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ARTICLE INFO ABSTRACT

Keywords: Introduction: Neurodegeneration and a-synuclein aggregates are pathological hallmarks of Parkinson's disease
Parkinson's disease (PD). The a-synuclein seed-amplification assay (SAA) is a robust diagnostic tool for synucleinopathies. However,
CSF

its binary readout limits its utility, and associations between semi-quantitative parameters and clinical outcomes
remain inconsistent. This cohort study investigated whether baseline CSF a-synuclein SAA kinetic parameters are
associated with longitudinal clinical trajectories in PD.

Methods: A total of 898 participants with idiopathic PD and positive a-synuclein SAA (24-h protocol) from the
Parkinson's Progression Markers Initiative (PPMI) cohort were included.

Results: Linear mixed-effects models showed that higher maximum fluorescence, area under the fluorescence
curve, and maximum slope at baseline visit were significantly associated with slower cognitive decline, both
globally and across specific cognitive domains. In exploratory analyses, a similar, though less consistent, pattern
was observed for motor progression. Results were consistent in sensitivity analyses restricted to participants with
at least five years of follow-up (n = 309).

Conclusion: The main findings of this study suggest that higher baseline amplitude-related parameters on CSF
a-synuclein SAA are associated with less pronounced long-term cognitive decline in a subset of PD patients.
These results should be interpreted with caution, and further studies are needed to determine whether these
observations reflect methodological limitations of the assay or biologically meaningful differences in a-synuclein

Seed-amplification assay
a-synuclein
Cognitive decline

aggregation.
1. Introduction [1]. While a-syn aggregates have traditionally been considered neuro-
toxic and a key pathogenic mechanism, the limited efficacy of clinical
Neurodegeneration and a-synuclein (o-syn) aggregates are the trials targeting a-syn has prompted the re-emergence of alternative hy-
pathological hallmarks of Parkinson's disease (PD) [1]. These aggregates potheses [2]. Although their pathogenic role remains debated, they are
are not only found in the nigrostriatal pathway but are also widely widely accepted as a useful diagnostic biomarker of PD and other syn-
distributed throughout both the central and peripheral nervous systems ucleinopathies [3].
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Over the past decade, CSF a-syn seed-amplification assays (SAA)
have emerged as a very sensitive and specific tool for the diagnosis of
synucleinopathies [4]. a-syn SAAs involve the in vitro amplification of
aggregated a-syn (seeds) present in patient samples, by incorporating
a-syn monomers and applying fragmentation-elongation cycles through
agitation or other methods [5]. A major limitation of the assay is,
however, its categorical nature, typically classified as positive or nega-
tive based on whether the maximum fluorescence of the amplification
curve exceeds a predefined threshold [5]. Nonetheless, several studies
have explored the potential of kinetic parameters, such as time to
threshold (TTT), maximum fluorescence (Fp.x), time to reach 50% of
Fmax (T50), maximum slope of the curve (Slopenay), time to reach Slo-
Pemax (TSmax), or area under the fluorescence curve (AUFC), to
semi-quantify the assay and investigate possible associations between
amplification kinetics and clinical progression [6-17].

To date, findings in PD have been highly variable and inconsistent.
Most studies have not found associations between kinetic parameters
with cross-sectional or longitudinal clinical measures such as Movement
Disorders Society-Unified PD Rating Scale (MDS-UPDRS), disease
duration, or Montreal Cognitive Assessment (MoCA) [9,12-18]. In line
with the hypothesis that CSF a-syn SAA reflects underlying Lewy-body
pathology and potentially more severe neurodegeneration, some
studies have reported limited associations, such as lower MoCA or GBA
pathogenic variants with shorter TTT or TSpax, and higher Hoehn &
Yahr, dysautonomia, or REM-sleep behavior disorder with lower T50,
suggesting that faster aggregation might be associated with more severe
disease [6-11]. Paradoxically, other studies have reported longer T50
associated with worse MoCA and higher MDS-UPDRS I, suggesting a
more severe phenotype despite slower seeding [12].

