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ABSTRACT

Introduction:  The α-synuclein seed ampli‑
fication assay (synSAA) is a biomarker test for 
synucleinopathies. Different synSAA conditions 
have different properties, and some of these con‑
ditions enable differentiation between diseases 

associated with Lewy bodies versus those associ‑
ated with glial inclusions. Direct cross-assay and 
inter-site synSAA comparisons evaluating these 
features remain limited.
Methods:  Two synSAA conditions (identi‑
fied here as sodium phosphate buffer (SPB) 
and piperazine-N,N′-bis(2-ethanesulfonic acid) 
(PIPES) SAA conditions) were tested in a con‑
trolled 2 × 2 design, each performed at two inde‑
pendent laboratories. Cerebrospinal fluid (CSF) 
from 60 participants was analyzed, comprising 
29 multiple system atrophy (MSA) samples and 
31 additional CSF samples including 16 Parkin‑
son’s disease/dementia with Lewy bodies (PD/
DLB) cases previously screened using SPB-SAA 
conditions, and 15 neurology ward controls, 
which were used as analytical controls.
Results:  Inter-site concordance was high for 
SPB-SAA (100%) and PIPES-SAA (95%, 0.913 
Fleiss’ kappa). Compared to clinical diagnosis, 
sensitivity for detecting synSAA+ MSA cases was 
75.0% for PIPES-SAA_A and 81.4% for PIPES-
SAA_C, with specificities of 76.9% and 92.3%, 
respectively. SPB-SAA did not detect MSA at 
either of the two sites and showed 100% speci‑
ficity. Inter-assay concordance was high for PD/
DLB (88%) and controls (86%), but low for MSA 
(31%), reflecting the different sensitivity in 
MSA cases. The overall inter-assay concordance 
yielded a Fleiss’ kappa of 0.23.
Conclusion:  Both synSAA conditions exhibit 
high reproducibility and replicability across 
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laboratories yet differ in their diagnostic pro‑
files: PIPES-SAA conditions enable detection of 
synuclein seeds in MSA, while SPB-SAA condi‑
tions showed high specificity for PD/DLB but 
not detect synuclein seeds in MSA. These find‑
ings support context-dependent assay selection 
and underscore the need for larger multicenter 
validation of analytical tools intended for clini‑
cal use.

Keywords:  α-Synuclein; Seed amplification 
assays; Synucleinopathies; Parkinson’s disease; 
Dementia with Lewy bodies; Multiple systems 
atrophy

Key Summary Points 

Why carry out this study?

α-Synuclein seed amplification assays (syn‑
SAAs) enable ultrasensitive detection of 
misfolded α-synuclein aggregates in cerebro‑
spinal fluid (CSF), offering clinical biomarker 
applications in synucleinopathies.

Direct inter-assay and inter-site comparisons 
of optimized synSAAs, particularly for mul‑
tiple systems atrophy (MSA), remain limited 
despite increasing clinical use.

What was learned from the study?

In this multicenter 2 × 2 comparison, two 
synSAA conditions demonstrated high inter-
site reproducibility, confirming their techni‑
cal robustness across laboratories.

Clinically, assay selection should align with 
the diagnostic goal: confirming Parkinson’s 
disease/dementia with Lewy bodies (PD/DLB) 
with sodium phosphate buffer SAA (SPB-SAA) 
or exploring broader synucleinopathy profiles 
with piperazine-N,N′-bis(2-ethanesulfonic 
acid SAA (PIPES-SAA).

INTRODUCTION

Synucleinopathies, including Parkinson’s dis‑
ease (PD), dementia with Lewy bodies (DLB), 
and multiple system atrophy (MSA), are neu‑
rodegenerative diseases characterized by the 
accumulation of pathologically misfolded 
alpha-synuclein (αSyn) protein aggregates [1]. 
Although the differential diagnosis of parkin‑
sonism encompasses a broader spectrum of 
disorders, including tauopathies such as pro‑
gressive supranuclear palsy (PSP) and cortico‑
basal degeneration (CBD) [2], PD, DLB, and 
MSA are unified by αSyn pathology and are 
therefore the primary targets of synSAA-based 
diagnostics. While in PD and DLB (PD/DLB) 
αSyn pathology is primarily found in neurons 
forming Lewy bodies and Lewy neurites, in 
MSA it accumulates in oligodendrocytes, form‑
ing glial cytoplasmatic inclusions (GCIs) [3]. 
Misfolded synuclein aggregates extracted from 
PD/DLB cases have different structure and fea‑
tures, both in vitro and in vivo, than misfolded 
synuclein from MSA cases [4–7].

