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Abstract. Synucleinopathies are disorders characterized by the aggregation and deposition of pathological �-synuclein
conformers. The underlying neurodegenerative processes begin years or decades before the onset of cardinal motor symptoms.
This prodromal phase may manifest with various signs or symptoms. However, there are no current standardized laboratory
tests to ascertain the progression and conversion of prodromal conditions such as mild cognitive impairment, isolated REM
sleep behavior disorder or pure autonomic failure. The aim of this systematic review was to evaluate the diagnostic possibilities
using human biofluids as source material to detect pathological �-synuclein in the prodromal phase of synucleinopathies. Our
review identified eight eligible studies, that investigated pathological �-synuclein conformers using cerebrospinal fluid from
patients with prodromal signs of synulceinopathies to differentiate this patient group from non-synucleinopathies, while only
one study investigated this aspect using blood as medium. While previous studies clearly demonstrated a high diagnostic
performance of �-synuclein seed amplification assays for differentiating synucleinopathies with Lewy bodies from healthy
controls, only few analyses were performed focussing on individuals with prodromal disease. Nevertheless, results for the
early detection of �-synuclein seeds using �-synuclein seed amplification assays were promising and may be of particular
relevance for future clinical trials and clinical practice.
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INTRODUCTION

Synucleinopathies are neurodegenerative diseases
that are characterized by abnormal misfolding and
aggregation of �-synuclein (�-syn) and include
Parkinson’s disease (PD), dementia with Lewy bod-
ies (DLB) and multiple system atrophy (MSA) [1].
All of these diseases are known to be character-
ized by a long prodromal phase in which clinical
manifest cognitive and motor symptoms have not
yet emerged [2, 3]. Due to the slowly progress-
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ing neurodegenerative process, several phases can
be defined [4]. In the beginning, already before the
onset of neurodegeneration, a risk phase exists, in
which different factors like genetic, environmen-
tal, or behavioral aspects are involved [5–8]. The
following preclinical phase is determined by the
initiation of progressive neurodegenerative pathol-
ogy [9]. Clinical symptoms or potential signs are
absent. The subsequent prodromal phase is character-
ized by the occurrence of first symptoms indicating
ongoing neurodegeneration [10]. Symptoms of the
prodromal phase of synucleinopathies may include
mild motor signs, mild cognitive impairment, iso-
lated rapid-eye-movement sleep behavior disorder
(iRBD), olfactory loss, autonomic dysfunction, and
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depression [9, 11–14]. Transition to the clinical motor
phase of PD is reached if manifest bradykinesia
with rest tremor and/or rigidity are present. Transi-
tion from iRBD to dementia occurs when the patient
has overt memory complaints, abnormal performance
in cognitive tests plus dependencies in daily living
activities. MSA clinically presents with autonomic
failure, parkinsonism, and a cerebellar syndrome in
various combinations [15]. Prodromal signs of MSA
include iRBD, urogenital failure, subtle parkinso-
nian and/or cerebellar signs, stridor, and orthostatic
hypotension. Central feature of DLB is the presence
of dementia [16]. Fluctuating cognition with cog-
nitive decline, visual hallucinations, and iRBD are
known as core clinical features. Autonomic dysfunc-
tion, depression, hyposmia and constipation are only
few potential prodromal symptoms. The onset and
progression of motor/non-motor symptoms can differ
enormously between individuals [3, 5].

The pathological hallmarks of synucleinopathies
are intraneuronal (PD, DLB) or oligondendroglial
(MSA) accumulation and aggregation of misfolded
�-synuclein (�-syn) [17, 18]. �-syn is able to form
monomers as well as soluble oligomers under physio-
logical conditions. In the pathological state, however,
toxic oligomers are formed, which can become insol-
uble and aggregate to amyloid fibrils—as they are
found in brains of patients as Lewy bodies and
Lewy neurites [18]. Pathological �-syn conform-
ers (seeds) are able to recruit soluble monomers or
soluble oligomers by a seeded polymerization mech-
anism to form larger oligomeric forms or aggregate
into fibrillar structures [19, 20]. The ability to detect
synucleinopathy-specific �-syn conformers in dif-
ferent biofluids or tissues by the amplification of
�-syn seeds using seed amplification assay (SAA)
protocols, which take advantage of the seeding prop-
erties of pathological �-syn conformers to amplify
small quantities of �-syn seeds, is widely known.
So far, SAA protocols have been tested in cere-
brospinal fluid (CSF), saliva, skin biopsies, olfactory
mucosa biopsies and blood plasma or serum includ-
ing extracellular vesicles (EVs) derived from serum
or plasma [21–23]. Prior studies have shown that �-
syn SAA using CSF distinguish PD/DLB and MSA
patients from healthy controls with high sensitivity
and specificity [21, 23]. Moreover, it has recently
been demonstrated that SAA from blood is also able
to distinguish between PD/DLB, MSA and healthy
control samples [24, 25].

