with controls, but increased in MSA and CBD compared with PD.
No significant change was seen in PSP. AB42 did not differ signif-
icantly between controls and PD, MSA, PSP, and CBD (Hall et al,,
2012).

Shi et al. examined patients with PD, MSA, AD, and healthy
controls. The fractalkine/AB1-42 ratio correlated positively with
PD severity (in cross-sectional studies) and with PD progres-
sion (in longitudinal studies). No other marker had shown this
association before. Fractalkine is important for the proper func-
tion of microglia. In addition, the Flt3 ligand, a cytokine which
acts as a neurotrophic and anti-apoptotic factor in CNS, could
alone differentiate between PD and MSA with a sensitivity of
99% and a specificity of 95%. AB1-42 levels were lower in PD
and MSA than in controls but higher than in AD. They could
not differentiate between PD and MSA. Total tau levels were also
lower in PD and MSA than in controls and AD. A combina-
tion of alpha-synuclein and phosphorylated tau/total tau could
also differentiate PD from MSA with a sensitivity of 90% and
a specificity of 71% but only when samples with blood conta-
mination were excluded. Alpha-synuclein was decreased in both
PD and especially in MSA compared with controls, presum-
ably reflecting aggregation or metabolic abnormalities (Shi et al.,
2011).

Bech et al. investigated a group of patients with Parkinsonian
disorders (PD, MSA, PSP, CBD, DLB, and PDD). They could con-
firm previous results concerning NFL. Thus, a ROC analysis of
NFL showed a sensitivity of 86% and a specificity of 81% with
a cut-off value of 284.7 ng/L for differentiating PD from atypical
parkinsonism. AB42 was low in DLB. Neither phosphorylated tau
nor total tau differed between the diagnostic groups (Bech et al.,
2012).

WHY ARE BIOMARKERS FOR PARKINSONIAN DISORDERS
NEEDED?

The ultimate reason for needing a biomarker is the fact that we
still do not have any disease-modifying treatment in movement
disorders. The lack of biomarkers is considered to be one of
the greatest limitations for developing such a treatment (Olanow
et al., 2008). Over years, there has been no shortage of thera-
peutic hypotheses or compounds to be tested; the list with failed
compounds is very long. The real problem has been the lack of a
reliable way to assess the underlying disease process and whether
an intervention could influence it and alter the course of the
disease (Ravina et al., 2003; Kieburtz and Ravina, 2007; Sherer,
2011).

It has been assessed that it takes 5 years of follow-up and 600
subjects participating in a randomized placebo-controlled trial in
order to detect a 20% slowing of functional decline. A biomarker
could dramatically reduce the resources needed for that (Hersch
and Rosas, 2011).

Considering the very nature of Parkinsonian disorders and
the limits it puts on the process of developing disease-modifying
therapies, biomarkers could be useful for solving many limiting
issues.
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THE DIFFERENTIAL DIAGNOSTIC ISSUE

Differential diagnosis can be difficult during early phases of
Parkinsonian disorders. What might look as PD in the beginning
could turn out to be PSP, MSA, or even CBD. What was initially
considered to be a synucleinopathy may end as a tauopathy. Ulti-
mately, the gold standard for diagnosis remains neuropathology.
Considering the substantial differences between these disorders,
mixing together patients with different diagnoses may lead to neg-
ative or inconclusive results in any therapeutic trial, even when
the therapy itself is efficient for one of these diagnoses. A bio-
marker pointing early toward the right diagnosis would increase
the probability of success.

A diagnostic biomarker would decrease the cost, time, and
effort it would take to secure a diagnosis. Currently, that is best
achieved through an assessment done by a movement disorders
specialist. A biomarker would simplify the diagnostic process.

Even when there is no doubt regarding diagnosis, an ideal bio-
marker could help stratify patients in subgroups which may show
different responses to a given therapy. That would make possible
a distinction between respondent and non-respondent diagnos-
tic subgroups, preventing the dismissal of a therapy when it does
not benefit the diagnostic group as a whole. Such a distinction
would also permit, within a given diagnostic group, to differenti-
ate and individualize treatment according to expected benefits or
risks, and expected disease progression and complications (Marek
et al., 2008). For example, young PD patients with an increased
risk for developing dyskinesias, once levodopa therapy is insti-
tuted, might need a different treatment approach compared with
patients with late disease onset and a low risk for dyskinesia but
high for dementia.

THE TIME OF DISEASE ONSET AND PROGRESSION ISSUE

To date, it is impossible to determine the exact date of onset in
Parkinsonian disorders. Once started, the disease is asymptomatic
for several years, followed by the emergence of non-specific, non-
diagnostic symptoms. Our “early” diagnosis based on the emer-
gence of motor symptoms probably describes an already advanced
disease process.

Thus, in PD, it has been calculated that up to 50-70% of
substantia nigra neurons are lost before symptomatic motor
abnormalities develop (Fearnley and Lees, 1991) and the pre-
motor period could be between 5 and 20years long (Marek
et al., 2008). In one positron emission tomography study in
PD, a mean preclinical period of 5.6 & 3.2 years was calculated
(Hilker et al., 2005). Results from the Honolulu-Asia Aging
Study do also place the onset of non-motor symptoms, such
as bowel movement abnormalities, 10years or more before
the emergence of diagnostic motor symptoms (Abbott et al,
2001).

The fact that the disease onset predates with years the time when
enough symptoms emerge for a diagnosis to be made, implies that
even efficacious therapies may show themselves powerless if given
when neurodegeneration has gone that far (Stern et al., 2012).
An ideal biomarker could detect the disease in presymptomatic
individuals or early in the disease course allowing an efficacious
disease-modifying therapy to act and “cure” or at least delay the
progression of disease.

For now, there is also no way of measuring disease progression.
The tools we have been using are clinical scales of which UPDRS
(Fahn et al., 1987) is the most widespread for PD and the Uni-
fied Multiple System Atrophy Rating Scale (UMSARS) for MSA.
However, these scales are no biomarkers and they are subject to
both investigator and patient bias and cannot be considered truly
objective; they are not reliable as their score can vary from hour
to hour due to medication, placebo, food intake, or a myriad of
other causes; they measure a combination of dopaminergic and
non-dopaminergic effects and not the disease process itself, nor
the direct effects of treatment over this process. Biomarkers are
needed to identify the development of disease, and monitor and
measure its progression.

THE EFFECTS OF THERAPY ISSUE

At the present time we do not have a way of assessing whether and
to which degree a therapeutic intervention has an impact on the
disease process: we cannot measure the effects of a therapy. The
clinical scales which we use today are subject to error, as discussed
before. In addition, as it was shown in the ELLDOPA study, clinical
measures such as UPDRS, and a more objective assessment, radio-
tracer imaging, moved in different directions after the therapeutic
intervention, levodopa treatment, leading to confusion in regard
to interpretation (Fahn et al.,, 2004). A further problem is that
radiotracer imaging, which, currently, is the best we have achieved
in regard to a PD biomarker, does only assess the integrity of the
dopaminergic pathways in the striatum and, maybe, although it is
controversial, the impact of therapy on these dopaminergic path-
ways (Agarwal and Stoessl, 2012). However, PD and also the APD,
are not only disorders of the dopaminergic system, but of several
other neurotransmitter systems, which these radiotracers do not
visualize.

In conclusion, biomarkers that can identify and monitor the
biochemical effect of drugs, also called “theragnostic markers,”
would greatly benefit the search for disease-modifying therapies as
well as could be employed usefully as surrogate markers in clinical
trials.

