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Quantification of cerebrospinal fluid α-
synuclein seeds by endpoint dilution seed
amplification assay inParkinson’sdisease

Check for updates
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Quantitative pathology-specific biomarkers are needed for patientswith Parkinson’s disease (PD).We
estimated the α-syn seeding dose giving 50% of positive seed amplification assay (SAA) reactions
(SD50) in serially diluted samples from 260 PD participants, of whom 54 had longitudinal samples.We
then evaluated the associations between SD50 values and demographic and clinical parameters,
including motor and cognitive scales, REM sleep behaviour disorder (RBD), and hyposmia. Higher
SD50 values were significantly associated with older age, longer disease duration, worse motor and
cognitive scores, and presence of RBD and visual hallucinations. Baseline SD50 values predicted the
development of motor wearing-off and severe cognitive impairment. In participants with longitudinal
samples, SD50 values remained substantially stable over time. Quantification of α-syn through
endpoint dilutionSAAmayserve as apotential surrogatemarker of LBpathological burden,whichmay
support prognostication and patient stratification.

The clinicopathological heterogeneity in Lewy body disorders (LBD),
including Parkinson’s disease (PD) andDementia with Lewy bodies (DLB),
underscores the need for pathology-specific biomarkers to facilitate accurate
diagnosis and predict disease trajectories. Recently, the development of
ultrasensitive seed amplification assays (SAA), capable of detecting minute
amounts of misfolded alpha-synuclein (α-syn) in cerebrospinal fluid (CSF)
andother tissues, has drastically improved the identification of patientswith
LBD in vivo, even at preclinical or prodromal stages1–5. This has led to the
proposal of new biologically based research criteria for this prevalent
disorder6,7. While the current assays’ qualitative dichotomous seeding
response (positive vs. negative seeding) is valuable for stratifying and
enriching cohorts for α-syn pathology in general, more quantitative para-
meters reflecting the Lewy body (LB) pathology load would be essential.
These could be particularly helpful in predicting dynamics of disease pro-
gression, trajectories until reaching disease milestones and might serve as
exploratory outcome measures in clinical trials targeting α-syn. Recent
evidence from the analysis of brain homogenates suggests that SAA kinetic
parameters, which describe the dynamics of α-syn aggregation and ampli-
fication, could provide quantitative data that indirectly reveals the

concentration of α-syn seeds present in biological samples and, possibly, the
LB pathology burden8. Initial attempts to translate these findings using
biofluids have identified the number of positive outcomes in multiple
replicates and the time to threshold (TTT)or lagphase (i.e. the time required
for the fluorescent signal to reach the positivity threshold) as the most
promising kinetic variables for α-syn seeds quantification in CSF samples,
with some studies reporting associations of these parameters, at both
baseline and longitudinally, with parameters of clinical progression9–11.
However, evidence also indicates that pre-analytical and analytical factors,
such as matrix composition and batch-to-batch variations in the critical
assay reagents, may affect these parameters, reducing their discrimination
power12,13.

New perspectives on SAA implementation are currently emerging,
primarily driven by the application of serial sample dilution methods.
Specifically, in analogy to endpoint dilution animal bioassays, the endpoint
dilution (ED) SAA involves testing serial dilutions of samples and statisti-
cally estimating the seeding dose, which yields positive responses in 50% of
replicate reactions (SD50). Preliminary evidence suggests that this approach
facilitates a more accurate estimation of α-syn seeding activity, thereby
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minimizing dependence on the kinetics of the aggregation reaction14. For
this calculation, it was recently shown that data analysis using the midSIN
algorithm provides the most consistent and statistically significant dis-
crimination of different seed concentrations14.We hypothesised that higher
CSF α-syn SD50 values may indicate a higher seed load, serving as a proxy
for more accelerated or widespread LB pathology. This, in turn, could be
associated with faster progression to clinical disease milestones such as
cognitive impairment. To evaluate this hypothesis, we investigated the
correlation between SD50 values and clinical severity and progression
measures. Furthermore, we investigated the variation of quantitative para-
meters over time in a subset of participants with longitudinal CSF samples
available.

Results
Overall findings by standard and endpoint dilution α-syn SAA
The initial screened cohort consisted of 333 participants, comprising 285
patients with sporadic PD and 48 with GBA mutations (PDGBA). All
available CSF samples were initially tested undiluted by α-syn SAA.

SAAdemonstrated α-syn seeding activity in 271 participants (228with
sporadic PDand 43with PDGBA), and 62 negative outcomes, resulting in an
overall sensitivity of 81.4% (80.0% in sporadic PDand89.6% inPDGBA). For
each participant, the baseline was defined as the timepoint of the first
available SAA-positive CSF sample. In six participants (2.3%), the baseline
did not correspond to the time of the first available CSF sample, as they

tested positive only at a follow-up sample (i.e., they converted fromnegative
to positive status).

ED SAA values were obtained in 260 participants (dilution cohort), as
limited CSF volume was available in 11 patients (3 PDGBA and
8 sporadic PD).

Among them, 89 showed 8/8 or 7/8 positive replicates at baseline
(undiluted sample), 89 had 6/8 or 5/8 positive replicates, and 72 yielded 4/8,
3/8 or 4/12 positive replicates. The remaining 10 patients were identified as
low positives (seeMethods for criteria). Of the positive samples, 57 (21.9%)
were positive only undiluted, 59 (22.7%) remained positive up to a dilution
of 1:2, 64 (24.6%) up to a 1:4 dilution, 62 up to 1:8 (23.8%), 15 (5.8%) up to
1:16, 2 (0.8%) up to 1:32, and only 1 (0.4%) up to a 1:64 dilution. This
resulted in log10SD50/ml values ranging from 0.47 to 2.07, with amedian of
1.14, consistent with previously reported values14,15.