Given these inconsistencies, further investigation in larger longitu-
dinal cohorts is warranted. In addition, limited data are available
regarding the relationship between CSF a-syn SAA kinetics with cogni-
tive and neuropsychiatric symptoms. This study aimed to evaluate
whether baseline kinetic parameters of CSF a-syn SAA predict the long-
term clinical course in a large cohort of idiopathic PD patients, with
particular focus on cognitive and neuropsychiatric symptoms. We
analyzed data from the Parkinson's Progression Markers Initiative
(PPMI) cohort, restricting analyses to samples generated using the 24-h
SAA protocol, thereby avoiding the protocol heterogeneity present in
prior PPMI-based studies [7,18].

2. Methods
2.1. Study design and selection of participants

Data used in the preparation of this cohort study were obtained on
April 11, 2026, from the PPMI database (www.ppmi-info.org/access
-dataspecimens/download-data), RRID:SCR 006431. PPMI is an
ongoing longitudinal, observational, multi-center study assessing clin-
ical, imaging, and biological features of PD across all stages of the dis-
ease. The PPMI protocol was approved by the Western Institutional
Review Board (#20211908), as well as by the institutional review
boards of all participating sites. Written informed consent was obtained
from all participants. For up-to-date information, visit www.ppmi-info.
org.

Patients from the PD cohort were included if they met the following
criteria: diagnosis of idiopathic PD, positive CSF a-syn SAA <1 year after
baseline, and at least one follow-up visit. Patients with monogenic forms
of PD (SNCA, LRRK2, PINK1, or PRKN), as well as those from the Pro-
dromal, SWEDD, or Healthy Control cohorts, were excluded from the
analysis.

2.2. Clinical assessments

The following clinical variables were evaluated: MDS-UPDRS III for
motor symptoms, MoCA for global cognitive performance, Hopkins
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Verbal Learning Test (HVLT) for memory, Letter Number Sequencing
(LNS) for executive functions, Symbol Digit Modalities Test (SDMT) for
attention and processing speed, animal fluency (AF) for language,
Judgement of Line Orientation (JLO) for visuospatial abilities, MDS-
UPDRS 1.2 for hallucinations, MDS-UPDRS 1.5 for apathy, 15-item
Geriatric Depression Scale (GDS) for depression, State subscale of the
State-Trait Anxiety Inventory (STAI state) for anxiety, and Question-
naire for Impulsive-Compulsive Disorders in PD (QUIP) for impulse-
control disorder (ICD). For the exploratory subgroup analyses accord-
ing to baseline cognitive status, participants were classified as PD-mild
cognitive impairment (PD-MCI) if their baseline MoCA was <26 and
as PD- normal cognition (PD-NC) if their baseline MoCA was >26.

2.3. CSF a-syn SAA

CSF collection, shipment, storage, and analysis were performed at
each study site according to the protocols detailed in the PPMI biologics
manual (http://www.ppmi-info.org/).

CSF a-syn SAA analyses were performed centrally by Amprion using
standardized procedures and under blinded conditions as previously
described [5]. Laboratory personnel performing the assays were inde-
pendent from participant clinical assessments and from the statistical
analyses conducted for the present study. All samples were run between
January 3, 2023, and August 8, 2025. Only samples collected <1 year of
the baseline visit were included in the present study. To ensure meth-
odological consistency, only results generated using the Amprion 24-h
protocol were considered; results from the Amprion 150-h protocol
were excluded. Given that each sample was run in triplicate, kinetic
parameters of the amplification curve (Fyax, TTT, AUFC, TSax, Slope-
max) Were averaged across the three replicates.

In brief, Fpax represents the maximum fluorescence reached by the
curve, TTT is the time at which fluorescence exceeds the predefined
positivity threshold, AUFC corresponds to the area under the fluores-
cence curve, TSy« indicates the time to Slopepay, and Slopepax refers to
the inflection point of the curve (Supplementary Fig. 1).