THE PATHO-ETIOLOGICAL ISSUE

The ultimate cause of Parkinsonian disorders remains unknown,
despite an abundance of theories. Most research has been directed
toward the elucidation of the etiology of PD. The vast majority
of PD cases are sporadic but approximately 5-10% are genetic. A
combination of both environmental and genetic factors is thought
to underlie the pathological processes. Considerable evidence
implicates oxidative stress in the degeneration of dopaminergic
neurons, through deficiencies in the major antioxidant systems,
and not only in the brain, but also in the periphery (Jenner, 1991;
Kikuchi et al., 2002). Closely linked to oxidative stress is mito-
chondrial dysfunction (Lin and Beal, 2006). Several hereditary
forms of Parkinsonism are caused by mutations in genes related to
mitochondria, such as PINK1 and PARK2 (Mortiboys et al., 2008;
Gegg et al., 2009). Environmental toxins such as rotenone and
paraquat, which can disturb mitochondrial function, are positively
associated with PD (Tanner et al., 2011). Alpha-synuclein, a major
component of Lewy bodies, inhibits the mitochondrial complex I
(Devi et al.,, 2008) and may cause impaired protein degradation
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and accumulation of abnormal proteins by disturbing the two
major systems which remove damaged proteins: (1) the ubiquitin—
proteasome pathway; and (2) the autophagy-lysosome pathway.
Transcription abnormalities caused by alpha-synuclein may dis-
turb metabolic pathways (Desplats et al., 2012). Abnormal inflam-
mation in the central nervous system, with activated microglia
and massive astrogliosis with increased levels of proinflamma-
tory cytokines (tumor necrosis factor — TNF-q, interleukins), has
been found in the CSF in PD; these proinflammatory compounds
may promote apoptosis and neuronal death (Hirsch et al., 2003,
2012) and have been suspected to contribute to the development
of PD (Czlonkowska et al., 2002) and PSP (Litvan, 2003). Sup-
porting this theory, it has been shown that use of non-steroidal
anti-inflammatory drugs (NSAIDs), particularly ibuprofen, was
associated with a lower risk for PD (Chen et al., 2003; Gao et al.,
2011). It is not known whether the glial activation is secondary
to neuronal death induced by other factors, or if it is the primary
cause to neuronal death (Schapira and Jenner, 2011).

The cause of MSA, a synucleinopathy, is not known. As for PD,
mitochondrial dysfunction and oxidative stress, genetic predispo-
sition, microglial activation, pesticides, and other environmental
toxins have been suggested as putative causes (Hanna et al., 1999;
Stefanova et al., 2007; Ahmed et al., 2012). Alpha-synuclein accu-
mulates in the oligodendrocytes but its source is not known,
neither why it leads to neuronal death. Presumably, disturbances
in the neurotrophic support offered by oligodendroglia to neurons
result in their degeneration (Ubhi et al., 2011).

As for the synucleinopathies, the ultimate causes of PSP and
CBD are not known. Again, a combination of environment and
genetics may start the pathological process resulting in accumu-
lation of hyperphosphorylated tau isoforms with four repeats,
oxidative stress, and neurodegeneration. Inflammation may also
be involved; using PET, microglia cell activation could be found
in the same regions where the PSP pathology is usually located
(Gerhard et al., 2006).

The bewildering complexity of the current etiological theories
may just confirm that we still do not understand the etiology of
Parkinsonism but it could also imply that treatment must also be
complex and oriented toward several potential targets at the same
time (Lang et al., 2012). The same may apply to biomarkers; it
could be preposterous to expect to find a single biomarker cov-
ering such a complex disease. A biomarker reflecting the etiology
of the disease might offer insights into the pathological mech-
anism itself, thereby opening the way for potentially successful
interventions.

CHALLENGES IN THE DEVELOPMENT OF BIOMARKERS FOR
PARKINSONIAN DISORDERS

Although several promising candidates exist, we still lack a reliable
biomarker for Parkinsonian disorders. Some of the obstacles on
the road to developing biomarkers will be discussed here.

DISEASE HETEROGENEITY

In Parkinsonian disorders in general and PD in particular, con-
sidering the heterogeneity of clinical presentations at onset, the
variability in clinical progression, the multitude of genetic vari-
ants and of possible etiologies, it is conceivable that no single

biomarker will ever be sufficient, but that several biomarkers will
need to be developed, covering biochemical, imaging, pathological,
and clinical aspects of the diseases (Marek et al., 2008).

DIAGNOSTIC UNCERTAINTIES

In Parkinsonian disorders, the diagnosis still remains clinical. Even
in the minority of PD cases which are identified through genetic
testing, the time for phenoconversion cannot be assessed in a pre-
cise and objective way. Clinical diagnostic criteria are susceptible to
subjective interpretation and may change over time, as it has hap-
pened to a certain degree with PSP. Ultimately, the diagnostic gold
standard remains neuropathological examination that can only be
ascertained post mortem. Obviously, this is a serious limitation
for all research regarding Parkinsonism.

SLOW RATE OF NEURODEGENERATION IN PD

The neurodegenerative process in PD develops insidiously over
many years and the degree of degeneration with associated CSF
alterations may be too low to be detected by the current labora-
tory methods. A consequence of that is the high susceptibility to
blood contamination which can have profound influence on CSF
analysis results.

AGE IMPACT

As most cases of Parkinsonian disorders occur in people aged
55years and older, there is a high probability for concomitant
disorders including neurodegeneration related to other causes,
e.g., AD or cerebrovascular pathology. The impact of high age
per se and comorbidities associated with it has not been sufficiently
investigated and more needs to be done in that respect.

METHODOLOGICAL UNCERTAINTIES

It is not always clear which kind of measurement is most appro-
priate and which compounds are the best to explore, mak-
ing comparisons between studies sometimes difficult. Several of
the proteins associated with neurodegeneration are suspected
to be aggregation-prone and may exist in different forms, e.g.,
phosphorylated or unphosphorylated or have different post-
translational conformations. Should oligomers or polymers, the
mother substance or its metabolites be investigated?

BLOOD CONTAMINATION

While 80% of all proteins in the CSF derive from blood, only
20% are brain-derived (Reiber, 2001). The protein concentra-
tion in the blood is much higher than in the CSE, due to the
brain-blood barrier which isolates the CSF space. Proteins such
as alpha-synuclein are also present in the blood, in erythrocytes,
and in thrombocytes. Even minor blood contamination may pro-
foundly affect the results of CSF analysis. The integrity of the
blood-brain barrier is crucial for ascertaining that what is found
in the CSF reflects the brain environment and not a blood con-
tamination and therefore results from blood-contaminated CSF
should not be used. According to one American group, sam-
ples should not contain more than 10 erythrocytes per microliter
CSF (Caudle et al,, 2010), or 500 erythrocytes per microliter
CSF according to an European recommendation (Teunissen et al.,
2009).
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FUTURE PERSPECTIVES
Some of the approaches which may benefit the quest for biomark-
ers in Parkinsonian disorders are proposed here.

STANDARDIZATION OF CSF RELATED PROCEDURES

Although there are some guidelines in place for the collection
and analysis of CSE from both Europe and the US (Teunissen
et al., 2009; Caudle et al., 2010), there is no uniformly accepted
protocol making possible the standardization of CSF related pro-
cedures. The creation of such a protocol would increase the quality,
compatibility, and comparability of CSF related investigations.