When analysing the trend of the number of positive replicates
(Nrep) across increasing dilutions, most participants showed a con-
sistent decrease or, in some cases, temporary stability. In only a min-
ority of cases (16 participants, 6.1%), the assay yielded an increase in
Nrep ( ≥ 50% compared to the previous dilution), followed by a stable
decreasing trend.

Demographic, clinical, and biomarker data of the 260 participants in
the dilution cohort are reported in Table 1. The Supplementary Table 1 lists
all the different GBA1 variants identified in the 40 participants of the
dilution cohort. Demographic, clinical and biomarker data of the

Table 1 | Baseline demographic and clinical characteristics in the dilution cohort and stratified by genetic GBA1 status

Whole N = 260 Sporadic PD n = 220 PD GBA n = 40

Sex, male, n (%) 181 (69.6) 158 (71.8) 23 (57.5)

Age at visit, yearsa 66.8 (57.0–72.4) 67.6 (59.4–73.3) 58.6 (53.2–67.6)

Age at onset, yearsa 59.0 (51.0–65.0) 60.0 (51.3–67.0) 51.0 (45.5–60.0)

Disease duration at first sampling, yearsa 6.0 (2.8–10.1) 5.9 (2.7–10.0) 6.2 (4.1–10.2)

Time from first visit to last visit, monthsa 56.0 (21.0–104.5) 53.5 (19.3–108.0) 81.0 (30.5–102.5)

Time from baseline to last visit, monthsa 25.0 (0.0–61.0) 25.0 (0.0–66.0) 26.0 (8.0–47.0)

H&Ya 2.0 (2.0–2.5) 2.0 (2.0–2.5) 2.0 (2.0–3.0)

UPDRS part IIIa 25.0 (17.0–33.0) 25.0 (17.0–33.0) 28.0 (18.0–36.0)

MoCAa 26.0 (22.0–28.0) 26.0 (22.0–28.0) 27.5 (22.0–29.0)

BDI IIa 8.0 (4.0–14.0) 8.0 (4.0–14.0) 8.0 (3.0–13.0)

LEDDa 534 (300–850) 534 (300–836) 485 (285–916)

Sniffin sticks (%)a 41.7 (29.2–62.5) 41.7 (33.3–66.7) 45.8 (14.6–58.3)

Presence of RBDb 111/225 (49.3) 89/189 (47.1) 22/36 (61.1)

Presence of hyposmiab 70/74 (94.6) 60/64 (93.8) 10/10 (100)

Presence of hallucinationsb 60/244 (24.6) 50/206 (24.3) 10/38 (26.3)

Presence of orthostatic hypotensionb 112/244 (45.9) 92/209 (44.0) 20/35 (57.1)

Presence of constipationb 128/251 (51.0) 106/213 (49.8) 22/38 (57.9)

Presence of urgeb 157/248 (63.3) 129/212 (60.8) 28/36 (77.8)

Presence of malignant phenotypeb,c 13/68 (19.1) 11/59 (18.6) 2/9 (22.2)

Presence of motor wearing-offb 25/199 (12.6) 14/165 (8.5) 11/34 (32.4)

Presence of dyskinesiasb 23/178 (12.9) 16/145 (11.0) 7/33 (21.2)

Presence of freezing of gaitb 31/197 (15.7) 18/161 (11.2) 13/36 (36.1)

Presence of repeated fallsb 47/214 (22.0) 36/178 (20.2) 11/36 (30.6)

log10SD50/mla 1.14 (0.89–1.39) 1.14 (0.91–1.38) 1.16 (0.86–1.40)

Baseline was defined as the timepoint of the first available SAA-positive CSF sample.
BDI II Beck Depression Inventory-II, H&Y Hoehn and Yahr, LEDD Levodopa-Equivalent Daily Dose,MoCAMontreal Cognitive Assessment, PD Parkinson’s disease, RBD REM sleep behaviour disorder,
UPDRS part III Unified Parkinson’s Disease Rating Scale part III.
aData are expressed as median (interquartile range).
bData are expressed as number/number of participants with available data (%).
cCombination of RBD, hyposmia, hallucinations, and cognitive impairment.
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participants converting from a negative to a positive status are reported in
Supplementary Table 2.

SD50 values are associated with clinical characteristics cross-
sectionally
At baseline, higher SD50 values showed statistically significant cor-
relations with older age at sampling, older age at onset, longer disease
duration, higher Hoehn and Yahr scale (H&Y) scores, higher Unified
Parkinson’s Disease Rating Scale part III (UPDRS part III) scores,
lower Montreal Cognitive Assessment (MoCA) scores (Table 2 and
Fig. 1), and the presence of REM sleep behaviour disorder (RBD),

visual hallucinations, and motor wearing-off (Table 3). Further, a
higher SD50 score was associated with more severe autonomic
symptoms, including constipation and orthostatic dysfunction, as
defined by Unified Multiple System Atrophy Rating Scale (UMSARS)
(Table 2).

The association with higher UPDRS part III scores was retained when
considering only participants with MDS-UPDRS scores available (Rho =
0.22, p = 0.001).