Although these disorders can share over‑
lapping clinical features, they differ in symp‑
tom progression, prognosis, and therapeutic 
response. Traditionally, diagnosis has relied 
primarily on clinical criteria, often resulting 
in diagnostic uncertainty, particularly in early 
stages [8]. For many years, the lack of reliable, 
disease-specific biomarkers has impeded accu‑
rate differential diagnosis. The development 
of biological biomarkers, such as the detection 
of pathological misfolded αSyn through seed 
amplification assays (synSAA), sought to aid in 
diagnosis [9].

SAAs were first developed as diagnostic tools 
for the detection of prions [10, 11], and the 
technology has since been adapted to detect 
pathological misfolded αSyn in brain extracts, 
cerebrospinal fluid (CSF), and other bioma‑
trices [12, 13]. Many synSAA experimental 
conditions have been reported, and a body of 
evidence demonstrates synSAAs can identify 
individuals with underlying synuclein pathol‑
ogy, differentiating PD/DLB from control and 
mimics [14–16]. Moreover, it has been recently 
shown that synSAAs can discriminate between 



2155Neurol Ther (2026) 15:2153–2166	

type 1 synuclein seeds associated with PD/DLB 
and type 2 synuclein seeds associated with MSA 
[17–19].

In this multicenter study, we evaluate the 
inter-assay and inter-site reproducibility of 
two synSAA protocols within a controlled 2 × 2 
design. Two sites used the synSAA protocol 
from Rossi and colleagues [14], sodium phos‑
phate buffer-SAA (SPB-SAA) herein; and two 
sites used the synSAA protocol from Ma, Far‑
ris, and colleagues [18], PIPES-SAA herein. In 
addition to evaluating technical reproducibil‑
ity by using a shared cohort of CSF samples, we 
specifically compared the protocols’ ability to 
detect synuclein seeding activity in clinically 
diagnosed MSA and to capture type 2 seeding 
profiles, which is a feature of the PIPES-SAA con‑
ditions. This work provides new insights into 
the diagnostic profiles, reproducibility, and com‑
plementarity of synSAAs across protocols and 
laboratories.

METHODS

Study Population

Between 2006 and 2020, 11 patients with PD, 5 
patients with DLB, 29 patients with MSA, and 
15 controls were recruited for lumbar puncture 
at the University Hospital of Tuebingen. PD was 
diagnosed following the UK Brain Bank Society 
criteria [20], DLB was diagnosed following the 
fourth consensus report of the DLB Consortium 
[21], MSA was clinically diagnosed following the 
2008 Second Consensus Statement (MSA-SCS08) 
[22]. Importantly, all patients with MSA were 
diagnosed at two or more clinical visits. Patient 
characteristics are summarized in Table 1. The 
control group consisted of patients without neu‑
rodegenerative disease diagnoses from the neu‑
rological ward. Their individual diagnoses are 
provided in supplementary Table S1.

Spinal tap was performed between 9.00 am 
and 1.00  pm. Samples were centrifuged at 
2000×g for 10 min at room temperature within 
60 min and frozen at − 80 °C within 90 min after 
collection. Samples with abnormal routine CSF 

diagnostics (erythrocytes > 1/μL, white blood cell 
count > 5 cells/μL, immunoglobulin subtype G 
index > 0.7) were excluded [23].

The PD/DLB subgroup was selected for meth‑
odological reasons to assess the technical repro‑
ducibility of the assays. Only the 11 patients 
with PD and 5 patients with DLB were pre-
screened for synSAA as part of a larger cohort 
previously published in Brockmann et al., 2021 
[24] using the SPB-SAA conditions. From this 
pre-screening, we deliberately enriched the PD/
DLB subgroup with individuals lacking detect‑
able αSyn seeding activity to challenge assay 
sensitivity. In the previous publication, only 9 
of the selected 16 PD/DLB samples were syn‑
SAA+, while the overall rate of synSAA+ for the 
PD/DLB group was 85% [18, 24]. Consequently, 
this methodological enrichment introduces a 
bias, as this subset does not reflect the expected 
detection rates in clinical PD/DLB population. 
Throughout the manuscript, the PD/DLB sub‑
group is marked with an asterisk (*) to denote 
its methodological nature. In contrast, the MSA 
and control groups were selected with a diag‑
nostic rationale, enabling the evaluation of 
assay sensitivity, and technical reproducibility 
under clinically relevant conditions. Most of 
these samples, including the MSA and control 
groups, were also analyzed by Amprion (using 
the PIPES-SAA conditions) and reported as the 
“EKUT” cohort in The Lancet Neurology [18].