INVESTIGATIONS IN UNMEDICATED PATIENTS

The impact of dopaminergic medications on potential markers for
Parkinsonian disorders is not sufficiently investigated and most
of the patients studied so far had been treated with one or more
antiparkinsonian medications at the time for LP. There is a need to
investigate CSF from unmedicated patients. Some ongoing studies,
such as the Parkinson Progression Marker Initiative will make that
possible in PD (Parkinson Progression Marker Initiative, 2011)
but similar studies are also needed in APD.

INVESTIGATIONS IN EARLY ATYPICAL PARKINSONISM

Although early PD has been and is being studied, there is a lack of
similar studies in early atypical Parkinsonism. This will have to be
addressed as understanding the early disease stages probably holds
the key to the development of useful biomarkers and efficacious
disease-modifying therapies.

INVESTIGATING PATTERNS OF POTENTIAL BIOMARKERS

Given the difficulties encountered when trying to identify single
compounds as biomarkers in Parkinsonism, there may be more
feasible to identify patterns of compounds serving as biomarkers.
Some illustrations of this concept are presented previously in this
review. The nature of these disorders may imply minute modifi-
cations in single CSF compounds, impossible to perceive, while
patterns of several such modifications might be more prone to
detection.

LONGITUDINAL STUDIES
Most of the available data concerning CSF biomarkers comes from
cross-sectional studies. Considering the chronic and insidious

REFERENCES

Abbott, R. D., Petrovitch, H., White,
L. R, Masaki, K. H., Tanner, C.
M., Curb, J. D,, et al. (2001). Fre-
quency of bowel movements and the
future risk of Parkinson’s disease.
Neurology 57, 456-462.

Abdi, E, Quinn, J. E, Jankovic, J., McIn-
tosh, M., Leverenz, J. B., Peskind, E.,
et al. (2006). Detection of biomark-
ers with a multiplex quantitative
proteomic platform in cerebrospinal
fluid of patients with neurodegener-
ative disorders. J. Alzheimers Dis. 9,
293-348.

Abdo, W. F, Bloem, B. R., Van Geel,
W. J., Esselink, R. A., and Verbeek,

M. M. (2007a). CSF neurofilament
light chain and tau differentiate mul-
tiple system atrophy from Parkin-
son’s disease. Neurobiol. Aging 28,
742-747.

Abdo, W. E, Van De Warrenburg, B. P,
Kremer, H. P,, Bloem, B. R., and Ver-
beek, M. M. (2007b). CSF biomarker
profiles do not differentiate between
the cerebellar and Parkinsonian phe-
notypes of multiple system atro-
phy. Parkinsonism Relat. Disord. 13,
480-482.

Agarwal, P. A., and Stoessl, A. J.
(2012). Biomarkers for trials
of neuroprotection in Parkin-
son’s disease. Mov. Disord. doi:

nature of Parkinsonian disorders, there is a need for longitudi-
nal studies which alone could examine changes and patterns over
longer time periods.

GROUPING DIAGNOSES

Grouping diagnoses together, such as PD contra APD or synucle-
inopathies contra tauopathies, may facilitate developing biomark-
ers for these diagnostic groups. These biomarkers would be limited
and not able to distinguish between single diagnostic entities, but
they could be useful in particular circumstances.

INCREASED GENERALIZABILITY

All biomarker studies come from highly selected patient popula-
tions recruited via movement disorder clinics. In the future it will
be necessary to investigate a more heterogeneous Parkinsonian
population.

CONCLUSION: CLINICAL APPLICATIONS OF BIOMARKERS
Reliable biomarkers could be of great use in the develop-
ment of disease-modifying therapies and in the management
of Parkinsonian disorders, once a disease-modifying therapy is
developed, by:

(1) Indicating promising therapeutic approaches derived from a
patho-etiologic understanding of the disease;

(2) Translating results of drug tests in animals to human popula-
tions;

(3) Enriching study populations by identifying patients at risk for
a disease;

(4) Determining disease onset at an early stage, hopefully even
before the emergence of symptoms;

(5) Stratifying populations according to estimated disease pro-
gression, anticipated complications, expected therapy bene-
fits, and potential risks;

(6) Measuring the effects of a therapy on the disease process and
on disease progress;

(7) Determining when a therapeutic intervention can be discon-
tinued;

(8) Simplifying the drug regulatory process.

Considering their high positive potential in the management of
Parkinsonian disorders, the quest for biomarkers for these diseases
must continue unabated.

10.1002/mds.25065. [Epub ahead of
print].
Ahmed, Z., Asi, Y. T., Sailer, A., Lees,

Andreasen, N., Minthon, L., Davids-
son, P, Vanmechelen, E., Vander-
stichele, H., Winblad, B., et al.

A. ], Houlden, H., Revesz, T,, et al.
(2012). The neuropathology, patho-
physiology and genetics of multiple
system atrophy. Neuropathol. Appl.
Neurobiol. 38, 4-24.

Alves, G., Bronnick, K., Aarsland,

D., Blennow, K., Zetterberg, H.,
Ballard, C., et al. (2010). CSF
amyloid-beta and tau proteins, and
cognitive performance, in early
and untreated Parkinson’s disease:
the Norwegian ParkWest study. J.
Neurol. Neurosurg. Psychiatr. 81
1080-1086.

Annanmaki, T,

(2001). Evaluation of CSF-tau and
CSF-Abeta42 as diagnostic mark-
ers for Alzheimer disease in clin-
ical practice. Arch. Neurol. 58,
373-379.

Angot, E., Steiner, J. A., Hansen, C., Li, J.

Y., and Brundin, P. (2010). Are synu-
cleinopathies prion-like disorders?
Lancet Neurol. 9, 1128-1138.
Muuronen, A,
and Murros, K. (2007). Low
plasma uric acid level in Parkin-
son’s disease. Mov. Disord. 22,
1133-1137.

www.frontiersin.org

January 2013 | Volume 3 | Article 187 | 11


http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

Constantinescu and Mondello

CSF biomarkers in Parkinsonian disorders

Annanmaki, T., Pessala-Driver, A.,
Hokkanen, L., and Murros, K.
(2008). Uric acid associates with
cognition in Parkinson’s disease.
Parkinsonism  Relat. Disord. 14,
576-578.

Ascherio, A., Lewitt, P. A, Xu, K,
Eberly, S., Watts, A., Matson, W. R,
et al. (2009). Urate as a predictor
of the rate of clinical decline in
Parkinson disease. Arch. Neurol. 66,
1460-1468.

Bech, S., Hjermind, L. E., Salvesen, L.,
Nielsen, J. E., Heegaard, N. H., Jor-
gensen, H. L., etal. (2012). Amyloid-
related biomarkers and axonal dam-
age proteins in parkinsonian syn-
dromes. Parkinsonism Relat. Disord.
18, 69-72.

Beecher, C. W. W. (ed.). (2003).
The Human Metabolome. Boston:
Kluwer Academic Publishers.

Biomarkers ~ Definitions ~ Working
Group. (2001). Biomarkers and
surrogate  endpoints:  preferred

definitions, and conceptual frame-
work. Clin. Pharmacol. Ther. 69,
89-95.

Bogdanov, M., Matson, W. R., Wang,
L., Matson, T., Saunders-Pullman,
R., Bressman, S. S., et al. (2008).
Metabolomic profiling to develop
blood biomarkers for Parkinson’s
disease. Brain 131, 389-396.

Borghi, R., Marchese, R., Negro, A,
Marinelli, L., Forloni, G., Zaccheo,
D., et al. (2000). Full length alpha-
synuclein is present in cerebrospinal
fluid from Parkinson’s disease and
normal subjects. Neurosci. Lett. 287,
65—67.

