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1

Parkinsonism

Parkinsonism is a term used to describe a group of neurodegenerative disorders, 

with movement dysfunction as one important clinical hallmark, although non-motor 

features are also frequently present. Patients with various forms of parkinsonian 

syndromes initially share many similar motor and non-motor symptoms, but with 

longer follow-up prove to have a different disease progression and life span. In the 

early disease stages, it is therefore often difficult to discriminate the various forms 

of parkinsonism. Parkinsonism includes Parkinson’s disease (PD), the best-known 

movement disorder, and a group of atypical parkinsonism (APD), which includes 

more rare disorders, such as dementia with Lewy body (DLB), multiple system 

atrophy (MSA), progressive supranuclear palsy (PSP), and corticobasal syndrome 

(CBS) [1].

 Parkinsonian disorders are characterized by the aggregation of misfolded 

protein in specific brain regions. Disorders are classified based on the protein type 

and the histopathological localization of these protein deposits in the brain. PD and 

MSA are part of the spectrum of α-synucleinopathies, PSP and CBS are both part of 

tauopathies, while both proteins may accumulate simultaneously in DLB (figure 1).

 It remains unclear by what mechanism protein aggregation is initiated in neuro-

degenerative disorders. It is known that mutations encoding for proteins involved in 

neurodegenerative diseases, such as α-synuclein (α-syn) and tau, make the proteins 

more prone to aggregation by changing the primary structure of these proteins [2]. 

For example, a missense mutation in the SNCA gene that encodes for α-syn causes 

impairment of α-syn function, and once this mutated α-syn binds to the phospholipid 

Figure 1. Parkinsonian disorders comprise either alpha-synucleinopathies or tauopathies. 

In neurodegenerative disorders, protein deposition is one of the major hallmarks and, in general, 

disorders are classified according to the type of protein accumulation. In DLB both alpha- 

synuclein and tau protein accumulation may occur. α-syn: α-synuclein; PD: Parkinson’s disease; 

MSA: multiple system atrophy; PSP: progressive supranuclear palsy; CBS: corticobasal syndrome; 

DLB: dementia with Lewy body.

PD

DLB
MSA

PSP
CBS
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membrane, its structure is changed into a helical form, which is more prone to 

aggregation [3]. Genetic mutations in the case of familial parkinsonism are described 

below (page 16, paragraph 5). In PD, sporadic cases account for 90% of total cases. 

The major risk factor for neurodegeneration across various disorders is age. Aging 

could lead to impairment of clearance of misfolded proteins in cells, oxidative 

stress, and altered patterns of protein phosphorylation [4]. 

Parkinson’s disease
PD is the best-known type of parkinsonism and the second most common neuro-

degenerative disorder, after Alzheimer’s disease (AD). The incidence of PD is estimated 

at 17 per 100,000 person-years worldwide, and its prevalence is higher in men 40 

years and older (61.21 per 100,000 person-years) than women (37.55 per 100,000 

person-years) [5]. In 2016, it was estimated that 6 million people were diagnosed 

with PD, and by 2040 it is expected the numbers will at least double [6]. According 

to specialists, parkinsonian disorders may be considered as a pandemic, mostly 

driven by the aging of the population and the by-products of industrialization [6]

 PD is characterized in part by motor symptoms, such as tremor, bradykinesia, 

and rigidity. Non-motor symptoms are also commonly present, such as depression, 

cognitive impairment, olfactory dysfunction, and sleep disturbance. It is estimated that 

non-motor symptoms could start even 20 years before disease onset (Figure 2) [2].

 The hallmark of PD is degeneration of dopaminergic neurons in the substantia 

nigra pars compacta (SNpc), which reduces striatal dopamine levels leading to 

motor and non-motor symptoms. Neuronal loss in PD is also found in other brain 

regions, such as the hypothalamus, amygdala, and locus coeruleus [7]. Accumulation 

of misfolded α-syn protein in Lewy bodies in SNpc is one of the reasons for neuronal 

death in PD, and at later disease stages, Lewy bodies are also found in other  

brain regions, such as the spinal cord or peripheral nervous system. Neuronal death 

could also be caused by impairment of cellular proteolysis (dysfunction of the 

ubiquitin- proteasome and lysosome-autophagy systems), mitochondrial dysfunction, 

oxidative stress, and neuroinflammation [2]. It has been estimated that at disease 

onset – i.e. when the first motor symptoms are being recognized – up to 68% of 

dopaminergic neurons are already lost [8].

 Multiple mutations in various genes have been identified in persons with PD. 

These can be, in general, the cause of PD in young patients, in total accounting for 

up to 10% of all PD cases. Mutations in the gene that encodes α-syn (SNCA) could 

result in the production of a form of α-syn which is more prone to aggregation, 

accumulating into Lewy bodies. Gene mutations in PINK1, Parkin and DJ-1 all lead 

to mitochondrial dysfunction, which induces dopaminergic cell death [2]. Mutations 

in LRRK2 may compromise several cellular processes, such as membrane trafficking, 

autophagy, or neurite outgrowth and are commonly found in late-onset PD [9]. 
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Sporadic cases account for up to 90% of all PD cases, which presents with comparable 

symptoms and neuropathological presentation.

 Diagnosis of PD is made according to criteria established by the Movement 

Disorders Society [10, 11] and is based on clinical evaluation, cerebral magnetic 

resonance image (MRI), speed of disease progression, and response to dopaminergic 

medication. However, gold standard diagnosis is only possible by neuropathological 

examination of post mortem tissue identifying Lewy bodies. The only exception is 

genetic testing, which can help to make a specific diagnosis during life.

 The treatment of PD consists of medication to alleviate the symptoms by 

reestablishing the dopamine levels. For this purpose, a dopamine precursor 

(levodopa) or a dopamine receptor agonist, which are able to cross the blood-brain 

barrier, is often prescribed to normalize cerebral dopamine levels [12].

Atypical parkinsonism
APD consists of a group of disorders that have similar clinical symptoms as PD in 

early stages, but that generally have a different (faster) disease progression over 

time and poorer survival than PD. Specifically, disease progression in APD is usually 

much faster compared to PD, and persons with APD develop specific debilitating 

manifestations such as cognitive impairment more frequently, earlier and more 

prominently than persons with PD. The response to symptomatic treatment is also 

less pronounced or even absent in persons with APD.

Dementia with Lewy bodies
DLB is the second most common type of dementia, after AD, accounting for up to 

15% of neuropathologically confirmed cases of dementia [13]. The incidence of 

DLB was estimated at approximately 0.7% for the population older than 65 years 

[14]. DLB is characterized by a combination of parkinsonian and dementia features, 

which is the reason why DLB is often defined as a disease “in-between” AD and PD 

[15]. Motor symptoms resemble those of PD, but in contrast to PD, cognitive 

symptoms are present early on, with fluctuating cognition and visual hallucinations 

as the most common symptoms. In general, disease progression is considerably 

faster in DLB compared to PD [16].

 Accumulation of α-syn in Lewy bodies is one of the pathological hallmarks, but 

in contrast to PD, Lewy bodies are not restricted to the substantia nigra, but are 

prominently present in cortical areas, causing a combination of parkinsonian 

symptoms and cognitive impairment [14]. In addition, accumulation of tau in the 

form of neurofibrillary tangles and amyloid β in the form of plaques, like in AD, 

is observed.

 Recently, The Movement Disorder Society (MDS) Task Force updated the criteria  

to differentiate PD with dementia from DLB [10, 11]. In this case, if a patient presents 
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motor symptoms and meets the clinical criteria for PD, the diagnosis of PD is 

applied, independent of the presence of dementia. Individuals with a DLB diagnosis 

who do not present parkinsonian symptoms or only have one more core clinical 

features (bradykinesia, rest tremor, or rigidity) are classified as DLB [10, 11, 17].

 The treatment of DLB consists of low doses of dopaminergic medication since 

higher doses have been associated with increased confusion and hallucinations. 

The use of cholinesterase inhibitors has shown to be effective in improving cognitive 

function in DLB, with higher success rates than obtained in individuals with AD [16].

Multiple system atrophy
Initially, three different rare disorders were defined in the literature, i.e. olivoponto-

cerebellar atrophy, striatonigral degeneration, and Shy-Drager syndrome. Later, 

when it was shown that these three disorders had the same underlying pathology, 

they were unified under the umbrella term MSA. Incidence of MSA was reported 20 

years ago as 3–4 per 100,000 [18, 19], and more recent data on either incidence or 

sex prevalence are not available. The hallmark of MSA is neuronal loss caused by 

the presence of glial cytoplasmic inclusions (GCIs) which contain α-syn, and that 

can be found in oligodendrocytes in the olivopontocerebellar and striatonigral 

brain regions. Other pathological conditions have been associated with MSA, such 

as axonal degeneration, gliosis, and myelin pallor [20]. 

 Besides parkinsonian symptoms, MSA can present with autonomic dysfunction, 

ataxia, and pyramidal symptoms. MSA is clinically stratified into two subgroups 

according to the predominance of either parkinsonian features (MSA-P) or cerebellar 

ataxia (MSA-C) [21]. In general disease progression is faster in MSA-P and MSA-C 

compared to PD [22]. 

 To date, there is no treatment available for MSA. The use of dopaminergic 

medication shows some efficacy in MSA-P at the early stages of the disease, but in 

MSA-C the response to dopaminergic medication is generally poor [23]. 

Progressive supranuclear palsy
PSP is the most common type of APD. Vertical supranuclear gaze palsy and postural 

instability are the most typical clinical manifestation of PSP [24]. The incidence of PSP 

was recently reported as 10.8 per 100,000, with a rapid disease progression with an 

average survival of 2.9 years [25]. In PSP, neuronal loss is caused by the deposition 

of microtubule associated protein tau in the substantia nigra, globus pallidus, 

and subthalamic nucleus. Motor symptoms include gait and balance impairment, 

resembling typical PD symptoms, but their presence is much earlier and much 

more pronounced in PSP compared to PD. In addition, symptoms like loss of  

eye movement control, and alterations in behavior and mood are often present. 

The similarity of symptoms with those of PD could be explained by the overlap of 
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neuronal death in the substantia nigra. Mutations in the gene that encodes the tau 

protein (MAPT) have been linked to the development of PSP [26], however, most 

cases are sporadic.

 Due to the heterogeneity in symptoms, PSP is divided into two subgroups: 

Richardson’s syndrome, the most common type, which is characterized by postural 

instability, supranuclear ophthalmoplegia, and cognitive decline; and PSP-parkin-

sonism (PSP-P), which is characterized by tremor, and asymmetric onset [24, 27].

 The use of dopaminergic medication is the only pharmacological treatment 

available for PSP. In general, persons with PSP-P only benefit from this intervention 

in the early stages, but these effects are usually temporary. In addition, physical 

therapy is often helpful, while injections of botulinum toxin might improve eyelid 

impairment in Richardson’s syndrome [28].

Corticobasal syndrome
CBS is the least common disorder in the APD group; however, it is also one of the 

most difficult to diagnose due to the heterogeneity of symptoms, which includes 

movement, cognitive, and behavioral impairment. Motor symptoms are often 

present as parkinsonism-like symptoms in combination with limb apraxia, dystonia, 

myoclonus, and the “alien limb” phenomenon. In most cases, cognitive features 

occur more or less simultaneously with movement dysfunction. However, some 

patients only present with cognitive impairment at later stages, which makes the 

diagnosis more challenging due to similarities with PSP [29]. Some cases are 

reported as a combination of CBS with PD, AD, or PSP [30].

 Currently, the term CBS is used to refer to the clinical presentation independent 

of histopathological confirmation, whereas the term “corticobasal degeneration” 

refers to cases with confirmed pathology. It is estimated that 50% of CBS cases have 

CBD after neuropathological confirmation [31, 32]. Prevalence remains unknown 

and disease progression is usually faster than PD [33].

 In CBS, tau accumulation is found in the gray and white matter in the cortex 

and basal ganglia [34]. Just as in PSP, tau deposition might be linked to genetic 

alteration in the MAPT gene, but in general, cases are sporadic.

 Dopaminergic medication is often used in CBS patients with parkinsonian 

symptoms, however, patients have a very poor to moderate response, depending 

on the disease stage. For symptoms of limb dystonia injections of botulinum toxin 

can be prescribed, and clonazepam and levetiracetam are often used for the 

treatment of myoclonus [35].

Diagnosis of APD
Despite the efforts of movement disorders specialists, the differential diagnosis of 

the various forms of APD remains a challenge, especially at early disease stages. 
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Currently, a clinical diagnosis of APD disorders is, just as for PD, performed by 

movement disorders specialists based on the most recent specific criteria [11, 24, 

30, 36] defined for each disease, and includes imaging, disease progression, and 

response to dopaminergic medication. A final diagnosis is only possible with a 

neuro pathological examination of brain tissue. The rate of misdiagnosis based on 

clinical investigations alone can be as high as 15%, even in the hands of experienced 

movement disorder specialists [37-40]. Recently, two studies indicated a misdiagnosis 

of up to 35% of PD in their clinical cohorts [41, 42].

Biomarkers

By definition, a biomarker could be any kind of assessment that can be objectively 

measured to indicate a pathological process, to determine prognosis or response to 

pharmacological interventions [43]. Due to the similarity of symptoms in parkinsonian 

disorders, biomarkers have been sought to improve the early differential diagnosis 

or to better monitor disease progression.

 Several types of clinical, biochemical, pathological, imaging, or genetic tests 

have been assessed as a potential diagnosis or prognosis biomarker, mostly for PD. 

Studies first focused on the improvement of the clinical assessment to determine 

a correct diagnosis. In PD, examination of olfactory impairment and rapid eye 

movement sleep behavior disorder (RBD) using overnight polysomnogram, could 

provide early diagnosis at prodromal stage [44]. However, the positive predictive 

value for these assessments remains insufficient. As previously described in this 

chapter, the clinical phenotypes of parkinsonian disorders are often quite similar, 

making a diagnosis based purely on clinical grounds a challenge. In addition, 

parkinsonian symptoms are very heterogeneous and could present at different 

moments during the disease course.

 Imaging methods, such as magnetic resonance imaging (MRI), positron emission 

tomography (PET) or single-photon emission computed tomography (SPECT), 

have been investigated as a diagnostic biomarker by measuring abnormalities in 

SNpc, which is a common feature in PD and not present in disorders as MSA and 

CBS, whereas neuronal loss in SNpc does not occur [45]. Imaging methods as a 

biomarker showed thus far not to be suitable for early diagnosis, since visible brain 

alterations are generally only present in patients in late stages, when the disease is 

often well characterized and there is a substantial loss of neurons and, importantly, 

when an ancillary test is not really needed anymore to establish the diagnosis 

because the clinical phenotype has matured more fully by then. 

 Pathological examination in colon and skin, especially targeting α-syn, has 

been suggested as early disease biomarkers, however, contradictory results have 



CHAPTER 1

22

been obtained, since α-syn staining was not exclusive for disease state, but also 

visible in control cases, and therefore not suitable as a biomarker [2]. Genetic testing 

can make a definitive diagnosis but is not useful for diagnostic purposes in the 

majority of patients since cases are mostly sporadic.

 Body fluids are among the promising sources of biomarkers for PD/APD and 

received a lot of attention in biomarker research for parkinsonisms in the past years. 

To date, biomarker research has mostly focused on the use of blood and 

cerebrospinal fluid (CSF). The use of CSF might be more promising, since CSF is 

closer to the brain and more likely reflects disease alterations, while blood may 

reflect a systemic process and not a specific change caused by cerebral pathology, 

and cerebral biomarkers are usually lower requiring more sophisticated techniques.

 The first body fluid biomarker studies for parkinsonism focused on the 

measurement of proteins involved in the disease pathologies, e.g. α-syn and tau. 

Several studies have quantified total-α-syn levels in CSF, and the consensus is now 

that CSF total-α-syn levels are approximately 50% lower in PD compared to controls 

[46], which makes sense since the α-syn is converted into a misfolded aggregated 

form in PD. However, similarly decreased levels are found in other α-synuclein-

opathies such as DLB and MSA, and therefore total-α-syn levels are not useful to 

discriminate the various types of synucleinopathies. The concentrations of other 

α-syn species, such as oligomeric-α-syn and phosphorylated-α-syn, were increased 

in CSF of PD individuals compared to controls, but these could also not sufficiently 

discriminate PD from other synucleinopathies [47]. 

 In addition, a new methodology, named Real-Time Quaking-Induced Conversion 

(RT-QuIC), was recently developed to measure misfolded α-syn in CSF [48, 49]. 

Results from different centers comparing PD, DLB, MSA and controls all showed 

high sensitivity and specificity to discriminate α-synucleinopathies from controls, 

and one study was even able to diagnose patients in the pre-symptomatic phase 

[48, 50]. So far, this method cannot discriminate between the different synucle-

inopathies but could be useful to discriminate α-synucleinopathies from other 

parkinsonian disorders.

 CSF tau levels have also been investigated as a diagnostic biomarker in parkinsonism, 

but inconsistent results were obtained so far, showing similar total tau (t-tau) CSF 

levels in PD and controls [51], while another study reported lower t-tau levels in PD 

[52], which might be explained by the presence of tau in Lewy bodies, reducing its 

release towards CSF. In APD, t-tau levels were higher in CBS compared to PD and 

PSP [53] and higher in MSA compared to PD [51]. One group showed high t-tau 

levels in demented PD patients compared to non-demented [54].

 Neurofilament light chain (NFL) protein has been tested as a potential biomarker 

as well. So far, NFL in CSF seems to be the most promising biomarker for the 

discrimination of PD from APD. Studies using either CSF reported similar NFL levels 
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in PD and controls, but elevated NFL levels in APD discriminated APD from PD with 

diagnostic accuracy up to 91%. NFL is a reliable biomarker to discriminate PD from APD, 

however, discrimination among the different types of APD is not yet possible [55-57].

 There is a clear preference for use of blood instead of CSF since blood 

collection is less invasive and offers fewer risks for donors. In this case, if blood 

results are completely comparable with CSF, we should go for blood. However, if a 

panel of CSF biomarkers is used to acquire better discrimination, it makes more 

sense to keep CSF NFL and avoid unnecessary blood collection.

 In the past decade, other types of molecules, such as microRNAs and metabolites, 

have gained special attention as new classes of biomarkers. MicroRNAs emerged as 

potential biomarkers gave their function as regulators of messenger RNA translation 

into proteins [58, 59]. In this field, many exploratory studies were performed to 

identify microRNAs in brain tissue, blood or serum, and only a few were validated 

in larger sets of patients by different techniques [60]. The recent advances in 

metabolomics and proteomics allowed researchers to more intensively investigating 

metabolites and proteins (and also peptides) as biomarkers for parkinsonism [61-63]. 

However, studies in this field are not yet conclusive, especially due to the lack of 

validation of findings, but support a promising, new approach for biomarker 

identification. 

 To date, no single marker was able to clearly discriminate parkinsonian disorders. 

Therefore, there is a current consensus that a panel of biomarkers, including clinical 

and biochemical markers, could increase the discrimination accuracy. A few studies 

have investigated the possibility of biomarker panels, however, only based on 

biochemical quantification [64, 65], with a diagnosis accuracy up to 95% when 

comparing PD vs. APD. Further studies including clinical and biochemical markers 

could increase the diagnostic value of biomarker panels.

 A more complete overview of potential biomarkers for parkinsonisms in CSF is 

provided in chapter 2. So far, no biomarker is available for the diagnosis or prognosis 

of parkinsonism. Validation in larger cohorts from different centers remains 

necessary for further translation of these data into clinical practice.

Aim of the thesis

The aim of this thesis was to identify and validate new potential body fluid biomarkers 

for discrimination of parkinsonisms and assess their diagnostic utility in patients 

with an as yet uncertain diagnosis of parkinsonism. For this purpose. this thesis is 

divided into two categories: (1) the discovery of new proteins/peptides targets by 

proteomics approach, followed by validation with different techniques, and (2) the 

validation of previously suggested biomarkers for parkinsonism.
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Outline of the thesis

In Part I a general introduction is provided. In chapter 2, the most promising CSF 

biomarkers, previously investigated in parkinsonian disorders and other neuro-

degenerative disorders, are reviewed and their potential application in clinical 

practice is discussed. In part II, I describe different studies that I performed for the 

identification and validation of biomarkers for parkinsonisms. In chapters 3 & 4, 

I focused on proteomics for fluid biomarker discovery and further validation by 

different techniques. In chapter 3, I show how Galectin-1 was identified in CSF as a 

potential biomarker and validated as a diagnostic tool to discriminate PD patients 

from APD or controls. In chapter 4, I describe a study of tryptic peptides profiling 

in CSF to identify potential biomarkers for parkinsonisms, and the development of 

a method of selected reaction monitoring to reliably quantify these peptides in 

CSF to validate the findings. Biomarker panels including clinical and biochemical 

markers are shown to improved diagnostic accuracy. In chapters 5 & 6, I describe 

validation studies of potential biomarkers previously suggested by other studies. 

In chapter 5, I investigate the use of microRNAs as potential biomarkers in CSF 

for the discrimination of PD and APD and described how a panel of microRNAs 

can improve diagnostic accuracy. In chapter 6, I assessed the diagnostic value 

of neurofilament light chain levels in serum, a protein previously suggested as a 

biomarker for APD, for discrimination of APD from PD and controls in patients 

who had an uncertain diagnosis of parkinsonism. In chapter 7 (part III), I provide a 

general discussion about the use of biomarkers to discriminate parkinsonisms 

and discuss future perspectives of research in this field.
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Abstract

The incidence of neurodegenerative disorders is increasing due to worldwide 

population ageing. In general, sporadic forms account for 90% of total cases with 

neurodegenerative disorders and the reasons underlying initiation or progression 

of these diseases remain unknown for almost all disorders. To date, diagnosis is 

mainly based on clinical symptoms and neuroimaging, which is in many cases 

insufficient due to overlap in clinical symptoms among several neurodegenerative 

disorders. Therefore, post-mortem neuropathologic confirmation remains the gold 

standard diagnostic technique for many disorders. Biomarkers that could help in 

defining the clinical diagnosis, or predict disease progression and response to 

treatment would therefore be very useful. In this chapter, we discuss potential 

biomarkers in cerebrospinal fluid studied in synucleinopathies, tauopathies and 

other neurodegenerative disorders, and their possible application for clinical 

practice.

Keywords: Neurodegenerative diseases, cerebrospinal fluid, biomarkers, synuclei-

no pathies, tauopathies
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Introduction

The different neurodegenerative disorders discussed in this chapter all have specific 

constellations of signs and symptoms with different progression over time, but can 

be quite similar at early stages, which makes the diagnosis a challenge, and, 

unfortunately, a definite diagnosis can in most disorders only be made after brain 

autopsy. In general, neurodegenerative disorders are caused by abnormal levels or 

modification of specific proteins, and several are characterized by deposition of 

these proteins in specific brain regions. Those abnormalities could be caused by 

genetic alterations, but the incidence of sporadic cases is higher compared to 

genetic forms, and the reasons underlying the initiation of the disease processes 

remain unknown for almost all disorders.

 Neurodegenerative disorders are often grouped according to the main protein 

that deposits in the diseases. In this chapter, we discuss synucleinopathies, tauopathies, 

and a group of other neurodegenerative disorders that are more heterogenic, 

comprising different abnormalities. Synucleinopathies are characterized by deposition 

of α-synuclein (α-syn) protein in the cytoplasm of specific neurons or glial cells [1]. 

The specific function of α-syn in the brain is as yet not exactly known, but this 

protein has been related to vesicular biogenesis and trafficking, neural differentiation, 

and synaptic plasticity (reviewed in [2] and [3]). The disorders included in this  

group are Parkinson’s disease (PD), Dementia with Lewy bodies (DLB), and Multiple 

System Atrophy (MSA). Tauopathies are characterized by tau protein accumulation 

in the form of neurofibrillary tangles in various brain regions. The main function of 

tau is microtubule stabilization, and the loss of function is caused by tau hyper-

phosphorylation, reducing its affinity for microtubules [4]. The most common 

tauopathies are Alzheimer’s disease (AD), frontotemporal dementia, progressive 

supranuclear palsy (PSP), and cortical basal syndrome (CBS). The latter two will be 

discussed in this chapter. The third group we discuss is very heterogenic, with a 

variety of proteins that are involved in the disease pathologies. The diseases enrolled 

in this group are: Amyotrophic Lateral Sclerosis (ALS), Huntington’s disease (HD), 

ataxia, Creutzfeldt-Jakob disease (CJD), and narcolepsy.

 Biomarkers that are robust, easy to measure, accurate, and specific could 

help in disease differentiation, improve accuracy of diagnosis, predict disease 

progression, and may assist in monitor treatment effects for neurodegenerative 

diseases. Furthermore, biomarkers may especially be helpful at early stages when 

there is a lot of overlap in symptoms.

 Several studies have been performed to find suitable biomarkers in blood, 

serum, plasma, urine, saliva, and cerebrospinal fluid (CSF) for neurodegenerative 

disorders. Here we review CSF biomarker candidates for the above-mentioned 

disorders and discuss their potential use in clinical practice. 
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Parkinson’s disease (PD)

PD is the second most common neurodegenerative disease and the best-known 

movement disorder, affecting especially elderly people. PD is caused by accumulation 

of the protein α-syn in Lewy bodies in dopaminergic neurons, causing neuronal 

cell death, which leads to impaired movement control, manifested as bradykinesia, 

muscular rigidity, and rest tremor. Non-motor symptoms are also observed, such 

as neuropsychiatric dysfunctions, cognitive impairment, sleep disorders, olfactory 

dysfunction, autonomic dysfunction, and pain, some of them could be even 

observed 20 years before the first motor symptoms were detected [5].

 A reliable biomarker would be very helpful for identification of PD at early 

stages, especially since patients are easily misdiagnosed with atypical Parkinson 

syndromes (see next paragraphs about DLB, MSA, PSP, and CBS) due to the overlap 

in clinical symptoms. Despite the effort of several researchers to find biomarkers for 

PD that could help in early diagnosis and classification of parkinsonisms, until now, 

diagnosis is based on clinical evaluation, cerebral magnetic resonance image (MRI) 

and response to dopaminergic medication. Disease-specific CSF biomarkers are 

still lacking for PD [6].

 In this chapter, we focus on biomarkers that have highest potential for future 

application. For a more extensive overview of all potential PD biomarkers we refer 

to another review [7].

 Since PD is a synucleinopathy, many research groups have focused on 

measurement of α-syn CSF levels in PD and others disorders. Contradicting results 

have been found with either decreased or equal levels in PD as compared to 

controls and MSA (reviewed in [8]). Based on two meta-analysis studies, the current 

consensus is that α-syn CSF levels are lower in PD compared to controls, and are 

similar to those in MSA and DLB [9, 10]. Combination of a-syn with other proteins 

like tau, phosphorylated tau (p-tau), Amyloid-β42 (Aβ42), or neurofilament light 

chain (NFL) may improve differential diagnosis from PD with dementia (PDD), DLB, 

AD and other neurodegenerative disorders (reviewed in [8]).

 Two recent studies investigated α-syn levels as a biomarker of disease 

progression. Both found a correlation between increased CSF α-syn levels and 

cognitive decline over up to eight years follow-up [11, 12]. A positive correlation of 

worsening of motor symptoms and increased CSF α-syn levels was observed over 

a period of two years follow up [12]. In a longitudinal study in a patient cohort 

treated with dopaminergic medication, three newly developed assays were able to 

measure α-syn in various conformations: oligomeric, phosphorylated at serine 129, 

and total α-syn. It was observed that total and oligomeric α-syn CSF levels were 

increased after two years of medication use, while phosphorylated α-syn levels 

were reduced. In addition, worsening of motor symptoms was correlated to 
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changes in the ratio oligomeric α-syn/total α-syn [13]. These findings suggest the 

use of total and oligomeric α-syn CSF levels as potential biomarkers for disease 

progression, but additional validation studies are required to arrive at a final 

conclusion.

 A newly developed technique, real-time quaking-induced conversion 

(RT-QuIC), first introduced for quantification of the prion protein in CJD, was 

recently applied for α-syn in PD. Briefly, this technique is based on the ability of 

misfolded proteins to induce further misfolding of normal proteins into the 

abnormal form. The presence of misfolded proteins is evaluated by the ability of 

these proteins to transform recombinant protein added to patients’ CSF with a 

normal conformation into an abnormal conformation. The total amount of 

misfolded protein formed during the incubation is quantified using a sensitive 

fluorescent dye (thioflavin T) [14]. One group successfully implemented α-syn 

RT-QuIC for PD using brain tissue and validated the method in CSF showing that 

α-syn RT-QuIC was able to discriminate PD from controls with a sensitivity of 95% 

and specificity of 100% [15].

 DJ-1 loss of function is linked to familial PD, due to a mutation in the gene 

PARK7 [16]. Loss of DJ-1 function may lead to diminished neuroprotection from 

oxidative stress in sporadic PD [17, 18]. Since DJ-1 dysfunction is also present in 

idiopathic PD, its potential as biomarker for early diagnosis of PD was measured in 

CSF, but this yielded contradictory results with either increased or decreased levels 

in PD compared to controls or other neurodegenerative disorders [19-23].

 Neurofilament (NF) proteins play a role in maintenance of neuronal structure, 

enzymatic function, and axonal regeneration, and disturbances in these protein 

functions could lead to neurodegeneration [24]. Together with α-syn, NF proteins, 

are a component of Lewy bodies [25]. CSF levels of neurofilament light chain (NFL) 

were measured in PD, other neurodegenerative diseases and controls. Studies 

indicated no difference between PD and controls, but increased levels were found 

in MSA, PSP, and CBS suggesting its use for discrimination of PD from atypical 

parkinsonism disorders, with moderate-to-high accuracy levels up to 95% [26-32].

 Amyloid β (Aβ) and tau proteins, previously described as biomarkers for AD, 

were evaluated in PD as potential biomarker for cognitive decline. CSF Aβ42 and 

tau levels, or a combination of them, were able to predict cognitive impairment in 

PD or discriminate PD patients with dementia (PDD) from non-demented PD 

patients [33-38]. 

 MicroRNAs are part of the spectrum of non-coding RNAs, with an average 

length of 20 nucleotides, and function as regulators of messenger RNA (mRNA) 

translation [39, 40]. MicroRNAs are a relative new class of promising biomarkers 

and have been studied in brain tissue, blood, and serum for several diseases, 

including neurodegenerative diseases [41]. MicroRNA concentrations in CSF are 
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however very low, which makes their quantification difficult and hard to reproduce. 

In addition, blood contamination could influence microRNA levels in CSF, which 

requires more attention for sample selection [42, 43]. To date, two groups studied 

a profile of circulating microRNAs in PD CSF [44], or CSF-derived exosomes [45], 

compared to a control group. Both studies found deregulated microRNAs compared 

to controls or AD, either increased or decreased, especially the ten microRNAs that 

were defined as PD-specific in both studies. We recently investigated CSF levels of 

microRNAs that were previously suggested as potential biomarkers for PD, and 

showed that a combination of these microRNAs could differentiate PD from control 

and MSA with an accuracy of respectively 96% and 86% [46].

 Overall, NFL is the most promising biomarker for discrimination of PD and 

atypical parkinsonisms (see also below), with diagnostic accuracy levels up to 95%. 

However, although NFL CSF levels are suitable to identify atypical parkinsonisms, 

they are less suitable for discrimination of PD from controls. In addition, α-syn 

levels assessed by RT-QuIC (95% accuracy) may be a PD progression marker and a 

combination of microRNAs (96% accuracy) may help to identify PD patients. Further 

validation remains necessary, and probably a combination of all markers is most 

optimal for improved diagnosis. 

Dementia with Lewy bodies (DLB)

DLB is, like PD, a member of the group of synucleinopathies and part of the PD 

spectrum. In DLB, accumulation of α-syn is not restricted to the substantia nigra, 

but is particularly present in cortical areas, causing cognitive impairment and 

dementia. In addition, parkinsonian features may occur [47]. Furthermore, tau and 

Aβ pathologies (tangles and plaques) are often present in combination with α-syn 

accumulation. Due to overlap in clinical and pathologic findings, discrimination 

from PD, PDD and AD can be challenging, which explains why this disorder is also 

known as a disease “in between” AD and PD (reviewed in [48]).

 The Movement Disorder Society (MDS) Task Force recently omitted the “one 

year-rule”, which separated PDD and DLB. If a patient presents with motor symptoms 

and meets full clinical criteria for PD, the diagnosis of PD is applied, regardless of 

the presence or timing of dementia. Patients with DLB diagnosis who do not have 

parkinsonism, are still classified as DLB [6, 49].

 CSF levels of Aβ40 and Aβ42 were lower in DLB compared to controls, PD and 

PDD. Based on these differences in concentration, the patient groups could be 

identified with an accuracy of 82% [50, 51]. No consistent differences were found 

compared to AD, as either higher [50] or lower Aβ40 and Aβ42 levels were found in 

DLB CSF as compared to AD [51, 52]. Tau levels were lower in DLB when compared 
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to AD, but higher in DLB compared to PD and PDD (reviewed in [53]). Furthermore, 

a combination of low Aβ42 and high tau levels in CSF discriminated DLB from PD 

[54]. In addition, CSF levels of Aβ40, Aβ42, and tau were lower at prodromal stages 

of DLB compared to the prodromal stages of AD with diagnostic accuracy up to 

95% [52]. Considering that at prodromal stage it would be most helpful to have 

biomarkers for diagnosis, this finding indicates the use of Aβ40, Aβ42, and tau as 

potential biomarkers for discrimination of DLB from AD.

 A meta-analysis study identified that CSF α-syn levels were lower in DLB than 

in AD, but no differences were found compared to controls, PD, PDD or MSA [55]. 

In contradiction, one study that controlled for possible influences (such as age, 

sex, and blood contamination), found higher α-syn levels compared to AD and 

controls, but these findings still need to be confirmed [56]. This study, however, 

points out the importance of strictly controlling for possible confounders in future 

studies. In addition, the ratio of tau/α-syn was recently suggested to improve 

discrimination of DLB from controls, with an area under the curve of 87% [57]. 

 Due to the similarity with PD, other potential PD biomarkers were also tested in 

DLB. NFL protein, which is increased in atypical parkinsonism, was higher in DLB 

compared to controls, but at similar levels as in other dementias (reviewed in [48]).

 To date, none of the proposed biomarkers for DLB have reached application in 

clinical practice yet. Combinations of Aβ40, Aβ42 and tau could help DLB 

discrimination from PD and AD, the latter one in prodromal stages. Although NFL 

levels were able to discriminate DLB from controls, levels are similar compared to 

other dementias.

Multiple System Atrophy (MSA)

MSA is also part of the group of synucleinopathies but in contrast to PD, α-syn 

accumulation in MSA is mostly in the form of glial cytoplasmic inclusions (GCIs) 

[58]. MSA is characterized by different combinations of parkinsonian, cerebellar, 

pyramidal and autonomic features.

 There are two variants of this disease: (1) MSA with predominant parkinsonian 

features (MSA-P) and (2) MSA with predominant cerebellar ataxia (MSA-C). The 

clinical symptoms of MSA-P overlap with those of PD, especially at early stages of 

the diseases, but with distinct prognosis and survival rate. The clinical symptoms of 

MSA-C overlap with some types of ataxias, such as SCA.

 Both diagnoses are based on clinical evaluation, and cerebral MRI, and, in case 

of MSA-P poor response to dopaminergic treatment [59]. CSF biomarkers may be 

very useful for discrimination of MSA from PD and the various atypical parkinsonisms, 

such as DLB and PSP.
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 Several studies have been performed to find biomarkers for MSA, but no 

consistent results were found yet. This chapter focuses on the most promising 

biomarkers, for a more complete overview of all potential biomarkers that were 

already tested in CSF we refer to a recent review [60]. Due to the similarity between 

PD and MSA pathologies, there is an overlap of potential biomarkers for both neuro-

degenerative disorders. 

 To date, twelve studies measured α-syn levels in CSF of MSA, PD, controls, and 

other neurodegenerative disorders. Among them, eight reported lower α-syn levels 

in MSA than in controls, one of them also found lower levels in MSA compared to 

PD, while four studies reported similar levels in MSA, PD, and controls (reviewed in 

[60] and [8]). Five studies were conducted comparing α-syn CSF levels in MSA, PSP 

and CBS. Two of them found lower levels in MSA, and the other two reported 

similar levels in MSA, as compared to PSP and CBS [29, 30, 61-63].