Table 1   Patient characteristics by diagnostic group

Data depicted as mean ± standard deviation
PD Parkinson’s disease, DLB dementia with Lewy bodies, 
MSA multiple systems atrophy, m male, f Female, NA data 
not available
* Cohort specially selected for methodological purposes

PD/DLB* MSA Controls

Number 16 29 15

Sex (m/f ) 8/8 17/12 5/10

Age at visit 69.63 ± 7.37 61.03 ± 7.26 60.4 ± 20.03

Age at onset 66.38 ± 7.82 57.07 ± 7.91 NA
Disease dura-

tion
3.25 ± 1.53 3.97 ± 2.73 NA
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The study was approved by the Ethics 
Committee of the University of Tuebingen 
(353/2022BO2). All participants gave writ‑
ten informed consent for participation in the 
study and for the use and publication of their 
anonymized data. This study was conducted in 
accordance with the principles of the Declara‑
tion of Helsinki.

Study Structure and Sample Handling

CSF sample testing was performed at three sites: 
University of Tuebingen (site A), Institute of 
Neurological Science of Bologna (site B), and 
Amprion R&D (site C). Sites A and B used the 
SPB-SAA protocol (tests deemed SPB-SAA_A and 
SPB-SAA_B) and sites A and C used the PIPES-
SAA (tests deemed PIPES-SAA_A and PIPES-
SAA_C). CSF samples (500 µL) were redistributed 
on ice into 2 × 100-µL aliquots for the SPB-SAA 
protocol and 2 × 150-µL aliquots for the PIPES-
SAA protocol. These aliquots were deidentified, 
stored at − 80 °C, and shipped to each site for 
testing. All synSAA analyses were carried out 
blindly with respect to disease status. Unblind‑
ing and data analysis were performed after all 
results had been obtained.

α‑Synuclein Seed Amplification Assays

SPB-SAA protocol. Testing was performed at 
sites A and B according to Rossi et al., 2020. 
Briefly, 15 µL of CSF was mixed with 85 µL of 
reaction buffer in each well of a black, clear-bot‑
tom 96-well plate (Thermo Fischer Scientific), 
each containing six 0.8-mm silica beads (OPS 
Diagnostics). The reaction buffer consisted of 
40 mM phosphate buffer (pH 8.0), 0.0015% SDS, 
10 µM Thioflavin T, 170 mM NaCl, and 0.1 mg/
ml recombinant monomeric αSyn previously 
filtered through a 100-kDa MWCO centrifugal 
filter. Recombinant monomeric αSyn was pro‑
duced as previously described [14] at site B and 
was used at sites A and B. Plates were then incu‑
bated at 42 °C in a FLUOstar Omega plate reader 
(BMG Labtech) with alternating cycles of 1 min 
double orbital shaking at 400 rpm and 1 min 
rest. Fluorescence was measured every 45 min 
using a 448-nm excitation and 482-nm emission 

filter. Four technical replicates per sample were 
included in each assay plate. Two positive and 
two negative controls (each with four replicates) 
were also included on every plate. Fluorescence 
values were normalized as a percentage of the 
maximum signal of each plate. A replicate was 
considered synSAA+ if its fluorescence exceeded 
a defined threshold within the first 40 h. The 
threshold was calculated as the mean fluores‑
cence of previous negative controls during the 
first 10 h of measurement, plus 40 standard 
deviations. A sample was considered synSAA+ 
if at least two replicates were positive and was 
categorized as “synSAA+ type 1”. A sample was 
considered synSAA− if none of the replicates 
were positive. At site A, samples with only one 
positive replicate were retested. Classification 
was based on the repeat run only, if two or more 
replicates were positive upon retesting, the sam‑
ple was considered synSAA+. Otherwise, it was 
considered synSAA−. At site B, as a result of lim‑
ited material availability, retesting was not pos‑
sible, and samples with a single positive replicate 
were assigned an “inconclusive” status.