Brooks, D. J., Frey, K. A., Marek, K.
L., Oakes, D., Paty, D., Prentice, R.,
et al. (2003). Assessment of neu-
roimaging techniques as biomark-
ers of the progression of Parkinson’s
disease. Exp. Neurol. 184(Suppl. 1),
S68-S79.

Caudle, W. M., Bammler, T. K., Lin,
Y., Pan, S., and Zhang, J. (2010).
Using ‘omics’ to define pathogene-
sis and biomarkers of Parkinson’s
disease. Expert Rev. Neurother. 10,
925-942.

Chen, H., Zhang, S. M., Hernan, M. A,,
Schwarzschild, M. A., Willett, W. C.,
Colditz, G. A., et al. (2003). Non-
steroidal anti-inflammatory drugs
and the risk of Parkinson disease.
Arch. Neurol. 60, 1059-1064.

Choi, J., Sullards, M. C., Olzmann, J. A.,
Rees, H. D., Weintraub, S. T., Bost-
wick, D. E., et al. (2006). Oxidative
damage of DJ-1 is linked to sporadic
Parkinson and Alzheimer diseases. J.
Biol. Chem. 281, 10816-10824.

Cipriani, S., Chen, X., and Schwarz-
schild, M. A. (2010). Urate: a novel

biomarker of Parkinson’s disease
risk, diagnosis and prognosis. Bio-
mark. Med. 4,701-712.

Constantinescu, R, Andreasson,
U., Holmberg, B., and Zetter-
berg, H. (2012). Serum and
cerebrospinal fluid urate levels
in synucleinopathies versus

tauopathies. Acta Neurol. Scand. doi:
10.1111/ane.12012. [Epub ahead of
print].

Constantinescu, R., Andreasson, U., Li,
S., Podust, V. N., Mattsson, N.,
Anckarsater, R., et al. (2010a). Pro-
teomic profiling of cerebrospinal
fluid in Parkinsonian disorders.
Parkinsonism  Relat. Disord. 16,
545-549.

Constantinescu, R., Rosengren, L.,
Johnels, B., Zetterberg, H., and
Holmberg, B. (2010b). Consecu-
tive analyses of cerebrospinal fluid
axonal and glial markers in Parkin-
son’s disease and atypical Parkinson-
ian disorders. Parkinsonism Relat.
Disord. 16, 142-145.

Constantinescu, R., Holmberg, B,
Rosengren, L., Corneliusson, O,
Johnels, B., and Zetterberg, H.
(2011). Light subunit of neurofil-
ament triplet protein in the cere-
brospinal fluid after subthalamic
nucleus stimulation for Parkinson’s
disease. Acta Neurol. Scand. 124,
206-210.

Constantinescu, R., Zetterberg, H.,
Holmberg, B., and Rosengren, L.
(2009). Levels
proteins in cerebrospinal fluid:
an aid in the differential diag-
nosis of Parkinsonian disorders.

Disord. 15,

of brain related

Parkinsonism  Relat.
205-212.

Coppede, F. (2012). Genetics and epige-
netics of Parkinson’s disease. Scien-
tificWorldJournal 2012, 489830.

Cui, L., Jeong, H., Borovecki, F,
Parkhurst, C. N., Tanese, N., and
Krainc, D. (2006). Transcriptional
repression of PGC-1alpha by mutant
Huntingtin leads to mitochondr-
ial dysfunction and neurodegenera-
tion. Cell 127, 59—69.

Czlonkowska, A., Kurkowska-
Jastrzebska, I., Czlonkowski, A.,
Peter, D., and Stefano, G. B. (2002).
Immune processes in the patho-
genesis of Parkinson’s disease — a
potential role for microglia and
nitric oxide. Med. Sci. Monit. 8,
RA165-RA177.

Davis, J. W., Grandinetti, A., Waslien,
C. L, Ross, G. W., White, L. R,
and Morens, D. M. (1996). Obser-
vations on serum uric acid levels
and the risk of idiopathic Parkin-
son’s disease. Am. J. Epidemiol. 144,
480-484.

Desplats, P., Spencer, B., Crews, L., Patel,
P., Morvinski-Friedmann, D., Kos-
berg, K., et al. (2012). a-synuclein
induces alterations in adult neuroge-
nesis in Parkinson disease models via
p53-mediated repression of Notchl.
J. Biol. Chem. 287, 31691-31702.

Devi, L., Raghavendran, V., Prabhu, B.
M., Avadhani, N. G., and Anan-
datheerthavarada, H. K. (2008).
Mitochondrial import and accu-
mulation of alpha-synuclein impair
complex I in human dopaminer-
gic neuronal cultures and Parkin-
son disease brain. J. Biol. Chem. 283,
9089-9100.

Devic, I, Hwang, H., Edgar, J. S., Izutsu,
K., Presland, R., Pan, C.,etal. (2011).
Salivary alpha-synuclein and DJ-1:
potential biomarkers for Parkinson’s
disease. Brain 134, e178.

Dorsey, E. R., Constantinescu, R.,
Thompson, J. P, Biglan, K. M., Hol-
loway, R. G., Kieburtz, K., et al.
(2007). Projected number of people
with Parkinson disease in the most
populous nations, 2005 through
2030. Neurology 68, 384—386.

Double, K. L., Rowe, D. B., Carew-
Jones, E. M., Hayes, M., Chan, D.
K., Blackie, J., et al. (2009). Anti-
melanin antibodies are increased in
sera in Parkinson’s disease. Exp. Neu-
rol. 217,297-301.

El-Agnaf, O. M., Salem, S. A., Paleolo-
gou, K. E., Curran, M. D., Gibson,
M. J., Court, J. A, et al. (2006).
Detection of oligomeric forms of
alpha-synuclein protein in human
plasma as a potential biomarker for
Parkinson’s disease. FASEB J. 20,
419-425.

Fahn, S. (2003). Description of Parkin-
son’s disease as a clinical syn-
drome. Ann. N. Y. Acad. Sci. 991,
1-14.

Fahn, S., Elton, R., and Members of
the Updrs Development Commit-
tee. (eds.). (1987). Unified Parkin-
son’s Disease Rating Scale. Florham
Park, NJ: Macmillan Health Care
Information.

Fahn, S., Oakes, D., Shoulson, I,
Kieburtz, K., Rudolph, A., Lang, A.,
et al. (2004). Levodopa and the pro-
gression of Parkinson’s disease. N.
Engl. ]. Med. 351, 2498-2508.

Farrer, M., Maraganore, D. M., Lock-
hart, P, Singleton, A., Lesnick,
T. G.,, De Andrade, M., et al
(2001). Alpha-synuclein gene hap-
lotypes are associated with Parkin-
son’s disease. Hum. Mol. Genet. 10,
1847-1851.

Fearnley, J. M., and Lees, A. J. (1991).
Ageing and Parkinson’s disease: sub-
stantia nigra regional selectivity.
Brain 114 (Pt 5), 2283-2301.

Foulds, P. G., Mitchell, J. D., Parker,
A., Turner, R,, Green, G., Diggle, P.,
etal. (2011). Phosphorylated alpha-
synuclein can be detected in blood
plasma and is potentially a useful
biomarker for Parkinson’s disease.
FASEB . 25,4127-4137.

Frederiks, J. A., and Koehler, P. J. (1997).
The first lumbar puncture. J. Hist.
Neurosci. 6, 147-153.