2.4. Statistical analysis

Descriptive statistics were calculated for demographic, clinical, and
CSF a-syn SAA variables at baseline. Since Kolmogorov-Smirnov tests
indicated non-normal distributions for all continuous variables, these
are reported as medians and interquartile ranges (IQR).

To explore bivariable associations between continuous variables,
non-parametric tests were used, including the Mann-Whitney U test and
Spearman's rank correlation coefficients. For associations between cat-
egorical variables, 52 tests were used. For the comparison between
participants with <5 years and >5 years of follow-up, effect sizes were
calculated for significant continuous comparisons and interpreted as
small (x0.1), medium (~0.3), or large (>0.5).

Linear mixed-effects models (LMMSs) were used to examine the as-
sociation between baseline SAA kinetic parameters and the longitudinal
progression of clinical outcomes. In the primary analyses, all models
included fixed effects for time (modeled as a continuous variable), the
baseline kinetic parameter of interest, their interaction term, and
covariates (specified in the Results section) selected a priori for each
model. The LMM structure is detailed in the Supplementary Methods.
The random-effects structure was determined by comparing random
intercept-only and random slope models using maximum likelihood
estimation and Akaike's Information Criterion (AIC). Models including
random slopes for time provided a better fit and were therefore adopted
as the primary specification. Models allowing correlation between
random intercepts and slopes were also explored but showed numerical
instability and convergence issues without meaningful improvement in
model fit; therefore, a model with uncorrelated random slopes was used.
Model parameters were estimated using restricted maximum likelihood
(REML), and degrees of freedom were approximated using
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Satterthwaite's method.

To further characterize the temporal pattern of associations, a post
hoc analysis was conducted in which time was modeled as a categorical
variable. In these models, only random intercepts were included, as
random slopes were not estimable under this specification due to model
complexity and convergence limitations. This approach allowed iden-
tification of the specific time points at which associations emerged. For
illustrative purposes, kinetic parameters were additionally categorized
into quartiles, and trajectories across kinetic parameter quartiles were
compared using LMMs with time modeled as a categorical variable and
random intercepts. The statistical significance of the quartile-time
interaction was evaluated using a Type IIl Wald y? test.

Multiple comparisons for the primary analyses were addressed using
the Benjamini-Hochberg false discovery rate (FDR). Given the high
intercorrelation among SAA kinetic parameters (Spearman's p = 0.785-
0.998), results across kinetic parameters were interpreted as convergent
rather than independent evidence.

A two-tailed p value < 0.05 was considered statistically significant
for all tests. A significance threshold of g < 0.05 was applied for FDR-
corrected results. All analyses were performed using R software (v4.4.2).

3. Results
3.1. Baseline characteristics

A total of 898 participants were included (Supplementary Fig. 2).
The median age was 63.8 years (IQR 57-69.6), with a disease duration of
0.6 years (IQR 0.3-1.1), and MDS-UPDRS III of 21 at baseline (IQR 15-
29). The median follow-up duration was 3 years (IQR 2-7), with 309
participants (34.4%) with >5 years of follow-up. Additional baseline
characteristics are summarized in Table 1. The availability of variables
at each timepoint is summarized in Supplementary Table 1.

As all kinetic parameters were derived from the mean of three
replicate measurements, intra-assay variability was assessed across
triplicates. The median coefficient of variation was 4.1% (IQR 2.6-6.4)
for Fmax, 7.7% (IQR 4.8-11.2) for TTT, 8.3% (IQR 5.0-14.6) for AUFC,
7.5% (IQR 4.6-11.0) for TSpax, and 6.3% (IQR 3.8-9.6) for Slopemax,

Table 1
Baseline characteristics of idiopathic PD and positive CSF a-syn SAA cohort
(n = 898).