PIPES-SAA protocol. Testing was performed 
at sites A and C according to Ma, Farris, et al., 
2024. Briefly, 40 µL of CSF was mixed with 
60 µL of reaction buffer in each well of a black, 
clear-bottom 96-well microplate (Greiner), 
each containing two 1/8” silicon nitride beads 
(Tsubaki Nakashima). The reaction buffer con‑
sisted of 100 mM PIPES buffer (pH 6.5), 0.1% 
Sarkosyl (Milipore Sigma), 10 µL of Thiofla‑
vin T, 0.44 M NaCl, and 0.3 mg/mL of unfil‑
tered recombinant monomeric αSyn (Amprion, 
#S2020). Plates were incubated at 42 °C in a 
FLUOstar Omega plate reader (BMG Labtech) 
for 24 h. Each amplification cycle consisted 
of 1 min of orbital shaking at 800  rpm fol‑
lowed by 14  min of rest. Fluorescence was 
measured using 440/10-nm excitation and 
490/10-nm emission filters. The plate readers 
at both sites were previously calibrated using 
Atto425 fluorescent dye as standard [18]. Each 
sample was tested in three technical replicates. 
For each replicate, the maximum fluorescence 
intensity (Fmax) was used for classification: 
values ≥ 45,000 RFU were classified as type 1 
replicates, values between 3000 and 44,999 
RFU were classified as type 2 replicates, and 
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values < 3000 RFU were considered synSAA−. 
CSF samples with three type 1 replicates were 
considered synSAA+ with type  1 synuclein 
seeds (predominantly seen in individuals with 
PD/DLB clinical diagnosis) and categorized as 
“synSAA+ type 1”. Samples with two or three 
replicates with type  2 replicates were con‑
sidered synSAA+ with type 2 synuclein seeds 
(predominantly seen in individuals with MSA 
clinical diagnosis) and categorized as “synSAA+ 
type 2”. Samples with two or three negative 
replicates were considered synSAA−. Samples 
with two type 1 replicates and one type 2 rep‑
licates were considered synSAA+ of underdeter‑
mined seed type, and other combinations were 
considered inconclusive and were assigned an 
“inconclusive” status. Retest is recommended 
for inconclusive and synSAA+ undetermined 
samples. However, no CSF was available for 
retest for these assay conditions [18]. Analysis 
of SAA fluorescence data was conducted using 
MARS Omega data analysis software 4.00 R2 
(BMG Labtech).

A comparison of both SAA protocols can be 
found in Table 2.

Statistical Analysis

GraphPad Prism 9.5 and Python 3.10.16 
(statsmodels 0.14.4, motplotlib 3.5.3) were 
used for statistical analysis and data visualiza‑
tion. Descriptive statistics for patient character‑
istics, as well as diagnostic sensitivity for MSA 
detection, were calculated in GraphPad Prism, 
excluding individuals with inconclusive clas‑
sification. Sensitivities were plotted with 95% 
confidence intervals, computed using the Clop‑
per-Pearson exact method, and represented as 
error bars in the corresponding figure.

Inter-assay and inter-site concordance were 
assessed as the percentage of concordant clas‑
sifications overall, and within each diagnos‑
tic subgroup. To quantify agreement beyond 
chance, Fleiss’ kappa coefficients and associ‑
ated p  values were computed using Python 
with the statsmodels.stats.inter_rater module. 

Table 2   Comparison of experimental conditions across synSAA protocols

Summary of the main protocol parameters for the SPB-SAA and PIPES-SAA applied in this study
αSyn alpha-synuclein, CSF cerebrospinal fluid, SDS sodium dodecyl sulfate, ThT Thioflavin  T, PIPES piperazine-N,N′-
bis(2-ethanesulfonic acid), NaCl sodium chloride, SPB-SAA sodium phosphate buffer seed amplification assay, PIPES-SAA 
piperazine-N,N′-bis(2-ethanesulfonic acid) seed amplification assay

SPB-SAA PIPES-SAA

Monomeric αSyn 0.1 mg/ml filtered 0.3 mg/ml unfiltered

Reaction volume 100 µL 100 µL

CSF 15% v/v 40% v/v

Reaction buffer composition 40 mM phosphate (pH 8)
0.0015% SDS
170 mM NaCl
10 µM ThT

100 mM PIPES 
(pH 6.5)

0.1% Sarkosyl
0.44 M NaCl
10 µM ThT

Beads Six 0.8 mm silica Two 1/8″ silicon nitride

Temperature 42 °C 42 °C

Shaking Double orbital 400 rpm for 1 min, 1 min 
rest

Orbital 800 rpm for 
1 min, 14 min rest

Total assay duration 40 h 24 h
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Negative kappa values indicate less agreement 
than expected by chance.

No correction for multiple comparisons was 
applied. A p value < 0.05 was considered statis‑
tically significant for all analyses.