Fuchs, J., Tichopad, A., Golub, Y.,
Munz, M., Schweitzer, K. J., Wolf,
B., et al. (2008). Genetic vari-
ability in the SNCA gene influ-
ences alpha-synuclein levels in the
blood and brain. FASEB J. 22,
1327-1334.

Gao, X., Chen, H., Schwarzschild, M.
A., and Ascherio, A. (2011). Use
of ibuprofen and risk of Parkinson
disease. Neurology 76, 863—869.

Gegg, M. E, Cooper, J. M,
Schapira, A. H., and Taan-
man, J. W. (2009). Silencing of
PINK1 expression affects mito-
chondrial DNA and oxidative
phosphorylation in  dopamin-
ergic cells. PLoS ONE 4:e4756.
doi:10.1371/journal.pone.0004756

Gerhard, A., Trender-Gerhard, I,
Turkheimer, E, Quinn, N. P,, Bhatia,
K. P, and Brooks, D. J. (2006).
In vivo imaging of microglial acti-
vation with [11C](R)-PK11195 PET
in progressive supranuclear palsy.
Mov. Disord. 21, 89-93.

Gmitterova, K., Heinemann, U., Gawi-
necka, J., Varges, D., Ciesielczyk, B.,
Valkovic, P, et al. (2009). 8-OHAG
in cerebrospinal fluid as a marker of
oxidative stress in various neurode-
generative diseases. Neurodegener.
Dis. 6,263-269.

Hall, S., Ohrfelt, A., Constantinescu, R.,
Andreasson, U., Surova, Y., Bostrom,
F, et al. (2012). Accuracy of a
panel of 5 cerebrospinal fluid bio-
markers in the differential diagno-
sis of patients with dementia and/or
Parkinsonian disorders. Arch. Neu-
rol. 1-8.

Hanna, P. A., Jankovic, J., and Kirk-
patrick, J. B. (1999). Multiple sys-
tem atrophy: the putative causative
role of environmental toxins. Arch.
Neurol. 56, 90-94.

Harrington, M. G., Fonteh, A. N., Obo-
rina, E., Liao, P., Cowan, R. P,
McComb, G., et al. (2009). The mor-
phology and biochemistry of nanos-
tructures provide evidence for syn-
thesis and signaling functions in
human cerebrospinal fluid. Cere-
brospinal Fluid Res. 6, 10.

Hersch, S. M., and Rosas, H. D. (2011).
“Biomarkers to enable the devel-
opment of neuroprotective thera-
pies for Huntington’s disease,” in

Frontiers in Neurology | Movement Disorders

January 2013 | Volume 3 | Article 187 | 12


http://dx.doi.org/10.1371/journal.pone.0004756
http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Constantinescu and Mondello

CSF biomarkers in Parkinsonian disorders

Neurobiology of Huntington’s Dis-
ease: Applications to Drug Discovery,
Chap. 11. eds D. C. Lo and R. E.
Hughes (Boca Raton: CRC Press),
Available at: http://www.ncbi.nlm.
nih.gov/books/NBK55987/

Hilker, R., Schweitzer, K., Coburger, S.,
Ghaemi, M., Weisenbach, S., Jacobs,
A. H,, et al. (2005). Nonlinear pro-
gression of Parkinson disease as
determined by serial positron emis-
sion tomographic imaging of stri-
atal fluorodopa F 18 activity. Arch.
Neurol. 62, 378-382.

Hirayama, M., Nakamura, T., Watan-
abe, H., Uchida, K., Hama, T,
Hara, T., et al. (2011). Urinary
8-hydroxydeoxyguanosine correlate
with hallucinations
motor symptoms in Parkinson’s dis-
ease. Parkinsonism Relat. Disord. 17,
46—49.

Hirsch, E. C., Breidert, T., Rousselet,
E., Hunot, S., Hartmann, A., and
Michel, P. P. (2003). The role of
glial reaction and inflammation in
Parkinson’s disease. Ann. N. Y. Acad.
Sci. 991, 214-228.

Hirsch, E. C., Jenner, P, and Przed-
borski, S. (2012). Pathogenesis
of Parkinson’s disease. Mov. Dis-
ord. doi: 10.1002/mds.25032. [Epub
ahead of print].

Hoffman, P. N., Cleveland, D. W., Grif-
fin, J. W,, Landes, P. W., Cowan,
N. J., and Price, D. L. (1987).
Neurofilament gene expression: a
major determinant of axonal cal-
iber. Proc. Natl. Acad. Sci. U.S.A. 84,
3472-3476.

Holmberg, B., Johnels, B., Ingvarsson,
P, Eriksson, B., and Rosengren, L.
(2001). CSF-neurofilament and lev-
odopa tests combined with discrim-
inant analysis may contribute to the
differential diagnosis of Parkinson-
ian syndromes. Parkinsonism Relat.
Disord. 8,23-31.

Holmberg, B., Rosengren, L., Karls-
son, J. E., and Johnels, B. (1998).
Increased cerebrospinal fluid lev-
els of neurofilament protein in
progressive supranuclear palsy and
multiple-system atrophy compared
with Parkinson’s disease. Mov. Dis-
ord. 13,70-77.

Hong, Z., Shi, M., Chung, K. A., Quinn,
J. E, Peskind, E. R., Galasko, D., et
al. (2010). DJ-1 and alpha-synuclein
in human cerebrospinal fluid as bio-
markers of Parkinson’s disease. Brain
133,713-726.

Hughes, A. ., Daniel, S. E., Ben-Shlomo,
Y., and Lees, A. J. (2002). The accu-
racy of diagnosis of parkinsonian
syndromes in a specialist move-
ment disorder service. Brain 125,
861-870.

rather than

International ~ Parkinson’s  Disease
Genomics Consortium and
Wellcome Trust Case Control
Consortium. (2011). A two-stage
meta-analysis  identifies  several
new loci for Parkinson’s dis-
ease. PLoS Genet. 7:¢1002142.

doi:10.1371/journal.pgen.1002142

Jellinger, K. (1990). New developments
in the pathology of Parkinson’s dis-
ease. Adv. Neurol. 53, 1-16.

Jellinger, K. A. (2003). Neuropatholog-
ical spectrum of synucleinopathies.
Mov. Disord. 18(Suppl 6), S2-S12.

Jenner, P. (1991). Oxidative stress as
a cause of Parkinson’s disease. Acta
Neurol. Scand. Suppl. 136, 6-15.

Jin, J., Hulette, C., Wang, Y., Zhang, T.,
Pan, C., Wadhwa, R,, et al. (2006).
Proteomic identification of a stress
protein, mortalin/mthsp70/GRP75:
relevance  to
ease. Mol. Cell
1193-1204.

Johansen, K. K., Wang, L., Aasly, J. O,
White, L. R., Matson, W. R., Hench-
cliffe, C., et al. (2009). Metabolomic
profiling in LRRK2-related Parkin-
son’s disease. PLoS ONE 4:e7551.
doi:10.1371/journal.pone.0007551

Jucker, M., and Walker, L. C. (2011).
Pathogenic protein seeding in
Alzheimer disease and other neu-
rodegenerative  disorders.  Ann.
Neurol. 70, 532-540.

Keeney, P. M., Dunham, L. D., Quigley,
C. K., Morton, S. L., Bergquist, K.
E., and Bennett, J. P. Jr. (2009).
Cybrid models of Parkinson’s dis-
ease show variable mitochondrial
biogenesis and genotype-respiration
relationships. Exp. Neurol. 220,
374-382.

Kieburtz, K., and Ravina, B. (2007). Why
hasn’t neuroprotection worked in
Parkinson’s disease? Nat. Clin. Pract.
Neurol. 3,240-241.