Interestingly, the association between SD50 values and clinical scores
was even stronger (higher UPDRS part III score, Rho = 0.23, p = 0.014;
lower MoCA scores, Rho = -0.27, p = 0.005) when the analysis was limited

Table 2 | Demographic and clinical characteristics: association with SD50 values and stratification by SD50 tertile groups

Variable N log10SD50/ml log10SD50/ml

p valuea Rho (95% CI) Lowest tertileb Highest tertileb p valuec

Age at visit, years 260 0.001 0.21 (0.07–0.31) 63.9 (53.1–70.4) 69.5 (60.9–74.8) 0.003

Age at onset, years 260 0.028 0.14 (0.01–0.26) 58.5 (50.0–65.0) 60.5 (53.0–69.0) 0.060

Disease duration, years 260 0.002 0.19 (0.07–0.31) 4.6 (2.1–8.2) 6.8 (3.7–11.2) <0.001

H&Y 257 0.002 0.19 (0.07–0.31) 2.0 (2.0–2.0) 2.0 (2.0–2.5) 0.001

UPDRS part III 229 0.005 0.18 (0.05–0.31) 23.0 (16.5–28.5) 29.0 (18.3–38.8) 0.007

MoCA 228 0.002 -0.20 (-0.33–-0.07) 27.0 (23.0–29.0) 24.0 (21.0–28.0) 0.015

BDI II 166 0.309 0.08 (-0.08–0.23) 8.0 (5.0–16.5) 10.0 (5.0–13.5) 0.716

LEDD 252 0.011 0.16 (0.03–0.28) 450 (232–763) 609 (345–910) 0.010

Sniffin sticks (%) 69 0.165 -0.17 (-0.40–0.08) 45.8 (31.3–58.3) 33.3 (25.0–58.3) 0.396

UMSARS severity of orthostatic
dysfunction

75 0.020 0.27 (0.04–0.47) 0.0 (0.0–0.0) 0.0 (0.0–1.0) 0.039

UMSARS severity of constipation 75 0.049 0.23 (-0.005–0.44) 0.0 (0.0–1.0) 1.0 (0.0–2.0) 0.163

UMSARS severity of urge incontinence 74 0.440 0.09 (-0.15–0.32) 0.0 (0.0–1.0) 1.0 (0.0–1.0) 0.576

P values of statistically significant associations are shown in bold. SD50 tertiles are defined as follow: lowest = 0.40–1.00 log10SD50/ml; intermediate = 1.01–1.31 log10SD50/ml; highest = 1.32–2.07
log10SD50/ml.
BDI II Beck Depression Inventory-II, CI confidence interval, H&Y Hoehn and Yahr, LEDD Levodopa-Equivalent Daily Dose,MoCA Montreal Cognitive Assessment, UMSARS Unified Multiple System
Atrophy Rating Scale, UPDRS part III Unified Parkinson’s Disease Rating Scale part III.
aAs derived by Spearman correlation.
bData are expressed as median (interquartile range).
cAs derived by Mann-Whitney test.

Fig. 1 | Correlation analysis between SD50 values
and clinical parameters of PD progression. Scatter
plots indicating the correlation between log10SD50/
ml values and selected clinical or demographic
variables: age at sampling (a), MoCA score (b),
UPDRS part III score (c) and Hoehn and Yahr score
(d). Blue dots represent single observations. Red
lines are derived from univariable linear regression
models. Correlation coefficients (Rho) and p values
are reported in each graph. Abbreviations: H&Y
Hoehn and Yahr, MoCA Montreal Cognitive
Assessment, UPDRS IIIUnified Parkinson’s Disease
Rating Scale part III.
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to the participants with early-stage PD (disease duration ≤ 5 years), despite
the significantly reduced number per group (Supplementary Table 3).

Univariable linear regression models confirmed the significant cor-
relation betweenSD50 values andH&Ystage (β = 0.38, 95%CI0.14−0.62,
p = 0.002), UPDRS part III scores (β = 7.03, 95% CI 2.22−11.85,
p = 0.004), and lower scores at the MoCA scale (β = -3.01, 95%CI -4.82–-
1.20, p = 0.001) (Supplementary Table 4). After correction for age and
disease duration, the association between SD50 values andUPDRSpart III
scores retained statistical significance (β = 5.03, 95% CI 0.19−9.87,
p = 0.041), even when only considering participants with MDS-UPDRS
part III scores available (β = 6.42, 95% CI 1.34−11.50, p = 0.013). In
contrast, the association with MoCA scores reached only a trend of sig-
nificance (β = -1.67, 95% CI -3.38–0.04, p = 0.056) (Supplementary
Table 4).

Baseline SD50 values were significantly higher in participants showing
RBD (p = 0.002) and visual hallucinations (p = 0.028) at baseline than in
those without these clinical features (Table 3). Logistic regression models
confirmed the associations in the univariable analysis with motor wearing-
off (OR = 5.44, 95% CI 1.38−24.25, p = 0.019), RBD (OR= 3.43, 95% CI
1.53−8.02, p = 0.003) and visual hallucinations (OR= 2.85, 95% CI
1.18−7.13, p = 0.02). The association with repeated falls showed a sig-
nificant trend but missed statistical significance (OR= 2.76, 95% CI
0.99−8.12, p = 0.057) (SupplementaryTable 5). After correction for age and
disease duration, the association between SD50 values on the risk of having
RBD at baseline was retained (OR = 2.76, 95% CI 1.20−6.57, p = 0.019),
while the association with the risk of having motor wearing-off reached a
trend of significance (OR = 5.33, 95% CI 1.02−32.47, p = 0.057) (Supple-
mentary Table 5).