In the prodromal phase, patients show specific
or mild clinical symptoms that make an early and

accurate diagnosis challenging. The ability of liq-
uid biopsy-based SAA to detect synucleinopathies
at the earliest clinical disease stages is promising and
of particular interest. In this section, we provide an
overview of the current findings regarding the detec-
tion of �-syn seeds in human biofluids (CSF/blood)
in the earliest phase of synucleinopathies.

CSF-BASED DETECTION OF �-SYN
AGGREGATION

Based on the knowledge about biochemical abnor-
malities in the central nervous system, total �-syn
in CSF has been proposed as a biomarker for dis-
tinguishing PD patients from healthy controls and
individuals with atypical parkinsonisms. Specifically,
total �-syn CSF concentration was shown to be
significantly decreased in individuals with PD and
MSA compared to healthy controls and tauopathies
such as progressive supranuclear palsy (PSP) and
corticobasal degeneration (CBD) [26]. However, in
2017, Eusebi et al. demonstrated through a systematic
review and meta-analysis that the diagnostic accu-
racy is low [27]. Prior studies have shown that SAAs
performed on CSF distinguish patients with manifest
PD and DLB with a sensitivity of 90–95% and speci-
ficity of 80–100% from healthy controls [23, 28–39].
Shahnawaz et al. demonstrated that CSF-SAA is able
to discriminate between PD and MSA with an over-
all sensitivity of 95.4% [40]. He and his colleagues
included 94 PD patients, 75 MSA patients and 56
healthy controls and observed consistently different
maximum fluorescence signals and kinetics of aggre-
gation for PD and MSA. Samples from MSA patients
revealed faster aggregation but reached lower fluo-
rescence plateaus than those from PD patients [40].
Due to calculated typical SAA profiles the sensitivity
for diagnosis of PD and MSA compared to healthy
controls was 93.6% and 84.6% and specificity was
100% in both cases [40]. Similar but not identical
findings were reported by Poggiolini et al [41]. His
group also described lower fluorescence plateaus for
MSA patients but slower aggregation. Whereas 89%
of PD patients showed positive CSF-SAA results,
only 75% of MSA patients analyzed had positive
tests. Fairfoul et al. first reported positive CSF-SAA
signals from patients with iRBD [23]. All three tested
patients with iRBD had a positive SAA response. In
2021 Iranzo et al. examined 52 polysomnographic
proven iRBD patients and 40 healthy controls. 90%
of iRBD patients and 10% of healthy controls had a
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positive CSF-SAA [42]. Mean follow-up time of the
lumbar puncture to the end of the study was 7.1–7.8
years. During this time period, 32 (62%) patients were
diagnosed with PD or DLB and 31 (97%) of these
had a positive CSF-SAA at baseline. The Kaplan-
Meier analysis showed that patients with iRBD who
were �-syn negative had a lower risk of develop-
ing PD or DLB after up to 10 years of follow-up
than patients with iRBD who were �-syn positive
(log-rank test p = 0·028; hazard ratio 0.143, 95% CI
0.019–1.063). During the observation period, none of
the healthy controls developed an �-synucleinopathy.
In 2023 Iranzo and colleagues recruited 91 consec-
utive patients with polysomnographic-proven iRBD
and 41 healthy controls for skin biopsies and lum-
bar puncture performed at the same day to detect
pathological �-syn [43]. Sensitivity to detect patho-
logical �-syn by SAA was 76.9% in skin and 75.0%
in CSF (specificity in skin: 97.6%, specificity in
CSF: 97.5%). Comparing results of both SAA tech-
niques, CSF and skin, the samples showed 99.2%
agreement. Compared to iRBD patients with negative
SAA, SAA-positive patients had a higher likelihood
ratio for prodromal PD (p < 0.001), more frequently
hyposmia (p < 0.001), dopamine transporter imaging
single-photon emission CT deficit (p = 0.002), and
orthostatic hypotension (p = 0.014). In the control
cohort 2.5% showed positive SAA results. Similar
findings were confirmed by Siderowf et al. [44]. His
group described �-syn SAA results on over 1,100
participants in the Parkinson’s Progression Markers
Initiative (PPMI) study. They analyzed 545 patients
with PD, 163 healthy controls and 51 prodromal
participants (18 individuals with hyposmia, 33 indi-
viduals with iRBD). Sensitivity and specificity for
differentiating between PD and healthy controls were
88% and 96%. Sensitivity in sporadic PD with the
typical olfactory deficit was 99%. The proportion
of positive SAA was lower in subgroups including
LRRK2 PD (68%) and sporadic PD patients with-
out olfactory deficit (78%). Participants with LRRK2
variant and normal olfaction had an lower SAA pos-
itivity rate (35%). Among at-risk groups, 86% of
iRBD (28/33) and hyposmic individuals (16/18) had
positive SAAs. The diagnostic value of CSF-SAA
in early-disease cases was validated by another large
cohort CSF study (n=81) that showed 95% sensitivity
in detecting patients with mild cognitive impairment
(MCI) due to probable Lewy body disease [45]. Next
to iRBD and MCI patients, individuals with pure
autonomic failure (PAF) are also known to phenocon-
vert to one of the synucleinopathies [46, 47]. Singer