 Three groups tested DJ-1 levels in CSF as potential biomarker [20, 22, 23]. 

These results were contradictory, since one of them found similar levels in MSA and 

controls, while a second group reported lower levels, and a third group reported 

elevated levels in MSA. The latter group also reported higher DJ-1 levels in MSA 

compared to PD.

 Biomarkers used for AD were also tested in MSA, such as Aβ, amyloid precursor 

protein (APP), total tau and phosphorylated tau. Among the seven studies that 

measured Aβ42 levels in MSA CSF, five of them reported similar levels in MSA and 

controls, while two other studies showed decreased levels. Another three studies 

reported lower levels of Aβ42 in MSA compared to PD, PSP, CBS, or AD. In contrast, 

eleven studies reported similar levels of Aβ42 in MSA, PD, PSP and AD, while only 

one study found increased Aβ42levels in MSA compared to DLB and AD (reviewed 

in [60]). CSF levels of Aβ40 in MSA were similar to controls, PD, AD and other atypical 

parkinsonism in two studies [64, 65]. At last, APP levels were found reduced in MSA 

compared to controls, PD, PSP, and CBS in one study [29], and at equal levels in 

another study that compared MSA to PD, AD, and atypical parkinsonisms [66].

 Tau protein was measured in CSF of MSA patients and controls by ten research 

groups, but showed contradictory results. Five of them reported increased levels in 

MSA compared to controls, while the other five studies reported no differences. In 

six studies, higher tau levels were found in MSA compared to PD, while another six 

studies reported similar levels. None of the studies found differences with other 

atypical parkinsonism or between MSA subtypes, but five reported lower tau levels 

in MSA in comparison to AD [20, 22, 28-31, 63-69].

 NFL protein levels in CSF were consistently higher in MSA in all nine studies that 

compared NFL levels to controls and PD, with an accuracy up to 93% [26-30, 32, 66, 

68, 70]. One study identified the potential of NFH as a biomarker for discrimination 

of MSA from controls, PD, and CBS, with a sensitivity of 61.2% and specificity of 

87.7% [71]
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 A combination of nine protein biomarkers has been proposed by one group. 

The proteins included were: total tau, phosphorylated tau, Aβ42, NFL, α-syn, YKL40, 

MCP-1, sAPPα, and sAPPβ. These markers together reached accuracy levels of 96% 

for discrimination of MSA from PD [29]. This study requires independent replication, 

however.

 To our knowledge, we were the first to perform a study with MSA samples in 

which microRNAs in CSF were studied as potential biomarkers. None of the tested 

microRNAs was individually able to reach high accuracy levels to identify MSA, but 

two panels with different microRNA combinations discriminated MSA from controls 

(area under the curve of 86%) or PD (area under the curve of 96%) [46]. However, 

limitations do apply to microRNA biomarker studies, as reproducible microRNA 

measurements in CSF are – in general - a challenge, and in addition, blood 

contamination of CSF could also influence microRNA levels (see paragraph about PD).

 Until now, none of the studied biomarkers is used in clinical practice for 

diagnosis of MSA or for differentiation between MSA variants. NFL proteins are 

promising biomarkers for discrimination of MSA from PD. In addition, microRNAs 

and the combination of nine markers mentioned above may offer possibilities for 

future implementation. It should be noted, however, that the panels of microRNAs 

and nine protein markers first need independent validation.

Progressive Supranuclear Palsy (PSP)

PSP is a sporadic tauopathy and the second most common atypical parkinsonism. 

Since tau deposits may occur in substantia nigra neurons, clinical symptoms may 

resemble PD, which leads to difficulty in obtaining an accurate diagnosis. The major 

symptoms of PSP are early postural instability, vertical supranuclear gaze palsy 

along with bradykinesia and, as progression occurs over time, frontal behavior 

disturbances, executive function impairment and bulbar symptoms [72, 73]. At an 

early stage, the motor symptoms already respond poorly to dopaminergic 

treatment. PSP can be misdiagnosed as PD, MSA, DLB, and CBS, especially at the 

beginning of the disease course.

 Currently, PSP is divided in two categories: (1) Richardson’s syndrome (RS), 

which is characterized by postural instability, supranuclear ophthalmoplegia, and 

cognitive decline; (2) PSP-parkinsonism (PSP-P), which is described by tremor, 

asymmetric onset, and moderate response to anti-Parkinsonism medication [74]. 

Diagnosis is based on clinical evaluation of motor symptoms and poor response to 

dopaminergic medication [72].

 Because of the underlying pathology of tau accumulation, several research 

groups measured total and phosphorylated tau levels as a potential biomarker for 
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PSP. Similar levels compared to controls were reported by some groups [30, 75-78]. 

Lower tau levels were found in PSP compared to CBS [76, 79, 80], PD [80] and AD 

[77, 81]. In contrast, one study showed increased levels of tau in PSP compared to 

controls and PD [64]. Therefore, tau levels are not a suitable biomarker for PSP.

 CSF Aβ42 levels in PSP were reported as follows: decreased levels compared 

to controls, increased levels compared to AD, but similar levels compared to CBS 

[77]. Three other groups indicated no differences when Aβ42 levels for PSP were 

compared to PD, CBS, and controls [64, 80, 82].

 CSF NFL levels were higher in PSP compared to PD and reached accuracy 

levels of 93% for discrimination of these groups, but similar levels were found 

compared to other atypical parkinsonian syndromes [27, 29, 30, 32]. These findings 

were confirmed in a meta-analysis [83]. Neurofilament heavy chain (NFH) was also 

increased in PSP compared to PD, CBD and controls with a sensitivity of 76.5% and 

specificity of 94.4% [71].

 CSF α-syn levels were also measured as potential biomarker for PSP. Although 

similar levels were reported in PSP, PD and other atypical parkinsonisms by one 

group [84], two other studies showed that CSF levels of α-syn were lower in PSP 

than in AD, and higher than PD and MSA with a moderate accuracy of 63% [30, 62]. 

A meta-analysis study also revealed that α-syn levels were higher in PSP compared 

to PD and MSA, with an increase of 38% vs. PD and 66% vs. MSA [10]. In contrast to 

these studies, another study showed that CSF levels of total and phosphorylated 

α-syn were lower in PSP compared to PD, and similar to MSA [61].

 The combination of nine protein markers, as mentioned above in the paragraph 

about MSA, was also applied to CSF from PSP patients [29]. It was shown that this 

protein panel could discriminate PSP and PD with high accuracy levels, up to 95%. 

This combination of protein markers may offer a great potential as PSP biomarker, 

especially since some of the individual markers were already confirmed previously 

as potential PSP marker [29]. However, given the complexity of robust and 

reproducible quantification of nine biomarkers at the same time, these findings 

require independent reproduction and standardization of methods.

 To conclude, NFL may be a promising biomarker for PSP, and should be further 

investigated.

Corticobasal syndrome (CBS)

CBS is a progressive disorder with a combination of movement, cognitive, and 

behavioral impairment, which makes the diagnosis a challenge due to similarity to 

other diseases, like PD, AD, and PSP. CBS is a tauopathy, and neuronal tau 

accumulation is found in the gray and white matter in the cortex and basal ganglia. 
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The most characteristic symptoms are unilateral rigidity and apraxia with additional 

basal ganglionic features (bradykinesia, tremor, limb dystonia), and cortical features 

(aphasia, cortical sensory loss, alien limb phenomenon, myoclonus) (reviewed in 

[85]).

 Diagnosis is based on clinical evaluation of the symptoms described above and 

the poor response to dopaminergic medication [86]. Biomarker research for CBS is 

still relatively scarce.

 Since CBS shares many clinical symptoms with PSP, several groups focused 

their biomarker research on discrimination of both diseases, which are discussed in 

the above paragraph about PSP. In addition to these studies about discrimination of 

CBS from PSP, one study compared tau CSF levels in CBS to those in PD, PDD, DLB, 

and MSA [30]. In this study, higher tau levels for CBS were observed compared to 

these other diseases.

 As well as for other parkinsonism disorders, NFL and NFH proteins seems to be 

the most promising biomarkers for CBS, being able to discriminate CBS from other 

neurodegenerative disorders.

Amyotrophic Lateral Sclerosis (ALS)

ALS is characterized by lower and upper motor neuron degeneration, leading to 

symptoms like muscle weakness and atrophy, spasticity, dysarthria, dysphagia, and 

respiratory insufficiency. The latter is the major cause of death after three to five 

years of disease onset [87]. More than 25 mutated genes have been identified as 

genetic causes of inherited ALS (reviewed in [88]), accounting for up to 10% of all 

ALS cases, and leaving 90% as sporadic cases of disease [89]. As in other neurode-

generative disorders, protein aggregation is important in ALS. Two proteins are 

known to accumulate inside neuronal cells, namely SOD1 and TDP-43 proteins 

[90].

 To date, ALS diagnosis is highly accurate, but only at late stages, and it is based 

on clinical evaluation, MRI, electromyogram, and nerve conduction studies. CSF 

analysis is often performed to exclude other diseases such as (infectious or 

inflammatory) polyradiculitis or polyneuropathy [91]. Biomarkers would be very 

useful for correct identification of ALS at early stages before severe symptoms 

occur.

 For a complete overview of all markers already tested in CSF of ALS patients, 

we recommend two recently reviews [88, 92].

 NF proteins are the most promising biomarkers for ALS. All 18 studies that 

evaluated CSF levels of NFL and phosphorylated NFH (pNFH) in ALS, recently 

reviewed by Costa and Carvalho [88], consistently reported higher levels in ALS in 
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comparison to controls, PD and other neurodegenerative diseases. Moreover, NFL 

and pNFH CSF levels were also negatively correlated with survival rate and positively 

correlated to disease progression. A ratio of pNFH levels and complement 3 (C3) 

was able to discriminate ALS from controls with a sensitivity of 87.3% and specificity 

of 94.6% [93].

 The proteins that accumulate in ALS brains, SOD1 and TDP-43, have also been 

analyzed as CSF biomarkers for ALS. For SOD1, however, contradictory results were 

obtained. While one study reported increased levels of SOD1 in ALS patients 

compared to controls, two other studies found lower SOD1 levels, and another two 

studies found no differences between groups for SOD1 (reviewed in [88, 92]). 

TDP-43 levels were increased in sporadic cases of ALS in three studies with a 

sensitivity of 59% and specificity of 96%, and in one of these studies TDP-43 levels 

discriminated ALS from Guillain-Barré syndrome with a sensitivity of 71% and 

specificity of 84% [94-96]. It was suggested, however, that TDP-43 in CSF is 

incorporated in exosomes originating from blood [97], which may limit its biomarker 

function.

 Metalloproteinases comprise another class of proteins that are known to 

contribute to ALS development due to their role in blood brain barrier disruption. 

These proteins were tested in CSF as potential biomarkers for ALS. Two studies 

found opposite results. The first one reported increased levels of metalloproteinase 

9 (MMP-9) in ALS patients compared to controls, and also showed correlation of 

MMP-9 levels to disease progression, while MMP-2 levels were similar in ALS and 

controls [98]. In contrast, the second study showed lower levels of MMP-9 in ALS 

compared to controls, and increased levels of MMP-2 in the ALS patient group [99].

 Inconsistent results have also been reported for total and phosphorylated tau 

CSF levels in ALS patients. Two studies reported similar tau levels in ALS and controls 

[100, 101], one other study reported increased levels of tau in ALS [102], whereas, in 

contrast, lower levels of both total and phosphorylated tau were observed in yet 

another study [103].

 A combination of three biomarkers, transthyretin, cystatin C and the carboxy- 

terminal fragment of neuroendocrine protein 7B2, was also tested as biomarker for 

ALS, and was shown to distinguish ALS from controls with 80% of sensitivity and 

100% of specificity [104]. Another protein panel consisting of various cytokines was 

able to discriminate ALS from controls with an accuracy level of 89% [105].

 Until now, NFL and pNFH are the most promising biomarkers for discrimination 

of ALS from control, AD, and PD. Furthermore, currently one prospective clinical 

study is ongoing, which may increase our knowledge [92] on NF proteins as ALS 

biomarkers. Other biomarkers are still uncertain and require more studies, and 

unfortunately, early biomarkers have not been identified as yet for ALS.
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Huntington’s Disease (HD)

HD is an autosomal dominant neurodegenerative disorder due to an abnormal 

expansion of HTT gene on chromosome 4, which encodes for the protein 

huntingtin. Expansion of the trinucleotide CAG, also known as polyglutamine 

(polyQ), leads to a protein aggregation that is toxic to cells, causing the death of 

striatal neurons. This disorder is clinically characterized by a triad of motor (chorea, 

impaired balance), cognitive (bradyphrenia) and psychiatric symptoms (agitation, 

apathy, impulsivity) [106].

 The number of CAG repeats is variable among patients and the PolyQ length is 

negatively correlated to disease onset. Therefore, longer PolyQ corresponds to 

earlier onset of symptoms. In addition, longer PolyQ length was positively correlated 

to high disease incidence [106]. To date, diagnosis is based on clinical evaluation for 

motor disability, cognitive decline, and behavior alterations, as well as genetic 

testing for inheritance of the mutant HTT gene containing CAG repeats [107]. For a 

complete overview of all biomarkers candidates already tested in CSF for HD we 

recommend a recent review [108].

 A number of studies have been published on the relation between CSF 

biomarkers and HD disease progression. First, ubiquitin protein, previously related 

to HD for its importance in clearance of misfolded proteins, was identified by 

proteomic analysis in increased levels compared to controls. Furthermore, ubiquitin 

levels were correlated to disease progression [109]. Therefore this protein represents 

a good possibility as biomarker, but needs further validation.

 Second, Wild et al. [110] was the first group able to measure the concentration 

of mutant huntingtin protein in CSF. This mutant protein was present in HD patients, 

but absent in controls. Mutant huntingtin protein was positively correlated to 

disease severity, and the authors found a correlation of mutant huntingtin with tau 

and NFL levels [110].

 Third, tau and NFL levels were found increased in HD in three studies in 

comparison to controls. These differences were retained when correcting for age 

[111-113].

 To conclude, increased levels of ubiquitin, mutant huntingtin, tau, and NFL in 

CSF are promising biomarkers for monitoring disease progression, but validation in 

larger cohorts remains necessary.
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Ataxias

Ataxias form a heterogenous group of neurodegenerative disorders, with distinct 

phenotypes. The common symptom is cerebellar ataxia, that is caused by 

progressive atrophy of the cerebellum, and loss of Purkinje cells, which leads to 

balance problems, limb and gait ataxia [114].

 There are three main classes of ataxia: (1) hereditary ataxia, (2) idiopathic late 

onset cerebellar ataxia, which is caused by progressively damage in the cerebellum, 

but with unexplained causes; (3) acquired ataxia, which usually develops more 

rapidly and could be caused by brain injury (trauma), stroke, intoxication, metabolic 

disorders, infection or inflammation.

 Ataxia diagnosis is mainly based on clinical evaluation, family history, and MRI; 

and genetic blood tests are often used for identification of hereditary disorders. 

A final diagnosis is challenging due to the huge overlap of symptoms among all 

ataxia types and other disorders, such as MSA-C.

 The most well-known ataxia disorders are: Friedreich’s ataxia (FA), ataxia-telan-

giectasia, congenital ataxia, Wilson’s disease, spinocerebellar ataxias (SCA), episodic 

ataxia (EA), and X-linked ataxias. To date, no biomarker is available for any ataxia 

subtype and there is a lack of biomarker research for these disorders. The few 

available biomarker studies are pointed out below.

 FA is the most common type of hereditary ataxia affecting people below 20 

years of age and is part of the group of autosomal recessive ataxia disorders. 

Corresponding symptoms are gait ataxia, that could also progress to arms and 

trunk; muscles weakness, which could cause deformities in their feet, legs and 

hands; dysarthria; involuntary eye movements; and cardiomyopathy [115]. More 

than two decades ago decreased thiamine levels in CSF of FA patients compared to 

controls have been identified [116, 117]. FA patients also had decreased CSF levels 

of the dopamine metabolite homovanillic acid (HVA) and the serotonin metabolite 

5-hydroxindoleacetic acid (5-HIAA) compared to controls [118]. However, none of 

these parameters reached sufficient accuracy levels for use as biomarkers for FA.

 Wilson’s disease is caused by a gene mutation in copper metabolism causing 

an excessive accumulation of copper in tissues, including brain, leading to 

neurologic abnormalities. Disease onset is usually in late adolescence. Symptoms 

include cerebellar ataxia, tremor, abdominal pain, difficulty in walking, talking, and 

swallowing, plus high mental illness [119]. The treatment is very well established, 

which explains the lack of biomarkers studies. Only one study from more than two 

decades ago found high levels of copper in Wilson’s disease patients’ CSF compared 

to controls, but no further studies were found [120].

 SCA is the umbrella term for at least 40 different types of hereditary ataxia that 

often manifests during adulthood, and is caused by mutations in different genes, 
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with high variability of symptoms depending on the gene mutation[121]. To date, 

most of studies focused on MRI or blood for finding biomarkers that could 

differentiate SCA types, but not a lot of reasearch has been done on CSF. A recent 

study measured the levels of four proteins (tau, α-syn, DJ-1, and glial fibrillary acidic 

protein) in CSF in three diffente types of SCA, MSA-C, and controls [122]. Since the 

targets showed non-significantly increased levels in SCA compared to controls, 

they can not serve as biomarkers for SCA. However, these findings may be of relevance 

for patients with a wide differential diagnosis including e.g. SCA and tauopathies. 

 In short, ataxia is a large, heterogenous group with several complex diseases 

with high overlap in symptoms. To date, no biomarker has been identified for any 

of these disorders and a lack of knowledge in this field remains.

Creutzfeldt-Jakob Disease (CJD)

Creutzfeldt-Jakob disease (CJD) is a rapidly progressive neurodegenerative disorder 

belonging to the human prion diseases also known as transmissible spongiform 

encephalopathies. Sporadic CJD (sCJD) is the most common form and accounts 

for 85% of all cases with disease onset, in general, at 70 years of age. CJD is caused 

by misfolding of the prion protein (PrP) into the disease form (PrPSc, leading to prion 

plaques and spongiform changes in the brain (reviewed in [123] and chapter 8 in 

this book).

 CJD is characterized by rapidly progressive dementia, ataxia and myoclonus. 

A final diagnosis is only possible with brain biopsy, but a probable diagnosis is 

reached by evaluating MRI, electroencephalogram (EEG), clinical symptoms, and 

CSF analysis of 14-3-3 protein for exclusion of other progressive neurodegenerative 

disorders [124, 125].

 The 14-3-3 protein is currently already used as a biomarker in CJD diagnosis. 

Increased 14-3-3 protein levels in CSF discriminated CJD from controls and other 

neurodegenerative disorders with high accuracy up to 97%, as shown by several 

groups [126-134]. However, in a large multicenter study, one group observed that 

the specificity of increased 14-3-3 levels for CJD decreases when comparing to 

acute neurological disorders (accuracy down to 87%) [126]. 

 The tau protein was also tested as potential biomarker for CJD. Total tau levels 

were very strongly increased in CJD compared to controls or AD patients, and a 

significant increase was observed both in patients with the sporadic and inherited 

forms of CJD, with an accuracy up to 99% [51, 126-132, 135-137]. Another study 

reported a positive correlation of total tau CSF levels with cognitive decline as well 

as disease severity [138]. Moreover, total tau was indicated as a biomarker for: (1) 

discrimination of CJD from controls when the results of 14-3-3 are inconclusive 
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[129, 130], (2) discrimination from AD [139, 140], (3) the ratio of phosphorylated tau 

/ total tau discriminates CJD from AD [133], (4) combination of very high total tau 

levels and normal-to-mildly-elevated phosphorylated tau discriminates CJD from 

controls [136]. Finally, a combination of 14-3-3 and tau could further improve the 

diagnostic accuracy for CJD [133].

 Several attempts have been made to quantify the PrPSc protein in CSF as a 

diagnostic measure for CJD, but the results were inconclusive, as equal or lower 

levels of this protein in CJD CSF compared to AD or controls were found [141-144]. 

Of more recent date is the development of the so-called RT-QuIC assay to quantify 

levels of PrPSc [145]. Many groups have been testing PrPSc using this assay in CJD, 

all presented good results in comparison to controls with high sensitivity up to 97% 

and specificity up to 100% (reviewed in [123]). Although not yet implemented in 

clinical practice, several centers are now incorporating this technique for PrPSc 

quantification as this assay offers a good possibility for early diagnosis.

 In summary, 14-3-3 protein is well established as a biomarker for CJD, and is 

currently used for diagnostic discrimination from controls and other neuro-

degenerative disorders. Total tau, and the phosphorylated tau/ total tau ratio are also 

a very useful biomarker for CJD, also when 14-3-3 results remain inconclusive. 

In addition, the RT-QuIC assay made it possible to quantify misfolded PrP, and showed 

to have extremely high accuracy levels for discrimination of CJD from controls.

Narcolepsy

Narcolepsy is associated with loss of the neurotransmitter hypocretin (orexin) in 

neuronal tissue, causing alterations in sleep cycle behavior and often including 

symptoms of cataplexy [146]. Hypocretin is produced in the dorso-lateral 

hypothalamus and acts as an excitatory neurotransmitter. It is suggested that it 

plays a role in important functions in the central nervous as sleep control, regulation 

of neuroendrocrine, cardiovascular and gastrointestinal systems, as well as feeding 

and energy regulation (reviewed in [147]).

 Currently, narcolepsy is divided in three groups for diagnostic purposes: (1) 

narcolepsy with cataplexy, (2) narcolepsy without cataplexy, (3) secondary 

narcolepsy. Diagnosis is based on extensive clinical evaluation, polysomnogram 

and multiple sleep latency tests for all cases, and hypocretin CSF levels up to 110 

pg/mL is used for identification of narcolepsy with cataplexy [146].

 Biomarker studies for narcolepsy patients focused on measurement of hypocretin 

levels in CSF, which showed to be very low or even undetectable in narcolepsy 

patients compared to controls. This is currently implemented for narcolepsy 

diagnosis [148-153].
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 Also proteins related to other neurodegenerative disorders were assessed as 

biomarker for narcolepsy. Lower levels of Aβ42 and tau were found in CSF 

compared to controls, especially Aβ42 in patients with short disease duration 

[153-155]. Moreover, Aβ42 levels were positively correlated to disease progression 

[154]. Furthermore, increased phosphorylated tau levels in CSF were observed in 

patients with long disease duration compared to the group of short disease duration 

and controls [154]. In another study, CSF levels of Aβ42, total and phosphorylated 

tau were also measured in (1) narcolepsy patients with low hypocretin concentration 

and typical cataplexy, and (2) narcolepsy patients with normal hypocretin and mild 

cataplexy-like symptoms [156]. In contradiction to the above studies, increased 

levels of Aβ42 were found in the group of patients with normal hypocretin compared 

to the other group and to controls.

 To conclude, hypocretin levels in CSF remains the best biomarker for narcolepsy 

and is already implemented in routine diagnostics. Aβ42 and tau levels could also 

be used as biomarkers, but these still need further validation.

Clinical trials

Currently, several clinical studies are being done or recruiting participants for CSF 

analysis of patients diagnosed with neurodegenerative disorders to assess the 

potential of many markers for clinical application.

 Two clinical studies are recruiting participants for measurement of α-syn in  

CSF of PD, MSA, PSP, and CBS patients to assess its potential as biomarker for 

diagnosis of PD and discrimination from atypical parkinsonism, as well as analyzing 

disease severity and monitoring disease progression (NCT02114242 – France and 

NCT01485549- France). Other groups are focusing on measurement of NFL, total 

tau, tau isoforms, and phosphorylated tau in PSP patients, as well as PD and other 

atypical parkinsonism (NCT02778607 - United Kingdom and NCT02964637 - 

Canada). A Swedish study is now recruiting participants to build a large cohort of 

patients with DLB, AD, and vascular dementia to further evaluate CSF biomarkers 

(NCT01208675). Two clinical studies are being performed with ALS patients: (1) 

evaluate the potential of the ratio of pNFH and complement factor C3 as biomarker 

in a larger number of recently diagnosed patients with ALS (NCT02759913 - United 

States), (2) microRNA profile in CSF (NCT01992029 - France). Finally, a clinical study 

in the United Kingdom is recruiting HD patients for evaluation of mutated huntingtin 

protein in CSF as HD biomarker (NCT02855476).

 Results of these studies above mentioned will give us more insights about 

potential biomarkers in near future.
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Conclusion

It is often difficult to precisely diagnose and distinguish the various neurodegener-

ative disorders. Diagnosis mainly relies on clinical evaluation, but post-mortem 

pathologic findings remain the gold standard due to lack of reliable biomarkers 

during life. Although CSF is the body fluid most likely to reflect neurological 

pathologies, its low concentration of proteins, microRNAs, amino acids, turns 

biomarker research into a challenge. In studies where candidate biomarkers have 

demonstrated positive results, the differences are small and there is considerable 

overlap within different diseases groups, as well as control groups. However, new 

techniques are being developed that are more sensitive, which in combination with 

more information about the disease mechanisms that is being gained, probably will 

lead in the near future to development of clinically useful CSF biomarkers.

 Currently, the following CSF biomarkers seem to be the most promising ones 

that have strong potential to become (or are already) included in clinical practice 

(see also Table 1):

-  NFL protein levels to identify atypical parkinsonisms and ALS 

-  RT-QUIC analysis of α-syn protein for identifying PD

-  14-3-3, the ratio between total and phosphorylated tau and RT-QUIC analysis of 

PrPSc protein for identifying CJD

-  hypocretin for identification of narcolepsy with cataplexy

 In addition to these disease-specific parameters, “routine” CSF parameters 

such as cell count, total protein, lactate, and immunoglobulins should be within the 

normal ranges in neurodegenerative diseases, thereby excluding infectious, 

inflammatory, paraneoplastic and hemorrhagic etiologies of disease. Finally, we 

would like to emphasize the importance of strict control of confounding factors in 

CSF analysis. This includes controlling collection and storage conditions of CSF, 

and avoiding the use of CSF with high leukocyte and erythrocyte count, caused by 

blood contamination.
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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in 

elderly people. Currently, the diagnosis of PD is based on neurological examination, 

neuroimaging, and the response to dopaminergic medication. The diagnosis can 

be challenging, especially at early disease stages, when the symptoms of patients 

with atypical parkinsonism (APD) may strongly overlap. Therefore, reliable biomarkers 

that are able to identify patients with PD are much needed. Here, we aimed to identify 

and validate new biomarkers for PD in cerebrospinal fluid (CSF). We performed a 

profiling experiment using mass spectrometry (MS) of CSF from ten PD patients 

and ten matched non-neurological controls. We selected one protein, Galectin-1 

(Gal-1), that was differentially expressed in PD vs. controls, and quantified its 

concentrations in CSF by enzyme-linked immunosorbent assay (ELISA) in three 

new cohorts of 37 PD patients, 21 APD patients, and 44 controls. CSF levels of Gal-1 

were lower in PD in both the discovery and validation experiments and discriminated  

PD from controls with moderate-high accuracy levels (ELISA: area under the 

curve=0.7). Similar levels of Gal-1 were found in PD and APD. Gal-1 levels were 

correlated to age in all groups, and correlated in the PD patients to CSF levels of 

total tau, phosphorylated tau, neurofilament light chain (NFL), and the mini-mental 

state examination (MMSE) score. We conclude that MS profiling of proteins may be 

a useful tool to identify novel biomarkers of neurological diseases and that CSF 

Gal-1 levels may discriminate PD from non-neurological controls.

Keywords: Parkinson’s disease; biomarkers; Galectin-1; cerebrospinal fluid; validation
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Introduction

Parkinson’s disease (PD) is one of the α-synucleinopathies and the most prevalent 

neurodegenerative movement disorder. Accumulation of α-synuclein (α-syn) in 

dopaminergic neurons in PD leads to neuronal death causing motor and non-motor 

dysfunction. PD motor symptoms include bradykinesia, muscular rigidity, impaired 

balance, and resting tremor. Non-motor symptoms include sleep disorders, 

olfactory dysfunction, autonomic dysfunction, and cognitive impairment [1, 2].

 PD diagnosis is based on neurological evaluations, neuroimaging, and the 

response to dopaminergic medication following the current international clinical 

criteria [3, 4]. However, especially at early stages of diseases, the symptoms and 

signs of patients with atypical parkinsonisms (APD), such as multiple system atrophy 

(MSA) and progressive supranuclear palsy (PSP), may strongly overlap with PD, 

leading to misdiagnosis and incorrect choice of treatment. Therefore, reliable 

biomarkers that could identify PD are dearly needed.

 Cerebrospinal fluid (CSF) is the body fluid that is closest to the brain, and its 

composition may reflect the (pathological) processes in the brain. Several proteins 

that were already known to be involved in PD have been investigated in CSF as 

potential biomarkers for diagnosis, disease progression or cognitive decline, such 

as α-syn, neurofilament light chain (NFL), DJ-1, tau, and amyloid β42 (reviewed in 

[5]). A consistent moderate reduction in CSF α-syn levels has been described in PD, 

but also in other α-synucleinopathies (reviewed in [6]). Although many studies have 

been identified potential biomarkers for PD, none of them has yet reached clinical 

practice.

 We aimed to identify new CSF biomarkers that have the potential to discriminate 

PD from controls. For this purpose, we selected PD patients from a unique cohort 

of patients with uncertain diagnosis of parkinsonism at presentation, which is very 

representative of the daily situations when clinicians are confronted with patients 

with the suspicion of a movement disorder at the first visit to a specialist. We 

performed a profiling experiment by mass spectrometry in CSF of ten PD patients 

and ten non-neurological controls. We selected the protein Galectin-1 (Gal-1), that 

was differentially expressed in PD vs. controls, for further validation studies, using 

an enzyme-linked immunosorbent assay (ELISA).
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Methods

Patients and CSF
We have selected CSF samples from 10 PD and 10 non-neurological controls 

patients for the discovery experiment matched for sex and age. For the validation 

experiment, we have included CSF from 37 PD patients, 21 APD patients (MSA = 14; 

PSP = 7), and 44 non-neurological controls. Samples were matched for sex in all 

groups and for age in PD and controls, since age was higher in the APD group. We 

used separate cohorts of patients for the discovery and validation phases of the 

study, with the exception of only one PD CSF sample, which was used for both 

discovery and validation experiments. CSF samples for the discovery experiment 

were also selected based on low number of leukocytes (0-5 cells per µl) and 

erythrocytes (≤200 cells per µl). Demographic characteristics for both cohorts are 

shown in table 1.

 PD and APD patients for the discovery and validation cohorts were selected 

from a longitudinal study performed at the Radboud University Medical Center, 

previously described in detail (Nijmegen, The Netherlands) [7]. These cohorts 

included patients who were referred to our tertiary center between January 2003 

and December 2006 with an uncertain and yet undefined diagnosis of parkinsonism. 

At baseline, an extensive array of ancillary diagnostic tests was performed, amongst 

which a lumbar puncture to allow biomarker studies. These patients had been 

followed up for three years at each time a team of movement disorders specialists 

determined a final clinical diagnosis. The diagnosis of PD or APD was based on 

established criteria for PD [8], MSA [9], or PSP [10] at the time of three-years 

follow-up and updated according to the most recent clinical criteria [3, 4, 11]. 

 Clinical parameters were obtained from PD and APD patients both at baseline 

and after three years follow up, including disease severity and cognitive function, 

using the Hoehn and Yahr (H&Y) scores [12], Unified Parkinson’s Disease Rating 

Scale (UPDRS) [13], International Cooperative Ataxia Rating Scale (ICARS) [14], and 

Mini-mental state examination (MMSE) [15]. The use of dopaminergic medication 

was registered at the time of lumbar puncture, in order to include as a possible 

confounding factor. CSF levels of α-syn, total tau, phosphorylated tau, and NFL 

concentrations in the PD patients, were previously published by our group by using 

various ELISAs (see table 1) [16-18]. Details of the methods for the quantification of 

these CSF parameters have been described in detail [16-18]. 

 The non-neurological control group consisted of patients who were referred 

to our center with a suspicion of neurological disease, but after extensive neuro - 

logical examination had no neurological disorder and were diagnosed with other 

disorders, such as non-neuronal sarcoidosis, diabetes, radiculopathy, or headache. 

Their CSF did not show any abnormality for the following parameters: cell count, 

glucose, total protein, lactate, hemoglobin, bilirubin, and oligoclonal IgG bands.
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 CSF samples of PD, APD and non-neurological controls were collected in 

polypropylene tubes, centrifuged, aliquoted, and stored in polypropylene tubes at 

−80 °C until experiments. All participants provided written informed consent and 

the study was approved by the local institutional review board Arnhem-Nijmegen.

Mass spectrometry profiling
Total protein concentration in CSF was determined using the 2D Quant kit (GE 

Healthcare Life Sciences, UK), according to the manufacture’s protocol, and 400 

µg of total protein for each sample was used as input for the discovery experiment. 

CSF samples were applied to an affinity removal column for depletion of 14 most 

abundant proteins (MARS-14, Agilent Technologies, Santa Clara, CA, USA) to enrich 

low-abundant proteins.

 Samples were diluted in 8 M urea to denature proteins prior to reduction in 10 

mM dithiotreitol for 20 minutes at room temperature and alkylation with 50 mM 

chloroacetamide for 20 minutes at room temperature in the dark. Proteolytical 

digestion was performed by a first incubation with LysC protease for 3 hours at 

37°C after which the sample was diluted 1:3 with 50 mM ammonium bicarbonate 

prior to overnight incubation with Trypsin at 37°C. Peptides were concentrated and 

desalted using C18 Omix tips (Agilent technologies), eluted in 20 µl 80% acetonitrile, 

and dried using a SpeedVac centrifuge at 45°C. Peptides were suspended in 

ammonium hydroxide buffer (pH10) and subsequently fractionated using C18 

reversed phase liquid chromatography (Waters Acquity UPLC; Waters Xbridge C18 

3.5µm particles, 1.0 mm ID x 100 mm length). Peptides were eluted from the 

column at 100 µl/min using a 15 min linear gradient of 5 to 45 % acetonitrile adjusted 

to pH10 with ammonium hydroxide. The 20 collected fractions were adjusted to 

pH2.7 using formic acid prior to LC-MS/MS analysis. 

 Samples were analyzed by nanoflow liquid chromatography (Bruker Daltonics; 

nano-Advance) connected online to an ultra-high resolution quadrupole time-of- 

flight tandem mass spectrometer (Bruker Daltonics; maXis 4G ETD) via an axial 

desolvation vacuum assisted electrospray ionization source (Bruker Daltonics; 

Captive Sprayer). Peptides were loaded onto the trapping column (Acclaim PepMap 

100, 75µm x 2 cm, nanoViper, 3µm 100Å C18 particles; Thermo Scientific) at 10µl/

min with 0.1% formic acid using two loop volumes of solvent (20µl). Peptides were 

eluted from the analytical column (Acclaim PepMap RSLC, 75µm x 15 cm, nanoViper, 

2µm 100Å C18 particles; Thermo scientific) using a 20 min linear gradient of 5 to 

35% acetonitrile in 0.1% formic acid at 600nl/min. The mass spectrometer was 

operated in positive ion mode for data dependent MS/MS acquisition. Each 

AutoMSn duty cycle consisted of 1 full MS spectrum (150-3700 m/z, 2 Hz spectra 

acquisition rate) followed by 6 data dependent MS/MS experiments acquired at 

intensity scaled spectral acquisition rates (3 Hz at 2000 counts, 16 Hz at 100000 
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counts). Only precursor ions in the range of 400-1400 m/z with charge state of z = 

2+ or higher were considered for collision induced dissociation experiments with 

dynamic exclusion set to 2 minutes.

 Raw MS data files were subsequently analyzed by MaxQuant software version 

1.5 [19] using the pre-defined Qq-ToF parameter settings against the RefSeq (release 

55) human protein sequence database with added contaminant protein sequences. 

Cysteine carbamidomethylation was specified as fixed modification whereas 

protein N-terminal acetylation, methionine oxidation and deamidation of glutamine 

and/or asparagine as variable modifications. Label free quantitation was performed 

using match between runs and re-quantify options using at least two razor and 

unique peptides. False discovery rate tolerances were set to 0.01 at both the peptide 

and protein level. Putative protein biomarkers were considered for subsequent 

validation based on p-values calculated using the Mann-Whitney U test (p < 0.05) 

and should be quantified in at least 50% of the samples of any group.