When compared to participants in the lowest baseline SD50 tertile,
those in the highest tertile were older (69.5 years vs. 63.9 years;
p = 0.003), had a higher prevalence of RBD (55.2% vs. 34.9%; p = 0.0006),
motor wearing-off (17.2% vs. 5.8%; p = 0.011) and freezing of gait at
sampling (14.9% vs. 7.0%; p = 0.042). Additionally, patients in the
highest tertile showed a faster TTT (17.8 h vs. 21.0 h; p < 0.0001). The
prevalence of participants carrying a GBA1 variant was equally dis-
tributed in the highest and lowest SD50 tertiles (18.4% vs.
15.1%; p = 0.564).

Prognostic value of baseline SD50 values
Higher baseline SD50 values showed statistically significant correlations
with a higher risk of motor deterioration, as indicated by the progression
to H&Y stage ≥ 3 (HR 5.09, 95%CI 1.73−14.95, p = 0.003) (Fig. 2a). The
effect was almost independent of examined covariates (HR 3.07, 95% CI
0.85−11.11, p = 0.088) (Table 4). Higher baseline SD50 also significantly
predicted the onset of severe cognitive impairment, as measured by a
MoCA score ≤ 18 (HR 14.31, 95% CI 2.87−71.21, p = 0.001) (Fig. 2b).
The association retained statistical significance in the multivariable
analysis (HR 9.21, 95% CI 1.54−55.22, p = 0.015) (Table 4). Baseline
SD50 values also predicted the appearance of motor wearing-off (HR
2.62, 95% CI 1.08–6.33, p = 0.032), even after accounting for covariates
(HR 2.94, 95% CI 1.16−7.47, p = 0.023) (Table 4). The positive asso-
ciation between baseline SD50 and the risk of developing repeated falls
(HR 2.90, 95% CI 1.04–8.09, p = 0.043) disappeared after adjustment in
the multivariable model (Table 4). No significant predictive effect was
found for the occurrence of visual hallucinations (p = 0.252). Hazard
ratios and p values of all prognostic analyses are shown in Table 4 and
Supplementary Table 6. Additional survival curves are shown in Sup-
plementary Fig. 1.

Longitudinal trajectories of SD50 values
Among the 260 participants in the dilution cohort, 54 had longitudinal
samples available (number of available CSF samples: median 2.0, IQR
2.0–3.0; sampling time duration: median 30.5 months, IQR
22.5–49.0 months).

In the subgroup of participants with longitudinal CSF samples avail-
able, there was no significant change in SD50 values over time (β = 0.0003,
95%CI -0.001–0.002, p = 0.682) (Fig. 3). Similarly, there were no significant
variations in the SD50 values over time when stratifying for participants
with or without severe cognitive impairment (as measured by a MoCA
score ≤ 18) across the entire clinical history (with severe cognitive impair-
ment: β = -0.001, 95% CI -0.005–0.003, p = 0.554; without severe cognitive
impairment: β = 0.0007, 95% CI -0.001–0.002, p = 0.460).

When stratifying participants according to the baseline SD50 values,
those in the low and middle tertile showed stable values over time (low
tertile:β = 0.002, 95%CI -0.0005–0.005,p = 0.119;middle tertile:β = 0.0001,

Table 3 | Associations between SD50 values and binary demographic and clinical characteristics

Variable Absence Presence p valueb

n/n with available data log10SD50/mla n/n with available data log10SD50/mla

Sex, male 79/260 1.13 (0.79–1.33) 181/260 1.15 (0.94–1.40) 0.087

Motor clinical characteristics at sampling

Motor wearing-off 174/199 1.12 (0.86–1.33) 25/199 1.34 (1.05–1.55) 0.007

Dyskinesia 155/178 1.12 (0.86–1.34) 23/178 1.30 (0.97–1.38) 0.137

Freezing of gait 166/197 1.12 (0.87–1.33) 31/197 1.23 (1.03–1.40) 0.071

Repeated falls 167/214 1.12 (0.89–1.36) 47/214 1.21 (1.00–1.40) 0.056

Non-motor clinical characteristics at sampling

RBD 114/225 1.07 (0.87–1.25) 111/225 1.21 (0.95–1.41) 0.002

Hyposmia 4/74 0.84 (0.46–1.13) 70/74 1.18 (1.00–1.47) 0.053

Visual hallucinations 184/244 1.14 (0.88–1.34) 60/244 1.21 (0.98–1.44) 0.028

Orthostatic hypotension 132/244 1.15 (0.92–1.37) 112/244 1.18 (0.86–1.41) 0.774

Constipation 123/251 1.13 (0.89–1.34) 128/251 1.16 (0.92–1.40) 0.281

Urge incontinence 91/248 1.14 (0.89–1.32) 157/248 1.16 (0.93–1.41) 0.235

Malignant phenotypec 55/68 1.14 (0.98–1.44) 13/68 1.16 (1.03–1.56) 0.447
aData are expressed as median (interquartile range).
bAs derived by Mann-Whitney test.
cCombination of RBD, hyposmia, hallucinations, and cognitive impairment.
P values of statistically significant associations are shown in bold.
RBD REM sleep behaviour disorder.
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95% CI -0.001–0.002, p = 0.906), while in those in the high tertile a mild
longitudinal decreasing trend in SD50 values was observed (β = -0.003, 95%
CI -0.004–-0.001, p = 0.005).

A longitudinal stability of SD50 values was observed in participants
with early-stage PD at baseline (β = -0.0005, 95% CI
-0.001–0.002, p = 0.641).