RESULTS

Sixty participants were included in the study: 
16 patients with PD or DLB (PD/DLB*), 29 
patients with MSA, and 15 controls. The PD/
DLB* subgroup was specifically selected as a 
methodological cohort, as described in the 
Methods section. Thus, no diagnostic per‑
formance was assessed for this subgroup. On 
the other hand, patients with MSA and con‑
trols were selected for diagnostic evaluation 
purposes.

The analyses were focused on assay classifi‑
cation outcomes, their distribution, inter-assay 
concordance, and diagnostic sensitivity and 
specificity (excluding the PD/DLB* subgroup).

Classification Outcomes per Assay and 
Subgroup

We first examined the classification outcomes 
assigned by each assay across the three diag‑
nostic subgroups visualized in Figs. 1, 2, and 3, 
corresponding to PD/DLB*, MSA, and control 
participants, respectively.

For clarity, assays are denoted by site and 
protocol: PIPES-SAA_A and PIPES-SAA_C refer 
to synSAA performed at sites  A (University 
Hospital of Tuebingen) and C (Amprion R&D) 
using the PIPES-SAA protocol, respectively, while 
SPB-SAA_A and SPB-SAA_B refer to synSAA per‑
formed at sites A and B (Institute of Neurological 
Science of Bologna) using the SPB-SAA protocol.

In the PD/DLB* subgroup, SPB-SAA_A and 
SPB-SAA_B classified 9 out of 16 cases as syn‑
SAA+ and the remaining as non-seeders, dem‑
onstrating identical classification performance 
after remeasuring two inconclusive cases in the 
SPB-SAA_A. PIPES-SAA_A and PIPES-SAA_C also 
classified 9 patients as synSAA+ and the remain‑
ing were categorized as synSAA−, demonstrating 

Fig. 1   Classification outcomes per assay of the Parkinson’s 
disease/dementia with Lewy bodies (PD/DLB*) subgroup. 
Graph showing the diagnostic classification assigned by 
each assay (SPB-SAA_A, SPB-SAA _B, PIPES-SAA_A, 
PIPES-SAA _C) for each individual patient (columns), 
where SPB-SAA refers to sodium phosphate buffer seed 
amplification assay and PIPES-SAA refers to piperazine-
N,N′-bis(2-ethanesulfonic acid) seed amplification assay. 

Colors represent the classification outcome per assay: syn-
SAA+ type 1, synSAA+ type 2, synSAA−, or inconclusive. 
In SPB-SAA_A, an “X” marks the samples that required 
retesting due to an initial inconclusive result. Lower row 
shows the concordance rate between sites (number of con-
cordant results per 4 assays). At the bottom, a summary 
table reports the total number of patients classified into 
each category by assay
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Fig. 2   Classification outcomes per assay of the multi-
ple systems atrophy (MSA) subgroup. Graph showing 
the diagnostic classification assigned by each assay (SPB-
SAA_A, SPB-SAA _B, PIPES-SAA_A, PIPES-SAA _C) 
for each individual patient (columns), where SPB-SAA 
refers to sodium phosphate buffer seed amplification 
assay and PIPES-SAA refers to piperazine-N,N′-bis(2-
ethanesulfonic acid) seed amplification assay. Colors repre-

sent the classification outcome per assay: synSAA+ type 1, 
synSAA+ type  2, synSAA−, or inconclusive. In SPB-
SAA_A, an “X” marks the samples that required retest-
ing due to an initial inconclusive result. Lower row shows 
the concordance rate between sites (number of concord-
ant results per 4 assays). At the bottom, a summary table 
reports the total number of patients classified into each cat-
egory by assay

Fig. 3   Classification outcomes per assay of the con-
trol subgroup. Graph showing the diagnostic classifica-
tion assigned by each assay (SPB-SAA_A, SPB-SAA _B, 
PIPES-SAA_A, PIPES-SAA _C) for each individual 
patient (columns), where SPB-SAA refers to sodium phos-
phate buffer seed amplification assay and PIPES-SAA 
refers to piperazine-N,N′-bis(2-ethanesulfonic acid) seed 
amplification assay. Colors represent the classification out-

come per assay: synSAA+ type  1, synSAA+ type  2, syn-
SAA−, or inconclusive. In SPB-SAA_A, an “X” marks the 
samples that required retesting due to an initial inconclu-
sive result. Lower row shows the concordance rate between 
sites (number of concordant results per 4 assays). At the 
bottom, a summary table reports the total number of 
patients classified into each category by assay
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identical classification performance. SPB-SAA 
and PIPES-SAA overlapped in eight of the syn‑
SAA+ cases (Fig. 1). Importantly, all synSAA+ PD/
DLB* presented type1 syn-seeds at both sites. 
Concordance across assays was very high, where 
only two patients were classified differently 
between the two synSAA protocols. Clinical 
details of the two discordant PD cases, includ‑
ing age at onset, disease duration, and clinical 
scales, are provided in supplementary Table S2.