Kikuchi, A., Takeda, A., Onodera, H.,
Kimpara, T., Hisanaga, K., Sato,
N., et al. (2002). Systemic increase
of oxidative nucleic acid damage
in Parkinson’s disease and multiple
system atrophy. Neurobiol. Dis. 9,
244-248.

Kitsou, E., Pan, S., Zhang, J., Shi, M.,
Zabeti, A., Dickson, D. W., et al.
(2008). Identification of proteins in
human substantia nigra. Proteomics
Clin. Appl. 2, 776-782.

Kouri, N., Whitwell, J. L., Josephs, K.
A., Rademakers, R., and Dickson,
D. W. (2011). Corticobasal degen-
eration: a pathologically distinct
4R tauopathy. Nat. Rev. Neurol. 7,
263-272.

Kroksveen, A. C.,Opsahl, J. A., Aye, T. T.,
Ulvik, R. J., and Berven, F. S. (2011).
Proteomics of human cerebrospinal

Parkinson  dis-
Proteomics 5,

fluid: discovery and verification of
biomarker candidates in neurode-
generative diseases using quantita-
tive proteomics. J. Proteomics 74,
371-388.

Lang, A. E., Melamed, E., Poewe, W.,
and Rascol, O. (2012). Trial designs
used to study neuroprotective ther-
apy in Parkinson’s disease. Mov. Dis-
ord. doi: 10.1002/mds.24997. [Epub
ahead of print].

Lasec, R. (1988). “Studying the intrin-
sic determinants of neuronal form
and function,” in Intrinsic Determi-
nants of Neuronal Form and Func-
tion, eds R. J. Lasec and M. M.
Black (New York: Alan R. Liss Inc),
1-60.

Le, W. D., Rowe, D. B., Jankovic, J.,
Xie, W., and Appel, S. H. (1999).
Effects of cerebrospinal fluid from
patients with Parkinson disease on
dopaminergic cells. Arch. Neurol. 56,
194-200.

Lee, J. E., Song, S. K., Sohn, Y. H., and
Lee, P. H. (2011). Uric acid as a
potential disease modifier in patients
with multiple system atrophy. Mov.
Disord. 26, 1533-1536.

Lee, P. H, Lee, G., Park, H. J.,, Bang,
O. Y, Joo, I. S, and Huh, K.
(2006). The plasma alpha-synuclein
levels in patients with Parkin-
son’s disease and multiple system
atrophy. J. Neural Transm. 113,
1435-1439.

Leverenz, J. B., Watson, G. S., Shofer,
J., Zabetian, C. P., Zhang, J., and
Montine, T. J. (2011). Cerebrospinal
fluid biomarkers and cognitive
performance in non-demented
patients with Parkinson’s disease.
Parkinsonism Relat. Disord. 17,
61-64.

Lewczuk, P., Kornhuber, J., and Wilt-
fang, J. (2006). The German compe-
tence net dementias: standard oper-
ating procedures for the neurochem-
ical dementia diagnostics. J. Neural
Transm. 113, 1075-1080.

Lewitt, P. (2012). Recent advances in
CSF biomarkers for Parkinson’s dis-
ease. Parkinsonism Relat. Disord.
18(Suppl 1), S49-S51.

Lewitt, P, Schultz, L., Auinger, P, Lu,
M., and Parkinson Study Group,
DATATOP  Investigators. (2011).
CSF xanthine, homovanillic acid,
and their ratio as biomarkers of
Parkinson’s disease. Brain Res. 1408,
88-97.

Li, Q. X., Campbell, B. C., McLean,
C. A., Thyagarajan, D., Gai, W. P,
Kapsa, R. M., et al. (2002). Platelet
alpha- and gamma-synucleins in
Parkinson’s disease and normal con-
trol subjects. J. Alzheimers Dis. 4,
309-315.

Lill, C. M., Roehr, J. T., McQueen,
M. B., Kavvoura, E K., Bagade, S.,
Schjeide, B. M., et al. (2012). Com-
prehensive research synopsis and
systematic meta-analyses in Parkin-
son’s disease genetics: the PDGene
database. PLoS Genet. 8:¢1002548.
doi:10.1371/journal.pgen.1002548

Lin, M. T., and Beal, M. F. (2006). Mito-
chondrial dysfunction and oxidative
stress in neurodegenerative diseases.
Nature 443, 787-795.

Litvan, I (2003). Update on
epidemiological aspects of pro-
gressive supranuclear palsy.
Mov.  Disord.  18(Suppl  6),
543-S50.

Maetzler, W., Stapf, A. K., Schulte,
C., Hauser, A. K., Lerche, S,
Waurster, 1., et al. (2011). Serum
and  cerebrospinal  fluid
acid levels in lewy body disor-
ders: associations with disease
occurrence  and  amyloid-beta
pathway. J. Alzheimers Dis. 27,
119-126.

Marek, K., Jennings, D., Tamagnan, G.,
and Seibyl, J. (2008). Biomarkers
for Parkinson’s [corrected] disease:
tools to assess Parkinson’s disease
onset and progression. Ann. Neurol.
64(Suppl 2), S111-S121.

Marques, S. C., Oliveira, C. R., Pereira,
C. M., and Outeiro, T. E (2011).
Epigenetics in neurodegeneration: a
new layer of complexity. Prog. Neu-
ropsychopharmacol. Biol. Psychiatry
35, 348-355.

Masliah, E., Rockenstein, E., Adame, A.,
Alford, M., Crews, L., Hashimoto,

uric

M., et al. (2005). Effects of
alpha-synuclein immuniza-
tion in a mouse model of
Parkinson’s disease. Neuron 46,
857-868.

Masliah, E., Rockenstein, E., Mante,
M., Crews, L., Spencer, B., Adame,
A., et al. (2011). Passive immu-
nization reduces behavioral and
neuropathological deficits in an
alpha-synuclein transgenic model
of Lewy body disease. PLoS ONE
6:€19338. doi:10.1371/journal.pone.
0019338

Masliah, E., Rockenstein, E., Vein-
bergs, I., Sagara, Y., Mallory, M.,
Hashimoto, M., et al. (2001).
Beta-amyloid  peptides enhance
alpha-synuclein accumulation and
neuronal deficits in a transgenic
mouse model linking Alzheimer’s
disease and Parkinson’s disease.
Proc. Natl. Acad. Sci. US.A. 98,
12245-12250.

McGill, J. K., and Beal, M. E. (2006).
PGC-1alpha, a new therapeutic tar-
getin Huntington’s disease? Cell 127,
465—468.

www.frontiersin.org

January 2013 | Volume 3 | Article 187 | 13


http://www.ncbi.nlm.nih.gov/books/NBK55987/
http://www.ncbi.nlm.nih.gov/books/NBK55987/
http://dx.doi.org/10.1371/journal.pgen.1002142
http://dx.doi.org/10.1371/journal.pone.0007551
http://dx.doi.org/10.1371/journal.pgen.1002548
http://dx.doi.org/10.1371/journal.pone.{\penalty -\@M }0019338
http://dx.doi.org/10.1371/journal.pone.{\penalty -\@M }0019338
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

Constantinescu and Mondello

CSF biomarkers in Parkinsonian disorders

Mollenhauer, B., Cullen, V., Kahn, I,
Krastins, B., Outeiro, T. E, Pepi-
vani, L, et al. (2008). Direct quan-
tification of CSF alpha-synuclein by
ELISA and first cross-sectional study
in patients with neurodegeneration.
Exp. Neurol. 213, 315-325.