Gal-1 ELISA
Gal-1 was quantified in CSF by using a commercial ELISA (Human Galectin-1 

PicoKine™ ELISA Kit; Boster Biological Technology, Pleasanton, CA, USA, Catalog 

#EK0762), according to the company’s protocol, with the exception of prolonged 

incubation times, as suggested by the company. Biotinylated anti-Human Galectin-1 

antibody was incubated for 90 minutes, Avidin-Biotin-Peroxidase Complex (ABC) 

for 50 min, and color developing agent for 30 minutes. CSF was diluted three times 

and all samples were analyzed in duplicate.

 We performed a partial validation of the ELISA according to previous recom-

mendations [20, 21]. The detection limit was determined by measuring 18 blanks 

within one plate followed by calculation of the concentration that corresponds to 

the mean of all blanks plus three times the standard deviation.

 The recovery was evaluated by spiking two different concentrations (6.7 ng/mL 

and 4.5 ng/mL) of Gal-1 recombinant protein in three diluted times CSF samples or in 

sample buffer. The percentage of spiked recombinant protein that was recovered  

from CSF was calculated. Values between 80% and 120% were considered satisfactory.

 Precision was determined based on (1) intra-assay variation by measuring five 

diluted CSF samples in four replicates within one plate; and (2) inter-assay variation 

by measuring three diluted CSF samples in duplicate at identical positions in five 

different plates on five different days. The mean coefficient of variation (CV) was 

calculated, a CV below 20% was considered satisfactory.

 CSF Gal-1 concentrations in the validation cohort were normalized by CSF total 

protein concentration to correct for a small significant difference of total protein 

concentration between PD (mean 530 ± 182 mg/L), APD (mean 591 ± 273 mg/L) 

and controls (mean 547 ± 652 mg/L, p = 0.004). Total protein concentration in CSF 
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was measured by turbidimetric benzethonium chloride method using a Cobas 

8000 instrument (Roche Diagnostics, Switzerland) for automated measurement. 

Data analysis
Data analysis was performed using IBM SPSS Statistics 22 (Armonk, NY, USA) and 

GraphPad Prism 5 (La Jolla, CA, USA). Differences between groups were determined 

by ANOVA followed by Bonferroni post hoc test for normally distributed data and 

Kruskal-Wallis test followed by Dunn’s post hoc test for not normally distributed 

data. Mann-Whitney U test (in case of non-parametric data distribution) or Student’s 

t-test (for parametric data) were used when data of only two groups were available. 

Analysis of covariance was performed with age and intake of dopaminergic 

medication as confounding factors. Correlations and partial correlations, with age 

and total protein concentration as covariate, were investigated by Spearman’s test. 

Receiver operating characteristic (ROC) curve was constructed to determine the 

diagnostic accuracy by the area under the curve (AUC) and the Youden index for 

the optimal cut-off values of sensitivity and specificity.

Results

The aim of our study was to identify and validate a new biomarker for PD diagnosis. 

We first performed a profiling experiment by mass spectrometry in CSF of 10 PD 

and 10 non-neurological controls patients. This discovery experiment resulted in 

the identification of 5,543 peptides in CSF of both groups, corresponding to 872 

different identified proteins. Only proteins quantified in at least 5 out of 10 patients 

in any group (PD or control) were considered for further analysis, resulting in 482 

proteins to be analyzed. Amongst these, 32 proteins were present at significantly 

different levels in PD and controls (p < 0.05) (table S1). More details about the 

identification of peptides and proteins will be described in a separate study 

(manuscript in preparation). We selected Gal-1, which was present at significantly 

lower concentrations in PD (8x fold lower), for further validation as a CSF biomarker 

candidate for the discrimination of PD and controls (p = 0.02) (Figure. 1a). 

 The performance of the ELISA assay was as follows. The detection limit was 

determined at 460 ng/L. The recovery of recombinant Gal-1 protein spiked in CSF 

was considered satisfactory with CV ranging from 85% to 118%. Both the intra-assay 

and inter-assay variation were considered satisfactory with a mean CV% of 4% (± 

0.01) and 14% (± 0.05), respectively.

 Age was significantly different between groups due to older patients in the APD 

group (p = 0.02). Total protein concentration was lower in PD and higher in APD 

patients than in controls (p < 0.001), therefore, Gal-1 levels were corrected for the 
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total protein level. Gal-1 levels were lower in PD (mean 11 ng/mg total protein) 

compared to non-neurological controls (mean 17 ng/mg total protein, p < 0.003; 

figure 1b), but similar to APD (mean 14 ng/mg total protein). Gal-1 levels were similar 

in men and women in each group. Of note, Gal-1 levels in PD, APD, and controls 

were correlated with age (rho = 0.44, p < 0.0001). The difference in Gal-1 levels 

between the PD and controls remained significant after correction for age and 

intake of dopaminergic medication (p = 0.013). CSF Gal-1 levels in PD / APD patients 

were similar when they were either on dopaminergic medication or not at the time 

of lumbar puncture (p = 0.15). 

 CSF Gal-1 levels in the PD group were positively correlated to CSF concentrations 

of total tau (rho = 0.53, p < 0.001), phosphorylated tau (rho = 0.54, p < 0.001), and 

NFL (rho = 0.58, p < 0.0001), but α-syn levels were not significant correlated to 

Gal-1 (rho = -0.11, p = 0.5). CSF Gal-1 levels correlated to MMSE scores determined 

at three years of follow-up (rho = -0.44, p = 0.02; figure 2). Gal-1 CSF levels in the 

APD group were correlated only to disease duration (rho = 0.45, p = 0.04). No 

significant correlations between Gal-1 and other clinical parameters were observed. 

Partial analysis, taking age and total protein concentration as covariates, confirmed 

the correlations of Gal-1 in the PD group with total tau, phosphorylated tau, but not 

with NFL or MMSE. Correlation of Gal-1 levels to disease duration in the APD group 

was also retained.

Figure. 1 CSF Gal-1 levels in discovery (a) and validation (b) experiments for PD, APD, and 

non-neurological controls. (a) Relative protein intensity of Gal-1 found in profiling experiment 

by mass spectrometry showed decreased Gal-1 levels in PD compared to controls. (b) Gal-1 

levels in CSF are lower in PD compared to controls in the validation study, but similar with 

APD. Gal-1 CSF levels were quantified by ELISA and normalized by total protein concentration. 

Data were analyzed using Mann-Whitney U test for discovery and Kruskal-Wallis test for 

validation; mean levels are shown with standard deviation; *p<0.05; **p<0.001.
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Discussion

We aimed to identify new CSF biomarkers for PD. We successfully performed a 

mass spectrometry profiling study using CSF of PD and controls, in which a total of 

482 proteins were robustly identified. Among them, Gal-1 was considered as a 

potential biomarker for PD due to the strongly decreased levels in PD as compared 

to controls. We confirmed these differences by ELISA in an independent and larger 

validation cohort of PD, APD, and controls. Gal-1 levels in CSF had a moderate-high 

accuracy for discrimination of PD and controls. CSF Gal-1 levels were similar in PD 

and APD, however, indicating that Gal-1 levels in CSF may serve as a biomarker for 

parkinsonism, rather than for PD only.

Figure. 2 Correlation analysis in the PD group between Gal-1 and total tau, phosphorylated 

tau, NFL, and MMSE score. PD CSF Gal-1 levels were positively correlated to total tau (a), 

phosphorylated tau (b), and NFL (c). A negative correlation was found between Gal-1 and 

MMSE, a clinical parameter for cognitive impairment (d). Spearman’s rho coefficient value and 

p value for each correlation are indicated in the graphs.
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 Gal-1 is a member of the galectin family of proteins that binds to β-galactosides 

sugars. It is expressed in the nervous system during development, and a few other 

studies have reported expression of Gal-1 in the central and peripheral nervous 

system in adults [22-24]. Gal-1 expression in the nervous system has been correlated 

to proliferation of adult neural stem cells, astrocytes differentiation, and inflammation 

[25, 26].

 In several reports, a neuroprotective role for Gal-1 has been described. 

Expression of Gal-1 was previously related to axonal and nerve cell regeneration 

after injury in animal models [23, 27, 28]. Administration of Gal-1 in an animal model 

of amyotrophic lateral sclerosis was associated with regeneration of spinal motor 

neurons, improvement of motor symptoms, and delay of disease onset [29].

 The role of Gal-1 in PD or in APD is not yet clear and only two studies reported 

findings in PD. One study showed reduction of Gal-1 levels in a cell model of PD, 

consisting of PC12 cells that were treated with a proteasomal inhibitor to promote 

ubiquitin-proteasome dysfunction, reproducing a general characteristic of PD [30]. 

Reduction of Gal-1 in this PD cell model may indicate the loss of neuroprotection 

after proteasomal inhibition. In another study high Gal-1 levels were reported in PD 

substantia nigra [31]. These results are in apparent contrast with our study, since we 

observed decreased Gal-1 concentrations in the CSF of PD patients. The tissue 

study comprised five PD and five controls patients, with age ranging from 73 to 92 

years in the PD group. No information about disease duration or other clinical 

parameters could be retrieved from this study, but at high age, PD is typically 

advanced to a severe stage. Thus, the contradictory outcomes of Gal-1 protein 

levels in brain tissue versus CSF, may be explained by the difference in sample type, 

a difference in disease stage (relatively early in our study versus relatively late in the 

tissue study) and the younger population in our study which may affect Gal-1 

concentrations in CSF. No reports have been published about a relation between 

Gal-1 protein levels in different brain regions as compared to CSF, or a relation 

between age and tissue levels of Gal-1.

 The correlation of Gal-1 with either tau or NFL may indicate association with 

neuronal degeneration. Tau has previously been described as a potential biomarker 

for prediction of cognitive decline in PD, but this was not a consistent finding across 

multiple studies (reviewed in [32]). Overexpression of Gal-1 in mice with spinal 

lesions was correlated to an increase of tau levels and axonal regeneration of 

injured axons [33]. NFL has been widely studied as a biomarker for discrimination of 

PD from atypical parkinsonisms with high accuracy levels (reviewed in [32]). Previous 

studies also indicated the involvement of NFL in axonal regeneration (reviewed in 

[34]). Based on literature, the correlation of Gal-1 with either tau or NFL, but not with 

α-syn levels in CSF, allows us to speculate a potential association of Gal-1 with 

axonal damage. However, future studies should be performed to investigate in 

more detail such a possible relation.
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 One limitation to our study may be the relatively small number of APD samples 

available for this study, which might have underestimated the power of Gal-1 to 

discriminate PD from APD. However, the design of our prospective study did not 

allow for an inclusion of a larger number of APD patients. Further confirmation in 

larger, independent, cohorts remains necessary.

Another limitation is that our CSF samples were stored for a long period since its 

collection, between 2003 and 2006, and long-term storage may affect protein 

stability. Proteins levels are generally low in CSF, and differences in sample processing 

could affect the results of mass spectrometry and ELISA analysis. However, we 

followed international guidelines for CSF collection and storage that were described 

later in a consensus paper [35]. Previous studies reported increased protein 

instability in CSF samples storage at -20oC [35]; however, our samples were stored 

at -80oC. A recent study with Alzheimer’s disease CSF samples stored at -80 oC for 

up to 12 years showed that CSF concentration of amyloid β, total and phosphorylated 

tau proteins remained stable during this CSF storage time [36]. Therefore, we 

assume that the extended storage time has not influenced our results.

 An important strong aspect of our study is that, although the number of 

parkinsonism patients we included in this study is moderate, they were selected from 

a unique longitudinal study. Unlike many other biomarker studies, which use highly 

selected cohorts of patients with clinically undisputable diagnosis, this study included 

patients with uncertain diagnosis at baseline, closely representing the daily situation 

for clinicians when they are confronted with a patient suspected of a movement 

disorder [7]. In these situations, biomarkers are mostly needed. Therefore, our cohort 

offers a great and relevant basis for biomarker discovery and validation.

 In summary, we successfully profiled proteins present in CSF of PD and non- 

neurological controls by mass spectrometry. Among the proteins that were 

differentially expressed in PD vs. controls, Gal-1 was selected as a potential 

biomarker for PD. Our validation experiment for Gal-1 confirmed our findings from 

the discovery study, indicating that mass spectrometry profiling of proteins in CSF 

may be a useful tool to identify novel biomarkers of neurological diseases, but this 

validation also demonstrated that CSF Gal-1 levels were similar in PD and APD. 

Furthermore, the correlations of Gal-1 with both NFL and tau suggested that Gal-1 

may be involved in axonal function; however, further studies should clarify this 

association.
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Abstract

Background: Parkinsonian disorders are characterized by a constellation of motor 

and non-motor symptoms that can overlap considerably across different conditions, 

especially at early disease stages. Currently, the diagnosis is based on clinical 

examination and imaging, but the rate of misdiagnosis could be up to 20% even in 

the hands of movement disorders experts. We studied cerebrospinal fluid (CSF) 

tryptic peptide profiles as potential diagnostic biomarkers to better discriminate 

parkinsonian disorders.

Methods: We included individuals with parkinsonism, who had an uncertain diagnosis 

at the time of inclusion and who were followed for up to 12 years in a longitudinal 

study. First, we performed shotgun proteomics on CSF samples to identify tryptic 

peptides in discovery cohorts of Parkinson’s disease (PD, n=10), multiple system 

atrophy (MSA, n=5) and non-neurological controls (n=10). We selected tryptic 

peptides from the discovery dataset with differential quantification levels between 

PD and MSA for subsequent validation using a newly developed selected reaction 

monitoring (SRM) assay. Validation was performed in CSF from an independent 

cohort to define biomarkers that discriminate PD (n=46) from atypical parkinsonism 

patients (AP; MSA, n=17; Progressive supranuclear palsy; n=8) and non-neurological 

controls (n=39).

Results: In the discovery experiment, a total of 5,543 tryptic peptides were identified 

in CSF. The levels of 191 tryptic peptides differed significantly between PD and MSA, 

of which 34 met our criteria for SRM development. For 14/34 peptides we confirmed 

differences between PD and AP (p<0.05) in the validation cohort, all with an area 

under the curve (AUC) of 0.60 to 0.76. Random forest modelling including either 

clinical assessments or other CSF parameters (neurofilament light chain, 

phosphorylated tau protein) and age improved the discrimination of PD vs. AP to an 

AUC of 0.86.

Conclusions: Discovery of tryptic peptides by untargeted and subsequent validation 

by targeted proteomics proved to be a suitable strategy to identify novel potential 

CSF biomarkers for PD versus AP. Tryptic peptides discriminated PD from AP with 

moderate-to-high accuracy, especially when combined with other established 

parameters. The tryptic peptides, and corresponding proteins, that we identified as 

differential biomarkers may increase our current knowledge about the disease-spe-

cific pathophysiological mechanisms of parkinsonism.

Keywords: Parkinson’s disease; multiple system atrophy; cerebrospinal fluid; biomarkers; 

mass spectrometry; selected reaction monitoring
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Background

There is currently no reliable objective test to discriminate Parkinson’s disease (PD) 

during lifetime from the various forms of atypical parkinsonism (AP), which include 

multiple system atrophy (MSA), progressive supranuclear palsy (PSP), dementia with 

Lewy bodies (DLB), corticobasal syndrome (CBS) and vascular parkinsonism. 

Discrimination of these disorders based on the clinical presentation alone can 

often be puzzling, especially early in the disease course when symptoms overlap 

across the different parkinsonism conditions. The clinical diagnosis is based on the 

most recent specific criteria defined for each disease, and includes clinical features, 

imaging, rate of disease progression, and response to dopaminergic medication 

[1-6]. However, many of these symptoms have not developed fully in early disease 

stages, explaining why the rate of misdiagnosis could be up to 20%, even in the 

hands of movement disorders experts [7]. Therefore, especially in early disease 

stages, reliable biomarkers are needed for accurate differentiation between PD and AP. 

Such a timely distinction is important, e.g. for patient counseling since the forms of AP 

usually have a faster disease progression than PD, with little or no clinical response 

to levodopa medication. Being able to reliably separate the different parkinsonian 

syndromes at the earliest possible stage is also critically important for research 

purposes, allowing the correct patients to be recruited into trials. 

 Cerebrospinal fluid (CSF) is a rich source for identification of potential fluid 

biomarkers for neurodegenerative disorders due to its close proximity to the brain. 

The CSF composition may directly reflect pathological changes in the brain. 

Although several studies have identified potential biomarkers for parkinsonian 

syndromes, none have yet been implemented in clinical practice. So far, quantification 

of α-synuclein (α-syn) by real-time quaking induced conversion (RT-QuIC) proved very 

useful to discriminate parkinsonian disorders with an underlying α-synucleinopathy, 

such as PD, DLB and MSA, compared to other types of proteinopathies, such as the 

tauopathies PSP and CBS [8, 9]. However, this assay could not discriminate PD from 

MSA or DLB. Quantification of neurofilament light chain (NfL) in either CSF or blood 

may discriminate PD from AP [10-12], but additional biomarkers may help to increase 

the specificity to discriminate PD from AP.

 The aim of this study was to identify novel proteins, based on tryptic peptide 

biomarkers, that could assist in the discrimination of PD from AP in relatively early 

stages of disease, and assess their diagnostic value in our cohorts. Such biomarkers  

may alert clinicians for a timely diagnosis of AP which is more rare than that of PD. 

We used non-targeted (shotgun) proteomics for discovery of novel biomarkers and 

targeted (selected reaction monitoring; SRM) mass spectrometry (MS) for validation of 

our findings. We performed our discovery and validation experiments using patients 

from a unique longitudinal cohort, followed up for up to 12 years. Importantly, 
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all participants had an uncertain diagnosis at the time of inclusion, thereby 

replicating the clinical challenge faced by clinicians to provide a correct diagnosis, 

i.e. at a phase in the disease process when many clinical symptoms are overlapping 

and where diagnostic biomarkers could be very useful.

Methods

Patients and samples
For both the discovery and validation experiments, we included participants from a 

longitudinal study [13], who all had clear clinical signs of parkinsonism, but with an 

yet unclear diagnosis at the time of inclusion, and who had been recruited from our 

movement disorders outpatient clinic between January 2003 and December 2006 

at the Radboud University Medical Center (Nijmegen, the Netherlands). In total, 

25 CSF samples were included in the discovery experiment (PD, n = 10; MSA, n = 5; 

non-neurological controls, n = 10). For validation of our initial findings of the discovery 

phase we used 110 CSF samples from PD (n = 46), MSA (n = 17), PSP (n = 8), and 

non-neurological controls (n = 39).

 At the time of inclusion, patients underwent a structured standardized neurologic 

examination by movement disorders specialists. Blood collection, lumbar puncture, 

and ancillary investigations, such as brain MRI, [123I]IBZM (iodobenzamide)-SPECT 

and anal sphincter EMG were performed within 6 weeks after the initial visit. 

The design of this study, methodology and patient inclusion have been extensively 

described [13]. After three and 12 years of inclusion, the diagnosis of all participants 

was critically revised again and a silver standard clinical diagnosis was established 

by two independent movement disorder specialists. To establish this diagnosis, the 

clinical experts used the most recent clinical criteria at that time [1-6, 14, 15], 

combined with the now available long-term response to therapy, the rate of disease 

progression and the possible development of red flags, which may alert clinicians 

to an alternative diagnosis. Patient characteristics are presented in Table 1. For 

correlations of the newly identified biomarkers from the present study with other, 

established protein biomarkers, we used previously published data on NfL, α-syn, 

total tau, phosphorylated tau, amyloid-β42, and α-syn RT-QuIC [8, 12, 13, 16, 17].

 Clinical assessments at baseline and after 3 and 12 years of follow-up included 

the Hoehn and Yahr scores [18], Unified Parkinson’s Disease Rating Scale (UPDRS) 

[19, 20], Mini-Mental State Examination (MMSE) [21], and International Cooperative 

Ataxia Rating Scale (ICARS) [22].

 For comparison, we selected a group of non-neurological control patients 
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after careful examinations. Moreover, their CSF composition, such as leukocyte and 

erythrocyte counts, glucose, blood pigments, lactate, and (if assessed) oligoclonal 

immunoglobulin G bands were all within the reference ranges for their age group.

 All CSF samples included in this study were collected in polypropylene tubes, 

centrifuged at 800*g, aliquoted and stored in polypropylene tubes at −80°C until 

use. All patients with PD or AP provided written informed consent and the study 

was approved by the local Medical Ethics Committee. Use of CSF leftovers from 

the control patients who had been seen as part of daily care in research projects 

was approved by the local Medical Ethics Committee.

Mass Spectrometry – shotgun proteomics profiling 
Total protein concentration in CSF was determined by using the 2D Quant kit (GE 

Healthcare Life Sciences, UK), according to the manufacturer’s protocol and 400 

µg total protein was used as input for profiling. All samples were loaded on an 

affinity removal column for depletion of the 14 most abundant proteins (MARS-14, 

Agilent Technologies, Santa Clara, CA, USA). After tryptic digestion, CSF samples 

were fractionated in 20 fractions using high pH reversed phase C18 LC and each 

fraction was subsequently analyzed by nanoflow liquid chromatography (Bruker 

Daltonics; nano-Advance) connected online to an ultra-high resolution quadrupole 

time-of-flight tandem mass spectrometer (Qq-TOF; Bruker Daltonics; maXis 4G 

ETD) as described previously [23].

 Raw MS data was analyzed by MaxQuant software version 1.5 [24] with pre- 

defined Qq-ToF parameter settings against the RefSeq (release 55) human protein 

sequence database. We set cysteine carbamidomethylation as a fixed modification, 

whereas N-terminal acetylation, methionine oxidation and deamidation of glutamine 

and/or asparagine were set as variable modifications. For further statistical analysis, 

only peptides with intensity above the detection limit in at least 75% of the samples 

in one of the groups (PD, MSA or non-neurological controls) were used.

Mass Spectrometry – targeted proteomics using SRM
For selection of tryptic peptides for the SRM assay, additional criteria were used: (1) 

p-value below 0.05 determined by Mann-Whitney U test comparing PD vs. MSA; (2) 

ratio of intensity (PD:MSA) of at least 1.5; (3) intensity values above MS detection 

limit in at least 75% of samples in both PD and MSA groups; (4) peptide length of 

maximal 20 amino acids; (5) uniqueness (assignment to only one protein); 

(6) information available in Uniprot [25] or PeptideAtlas [26]; (7) exclusion of peptides 

with susceptibility to post-translational or chemical modifications, such as methionine 

and cysteine oxidation, a potential deamidation site, or N-terminal cyclization.
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4

CSF sample preparation for SRM and MS analysis
The CSF samples were processed in randomized order using 50 µL of CSF from 

each patient as input. Prior to protein digestion, samples were subjected to 

overnight freeze-drying to concentrate the sample. On the next day, the sample 

was reconstituted with 4.3 µL of 8 M urea solution in 10 mM Tris-HCL, and diluted 

with 4.3 µL 10 mM Tris-HCL to reach a final urea concentration of 4 M. Protein 

reduction was performed by incubation with 0.5 µL of 10 mM dithiothreitol for 30 

min at room temperature, followed by alkylation by incubation with 0.5 µL of 50 

mM 2-chloroacetamide for 30 min at room temperature, kept in the dark. Samples 

were then incubated with 1 µL of 0.5 µg/µl Lysyl endopeptidase C for 3 h at room 

temperature, resulting in a volume of 10.6 µL, which was subsequently diluted four 

times with 31.6 µL of 50 mM ammonium bicarbonate and incubated with 1 µL of 

trypsin (1 µg trypsin / 50 µg protein) for 4 h at 37 °C. Digestion reaction was stopped 

by adding 4.8 µL of 10% trifluoroacetic acid. A cocktail of synthesized isotope- 

labeled “heavy” peptides (JPT, Germany) on the C-termini of the target peptides at 

either a lysine (13C615N2) or arginine (13C615N4) residue was added to each 

sample to allow peptide identification and relative quantification. Samples were 

cleaned by passing them over a 0.22 µm filter and stored at -80 oC until MS analysis. 

 Samples (2 µL) were subjected to LC-MS analysis in randomized order on the 

Acquity MClass UPLC Xevo TQ-S (Waters), coupled with an ionKey / MS system 

using a Waters peptide BEH C18, 130 Å, 1.7 µm, 150 µmx100mm ionKey column for 

chromatographic separation using a 30 min linear gradient of acetonitrile ranging 

from 3 to 35% with 0.1% formic acid at a flow rate of 2 µl/min.

SRM method development
To optimize SRM settings, we used a pooled trypsin digested CSF sample spiked in 

with a cocktail of heavy labeled peptides (final concentration of 10 fmol for each 

peptide), and specifically the cone voltage and collision energy were optimized for 

each peptide fragment. For each peptide, we started with a selection of at least 10 

peptide fragments per precursor (transitions). For the final multiplex SRM assay, at 

least 2 transitions with the highest signal intensity and lack of interference were 

selected for each peptide target. For each peptide fragment, retention time 

windows of 1 min were used, allowing both endogenous and heavy labeled 

peptides to have at least 8 data points per chromatographic peak with an average 

dynamically dwell time of 250 ms.

SRM method validation
Our SRM method was validated using a pooled digested CSF sample mixed with a 

cocktail of heavy labeled peptides and the following criteria were investigated: (1) 

linearity to provide a calibration curve, by using a dilution series of the cocktail of 
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heavy labeled peptides (0, 0.625, 1.25, 2.5, 5, 10, 20, and 40 fmol) spiked into 

pooled digested CSF in 3 replicates. Peptide fragments with a linear regression 

coefficient (R2) below 0.7 were excluded. The calibration curve was used to 

determine the best heavy labeled peptide concentration for the clinical samples 

and a new peptide cocktail was prepared; (2) intra-assay variation < 20% for 1 pooled 

digested CSF sample injected 5 times on the same day; (3) inter-assay variation  

< 20% for 1 digested CSF sample measured on 10 different days; (4) inter-assay 

sample preparation < 20% for 5 identical aliquots of pooled CSF samples, all 

digested and measured on the same day; (5) sample stability on the autosampler 

which was set at 10oC by injecting 1 sample repetitively from the same plate every 

4 h for 24 h; (6) freeze / thaw effect < 20% for 1 pooled and digested CSF sample 

subjected to up to 5 freeze / thaw cycles; (7) freeze / thaw effect < 20% for a pooled 

CSF sample subjected to 3 freeze / thaw cycles prior to the digestion procedure. 

Coefficient of variation (CV) was calculated between technical replicates and a CV 

of 20% was regarded as acceptable. To correct for possible variation between the 

days of sample preparation of the clinical cohort, two pooled CSF samples were 

included as quality controls in each digestion cycle.

 Total protein concentration in CSF of the clinical cohort was determined by 

turbidimetric benzethonium chloride method using a Cobas 8000 instrument 

(Roche Diagnostics, Switzerland) for automated measurement.

Data analysis
Skyline software version 20.1 (MacCoss Lab, University of Washington, USA) was 

used to process raw data from SRM assay to confirm peak detection, correct 

integration and calculation of the peak area [27]. For data analysis, the relative 

quantification was determined by calculation of the ratio between endogenous 

and heavy labeled peptides. We normalized each ratio of endogenous : heavy 

labeled peptides for total CSF protein concentration as these markers were 

identified in the proteomics profiling where also a normalization on protein content 

was applied.

 Analyzes were performed in R software version 3.5.3 (Austria), IBM SPSS 

Statistics 25 (Armonk, NY, USA), or GraphPad Prism 5 (La Jolla, CA, USA). Groups 

were compared by using Student’s T test or Mann-Whitney U test in the case of two 

groups depending on the data distribution (parametric or non-parametric), and 

analysis of variance (ANOVA) with Bonferroni’s multiple correction as a post hoc 

test or Kruskal-Wallis one-way analysis of variance with Dunn’s as post hoc test 

when more than two groups were analyzed. Rank analysis of covariance was used 

for group comparisons taking age as a covariate, including Bonferroni’s multiple 

correction as a post hoc test. Correlation of peptides and clinical parameters, such 

as disease duration, UPDRS, ICARS, MMSE scores, was performed using Spearman’s 
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rank correlation coefficient. Random forest was applied for multivariate analysis to 

generate decision trees to improve group discrimination. The models generated  

by random forest were developed in 70% of our cohort and validated in 30%.  

For random forest analysis, an imputation method (Amelia II, R package) was used 

to fill in missing values [28]. Receiver operating characteristic (ROC) was used to 

determine the diagnostic accuracy by calculating the area under the curve (AUC).

Results

CSF proteomic profiling
Using shotgun proteomics, 5,543 tryptic peptides were identified in the PD, MSA 

and non-neurological controls groups. Of these 5,543 peptides, 191 peptides had 

significantly different levels (p-value < 0.05) between PD and MSA.

SRM assay development and validation
For further validation by SRM, we focused on differential tryptic peptides from  

the comparison of PD vs. MSA, and therefore 34 tryptic peptides were selected 

from the untargeted discovery study (Table 2) based on the criteria described in  

the methods section. During method development, two heavy labeled peptides 

(FPPEETLK and DLGGFDEDAEPR) could not be robustly detected and were excluded. 

Therefore, our final SRM assay consisted of 32 tryptic peptides, representing 

31 different proteins. The SRM assay was robustly validated and all parameters, such 

as intra- and inter-assay CV%, sample stability during measurement, and digestion 

in different days were within our acceptance criteria of a maximum of 20% variation 

between replicates (see supplementary tables 1 - 9). Results were considered 

satisfactory and confirmed the stability of the sample preparation and the 

equipment during measurement days

Tryptic peptides levels in CSF from PD, AP and controls
For group comparisons, we considered MSA and PSP as one group (AP) because  

of the relatively low number of PSP cases (n = 8) in our study. Total protein 

concentration was higher in the AP group (mean = 579 mg / L) compared to PD 

(mean = 533 mg / L) and controls (mean = 426 mg / L, p < 0.001). Age was positively 

correlated to the levels of 23 / 32 peptides in the PD group and to 18 / 32 peptides 

in the non-neurological control group, with correlation coefficients ranging from 

0.3 to 0.6 (p < 0.05). Therefore, age was included as covariate for group comparisons.

 For 14 / 32 peptides we could confirm our findings from the discovery 

experiment and replicated the differences in these tryptic peptide levels between 

PD vs. MSA and PD vs. AP (Table 3, Figure. 1). The remaining 18 / 32 peptides did not 
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Table 2.  Overview of tryptic peptides with differential expression between  

PD and MSA in the discovery study.

Peptide Sequence Protein name Control PD MSA PD vs. MSA 
p-values* 

Ratio PD 
vs MSA

GFYFSR Insulin-like growth factor II 5.64E+06 ± 6.45E+06 8.89E+06 ± 8.98E+06 2.79E+07 ± 4.64E+06 0.004 3.1

VQLSEFSPPGSR Protocadherin Fat 2 1.78E+05 ± 1.27E+05 4.55E+05 ± 4.46E+05 2.06E+05 ± 1.46E+05 0.008 2.2

DDDFTTWTQLAK Protein O-linked-mannose beta-1,2-N-acetylglucosaminyltransferase 1 3.79E+05 ± 2.80E+05 5.39E+05 ± 2.93E+05 2.56E+05 ± 1.88E+05 0.008 2.1

ALYYDLISSPDIHGTYK Pigment epithelium-derived factor 1.38E+07 ± 9.88E+06 1.21E+07 ± 7.53E+06 2.35E+07 ± 6.10E+06 0.008 1.9

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 7.85E+05 ± 9.27E+05 5.63E+05 ± 4.25E+05 1.76E+05 ± 1.48E+05 0.013 3.2

FLDTGVVQSDR Multiple epidermal growth factor-like domains protein 8 1.18E+06 ± 3.74E+05 1.22E+06 ± 7.37E+05 6.32E+05 ± 4.95E+05 0.013 1.9

NVALVSGDTENAK Extracellular matrix protein 1 1.07E+06 ± 3.80E+05 1.38E+06 ± 3.33E+05 8.43E+05 ± 5.41E+05 0.013 1.6

LALFPDK Neuroblastoma suppressor of tumorigenicity 1 5.92E+07 ± 2.16E+07 3.14E+07 ± 1.99E+07 7.18E+07 ± 1.80E+07 0.013 2.3

VFNTPEGVPSAPSSLK Neuronal cell adhesion molecule 4.89E+06 ± 1.93E+06 6.20E+06 ± 2.63E+06 4.01E+06 ± 1.06E+06 0.013 1.5

SFPLSSEHAK Cadherin-2 1.04E+05 ± 1.24E+05 1.94E+05 ± 1.58E+05 5.47E+04 ± 5.48E+04 0.018 3.6

LTGISDPVTVK Noelin 1.82E+05 ± 2.04E+05 3.90E+05 ± 3.00E+05 2.02E+05 ± 1.88E+05 0.019 1.9

FEAFEEDR Seizure 6-like protein 2 4.53E+05 ± 8.52E+05 2.75E+06 ± 3.24E+06 5.48E+05 ± 9.32E+05 0.019 5.0

FLEQELETITIPDLR Phospholipid transfer protein 1.13E+06 ± 8.54E+05 6.05E+05 ± 1.10E+06 1.25E+06 ± 6.94E+05 0.019 2.1

LSPYVNYQFR Neurofascin 1.18E+06 ± 4.11E+05 8.67E+05 ± 7.44E+05 1.58E+06 ± 3.22E+05 0.019 1.8

VLEYLNQEK Secretogranin-2 6.14E+06 ± 3.04E+06 7.93E+06 ± 5.34E+06 4.59E+06 ± 1.19E+06 0.019 1.7

SYLEITPSR Inter-alpha-trypsin inhibitor heavy chain H5 7.34E+05 ± 3.47E+05 6.72E+05 ± 2.89E+05 1.20E+06 ± 2.57E+05 0.019 1.8

YGFIEGHVVIPR CD44 antigen 3.84E+06 ± 1.90E+06 2.72E+06 ± 1.98E+06 7.34E+06 ± 2.29E+06 0.019 2.7

VESLEQEAANER Amyloid-beta precursor protein 6.46E+05 ± 1.80E+06 1.28E+07 ± 1.49E+07 5.64E+05 ± 1.17E+06 0.026 22.7

NLLDLR SLIT and NTRK-like protein 1 8.09E+04 ± 1.12E+05 4.59E+05 ± 3.48E+05 3.74E+04 ± 3.53E+04 0.028 12.3

LTVFPDGTLEVR Leucine-rich repeat and immunoglobulin-like domain-containing nogo 
receptor-interacting protein 1

5.92E+05 ± 4.49E+05 6.86E+05 ± 3.79E+05 3.20E+05 ± 3.20E+05 0.028 2.1

AFQVWSDVTPLR 72 kDa type IV collagenase 2.99E+05 ± 2.96E+05 3.08E+05 ± 1.93E+05 1.50E+05 ± 1.29E+05 0.028 2.1

AVVEVDESGTR Plasma serine protease inhibitor 2.32E+05 ± 3.13E+05 5.72E+05 ± 3.81E+05 1.89E+05 ± 2.09E+05 0.028 3.0

FPPEETLK Carboxypeptidase E 1.25E+06 ± 1.13E+06 8.31E+05 ± 9.74E+05 2.06E+06 ± 9.48E+05 0.028 2.5

LQAPVWEFK Ceroid-lipofuscinosis neuronal protein 5 1.51E+06 ± 6.12E+05 1.10E+06 ± 8.80E+05 2.34E+06 ± 1.44E+05 0.028 2.1

LFEELVR Pyruvate kinase PKM 6.78E+06 ± 3.51E+06 6.91E+06 ± 1.07E+07 1.18E+07 ± 5.81E+06 0.028 1.7

SQETGDLDVGGLQETDK Fibulin-1 1.93E+06 ± 2.50E+06 5.05E+06 ± 4.03E+06 2.06E+06 ± 2.03E+06 0.028 2.5

GAAVSNNIVVRPSR Neuronal cell adhesion molecule 1.15E+06 ± 1.09E+06 1.83E+06 ± 1.12E+06 1.06E+06 ± 9.45E+05 0.028 1.7

SFQTGLFTAAR Vitamin K-dependent protein S 5.13E+06 ± 1.47E+06 3.81E+06 ± 2.91E+06 7.58E+06 ± 9.33E+05 0.028 2.0

DLGGFDEDAEPR 45 kDa calcium-binding protein 6.98E+04 ± 1.34E+05 1.47E+06 ± 1.26E+06 1.82E+05 ± 3.80E+05 0.030 8.1

VGIPENAPIGTLLLR Protocadherin gamma-C5 2.25E+05 ± 1.50E+05 1.79E+05 ± 1.58E+05 9.44E+04 ± 7.99E+04 0.040 1.9

FDFNAFR Mannosyl-oligosaccharide 1,2-alpha-mannosidase IC 7.43E+05 ± 7.37E+05 8.90E+05 ± 1.01E+06 2.57E+06 ± 5.59E+05 0.040 2.9

TFTLLDPK N-acetylmuramoyl-L-alanine amidase 3.96E+06 ± 5.50E+06 3.04E+06 ± 3.83E+06 1.16E+07 ± 6.44E+06 0.040 3.8

TSDQIHFFFAK Antithrombin-III 7.63E+06 ± 1.09E+07 8.13E+06 ± 1.43E+07 2.13E+07 ± 9.60E+06 0.040 2.6

TDGAAPNVAPSDVGGGGGR Contactin-1 7.96E+05 ± 6.87E+05 1.26E+06 ± 7.58E+05 4.69E+05 ± 5.86E+05 0.040 2.7

Values are expressed by mean of arbitrary intensity ± standard deviation

*group differences were accessed by Mann-Whitney comparing PD vs. MSA

PD: Parkinson’s disease; MSA: multiple system atrophy
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Table 2.  Overview of tryptic peptides with differential expression between  

PD and MSA in the discovery study.