Correlations between SD50 and other quantitative SAA kinetic
parameters at baseline
As expected, SD50 values showed a strong correlation with Lewy fold
pathology (LFP) scores (Rho = 0.99, p < 0.0001), representing the totalNrep

across the dilution series. Consequently, SD50 and LFP values showed
almost identical significant associations with clinical variables, with only

Fig. 2 | Predictive value of SD50 in the develop-
ment of postural instability and severe cognitive
impairment. Kaplan-Meier curves showing the
probability of developing postural instability (a) or
severe cognitive impairment, as defined by MoCA
score ≤18 (b), according to baseline log10SD50/ml
tertiles. Time is expressed inmonths. Abbreviations:
H&Y Hoehn and Yahr, MoCA Montreal Cognitive
Assessment.
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minimal variations in statistical significance. Differences in significance
threshold between the two variables were limited to the correlations with
constipation, which was only reached by SD50 (p = 0.049), and the asso-
ciation with repeated falls, which was only evident with LFP (p = 0.041)
(Tables 2 and 3 for SD50, Supplementary Tables 7 and 8 for LFP). TTT and
SD50 values were also significantly correlated (Rho = -0.31, p < 0.0001). In
contrast, TTT showed no significant associations with demographics and
clinical variables (Supplementary Tables 9 and 10).

Analysis of the interrelation between SD50 and TTT revealed two
patient subgroups: (1) the “high and fast” group defined by the top tertile of
dilution parameter (SD50) and the bottom tertile of the kinetic parameter
(TTT). (2) the “low and slow” groupdefinedby the bottom tertile of dilution
parameters (SD50) and the top tertile of the kinetic parameter (TTT)
(Supplementary Fig. 2).

“High and fast” seeding participants showed higher UPDRS part III
scores (High and fast: median 30.0, IQR 19.0–39.3; Low and slow: median
24.0, IQR 19.0–29.0; p = 0.048), and a higher prevalence of RBD (67.6% vs.
40.5%; p = 0.022) and urinary urge at sampling (71.8% vs. 48.7%; p = 0.037)
compared to the “low and slow” seeding group (Supplementary Table 11
and Supplementary Fig. 3).

Discussion
The development of a refined “quantitative” α-syn SAA reflecting the
burden of the underlying neuropathological process, to be correlated with

clinical parameters of disease severity and progression, and to be tested as a
marker of treatment response, is a research priority for PD and other dis-
orders belonging to the LBD spectrum. In a recent study, we demonstrated
that the ED SAA, executed on serially diluted ventricular post-mortemCSF
samples, reliably estimates the α-syn seed concentration, which positively
correlates with the LBD load and disease stage, as evaluated through
immunohistochemistry16. In thepresentwork,we extended this approach to
the clinical scenario by testing the association between the ED SAA quan-
titative parameter SD50 and clinical variables using in vitam collected CSF
from PD patients. The results show a significant positive association
between the SD50 values and clinical scores of motor deterioration and
motor wearing-off, as well as with key non-motor symptoms such as hal-
lucinations and cognitive decline. Importantly, participants with higher
SD50 values also exhibited a higher frequency of RBD, independently of age
and disease duration. Higher SD50 scores also correlated with the age at
onset and disease duration.Overall, these results are consistentwith the idea
that higher SD50 values indicate a higher load of LB pathology, thus vali-
dating the ED SAA as a semiquantitative pathology-associated assay. The
finding of an even stronger association between SD50 values and clinical
scores in participants with early-stage PD supports the idea that the LB
pathology burden is a major contributor of clinical disease severity and
progression, which notoriously does not depend only on disease duration.

From a prognostic standpoint, higher baseline SD50 values were
independently associated with faster progression to key clinical milestones,

Table 4 | Associations between baseline SD50 and risk of developing disease milestones

N of events Univariable analysis Multivariable analysis

HR (95% CI) p value HR (95% CI) p value

Motor milestones

H&Y ≥ 3 44 5.09 (1.73–14.95) 0.003 3.07 (0.85–11.11) 0.088

Motor wearing-off 63 2.62 (1.08–6.33) 0.032 2.94 (1.16–7.47) 0.023

Repeated falls 44 2.90 (1.04–8.09) 0.043 1.93 (0.62–5.95) 0.253

Non-motor milestones

Visual hallucinations 38 1.90 (0.63–5.71) 0.252 1.46 (0.45–4.74) 0.529

MoCA ≤ 18 19 14.31 (2.87–71.21) 0.001 9.21 (1.54–55.22) 0.015

MoCA ≤ 25 40 4.00 (1.38–11.64) 0.011 3.07 (0.93–10.08) 0.064

P values of statistically significant associations are shown in bold. In the multivariable analyses, the following covariates are considered: age at sampling and disease duration at baseline.
CI confidence interval, H&Y Hoehn and Yahr, HR hazard ratio, MoCA Montreal Cognitive Assessment.

Fig. 3 | Longitudinal variation of SD50 values. A
single grey dot represents the observation of a single
participant over time. Grey lines connect repeated
longitudinal samples from the same participant. The
blue line represents the overall longitudinal trend of
log10SD50/ml values, as predicted by the linear
mixed-effects model. The shaded band represents
the 95% CI. Time is expressed in months.
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including motor deterioration (H&Y stage ≥ 3) and the appearance of
motor wearing-off and repeated falls, as well as the onset of significant
cognitive decline (MoCA ≤ 18). Some of these associations remained sig-
nificant after adjusting for confounding variables, reinforcing the potential
of SD50 as a predictive biomarker of disease trajectory.