SPB-SAA_A and SPB-SAA_B detected seeding 
activity in 2 of the 29 CSF samples from clini‑
cally diagnosed patients with MSA. SPB-SAA_B 
classified one sample as inconclusive, and SPB-
SAA_A had to retest three samples with incon‑
clusive status. The fluorescence amplification 
pattern of these samples was indistinguishable 
from the synSAA+ PD/DLB* cases. In contrast, 
type 2 syn-seeds were respectively detected in 
19 and 21 of the 29 MSA CSF samples by PIPES-
SAA_A and PIPES-SAA_C, with 18 samples over‑
lapping between sites (Fig. 2). There was no CSF 
volume for retests with the PIPES-SAA protocol, 
and PIPES-SAA_A and PIPES-SAA_C had one and 
two inconclusive samples, respectively. Two MSA 
CSF samples were classified as synSAA+ type 1 in 
both sites, suggesting underlying Lewy body dis‑
ease. Interestingly, these were the two CSF sam‑
ples that showed seeding activity by SPB-SAA. 
Clinical details of these cases, including age at 
onset, disease duration, and clinical scales, are 
provided in supplementary Table S2. Consider‑
ing all MSA samples and assays, inter-site agree‑
ment was high, but, as expected, inter-assay 
agreement was low, given that SPB-SAA does not 
detect synuclein seeding activity in MSA (Fig. 2).

In the neurology ward control group, 15 
and 14 of the 15 CSF samples were classified as 
synSAA− by SPB-SAA_A and SPB-SAA_B, respec‑
tively (Fig. 3). SPB-SAA_B reported one control as 
inconclusive, and there was no volume available 
for retest; remeasurement had to be performed 
for three inconclusive samples in SPB-SAA_A. 
PIPES-SAA_A classified 10 CSF samples as syn‑
SAA−, three as synSAA+ type 1, and two incon‑
clusive that were not retested because of lack of 
sample. PIPES-SAA_C classified 12 CSF samples 
as synSAA−, one as synSAA+ type 1, and two 
inconclusive that were not retested because of 
lack of volume. Interestingly, one inconclusive 

and one synSAA+ type 1 sample had matching 
results between sites using the PIPES-SAA pro‑
tocol, while one PIPES-SAA_A synSAA+ type 1 
sample was inconclusive at site C (not retested). 
Importantly, no controls were classified as syn‑
SAA+ type 2 by either PIPES-SAA site. Consider‑
ing all control samples and assays, inter-assay 
concordance was high and inter-site agreement 
was higher for the SPB-SAA protocol.

Sensitivity and Specificity for synSAA+ MSA 
Cases

Sensitivity for synSAA+ MSA cases was calculated 
using clinical diagnosis as the gold standard for 
the PIPES-SAA protocol, but not for the SPB-SAA 
protocol, since it was not possible to differenti‑
ate MSA and control groups with this protocol 
(Fig. 4). Sensitivity and specificity were calcu‑
lated excluding individuals with an inconclusive 
classification. For detection of synuclein seeds 
in MSA, PIPES-SAA_A demonstrated a sensitiv‑
ity of 75.0% and a specificity of 76.9%, while 

Fig. 4   Sensitivity and specificity of PIPES-SAA assays for 
multiple systems atrophy (MSA) detection, where PIPES-
SAA refers to piperazine-N,N′-bis(2-ethanesulfonic acid) 
seed amplification assay. Sensitivity and specificity for 
detecting synuclein seeds in MSA using the PIPES-SAA_A 
and PIPES-SAA_C assays. Data are represented as percent-
ages with 95% confidence intervals indicated by error bars
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PIPES-SAA_C showed a sensitivity of 81.4% and 
a specificity of 92.3%.

Inter‑assay Concordance

We assessed inter-assay concordance to evalu‑
ate the technical reproducibility across sites and 
protocols. Table 3 summarizes concordance rates 
for each comparison overall and within diagnos‑
tic subgroups, excluding samples with inconclu‑
sive results in any assay.