and colleagues enrolled 32 patients with PAF and
followed them for a median of 3.9 years [48]. Dur-
ing this observation period five patients converted
to MSA, two to PD, and two to DLB [48]. Only
CSF samples at baseline were utilized in their study
[48]. The CSF-SAA was positive in all but two cases
[48]. Of the positive cases, five strongly separated
from the other samples with lower ThT fluorescence
maximum [48]. These patients later developed MSA
[48]. ThT fluorescence of all other SAA-positive sam-
ples was markedly higher [48]. Two of those patients
developed PD, two DLB, and none developed MSA
during follow-up [48].

BLOOD-BASED DETECTION OF �-SYN
AGGREGATION

Currently, there is no established or standardized
blood-based test in clinical practice that can predict
risk, can be used as diagnostic marker or distin-
guish patients with synucleinopathies from healthy
controls. The blood concentration of �-syn is influ-
enced by red blood cells, which represent the major
source of peripheral �-syn [49]. For this reason, free,
non-erythrocytic �-syn in synucleinopathy-patients
and control individuals is limited and hemolysis
significantly influences �-syn values [50, 51]. An
alternative is the detection and measurement of �-syn
released from neuronal cells in the form of neuron-
derived extracellular vesicles (NEs). These vesicles
are released by nearly all cell types and they carry
selectively incorporated bioactive molecules [51].
The most important property of vesicles originat-
ing from the nervous system is that they can cross
the blood–brain barrier and enter the bloodstream
[52]. Shi et al. and Fiandaca et al. independently
established 2014/2015 an immunoaffinity captur-
ing protocol to isolate NCAM-L1-containing EVs
from plasma [51, 53]. NCAM-L1 is known as
cell adhesion molecule with high expression in
neurons [51, 54]. Subsequently, several protocols
were used to efficiently isolate these neuronal vesi-
cles from blood plasma or serum. The majority of
studies focused on investigating changes in �-syn
protein levels in NEs. Several studies consistently
reported a significant increase in total �-syn pro-
tein levels in PD-NEs compared to healthy controls
[51, 55–60]. However, inconsistent �-syn concen-
trations were reported for MSA-NEs compared to
PD-NEs. Dutta et al. detected significantly higher
�-syn level in the MSA group compared to the
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Fig. 1. Schematic representation of �-syn SAAs from biofluids for prodromal �-synucleinopathies. Illustration was created using Smart Servier Medical Art (http://smart.servier.com/), which is
licensed under CC BY 3.0.
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PD group, whereas other studies observed lower
concentrations of �-syn in MSA-NEs in compari-
son to PD-NEs [57, 60]. Only single studies have
already focused on the detection of pathological �-
syn conformers in blood plasma or serum. In 2021
Agliardi and her working group first measured the
concentrations of oligomeric �-syn in NEs [61].
The concentration of oligomeric �-syn was signifi-
cantly higher in PD-NEs (n = 32, mean: 0.573 ng/ml,
SD = 0.154 ng/ml) compared to control-NEs (n = 40,
mean: 0.389 ng/ml, SD = 0.148 ng/ml) (p < 0.001)
using a sandwich enzyme-linked immunosorbent
assay (ELISA) [61]. Similar findings were demon-
strated by Zheng and his colleagues [62]. They
measured the concentration of oligomeric and phos-
phorylated �-syn in blood plasma-derived NEs using
immunoblots. The �-syn oligomer/total �-syn level
in plasma exosomes of PD patients (n = 36) was
significantly higher than the level in the healthy
control group (n = 36, p = 0.0056). Next to concen-
tration measurement studies of pathological �-syn