Mollenhauer, B., Locascio, J. J., Schulz-
Schaeffer, W., Sixel-Doring, FE,
Trenkwalder, C., and Schlossmacher,
M. G. (2011). Alpha-synuclein
and tau concentrations in cere-
brospinal ~ fluid of  patients
presenting  with  parkinsonism:
a cohort study. Lancet Neurol. 10,
230-240.

Mollenhauer, B., and Trenkwalder, C.
(2009). Neurochemical biomarkers
in the differential diagnosis of move-
ment disorders. Mov. Disord. 24,
1411-1426.

Mollenhauer, B., Trenkwalder, C., Von
Ahsen, N., Bibl, M., Steinacker,
P, Brechlin, P, (2006).
Beta-amlyoid 1-42 and tau-protein
in cerebrospinal fluid of patients
with Parkinson’s disease dementia.
Dement. Geriatr. Cogn. Disord. 22,
200-208.

Mollenhauer, B., and Zhang, J. (2012).
Biochemical premotor biomarkers
for Parkinson’s disease. Mov. Disord.
27, 644-650.

Moore, D. J., West, A. B., Dawson, V.
L., and Dawson, T. M. (2005). Mol-
ecular pathophysiology of Parkin-
son’s disease. Annu. Rev. Neurosci.
28, 57-87.

Mori, H., Nishimura, M., Namba, Y.,
and Oda, M. (1994). Corticobasal
degeneration: a disease with wide-
spread appearance of abnormal tau
and neurofibrillary tangles, and its
relation to progressive supranu-
clear palsy. Acta Neuropathol. 88,
113-121.

Mortiboys, H., Thomas, K. J., Koop-
man, W. J., Klaffke, S., Abou-
Sleiman, P., Olpin, S., et al. (2008).
Mitochondrial function and mor-
phology are impaired in Parkin-
mutant fibroblasts. Ann. Neurol. 64,
555-565.

Norgren, N., Rosengren, L., and Stig-
brand, T. (2003). Elevated neurofila-
ment levels in neurological diseases.
Brain Res. 987, 25-31.

Ohrfelt, A., Grognet, P, Andreasen,
N.,, Wallin, A., Vanmeche-

et al

len, E., Blennow, K., et al
(2009). Cerebrospinal fluid
alpha-synuclein  in neurodegen-
erative disorders-a marker of

synapse loss? Neurosci. Lett. 450,
332-335.

Olanow, C. W, Kieburtz, K., and
Schapira, A. H. (2008). Why have
we failed to achieve neuroprotection

in Parkinson’s disease? Ann. Neurol.
64(Suppl 2), S101-S110.

Pacelli, C., De Rasmo, D., Signorile,
A., Grattagliano, I, Di Tullio, G.,
D’Orazio, A., et al. (2011). Mito-
chondrial defect and PGC-1lalpha
dysfunction in parkin-associated

familial Parkinson’s disease.
Biochim.  Biophys. Acta 1812,
1041-1053.

Parkinson Progression Marker Ini-
tiative.  (2011). The Parkinson
Progression ~ Marker  Initiative
(PPMI).  Prog.  Neurobiol. 95,
629-635.

Polymeropoulos, M. H., Lavedan,

C., Leroy, E.,, Ide, S. E., Dehe-
jia, A., Dutra, A., et al. (1997).
Mutation in the alpha-synuclein
gene identified in families with
Parkinson’s disease. Science 276,
2045-2047.

Puigserver, P., and Spiegelman, B.
M. (2003). Peroxisome proliferator-
activated receptor-gamma coactiva-
tor 1 alpha (PGC-1 alpha): tran-
scriptional coactivator and meta-
bolic regulator. Endocr. Rev. 24,
78-90.

Ravina, B. M., Fagan, S. C., Hart, R.
G., Hovinga, C. A., Murphy, D. D,,
Dawson, T. M., et al. (2003). Neu-
roprotective agents for clinical tri-
als in Parkinson’s disease: a sys-
tematic assessment. Neurology 60,
1234-1240.

Reiber, H. (2001). Dynamics of brain-
derived proteins in cerebrospinal
fluid. Clin. Chim. Acta 310,
173-186.

Rosengren, L. E., Karlsson, J. E., Karls-
son, J. O. Persson, L. I., and
Wikkelso, C. (1996). Patients with
amyotrophic lateral sclerosis and
other neurodegenerative diseases
have increased levels of neurofila-
ment protein in CSE. J. Neurochem.
67,2013-2018.

L. E., Karlsson, J. E.

Sjogren, M., Blennow, K., and

Wallin, A. (1999). Neurofila-

ment protein levels in CSF are

increased in dementia. Neurology 52,

1090-1093.

Rosengren,

Sato, S., Mizuno, Y, and Hat-
tori, N. (2005). Urinary
8-hydroxydeoxyguanosine lev-

els as a biomarker for progression
of Parkinson disease. Neurology 64,
1081-1083.

Schapira, A. H., and Jenner, P. (2011).
Etiology and pathogenesis of Parkin-
son’s disease. Mov. Disord. 26,
1049-1055.

Schoonenboom, N. S., Reesink, F. E.,
Verwey, N. A., Kester, M. 1., Teu-
nissen, C. E., Van De Ven, P.
M., et al. (2012). Cerebrospinal

fluid markers for differential demen-
tia diagnosis in a large mem-
ory clinic cohort. Neurology 78,
47-54.

Schwarzschild, M. A., Marek, K., Eberly,
S., Oakes, D., Shoulson, I., Jen-
nings, D., et al. (2011). Serum
urate and probability of dopamin-

ergic deficit in early “Parkin-
son’s disease” Mov. Disord. 26,
1864-1868.

Shannon, K. M., Keshavarzian, A.,
Dodiya, H. B., Jakate, S., and Kor-
dower, J. H. (2012a). Is alpha-
synuclein in the colon a biomarker
for premotor Parkinson’s disease?
Evidence from 3 cases. Mov. Disord.
27,716-719.

Shannon, K. M., Keshavarzian, A.,
Mutlu, E., Dodiya, H. B., Daian,
D., Jaglin, J. A, et al. (2012b).
Alpha-synuclein in colonic submu-
cosa in early untreated Parkin-
son’s disease. Mov. Disord. 27,
709-715.

Sherer, T. B. (2011). Biomarkers for
Parkinson’s disease. Sci. Transl. Med.
3,79psl4.

Shi, M., Bradner, J., Hancock, A. M.,
Chung, K. A., Quinn, J. F, Peskind,
E. R, et al. (2011). Cerebrospinal
fluid biomarkers for Parkinson dis-
ease diagnosis and progression. Ann.
Neurol. 69, 570-580.

Shi, M., Zabetian, C. P, Hancock,
A. M., Ginghina, C., Hong, Z.,
Yearout, D., et al. (2010). Signifi-
cance and confounders of peripheral
DJ-1 and alpha-synuclein in Parkin-
son’s disease. Neurosci. Lett. 480,
78-82.

Simon-Sanchez, J., Schulte, C., Bras,
J. M., Sharma, M., Gibbs, J. R,
Berg, D., et al. (2009). Genome-wide
association study reveals genetic risk
underlying Parkinson’s disease. Nat.
Genet. 41, 1308-1312.

Smith, D. J. (2009). Mitochondrial
dysfunction in mouse
of Parkinson’s disease
by transcriptomics and pro-
teomics. J. Bioenerg. Biomembr. 41,
487-491.