PIPES-SAA_A and PIPES-SAA_C demonstrated 
an overall concordance of 95%, with subgroup 
rates of 100% for PD/DLB*, 93% for MSA, and 
92% for controls. The overall Fleiss’ kappa for 
PIPES-SAA protocol was 0.913 (p < 1.0 × 10−5). 
Subgroup kappa values were high as well: 1.00 
(p = 6.0 × 10−5) for PD/DLB*, 0.83 (p < 1.0 × 10−5) 
for MSA, and 0.61 (p = 0.0030) for controls. SPB-
SAA_A and SPB-SAA_B demonstrated 100% 
agreement for overall concordance and for 
within diagnostic subgroups. The overall Fleiss’ 
kappa for SPB-SAA was 1.00 (p < 1.0 × 10−5).

When comparing mean results across sites 
between protocols, the overall concordance 

showed, as expected, only a fair agreement over‑
all (59%), with a Fleiss’ kappa of 0.23 (p = 0.0258), 
given the different outcomes between the two 
assays in MSA. In contrast, concordance for PD/
DLB* was high at 88% (kappa = 0.74, p = 0.0026), 
indicating substantial agreement.

For the control group, concordance between 
PIPES-SAA and SPB-SAA protocols was 86%, 
though Fleiss’ kappa was negative (− 0.10, 
p = 0.5640). This likely reflects the high preva‑
lence of synSAA− classifications across both 
assays, which inflates raw concordance while 
limiting kappa’s sensitivity as a result of the lack 
of category variability in this subgroup. Simi‑
larly, no kappa value was computed for the con‑
trol group between the SPB-SAA A and B because 
of the absence of classification variability, since 
all controls were uniformly classified as syn‑
SAA−, preventing the calculation of inter-rater 
agreement beyond perfect concordance.

After the first testing round, seven samples in 
SPB-SAA_A required repeat testing, after which 
all were classified conclusively. In other sites, 
limited CSF volume did not permit repeat test‑
ing for the samples with an inconclusive status. 
Thus, the frequency of inconclusive results per 

Table 3   Inter-assay concordance rates, Fleiss’ kappa values, and associated p values across diagnostic subgroups

Percentage of concordant classifications between assays overall and within each diagnostic subgroup: PD/DLB*, MSA, and 
controls. Fleiss’ kappa coefficient with corresponding p values are reported to quantify agreement beyond chance. A negative 
kappa value indicates agreement lower than expected by chance. Individuals with inconclusive classification in any of the 
compared assays were excluded from the analysis
PD Parkinson’s disease, DLB dementia with Lewy bodies, MSA multiple systems atrophy, SPB-SAA sodium phosphate 
buffer seed amplification assay, PIPES-SAA piperazine-N,N′-bis(2-ethanesulfonic acid) seed amplification assay

Comparison PD/DLB* PD/DLB* 
kappa 
(p value)

MSA MSA kappa 
(p value)

Controls Controls 
kappa 
(p value)

Overall Overall kappa 
(p value)

PIPES-SAA_A
vs
 PIPES-SAA_C

100% 1.00
(6.0 × 10−5)

93% 0.83
(< 1.0 × 10−5)

92% 0.61
(0.0030)

95% 0.913
(< 1 × 10−5)

SPB-SAA_A
vs
SPB-SAA_B

100% 1.00
(6.0 × 10−5)

100% 1.00
(< 1.0 × 10−5)

100% NA 100% 1.00
(< 1 × 10−5)

PIPES-SAA
vs
SPB-SAA

88% 0.74 (0.0026) 31% − 0.33
(0.0233)

86% − 0.10
(0.5640)

59% 0.230
(0.0258)
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assay was as follows: PIPES-SAA_A, 5.0%; PIPES-
SAA_C, 6.67%; SPB-SAA_A, 0%; and SPB-SAA_B, 
3.33%.

DISCUSSION

This systematic 2 × 2 comparative study repli‑
cates previous studies showing that different 
optimized synSAA protocols can produce simi‑
lar results for PD/DLB* and control samples, but 
not for MSA [18, 19, 25]. As expected, there was 
low agreement between protocols as a result 
of the MSA group, and high agreement within 
protocols, with SPB-SAA and PIPES-SAA reach‑
ing kappa values of 1 and 0.913. It is important 
to mention that the PD/DLB* group was prese‑
lected using the SPB-SAA protocol, which could 
have exacerbated the agreement between sites.