conformers in blood, first groups demonstrated the
possibility of SAA-based detection and amplification
of �-syn seeds. Kluge et al. precipitated NEs from
blood plasma and analyzed 50 healthy controls and
30 PD patients [25]. All PD patients tested showed
a positive SAA, whereas none of the control sub-
jects had a positive SAA-signal. Recently, Okuzumi
and his colleagues developed a technique to combine
SAA with immunoprecipitation to concentrate �-syn
seeds from blood serum [24]. In contrast to Kluge
and colleagues they targeted the free, not vesicle-
associated �-syn seeds in serum. Positive SAA results
were observed in 95% of patients with PD in their first
cohort analyzed. In their second cohort 100% and in
their third cohort 75% of PD patients had a positive
SAA. Furthermore, 39 MSA patients and 10 patients
with DLB were included. 65.4% of patients with
MSA parkinsonian variant (MSA-P) and 61.5% of
patients with MSA cerebellar variant (MSA-C) were
IP/SAA positive, whereas 90% of all DLB individu-
als tested showed positive findings. 8.5% of healthy
control and 16% of patients with Alzheimer’s dis-
ease were tested positive. In addition, 9 iRBD patients
were recruited. In total 4 out of 9 samples had positive
SAA signals [24]. Okuzumi also investigated serum
of seven patients with pathologically confirmed synu-
cleinopathies (four PD patients with dementia, three
individuals with MSA), two pathologically verified
patients with tauopathies and three age-matched con-
trol individuals. All PD patients tested had a positive

SAA, one out of three MSA patients were SAA-
positive and none of non-synucleinopathy patients
and healthy controls had positive results. Addi-
tionally, Okuzumi et al. analyzed morphological
characteristics of fibrils amplified by SAA from
the serum seeds of patients with LB disease, MSA
or iRBD [24]. Subsequent transmission electron
microscopy (TEM) analysis of SAA end-products
revealed paired or bundled multiple filaments of PD
and DLB seeds, whereas, in MSA seeds twisted
filaments and straight filaments were observed. Inter-
estingly, all amplified fibrils derived from patients
with iRBD with positive SAA results had the Lewy
body diseases-type structure.

DETECTION OF �-SYN AGGREGATION
IN OTHER BIOFLUIDS

Compared to CSF and blood saliva is easier to col-
lect. Interestingly, several studies revealed that the
�-syn oligomer/total �-syn ratio was significantly
higher in PD patients compared to healthy controls
[63, 64]. More recently, the working group of Luan et
al. has shown positive �-syn SAA in saliva of patients
with PD or MSA. Salivary SAA distinguished PD
patients with 76.0% and MSA patients with 61.1%
sensitivity [65]. Similar findings were observed by
Vivacqua et al., 31 out of 37 PD salivary samples
were SAA positive [66]. However, 22% of the con-
trol cohort also showed seeding activity. To date, no
studies have focused on the detection of pathological
�-syn in saliva in the prodromal phase of synucle-
inopathies. Another biofluid, that can be collected in
a noninvasive way is the tear fluid. Hamm-Alvarez
and her working group observed significant increases
in oligomeric �-syn and in the oligomeric �-syn/total
�-syn ratio in PD patients tears compared to healthy
control tears [67, 68]. They showed that this discrim-
ination was stronger in reflex tears than in basal tears
[67]. So far, no tears from at-risk patients have been
examined. Due to its convenient sampling process
and the sufficiency of collected volumes is urine an
excellent biofluid as source for potential biomarker
[69]. In 2020 Nam et al. described significant higher
oligomeric �-syn level in PD patients urine compared
to healthy control urine samples [70]. Data on the use
of lymph to analyze pathological �-syn are not yet
available.