Peptide Sequence Protein name Control PD MSA PD vs. MSA 
p-values* 

Ratio PD 
vs MSA

GFYFSR Insulin-like growth factor II 5.64E+06 ± 6.45E+06 8.89E+06 ± 8.98E+06 2.79E+07 ± 4.64E+06 0.004 3.1

VQLSEFSPPGSR Protocadherin Fat 2 1.78E+05 ± 1.27E+05 4.55E+05 ± 4.46E+05 2.06E+05 ± 1.46E+05 0.008 2.2

DDDFTTWTQLAK Protein O-linked-mannose beta-1,2-N-acetylglucosaminyltransferase 1 3.79E+05 ± 2.80E+05 5.39E+05 ± 2.93E+05 2.56E+05 ± 1.88E+05 0.008 2.1

ALYYDLISSPDIHGTYK Pigment epithelium-derived factor 1.38E+07 ± 9.88E+06 1.21E+07 ± 7.53E+06 2.35E+07 ± 6.10E+06 0.008 1.9

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 7.85E+05 ± 9.27E+05 5.63E+05 ± 4.25E+05 1.76E+05 ± 1.48E+05 0.013 3.2

FLDTGVVQSDR Multiple epidermal growth factor-like domains protein 8 1.18E+06 ± 3.74E+05 1.22E+06 ± 7.37E+05 6.32E+05 ± 4.95E+05 0.013 1.9

NVALVSGDTENAK Extracellular matrix protein 1 1.07E+06 ± 3.80E+05 1.38E+06 ± 3.33E+05 8.43E+05 ± 5.41E+05 0.013 1.6

LALFPDK Neuroblastoma suppressor of tumorigenicity 1 5.92E+07 ± 2.16E+07 3.14E+07 ± 1.99E+07 7.18E+07 ± 1.80E+07 0.013 2.3

VFNTPEGVPSAPSSLK Neuronal cell adhesion molecule 4.89E+06 ± 1.93E+06 6.20E+06 ± 2.63E+06 4.01E+06 ± 1.06E+06 0.013 1.5

SFPLSSEHAK Cadherin-2 1.04E+05 ± 1.24E+05 1.94E+05 ± 1.58E+05 5.47E+04 ± 5.48E+04 0.018 3.6

LTGISDPVTVK Noelin 1.82E+05 ± 2.04E+05 3.90E+05 ± 3.00E+05 2.02E+05 ± 1.88E+05 0.019 1.9

FEAFEEDR Seizure 6-like protein 2 4.53E+05 ± 8.52E+05 2.75E+06 ± 3.24E+06 5.48E+05 ± 9.32E+05 0.019 5.0

FLEQELETITIPDLR Phospholipid transfer protein 1.13E+06 ± 8.54E+05 6.05E+05 ± 1.10E+06 1.25E+06 ± 6.94E+05 0.019 2.1

LSPYVNYQFR Neurofascin 1.18E+06 ± 4.11E+05 8.67E+05 ± 7.44E+05 1.58E+06 ± 3.22E+05 0.019 1.8

VLEYLNQEK Secretogranin-2 6.14E+06 ± 3.04E+06 7.93E+06 ± 5.34E+06 4.59E+06 ± 1.19E+06 0.019 1.7

SYLEITPSR Inter-alpha-trypsin inhibitor heavy chain H5 7.34E+05 ± 3.47E+05 6.72E+05 ± 2.89E+05 1.20E+06 ± 2.57E+05 0.019 1.8

YGFIEGHVVIPR CD44 antigen 3.84E+06 ± 1.90E+06 2.72E+06 ± 1.98E+06 7.34E+06 ± 2.29E+06 0.019 2.7

VESLEQEAANER Amyloid-beta precursor protein 6.46E+05 ± 1.80E+06 1.28E+07 ± 1.49E+07 5.64E+05 ± 1.17E+06 0.026 22.7

NLLDLR SLIT and NTRK-like protein 1 8.09E+04 ± 1.12E+05 4.59E+05 ± 3.48E+05 3.74E+04 ± 3.53E+04 0.028 12.3

LTVFPDGTLEVR Leucine-rich repeat and immunoglobulin-like domain-containing nogo 
receptor-interacting protein 1

5.92E+05 ± 4.49E+05 6.86E+05 ± 3.79E+05 3.20E+05 ± 3.20E+05 0.028 2.1

AFQVWSDVTPLR 72 kDa type IV collagenase 2.99E+05 ± 2.96E+05 3.08E+05 ± 1.93E+05 1.50E+05 ± 1.29E+05 0.028 2.1

AVVEVDESGTR Plasma serine protease inhibitor 2.32E+05 ± 3.13E+05 5.72E+05 ± 3.81E+05 1.89E+05 ± 2.09E+05 0.028 3.0

FPPEETLK Carboxypeptidase E 1.25E+06 ± 1.13E+06 8.31E+05 ± 9.74E+05 2.06E+06 ± 9.48E+05 0.028 2.5

LQAPVWEFK Ceroid-lipofuscinosis neuronal protein 5 1.51E+06 ± 6.12E+05 1.10E+06 ± 8.80E+05 2.34E+06 ± 1.44E+05 0.028 2.1

LFEELVR Pyruvate kinase PKM 6.78E+06 ± 3.51E+06 6.91E+06 ± 1.07E+07 1.18E+07 ± 5.81E+06 0.028 1.7

SQETGDLDVGGLQETDK Fibulin-1 1.93E+06 ± 2.50E+06 5.05E+06 ± 4.03E+06 2.06E+06 ± 2.03E+06 0.028 2.5

GAAVSNNIVVRPSR Neuronal cell adhesion molecule 1.15E+06 ± 1.09E+06 1.83E+06 ± 1.12E+06 1.06E+06 ± 9.45E+05 0.028 1.7

SFQTGLFTAAR Vitamin K-dependent protein S 5.13E+06 ± 1.47E+06 3.81E+06 ± 2.91E+06 7.58E+06 ± 9.33E+05 0.028 2.0

DLGGFDEDAEPR 45 kDa calcium-binding protein 6.98E+04 ± 1.34E+05 1.47E+06 ± 1.26E+06 1.82E+05 ± 3.80E+05 0.030 8.1

VGIPENAPIGTLLLR Protocadherin gamma-C5 2.25E+05 ± 1.50E+05 1.79E+05 ± 1.58E+05 9.44E+04 ± 7.99E+04 0.040 1.9

FDFNAFR Mannosyl-oligosaccharide 1,2-alpha-mannosidase IC 7.43E+05 ± 7.37E+05 8.90E+05 ± 1.01E+06 2.57E+06 ± 5.59E+05 0.040 2.9

TFTLLDPK N-acetylmuramoyl-L-alanine amidase 3.96E+06 ± 5.50E+06 3.04E+06 ± 3.83E+06 1.16E+07 ± 6.44E+06 0.040 3.8

TSDQIHFFFAK Antithrombin-III 7.63E+06 ± 1.09E+07 8.13E+06 ± 1.43E+07 2.13E+07 ± 9.60E+06 0.040 2.6

TDGAAPNVAPSDVGGGGGR Contactin-1 7.96E+05 ± 6.87E+05 1.26E+06 ± 7.58E+05 4.69E+05 ± 5.86E+05 0.040 2.7

Values are expressed by mean of arbitrary intensity ± standard deviation

*group differences were accessed by Mann-Whitney comparing PD vs. MSA

PD: Parkinson’s disease; MSA: multiple system atrophy
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yield any differences between PD and AP or the observed differences were in the 

opposite direction as the shotgun experiment. All 14 differential tryptic peptides 

were present at lower CSF levels in AP compared to both PD and controls, with 

ratios of PD vs. AP ranging from 1.2 to 1.6. One of these 14 peptides (VLEYLNQEK) 

also had lower CSF levels in PD compared to controls, while the other 13 tryptic 

peptides had similar levels in PD and non-neurological controls. Among these 14 

peptides, for only 1 peptide (VGIPENAPIGTLLLR) levels were different between men 

(mean = 0.08) and women (mean = 0.11; p = 0.023) in the PD group, but not in 

Table 3.  Peptide ratio (endogenous/heavy labeled) for differentially expressed targets  

between PD and AP in validation study.

Peptide sequence Protein name Control PD

APD

MSA PSP
PD vs. APD 
vs. Control 

p-value*
PD vs. APD 

p-value*
PD vs. MSA 

p-value*
PD vs. APD 

AUC

VQLSEFSPPGSR Protocadherin Fat 2 0.04 ± 0.02 0.05 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 p < 0.0005a,b p < 0.0005 0.001 0.76

DDDFTTWTQLAK Protein O-linked-mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.10 ± 0.05 0.09 ± 0.04 0.07 ± 0.02 0.07 ± 0.04 0.002a,b 0.003 0.009 0.65

FLDTGVVQSDR Multiple epidermal growth factor-like 
domains protein 8

0.72 ± 0.35 0.63 ± 0.27 0.49 ± 0.17 0.48 ± 0.19 0.002a,b 0.005 0.019 0.64

NVALVSGDTENAK Extracellular matrix protein 1 0.89 ± 0.40 0.83 ± 0.37 0.62 ± 0.20 0.70 ± 0.27 0.004a,b 0.008 0.014 0.63

VFNTPEGVPSAPSSLK Neuronal cell adhesion molecule 1.45 ± 0.77 1.09 ± 0.48 0.88 ± 0.36 1.00 ± 0.54 0.002b 0.048 0.053 0.60

SFPLSSEHAK Cadherin-2 0.49 ± 0.25 0.42 ± 0.19 0.30 ± 0.10 0.37 ± 0.15 p < 0.0005a,b 0.004 0.003 0.63

VLEYLNQEK Secretogranin-2 0.91 ± 0.54 0.60 ± 0.29 0.44 ± 0.18 0.52 ± 0.44 p < 0.0005a,b,c 0.010 0.026 0.65

VESLEQEAANER Amyloid-beta precursor protein 1.15 ± 0.66 1.04 ± 0.49 0.74 ± 0.29 0.64 ± 0.24 0.001a,b 0.001 0.014 0.69

NLLDLR SLIT and NTRK-like protein 1 0.29 ± 0.16 0.24 ± 0.12 0.19 ± 0.07 0.21 ± 0.10 0.010b 0.032 0.045 0.61

LTVFPDGTLEVR Leucine-rich repeat and immunoglobulin-like 
domain-containing nogo receptor-interacting 
protein 1

0.44 ± 0.30 0.40 ± 0.23 0.31 ± 0.13 0.26 ± 0.12 0.070 0.034 0.147 0.62

SQETGDLDVGGLQETDK Fibulin-1 3.20 ± 1.19 2.94 ± 0.91 2.64 ± 0.95 2.36 ± 0.82 0.010b 0.022 0.093 0.64

GAAVSNNIVVRPSR Neuronal cell adhesion molecule 2.19 ± 1.18 1.86 ± 0.87 1.41 ± 0.51 1.44 ± 0.69 0.004a,b 0.014 0.036 0.64

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.10 ± 0.06 0.09 ± 0.04 0.07 ± 0.03 0.08 ± 0.07 0.022b 0.030 0.065 0.64

TDGAAPNVAPSDVGGGGGR Contactin-1 1.27 ± 0.56 1.15 ± 0.44 0.93 ± 0.31 0.92 ± 0.28 0.004a,b 0.006 0.030 0.65

Values are expressed as mean ± standard deviation.

PD: Parkinson’s Disease; MSA: Multiple system atrophy; PSP: Progressive supranuclear palsy; 

APD: atypical parkinsonism; AUC: area under the curve.

*Parameters were analyzed with Rank analysis of covariance, taking age as a covariate. aPD vs. APD; 

bAPD vs. Control; cPD vs. Control.
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other groups. The diagnostic accuracy of the 14 peptides to discriminate PD from 

AP, i.e. the AUC of the ROC, was moderately high and ranged from 0.60 to 0.76 

(Table 3). The strongest potential biomarkers included tryptic peptides belonging to 

Protocadherin Fat 2, Amyloid-beta precursor protein, Protein O-linked-mannose 

beta-1,2-N-acetylglucosaminyltransferase 1, and Contactin-1.

 The 14 tryptic peptides were derived from 13 different proteins (Table 3). These 

proteins are involved in cell-cell adhesion (Protocadherin Fat 2, Cadherin-2, 

Protocadherin gamma-C5, Neuronal cell adhesion molecule (2 tryptic peptides), 

Table 3.  Peptide ratio (endogenous/heavy labeled) for differentially expressed targets  

between PD and AP in validation study.

Peptide sequence Protein name Control PD

APD

MSA PSP
PD vs. APD 
vs. Control 

p-value*
PD vs. APD 

p-value*
PD vs. MSA 

p-value*
PD vs. APD 

AUC

VQLSEFSPPGSR Protocadherin Fat 2 0.04 ± 0.02 0.05 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 p < 0.0005a,b p < 0.0005 0.001 0.76

DDDFTTWTQLAK Protein O-linked-mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.10 ± 0.05 0.09 ± 0.04 0.07 ± 0.02 0.07 ± 0.04 0.002a,b 0.003 0.009 0.65

FLDTGVVQSDR Multiple epidermal growth factor-like 
domains protein 8

0.72 ± 0.35 0.63 ± 0.27 0.49 ± 0.17 0.48 ± 0.19 0.002a,b 0.005 0.019 0.64

NVALVSGDTENAK Extracellular matrix protein 1 0.89 ± 0.40 0.83 ± 0.37 0.62 ± 0.20 0.70 ± 0.27 0.004a,b 0.008 0.014 0.63

VFNTPEGVPSAPSSLK Neuronal cell adhesion molecule 1.45 ± 0.77 1.09 ± 0.48 0.88 ± 0.36 1.00 ± 0.54 0.002b 0.048 0.053 0.60

SFPLSSEHAK Cadherin-2 0.49 ± 0.25 0.42 ± 0.19 0.30 ± 0.10 0.37 ± 0.15 p < 0.0005a,b 0.004 0.003 0.63

VLEYLNQEK Secretogranin-2 0.91 ± 0.54 0.60 ± 0.29 0.44 ± 0.18 0.52 ± 0.44 p < 0.0005a,b,c 0.010 0.026 0.65

VESLEQEAANER Amyloid-beta precursor protein 1.15 ± 0.66 1.04 ± 0.49 0.74 ± 0.29 0.64 ± 0.24 0.001a,b 0.001 0.014 0.69

NLLDLR SLIT and NTRK-like protein 1 0.29 ± 0.16 0.24 ± 0.12 0.19 ± 0.07 0.21 ± 0.10 0.010b 0.032 0.045 0.61

LTVFPDGTLEVR Leucine-rich repeat and immunoglobulin-like 
domain-containing nogo receptor-interacting 
protein 1

0.44 ± 0.30 0.40 ± 0.23 0.31 ± 0.13 0.26 ± 0.12 0.070 0.034 0.147 0.62

SQETGDLDVGGLQETDK Fibulin-1 3.20 ± 1.19 2.94 ± 0.91 2.64 ± 0.95 2.36 ± 0.82 0.010b 0.022 0.093 0.64

GAAVSNNIVVRPSR Neuronal cell adhesion molecule 2.19 ± 1.18 1.86 ± 0.87 1.41 ± 0.51 1.44 ± 0.69 0.004a,b 0.014 0.036 0.64

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.10 ± 0.06 0.09 ± 0.04 0.07 ± 0.03 0.08 ± 0.07 0.022b 0.030 0.065 0.64

TDGAAPNVAPSDVGGGGGR Contactin-1 1.27 ± 0.56 1.15 ± 0.44 0.93 ± 0.31 0.92 ± 0.28 0.004a,b 0.006 0.030 0.65

Values are expressed as mean ± standard deviation.

PD: Parkinson’s Disease; MSA: Multiple system atrophy; PSP: Progressive supranuclear palsy; 

APD: atypical parkinsonism; AUC: area under the curve.

*Parameters were analyzed with Rank analysis of covariance, taking age as a covariate. aPD vs. APD; 

bAPD vs. Control; cPD vs. Control.



CHAPTER 4

90

Fi
g

u
re

. 1
 R

e
la

ti
ve

 q
u

an
ti

fi
c

at
io

n
 o

f 
se

le
c

te
d

 t
ry

p
ti

c
 p

e
p

ti
d

e
s 

in
 c

e
re

b
ro

sp
in

al
 fl

u
id

 in
 t

h
e
 v

al
id

at
io

n
 e

xp
e

ri
m

e
n

t.

S
c

at
te

r 
p

lo
ts

 o
f 

th
e
 r

e
la

ti
ve

 q
u

an
ti

fi
c

at
io

n
 (

m
e

an
 v

al
u

e
s 

o
f 

d
u

p
lic

at
e
 m

e
as

u
re

s;
 R

e
l. 

Q
u

an
t.

) 
o

f 
14

 s
e

le
c

te
d

 t
ry

p
ti

c
 p

e
p

ti
d

e
s 

in
 c

e
re

b
ro

sp
in

al
 fl

u
id

 

fr
o

m
 n

o
n

-n
e

u
ro

lo
g

ic
al

 c
o

n
tr

o
ls

 (
n

=
3
9

), 
an

d
 p

at
ie

n
ts

 w
it
h

 P
ar

ki
n

so
n

’s
 d

is
e

as
e
 (

P
D

; 
n

=
4

6
) 

an
d

 a
ty

p
ic

al
 p

ar
ki

n
so

n
is

m
 (

A
P

; 
n

=
2

5
) 

in
 t

h
e
 v

al
id

at
io

n
 

e
xp

e
ri

m
e

n
t 

ar
e
 s

h
o

w
n

. 
Le

ve
ls

 o
f 

al
l 

p
e

p
ti

d
e

s 
w

e
re

 l
o

w
e

r 
in

 A
P

 c
o

m
p

ar
e

d
 t

o
 P

D
 o

r 
c
o

n
tr

o
ls

. 
St

at
is

ti
c

al
 s

ig
n

ifi
c

an
c
e
 w

as
 b

as
e

d
 o

n
 m

u
lt

ip
le

 

c
o

m
p

ar
is

o
n

 i
n

c
lu

d
in

g
 t

h
re

e
 d

is
e

as
e
 g

ro
u

p
s,

 u
si

n
g

 r
an

k 
an

al
ys

is
 o

f 
c
o

va
ri

an
c
e
 t

ak
in

g
 a

g
e
 a

s 
a 

c
o

n
fo

u
n

d
in

g
 f

ac
to

r, 
fo

llo
w

e
d

 b
y 

B
o

n
fe

rr
o

n
i’s

 

m
u

lt
ip

le
 c

o
rr

e
c

ti
o

n
. R

e
la

ti
ve

 p
e

p
ti

d
e
 le

ve
ls

 a
re

 s
h

o
w

n
 b

as
e

d
 o

n
 t

h
e
 r

at
io

 o
f e

n
d

o
g

e
n

o
u

s 
: h

e
av

y 
la

b
e

le
d

 s
p

ik
e

d
 in

 p
e

p
ti

d
e

s,
 fo

llo
w

e
d

 b
y 

c
o

rr
e

c
ti

o
n

 

fo
r 

to
ta

l C
SF

 p
ro

te
in

 c
o

n
c
e

n
tr

at
io

n
. B

ar
 =

 m
e

d
ia

n
 R

e
l. 

Q
u

an
t.

 v
al

u
e
 p

e
r 

g
ro

u
p

; 
*p

 <
 0

.0
1;

 *
*p

 <
 0

.0
0

1;
 *

**
p

 <
 0

.0
0

0
1.

VQ
LS

EF
SP

PG
SR

C
on

tr
ol

PD
A

P
0.

00

0.
05

0.
10

0.
15

**
**

*

Rel.Quant.

D
D

D
FT

TW
TQ

LA
K

C
on

tr
ol

PD
A

P
0.

00

0.
05

0.
10

0.
15

0.
20

0.
25

**
*

Rel.Quant.

FL
D

TG
VV

Q
SD

R

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

2.
0

2.
5

**
*

Rel.Quant.

N
VA

LV
SG

D
TE

N
A

K

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

2.
0

2.
5

**
*

Rel.Quant.

VF
N

TP
EG

VP
SA

PS
SL

K

C
on

tr
ol

PD
A

P
01234

**

Rel.Quant.

SF
PL

SS
EH

A
K

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

**
*

*

Rel.Quant.

VL
EY

LN
Q

EK

C
on

tr
ol

PD
A

P
0123

**
*

*
*

Rel.Quant.

VE
SL

EQ
EA

A
N

ER

C
on

tr
ol

PD
A

P
01234

**
**

Rel.Quant.

N
LL

D
LR

C
on

tr
ol

PD
A

P
0.

0

0.
2

0.
4

0.
6

0.
8

*

Rel.Quant.

LT
VF

PD
G

TL
EV

R

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

Rel.Quant.

SQ
ET

G
D

LD
VG

G
LQ

ET
D

K

C
on

tr
ol

PD
A

P
0246810

*

Rel.Quant.

G
AA

VS
N

N
IV

VR
PS

R

C
on

tr
ol

PD
A

P
02468

**
*

Rel.Quant.

VG
IP

EN
A

PI
G

TL
LL

R

C
on

tr
ol

PD
A

P
0.

0

0.
1

0.
2

0.
3

*

Rel.Quant.

TD
G

A
A

PN
VA

PS
D

VG
G

G
G

G
R

C
on

tr
ol

PD
A

P
01234

**
*

Rel.Quant.



CSF TRYPTIC PEPTIDE PROFILES AS BIOMARKERS FOR PARKINSONISM

91

4

Fi
g

u
re

. 1
 R

e
la

ti
ve

 q
u

an
ti

fi
c

at
io

n
 o

f 
se

le
c

te
d

 t
ry

p
ti

c
 p

e
p

ti
d

e
s 

in
 c

e
re

b
ro

sp
in

al
 fl

u
id

 in
 t

h
e
 v

al
id

at
io

n
 e

xp
e

ri
m

e
n

t.

S
c

at
te

r 
p

lo
ts

 o
f 

th
e
 r

e
la

ti
ve

 q
u

an
ti

fi
c

at
io

n
 (

m
e

an
 v

al
u

e
s 

o
f 

d
u

p
lic

at
e
 m

e
as

u
re

s;
 R

e
l. 

Q
u

an
t.

) 
o

f 
14

 s
e

le
c

te
d

 t
ry

p
ti

c
 p

e
p

ti
d

e
s 

in
 c

e
re

b
ro

sp
in

al
 fl

u
id

 

fr
o

m
 n

o
n

-n
e

u
ro

lo
g

ic
al

 c
o

n
tr

o
ls

 (
n

=
3
9

), 
an

d
 p

at
ie

n
ts

 w
it
h

 P
ar

ki
n

so
n

’s
 d

is
e

as
e
 (

P
D

; 
n

=
4

6
) 

an
d

 a
ty

p
ic

al
 p

ar
ki

n
so

n
is

m
 (

A
P

; 
n

=
2

5
) 

in
 t

h
e
 v

al
id

at
io

n
 

e
xp

e
ri

m
e

n
t 

ar
e
 s

h
o

w
n

. 
Le

ve
ls

 o
f 

al
l 

p
e

p
ti

d
e

s 
w

e
re

 l
o

w
e

r 
in

 A
P

 c
o

m
p

ar
e

d
 t

o
 P

D
 o

r 
c
o

n
tr

o
ls

. 
St

at
is

ti
c

al
 s

ig
n

ifi
c

an
c
e
 w

as
 b

as
e

d
 o

n
 m

u
lt

ip
le

 

c
o

m
p

ar
is

o
n

 i
n

c
lu

d
in

g
 t

h
re

e
 d

is
e

as
e
 g

ro
u

p
s,

 u
si

n
g

 r
an

k 
an

al
ys

is
 o

f 
c
o

va
ri

an
c
e
 t

ak
in

g
 a

g
e
 a

s 
a 

c
o

n
fo

u
n

d
in

g
 f

ac
to

r, 
fo

llo
w

e
d

 b
y 

B
o

n
fe

rr
o

n
i’s

 

m
u

lt
ip

le
 c

o
rr

e
c

ti
o

n
. R

e
la

ti
ve

 p
e

p
ti

d
e
 le

ve
ls

 a
re

 s
h

o
w

n
 b

as
e

d
 o

n
 t

h
e
 r

at
io

 o
f e

n
d

o
g

e
n

o
u

s 
: h

e
av

y 
la

b
e

le
d

 s
p

ik
e

d
 in

 p
e

p
ti

d
e

s,
 fo

llo
w

e
d

 b
y 

c
o

rr
e

c
ti

o
n

 

fo
r 

to
ta

l C
SF

 p
ro

te
in

 c
o

n
c
e

n
tr

at
io

n
. B

ar
 =

 m
e

d
ia

n
 R

e
l. 

Q
u

an
t.

 v
al

u
e
 p

e
r 

g
ro

u
p

; 
*p

 <
 0

.0
1;

 *
*p

 <
 0

.0
0

1;
 *

**
p

 <
 0

.0
0

0
1.

VQ
LS

EF
SP

PG
SR

C
on

tr
ol

PD
A

P
0.

00

0.
05

0.
10

0.
15

**
**

*

Rel.Quant.

D
D

D
FT

TW
TQ

LA
K

C
on

tr
ol

PD
A

P
0.

00

0.
05

0.
10

0.
15

0.
20

0.
25

**
*

Rel.Quant.

FL
D

TG
VV

Q
SD

R

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

2.
0

2.
5

**
*

Rel.Quant.

N
VA

LV
SG

D
TE

N
A

K

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

2.
0

2.
5

**
*

Rel.Quant.

VF
N

TP
EG

VP
SA

PS
SL

K

C
on

tr
ol

PD
A

P
01234

**

Rel.Quant.

SF
PL

SS
EH

A
K

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

**
*

*

Rel.Quant.

VL
EY

LN
Q

EK

C
on

tr
ol

PD
A

P
0123

**
*

*
*

Rel.Quant.

VE
SL

EQ
EA

A
N

ER

C
on

tr
ol

PD
A

P
01234

**
**

Rel.Quant.

N
LL

D
LR

C
on

tr
ol

PD
A

P
0.

0

0.
2

0.
4

0.
6

0.
8

*

Rel.Quant.

LT
VF

PD
G

TL
EV

R

C
on

tr
ol

PD
A

P
0.

0

0.
5

1.
0

1.
5

Rel.Quant.

SQ
ET

G
D

LD
VG

G
LQ

ET
D

K

C
on

tr
ol

PD
A

P
0246810

*

Rel.Quant.

G
AA

VS
N

N
IV

VR
PS

R

C
on

tr
ol

PD
A

P
02468

**
*

Rel.Quant.

VG
IP

EN
A

PI
G

TL
LL

R

C
on

tr
ol

PD
A

P
0.

0

0.
1

0.
2

0.
3

*

Rel.Quant.
TD

G
A

A
PN

VA
PS

D
VG

G
G

G
G

R

C
on

tr
ol

PD
A

P
01234

**
*

Rel.Quant.



CHAPTER 4

92

Fibulin-1, and Contactin-1), regulation of cellular communication (Multiple epidermal 

growth factor-like domains protein 8), synaptogenesis (SLIT and NTRK-like protein 1,  

and Amyloid-beta precursor protein), regulation of myelinization (Leucine-rich 

repeat and immunoglobulin-like domain-containing nogo receptor- interacting 

protein 1), extracellular structural function (Extracellular matrix protein 1), protein 

glycosylation (Protein O-linked-mannose beta-1,2-N-acetylglucosaminyltransfer-

ase 1), and dopamine release (secretogranin-2).

Multi-parametric analysis
We investigated if the 14 tryptic peptides, either in combination with or without 

other previously established protein biomarkers and clinical data, could improve 

the discrimination between PD and AP. Three decision trees models were generated 

by random forest modelling based upon three different datasets containing: (1) the 

14 tryptic peptides which were differentially expressed in PD vs. AP, (2) the 14 tryptic 

peptides and previously identified biochemical markers such as NfL, α-syn, amyloid 

β42, total tau, phosphorylated tau, and RT-QuIC analysis of misfolded α-syn; (3) the 

14 tryptic peptides, the above-mentioned biochemical markers and clinical 

assessments, such as UPDRS, ICARS, MMSE scores. An overview of all biochemical 

markers and clinical parameters included in the models is provided in supplementary 

table 9. The model created with dataset 1 included all 14 peptides and had an AUC 

of 0.53. The model based on dataset 2 included the peptides VESLEQEAANER 

(Amyloid-beta precursor protein), VQLSEFSPPGRS (Protocadherin Fat 2), 

DDDFTTWTQLAK (Protein O-linked-mannose beta-1,2-N-acetylglucosaminyl-

transferase 1 ), FLDTGVVQSDR (Multiple epidermal growth factor-like domains 

protein 8), VFNTPEGVPSAPSSLK (Neuronal cell adhesion molecule), SQETGDLD-

VGGLQETDK (Fibulin-1) together with CSF levels of NfL, p-tau and age. This model 

had an AUC of 0.86. The model of dataset 3 included the peptide SFPLSSEHAK 

(Cadherin-2) combined with ICARS score, presence or absence of cerebellar 

dysarthria, disease stage, CSF NfL, orthostatic hypotension score, UPDRS right leg 

agility score, Hoehn and Yahr score, UPDRS postural stability score, and verbal 

fluency score. The model also had an AUC of 0.86.

Discussion

In this study, we used untargeted MS to identify tryptic peptides in CSF as potential 

biomarkers that could discriminate parkinsonian disorders, and performed an 

independent validation of our findings by targeted MS. For this purpose, we 

purposely included only patients with clear signs of parkinsonism but an uncertain 

diagnosis at the time of inclusion and CSF collection, but in whom a silver standard 
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diagnosis was made 3-12 years later based on rate of progression, response to 

treatment and possible development of red flags. This approach served to replicate 

the challenge that clinicians face in everyday clinical practice when a clinical 

diagnosis has to be established in movement disorders patients with an only 

partially developed clinical syndrome. Under such circumstances, having reliable 

diagnostic biomarkers would be very helpful.

 Both untargeted and targeted MS methods proved to be reliable and robust 

methods to identify tryptic peptide biomarkers and provided a relative quantification  

of the levels of these peptides in CSF. We developed a novel protocol for evaluation 

of SRM analysis of tryptic peptides in CSF. The novel assay procedure was very robust, 

since it proved to be very stable during several measurement days (CV < 10%), it was 

reproducible across different sample preparation days and was resistant to multiple 

freeze / thaw cycles. Therefore, this SRM assay may be useful for other CSF biomarker 

studies as well.

 The SRM assay confirmed our findings for many tryptic peptides from the 

discovery experiment, illustrating the robustness of the shotgun proteomics for 

biomarker identification. For 14 tryptic peptides we found lower CSF levels in AP 

compared to non-neurological controls and PD, both in the discovery and validation 

experiments, and they individually discriminated PD from AP with a diagnostic 

value up to 76%. Multivariate analysis by random forest modelling did not increase 

the discriminative value between PD and AP when only peptides were included in 

the model. The lower discriminative value generated by random forest modelling 

compared to individual tryptic peptides (53% vs. 76%) could be explained by the low 

number of variables (14 peptides) included in the analysis, and on top of that, the 

model was developed in 70% of our cohort and validated in remaining 30%. 

However, by including more variables, such as other CSF protein biomarkers and/

or clinical assessments, the random forest algorithm was capable to provide a 

better discrimination between disease groups, increasing the accuracy to 86%. 

These models including CSF tryptic peptides and clinical assessments offers a great 

advantage to help clinicians to identify a correct diagnosis of parkinsonian disorders, 

but needs to be tested in independent cohorts.

 Several of the 14 identified tryptic peptides are derived from proteins with a 

known role in neurodegeneration. Seven out of 13 proteins (Protocadherin Fat 2, 

Cadherin-2, Protocadherin gamma-C5, Neuronal cell adhesion molecule, Fibulin-1, 

Contactin-1) are involved in cell-cell adhesion, an important mechanism of synaptic 

function maintenance [29]. Two other tryptic peptides / proteins found in our study, 

SLIT and NTRK-like protein 1, and Amyloid-beta precursor protein, also play a role 

in synaptogenesis. Dysfunctional synapses contribute to neurodegeneration [30], 

and dysregulation of these proteins may add to such dysfunction in AP syndromes. 

Studies using immunohistochemistry on brain tissues, animal and in vitro studies 
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may be useful in confirmation of altered expression of the proteins in AP and their 

localization.

 The adhesion protein Cadherin 2 may play a protective role in dopaminergic 

neurons [31-33]. Loss of Cadherin-2 compromises neuronal differentiation, via the 

Wnt signaling pathway [34]. Lower levels of Cadherin-2 have previously been found 

in CSF from PD patients compared to controls [35]. We could, however not replicate 

this difference in PD vs. non-neurological controls, but we did find lower levels in 

AP vs. PD. We could not retrieve any studies investigating the role of Cadherin 2 in 

MSA or PSP. However, Cadherin 2 is involved in the process of myelination in oligo-

dendrocytes [36, 37], which are the affected neurons in MSA. Lower levels of 

Cadherin 2 in MSA compared to PD at early disease stage could be involved in the 

more rapid disease progression of MSA compared to PD, but further studies need 

to clarify the Cadherin 2 levels in MSA.

 Lower CSF levels of the peptide LTVFPDGTLEVR (Leucine-rich repeat and 

immuno globulin-like domain-containing nogo receptor-interacting protein 1, 

LINGO-1) in AP compared to PD could be related to demyelination in MSA as 

compared to PD. LINGO-1 is a transmembrane protein that negatively regulates 

oligodendrocyte differentiation and axon myelination [38]. The regulation occurs 

by inhibition of the RhoA pathway, decreasing the expression of myelin basic 

protein (MBP) [38]. Functional studies demonstrated the presence of LINGO-1 in 

dopaminergic neurons and oligodendrocytes [38-40]. A meta-analysis identified 

LINGO-1 polymorphisms related to decreased risk of PD, but not of MSA [41]. In 

MSA, accumulation of misfolded α-syn occurs in oligodendrocytes, which are the 

cells responsible for myelin maintenance. Myelin dysfunction in MSA precedes 

α-syn accumulation and neuronal loss [42], therefore myelin dysfunction might be 

an important early mechanism of neurodegeneration in MSA. In previous studies of 

our group, we found increased levels of MBP in the CSF of MSA patients compared 

to PD patients [43, 44]. Although the specific mechanism underlying the lower 

LINGO-1 levels in MSA compared to PD remains unclear, abnormal levels of the 

peptide LTVFPDGTLEVR may be an indication of early disturbances in oligodendrocyte 

myelin production in MSA, consistent with the increased CSF MBP levels in MSA.