Regarding the longitudinal variations of α-syn seeding activity, we
found that, as a general trend, SD50 values remain stable over time,
regardless of cognitive status, with even a tendency to decrease over time in
those in the highest tertile of baseline values. This could reflect a plateau
effect,whereCSF seeding activity stops increasingonce a critical pathological
threshold is reached, as is the case for someAlzheimer’s diseasemarkers17,18.
Alternatively, it may indicate a limited analytical sensitivity of α-syn SAA in
detecting small changes in LB pathology burden at the clinical stage.
Moreover, the absence of a significant longitudinal increase may also par-
tially be influenced by the relatively short sampling intervals in our cohort.

However, most patients with multiple samples showed consistent
results by SAA,maintaining either positivity or negativity depending on the
result obtained at baseline. A small number of “converters” (n = 6) shifted
from negative to a positive status during follow-up, possibly indicating the
emergence ofmorewidespread α-syn pathology. These rare transitionsmay
reflect thedynamicnatureofα-synaggregationand its gradual spreadacross
the central nervous system throughout disease progression.

The strong correlations between SD50 values and other kinetic para-
meters, particularly the LFP score and TTT, further support the internal
consistency of the assay. The identification of distinct “high and fast” vs.
“low and slow” seeding profiles suggests that different PD subgroups,
possibly reflecting different underlying pathophysiological mechanisms or
disease trajectories, may be characterized by specific α-syn SAA signatures.
Patients in “high and fast” group exhibited more severe motor impairment
(as expressed by UPDRS part III), higher RBD prevalence, and greater
urinary urge, features commonly associated with a more diffuse LB
pathology.

Despite extensive efforts by several groups19–21, early attempts to
establish correlations between α-syn SAA-derived measures and clinical
indicators of disease severity in cross-sectional analysis have been incon-
sistent. However, more recent studies have reported significant correlations
between specific α-syn SAAkinetic parameters (e.g., TTT,Nrep) and disease
progression, particularly in relation to the development of cognitive decline
over time9–11. However, in our cohort, the TTT failed to show meaningful
associations with the clinical variables considered, limiting its value as a
marker of disease burden or trajectory outside highly controlled experi-
mental conditions. In contrast, SD50 emerged as a substantially more
informative and reliable parameter, offering a quantitative estimate of
seeding activity that better captured the clinical heterogeneity of PD. The
SD50 calculation is more time-consuming and technically demanding than
the qualitative assay, as one quantitative SAA corresponds to running at
least five standard assays. However, its superior clinical relevance strongly
supports its potential adoption in diagnostic settings.

Recently, Bernhardt et al. 15 reported significant clinical associations,
using the LFP score, calculated by ED SAA as a surrogate marker of α-syn
burden. Their cross-sectional results were encouraging, but the longitudinal
component of their work was conducted on a considerably smaller cohort,
which limits the interpretability and statistical strength of these preliminary
findings. Notably, a closer examination of their raw data reveals that, in
some cases, the expected monotonic decrease in positive replicates with
increasing dilution was not observed, with some samples showing an
unexpected increase in positive replicates at higher dilutions. This raises the
possibility of spontaneous aggregation or other technical factors influencing
the results, which were not explicitly addressed in that study. In contrast, in
our study, EDdeterminationwas performedunder optimized and validated
assay conditions in an established SAA laboratory, where a consistent
monotonic trend was observed. Furthermore, our study benefits from a
substantially larger cohort, which enhances the reliability of cross-sectional
correlationsbetweenSD50valuesandmultiple indicators of disease severity.
The overall scale and design of our study provide a stronger foundation for

establishing SD50 as a sensitive and direct biomarker of α-syn burden,
potentially offering improved detection of clinically relevant differences
compared to other kinetic parameters.

Amajor strength of this study is the inclusion of a large, clinically well-
characterized cohort of PD patients with a long mean follow-up time,
including 54 patients with serial longitudinal CSF samples. Another key
strength is the robustness of our α-syn SAA, as shown in previous works.

As a potential limitation, it is worth mentioning that the extended
timeframe we required to analyse the large number of samples may have
introduced variability and slightly reduced the overall reproducibility of the
quantitative parameters of the assay. Specifically, the analysis of this large
cohort required multiple batches of recombinant α-syn over time, which
might have influenced assay performance. In addition, the use of pooled α-
syn SAA negative CSF as diluent, although ensuring a physiologically
relevant matrix compared to PBS, may have introduced potential matrix
effects or reduced intra-individual variability. Future investigations con-
ducted under more standardized and strictly controlled experimental
conditions may help optimize the precision of quantitative measurements.
Moreover, thesefindings are specific to theCSF α-syn SAAprotocol applied
here and, therefore, additional studies using alternative assay versions are
warranted to assess the generalizability of the results.

On another issue, the ED SAA analysis of in vitam collected CSF
samples showed significantly lower log10SD50 scores (median 1.14, IQR
0.89–1.39, range 0.47–2.07) compared with those we previously obtained in
post-mortem CSF (median 3.93, IQR 2.77–4.51, range 0.50–5.58)16.
Although this may be partly explained by the higher mean age and more
advanced LBD stage in the latter group, the finding of markedly lower and
less variable seeding activity in the clinical cohort likely reflects a combi-
nation of lower levels of pathological α-syn in the CSF taken in vivo by
lumbar puncture and the relative homogeneity of the present cohort,
including only clinically diagnosed PD patients, compared to our previous
study which included the entire spectrum of LBD pathology stages. Other
possible explanations should also be considered, such as a lower analytical
sensitivity of the assay in the present study, potentially due to the use of
different batches of recombinant α-syn, the possibility that post-mortem
CSF may be contaminated with brain tissue as the brain undergoes rapid
decay after death, or the presence of active in vivomechanisms that limit the
levels of α-syn seeds in CSF, which may be lost post-mortem.