Smith, L. M., Klaver, A. C., Coffey, M. P.,
Dang, L., and Loeffler, D. A. (2012).
Effects of intravenous immunoglob-
ulin on alpha synuclein aggregation
and neurotoxicity. Int. Immunophar-
macol. 14, 550-557.

Stefanova, N., Reindl, M., Neu-
mann, M., Kahle, P. J., Poewe,
W., and Wenning, G. K. (2007).
Microglial
neurodegeneration related to oligo-
dendroglial alpha-synucleinopathy:
implications for multiple sys-
tem atrophy. Mov. Disord. 22,
2196-2203.

models
revealed

activation  mediates

Stern, M. B., Lang, A., and Poewe,
W. (2012). Toward a redefinition of
Parkinson’s disease. Mov. Disord. 27,
54-60.

Tanner, C. M., Kamel, E, Ross, G.
W., Hoppin, J. A., Goldman, S.
M., Korell, M., et al. (2011).
Rotenone, paraquat, and Parkinson’s
disease. Environ. Health Perspect.
119, 866—872.

Tateno, FE, Sakakibara, R., Kawai,
T, Kishi, M., and Murano, T.
(2012). Alpha-synuclein in the cere-
brospinal fluid differentiates synu-
cleinopathies (Parkinson disease,
dementia with lewy bodies, multiple
system atrophy) from Alzheimer dis-
ease. Alzheimer Dis. Assoc. Disord. 26,
213-216.

Teunissen, C. E., Petzold, A., Bennett, J.
L., Berven, E S., Brundin, L., Coma-
bella, M., et al. (2009). A consen-
sus protocol for the standardiza-
tion of cerebrospinal fluid collec-
tion and biobanking. Neurology 73,
1914-1922.

Tokuda, T., Salem, S. A., Allsop, D.,
Mizuno, T., Nakagawa, M., Qureshi,
M. M., et al. (2006). Decreased
alpha-synuclein in  cerebrospinal
fluid of aged individuals and subjects
with Parkinson’s disease. Biocherm.

Biophys.  Res. Commun. 349,
162-166.
Tribl, E, Marcus, K., Meyer, H.

E., Bringmann, G., Gerlach, M.,
and Riederer, P. (2006). Subcellu-
lar proteomics reveals neuromelanin
granules to be a lysosome-related
organelle. J. Neural Transm. 113,
741-749.

Ubhi, K., Low, P, and Masliah, E.
(2011). Multiple system atrophy:
a clinical and neuropathological
perspective. Trends Neurosci. 34,
581-590.

Waragai, M., Wei, J., Fujita, M., Nakai,
M., Ho, G. J., Masliah, E., et al.
(2006). Increased level of DJ-1 in
the cerebrospinal fluids of spo-
radic Parkinson’s disease. Biochem.
Biophys.  Res.  Commun. 345,
967-972.

Wu, X. W, Lee, C. C., Muzny, D.
M., and Caskey, C. T. (1989).
Urate oxidase: primary structure

and evolutionary implications.
Proc. Natl. Acad. Sci. U.S.A. 86,
9412-9416.

Xia, Q., Liao, L., Cheng, D., Duong,
D. M., Gearing, M., Lah, J. ],
et al. (2008). Proteomic identifi-
cation of novel proteins associated
with Lewy bodies. Front. Biosci. 13,
3850-3856.

Yanamandra, K., Gruden, M. A,
Casaite, V., Meskys, R., Fors-
gren, L., and Morozova-Roche, L.

Frontiers in Neurology | Movement Disorders

January 2013 | Volume 3 | Article 187 | 14


http://www.frontiersin.org/Movement_Disorders
http://www.frontiersin.org/Movement_Disorders/archive

Constantinescu and Mondello

CSF biomarkers in Parkinsonian disorders

A. (2011). alpha-synuclein reac-
tive antibodies as diagnostic bio-
markers in blood sera of Parkin-
son’s disease patients. PLoS ONE
6:¢18513. doi:10.1371/journal.pone.
0018513

Zetterberg, H., Hietala, M. A., Jonsson,
M., Andreasen, N., Styrud, E., Karls-
son, I, et al. (2006). Neurochemical
aftermath of amateur boxing. Arch.
Neurol. 63,1277-1280.

Zetterberg, H., Ruetschi, U., Portelius,
E., Brinkmalm, G., Andreasson, U.,

Blennow, K., et al. (2008). Clini-
cal proteomics in neurodegenerative
disorders. Acta Neurol. Scand. 118,
1-11.

Zhang, J., Sokal, I, Peskind, E. R,
Quinn, J. F, Jankovic, J., Kenney,
C., et al. (2008). CSF multiana-
Iyte profile distinguishes Alzheimer
and Parkinson diseases. Am. J. Clin.
Pathol. 129, 526-529.

Conflict of Interest Statement: The
authors declare that the research was

conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 15 November 2012; accepted:
21 December 2012; published online: 21
January 2013.

Citation: Constantinescu R and Mon-
dello S (2013) Cerebrospinal fluid
biomarker candidates for Parkinson-
ian disorders. Front. Neur. 3:187. doi:
10.3389/fneur.2012.00187

This article was submitted to Frontiers
in Movement Disorders, a specialty of
Frontiers in Neurology.

Copyright © 2013 Constantinescu and
Mondello. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics
efc.

www.frontiersin.org

January 2013 | Volume 3 | Article 187 | 15


http://dx.doi.org/10.1371/journal.pone.{\penalty -\@M }0018513
http://dx.doi.org/10.1371/journal.pone.{\penalty -\@M }0018513
http://dx.doi.org/10.3389/fneur.2012.00187
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Movement_Disorders/archive

	Cerebrospinal fluid biomarker candidates for Parkinsonian disorders
	Parkinsonian disorders
	Biomarkers
	Definition
	Types of potential biomarkers for Parkinsonian disorders

	The "Omics" techniques
	Genomics
	Transcriptomics
	Proteomics
	Metabolomics
	Conclusion

	Cerebrospinal fluid
	CSF biomarker candidates for Parkinsonian disorders
	Specific biomarker candidates in the CSF and blood
	Alpha-synuclein
	Background
	Alpha-synuclein's role in the pathogenesis of synucleinopathies
	Previous findings in Parkinsonism

	Neurofilament light chain protein
	Background
	Previous findings in Parkinsonism

	Tau protein
	Background
	Previous findings in Parkinsonism

	Amyloid-β
	Background
	Previous findings in Parkinsonism

	DJ-1
	Background
	Previous findings in Parkinson's disease

	8-Hydroxydeoxyguanosine
	Background
	Previous findings in Parkinson's disease

	Urate
	Background
	Previous findings in Parkinsonian disorders

	Peroxisome proliferator-activated receptor gamma coactivator-1 alpha
	Background
	Previous findings in Parkinson's disease

	Combinations of CSF compounds


	Why are biomarkers for Parkinsonian disorders needed?
	The differential diagnostic issue
	The time of disease onset and progression issue
	The effects of therapy issue
	The patho-etiological issue

	Challenges in the development of biomarkers for Parkinsonian disorders
	Disease heterogeneity
	Diagnostic uncertainties
	Slow rate of neurodegeneration in PD
	Age impact
	Methodological uncertainties
	Blood contamination

	Future Perspectives
	Standardization of CSF related procedures
	Investigations in unmedicated patients
	Investigations in early atypical Parkinsonism
	Investigating patterns of potential biomarkers
	Longitudinal studies
	Grouping diagnoses
	Increased generalizability

	Conclusion: clinical applications of biomarkers
	References