 The peptide VLEYLNQEK (secretogranin-2), was the only peptide in our study 

which discriminated PD from both controls and AP. Secretogranin-2 is a protein 

which is cleaved into peptides and secreted in vesicles, releasing the neuropeptide 

named secretoneurin, a peptide that stimulates dopamine release in striatal neurons 

and basal ganglia [45, 46]. Therefore, disruptions in secretogranin-2 levels might be 

related to altered levels of dopamine release in the synaptic cleft. Recently, one 

study showed co-localization of secretogranin-2 with aggregated α-syn and 

phosphorylated tau in brain tissue of a PD animal model, suggesting an involvement 

of these proteins in synaptic trafficking [47]. A previous proteomics study identified 



CSF TRYPTIC PEPTIDE PROFILES AS BIOMARKERS FOR PARKINSONISM

95

4

lower CSF levels of secretogranin-2 in PD compared to controls [35], consistent 

with our results. The secretogranin-2 might be useful as an early biomarker to 

demonstrate dopamine disturbances in parkinsonian syndromes. 

 Several previous studies aimed to discriminate PD from AP by using CSF 

proteomic profiling. In one study 2,000 (poly)peptides in CSF of PD, AP (MSA, PSP, 

and CBD) and controls were analyzed using the method of surface-enhanced laser 

desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS) [48]. In this 

study, none of the features could discriminate PD from controls, whereas four 

proteins or protein fragments (ubiquitin, beta2-microglobulin, and two fragments 

of secretogranin-1) discriminated either MSA or PSP from PD / controls. Four 

peptides of secretogranin 1 were identified in our discovery experiment, and at 

lower levels in MSA compared to PD, confirming these previous findings. However, 

the peptides belonging to this protein did not qualify for our SRM assay, and 

therefore we could not confirm it in our validation experiment. In yet another study, 

using Orbitrap MS, 5,043 protein derived tryptic peptides were identified in CSF in a 

discovery cohort of PD, AP (MSA, PSP, and CBS), and controls [49]. The number of 

peptides is quite comparable to our findings (5,043 vs. 5,543 peptides in our study). 

In their discovery and validation experiments, up to 90 peptides were detected at 

significantly lower levels in AP compared to controls (p < 0.05), but there were no 

differences for PD vs. AP or PD vs. controls, as we observed in our study.

 Few limitations may apply to our study. First, the long storage time of CSF 

samples may have affected our results. A previous study investigated the stability of 

CSF proteins up to 12 years storage on -80oC [50], and no differences were found 

over time. Furthermore, all PD and MSA samples in our study were retrieved in the 

same period and therefore, we do not expect that storage time is a major factor 

that may have affected the results of the differential levels in these patients. A 

second limitation may be related to the final diagnoses of the patients, which was 

based on clinical assessments and not on neuropathological examinations. 

However, given the very long follow-up of the patients in our cohorts (up to 12 

years), and the independent assessment by two experienced movement disorder 

specialists, we believe that the rate of misclassification has been reduced to a 

minimum. Importantly, the long follow-up time allowed us to consider the rate of 

progression, response to therapy and development of any red flags into the 

diagnostic process. We also included brain imaging findings in the diagnostic 

process. Based on these clinical parameters, a reliable ‘silver standard’ diagnosis 

can be made in most patients. Third, for 18 tryptic peptides, selected from our 

discovery experiment for validation, the results did not match in both experiments, 

which reinforces the need of robust independent validation studies before 

conclusions can be reached, which applied to the remaining 14 tryptic peptides.
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 One of the strongest aspects of our study is the use of two independent 

cohorts of patients for discovery and validation. In addition to that, we also 

performed our validation using a different MS technique (SRM) than in the discovery, 

and we confirmed the consistency of 14 tryptic peptides to discriminate PD from 

AP. A second strong point is the unique longitudinal study, in which patients were 

initially included with clear parkinsonian symptoms, but with an uncertain diagnosis 

at baseline, i.e. at a time in the diagnostic process where fluid biomarker are needed 

most. As such, our cohort offers excellent opportunities for fluid biomarker 

discovery and validation, as we demonstrate here. Besides providing new insights 

for potential biomarkers to help clinicians to discriminate parkinsonian disorders, 

this may also provide novel insights into differences in the underlying pathophysio-

logical processes for PD as compared to AP.

Conclusion

Proteomics is a powerful tool to identify peptides in CSF for discrimination of 

parkinsonian disorders. Our newly developed SRM assay proved to be very robust 

and offered a reliable relative quantification of tryptic peptides in CSF. Our validation 

experiment confirmed the potential of 14 CSF peptides to discriminate PD from AP, 

already at an early disease stage when there is still a high level of uncertainty about 

the underlying etiology of the specific movement disorder. The discriminative value 

of these tryptic peptides could be enlarged by the combination with existing 

biochemical markers or clinical assessments. Finally, our study may provide novel 

insights into the underlying pathophysiological processes of each disorder.
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Supplementary material

Supplementary table 1. Linearity of spiked, heavy labelled peptides.

Peptide Sequence Protein name Fragment mean 
R2

Fragment 
function

GFYFSR Insulin-like growth factor II Y [y4] 0.997 quantifier

F [y3] 0.991 qualifier

  Y [y4] 0.988 qualifier

VQLSEFSPPGSR Protocadherin Fat 2 L [y10] 0.998 quantifier

    S [y9] 0.988 qualifier

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

T [y8] 0.899 qualifier

T [y7] 0.906 quantifier

    T [y5] 0.881 qualifier

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

S [y10] 0.917 quantifier

P [y8] 0.917 qualifier

    P [y8] 0.937 qualifier

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein G [y8] 0.989 qualifier

P [y6] 0.993 quantifier

    P [y6] 0.990 qualifier

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

D [y9] 0.993 quantifier

T [y8] 0.974 qualifier

    L [b2] 0.989 qualifier

NVALVSGDTENAK Extracellular matrix protein 1 A [y11] 0.994 qualifier

V [y9] 0.900 qualifier

    S [y8] 0.946 quantifier

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

A [y6] 0.996 qualifier

L [y5] 0.998 quantifier

    F [y4] 0.997 qualifier

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

P [y12] 0.995 quantifier

F [b2] 0.997 qualifier

    T [b4] 0.994 qualifier

SFPLSSEHAK Cadherin-2 L [y7] 0.950 qualifier

S [y6] 0.989 qualifier

    P [y8] 0.974 quantifier
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Supplementary table 1. Continued.

Peptide Sequence Protein name Fragment mean 
R2

Fragment 
function

LTGISDPVTVK Noelin G [y9] 0.995 quantifier

    S [y7] 0.948 qualifier

FEAFEEDR Seizure 6-like protein 2 A [y6] 0.996 quantifier

F [y5] 0.991 qualifier

    A [b3] 0.987 qualifier

FLEQELETITIPDLR Phospholipid transfer protein T [y6] 0.798 qualifier

I [y5] 0.797 qualifier

    P [y4] 0.797 quantifier

LSPYVNYQFR Neurofascin V [y6] 0.979 qualifier

N [y5] 0.992 qualifier

    P [y8] 0.986 quantifier

VLEYLNQEK Secretogranin-2 E [y7] 0.997 quantifier

Y [y6] 0.997 qualifier

    N [y4] 0.996 qualifier

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

L [y7] 0.997 qualifier

E [y6] 0.991 qualifier

    I [y5] 0.994 quantifier

YGFIEGHVVIPR CD44 antigen E [y8] 0.985 qualifier

V [y5] 0.960 qualifier

    V [y4] 0.967 quantifier

VESLEQEAANER Amyloid-beta precursor 
protein 

E [y8] 0.996 qualifier

Q [y7] 0.980 qualifier

    A [y5] 0.981 quantifier

NLLDLR SLIT and NTRK-like protein 1 L [y4] 0.990 quantifier

D [y3] 0.985 qualifier

    L [y2] 0.992 qualifier

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

P [y8] 0.961 quantifier

F [y9] 0.942 qualifier

    P [y8] 0.985 qualifier

AFQVWSDVTPLR 72 kDa type IV collagenase W [y8] 0.959 quantifier

S [y7] 0.955 qualifier

    T [y4] 0.966 qualifier
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Supplementary table 1. Continued.

Peptide Sequence Protein name Fragment mean 
R2

Fragment 
function

AVVEVDESGTR Plasma serine protease 
inhibitor

E [y8] 0.993 quantifier

V [y7] 0.987 qualifier

    D [y6] 0.990 qualifier

LQAPVWEFK Ceroid-lipofuscinosis 
neuronal protein 5 

A [y7] 0.991 quantifier

P [y6] 0.981 qualifier

    F [y2] 0.954 qualifier

LFEELVR Pyruvate kinase PKM E [y5] 0.986 quantifier

E [y4] 0.993 qualifier

    L [y3] 0.973 qualifier

SQETGDLDVGGLQETDK Fibulin-1 G [y8] 0.994 quantifier

Q [b2] 0.996 qualifier

    E [b3] 0.982 qualifier

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

A [y12] 0.981 quantifier

    N [y9] 0.982 qualifier

SFQTGLFTAAR Vitamin K-dependent protein S T [y8] 0.988 quantifier

G [y7] 0.985 qualifier

    F [y5] 0.980 qualifier

VGIPENAPIGTLLLR Protocadherin gamma-C5 P [y12] 0.924 qualifier

P [y8] 0.933 qualifier

    P [y12] 0.927 quantifier

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

D [y6] 0.988 qualifier

F [y5] 0.993 quantifier

    N [y4] 0.994 qualifier

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

L [y5] 0.992 quantifier

L [y4] 0.989 qualifier

    D [y3] 0.990 qualifier

TSDQIHFFFAK Antithrombin-III A [y2] 0.985 qualifier

S [y10] 0.981 quantifier

    D [y9] 0.978 qualifier

TDGAAPNVAPSDVGGGGGR Contactin-1 P [y14] 0.980 quantifier

    A [y11] 0.826 qualifier

Linear curve of heavy labeled peptides diluted from 0 to 40 fmol in a CSF digested pool, based on the ratio 

of endogenous and heavy labeled peptides.
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Supplementary table 2. Intra-assay variation.

Peptide Sequence Protein name mean std dev CV%

GFYFSR Insulin-like growth factor II 2.05 0.03 1.55%

VQLSEFSPPGSR Protocadherin Fat 2 0.07 0.01 7.77%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.16 0.03 17.05%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

60.94 6.85 11.24%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 2.25 0.08 3.72%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

0.33 0.03 7.77%

NVALVSGDTENAK Extracellular matrix protein 1 1.32 0.06 4.77%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

3.89 0.24 6.18%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

0.94 0.04 3.74%

SFPLSSEHAK Cadherin-2 0.24 0.05 20.40%

LTGISDPVTVK Noelin 0.03 0.00 7.96%

FEAFEEDR Seizure 6-like protein 2 0.13 0.00 3.54%

FLEQELETITIPDLR Phospholipid transfer protein 473.82 21.94 4.63%

LSPYVNYQFR Neurofascin 0.17 0.01 5.25%

VLEYLNQEK Secretogranin-2 2.51 0.03 1.15%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

0.30 0.02 5.86%

YGFIEGHVVIPR CD44 antigen 3.14 0.53 16.88%

VESLEQEAANER Amyloid-beta precursor protein 8.04 0.18 2.21%

NLLDLR SLIT and NTRK-like protein 1 0.13 0.01 4.43%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

0.59 0.04 6.96%

AFQVWSDVTPLR 72 kDa type IV collagenase 1.81 0.13 7.34%

AVVEVDESGTR Plasma serine protease inhibitor 1.04 0.02 2.18%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

0.16 0.01 3.53%

LFEELVR Pyruvate kinase PKM 1.38 0.12 8.68%

SQETGDLDVGGLQETDK Fibulin-1 55.11 2.38 4.31%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

31.63 3.06 9.67%

SFQTGLFTAAR Vitamin K-dependent protein S 1.77 0.11 6.21%
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Supplementary table 2. Continued.

Peptide Sequence Protein name mean std dev CV%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.17 0.01 5.12%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.13 0.01 7.02%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

2.48 0.30 11.96%

TSDQIHFFFAK Antithrombin-III 28.23 1.43 5.08%

TDGAAPNVAPSDVGGGGGR Contactin-1 2.33 0.08 3.50%

Intra-assay variation of one digested pooled CSF injected five times on the same day. Mean was calculated 

based on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a better visualization. Standard 

deviation (std dev) was calculated based on replicates. Coefficient of variation (CV) was calculated by dividing 

the standard deviation by the mean.

Supplementary table 3. Inter-assay variation.

Peptide Sequence Protein name mean std dev CV%

GFYFSR Insulin-like growth factor II 5.43 0.12 2.15%

VQLSEFSPPGSR Protocadherin Fat 2 0.12 0.01 8.61%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.34 0.02 7.10%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

14.00 0.99 7.11%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 3.52 0.06 1.75%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

2.68 0.12 4.45%

NVALVSGDTENAK Extracellular matrix protein 1 4.64 0.06 1.35%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

9.53 0.25 2.62%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

4.98 0.12 2.32%

SFPLSSEHAK Cadherin-2 3.34 0.21 6.44%

LTGISDPVTVK Noelin 0.23 0.02 8.97%

FEAFEEDR Seizure 6-like protein 2 1.33 0.01 1.06%

FLEQELETITIPDLR Phospholipid transfer protein 1.93 0.01 0.52%

LSPYVNYQFR Neurofascin 1.20 0.06 4.77%

VLEYLNQEK Secretogranin-2 5.45 0.09 1.61%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

3.07 0.19 6.22%

YGFIEGHVVIPR CD44 antigen 2.86 0.04 1.42%

VESLEQEAANER Amyloid-beta precursor protein 5.27 0.07 1.39%
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Supplementary table 3. Continued.

Peptide Sequence Protein name mean std dev CV%

NLLDLR SLIT and NTRK-like protein 1 1.25 0.11 8.73%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

1.56 0.06 3.69%

AFQVWSDVTPLR 72 kDa type IV collagenase 2.03 0.03 1.53%

AVVEVDESGTR Plasma serine protease inhibitor 5.80 0.18 3.04%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

1.11 0.04 3.22%

LFEELVR Pyruvate kinase PKM 5.78 0.14 2.41%

SQETGDLDVGGLQETDK Fibulin-1 13.87 0.25 1.77%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

9.28 0.56 6.00%

SFQTGLFTAAR Vitamin K-dependent protein S 3.45 0.09 2.75%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.38 0.03 7.33%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.90 0.01 1.44%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

4.82 0.16 3.33%

TSDQIHFFFAK Antithrombin-III 6.14 0.19 3.11%

TDGAAPNVAPSDVGGGGGR Contactin-1 5.22 0.18 3.48%

Inter-assay variation of one digested pooled CSF injected on ten different days. Mean was calculated based 

on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a better visualization. Standard deviation 

(std dev) was calculated based on replicates. Coefficient of variation (CV) was calculated by dividing the 

standard deviation by the mean.
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Supplementary table 4. Inter-assay variation in sample preparation.

Peptide Sequence Protein name mean std dev CV%

GFYFSR Insulin-like growth factor II 1.57 0.15 9.33%

VQLSEFSPPGSR Protocadherin Fat 2 0.05 0.00 10.05%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.10 0.01 14.48%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

43.53 2.48 5.70%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 1.41 0.10 6.92%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

0.23 0.02 11.07%

NVALVSGDTENAK Extracellular matrix protein 1 0.90 0.07 7.42%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

3.03 0.10 3.19%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

0.49 0.02 4.69%

SFPLSSEHAK Cadherin-2 1.65 0.21 12.92%

LTGISDPVTVK Noelin 0.02 0.00 8.44%

FEAFEEDR Seizure 6-like protein 2 0.09 0.01 6.40%

FLEQELETITIPDLR Phospholipid transfer protein 116.46 12.31 10.57%

LSPYVNYQFR Neurofascin 0.10 0.00 3.59%

VLEYLNQEK Secretogranin-2 1.81 0.07 3.77%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

0.20 0.02 9.01%

YGFIEGHVVIPR CD44 antigen 2.12 0.06 3.01%

VESLEQEAANER Amyloid-beta precursor protein 6.42 0.22 3.38%

NLLDLR SLIT and NTRK-like protein 1 0.10 0.01 7.38%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

0.38 0.03 7.36%

AFQVWSDVTPLR 72 kDa type IV collagenase 1.10 0.06 5.67%

AVVEVDESGTR Plasma serine protease inhibitor 0.42 0.02 3.59%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

0.11 0.01 7.03%

LFEELVR Pyruvate kinase PKM 0.93 0.05 4.91%

SQETGDLDVGGLQETDK Fibulin-1 38.08 2.09 5.50%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

20.35 1.49 7.33%

SFQTGLFTAAR Vitamin K-dependent protein S 1.31 0.16 12.24%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.10 0.01 10.27%
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Supplementary table 4. Continued.

Peptide Sequence Protein name mean std dev CV%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.10 0.00 1.89%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

1.69 0.06 3.70%

TSDQIHFFFAK Antithrombin-III 18.21 1.18 6.49%

TDGAAPNVAPSDVGGGGGR Contactin-1 1.13 0.09 7.95%

Inter-assay variation of sample preparation (by digesting aliquots of five identical pooled CSF samples on the 

same day and measure them all on the same day). Mean was calculated based on ratio of endogenous : 

heavy labeled peptides, multiplied by 10 for a better visualization. Standard deviation (std dev) was calculated 

based on replicates. Coefficient of variation (CV) was calculated by dividing the standard deviation by the 

mean.

Supplementary table 5. Sample stability during 24h on the autosampler.

Peptide Sequence Protein name mean std dev CV%

GFYFSR Insulin-like growth factor II 1.99 0.11 5.48%

VQLSEFSPPGSR Protocadherin Fat 2 0.07 0.01 7.66%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.17 0.02 13.15%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

67.44 8.77 13.01%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 2.25 0.08 3.63%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

0.33 0.02 6.65%

NVALVSGDTENAK Extracellular matrix protein 1 1.34 0.24 17.59%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

3.89 0.17 4.45%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

0.92 0.03 3.49%

SFPLSSEHAK Cadherin-2 0.19 0.05 26.10%

LTGISDPVTVK Noelin 0.03 0.01 16.52%

FEAFEEDR Seizure 6-like protein 2 0.14 0.01 7.83%

FLEQELETITIPDLR Phospholipid transfer protein 480.58 24.36 5.07%

LSPYVNYQFR Neurofascin 0.17 0.01 7.88%

VLEYLNQEK Secretogranin-2 2.53 0.11 4.27%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

0.31 0.02 6.87%

YGFIEGHVVIPR CD44 antigen 3.05 0.46 14.96%

VESLEQEAANER Amyloid-beta precursor protein 8.21 0.87 10.62%
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Supplementary table 5. Continued.

Peptide Sequence Protein name mean std dev CV%

NLLDLR SLIT and NTRK-like protein 1 0.13 0.01 4.62%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

0.58 0.05 8.79%

AFQVWSDVTPLR 72 kDa type IV collagenase 1.77 0.10 5.92%

AVVEVDESGTR Plasma serine protease inhibitor 1.05 0.06 5.68%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

0.15 0.01 4.47%

LFEELVR Pyruvate kinase PKM 1.35 0.09 6.92%

SQETGDLDVGGLQETDK Fibulin-1 55.98 5.33 9.53%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

31.41 4.40 14.02%

SFQTGLFTAAR Vitamin K-dependent protein S 1.74 0.12 7.05%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.17 0.01 7.12%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.13 0.01 6.02%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

2.39 0.25 10.62%

TSDQIHFFFAK Antithrombin-III 28.49 1.36 4.76%

TDGAAPNVAPSDVGGGGGR Contactin-1 2.22 0.21 9.52%

Sample stability on the plate by injecting one digested pooled CSF every 4 h for 24 h. Mean was calculated 

based on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a better visualization. Standard 

deviation (std dev) was calculated based on replicates. Coefficient of variation (CV) was calculated by dividing 

the standard deviation by the mean.

Supplementary table 6. Stability (freeze / thaw effect) for digested samples.

Peptide Sequence Protein name mean std dev CV%

GFYFSR Insulin-like growth factor II 1.58 0.03 1.92%

VQLSEFSPPGSR Protocadherin Fat 2 0.05 0.00 7.09%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.11 0.01 12.57%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

49.06 6.28 12.80%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 1.42 0.02 1.19%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

0.23 0.01 5.95%

NVALVSGDTENAK Extracellular matrix protein 1 0.92 0.07 7.39%
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Supplementary table 6. Continued.

Peptide Sequence Protein name mean std dev CV%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

3.11 0.09 2.78%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

0.52 0.03 5.17%

SFPLSSEHAK Cadherin-2 0.14 0.02 15.72%

LTGISDPVTVK Noelin 0.02 0.00 7.51%

FEAFEEDR Seizure 6-like protein 2 0.09 0.00 1.70%

FLEQELETITIPDLR Phospholipid transfer protein 116.08 4.69 4.04%

LSPYVNYQFR Neurofascin 0.10 0.01 5.64%

VLEYLNQEK Secretogranin-2 1.78 0.05 2.86%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

0.21 0.01 6.60%

YGFIEGHVVIPR CD44 antigen 2.10 0.06 2.99%

VESLEQEAANER Amyloid-beta precursor protein 6.38 0.18 2.82%

NLLDLR SLIT and NTRK-like protein 1 0.10 0.01 8.12%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

0.38 0.02 5.32%

AFQVWSDVTPLR 72 kDa type IV collagenase 1.06 0.02 1.49%

AVVEVDESGTR Plasma serine protease inhibitor 0.42 0.02 4.08%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

0.11 0.01 5.86%

LFEELVR Pyruvate kinase PKM 0.95 0.03 3.20%

SQETGDLDVGGLQETDK Fibulin-1 40.19 1.42 3.52%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

22.64 2.21 9.77%

SFQTGLFTAAR Vitamin K-dependent protein S 1.28 0.05 4.22%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.09 0.01 7.63%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.09 0.00 4.62%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

1.73 0.06 3.62%

TSDQIHFFFAK Antithrombin-III 18.45 0.37 2.03%

TDGAAPNVAPSDVGGGGGR Contactin-1 1.12 0.04 3.58%

Freeze / thaw effect using one digested pooled CSF, subjected to 5 freeze / thaw cycles. Mean was calculated 

based on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a better visualization. Standard 

deviation (std dev) was calculated based on replicates. Coefficient of variation (CV) was calculated by dividing 

the standard deviation by the mean.
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Supplementary table 7.  Stability of CSF samples subjected to freeze / thaw cycles 

prior to digestion.

Peptide Sequence Protein name mean std. dev. CV%

GFYFSR Insulin-like growth factor II 2.02 0.11 5.32%

VQLSEFSPPGSR Protocadherin Fat 2 0.08 0.01 13.15%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.15 0.01 8.13%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

104.42 13.83 13.25%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 2.43 0.38 15.68%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

0.33 0.03 9.40%

NVALVSGDTENAK Extracellular matrix protein 1 1.51 0.23 14.94%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

4.54 0.37 8.11%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

0.92 0.16 17.69%

SFPLSSEHAK Cadherin-2 0.20 0.02 8.59%

LTGISDPVTVK Noelin 0.03 0.01 23.27%

FEAFEEDR Seizure 6-like protein 2 0.12 0.01 12.38%

FLEQELETITIPDLR Phospholipid transfer protein 169.70 15.82 9.32%

LSPYVNYQFR Neurofascin 0.19 0.01 6.27%

VLEYLNQEK Secretogranin-2 2.53 0.37 14.58%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

0.34 0.02 6.54%

YGFIEGHVVIPR CD44 antigen 3.38 0.58 17.05%

VESLEQEAANER Amyloid-beta precursor protein 9.82 1.24 12.61%

NLLDLR SLIT and NTRK-like protein 1 0.17 0.03 15.09%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

0.61 0.11 17.57%

AFQVWSDVTPLR 72 kDa type IV collagenase 1.77 0.26 14.93%

AVVEVDESGTR Plasma serine protease inhibitor 1.17 0.11 9.09%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

0.19 0.03 13.65%

LFEELVR Pyruvate kinase PKM 1.68 0.19 11.52%

SQETGDLDVGGLQETDK Fibulin-1 59.12 8.27 13.99%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

35.76 2.13 5.96%

SFQTGLFTAAR Vitamin K-dependent protein S 1.85 0.20 10.68%
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Supplementary table 7.  Continued.

Peptide Sequence Protein name mean std. dev. CV%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.15 0.02 14.69%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.16 0.02 14.68%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

2.58 0.26 10.10%

TSDQIHFFFAK Antithrombin-III 32.37 3.66 11.30%

TDGAAPNVAPSDVGGGGGR Contactin-1 2.30 0.08 3.54%

Freeze / thaw effect using one pooled CSF sample subjected to 3 freeze / thaw cycles  prior to the digestion 

steps. Mean was calculated based on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a 

better visualization. Standard deviation (std dev) was calculated based on replicates. Coefficient of variation 

(CV) was calculated by dividing the standard deviation by the mean.

Supplementary Table 8. Variation in SRM measures of quality control (QC) samples. 

Peptide sequence Protein name Ratio 
mean

std dev CV%

GFYFSR Insulin-like growth factor II 5.79 0.69 11.92%

VQLSEFSPPGSR Protocadherin Fat 2 0.12 0.01 9.00%

DDDFTTWTQLAK Protein O-linked-
mannose beta-1,2-N-
acetylglucosaminyltransferase 1 

0.44 0.07 16.30%

ALYYDLISSPDIHGTYK Pigment epithelium-derived 
factor

20.20 1.07 5.30%

HVLFGTVGVPEHTYR Thy-1 membrane glycoprotein 5.13 0.90 17.48%

FLDTGVVQSDR Multiple epidermal growth 
factor-like domains protein 8

3.14 0.22 6.97%

NVALVSGDTENAK Extracellular matrix protein 1 4.49 0.19 4.16%

LALFPDK Neuroblastoma suppressor of 
tumorigenicity 1

10.13 0.30 2.92%

VFNTPEGVPSAPSSLK Neuronal cell adhesion 
molecule

5.94 0.26 4.33%

SFPLSSEHAK Cadherin-2 3.60 0.23 6.46%

LTGISDPVTVK Noelin 0.34 0.02 4.70%

FEAFEEDR Seizure 6-like protein 2 1.51 0.14 9.16%

FLEQELETITIPDLR Phospholipid transfer protein 2.39 0.30 12.41%

LSPYVNYQFR Neurofascin 1.56 0.12 7.76%

VLEYLNQEK Secretogranin-2 4.48 0.18 3.99%

SYLEITPSR Inter-alpha-trypsin inhibitor 
heavy chain H5

3.78 0.17 4.37%

YGFIEGHVVIPR CD44 antigen 3.87 0.31 8.00%
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Supplementary Table 8. Variation in SRM measures of quality control (QC) samples. 

Peptide sequence Protein name Ratio 
mean

std dev CV%

VESLEQEAANER Amyloid-beta precursor protein 5.28 0.44 8.28%

NLLDLR SLIT and NTRK-like protein 1 1.49 0.15 10.05%

LTVFPDGTLEVR Leucine-rich repeat and 
immunoglobulin-like domain-
containing nogo receptor-
interacting protein 1

2.23 0.16 7.35%

AFQVWSDVTPLR 72 kDa type IV collagenase 3.14 0.07 2.23%

AVVEVDESGTR Plasma serine protease inhibitor 6.87 0.68 9.93%

LQAPVWEFK Ceroid-lipofuscinosis neuronal 
protein 5 

1.53 0.08 4.92%

LFEELVR Pyruvate kinase PKM 6.47 0.39 6.09%

SQETGDLDVGGLQETDK Fibulin-1 16.22 0.86 5.30%

GAAVSNNIVVRPSR Neuronal cell adhesion 
molecule

9.97 1.12 11.21%

SFQTGLFTAAR Vitamin K-dependent protein S 3.88 0.28 7.22%

VGIPENAPIGTLLLR Protocadherin gamma-C5 0.57 0.04 7.68%

FDFNAFR Mannosyl-oligosaccharide 
1,2-alpha-mannosidase IC

0.96 0.06 5.93%

TFTLLDPK N-acetylmuramoyl-L-alanine 
amidase

5.02 0.16 3.18%

TSDQIHFFFAK Antithrombin-III 8.33 0.40 4.85%

TDGAAPNVAPSDVGGGGGR Contactin-1 5.37 0.34 6.25%

Two digested pooled CSF samples were included as quality controls in each digestion cycle of the clinical 

cohort. Mean was calculated based on ratio of endogenous : heavy labeled peptides, multiplied by 10 for a 

better visualization. Standard deviation (std dev) was calculated based on replicates. Coefficient of variation 

(CV) was calculated by dividing the standard deviation by the mean.
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Abstract

Parkinson’s disease (PD) and Multiple system atrophy (MSA) are both part of the 

spectrum of neurodegenerative movement disorders and α-synucleinopathies 

with overlap of symptoms especially at early stages of the disease, but with distinct 

disease progression and responses to dopaminergic treatment. Therefore, having 

biomarkers that specifically classify patients, and that could discriminate Parkinson’s 

PD from MSA would be very useful. MicroRNAs regulate protein translation and are 

observed in biological fluids, including cerebrospinal fluid (CSF), and may therefore 

have potential as biomarkers of disease. The aim of our study was to determine if 

microRNAs in CSF, could be used as biomarkers for either PD or MSA. Using 

quantitative PCR (qPCR), we evaluated expression levels of 10 microRNAs in CSF 

patients samples from PD (n=28), MSA (n=17) and non-neurological controls (n=28). 

We identified two microRNAs (miR-24 and miR-205) that distinguished PD from 

controls, and four microRNAs that differentiated MSA from controls (miR-19a, 

miR-19b, miR-24 and miR-34c). Combinations of microRNAs accurately 

discriminated either PD (AUC=0.96) or MSA (AUC=0.86) from controls. In MSA, we 

also observed that miR-24 and miR-148b correlated to cerebellar ataxia symptoms, 

suggesting these microRNAs are involved in cerebellar degeneration in MSA. Our 

findings support the potential of microRNA panels as biomarkers for movement 

disorders and may provide more insights into the pathological mechanisms related 

to these disorders.

Keywords: Parkinson’s disease; Multiple system atrophy; biomarkers; microRNA; 

cerebrospinal fluid
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Introduction

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder 

in elderly people, characterized by the loss of dopaminergic neurons, resulting in a 

movement disorder with symptoms such as postural instability, bradykinesia, rest 

tremor and rigidity [1]. Non-motor symptoms are also reported, such as neuropsy-

chiatric dysfunction, cognitive impairment, sleep disorders, olfactory dysfunction, 

sensory symptoms and pain [2]. Multiple system atrophy (MSA), a rare, rapidly 

progressive and very debilitating disease, is characterized by parkinsonism or 

cerebellar ataxia, in combination with autonomic dysfunction. Furthermore, both 

diseases are part of the spectrum of α-synucleinopathies, characterized by 

accumulation of the protein α-synuclein in Lewy bodies as the major neuropatho-

logical hallmark. Due to the overlap of symptoms with PD at early stages, MSA may 

be misdiagnosed as PD. At later stages MSA has, however, a distinct disease 

progression and usually poor response to anti-Parkinson treatment [3].

 The diagnoses of PD or MSA are based on extensive clinical and neurological 

evaluations, cerebral MRI and response to anti-Parkinson treatment [4, 5]. 

Biomarkers that specifically classify patients with PD and discriminate them from 

other atypical Parkinsonism, such as MSA, are not yet available. A reliable biomarker 

to complement clinical diagnoses would be very useful preferably at early stages of 

diseases to avoid misdiagnoses, provide adequate disease management and patient 

counseling, as well as for research purposes.

 Cerebrospinal fluid (CSF) is the body fluid which is closest to the brain, and 

therefore it is the most promising body fluid for identification of biomarkers for 

neurodegenerative disorders. Several proteins have been investigated in CSF as 

biomarkers for PD and atypical parkinsonism disorders, such as neurofilament light 

chain (NFL), tau, α-synuclein, and Aβ42 [6]. NFL and total tau protein levels 

discriminate MSA from PD with reasonable accuracy [7-9], whereas CSF α-synuclein 

is reduced in all α-synucleinopathies and Aβ42 was investigated as indicator of 

cognitive decline (reviewed in [10]).

 MicroRNAs have been investigated and suggested as biomarkers in a large 

variety of diseases, including neurodegenerative disorders [11]. They are small 

non-coding RNAs, of approximately 20 nucleotides, that act in post-transcriptional 

regulation of messenger RNA (mRNA), blocking the translation into proteins by 

binding to the 3’prime untranslated region (3’UTR). A single microRNA can 

downregulate the expression of hundreds of genes, and in turn, each mRNA could 

be controlled by numerous microRNAs [12].

 In the past years, the discovery of circulating microRNAs in body fluids caught 

the attention of researchers due to the opportunity to use them as biomarkers of 

disease [13]. Since then, in the field of neurodegeneration they have been studied 

in brain tissue, serum, plasma, blood, and CSF [14].
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 Several microRNAs have been identified at abnormal levels in PD and MSA and 

suggested as potential biomarkers. For example, miR- 34b/c [15], miR-133b [16], and 

miR-205 [17] were found at lower levels in brain tissue from PD patients compared 

to controls. MiR-19a/b [18-20] and miR-30c [18, 21] showed lower expression levels 

either in PD or MSA in CSF, serum and peripheral blood mononuclear cells (PBMC), 

while concentrations of miR-132 [20] were higher in CSF of PD, compared to 

controls. In addition, miR-24 and miR-148b were found at altered levels in serum of 

PD and MSA patients [21].

 The aim of our study was to determine if these microRNAs could be used as 

disease-specific biomarkers for either PD or MSA when quantified in CSF.

Methods

Cerebrospinal fluid samples from patients and controls
Our patients were selected from a previous longitudinal study at the Radboud 

University Medical Center (Nijmegen, The Netherlands), which included patients 

referred to our tertiary movement disorder centre between January 2003 to 

December 2006 [22]. These patients were followed for three years, and the final 

diagnosis for each patient was established by two neurologists who were experts 

in movement disorders, based on the current criteria for PD [5] and MSA [4]. 

The disease severity was evaluated using the Hoehn and Yahr (H&Y) scores [23], 

Unified Parkinson’s Disease Rating Scale (UPDRS) [24], International Cooperative 

Ataxia Rating Scale (ICARS) [25], and Mini-mental state examination (MMSE) [26]. 

An overview of patients details is given in table 1.

 The control group consisted of patients aged above 50, which resembles the 

age when symptoms of PD or MSA are usually observed. These patients had been 

evaluated by the Neurology Department for suspicion of a neurological disorders, 

but who turned out not to have a neurological disease after extensive investigation.

 For selection of CSF samples we adhered to the following criteria: leukocyte 

number count fewer than 5 cells/µl and erythrocyte number fewer than 200 cells/

µl to avoid blood contamination of CSF, since we previously observed that the 

presence of blood cells in CSF affects microRNA levels [27-29]. CSF samples were 

collected in polypropylene tubes from PD, MSA and non-neurological controls, 

centrifuged, aliquoted and stored at -80o until further analysis. All participants 

provided written informed consent.

RNA isolation, reverse transcription and quantitative PCR
CSF samples from PD (n=28), MSA (n=17) and non-neurological controls (n=30) 

were randomly distributed in three groups for the procedures of RNA isolation, 
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reverse transcription into cDNA, pre-amplification, and quantitative PCR (qPCR) as 

previously described by our group [27, 28]. In addition, three samples were used as 

an inter-plate control for qPCR reactions to determine inter-plate variation in 

microRNA quantification.

 Our selection of microRNAs was based on previous publications on these 

microRNAs in which they were proposed as potential biomarkers for PD or MSA, 

either in body fluids or in brain tissue. We also took into consideration that the 

predicted targets of these selected microRNAs should include genes that had been 

previously linked to PD or MSA. For this, we submitted our microRNA selection 

to target prediction program TargetScan version 7 [30], including results of all 

conserved and poorly conserved sites, and for a second confirmation of target 

prediction we submitted the selection to microT-CDS software from the DIANA 

online platform [31, 32], with a settled threshold of 0.7 (suggested by the software 

for optimal accuracy on target prediction). An overview of the predicted targets is 

listed in table 2.