Details about SAA positive (+) results in cohorts
tested in each included study are given in Table 1.
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Table 1
Diagnostic SAA-results and medium used for all included studies

Study (first author, year) Used #PD +SAA #DLB +SAA #MSA +SAA #at-risk individuals #control
medium results results results +SAA results +SAA results

Shahnawaz et al., 2017 [21] CSF 67/76 4/65
Groveman et al., 2018 [28] CSF 11/12 16/17 1/12
Manne et al., 2019 [30] CSF 15/15 11/11
Bongianni et al., 2019 [31] CSF 7/7 1/1
Garrido et al., 2019 [32] CSF 9/10 2/10
Van Rumund et al., 2019 [33] CSF 43/53 1/1 6/17 1/52
Rossi et al., 2020 [34] CSF 67/71 33/34 2/31 iRBD: 18/18 PAF: 26/28 1/62
Brockmann et al., 2021 [37] CSF 200/235 42/49 2/26
Orrù et al., 2021 [38] CSF 105/108 11/85
Bargar et al., 2021 [39] CSF 86/88 57/58 0/23
Shahnawaz et al., 2020 [40] CSF 88/94 64/75 0/56
Poggiolini et al., 2022 [41] CSF 66/74 18/24 iRBD: 29/45 2/55
Fairfoul et al., 2016 [23] CSF 2/2 11/12 iRBD: 3/3 0/20
Iranzo et al., 2021 [42] CSF iRBD: 47/52 4/40
Iranzo et al., 2023 [43] CSF iRBD: 66/88 1/40
Siderowf et al., 2023 [44] CSF 478/545 Hyposmia: 16/18 iRBD: 28/33 6/157
Rossi et al., 2021 [45] CSF MCI: 77/81 2/58
Singer et al., 2021 [48] CSF 16/16 11/13 60/62 PAF: 30/32 0/29
Kluge et al., 2022 [25] plasma-derived 30/30 0/50

NEs
Okuzumi et al. 2023 [24] serum 210/221 9/10 25/39 iRBD: 4/9 11/128

CONCLUSIONS AND PERSPECTIVES

Since we know that misfolding and aggregation
of �-syn precede clinical manifestations, the identi-
fication of these phenomena at the earliest, premotor
phases would enable the transition from a clini-
cal to a molecular diagnosis. In this review, we
summarized the research progress in detecting �-
syn seeds in biofluids, especially using SAAs, in
CSF and blood in prodromal patients. SAAs exploit
the self-propagation activity of disease-associated �-
syn conformers to detect them with unprecedented
diagnostic sensitivity and specificity for synucle-
inopathies. Thus, early prodromal synucleinopathy
stages such as MCI or iRBD represent optimal
cohorts to verify the potential of SAA techniques.
To date, few blood-based SAA protocols have been
described and only one study reported about SAA-
findings in at-risk patients. Several studies have
demonstrated the high sensitivity and specificity for
CSF-SAA in detecting �-syn aggregations. Never-
theless, lumbar punctures are even more invasive
than blood collection and therefore associated with
more complications. Furthermore, several different
protocols exist for blood-SAA as well as for CSF-
SAA. Therefore, future studies should focus on more
consistent, precise, and linearly responsive SAA
methods. Additionally, larger cohorts of patients
at-risk should be overserved longitudinally to under-

stand seeding profiles/activities and to verify the time
period from the onset of detectable seeding to the
time of clinical conversion in specific prodromal
cohorts (iRBD patients, patients with hyposmia, MCI
individuals etc.). This might improve diagnostic and
prognostic values of CSF- and blood-based SAAs and
enables earliest diagnosis and therapy.
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