Overall, our findings demonstrate that quantitative α-syn SAA para-
meters, particularly the SD50, offer insight into both the current clinical
status and future disease trajectory of patients with PD. This highlights the
utility of SD50 not only in diagnosing PD but also in stratifying patients by
clinical phenotype and risk of progression. SD50 quantification out-
performed other kinetic parameters (i.e., TTT and Imax) in stratifying
patients by clinical phenotype, providing a potential translational tool for
personalized disease monitoring and therapeutic development. Further
longitudinal and neuropathological studies are needed to elucidate the
biological mechanisms underlying distinct seeding profiles and to confirm
their prognostic relevance in different clinical settings.

Methods
Participants and clinical investigation
The initial cohort comprised 333 consecutive participants with sporadic PD
or PDGBA (66%male, mean age 65 years) who had at least one CSF sample
available andwere evaluated at the outpatient clinic or ward for Parkinson’s
disease at the University Hospital of Tübingen between 2002 and 2024.We
excluded patients with raremutations in LRRK2, Parkin, PINK1, and SNCA
to reduce genetic confounding effects, given the limited sample size.
Repeated longitudinal CSF samples were available from 63 participants. All
participantswere examined by amovement disorders specialist, andmost of
them (n = 278, 83.5%) were followed up longitudinally for an average of 5.1
years,withamedian timeof 51.5months (IQR14.5–102.8).Diagnosis ofPD
was defined according to UK Brain Bank Society Criteria22.

Disease stage was categorized by the modified H&Y scale23. Postural
instability was defined as H&Y ≥ 3. The following scores at clinical scales at
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baseline were also collected, when available: UPDRS part III (for patients
evaluated between 2002 and 2008: UPDRS part III, old version; other
patients: MDS-UPDRS part III24), UMSARS items 9–12 (orthostatic,
urinary, sexual, and bowel function), and Beck Depression Inventory-II
(BDI II). Olfactory performance was assessed using the Sniffin’ sticks test
and expressed as the percentage of sticks correctly identified out of the total
presented. Hyposmia was defined as the correct identification of less than
75% of the presented sticks. RBDwas assessed using Question 25 of the PD
NMSQuestionnaire25. Cognitive functionwas assessed usingMoCA score26

and/or theMini-Mental State Examination (MMSE)27. Since theMoCAwas
available from 2009, previously obtainedMMSE scores were converted into
MoCA equivalents28. Cognitive impairment was defined according to cri-
teria reported by Hoops et al. (MoCA ≤25; point of maximum combined
sensitivity and specificity)26.Moreover,wedefined the cognitive impairment
as severe with MoCA ≤ 18. The malignant phenotype was defined as the
concomitant presence of RBD, hyposmia, visual hallucinations, and cog-
nitive impairment.

Genetic analysis
Genetic screening for pathogenic variants in the genes GBA1, LRRK2,
Parkin and PINK1 was performed as previously described29. Due to the
limited sample size, patients carrying heterozygous or bi-allelicmutations in
LRRK2,Parkin, PINK1, and SNCAwere excluded from the study.Of the 333
included participants, 48 carried a variant in GBA1.

Endpoint dilution α-syn SAA
Samples were centrifuged within 60min and frozen at −80 °C within
90min after collection. SAA experiments were performed at the Institute of
Neurological Science of Bologna (ISNB). We performed purification of
recombinant wild-type human α-syn as previously described1. The CSF
SAA real-time quaking-induced conversion (RT-QuIC) was conducted
according to an established protocol, with minor modifications concerning
the number of loaded sample replicates atfirst screening and the duration of
the assay (see below)1,30. CSF samples of all participants were initially ana-
lyzed in octuplicate. We loaded one negative and three positive controls on
eachplate to verify the correct functioningof the assay.As anegative control,
we loaded the CSF pool we used to dilute the CSF samples fromPDpatients
(see below). As positive controls, we used brain homogenates (10% in PBS
1X) from three well-characterized LBD patients, showing 4 out of 4 positive
replicates at a screening SAArun.Thesewere thendiluted 10-5 in a pool ofα-
syn SAA-negative CSF samples collected from patients diagnosed with
normal pressure hydrocephalus.

Participants’ samples were deemed positive when at least 3 replicates
out of 8 loadedwells exceeded the arbitrarily set positivity threshold, defined
as 30% of the median of the maximum fluorescence intensity (Imax)
reached by the positive control replicates. We repeated the analysis in
quadruplicate for 60 samples that initially showed unclear results (i.e., 1 or 2
positive replicates). In the case of repeated analyses, samples yielding 3
positive replicates out of 12 and showing at least one 2/4 run were con-
sidered as “low positives” and subsequently subjected to ED SAA analysis to
evaluate their seeding behavior across serial dilutions. As a minor mod-
ification fromprevious studies, we established a duration of 40 h for the run.
This allowed the inclusion of curves with slower kinetics, overcoming the
positivity threshold near or slightly after the canonical 30-h incubation
period.Notably, this extension did not affect the interpretation of the binary
test results, as the outcome of the negative plate controls remained
unchanged (i.e., they were deemed negative at both 30 h and 40 h).