Table 1. Patient group characteristics

Control PD MSA p value*

n 28 28 17  

Sex (men / women) 15/13 21/7 13/4 p=0.15

Age at inclusion (years) 62.9 ± 8 54.5 ± 10.4 62.5 ± 9.7 p=0.002

Disease duration (months) NA 38.9 ± 40.2 25.7 ± 14.5 p=0.66

Follow up (years) NA n = 24 n = 11 NA

4.8 ± 2.1 3.1 ± 1.2

Disease severity p value†

H&Y score NA n = 27 n = 17 p=0.05

1.8 ± 0.6 2.1 ± 0.8

UPDRS score NA n = 26 n = 17 p=0.17

25.1 ± 14.3 29.2 ± 11.7

ICARS score NA n = 26 n = 14 p<0.0001

1.9 ± 3.2 9.9 ± 7.5

MMSE score NA n = 27 n = 16 p=0.79

28.1 ± 1.8 27.6 ± 3.2

Values are expressed as mean ± standard deviation.

n: number of samples; PD: Parkinson’s Disease; MSA: Multiple System Atrophy; NA: not applicable; H&Y: 

Hoehn and Yahr score; UPDRS: Unified Parkinson’s Disease Rating Scale; ICARS: International Cooperative 

Ataxia Rating Scale; MMSE: Mini Mental State Examination.

*Parameters were analyzed with ANOVA using Bonferroni as post hoc test, except for sex, which was 

 analyzed using chi-square test; †Comparison between PD and MSA was performed using Student’s t test or 

Mann-Whitney U test.
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The selected microRNAs for this study were: hsa-miR-19a-3p, hsa-miR-19b-3p, 

hsa-miR-24-3p, hsa-miR-30c-5p, hsa-miR-34b-3p, hsa-miR-34c-5p, hsa-miR-132-5p, 

hsa-miR-133b, hsa-miR-148b-3p, hsa-miR-205-5p. In addition, has-miR-16-5p and 

U6 snRNA were used as reference RNAs. The primer sequences from Applied 

Biosystems (Foster City, CA, USA) can be found at http://www.appliedbiosystems.com.

Data analysis
The microRNA expression levels were normalized to the geometric mean (GM) [27] 

of the cycle threshold (Ct) values of two small reference RNAs in each sample, i.e. 

microRNA-16 and U6. The Ct values of these two small reference RNAs were similar 

in the three groups. To calculate the relative expression levels (REL), we first 

calculated the GM by the formula GM=√(Ct[miR16] x Ct[U6]) , and then calculated 

the difference between the Ct’s of the microRNA target and the GM (∆Ct=CtmiRNA-

GM). Finally, we calculated the relative expression by REL=2–∆Ct.

 Data were analyzed using Graph Pad Prism, version 5 (La Jolla, CA, USA) and 

IBM SPSS Statistics 22 (Armonk, NY, USA). D’Agostino and Pearson omnibus 

Table 2. Number of predicted targets and specification of targets linked to PD/MSA 

for each microRNA

Prediction software

TargetScan DIANA

microRNA Number of 
predicted 

targets 

Targets already 
linked to PD or MSA

Number of 
predicted 

targets 

Targets already 
linked to PD or MSA

miR-19a-3p 3968 PARK2; LRRK2; VPS35 1261 PARK2

miR-19b-3p 3968 PARK2; LRRK2; VPS35 1262 PARK2

miR-24-3p 6215 ATP13A2; VPS35 978 ATP13A2; EIF4G1

miR-30c-5p 4304 LRRK2; DNAJC13 1670 LRRK2; DNAJC13

miR-34b-3p 4165 SNCA; PARK2; VPS35 928 SNCA

miR-34c-5p 4374 SNCA; PLA2G6; SLC1A4 894 -

miR-132-5p 1230 - 54 -

miR-133b 2976 SNCA 1050 SNCA; DNAJC13

miR-148b-3p 4011 SNCA; PARK2; PARK7; 
VPS35; HTRA2; SLC1A4

903 SNCA; PARK7

miR-205-5p 4413 LRRK2; HTRA2; SQSTM1 1371 LRRK2

Official gene symbols for SNCA: synuclein alpha; ATP13A2: ATPase 13A2; VPS35: VPS35, retromer complex 

component; SQSTM1: sequestosome 1; SLC1A4: solute carrier family 1 member 4; PLA2G6: phospholipase 

A2 group VI; PARK7: Parkinsonism associated deglycase; PARK2: parkin RBR E3 ubiquitin protein ligase; 

LRRK2: leucine-rich repeat kinase 2; HTRA2: HtrA serine peptidase 2; EIF4G1: eukaryotic translation initiation 

factor 4 gamma 1; DNAJC13: DnaJ heat shock protein family (Hsp40) member C13.
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normality test was used to check data distribution. For comparison between three 

groups, in case of parametric data, one-way analysis of variance (ANOVA) was used 

with Bonferroni’s as post hoc test, and for non-parametric data, Kruskal-Wallis test 

with Dunn’s as post hoc test for multiple comparisons. For comparison between 

PD and MSA Student’s t test or Mann-Whitney U test were selected for parametric 

and non-parametric distributed data respectively. Analyses of covariance (ANCOVA) 

were performed to control for possible confounding factors that could influence 

microRNA expression level, such as age.

 Analysis of Receiver Operator Characteristic (ROC) was performed to assess 

the diagnostic accuracy of parameters. The Youden index was used to determine 

the optimal cut-off values. To test if a combination of microRNAs could improve 

differentiation between groups, binary logistic regression analysis was applied 

including all microRNAs and a model was created for each pair of comparison, 

which was subjected to ROC curve analysis for test of accuracy.

 We also performed a correlation analysis of the microRNAs in the three groups 

and also between microRNAs expression levels in PD or MSA and clinical parameters 

(H&Y, UPDRS, ICARS, MMSE), for all analyses we used Spearman’s rho test.

Results

MicroRNA expression in CSF
We evaluated the expression levels of ten microRNAs (miR-19a, 19b, 24, 30c, 34b, 

34c, 132, 133b, 148b, and 205) in CSF of patients diagnosed with PD or MSA and 

non-neurological controls. In accordance to our selection criteria, CSF leukocyte 

and erythrocyte number did not differ between groups. Sex distribution was equal 

in the three groups, but age was significantly different among groups, due to the 

inclusion of relatively young patients in the PD group. The parameters used for 

evaluation of disease severity, H&Y, UPDRS, and MMSE scores, were similar between 

PD and MSA, except for ICARS score, which is expected since cerebellar ataxia is 

prominently observed in MSA and not in PD. A summary of these parameter details 

is shown in table 1.

 The selected reference RNAs could be detected in all samples with the 

exception of two samples (both from the control group). Failure to quantify these 

small RNAs is probably due to improper sample processing, despite careful 

execution of our protocols, and therefore we excluded these samples from further 

analysis. The mean Ct values of microRNA-16 (Control=23.6; PD=22.1; MSA=22.1) 

and U6 (Control=26.9; PD=26.2; MSA=26.2) were similar in the three groups 

(ANOVA p=0.90, p=0.06, respectively, data not shown).
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Figure 1 Relative expression values (REL) of microRNAs in CSF from controls, PD and MSA 

patients. MiR-205 (a) and 24 (b) were able to discriminate PD from non-neurological controls. 

Lower levels of miR-24 (b), 19a (c), 19b (d), and 34c (e) compared to controls allowed the 

discrimination of MSA from control patients. Data were analyzed using ANOVA, *p<0.05; 

**p<0.001.

a

c

e

b

d

f
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MiR-132 could not be detected in any sample, and therefore had to be excluded 

from further analysis. An overview of the results for the nine remaining microRNA 

targets is shown in figure 1. Our findings indicated that mean miR-205 levels were 

upregulated in PD compared to control group (p=0.0061; Figure 1A) by a factor 4.1.  

In contrast, miR-24 was downregulated in PD by a factor 3.1 (p=0.0024, Figure 1B). 

Four microRNAs showed lower levels in MSA compared to controls, miR-19a 

(p=0.0216, factor=2.4), miR-19b (p=0.0261, factor=2.3), miR-24 (p=0.0024, factor=3.9) 

and miR-34c (p= 0.0259, factor=2.8) (Figure 1B, C, D and E). None of the microRNAs 

was individually able to discriminate PD and MSA. Because of the age difference 

between the groups, age was included as possible confounding factor using 

ANCOVA. This resulted in the loss of significance of the difference for miR-205 (PD 

versus controls), but the differences for the other targets were retained.

Figure 1 Continued.

g
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Diagnostic value and panels
ROC analysis was performed to determine the diagnostic accuracy of targets that 

statistically differed between either PD or MSA and controls. The area under the 

curve (AUC), which indicates the accuracy, was moderate for all targets for 

discrimination of PD or MSA from controls, with an average AUC of 0.72 (±0.02) 

(Figure 2a).

 Binary logistic regression analysis was used to investigate if combinations of 

microRNAs could improve their use as biomarkers. A combination of microRNAs 

resulted in an improved discrimination of PD from the control group (Figure 2b) 

compared to single microRNAs. The created model included miR-19a, 19b, 24, 30c, 

34b, 133b, and 205. The AUC from the ROC analysis increased to 0.96 (p-value 

<0.0001, sensitivity of 96% and specificity of 92%, cut-off > -0.44, positive likelihood 

ratio=13.5), suggesting that the combination of these microRNAs could improve 

diagnostic accuracy. A similar analysis was performed to generate a model for 

distinction of MSA from control (Figure 2B), which included miR-24 and 205. With 

this combination the diagnostic accuracy increased to an AUC of 0.86 (p-value 

<0.0001, sensitivity of 94% and specificity of 64%, cut-off > -1.06, positive likelihood 

ratio=2.64). Finally, by using the combination of miR-133b and 148b PD and MSA 

could be discriminated (Figure 2B); the ROC analysis showed a moderate value with 

an AUC of 0.77 (p-value=0.001, sensitivity of 82% and specificity of 67%, cut-off > 

-0.35, positive likelihood ratio=2.56).

Correlation
In order to evaluate if there was a correlation between the expression levels of the 

various microRNAs we performed a correlation analysis with Spearman’s rho test. 

We found sixteen significant correlations between microRNAs, an overview of our 

findings is shown in figure 3. The most prominent correlations were observed 

between microRNAs 19a, 19b, 30c, 34b, and 34c. We also studied correlations 

between microRNAs levels and clinical parameters that were used for evaluation of 

disease severity, such as the H&Y, UPDRS, ICARS and MMSE scores. We did not find 

any correlations in the PD group between the microRNAs and the clinical 

parameters. However, in the MSA group we observed two negative correlations: 

microRNAs 24 (r=-0.5, p=0.045) and 148b (r=-0.7, p=0.012) both correlated to 

ICARS.
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Figure 2 (a) ROC curves of microRNAs with mean levels that were statistically different 

between patient groups. The compared patient groups are indicated between brackets. 

Areas under the curve (AUC) were 0.70 to 0.76, as indicated. (b) ROC curves of models 

created from binary logistic regression to improve discrimination between groups. The model 

created to differentiate PD from controls included miR-19a, 19b, 24, 30c, 34b, 133b, and 205, 

and resulted in an AUC of 0.96. Model generated for comparison of MSA versus control, 

included miR-24 and 205, with an AUC of 0.86. For the model of PD versus MSA, miR-133b 

and 148b were included and showed a moderate value for accuracy with an AUC of 0.77.

AUC: 0.96

a

b
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Figure 3 Correlation analysis of all microRNAs among the three disease groups. In total, 

sixteen statistically significant correlations (p-value below 0.05) were found, indicated with a 

(red) *. Spearman’s rho coefficient value (upper value (in blue)) and p-value (lower value (in 

green)) are indicated in the graphs.
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Discussion

The aim of our study was to identify microRNAs that could serve as biomarkers of 

disease in CSF for either PD or MSA, and, ideally, that could discriminate between 

both diseases. The selection of microRNAs was based on previous publications in 

which these microRNAs were identified as potential biomarkers in blood, serum, 

brain tissue, or CSF. We identified two potential biomarkers for PD (miR-24 and 205) 

and four microRNAs that could be biomarkers for MSA (miR-19a, 19b, 24, and 34c).

microRNA biomarkers for PD
Our results showed an increase of miR-205 in CSF from PD patients when compared 

to controls, which is in contrast with previous findings in brain tissue of sporadic PD 

patients [17]. They observed a lower expression of the miR-205 in brain regions of 

15 patients diagnosed with PD and increased levels of LRRK2 protein, and this 

correlation was also confirmed by functional studies with modulation of this 

microRNA in cell lines and primary neurons in culture. These different observations 

remain yet unexplained.

 We found lower levels of miR-24 in the CSF from both PD and MSA patients as 

compared to control, but no difference between PD and MSA. This is also in 

contrast to results previously obtained, where miR-24 was found at higher 

concentrations in PD and MSA serum, and increased in MSA in comparison to PD 

[21]. This discrepancy could be due to the differences in body fluids used (serum 

versus CSF), where serum levels could represent systemic changes and CSF is more 

closely related to neurodegeneration only. The ability of miR-24 to discriminate PD 

or MSA from healthy controls suggests that it may have potential as a biomarker for 

α-synucleinopathies. Functional studies would be important to understand the role 

of miR-24 in the pathology of α-synucleinopathies.

microRNA biomarkers for MSA
In our study miR-19a was identified at lower levels in MSA compared to control, but 

no difference was observed between PD and controls. This is not in line with 

previous findings of decreased levels of miR-19a in serum from PD patients with 

mutations in the LRRK2 gene, compared to healthy controls in a qPCR experiment 

[19]. This difference could be explained by the absence of PD patients carrying 

LRRK2 mutation in our patient selection and for the difference in body fluids (serum 

versus CSF). Lower levels of this microRNA were also found in CSF samples of PD 

in a small RNA sequencing experiment [20]. Unfortunately, neither information 

about the selection of patients was available in this study nor if the number of 

erythrocytes or leukocytes in CSF was controlled for, which may interfere with 

microRNA quantification in CSF [27, 28].To our knowledge this is the first time that 
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miR-19a was linked to MSA. Among the predicted targets for miR-19a are three 

important genes already related to PD: PARK2 (Parkin), LRRK2, and VPS35 (table 2), 

but none of these has previously been linked to MSA, which could be expected due 

to the little evidence concerning a genetic cause of this disease. Our findings 

suggest that miR-19a could be a potential biomarker to differentiate MSA from 

controls, but functional studies for target confirmation and validation in larger 

cohorts remain necessary.

 Similarly to miR-19a, CSF miR-19b levels were lower in MSA compared to 

controls, which has not previously been reported, although lower levels have also 

been found in serum of idiopathic PD patients [19]. Lower expression levels in 

serum were also found in patients with idiopathic rapid eye movement sleep 

behavior disorder [33], which is often associated to PD, MSA or Lewy body dementia 

[34]. Downregulation of this microRNA was also observed in CSF samples and in 

exosomes isolated from CSF from PD patients compared to controls as observed in 

a small RNA sequencing experiment [20, 35]. Our study did not reveal a reduction 

in the concentration of this microRNA in CSF of PD patients, which could be caused 

by differences in patient selection or differences in the way CSF had been processed 

or the number of blood cells in the CSF that were included in the previous studies. 

The similarities in predicted targets of miR-19a/b (see table 2), the previously 

published results and our results of lower levels of both microRNAs in MSA (figure 

1) and the strong correlation between these microRNAs (figure 3), all suggest that 

this microRNA family plays an important role in PD and MSA pathophysiology, but 

validation in larger cohorts remain necessary to obtain a better understanding of 

the role of this microRNA in MSA or PD.

 In our data, we observed lower levels of miR-34c in CSF from MSA patients. 

Interestingly, it has been described before that miR-34b and miR-34c concentrations 

were lower in various brain regions from PD patients [15]. The same group also 

found decreased brain levels of DJ-1 and Parkin proteins, which are both tightly 

linked to PD. A previous study identified that the p53 protein may activate the 

miR-34 family (reviewed in [36]) and, in addition, it has been suggested that the 

α-synuclein, DJ-1 and Parkin proteins may inhibit p53 activity [37-39]. Functional 

studies in human dopaminergic cells confirmed that mRNA of α-synuclein is a 

target of action of miR-34b/c and that its inhibition leads to α-synuclein aggregation 

[40]. The involvement of miR-34b/c in PD and MSA is not completely understood, 

but it is a potential therapeutic target and their use as biomarker request a 

confirmation in larger cohorts.

Detection of other microRNAs in CSF
We found similar levels of miR-30c, 133b and 148b in CSF samples of PD, MSA and 

control. Our findings disagree with previous descriptions of reduced levels of 
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miR-30c in PD serum [21] and peripheral blood mononuclear cell [18], decreased 

levels of miR-133b in PD brain tissue [16], and lower levels of miR-148 in PD serum 

and increased levels in MSA serum [21]. At the moment, the only explanation for this 

discrepancy is the difference in samples types.

 In general, we were not able to retrieve information on the number of erythrocytes 

and leukocytes in the CSF samples studied in any of the previous publications in 

which specific microRNAs were suggested as potential biomarkers. We would like 

to stress the importance to exclude CSF samples contaminated by blood since this 

may affect CSF microRNA levels, when future studies are undertaken to evaluate 

the potential of microRNAs to serve as a biomarker of diseases [27, 28]. We also 

recommend attention to storage time and centrifugation of samples, as well as, use 

of geometric means for normalization of the data to avoid possible bias [29].

MicroRNA panels
Since each individual microRNA had limited value to serve as a biomarker for either 

PD or MSA, given the relatively low AUC, we analyzed if combinations of microRNAs 

could increase the diagnostic accuracy. By applying binary logistic regression analysis 

including all microRNAs, we created models for each pair of comparison. This resulted 

in the definition of combinations of microRNAs that differentiated either PD 

(AUC=0.96) or MSA (AUC=0.86) from controls at high accuracy level and PD from 

MSA at moderate AUC (0.77). Hence, our findings allow us to suggest three different 

panels of microRNAs to be used as biomarkers for the distinction of PD, MSA and 

controls. However, confirmation in independent cohorts will be necessary for final 

establishment of their diagnostic power.

Correlations of microRNAs with other parameters
Interestingly, we noted similarities in the predicted targets (table 2) of the various 

microRNAs that ended up in the regression models. The genes PARK2, LRRK2 and 

VPS35 appeared as a possible target in almost all the microRNAs that were enrolled 

in the model for differentiation of PD from controls. No gene overlap was found in 

the predicted targets in the model for differentiation of MSA compared to control, 

but in the model that compared both diseases, α-synuclein was shown to be a 

target for action of the two microRNAs.

 We observed a strong correlation between miR-19a and 19b, which was not 

surprising since they both belong to the same family. Similarly, a strong correlation 

was observed for the miR-34b and 34c, which also belong to the same family.

 We also studied correlations between microRNAs and clinical parameters. 

Intriguingly, we found a negative correlation of miR-24 and 148b with the ICARS 

score in MSA, but not in PD or controls. This score is clinically used for evaluation 

of cerebellar ataxia, which is a symptom that is predominantly observed in MSA. 
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Therefore, it is possible that genes regulated by miR-24 and 148b may control 

cerebellar functions and that deregulation of these microRNA levels may contribute 

to MSA. Further studies will have to confirm this association, however.

Study limitations
A few limitations apply to our study. First, unlike in mRNA expression studies, there 

are no universally accepted reference microRNAs to which target microRNAs 

can be normalized, since microRNAs are tissue- and disease-specific. Therefore, 

we chose to use the geometrical mean of two small RNAs to normalize the data, 

but other methods and other reference microRNAs have been used as well in other 

studies.

 Second, differences between studies in sample processing may affect the results of 

microRNA quantification, as (micro)RNA levels are very low in CSF. Other techniques 

such as microRNA arrays or small RNA sequencing offer great possibilities to 

identify new microRNAs, but are not sensitive enough to detect all microRNAs, 

whereas qPCR is very sensitive, but may yield results with high variability in different 

studies.

 Third, the CSF samples we used were only collected for research purposes creating 

a selection bias. Therefore, our findings should be validated in larger cohorts, and 

by other centers to confirm the biomarker potential of the microRNAs. Inclusion of 

other parkinsonian disorders would also yield more detailed insight into the 

association of specific microRNAs with neurodegenerative movement disorders.

Conclusion

MicroRNAs plays an important role in control of gene expression and their stability 

in body fluids offers a great opportunity to use them as biomarkers. We identified 

two microRNAs that were successful in distinguishing PD from controls and four 

microRNAs that were able to differentiate MSA from controls. Moreover, we also 

created three panels consisting of a combination of CSF microRNAs that were able 

to discriminate either PD or MSA from controls and also between both diseases 

with high to medium accuracy levels. Therefore, these panels of microRNAs may 

be used as biomarkers of disease.

 Furthermore, in the MSA group we observed a correlation of two microRNAs 

with the ICARS score, a clinical parameter used for quantification of cerebellar 

ataxia, a combination of symptoms exclusive to MSA patients. Therefore, we 

suggest further studies to investigate the role of these microRNAs in control of 

cerebellar gene expression.
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Abstract

Objective: To investigate the diagnostic value of serum neurofilament light chain 

(NFL) in patients with clear signs of parkinsonism, but whose specific diagnosis was 

yet uncertain.

Methods: Serum samples were collected from patients with clear signs of parkinsonism, 

but with uncertain diagnosis at the inclusion. Clinical diagnoses of Parkinson’s 

disease (PD) and atypical parkinsonisms (APD) were established after three years of 

follow-up and updated again after a maximum of 12 years in case longer follow-up 

data were available. Serum NFL was quantified by Single Molecule Array in patients 

with PD (n=55), APD (n=29, Multiple system atrophy=22; Progressive supranuclear 

palsy=7), and 53 non-neurological controls.

Results: Serum NFL levels were elevated and differentiated the APD group (mean 

23.8 ± 10.3 ng/L) from PD (mean 10.4 ± 4.9 ng/L) and controls (mean 11.5 ± 6.5 

ng/L; p<0.0001) with accuracy levels up to 91% (sensitivity=86% and specificity=85%). 

Serum NFL strongly correlated to cerebrospinal fluid NFL levels (r=0.72, p<0.0001)  

in all groups and to age in PD (r=0.78, p<0.0001) and controls (r=0.66, p<0.0001). 

In our cohort, the probability of having APD was 76% (PPV, positive predictive value), 

and of having PD 92% (NPV, negative predictive value).

Conclusion: Serum NFL levels are markedly elevated in APD compared to PD and 

discriminate APD from PD with high accuracy. Serum NFL may be a useful clinical 

biomarker to identify APD, even at stages when clinical symptoms are not yet 

conclusive.

Classification of evidence: This study provides Class II evidence that serum NFL 

levels accurately discriminate APD from PD.
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Introduction

Parkinsoń s disease (PD) is difficult to discriminate from the various forms of atypical 

parkinsonism (APD), such as multiple system atrophy (MSA), progressive supranuclear 

palsy (PSP), and cortical basal syndrome (CBS), especially at early diseases stages. 

The rate of misdiagnosis based on clinical investigations alone can be as high as 15%, 

even in the hands of experienced movement disorder specialists [1-3]. Therefore,  

reliable biomarkers are needed for an accurate and early differentiation between 

PD and APD.

 Several proteins directly related to PD, such as α-synuclein (α-syn) and DJ-1, or 

associated with neurodegeneration, such as neurofilament light chain (NFL), tau, 

and amyloid β42 have been investigated as potential biomarkers for parkinsonism 

in cerebrospinal fluid (CSF) (reviewed in [4]). Quantification in serum of NFL, a protein 

involved in axonal growth and regeneration [5], has recently been reported to have 

a high diagnostic value to differentiate APD from PD. Clearly, analysis in serum is 

preferable to that in CSF [6].

 Our aim was to study the diagnostic value of serum NFL in a unique cohort of 

patients with clear signs of parkinsonism, such as bradykinesia with resting tremor 

or rigidity, but whose specific diagnosis was uncertain at the time of collection of 

serum and CSF, and who were followed for a maximum of 12 years [7]. This cohort 

is representative of the daily situation when clinicians are confronted with a patient 

with an uncertain diagnosis, and where biomarkers are needed most for an accurate 

diagnosis.

Methods

Classification of evidence
Our goal was to determine if NFL levels in serum could discriminate patients with 

APD (MSA and PSP) from PD patients, at a disease stage when the clinical diagnosis 

was still uncertain. This study provides Class II evidence for the diagnostic value of 

serum NFL to discriminate APD from PD and controls.

Patients and samples
We have selected PD and APD patients from a previously described longitudinal study 

performed at the Radboud University Medical Center (Nijmegen, The Netherlands) [7].  

Patients were consecutively recruited from our movement disorders outpatient 

clinic between January 2003 and December 2006. All participants had clear signs of 

parkinsonism, but based on clinical grounds, their specific diagnosis was uncertain  

at the time of inclusion. Exclusion criteria were age under 18 years, history of brain 
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surgery or other neurodegenerative disease than parkinsonism, and unstable 

comorbidity. All patients underwent a structured interview, detailed and standardized 

neurological examination and, within 6 weeks after the initial visit, blood collection 

and lumbar puncture amongst other ancillary investigations (brain MRI, IBZM- 

SPECT, anal sphincter EMG). The study design, methods and the included patient 

populations has been extensively described [7]. After three years, the clinical condition 

was re-evaluated by a repeated structured interview and extensive neurological 

examination. Using the clinical findings at baseline and the follow up visit, a clinical 

diagnosis was established in consensus by two movement disorder specialists 

according to the existing clinical criteria by that time: the UK Brain Bank criteria for 

PD [3], Gilman criteria for MSA [8], NINDS-SPSP criteria for PSP [9], Boeve criteria for 

CBS [10], and Zijlmans criteria for vascular parkinsonism. Twelve years after inclusion, 

46 patients were re-evaluated by movement disorders specialists, and all clinical 

diagnoses were evaluated again and updated according to most recent clinical 

criteria [11-14] and the most recent clinical information regarding survival, response 

to L-dopa, evolution of symptoms, and neuropathological confirmation whenever 

available, were recorded. Diagnoses were determined by neurologists who were 

blinded for the NFL levels in both serum and CSF. Characteristics of patients are 

summarized in table 1.

 Patients were selected for this study based on serum availability and classified 

according to the most recent diagnosis after 12 years follow-up, consisting of 55 PD 

patients (classified as possible n = 1, probable n = 38, clinically established n = 15, 

definite n = 1), 22 MSA patients (classified as possible n = 4, probable n = 15, definite 

n = 3), and 7 PSP patients (classified as possible n = 3, probable n = 3, definite n = 1). 

MSA and PSP patients were considered as one group (APD) due to the low number 

of PSP patients in this study. An overview of patient inclusion and follow-up of 

clinical diagnoses is shown in figure 1.

 Clinical assessments were performed at baseline and after three and twelve 

years follow-up, including disease severity and cognitive function, by using the 

Hoehn and Yahr (H&Y) scores [15], Unified Parkinson’s Disease Rating Scale (UPDRS) [16], 

International Cooperative Ataxia Rating Scale (ICARS) [17], Mini-mental state examination 

(MMSE) [18], and Scale for the assessment and rating of ataxia (SARA) [19]. 

A summary of clinical parameters from all patients is described in table 2. 

 In order to investigate potential correlations of serum NFL with CSF levels of 

NFL, α-synuclein (α-syn), total tau, phosphorylated tau, DJ-1, amyloid-β42 (Aβ42), 

albumin, and serum albumin in PD and APD patients, we used previously collected 

data published by our group [7, 20-22]. Results of the biochemical analyses are 

summarized in table 1.

 The non-neurological controls consisted of a group of 53 patients with 

suspicion of neurological disorder who underwent serum and CSF collection in the 
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Table 1. Patient characteristics and biochemical measurements

  Control PD MSA PSP p-valuea

n 53 55 22 7  

Sex (men/women) 29/24 38/17 15/7 4/3 p = 0.4

Age at inclusion (years) 57.5 ± 9.8 57 ± 10 60.7 ± 7.1 68.9 ± 4.1 p = 0.01b, c

Disease duration 
(months)

NA 34.2 ± 26.3 33.9 ± 26.4 35.7 ± 19.2 p = 0.8

Follow up (years) NA n = 53 n = 20 n = 6 NA

10.3 ± 4.2 3.9 ± 3.3 4.7 ± 4.2

Dopaminergic 
medication at serum 
and CSF collection 

(no/yes)

NA 44/11 15/7 4/3 NA

NFL in serum (ng/L) 11.5 ± 6.5 10.4 ± 4.9 22.2 ± 11 25.6 ± 8.4 p < 0.0001b, c, d, e

NFL in CSF (ng/L) n = 32 n = 54 n = 21 n = 7 p < 0.0001b, c, d, e

1265 ±  551 1249 ± 666 65487 ± 4138 4809 ± 4064

Ratio CSF / serum NFL   122.5 ± 44.9 269.4 ± 143.0 176.1 ± 106.3 p < 0.0001e

α-syn CSF (µg/L) n = 55 n = 22 n = 6 p = 0.4

  26.4 ± 10 28.4 ± 8.2 33.7 ± 16.2

total tau (ng/L) n = 55 n = 22 n = 7 p = 0.03e

  213.2 ± 95.3 275.2 ± 130.8 266.6 ± 73.5

phosphorylated tau 
(ng/L)

n = 55 n = 22 n = 7 p = 0.6

  49.1 ± 18.4 46.1 ± 15.6 53 ± 16.8

DJ-1 (ng/L) n = 29 n = 15 ND p = 0.005e

  534.7 ± 128.2 721.5 ± 242.5  

Aβ42 (ng/L) n = 55 n = 22 n = 7 p = 0.2

  857.1 ± 206.6 782.9 ± 199.6 769 ± 156

Ratio CSF / serum 
albumin

  6.9 ± 3.0 7.0 ± 2.9 10.6 ± 7.0 p = 0.3

Values are expressed as mean ± standard deviation.

Abbreviations: n: number of samples; PD: Parkinson’s Disease; MSA: Multiple System Atrophy; PSP: Progressive 

supranuclear palsy; NFL: neurofilament light chain; CSF: cerebrospinal fluid; α-syn: α-synuclein; Aβ42: 

amyloid-β42; NA: not applicable; ND: not determined
aParameters were analyzed with ANOVA using Bonferroni as post hoc test in the case of Gaussian 

distribution of data, Kruskal-Wallis with Dunns as post hoc test of non-Gaussian distribution for comparison 

of multiple groups, or Mann-Whitney U test for comparison of two groups. Sex was analyzed using 

chi-square test.

Differences were found between: bControl vs. MSA; cControl vs. PSP; dPD vs. PSP; ePD vs. MSA; fMSA vs. PSP
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Figure. 1 Flowchart of patients follow-up included in this study. (a) Patients with uncertain 

diagnosis were included at baseline and part of the cohort was evaluated again after 3 and 12 

years for follow up. Changes in the diagnosis between 3 and 12 years follow-up are indicated 

in italics. (b) Revision of the diagnosis of all 156 cases after 12 years based on the current 

clinical criteria and with all clinical information available at that time (even for patients who 

were not available for follow up after 3 or 12 years) and the selection of the sample set for this 

study. PD: Parkinson’s disease; APD: atypical parkinsonism; MSA: multiple system atrophy; 

PSP: progressive supranuclear palsy.

156 patients with uncertain diagnosis

of parkinsonism included at baseline

(serum and CSF collection)

110 patients evaluated after

3 years follow-up

46/156 patients not included in follow-up:

deceased (n = 16)

not able or willing 

to participate (n = 30)

Revision of diagnosis of 156 patients 

12 years after inclusion based on 

current clinical criteria

73 PD 60 APD

serum selection based 
on availability

55 PD 29 APD

MSA
22

PSP
7

49 PD 61 APD

23 uncertain

46 patients evaluated after 

12 years follow-up

110/156 patients not included in follow-up:

deceased (n = 73)

not able or willing 

to participate (n = 37)
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8 → PD
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diagnostic workup of cognitive symptoms, without evidence of dementia/Alzheimer’s 

disease (n = 16), diagnostic workup of neurological symptoms without (somatic) 

neurological explanation (n = 11), to exclude neuroinflammatory disease (n=13), 

subarachnoid hemorrhage (n = 10), or to explain disturbances of intracranial 

pressure (n = 3). In none of these control cases a neurological disease was present 

and leukocyte count, glucose, total protein, blood pigments, lactate and (if assessed) 

oligoclonal IgG bands were all normal in their CSF. Characteristics of non-neuro-

logical controls are described in table 1.

 Serum and CSF samples of PD, APD, and non-neurological controls were collected 

in polypropylene tubes, centrifuged, aliquoted, and stored in polypropylene tubes 

at −80 °C until used for experiments.

Standard Protocols Approvals, Registrations, and Patients Consents
This study was approved by the ethical committee review board Arnhem-Nijmegen 

(nr 2002/188), and all participants provided written informed consent.

Single Molecule Array (Simoa)
Serum NFL was measured with the Simoa NF-light Advantage Kit from Quanterix 

(Lexington, MA, USA). Serum samples were diluted 1:4 for the measurements 

according to the manufacturer’s recommendation. Serum quality control samples 

with high and low endogenous NFL concentration were included in all measurements 

(coefficient of variation < 5%). Serum NFL levels were determined by researchers 

who were blinded for the clinical diagnosis.

Figure. 1 Continued.

156 patients with uncertain diagnosis

of parkinsonism included at baseline

(serum and CSF collection)

110 patients evaluated after

3 years follow-up

46/156 patients not included in follow-up:

deceased (n = 16)

not able or willing 

to participate (n = 30)

Revision of diagnosis of 156 patients 

12 years after inclusion based on 

current clinical criteria

73 PD 60 APD

serum selection based 
on availability

55 PD 29 APD

MSA
22

PSP
7

49 PD 61 APD

23 uncertain

46 patients evaluated after 

12 years follow-up

110/156 patients not included in follow-up:

deceased (n = 73)

not able or willing 

to participate (n = 37)

a

b
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Table 2.  Clinical parameters of parkinsonism cohort at baseline and follow-up after 

three years

  PD MSA PSP p-valuea

Baseline        

H&Y score n = 53 n = 22 n = 7 p < 0.0001b, c

2.0 ± 0.6 2.4 ± 1.0 3.3 ± 0.7

UPDRS score n = 52 n = 21 n= 7 p = 0.2

26.5 ± 11.9 29 ± 13.9 35.9 ± 15.6

ICARS score n = 50 n = 18 n = 5 p < 0.0001b, c

2.8 ± 3.0 11.7 ± 11.7 12 ± 7.4

MMSE score n = 54 n = 21 n = 7 p = 0.01c,d

28.3 ± 2.1 28 ± 2.2 25.4 ± 2.8

Tandem gait n = 54 n = 21 n = 7 p < 0.0001b, c

0,1 ±  0,3 1,6 ± 1 2,5 ± 0,5

Follow-up 3 years        

H&Y score n = 52 n = 17 n = 5 p < 0.0001b, c

2.3 ± 0.7 3.8 ± 1.4 4.4 ± 0.5

UPDRS score n = 47 n = 11 n = 5 p = 0.03c

28.8 ± 13.6 32.5 ± 9.3 41.6 ± 10.5

ICARS score n = 43 n = 10 n = 5 p < 0.0001b, c

2.5 ± 2.2 23.5 ± 19 18 ± 9

MMSE score n = 44 n = 11 n = 5 p < 0.01b

28.2 ± 2.2 25.8 ± 2.8 24.8 ± 4.4

Tandem gait n = 49 n = 14 n = 3 p < 0.0001b, c

0.2 ± 0.7 2.4 ± 1.1 2.7 ± 0.6

Follow-up 12 years

H&Y score n = 29 n = 1 n = 1 NA

2.9 ± 0.8 5

UPDRS score n = 22 ND n = 1 NA

36 ± 14 91

SARA score n = 29 n = 1 n = 1 NA

5.7 ± 2.2 7.5 20

MMSE score n = 30 n = 1 n = 1 NA

27.1 ± 4.7 26 22

Tandem gait n = 29 ND n = 1 NA

1.4 ± 1.4 4

Values are expressed as mean ± standard deviation.