The main difference between these proto‑
cols was the detection of seeding activity in 
the MSA group, with concordance reaching 
only 31%. While the SPB-SAA protocol did not 
detect type 2 synuclein seeds, the PIPES-SAA 
sites reached 75% and 81% sensitivity using 
clinical diagnosis as the gold standard. The two 
MSA samples that were found synSAA+ by SPB-
SAA were identified as synSAA+ type 1 by the 
PIPES-SAA protocol. Since previous studies using 
brain samples and pathology have confirmed 
that CSF samples demonstrate low sensitivity 
for MSA using SPB-SAA, and high sensitivity and 
specificity of the PIPES-SAA protocol for type 1 
and type 2 synuclein seeds [14, 18], these two 
cases are most likely PD cases misdiagnosed as 
MSA. The PIPES-SAA protocol achieved sensi‑
tivities for synSAA+ MSA cases similar to those 
reported previously [18, 26]. While PIPES-SAA 
specificity was high, occasional false positives in 
controls (mainly with type 1 synuclein seeds) led 
to reduced specificity in PIPES-SAA_A (76.92%) 
compared to PIPES-SAA_C (92.31%). However, it 
is known that synSAA positivity increases with 
age and that many clinical presentations have 
mixed underlying pathologies; thus, there is a 
possibility that neurology ward controls with 
synSAA+ results might not be false positives.

The biological basis for the differential 
detection capabilities of the assays remains 

incompletely understood. Examination of the 
type 1 and type 2 synuclein amplification curves 
of the PIPES-SAA (Fig.  S1) reveals that both 
reach a fluorescence plateau, although at differ‑
ent RFU values, which forms the basis of their 
classification. Given the near 100% conversion 
rate of the substrate and the negligible concen‑
tration of monomeric and misfolded synuclein 
in CSF, the difference in fluorescence plateau is 
not explained by a difference in the quantity of 
aggregates. The difference in fluorescence could 
be explained by differences in fibril ultrastruc‑
ture or the folding of synuclein in the type 1 
and type 2 amplified synuclein seeds. Different 
structures could have different ThT bindings 
pockets, which could change the binding capac‑
ity of ThT to the aggregate and/or change the 
ThT fluorescence intensity by increasing/reduc‑
ing fluorescence quenching, while different 
ultrastructure could cause light-scattering and/
or block ThT binding pockets. Direct structural 
and kinetic analysis will be required to clarify 
the precise basis of these divergent profiles [27]. 
This hypothesis aligns with the recent structural 
studies showing distinct ultrastructural proper‑
ties of αSyn strains in PD/DLB versus MSA [17, 
27, 28]. Consequently, the differential detection 
of MSA seeding activity by PIPES-SAA compared 
to SPB-SAA may be explained the chemical and 
physical reaction conditions in PIPES-SAA (e.g., 
buffer composition, bead type, shaking pattern), 
which may better support the amplification of 
the conformers found in MSA.

This study has several limitations. First, the 
PD/DLB cohort was methodologically enriched 
for synSAA− cases, which precludes valid sensi‑
tivity estimates for PD/DLB detection in a real-
world setting. Second, the cohort size was mod‑
est, especially for MSA and controls, which may 
have impacted sensitivity estimates and kappa 
stability, as reflected by the wide confidence 
intervals observed in Fig. 4. Third, the control 
cases had neurological symptoms as they were 
not healthy controls, which complicates the 
interpretation of “false positives”. Longitudinal 
follow-up of these control individuals would 
be valuable to determine whether synSAA posi‑
tive controls go on to develop a clinically overt 
synucleinopathy. Furthermore, systematic func‑
tional neuroimaging such as DAT-SPECT or PET 
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examinations were not performed in all par‑
ticipants; instead, MRI and CSF neurofilament 
light chain (NfL) levels were used as support‑
ing diagnostic tools, which is consistent with 
current clinical practice but represents an addi‑
tional limitation in terms of absolute diagnos‑
tic certainty. Lastly, while we quantified repro‑
ducibility using concordance and Fleiss’ kappa, 
further multicenter validations with larger and 
clinically representative cohorts are needed to 
confirm generalizability.

CONCLUSIONS

Our systematic comparison demonstrates the 
high technical reproducibility of synSAAs across 
sites and protocols, while reinforcing the dis‑
tinct detection profiles of PIPES-SAA and SPB-
SAA. Together, these results help refine the posi‑
tioning of SAAs within the diagnostic landscape 
of synucleinopathies and highlight the need for 
larger multicenter studies, continued protocol 
optimization, and deeper biological characteri‑
zation of αSyn strains to improve diagnostic sen‑
sitivity and specificity.
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