Age, years 63.8 (57-69.6)

Sex, female 316 (35.2%)

Education level, years 16 (14-18)

Disease duration, years 0.6 (0.3-1.1)
MDS-UPDRS III 21 (15-29)

LEDD 0 (0-0)

MoCA 27 (26-29)

MDS-UPDRS 1.2 (hallucinations) 0 (0-0)

GDS 2(0-3)

STAI state 61 (50-75)

MDS-UPDRS 1.5 (apathy) 0 (0-0)

QUIP total 0 (0-0)

GBA pathogenic variant 65 (7.2%)

APOE ¢4 207 (23.1%)

Fmax, value 146750 (127547-165692)
TTT, h 11.2 (9.2-12.7)

AUFC, value 5249666667 (4384083333-6060916667)
TSmax 1 11.7 (9.6-13.3)

Slopemax, value 42.3 (35.2-48.9)

Continuous variables are presented as median (interquartile range), categorical
variables are presented as number (percentage).

AUFC: area under the fluorescence curve; Fp,,,: maximum fluorescence; GDS:
Geriatric Depression Scale; h, hours; LEDD: levodopa equivalent daily dose;
MDS-UPDRS III: Movement Disorders Society-Unified Parkinson's Disease Rat-
ing Scale part III; MoCA: Montreal Cognitive Assessment; QUIP: Questionnaire
for Impulsive-Compulsive disorders in Parkinson's disease; Slopem,x: maximum
slope value; STALI: State-Trait Anxiety Inventory; TSp,x: time to reach maximum
slope; TTT: time to threshold.
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indicating good reproducibility across replicate measurements.

In the bivariate analysis between kinetic parameters and clinical-
demographic features, age correlated with Fp.y (p = —0.118;
p < 0.001), AUFC (p = —0.068; p = 0.042), and Slopepax (p = —0.130;
p < 0.001); female sex was associated with higher Fpax (p < 0.001),
AUFC (p < 0.001), and Slopepax (p < 0.001); GBA carrier status was
associated with lower Slopepay (p = 0.003) and lower F,x (p = 0.049)
(Supplementary Tables 2 and 3). As expected, amplitude-related mea-
sures (Frax, AUFC, and Slopenay; p = 0.785-0.853) and between time-
related parameters (TTT and TSpax; p = 0.998) were highly intercorre-
lated. Consequently, findings across these parameter groups should be
interpreted as convergent evidence from mathematically related mea-
sures rather than fully independent signals.

3.2. Baseline kinetic parameters and clinical progression

We conducted LMMs to assess the predictive value of baseline CSF
a-syn SAA kinetic parameters on the longitudinal progression of clinical
symptoms. All models were adjusted for age, sex, disease duration, GBA
and APOE ¢4 carrier status; MoCA was included in all models except the
MDS-UPDRS III and QUIP models; LEDD was included in the MDS-
UPDRS III models; years of education was included in the MoCA
models; and GDS was included in the MDS-UPDRS 1.5 (apathy) models.

All outcomes worsened over time when time was modeled as the sole
predictor (Supplementary Table 4-8). When including the interaction
between kinetic parameters and time, with time treated as a continuous
variable and random slopes specified for time, higher baseline
amplitude-related parameters (Fpax, AUFC, and Slopen,x) were signifi-
cantly associated with a slower rate of MoCA decline (Table 2). Addi-
tionally, lower Slopemax, longer TTT and TSpyax were significantly
associated with higher QUIP scores over time. After FDR correction, only
associations between amplitude parameters and MoCA progression
remained significant (¢ < 0.05); all other associations were not
significant.

To further examine the temporal dynamics of these associations, we
conducted a complementary analysis in which time was modeled as a
categorical variable with a random intercept (Supplementary
Table 4-8). This analysis showed that the association between
amplitude-related parameters and MoCA decline was not constant over
follow-up, but became evident primarily from year six onwards, with
effect sizes increasing progressively through year twelve, consistent
with the main analysis. The number of participants contributing MoCA
assessments decreased to 247 at year 6, 215 at year 7, 161 at year 8,
131 at year 9, 151 at year 10, 146 at year 11, and 134 at year 12
(Supplementary Table 1). Notably, for MDS-UPDRS III a similar pro-
gressive pattern emerged from year six onwards despite not reaching
significance in the primary model, suggesting a late-emerging effect on
motor progression that the continuous time variable plus random slopes
model lacked sufficient power to detect. Results for MDS-UPDRS 1.2
(hallucinations), MDS-UPDRS 1.5 (apathy), GDS, and STAI state, were
largely non-significant.