Abbreviations: n: number of samples; PD: Parkinson’s Disease; MSA: Multiple System Atrophy; PSP: 

Progressive supranuclear palsy; H&Y: Hoehn and Yahr score; UPDRS: Unified Parkinson’s Disease Rating 

Scale; ICARS: International Cooperative Ataxia Rating Scale; MMSE: Mini Mental State Examination; ND: 

not determined; NA: not applicable
aParameters were analyzed with ANOVA using Bonferroni as post hoc test in the case of Gaussian 

distribution of data, Kruskal-Wallis with Dunns as post hoc test of non-Gaussian distribution for comparison 

of multiple groups

Differences were found between: bPD and MSA; cPD and PSP; dMSA and PSP
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Data analysis
The data analysis of this study was done by using IBM SPSS Statistics 22 (Armonk, 

NY, USA) and GraphPad Prism 5 (La Jolla, CA, USA). Student’s t test, Mann-Whitney 

U test, analysis of variance, followed by Bonferroni post hoc test, and Kruskal-Wallis, 

followed by Dunn’s post hoc test, were used to assess group differences. Sex was 

analyzed by chi-square test. Analysis of covariance was done using age and sample 

storage time as confounding factors. Correlations between two variables were 

investigated by Spearman’s test, and partial correlation was done using age as a 

covariate. To determine the diagnostic accuracy a receiver operating characteristic 

(ROC) curve was constructed to determine the area under the curve (AUC) and the 

values of sensitivity and specificity with 95% confidence interval (CI), and Youden 

index was determined (sensitivity + specificity -1.0) to determine optimal cutoff 

value. Comparison between ROC curves was done by using Medcalc Software Trial 

Version 18.2.1 (Ostend, Belgium). Risk estimation was calculated yielding positive 

and negative prediction values (PPV, NPV) and by binary logistic regression to 

determine odds ratio by using the cutoff of serum NFL concentration determined 

by the optimal Youden index.

Data availability
Anonymized data will be shared on request from any qualified investigator.

Results

We observed significantly higher NFL levels in serum of APD patients compared to 

PD patients and non-neurological controls (Figure 2a). Group differences remained 

highly significant after correction for age and sample storage time (p < 0.0001). 

Serum NFL levels were similar for MSA and PSP patients (p = 0.4). Analysis of 

diagnostic accuracy by construction of ROC curve yielded an AUC of 0.91 for 

discrimination of APD from PD (95% CI 0.83 – 0.98, sensitivity = 86% and specificity 

= 85%, cutoff = 14.8 ng/L, Youden index = 0.7) and an AUC of 0.88 to discriminate 

APD from controls (95% CI 0.80 – 0.96, sensitivity = 93% and specificity = 71%, 

cutoff = 13.6 ng/L, Youden index = 0.6) (Figure 2b).

 Risk estimation was calculated by using the cutoff value (14.8 ng/L) yielded by 

the optimal Youden index in the ROC analysis (APD vs. PD). Risk was estimated 

considering the most recent clinical diagnosis (after 12 years follow-up) in our 

cohort. Among those patients who had serum NFL levels above the cutoff value, 

the probability of having APD is 76% (PPV), and patients who had serum NFL levels 

below the cutoff value have a probability of 92% of having PD (NPV). In addition, 

analysis by binary logistic regression yielded an odds ratio of 36 (95% CI 10.0 – 
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134.0), which means that patients with serum NFL levels above the cutoff value 

have a 36 times higher chance to have APD over PD. Risk estimation values were 

retained after taking age as covariate.

 Serum NFL concentration correlated with age in both the PD (r = 0.78, 

p< 0.0001) and control groups (r = 0.66, p < 0.0001), but not in the APD group. 

Therefore, age was used as a confounding factor for all further analyses described 

Figure 2 Serum NFL concentration in parkinsonism patients and diagnostic accuracy. 

(a) Serum NFL levels are elevated in APD compared to PD and non-neurological controls. 

Data were analyzed using Kruskal-Wallis test and Dunns as a post hoc test; mean levels are 

shown with standard deviation; ***p<0.0001. (b) ROC curves showed high accuracy levels 

for discrimination of APD from PD (solid line) and APD from controls (dashed line) by using 

NFL levels in serum. NFL levels were quantified by Simoa.
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below. Serum NFL was highly correlated with CSF NFL levels in the three combined 

groups (r = 0.72, p < 0.0001) (Figure 3), as well as in the individual groups: PD, 

r = 0.34, p = 0.012; APD, r = 0.60, p < 0.001; controls, r = 0.39, p = 0.029. Serum 

NFL levels in the combined cohorts, but not in the individual groups, correlated 

with CSF DJ-1 (r = 0.47, p < 0.001). We observed a weak correlation between the 

albumin CSF / serum ratio (a measure of blood-CSF barrier integrity) and the NFL 

CSF / serum ratio (r = 0.24, p = 0.04). No correlations were found between serum 

NFL and CSF α-syn, Aβ42, total tau or phosphorylated tau. Serum NFL levels were 

associated to clinical parameters only in the APD group. At baseline, serum NFL was 

correlated with the ICARS score (r = 0.60, p = 0.003) and tandem gait test (r = 0.54, 

p = 0.004). At 3 years follow-up, serum NFL was associated with tandem gait test 

(r = 0.53, p = 0.03), H&Y score (r = 0.68, p < 0.001), MMSE (r = 0.60, p = 0.019), 

and with the difference in H&Y scores measured at 3 years follow up and baseline 

(r = 0.69, p < 0.001). No correlations between serum NFL and clinical parameters 

could be determined at 12 years follow-up since only two APD patients were 

available for follow-up. Clinical parameters were not determined in non-neurological 

controls; therefore, it was not possible to investigate any correlations in this group.

 Since our publication of CSF NFL concentrations in this cohort [20], the diagnoses 

of the patients have been revised resulting in a change in clinical diagnosis for 

21 patients. Therefore, we reanalyzed the previously published data of NFL levels 

in CSF. NFL levels in CSF were higher in APD (n = 32; 5,544 ± 4,137 ng/L) and 

discriminated APD from PD (n = 65; 1,239 ± 638.1 ng/L, p < 0.0001) and controls 

Figure 3 Correlation analysis of NFL concentration measured in serum and in CSF. NFL levels 

in serum and CSF were highly correlated in the combined parkinsonism and non-neurological 

controls groups. Spearman’s rho coefficient value and p value is indicated in the graph.
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(n = 65; 1,348 ± 569.1 ng/L, p < 0.0001). Diagnostic accuracy was as follows: 

APD vs. PD, AUC = 0.90, 95% CI 0.82 - 0.95, sensitivity = 75% and specificity = 98%; 

APD vs. controls, AUC = 0.89, 95% CI 0.81 - 0.94, sensitivity = 75% and specificity = 

100%. ROC curves for the discrimination of APD from PD or controls using either 

serum or CSF NFL were compared, but no significant differences were found: PD 

vs. APD, p = 0.94; controls vs. APD, p = 0.85.

Discussion

In this study, we aimed to analyze if NFL levels in serum could be used as a biomarker 

for discrimination of APD from PD and controls at a disease stage when the clinical 

diagnosis is still uncertain. For this purpose, we measured NFL concentration in 

serum of patients with clear signs of parkinsonism but with an uncertain diagnosis 

at the time of inclusion. Our findings indicated that serum levels of NFL are 

significantly increased in APD vs. PD or controls and discriminated APD from PD 

and controls with high accuracy levels. Furthermore, high serum NFL levels are 

associated with a very high risk of having APD and low NFL levels were associated 

with a high chance of having PD in our cohort.

 NFL is one of the components of the axonal cytoskeleton, thus release of NFL 

likely occurs after injury to axons with subsequent release into interstitial fluid, 

which is drained towards the CSF, and later to peripheral blood [23]. Elevated NFL 

levels in CSF have been described in various neurodegenerative disorders, such as 

Alzheimer’s disease [24], multiple sclerosis [25, 26], amyotrophic lateral sclerosis 

[24, 27, 28], frontotemporal dementia [29, 30], Creutzfeldt-Jakob disease [31], 

Huntington disease [32], PSP [33], CBS [4], and MSA [4]. In parkinsonisms, CSF NFL 

has been previously suggested as a biomarker for discrimination of APD from PD 

(reviewed in [4]). 

 Our findings of increased serum NFL in APD are in line with previous studies [6, 

34, 35], in which serum or plasma NFL levels were studied in PD and APD patients. 

The first study [34] reported elevated NFL levels in plasma of PSP patients compared 

to controls in two cohorts, and higher NFL plasma levels were correlated to 

impairment of PSP symptoms after 1 year follow-up. We also observed positive 

correlations of NFL levels and parameters of disease severity in APD patients with 

comparable age and cognitive function (MMSE). The second study [6] assessed NFL 

levels in serum of PD and APD patients from three independent cohorts. Two of 

these cohorts were characterized by inclusion of patients with long disease duration 

(around five years) with well-established diagnoses. The third cohort consisted of 

patients with short disease duration up to three years. NFL levels were higher in  

APD in all three cohorts; with accuracy up to 91% in the two cohorts with long-term 
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follow-up and 81% in the cohort with relative short follow-up. In comparison with 

this latter cohort, we found even higher diagnostic accuracy (91%). Our PD and 

MSA patients were younger, but had similar disease severity compared to this 

published cohort (based on H&Y score). The higher accuracy in our cohort is 

probably due to a more accurate diagnosis after long-term follow-up of our patients 

with repetitive clinical reassessments of the diagnosis. The most recent study [35] 

showed higher serum NFL levels in MSA patients with cerebellar type compared to 

sporadic adult-onset ataxia patients and healthy controls. The NFL levels in those 

MSA patients were almost three times higher compared to our study. Although 

these patients had an age comparable to our patients at serum withdrawal, their 

disease duration was longer, which may explain higher NFL levels.

 Diagnostic accuracy is very similar for NFL in serum and in CSF, as previously 

reported [6]. Therefore, serum analysis could replace CSF analysis for this goal, 

since blood collection is less invasive and offers fewer discomfort for patients. 

Since NFL concentrations are very low in serum, previously it was not possible to 

detect its levels in serum by conventional methods, such as Enzyme-Linked 

Immunosorbent Assay (ELISA). The recent development of Simoa technology 

allowed researchers to assess very low NFL levels in serum [36]. However, Simoa 

technology is an expensive technique, whereas NFL levels in CSF could be quantified 

with cheaper ELISAs. In order to reach even higher accuracy numbers, panels of 

biomarkers, including NFL, have been proposed for discrimination of APD from PD 

and controls in CSF [37-39]. In the near future, such studies could include serum 

NFL to further evaluate its diagnostic value for APD diagnosis.

 Serum NFL levels correlated with age in PD and controls, but not in the APD 

group. We could speculate that because NFL levels are much higher in APD patients 

this correlation with aging is lost, although it might have existed earlier in the disease 

process or even in a presymptomatic state. We did not find associations between 

serum NFL levels and age in either MSA or PSP patients, which could be caused by 

the relative small numbers of patients. 

 Serum NFL concentrations may be related to disease severity. Although in a 

previous study no correlations between serum NFL and clinical parameters were 

observed in the cohort with relatively short follow-up [6], we observed several 

correlations with clinical assessments in our APD cohort. This difference is most 

likely explained by a more extensive clinical follow-up in our study. Associations 

between NFL and clinical assessments may suggest the use of NFL for monitoring 

or predicting disease severity in APD.

 Elevated concentrations of NFL in body fluids are not specific for one type of 

APD and may be a biomarker for general axonal degeneration. Although NFL highly 

discriminated APD from PD and controls, NFL levels cannot discriminate among 

APD disorders, such as MSA and PSP in our cohort, which could be caused by the 
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small number of PSP patients in our study. Additional biomarkers may be needed, 

which may aid the clinicians to make a more detailed differentiation between the 

various forms of APD, such as misfolded forms of alpha-syn, tau, and Aβ42 [39, 40].

 A few limitations may apply to our study. First, our samples were stored for an 

extended period of time at -80C. Previous studies assessed the effects of long-term 

storage of plasma and CSF at -80oC [41, 42]. No effect of long-term storage effect 

was found for several CSF proteins. However, for 18 plasma proteins concentrations 

may decrease or increase after long-term storage, such as interleukin 13, interleukin 

27, and CD40. None of the studies reported on NFL. Therefore, we assume that NFL 

concentrations remained the same in CSF and serum after storage at -80oC. 

Besides, sample storage time did not affect our data analysis when it was taken as 

a covariate. A second limitation of our study is that the final diagnosis, which was 

used to determine diagnostic accuracy, was only based on clinical evaluation and 

not yet confirmed by neuropathological examination. Although a team of 

movement disorder specialists determined the clinical diagnoses according to 

international diagnostic criteria and after long-term follow-up, which increased the 

chance of correct classification, we cannot exclude that some patients might have 

been incorrectly diagnosed. Third, we assessed a high relative risk of having a 

diagnosis of APD when serum NFL levels are elevated. However, these risk estimates 

are only based on our population and thus require further confirmation.

 This study confirms the high diagnostic value of serum NFL for discrimination 

of APD at early disease stages, offering a great opportunity for further confirmation 

studies in larger patient cohorts. Our findings suggest a possibility for differentiation 

between PD and APD by serum rather than CSF analysis. Serum NFL levels were 

associated with clinical parameters of disease severity and cognitive decline, 

suggesting that NFL might be used in the future for monitoring or prediction of 

disease severity.
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Parkinsonian disorders

Neurodegenerative disorders are the major cause of disabilities nowadays in the 

elderly population [1]. Parkinsonian disorders are progressive and fatal diseases 

without any pharmacological treatment to slow or stop the neuronal loss that 

causes movement and cognitive impairment. Amongst all parkinsonian disorders, 

Parkinson’s disease (PD) has the highest rates of prevalence, disability, and deaths 

[2]. It was estimated in 2016, that approximately 6 million individuals were diagnosed 

with PD worldwide [2], and this number is expected to increase in the next years 

due to aging populations and longer life expectancy, presenting a substantial public 

health crisis.

 Atypical parkinsonian disorders (APD), such as progressive supranuclear palsy 

(PSP), multiple system atrophy (MSA), and corticobasal syndrome (CBS) are more 

rare disorders compared to PD. Despite the lower incidence, the disease progression 

is much faster in individuals with APD than with PD, requiring more clinical and 

familial support, also contributing to a higher burden for public health.

 At the early disease stage, parkinsonian disorders present an overlap of motor 

and non-motor symptoms, turning the diagnosis into a challenge. Providing an 

early diagnosis to individuals could help them and their families to better understand 

the course of the diseases, life expectancy, future expectations, as well as costs for 

treatment. Furthermore, a well-defined clinical diagnosis of one of the parkinsonian 

disorders will help clinicians with disease management, choice of treatment, and 

may be useful as an inclusion criterium for clinical trials [3].

 Currently, diagnosis of parkinsonian disorders is based on physical examination 

of motor and non-motor symptoms, imaging scans, such as MRI, and response to 

dopaminergic medication [1]. The investigation of clinical symptoms is only possible 

at the onset of clinical symptoms when the neuronal loss is already quite substantial 

[4]. However, non-motor symptoms, such as depression and anxiety, can start even 

20 years before the disease onset [5], when the motor symptoms are not yet 

apparent. In the early stages of the disease, when a clinical diagnosis cannot yet be 

made with certainty, supporting diagnostic biomarkers are urgently needed. The 

aim of this thesis was the discovery and validation of potential fluid biomarkers for 

(early) diagnosis of parkinsonism.

Fluid biomarker research and its limitations

Fluid biomarkers offer a great potential to help clinicians to establish the diagnosis 

at early disease stages or even before disease onset. In the past years, research for 

diagnostic biomarkers of neurodegenerative disorders focused mostly on cerebrospinal 
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fluid (CSF), since it is the body fluid closest to the brain, and, therefore, reflects the 

changes caused by the pathological processes of each disorder. In addition to CSF 

research, we should not forget that blood and other body fluids are a good potential 

source of biomarkers as well and are less invasive to collect. However, brain-specific 

molecules are rarely found in blood or require more expensive and sensitive 

techniques to allow their detection and quantification. In the present thesis, we 

have studied biomarker discovery and validation using both CSF and blood.

 In chapter 2, we have described the history of CSF biomarkers research in 

movement disorders and described the most promising fluid biomarkers for each 

disorder. Despite the efforts of many researchers, none of the potential biomarkers 

described for parkinsonism could yet be implemented in clinical practice [3]. The 

gap between the identification of new fluid biomarkers and implementation in 

clinical practice for early diagnosis of parkinsonian disorders is partly driven by the 

inconsistency of results between different centers. The quantification of α-synuclein 

in CSF is an example of such biomarker for which studies yielded contradictory 

results depending on immunoassay used, or the cohort type in the center where 

the study was performed, and yielded either decreased or similar levels in PD 

compared to controls and APD [6].

 There are many possible explanations for the discrepancy in α-synuclein levels 

in CSF, that may also be extended to other biomarkers. First, pre-analytical factors 

such as storage temperature, storage time, type of plastic tube used to collect/

store the sample, and the performance/speed/duration of sample centrifugation 

may have influenced the results [7]. Second, the lack of a definitive post-mortem 

neuropathological diagnosis in most studies may have contributed to inconsistent 

results, since it is estimated that up to 15% of cases are misdiagnosed based on 

clinical assessments as compared to neuropathological examination [8-11]. Third, 

the number of participants in each cohort, which reflects the power of the study, 

varies considerably. Although APD are quite rare, the numbers of these cases 

included in studies should be large enough to have sufficient statistical power. 

Fourth, the lack of validation in independent cohorts to confirm the validity of the 

potential biomarker is a weakness of several studies. Fifth, the use of different 

methodologies to quantify biomarkers may add to inter-lab differences. Overall, the 

lack of protocol harmonization and analysis amongst different centers, and different 

data analysis approaches that are being used, can yield contradictory results.

 Another, important, shortcoming of many biomarker studies is that in most 

studies patients have been included with either a clear-cut clinical diagnosis or a 

long disease duration. However, ancillary biomarkers, such as body fluid testing, 

will be of particular importance for cases with short disease duration and for whom 

the clinical diagnosis is yet uncertain. To cope with this limitation, our group 

designed a unique cohort including individuals with suspicion of a movement 
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disorder, with clear signs of bradykinesia with resting tremor or rigidity, but with a 

yet uncertain diagnosis at the time of inclusion [12]. The participants were examined 

by two movement disorders specialists and followed up for up to 12 years. CSF and 

blood samples of the participants were collected for research purposes at the time 

of inclusion when biomarkers would be very helpful for clinicians to determine an 

early diagnosis. Although the number of participants with post-mortem neuro-

pathological examination is quite small in our cohort (data not yet published), the 

participants were followed for up to 12 years, which lead us to be quite confident 

about the clinical diagnosis.

 As described above, APD are rare, and this issue is also reflected by the relatively 

low number of APD cases in our cohort. PSP and CBS are underrepresented in our 

cohort, leading to limitations when drawing conclusions for these specific patient 

groups. Future studies should include a larger number of PSP and CBS for better 

representation. However, this would require the inclusion of a substantially larger 

number of participants, since at the time of inclusion the clinical diagnosis is still 

unclear. 

 In all studies included in the present thesis, we have included a validation 

cohort to confirm our findings. Although the participants were derived from the 

same study cohort, we have used independent sets of participants for the discovery 

and validation of biomarkers. Future studies could benefit from having two or more 

independent cohorts with the same design to validate findings.

 In our study cohort, we included non-neurological controls, who were not 

clinically followed for an extended period, which may be regarded as a limitation of 

our studies. At the time of execution of our studies, we did not have access to 

samples from healthy controls/volunteers, and we, therefore, selected cases with 

suspicion of a neurological disorder who underwent CSF and serum collection for 

diagnostic reasons, but for whom, after carefully examination, neurological 

conditions were excluded. Besides, not all samples from the control cohort had the 

same storage time as the parkinsonian cohort, which may be another limitation for 

our studies. Moreover, although the comparison of our patient cohorts to these 

non-neurological controls is the best achievable at this moment, we cannot 

exclude that yet unidentified (systemic) disorders in these controls may have 

affected our results, and therefore, for future studies, the inclusion of healthy 

volunteers may be considered. Furthermore, we aimed to match as much as 

possible the parkinsonian cohorts and the control cohorts for age and sex. 

However, available controls were often younger than individuals with either MSA or 

PSP, which might be another limitation of our studies. 
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Discovery and validation of fluid biomarkers 
for parkinsonism

We have successfully performed several discovery studies using CSF to identify 

new potential biomarkers for discrimination of parkinsonism from controls, and for 

discrimination between parkinsonian disorders. Validation studies in CSF and blood 

confirmed the biomarker potential of our newly identified potential biomarkers and 

other markers previously described by other researchers. Our findings may yield 

novel insights into the application of these biomarkers to identify PD or APD, even 

at stages when clinical symptoms are not yet conclusive. The fluid biomarkers we 

described in this thesis can be roughly divided into proteomic biomarkers and 

microRNA biomarkers. A summary of all potential fluid biomarkers discussed in this 

thesis and their respective diagnostic value are shown in table 1.

CSF Proteomics
In chapters 3 and 4 we described two different proteomics approaches for 

biomarker discovery, followed by validation using alternative techniques in a 

different set of participants from our unique cohort. In both studies, we showed 

how proteomics investigations are useful and robust for biomarker discovery and 

we were able to confirm our findings from these discovery cohorts in the 

independent validation cohorts. In chapter 3, we described a bottom-up mass 

Table 1.  Summary of all potential fluid biomarkers and their respective diagnostic 

values presented in this thesis

Potential biomarker Group comparison Diagnostic value

galectin-1 PD vs. Control 70%

individual peptides PD vs. APD 60 - 76%

peptides panel PD vs. APD 53%

peptides panel + biochemical PD vs. APD 86%

peptides panel + biochemical + clinical PD vs. APD 86%

individual microRNAs PD vs. Control 71 - 73%

individual microRNAs APD vs. Control 70 - 76%

microRNAs panel PD vs. Control 96%

microRNAs panel APD vs. Control 86%

microRNAs panel PD vs. APD 77%

serum NFL PD vs. APD 91%

serum NFL APD vs. Control 88%

PD: Parkinson’s disease; APD: atypical parkinsonism; NFL: neurofilament light chain

Percentages are calculated based on the area under the curve
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spectrometry profiling study in CSF of individuals with PD and non-neurological 

controls. Among all proteins identified in this study, Galectin-1 (Gal-1) showed 

clearly decreased CSF levels in PD compared to controls, and was thus selected for 

further validation by a different technology (enzyme-linked immunosorbent assay, 

ELISA) in a larger cohort, now also including APD cases. Our Gal-1 analysis by ELISA 

confirmed our previous findings of lower CSF levels in PD compared to controls. 

However, we observed similar levels in PD and APD, indicating that Gal-1 is a 

potential biomarker for parkinsonism diagnosis rather than for differential diagnosis. 

 Interestingly, Gal-1 is also a potential therapeutic target. A recent study showed 

that the intake of Gal-1 improved the motor deficits in an animal model of PD, 

proposing Gal-1 as a potential therapeutic target for further studies [13]. Studies 

such as ours of biomarker discovery might also yield information about disease 

mechanisms and potential therapeutic targets

 Since enzymatic digestion of proteins is an invariable part of the bottom-up 

proteomics approach, we decided to investigate the use of tryptic peptides, instead 

of full-length proteins, as potential biomarkers for early diagnosis. In chapter 4, we 

compared the identified tryptic peptides in CSF of PD, MSA and non-neurological 

controls, focusing on the differential levels between PD versus MSA. For validation 

purposes, we chose a targeted mass spectrometry approach (selected reaction 

monitoring – SRM), which allows us to quantify multiple peptides at the same time 

based on their ionized fragments. Our newly in-house developed SRM assay proved 

to be robust and reliable. The validation of our findings once again confirmed the 

robustness of mass spectrometry approaches for biomarker development.

 An important advantage of a proteomics approach is the possibility to discover 

new peptides/proteins not previously linked to disorders and to quantify multiple 

targets at once. However, a few downsides may apply which may hinder that such 

biomarkers identified by mass spectrometry may be implemented into clinical 

practice. For example, the concentration of potentially interesting proteins may be 

too low to allow detection using this technology, which may then require the use 

of antibodies for protein capture to optimize detection. Moreover, the costs for 

proteomics consumables and equipment maintenance are quite higher as 

compared to immunoassays, such as ELISAs.

 As a suggestion for future proteomic studies, a top-down approach could be 

applied to identify intact proteins, providing a more complete overview of 

differentially expressed proteins in body fluids. A major advantage of such an 

approach is that the same protein but with different post-translational modifications, 

such as phosphorylation, glycosylation, and methylation, may be identified and 

may potentially yield novel biomarkers of disease.

 In addition to our approach of studying protein-derived tryptic peptides, a 

peptidomics approach, that identifies endogenous (non-tryptic) peptides [14], can 
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yield interesting results on functional endogenous peptides in different disorders. 

For validation of selected peptides, future studies could benefit from parallel 

reaction monitoring (PRM). A previous study in which both techniques (SRM vs. 

PRM) were compared yielded similar results [15], the PRM approach may provide 

some advantages over SRM, since complete mass spectrometry spectra of all 

ionized peptide fragments are acquired to confirm the presence of targeted 

peptides [16], excluding the need for selection of individual peptide fragments (as 

in SRM), which speeds up the analytical process. 

 In chapter 4, we showed how a combination of fluid biomarkers, including 

protein-derived tryptic fragments and proteins that were identified in previous 

studies such as neurofilament light chain (NFL), in combination with clinical 

assessments could improve early diagnosis of parkinsonian disorders, reaching a 

diagnostic accuracy of 86%. In fact, as other groups already suggested [17-19], 

biomarker panels for diagnosis can improve the discrimination and should be 

considered for clinical practice.

microRNAs
In chapter 5, we performed validation studies of microRNAs as potential biomarkers 

for PD/APD, which were based on previous studies by our group or other 

independent reports. As mentioned previously, validation of potential biomarkers in 

different centers, using independent cohorts, is an important step towards reaching 

consistent results and eventual implementation into clinical practice. For this 

purpose, from previously published studies we have selected microRNAs that were 

suggested as potential biomarkers to discriminate PD, APD, and controls. We 

validated the potential of these microRNAs to serve as biomarkers in our longitudinal 

cohort consisting of patients with uncertain diagnosis. Not all potential microRNA 

targets could be confirmed in our cohort, but several of the microRNAs we studied 

proved to be very useful to discriminate PD from controls when they were combined 

into models, yielding a diagnostic accuracy of up to 96%. As described earlier, the 

inconsistency of some of our results with previous studies may be caused by the 

use of different techniques or pre-analytical factors, which may be very crucial in 

the quantification of microRNAs in CSF.

 Although microRNAs appeared to be very promising as biomarkers of different 

disorders, such as in breast and ovarian cancer [20], in practice it appears that 

independent replication and validation of microRNAs that were previously 

suggested as potential biomarkers prove to be even more difficult than similar 

studies on protein biomarkers [21]. One of the main reasons for the lack of 

replication is the extremely low microRNA concentration in CSF. To enable the 

RT-qPCR technique required for quantification of individual miRNAs, a target-spe-

cific preamplification was necessary to increase the sensitivity, introducing an extra 
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variable that may contribute to variation in the final result. Moreover, even minor 

blood contamination may affect the results leading to falsely increased microRNA 

levels in CSF [22]. To tackle this issue, we have carefully selected our samples using 

the criterium of a CSF leukocyte count of fewer than 5 cells/µL and erythrocyte 

number of fewer than 200 cells/µL to select only non-traumatic CSF samples. 

However, in clinical practice, these criterium cannot always be easily met. Finally, 

there is not yet a standardized normalization method for microRNA analysis. Several 

different endogenous or exogenous microRNAs may be used as reference 

microRNAs, yielding varying results in different studies [23].

 An alternative technique to study microRNAs in CSF may be small RNA 

sequencing. Two independent groups were able to apply this technique to CSF, by 

using a large volume of 1mL of CSF [24, 25]. We have attempted to replicate these 

findings using smaller CSF volumes (0.5mL) since the availability of large CSF 

volumes is a major limitation in clinical practice. However, we were unfortunately 

not able to quantify microRNAs using this approach in smaller CSF volumes (data 

not shown). In contrast to small RNA sequencing using blood, the expected low 

concentration of small RNA in CSF seems to be a major limiting factor for CSF 

analysis, leaving us with the necessity for RT-qPCR methods in combination with an 

amplification step to detect microRNAs.

 Given the higher concentrations of microRNAs in blood compared to CSF, 

blood may be considered as a source of miRNA biomarkers for PD and APD. 

However, microRNAs are rarely tissue-specific [26, 27]; therefore, when blood is 

used as a source of microRNAs there is always a concern about the specificity of 

the target and the possibility that findings reflect a systemic change that is not 

related to the neurodegenerative process. Therefore, CSF may still be the best 

source to investigate microRNAs changes caused by neurodegeneration. We 

expect that future technological advances will increase the sensitivity for microRNA 

sequencing, thereby circumventing this limitation. Finally, it is likely that a single 

microRNA will not be sufficient as a diagnostic biomarker for PD or APD, because 

one microRNA can control the translation of several different mRNAs [26, 27]. 

Therefore, it is more likely that, with the expected advances in technology, a panel 

of miRNAs may be identified that will serve as a biomarker of a parkinsonian 

disorder. Again validation and replication of such findings in independent studies 

will be required before drawing final conclusions.

Blood biomarkers
Neurodegeneration is a hallmark of all diseases discussed in the present thesis. 

During the degeneration process, damaged neurons release their content, 

including proteins, into the extracellular space and are subsequently drained into 

the CSF, and eventually into the blood. Consequently, the occurrence of neuronal 
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damage could be indicated by the quantification of the released proteins in either 

CSF or blood [28]. Neurofilament proteins are known for being one type of proteins 

that are released from damaged neurons. Since neurofilament proteins are brain-

specific, quantification of these proteins, and one of its subunits -, the neurofilament 

light chain (NFL) – in particular, has received a lot of attention as a potential 

biomarker for many neurological disorders (chapter 2). 

 To date, there is a consensus of increased CSF NFL levels in APD as compared 

to PD and controls [17-19, 29-32]. Clearly, analysis in the blood is preferable to that 

in CSF, since blood collection is less invasive and offers less discomfort for patients. 

Since NFL is a brain-specific protein, its concentration in blood is very low, making 

its quantification in blood more challenging than in CSF and therefore, this requires 

more sensitive techniques than a regular ELISA which has been used for 

quantification in CSF. Recently, a more sensitive technique has been developed, 

named Simoa [33], allowing researchers to assess very low NFL levels in blood. In 

chapter 6, we have used Simoa to quantify NFL levels in blood in our unique cohort 

with uncertain diagnosis to determine the diagnostic value of blood NFL for APD 

versus PD and controls.

 Our results showed elevated NFL blood levels in APD compared to PD and 

controls, and were in line with previous reports quantifying NFL in blood [34-36]. 

We also compared the diagnostic value of NFL in both blood and CSF [31] and since 

the diagnostic value is quite similar, there is a preference for the use of blood as it 

is a less invasive method. Although NFL is a very promising fluid biomarker for the 

discrimination of APD from PD, NFL alone cannot discriminate between the various APD 

disorders and we need additional markers for this goal. Indeed, in our proteomics study 

using protein-derived tryptic peptides (chapter 4), NFL and clinical assessments 

were combined with these peptide biomarkers in order to improve discrimination 

of APD versus PD. Additionally, the recent development of the Real-Time Quaking -

Induced Conversion (RT-QuIC) technique to identify misfolded alpha-synuclein 

species  [37], combined with NFL quantification, yielded high sensitivity and specificity 

to discriminate α-synucleinopathies from other parkinsonian disorders [38].

Future perspectives on biomarker research 
in parkinsonism

In the studies presented in this thesis, we show the challenges that researchers face 

to develop (early) biomarkers for diagnosis of parkinsonian disorders, and how we 

coped with them to identify such new potential biomarkers that are able to discriminate 

patients with parkinsonism already at an early disease stage when the clinical 

diagnosis is compromised by the overlap of motor and non-motor symptoms.
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 As discussed earlier, biomarker validation is an important step towards the 

implementation of biomarkers as a diagnostic tool. Cohort size is one of the major 

issues in this step. In cohort studies such as ours, participants are enrolled because 

of their consultancy at the hospital or by recommendation by other physicians. A 

more open recruitment would be beneficial to increase the number of participants, 

especially in small countries as the Netherlands. As an example of a national wide 

ongoing study, the National Centre for Excellence in Research on Parkinson’s 

Disease (NCER-PD) [39], in Luxembourg, recruit participants from the whole 

country and a large area of Belgium, France, and Germany to build a cohort of 

parkinsonian disorders and healthy controls. Thus, a large international consortium 

combining cohorts of different centers would be of great help to speed up 

biomarker validation and access inter-lab variations. 

 Biomarker panels could be the key for a diagnostic tool for the early diagnosis 

of parkinsonian disorders. In chapter 4, we showed how tryptic peptides combined 

with clinical and biochemical data improved the diagnostic accuracy up to 86%, 

and in chapter 5, when microRNAs were combined into panels the diagnostic 

value to discriminate PD vs. APD was 77%. Since we used different patient cohorts 

for our microRNA and proteomics studies, we could not include microRNA data 

into our models derived from proteomics studies. Considering the discrimination 

improvement shown in these studies, a biomarker panel including microRNAs, 

tryptic peptides/proteins, NFL and clinical assessments could yield diagnostic 

accuracy and help clinicians at the early disease stage.

 The ultimate goal would be to identify parkinsonism at the prodromal stage, 

just before the disease onset, when the neuronal loss is not yet severe, and 

therapeutic treatment to stop neuronal damage would be very beneficial. Following 

up larger populations with prodromal symptoms, such as rapid eye movement 

(REM) sleep behavior disorder (RBD), which has been related to later development 

of PD [40], can yield more insights into the conversion of the individuals into 

parkinsonian disorders, especially related to α-synuclein accumulation. Moreover, if 

reliable biomarkers of disease can be identified that accurately identify persons with 

RBD who later will develop PD or APD, provides a new window for therapeutic 

intervention.

 In the field of parkinsonian disorders research, we observe a lack of studies 

connecting biomarkers of DNA, messenger RNAs, microRNAs, proteins/peptides 

and metabolites to provide a complete translational and transversal overview. This 

gap has been addressed by researchers, and current consortia [39] are aiming at 

establishing a more complete overview of the various transcriptomics, genomics, 

proteomics, and metabolomics (‘omics’) biomarkers and their changes caused by 

parkinsonian disorders. These studies will yield new insights into the mechanisms 

underlying the various disorders, and will likely yield new biomarkers of disease.



CHAPTER 7

166

References

1. Armstrong, M.J. and M.S. Okun, Diagnosis and Treatment of Parkinson Disease: A Review. JAMA, 2020. 

323(6): p. 548-560.

2. Dorsey, E.R., et al., Global, regional, and national burden of Parkinson’s disease, 1990–2016: a systematic 

analysis for the Global Burden of Disease Study 2016. The Lancet Neurology, 2018. 17(11): p. 939-953.

3. Miller, D.B. and J.P. O’Callaghan, Biomarkers of Parkinson’s disease: present and future. Metabolism, 

2015. 64(3 Suppl 1): p. S40-6.

4. Schapira, A.H., Science, medicine, and the future: Parkinson’s disease. Bmj, 1999. 318(7179): p. 311-4.

5. Kalia, L.V. and A.E. Lang, Parkinson’s disease. Lancet, 2015. 386(9996): p. 896-912.

6. Simonsen, A.H., et al., The utility of alpha-synuclein as biofluid marker in neurodegenerative diseases: 

a systematic review of the literature. Biomark Med, 2016. 10(1): p. 19-34.

7. Fourier, A., et al., Pre-analytical and analytical factors influencing Alzheimer’s disease cerebrospinal 

fluid biomarker variability. Clin Chim Acta, 2015. 449: p. 9-15.

8. Litvan, I., et al., What is the accuracy of the clinical diagnosis of multiple system atrophy? A clinicopath-

ologic study. Arch Neurol, 1997. 54(8): p. 937-44.

9. Hughes, A.J., et al., The accuracy of diagnosis of parkinsonian syndromes in a specialist movement 

disorder service. Brain, 2002. 125(Pt 4): p. 861-70.

10. Hughes, A.J., et al., Accuracy of clinical diagnosis of idiopathic Parkinson’s disease: a clinico-pathological 

study of 100 cases. J Neurol Neurosurg Psychiatry, 1992. 55(3): p. 181-4.

11. Jellinger, K.A., How valid is the clinical diagnosis of Parkinson’s disease in the community? J Neurol 

Neurosurg Psychiatry, 2003. 74(7): p. 1005-6.