CSF samples showing positive results were then analyzed in octu-
plicate by the ED SAA RT-QuIC to quantify pathological seeds in CSF
samples. Two-fold serial dilutions were prepared and analyzed. Diluted
sampleswere considered positivewhen at least 3 out of 8 replicates showed
a positive response. For each sample, initial dilutions (typically up to 1:4 or
1:8) were run on the same plate, with the number of dilutions selected
based on the proportion of positive replicates obtained in the neat sample
during the screening assay.When additional dilutionswere required, they

were performed in separate experiments, considering that a limited
number of freeze–thaw cycles of the same sample has no significant
impact on assay performance, as previously shown12. The serial dilution
series was tested until the assay yielded ≤ 2 out of 8 positive replicates. The
dilutions were prepared using a pool of CSF samples that tested negative
by α-syn SAA assay. The negative pool was extensively validated before
use and was systematically included as a plate control in quadruplicate.
Specifically, each CSF sample included in the negative pool was indivi-
dually testedmultiple times to confirm the absence of seeding activity, and
the final pooled sample was also repeatedly assessed for consistent
negativity. For each new pool batch, additional validation was performed
by diluting highly positive CSF sample with a well-characterized dilution
profile to exclude the presence of matrix inhibitory effect. Plates showing
more than one positive replicate in the negative pool were excluded from
analysis, and the assay was repeated.

Then, we utilised the midSIN mathematical algorithm to estimate the
SD50, namely the seeding dose that resulted in 50% of positive replicate
wells for each sample. The SD50 value (expressed in log10SD50/ml) was
calculated by a computing open-source tool (https://midsin.physics.
ryerson.ca) based on the number of dilutions, the dilution factor (i.e., 0.5)
and the Nrep at each loaded dilution14,31.

Other SAAparameters analysed included thenumber of positive seeds,
defined as theNrep in each neat CSF, the totalNrep across the dilution series,
defined as LFP score, and the TTT, which refers to the time required for the
kinetic curve to reach the positivity threshold. Specifically, the calculated
TTTvalue represented themeanof the three shortestTTTvalues among the
positive replicates at baseline (i.e., best3-TTT). To account for potential
inter-plate variability, the TTT for each plate was normalized to the cor-
responding positive controls included in the same plate. All CSF measure-
ments were done, and results were reported blinded to the clinical diagnosis
and genetic status.

Statistical analysis
Statistical analysis was performed using IBMSPSS 26.0, GraphPad PrismV.
7 (GraphPad, La Jolla, CA, USA) and R (version 4.4.3) software. The nor-
mality of continuous variables was assessed using Shapiro-Wilk and
Kolmogorov-Smirnov tests. For normally distributed variables, a t-test was
used; for non-normally distributed variables, comparisons weremade using
the Mann-WhitneyU test. Spearman’s Rho coefficients were used to assess
the correlation between SD50 values and scores on clinical scales. P
values < 0.05 were considered statistically significant.

Univariable and multivariable linear regression models were used to
assess the association between log10SD50 values (independent variables)
and baseline clinical scale scores (dependent variables). In themultivariable
models, adjustments were made for age at sampling and disease duration at
baseline. Results are reported as β coefficients with 95% confidence intervals
(95% CI). Univariable and multivariable logistic regression models were
used to evaluate the associationbetween log10-transformedSD50 values and
the presence/absence of clinical features at baseline. Multivariable models
were adjusted for age at sampling and disease duration at baseline. Results
are expressed as odds ratios (OR) with 95% CI.

For the prognostic analysis, Kaplan-Meier estimates were used to
calculate the cumulative time-dependent probability of developing specific
disease milestones. The time of entry into the analysis was the date of the
baseline visit, and the endpoint was the date of milestone occurrence or the
last available follow-up, whichever came first. The milestones evaluated
included: severe cognitive impairment (defined as MoCA score ≤ 18),
Hoehn andYahr stage ≥ 3, hallucinations,motorwearing-off, repeated falls.
Univariable andmultivariableCox regressionmodelswereused to assess the
prognostic role of SD50 values. Multivariable models were adjusted for age
at sampling and disease duration at baseline. The results are reported as
hazard ratios (HR) with 95% CI. The assumption of proportional hazard
was assessed using Schoenfeld residuals. Participants who had already
reached themilestone at the timeof the baseline and thosewithno follow-up
data available after the baseline were excluded from the prognostic analyses.
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Participants were also stratified into tertiles based on their individual
CSF α-syn SD50 and the kinetic parameter TTT (best3-TTT). Group
comparisons of dichotomous data were analysed using the likelihood-ratio
chi-square test or Fisher’s exact test, as appropriate. Group comparisons
between the highest and lowest tertiles of SD50 with respect to demo-
graphics, clinical characteristics, and other CSF parameters were performed
using unpaired t-tests for normally distributed variables, and the Mann-
Whitney U test for non-normally distributed variables.

Finally, to analyse longitudinal changes in SD50 values, linear mixed-
effects modelling analysis with random intercept was used. The log10SD50
values were the dependent variable, and time (in months) was the inde-
pendent variable.

Ethics approval and consent to participate
The study was conducted in accordance with the revised Declaration of
Helsinki for the protection of human participants and Good Clinical
Practice guidelines approved by the Ethics Committee of the University of
Tuebingen (26/2007BO1, 404/2010BO1, 199/2011BO1, 702/2013BO1). All
participants gave written informed consent.

Data availability
Pseudonymised data are available upon reasonable request to Kathrin
Brockmann (mailto:kathrin.brockmann@uni-tuebingen.de) or Piero
Parchi (mailto:piero.parchi@unibo.it).
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