For illustrative purposes, the cohort was divided into quartiles based
on baseline F 5 (Q1, lowest values; Q4, highest values). The interaction
between quartile and time was statistically significant for both MoCA (y?
(36) =124.6,p < 0.001) and MDS-UPDRS III ()(2 (36) =55.4,p=0.020),
confirming that clinical trajectories diverged significantly across quar-
tiles over the follow-up period (Fig. 1).

3.3. Baseline kinetic parameters and progression in cognitive domains

Given the observed association between MoCA progression and ki-
netic parameters, we further examined the longitudinal trajectories of
individual cognitive domains in a post hoc exploratory analysis (Table 3).
After FDR correction, higher baseline F,.x was significantly associated
with slower decline in HVLT retention, AF and JLO. Similarly, higher
Slopemax was significantly associated with slower decline in HVLT
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Table 2
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LMMs exploring the association between baseline kinetic parameters and the progression of clinical scales.

MDS-UPDRS III MoCA MDS-UPDRS 1.2 (hallucinations)

GDS STAI state MDS-UPDRS 1.5 (apathy) QUIP

Frnax —0.134 (0.147) 0.078 (0.003)* —0.006 (0.158)
TTT —0.038 (0.680) —0.026 (0.319) 0.002 (0.592)
AUFC —0.102 (0.271) 0.059 (0.025)* —0.005 (0.257)
TSmax —0.047 (0.605) —0.026 (0.320) 0.002 (0.583)
Slopenax —0.093 (0.320) 0.085 (0.001)* —0.005 (0.195)

—0.008 (0.666)
0.008 (0.663)
—0.007 (0.731)
0.006 (0.741)
—0.014 (0.468)

0.031 (0.600)
—0.021 (0.724)
0.038 (0.509)
—0.023 (0.696)
0.020 (0.744)

—0.008 (0.100)
0.001 (0.885)
—0.007 (0.162)
0.001 (0.851)
—0.008 (0.114)

—0.004 (0.455)
0.012 (0.021)
—0.009 (0.069)
0.012 (0.018)
—0.011 (0.032)

Results are presented as estimate (p value). Statistically significant p values are shown in bold. *Results surviving FDR correction (g < 0.05).

AUFC: area under the fluorescence curve; Fp,,,: maximum fluorescence; GDS: Geriatric Depression Scale; MDS-UPDRS III: Movement Disorders Society-Unified
Parkinson's Disease Rating Scale part III; MoCA: Montreal Cognitive Assessment; QUIP: Questionnaire for Impulsive-Compulsive disorders in Parkinson's disease;
Slopenax: maximum slope value; STAL State-Trait Anxiety Inventory; TSyay: time to reach maximum slope; TTT: time to threshold.
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Fig. 1. LMMs exploring the association between baseline Fp,.x-quartiles and the progression of MDS-UPDRS III and MoCA
MDS-UPDRS III: Movement Disorders Society-Unified Parkinson's Disease Rating scale part III; MoCA: Montreal Cognitive Assessment.

LNS

SDMT AF JLO

0.036 (0.063)
—0.001 (0.944)
0.018 (0.344)
—0.002 (0.925)

0.149 (0.035) 0.043 (0.011)*
—0.01 (0.537)
0.031 (0.057)

—0.011 (0.491)

0.109 (0.002)*
—0.056 (0.112)

0.105 (0.002)*
—0.055 (0.115)

—0.183 (0.009)*
0.162 (0.021)
—0.186 (0.007)*

Table 3
LMMs exploring the association between baseline kinetic parameters and the progression of cognitive domains.
HVLT imm HVLT ret HVLT del
Frax 0.032 (0.048) 0.092 (0.010)* 0.003 (0.111)
TTT 0.015 (0.314) —0.028 (0.425) 0.001 (0.531)
AUFC 0.012 (0.417) 0.063 (0.069) 0.001 (0.474)
TSmax 0.016 (0.286) —0.026 (0.463) 0.001 (0.540)
Slopemax 0.018 (0.225) 0.087 (0.014)* 0.002 (0.213)

0.034 (0.073)

0.265 (<0.001)* 0.046 (0.006)* 0.112 (0.002)*

Results are presented as estimate (p value). Statistically significant p values are shown in bold. *Results surviving FDR correction (q < 0.05).