12. Aerts, M.B., et al., Ancillary investigations to diagnose parkinsonism: a prospective clinical study. 

J Neurol, 2015. 262(2): p. 346-56.

13. Li, Y., et al., Galectin-1 attenuates neurodegeneration in Parkinson’s disease model by modulating 

microglial MAPK/IκB/NFκB axis through its carbohydrate-recognition domain. Brain, Behavior, and 

Immunity, 2020. 83: p. 214-225.

14. Dallas, D.C., et al., Current peptidomics: applications, purification, identification, quantification, and 

functional analysis. Proteomics, 2015. 15(5-6): p. 1026-1038.

15. Ronsein, G.E., et al., Parallel reaction monitoring (PRM) and selected reaction monitoring (SRM) exhibit 

comparable linearity, dynamic range and precision for targeted quantitative HDL proteomics. Journal 

of proteomics, 2015. 113: p. 388-399.

16. Rauniyar, N., Parallel Reaction Monitoring: A Targeted Experiment Performed Using High Resolution 

and High Mass Accuracy Mass Spectrometry. International journal of molecular sciences, 2015. 16(12): 

p. 28566-28581.

17. Abdo, W.F., et al., CSF neurofilament light chain and tau differentiate multiple system atrophy from 

Parkinson’s disease. Neurobiol Aging, 2007. 28(5): p. 742-7.

18. Hall, S., et al., Accuracy of a panel of 5 cerebrospinal fluid biomarkers in the differential diagnosis of 

patients with dementia and/or parkinsonian disorders. Arch Neurol, 2012. 69(11): p. 1445-52.

19. Magdalinou, N.K., et al., A panel of nine cerebrospinal fluid biomarkers may identify patients with 

atypical parkinsonian syndromes. J Neurol Neurosurg Psychiatry, 2015. 86(11): p. 1240-7.

20. Condrat, C.E., et al., miRNAs as Biomarkers in Disease: Latest Findings Regarding Their Role in 

Diagnosis and Prognosis. Cells, 2020. 9(2): p. 276.

21. Condrat, C.E., et al., miRNAs as Biomarkers in Disease: Latest Findings Regarding Their Role in 

Diagnosis and Prognosis. Cells, 2020. 9(2).

22. Muller, M., et al., MicroRNAs in Alzheimer’s disease: differential expression in hippocampus and 

cell-free cerebrospinal fluid. Neurobiol Aging, 2014. 35(1): p. 152-8.

23. Faraldi, M., et al., Normalization strategies differently affect circulating miRNA profile associated with 

the training status. Sci Rep, 2019. 9(1): p. 1584.

24. Burgos, K., et al., Profiles of extracellular miRNA in cerebrospinal fluid and serum from patients with 

Alzheimer’s and Parkinson’s diseases correlate with disease status and features of pathology. PLoS 

One, 2014. 9(5): p. e94839.



GENERAL DISCUSSION AND FUTURE PERSPECTIVES

167

7

25. Gui, Y., et al., Altered microRNA profiles in cerebrospinal fluid exosome in Parkinson disease and 

Alzheimer disease. Oncotarget, 2015. 6(35): p. 37043-53.

26. Bartel, D.P., MicroRNAs: genomics, biogenesis, mechanism, and function. Cell, 2004. 116(2): p. 281-97.

27. Bartel, D.P., MicroRNAs: target recognition and regulatory functions. Cell, 2009. 136(2): p. 215-33.

28. Gaetani, L., et al., Neurofilament light chain as a biomarker in neurological disorders. Journal of 

Neurology, Neurosurgery &amp; Psychiatry, 2019. 90(8): p. 870-881.

29. Holmberg, B., et al., CSF-neurofilament and levodopa tests combined with discriminant analysis may 

contribute to the differential diagnosis of Parkinsonian syndromes. Parkinsonism Relat Disord, 2001. 

8(1): p. 23-31.

30. Holmberg, B., et al., Increased cerebrospinal fluid levels of neurofilament protein in progressive 

supranuclear palsy and multiple-system atrophy compared with Parkinson’s disease. Mov Disord, 1998. 

13(1): p. 70-7.

31. Herbert, M.K., et al., CSF Neurofilament Light Chain but not FLT3 Ligand Discriminates Parkinsonian 

Disorders. Front Neurol, 2015. 6: p. 91.

32. Constantinescu, R., et al., Consecutive analyses of cerebrospinal fluid axonal and glial markers in 

Parkinson’s disease and atypical Parkinsonian disorders. Parkinsonism Relat Disord, 2010. 16(2): p. 142-5.

33. Kuhle, J., et al., Comparison of three analytical platforms for quantification of the neurofilament light 

chain in blood samples: ELISA, electrochemiluminescence immunoassay and Simoa. Clin Chem Lab 

Med, 2016. 54(10): p. 1655-61.

34. Hansson, O., et al., Blood-based NfL: A biomarker for differential diagnosis of parkinsonian disorder. 

Neurology, 2017. 88(10): p. 930-937.

35. Rojas, J.C., et al., Plasma neurofilament light chain predicts progression in progressive supranuclear 

palsy. Ann Clin Transl Neurol, 2016. 3(3): p. 216-25.

36. Wilke, C., et al., Serum neurofilament light is increased in multiple system atrophy of cerebellar type 

and in repeat-expansion spinocerebellar ataxias: a pilot study. J Neurol, 2018.

37. Fairfoul, G., et al., Alpha-synuclein RT-QuIC in the CSF of patients with alpha-synucleinopathies. Ann 

Clin Transl Neurol, 2016. 3(10): p. 812-818.

38. van Rumund, A., et al., alpha-Synuclein real-time quaking-induced conversion in the cerebrospinal fluid 

of uncertain cases of parkinsonism. Ann Neurol, 2019. 85(5): p. 777-781.

39. Hipp, G., et al., The Luxembourg Parkinson’s Study: A Comprehensive Approach for Stratification and 

Early Diagnosis. Front Aging Neurosci, 2018. 10: p. 326.

40. Postuma, R.B., et al., Identifying prodromal Parkinson’s disease: pre-motor disorders in Parkinson’s 

disease. Mov Disord, 2012. 27(5): p. 617-26.





Summary in English
Samenvatting in het nederlands
Resumo em Português

8





SUMMARY IN ENGLISH

171

8

Summary in English

The incidence of movement disorders is increasing due to the worldwide ageing of 

the population. In general, sporadic forms account for 90% of total cases with neu-

rodegenerative disorders and the reasons underlying initiation or progression of 

these diseases remain unknown for almost all disorders. Movement disorders affect 

the daily activities of individuals, ranging from basic movements to cognitive 

dysfunction. Therefore, providing an early diagnosis to individuals could help them 

and their families to better understand the course of the diseases, predict life 

expectancy, set their future expectations, as well as obtain insights into possibilities 

and costs for treatment.

 Each movement disorder has a specific constellation of signs and symptoms 

with different progression over time but can be quite similar at early stages, which 

makes the diagnosis a challenge. Unfortunately, a definite diagnosis can - in most 

disorders - only be made after brain autopsy, due to lack of reliable biomarkers 

during life. Biomarkers that could help in defining the clinical diagnosis, or predict 

disease progression and response to treatment would therefore be very useful. 

Body fluids offer a great possibility for biomarker research. In chapter 2, we reviewed 

potential biomarkers in cerebrospinal fluid (CSF) studied in alpha-synucleinopa-

thies, tauopathies and other neurodegenerative disorders, and their possible 

application for clinical practice.

 In some disorders, such as Creutzfeldt–Jakob disease and narcolepsy, CSF 

biomarkers are already implemented into clinical practice. However, such biomarkers 

are not yet available for parkinsonian disorders. Neurofilament light chain (NFL) is 

the most promising CSF biomarker for discrimination of atypical parkinsonism 

(APD) from Parkinson’s disease (PD), especially if combined with Real-Time 

Quaking- Induced Conversion (RT-QuIC) to measure misfolded α-synuclein.

 In this thesis, we have focused on the identification and validation of fluid 

biomarkers for parkinsonian disorders, such as PD, including multiple system 

atrophy (MSA), and progressive supranuclear palsy (PSP). We aimed to identify 

biomarkers for early diagnosis in a unique cohort of patients with clear signs of 

parkinsonism, such as bradykinesia with resting tremor or rigidity, but whose 

specific diagnosis was uncertain at the time of collection of serum and CSF, and 

who were followed for a maximum of 12 years. This cohort is representative of the 

daily situation when clinicians are confronted with a patient with an uncertain 

diagnosis, and where biomarkers are needed most for an accurate diagnosis.

 In chapter 3, we successfully performed a mass spectrometry profiling study 

using CSF of ten PD patients and ten controls, in which a total of 482 proteins were 

robustly identified. Among them, galectin-1 (Gal-1) was considered as a potential 

biomarker for PD due to the strongly decreased levels in PD as compared to 
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controls. We confirmed these differences by quantifying its concentrations in CSF 

by enzyme-linked immunosorbent assay (ELISA) in three independent cohorts of 

37 PD patients, 21 APD patients, and 44 controls. CSF levels of Gal-1 were lower in 

PD in both the discovery and validation experiments and discriminated PD from 

controls with moderate-high accuracy levels (ELISA: area under the curve=0.7). 

Similar levels of Gal-1 were found in PD and APD. Gal-1 levels were correlated to 

age in all groups, and correlated in the PD patients to CSF levels of total tau, 

phosphorylated tau, NFL, and the mini-mental state examination (MMSE) score. We 

conclude that MS profiling of proteins may be a useful tool to identify novel 

biomarkers of neurological diseases. In addition, we conclude that similar CSF 

Gal-1 levels in PD and APD indicate that Gal-1 levels in CSF may serve as a biomarker 

for parkinsonism, rather than for PD specifically.

 In chapter 4, we performed shotgun proteomics on CSF samples to identify 

tryptic peptides in discovery cohort of PD (n=10), MSA (n=5) and non-neurological 

controls (n=10). We selected tryptic peptides from the discovery dataset with 

differential quantification levels between PD and MSA for subsequent validation 

using a newly developed selected reaction monitoring (SRM) assay. Validation was 

performed in CSF from an independent cohort to define biomarkers that 

discriminate PD (n=46) from atypical parkinsonism patients (APD; MSA, n=17; PSP, 

n=8) and non-neurological controls (n=39).

 In the discovery experiment, a total of 5,543 tryptic peptides were identified in 

CSF. The levels of 191 tryptic peptides differed significantly between PD and MSA,  

of which 34 met our criteria for SRM development. For 14/34 peptides we confirmed 

differences between PD and APD (p<0.05) in the validation cohort, all with an 

area under the curve (AUC) of 0.60 to 0.76. Random forest modelling including 

either clinical assessments or other CSF parameters (neurofilament light chain, 

phosphorylated tau protein), and age improved the discrimination of PD vs. APD to 

an AUC of 0.86.

 The Discovery of tryptic peptides by untargeted, and subsequent validation by 

targeted, proteomics proved to be a suitable strategy to identify novel potential CSF 

biomarkers for PD versus APD. Tryptic peptides discriminated PD from APD with 

moderate-to-high accuracy, especially when combined with other established 

parameters. The tryptic peptides, and corresponding proteins, that we identified as 

differential biomarkers may increase our current knowledge about the disease- 

specific pathophysiological mechanisms of parkinsonism.

 MicroRNAs regulate protein translation and are observed in biological fluids, 

including CSF, and may therefore have potential as biomarkers of disease. 

In chapter 5, we selected microRNAs for further validation based on previous 

publications in which these microRNAs were identified as potential biomarkers for 

early diagnosis of parkinsonism in blood, serum, brain tissue, or CSF. By using 
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quantitative PCR, we evaluated expression levels of 10 microRNAs in CSF samples 

from PD (n=28), MSA (n=17) patients and from controls (n=28). We identified two 

microRNAs (miR-24 and miR-205) that distinguished PD from controls, and four 

microRNAs that differentiated MSA from controls (miR-19a, miR-19b, miR-24 and 

miR-34c). In addition, a combination of microRNAs improved the discrimination of 

either PD or MSA from controls. In MSA, we observed that miR-24 and miR-148b 

correlated to cerebellar ataxia symptoms, suggesting these microRNAs are involved 

in cerebellar degeneration in MSA. Our findings support the potential of microRNA 

panels as biomarkers for movement disorders and may provide more insights into 

the pathological mechanisms causing these disorders.

 As observed in chapter 2, NFL is the most promising CSF biomarker for APD for 

discrimination from PD. The recent development of the Single Molecule Array 

(Simoa) technology allowed us to quantify NFL in blood. There is a clear preference 

for biomarkers in blood over that in CSF since blood collection is less invasive and 

offers less discomfort for patients. In chapter 6, we aimed to investigate the 

diagnostic value of serum NFL in patients with clear signs of parkinsonism, but 

whose specific diagnosis was yet uncertain. Serum NFL was quantified by Simoa in 

patients with PD (n=55), APD (n=29; MSA, n=22, PSP, n=7), and non-neurological 

controls (n=53).

 Serum NFL levels were elevated in APD (mean 23.8 ± 10.3 ng/L) and 

differentiated the APD group from PD (mean 10.4 ± 4.9 ng/L) and controls (mean 

11.5 ± 6.5 ng/L; p<0.0001) with accuracy levels up to 91% (sensitivity=86% and 

specificity=85%). Serum NFL strongly correlated to cerebrospinal fluid NFL levels 

(r=0.72, p<0.0001) in all groups and to age in PD (r=0.78, p<0.0001) and controls 

(r=0.66, p<0.0001). In our cohort, the probability of having APD was 76% (PPV, 

positive predictive value), and of having PD 92% (NPV, negative predictive value). To 

conclude, serum NFL may be a useful clinical biomarker to identify APD, even at 

stages when clinical symptoms are not yet conclusive. Furthermore, high serum 

NFL levels are associated with a very high risk of having APD and low NFL levels 

were associated with a high chance of having PD in our cohort.

 In summary, we have identified and validated several potential biomarkers for 

the diagnosis of parkinsonian disorders at the early disease stage, when the 

symptoms are overlapping and the diagnosis is a challenge. Our findings showed 

moderate-high diagnostic accuracy for individual biomarkers. However, when they 

are included in panels, combining fluid and clinical assessments, we could reach 

higher accuracy levels for discrimination of PD and APD. Although our biomarker 

panels are not yet available for clinical practice and demand further validation in 

different centers, our studies support the development of fluid biomarkers for the 

discrimination of parkinsonian disorders.
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SAMENVATTING IN HET NEDERLANDS

Samenvatting in het nederlands

De incidentie van bewegingsstoornissen neemt toe als gevolg van de wereldwijde 

veroudering van de bevolking. De redenen die ten grondslag liggen aan het 

ontstaan of de progressie van deze ziekten zijn voor bijna alle stoornissen onbekend. 

Bewegingsstoornissen beïnvloeden de dagelijkse activiteiten van mensen, variërend 

van eenvoudige bewegingen tot cognitief functioneren. Daarom zou een vroege 

diagnose patiënten en hun families kunnen helpen om het verloop van de ziekten 

beter te begrijpen, de levensverwachting te voorspellen, toekomstverwachtingen 

te bepalen, en inzicht te krijgen in de mogelijkheden en kosten van behandeling.

 Elke bewegingsstoornis heeft een specifiek profiel van symptomen en een 

verschillend verloop. In vroege stadia kunnen verschillende stoornissen echter 

dezelfde klachten geven,  wat de diagnose een uitdaging maakt. Helaas kan bij de 

meeste stoornissen pas een definitieve diagnose worden gesteld na autopsie van 

de hersenen, omdat er een gebrek is aan betrouwbare biomarkers tijdens het leven. 

Biomarkers die kunnen helpen bij het vaststellen van de klinische diagnose, of die 

de ziekteprogressie en respons op behandelingen kunnen voorspellen, zouden 

daarom zeer nuttig zijn. Lichaamsvloeistoffen bieden een veelbelovende mogelijkheid 

voor biomarkeronderzoek. In hoofdstuk 2 geven we een overzicht van potentiële 

biomarkers in cerebrospinale vloeistof (CSF) die onderzocht zijn in alfa-synucleino-

pathieën, tauopathieën en andere neurodegeneratieve aandoeningen, en de mogelijke 

toepassing van deze biomarkers in de klinische praktijk.

 Bij sommige aandoeningen, zoals de ziekte van Creutzfeldt-Jakob en narcolepsie, 

worden CSF-biomarkers reeds in de klinische praktijk toegepast. Dergelijke biomarkers 

zijn echter nog niet beschikbaar voor parkinsonaandoeningen. Neurofilament light 

chain (NFL) is de meest veelbelovende CSF-biomarker voor de differentiatie van 

atypisch parkinsonisme (APD) van de ziekte van Parkinson (PD), vooral indien deze 

gecombineerd wordt met Real-Time Quaking-Induced Conversion (RT-QuIC) om 

misgevouwen α-synucleïne te meten.

 In dit proefschrift hebben we ons gericht op de identificatie en validatie van 

vloeistofbiomarkers voor parkinsonaandoeningen zoals PD, maar ook multiple 

systeem atrofie (MSA) en progressieve supranucleaire palsie (PSP). Wij streefden 

naar de identificatie van biomarkers voor vroege diagnose in een uniek cohort van 

patiënten met duidelijke tekenen van parkinsonisme zoals bradykinesie met 

rusttremor of rigiditeit, maar van wie de specifieke diagnose onzeker was op het 

moment van de collectie van serum en CSF. De patiënten in dit cohort werden 

gevolgd gedurende een maximum van 12 jaar. Het cohort is representatief voor de 

dagelijkse klinische praktijk waarin clinici vaak geconfronteerd worden met 

patiënten met een onzekere diagnose, en waarin biomarkers dringend nodig zijn 

voor een accurate diagnose.



CHAPTER 8

176

 In hoofdstuk 3 hebben we met succes een massaspectrometrie-profilerings-

studie uitgevoerd met CSF van tien PD-patiënten en tien controlepatiënten, waarin 

482 eiwitten robuust werden geïdentificeerd. Van deze eiwitten werd galectine-1 

(Gal-1) beschouwd als een potentiële biomarker voor PD vanwege de sterk 

verlaagde niveaus in PD vergeleken met controles. Wij bevestigden deze verschillen 

door de concentraties van Gal-1 in CSF te kwantificeren met behulp van 

enzyme-linked immunosorbent assay (ELISA) in drie onafhankelijke cohorten van 

37 PD-patiënten, 21 APD-patiënten, en 44 controlepatiënten. De CSF-spiegels van 

Gal-1 waren lager in PD in zowel de discovery- als de validatie-experimenten en 

discrimineerden PD van controles met matig-hoge nauwkeurigheid (ELISA: 

oppervlakte onder de curve=0,7). Vergelijkbare concentraties van Gal-1 werden 

gevonden in PD en APD. Gal-1-concentraties correleerden in alle groepen met 

leeftijd, en in de PD-groep met CSF-spiegels van totaal tau, gefosforyleerd tau, en 

NFL, en met de mini-mental state examination (MMSE) score. Wij concluderen dat 

MS-profilering van eiwitten een nuttig instrument kan zijn om nieuwe biomarkers 

voor neurologische ziekten te identificeren. Bovendien concluderen wij dat de 

vergelijkbare Gal-1-concentraties in CSF van PD en APD erop wijzen dat Gal-1-levels 

in CSF kunnen dienen als biomarker voor parkinsonaandoeningen in het algemeen, 

maar niet voor PD specifiek.

 In hoofdstuk 4 hebben we shotgun proteomics uitgevoerd op CSF monsters 

om tryptische peptiden te identificeren in een ontdekkingscohort van PD (n=10), 

MSA (n=5) en niet-neurologische controles (n=10). We selecteerden uit de ontdek-

kingsdataset tryptische peptiden die concentratieverschillen lieten zien in PD 

vergeleken met MSA. Deze bevindingen hebben we vervolgens gevalideerd met 

behulp van een nieuw ontwikkelde selected reaction monitoring (SRM) assay. De 

validatie werd uitgevoerd in CSF van een onafhankelijk cohort om biomarkers te 

definiëren die PD (n=46) discrimineren van APD (MSA, n=17; PSP, n=8) en niet-neu-

rologische controles (n=39).

 In het ontdekkingsexperiment werden in totaal 5.543 tryptische peptiden 

geïdentificeerd in CSF. De niveaus van 191 tryptische peptiden verschilden significant 

tussen PD en MSA, waarvan er 34 voldeden aan onze criteria voor SRM ontwikkeling. 

Voor 14/34 peptiden bevestigden we verschillen tussen PD en APD (p<0,05) in het vali-

datiecohort, allen met een gebied onder de curve (AUC) van 0,60 tot 0,76. Random 

forest modellering waarbij klinische beoordelingen of andere CSF-parameters 

(neurofilament lichte keten, gefosforyleerd tau eiwit) geïncludeerd werden, samen 

met leeftijd, verbeterde de discriminatie van PD versus APD tot een AUC van 0,86.

 Ontdekking van tryptische peptiden door ongerichte proteomics en daarop-

volgende validatie door gerichte proteomics bleek een geschikte strategie te zijn 

om nieuwe potentiële CSF-biomarkers voor PD versus APD te identificeren. Tryptische 

peptiden discrimineerden PD van APD met matige tot hoge nauwkeurigheid, vooral 
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wanneer zij gecombineerd werden met andere, reeds gevalideerde parameters. 

De tryptische peptiden en overeenkomstige eiwitten, die we identificeerden als 

differentiële biomarkers kunnen onze huidige kennis over de ziektespecifieke 

pathofysiologische mechanismen van parkinsonisme vergroten.

 MicroRNAs reguleren de translatie van eiwitten en worden gevonden in 

biologische vloeistoffen, waaronder CSF, en kunnen daarom mogelijk dienen als 

biomarkers van ziekte. In hoofdstuk 5 hebben we enkele microRNAs geselecteerd 

voor verdere validatie, gebaseerd op eerdere publicaties waarin deze microRNAs 

werden geïdentificeerd als potentiële biomarkers voor vroege diagnose van 

parkinsonisme in bloed, serum, hersenweefsel, of CSF. Met behulp van kwantitatieve 

PCR evalueerden we de expressieniveaus van 10 microRNAs in CSF-monsters van 

PD (n=28), MSA (n=17) en controles (n=28). Wij vonden twee microRNAs (miR-24 en 

miR-205) die PD onderscheidden van controles, en vier microRNAs die MSA 

onderscheidden van controles (miR-19a, miR-19b, miR-24 en miR-34c). Bovendien 

verbeterde een combinatie van microRNA’s het vermogen om te discrimineren 

tussen PD of MSA en controles. Bij MSA zagen we dat miR-24 en miR-148b correleerden 

met symptomen van cerebellaire ataxie, wat suggereert dat deze microRNAs betrokken 

zijn bij cerebellaire degeneratie bij MSA. Onze bevindingen onderschrijven het 

potentieel van microRNA-panels als biomarkers voor bewegingsstoornissen en 

kunnen meer inzicht verschaffen in de pathologische mechanismen die deze 

stoornissen veroorzaken.

 Zoals opgemerkt in hoofdstuk 2, is NFL de meest veelbelovende CSF-biomarker 

om APD te kunnen onderscheiden van PD. De recente ontwikkeling van de Single 

Molecule Array (Simoa) technologie heeft ons in staat gesteld om NFL in bloed te 

kwantificeren. Er is een duidelijke voorkeur voor biomarkers in bloed boven die in 

CSF, omdat bloedafname minder invasief is en minder ongemak voor patiënten 

oplevert. In hoofdstuk 6 wilden we de diagnostische waarde van serum-NFL 

onderzoeken bij patiënten met duidelijke tekenen van parkinsonisme, maar bij  

wie de specifieke diagnose nog niet zeker was. Serum-NFL werd gekwantificeerd 

met Simoa in patiënten met PD (n=55), APD (n=29; MSA, n=22, PSP, n=7), 

en niet-neurologische controles (n=53).

 Serum-NFL-spiegels waren verhoogd in APD (gemiddeld 23,8 ± 10,3 ng/L) en 

onderscheidden de APD-groep van PD (gemiddeld 10,4 ± 4,9 ng/L) en controles 

(gemiddeld 11,5 ± 6,5 ng/L; p<0,0001) met nauwkeurigheidsniveaus tot 91% 

(sensitiviteit=86% en specificiteit=85%). Serum-NFL correleerde sterk met NFL-niveaus  

in CSF (r=0,72, p<0,0001) in alle groepen, en met leeftijd in de PD-groep (r=0,78, 

p<0,0001) en controles (r=0,66, p<0,0001). In ons cohort was de waarschijnlijkheid 

van het hebben van APD 76% (PPV, positief voorspellende waarde), en van het 

hebben van PD 92% (NPV, negatief voorspellende waarde). De conclusie is dat 

serum NFL een nuttige klinische biomarker kan zijn om APD te identificeren, zelfs 
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in stadia waarin klinische symptomen nog niet doorslaggevend zijn. Bovendien zijn 

hoge serum-NFL spiegels geassocieerd met een zeer hoge kans op het hebben 

van APD en waren lage NFL spiegels geassocieerd met een hoge kans op het 

hebben van PD in ons cohort.

 Samenvattend hebben wij verschillende potentiële biomarkers geïdentificeerd 

en gevalideerd voor de diagnose van parkinsonaandoeningen in een vroeg 

ziektestadium, wanneer de symptomen elkaar overlappen en de diagnose een 

uitdaging is. Onze bevindingen laten een matig-hoge diagnostische nauwkeurigheid 

voor individuele biomarkers zien. Panels, daarentegen, waarin verschillende biomarkers 

en klinische beoordelingen werden gecombineerd, hadden een hogere nauw-

keurigheid om PD van APD te onderscheiden. Hoewel onze biomarkerpanels nog 

niet beschikbaar zijn voor de klinische praktijk en verdere validatie in verschillende 

centra vereisen, ondersteunen onze studies de ontwikkeling van vloeistofbiomarkers 

voor de discriminatie van parkinsonaandoeningen.
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Resumo em Português

A incidência de distúrbios de movimento está aumentando devido ao envelhecimento 

mundial da população. Em geral, as formas esporádicas representam 90% do total 

de casos com distúrbios neurodegenerativos e as razões subjacentes ao início ou 

à progressão dessas doenças permanecem desconhecidas para quase todos os 

distúrbios. Os distúrbios de movimento afetam as atividades diárias dos indivíduos, 

desde os movimentos básicos até a deficiência cognitiva. Portanto, fornecer um 

diagnóstico precoce aos indivíduos poderia ajudá-los e a suas famílias a 

compreender melhor o curso das doenças, prever a expectativa de vida, estabelecer 

suas expectativas futuras, bem como obter insights sobre as possibilidades e custos 

de tratamento.

 Cada distúrbio do movimento tem uma constelação específica de sinais e 

sintomas com progressão diferente ao longo do tempo, mas pode ser bastante 

semelhante em estágios iniciais, o que torna o diagnóstico um desafio. Infelizmente, 

um diagnóstico definitivo só pode - na maioria dos distúrbios - ser feito após a 

autópsia do cérebro, devido à falta de biomarcadores confiáveis durante a vida. 

Biomarcadores que poderiam ajudar a definir o diagnóstico clínico ou prever a 

progressão da doença e a resposta ao tratamento seriam, portanto, muito úteis. 

Os fluidos corporais oferecem uma grande possibilidade para a pesquisa de 

biomarcadores. No capítulo 2, revisamos potenciais biomarcadores em líquido 

 cefalorraquidiano (LCR) estudados em alfa-sinucleinopatias, tauopatias e outros 

distúrbios neurodegenerativos, e sua possível aplicação na prática clínica.

 Em alguns distúrbios, como a doença de Creutzfeldt-Jakob e a narcolepsia, 

os biomarcadores do LCR já estão implementados na prática clínica. Entretanto, 

tais biomarcadores ainda não estão disponíveis para os distúrbios de Parkinsonianos. 

A cadeia leve do neurofilamento (NFL) é o biomarcador mais promissor no LCR 

para discriminação do parkinsonismo atípico (PA) da doença de Parkinson (DP), 

especialmente se combinada com a Real-Time Quaking-Induced Conversion 

(RT-QuIC) para medir a α-sinucleína mal dobrada.

 Nesta tese, concentramo-nos na identificação e validação de biomarcadores 

fluidos para distúrbios parkinsonianos, como a DP, incluindo atrofia de múltiplos 

sistemas (MSA), e paralisia supranuclear progressiva (PSP). Nosso objetivo era 

identificar biomarcadores para diagnóstico precoce em uma coorte única de 

pacientes com sinais claros de Parkinsonismo, tais como bradicinesia com tremor 

de repouso ou rigidez, mas cujo diagnóstico específico era incerto no momento 

da coleta do soro e do LCR, e que foram acompanhados por um máximo de 12 

anos. Esta coorte é representativa da situação diária na qual os médicos são 

confrontados com um paciente com diagnóstico incerto, e quando os biomarcadores 

são mais necessários para um diagnóstico preciso.
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 No capítulo 3, realizamos com sucesso um estudo de perfil de espectrometria 

de massa utilizando o LCR de dez pacientes com DP e dez controles, no qual um 

total de 482 proteínas foram robustamente identificadas. Entre elas, a galectina-1 

(Gal-1) foi considerada como um biomarcador potencial para a DP devido à forte 

diminuição de seus níveis na DP em comparação com os de controle. Confirmamos 

estas diferenças quantificando suas concentrações no LCR através do ensaio de 

imunoabsorção enzimática (ELISA) em três coortes independentes de 37 pacientes 

com DP, 21 pacientes com PA e 44 controles. Os níveis de Gal-1 do LCR foram 

menores na DP tanto nos experimentos de descoberta como nos de validação e 

discriminaram a DP dos controles com níveis moderados e altos de precisão (ELISA: 

área sob a curva=0,7). Níveis similares de Gal-1 foram encontrados na DP e no PA. 

Os níveis de Gal-1 foram correlacionados com a idade em todos os grupos,  

e correlacionados nos pacientes com DP com níveis de tau total, tau fosforilado, 

NFL, e o escore do exame de estado mental (MMSE). Concluímos que o perfil de 

proteínas pode ser uma ferramenta útil para identificar novos biomarcadores de 

doenças neurológicas. Além disso, concluímos que níveis similares de Gal-1 do 

LCR em DP e PA indicam que os níveis de Gal-1 no LCR podem servir como um 

biomarcador para o Parkinsonismo, em vez de especificamente para a DP.

 No capítulo 4, realizamos análise proteômica exploratória em amostras de 

LCR para identificar peptídeos tripsinisados na coorte de descoberta de DP (n=10), 

MSA (n=5) e controles não-neurológicos (n=10). Selecionamos peptídeos 

tripsinisados do conjunto de dados da descoberta com níveis de quantificação 

diferencial entre DP e MSA para posterior validação usando o ensaio selected 

reaction monitoring (SRM) recentemente desenvolvido. A validação foi realizada no 

LCR a partir de uma coorte independente para definir biomarcadores que 

discriminam a DP (n=46) de pacientes com PA (MSA, n=17; PSP, n=8) e controles 

não-neurológicos (n=39).

 No experimento de descoberta, um total de 5.543 peptídeos tripsinisados 

foram identificados no LCR. Os níveis de 191 peptídeos tripsinisados diferiram 

 significativamente entre DP e MSA, dos quais 34 preenchiam nossos critérios para 

o desenvolvimento de SRM. Para 14/34 peptídeos confirmamos diferenças entre 

PD e PA (p<0,05) na coorte de validação, todos com uma área sob a curva (AUC) 

de 0,60 a 0,76. A análise baseada em Random forest incluindo avaliações clínicas 

ou outros parâmetros do LCR (NFL, proteína tau fosforilada) e a idade melhoraram 

a discriminação da DP vs. PA para uma AUC de 0,86.

 A descoberta de peptídeos tripsinisados por meio proteômica não direcionada, 

e a subsequente validação por proteômica direcionada, provou ser uma estratégia 

adequada para identificar novos biomarcadores potenciais no LCR para DP versus 

PA. Os peptídeos tripsinisados discriminavam a DP com precisão moderada a alta, 

especialmente quando combinados com outros parâmetros estabelecidos. Os 
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peptídeos tripsinisados, e as proteínas correspondentes, que identificamos como 

biomarcadores diferenciais, podem aumentar nosso conhecimento atual sobre os 

mecanismos fisiopatológicos específicos da doença de Parkinson.

 Os MicroRNAs regulam a tradução de proteínas e são observados em fluidos 

biológicos, incluindo o LCR, e podem, portanto, ter potencial como biomarcadores 

de doenças. No capítulo 5, selecionamos os microRNAs para validação posterior 

com base em publicações anteriores nas quais esses microRNAs foram identificados 

como potenciais biomarcadores para diagnóstico precoce de Parkinson no sangue, 

soro, tecido cerebral, ou LCR. Usando PCR quantitativa, avaliamos níveis de 

expressão de 10 microRNAs em amostras de LCR de pacientes PD (n=28), MSA 

(n=17) e de controles (n=28). Identificamos dois microRNAs (miR-24 e miR-205) 

que distinguiram a DP dos controles, e quatro microRNAs que diferenciaram MSA 

dos controles (miR-19a, miR-19b, miR-24 e miR-34c). Além disso, uma combinação 

de microRNAs melhorou a discriminação da DP ou da MSA em relação aos 

controles. Em MSA, observamos que miR-24 e miR-148b se correlacionaram aos 

sintomas de ataxia cerebelar, sugerindo que esses microRNAs estão envolvidos na 

degeneração cerebelar em MSA. Nossas descobertas apoiam o potencial dos 

painéis de microRNA como biomarcadores de distúrbios do movimento e podem 

fornecer mais informações sobre os mecanismos patológicos que causam esses 

distúrbios.

 Como observado no capítulo 2, a NFL é o mais promissor biomarcador no 

LCR para a discriminação de PA por DP. O recente desenvolvimento da tecnologia 

Single Molecule Array (Simoa) nos permitiu quantificar a NFL em sangue. Há uma 

clara preferência pelos biomarcadores no sangue em relação aos do LCR, uma vez 

que a coleta de sangue é menos invasiva e oferece menos desconforto aos 

pacientes. No capítulo 6, nosso objetivo era investigar o valor diagnóstico do NFL 

sérico em pacientes com sinais claros de Parkinson, mas cujo diagnóstico 

específico ainda era incerto. O NFL sérico foi quantificado por Simoa em pacientes 

com DP (n=55), PA (n=29; MSA, n=22, PSP, n=7) e controles não neurológicos 

(n=53).

 Os níveis de soro NFL foram elevados em PA (média 23,8 ± 10,3 ng/L) e 

diferenciaram o grupo PA do DP (média 10,4 ± 4,9 ng/L) e controles (média 11,5 ± 

6,5 ng/L; p<0,0001) com níveis de precisão de até 91% (sensibilidade=86% e 

especificidade=85%). O NFL no soro NFL é fortemente correlacionado com os 

níveis de NFL do LCR (r=0,72, p<0,0001) em todos os grupos e com a idade na DP 

(r=0,78, p<0,0001) e controles (r=0,66, p<0,0001). Em nossa coorte, a probabilidade 

de ter PA era de 76% (VPP, valor preditivo positivo), e de ter DP 92% (VPL, valor 

preditivo negativo). Para concluir, o NFL sérico pode ser um biomarcador clínico 

útil para identificar a PA, mesmo em estágios em que os sintomas clínicos ainda 

não são conclusivos. Além disso, níveis altos de NFL sérico estão associados a um 
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risco muito alto de ter PS, e níveis baixos de NFL foram associados a uma alta 

chance de ter DP em nossa coorte.

 Em resumo, identificamos e validamos vários biomarcadores potenciais para o 

diagnóstico de Parkinson no estágio inicial da doença, quando os sintomas estão 

sobrepostos e o diagnóstico é um desafio. Nossas descobertas mostraram uma 

precisão diagnóstica moderada e alta para os biomarcadores individuais. Entretanto, 

quando eles são incluídos em painéis, combinando avaliações fluidas e clínicas, 

podemos alcançar níveis mais altos de precisão para discriminação de DP e PA. 

Embora nossos painéis de biomarcadores ainda não estejam disponíveis para a 

prática clínica e exijam maior validação em diferentes centros, nossos estudos 

apoiam o desenvolvimento de biomarcadores fluidos para discriminação de 

distúrbios parkinsonianos.
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