AF: Animal fluency; AUFC: area under the fluorescence curve; Fyax: maximum fluorescence; HVLT del: HVLT delayed recall; HVLT imm: Hopkins Verbal Learning Test
immediate recall; HVLT ret: HVLT retention; JLO: Judgement of Line Orientation; LNS: Letter Number Sequencing; SDMT: Symbol Digit Modalities Test; Slopemax:
maximum slope value; TSy,x: time to reach maximum slope; TTT: time to threshold.

retention, SDMT, AF, and JLO, while higher AUFC was associated with
better longitudinal performance in JLO. In addition, shorter TTT and
TSmax were associated with better longitudinal performance on the
SDMT. Several additional nominal associations, including those be-
tween Fmax and HVLT immediate recall or SDMT and between AUFC
and SDMT, did not survive FDR correction and should therefore be
interpreted cautiously. Overall, these findings are consistent with those
observed for the MoCA in the primary analysis.

3.4. Sensitivity analysis

The long follow-up period in this cohort resulted in a substantial
amount of missing data over time. To assess the potential impact of this,
participants were stratified into two subgroups for a sensitivity analysis:
<5 years (n = 589) and >5 years of follow-up (n = 309). The median
follow-up in the latter group was 10 years (IQR 7-12). Bivariate com-
parisons revealed statistically significant differences at baseline between
the two subgroups in age, disease duration, education level, MDS-
UPDRS III, LEDD, STAI state, QUIP, GBA carrier status, TTT, TSpax
and Slopepay, with small effect sizes (Supplementary Table 9). Among
participants with <5 years of follow-up, the shorter follow-up duration
was primarily due to recent enrollment (88%) rather than withdrawal
(12%).

In the sensitivity analysis restricted to participants with >5 years of

follow-up, the primary findings were largely replicated (Supplementary
Table 10). In the LMMSs with time as a continuous variable and random
slopes, the associations between amplitude-related parameters and
cognitive decline on the MoCA remained statistically significant for Fpx
(p = 0.083, p = 0.002), and Slopenax (f = 0.060, p = 0.022). For QUIP,
the associations with AUFC (8 = —0.012, p = 0.035) and Slopepax
(f = —0.014, p = 0.016) were also significant, whereas TTT (p = 0.083)
and TS« (p = 0.079) showed similar effect estimates but did not reach
statistical significance in this subsample. Results for MDS-UPDRS III,
MDS-UPDRS 1.2 (hallucinations), MDS-UPDRS 1.5 (apathy), GDS, and
STAl-state remained non-significant. Associations with the progression
of individual cognitive domains were largely unchanged
(Supplementary Table 11).

Finally, we explored whether the association between kinetics and
MoCA progression differed according to baseline cognitive status (PD-
NC vs PD-MCI). A nominal interaction was observed for Fpax (B = —0.18,
p = 0.016), with a similar trend for AUFC (p = —0.14, p = 0.056),
although none of these interactions remained significant after FDR
correction (Supplementary Table 12).

4. Discussion

In this longitudinal study we observed that CSF o-syn SAA
amplitude-related parameters, such as higher Fp,,x, AUFC, and Slopemax,
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at baseline visit were associated with a slower cognitive decline, as
measured with MoCA and domain-specific tests, in idiopathic PD. In
exploratory post hoc analyses, we also observed a more stable MDS-
UPDRS III progression in individuals with higher baseline Fpax. These
findings were robust in sensitivity analyses restricted to participants
with extended follow-up suggesting that, at least in a subset of idiopathic
PD patients, baseline amplitude-related parameters may be linked to a
more stable clinical progression.

a-syn SAA is a technique designed to infer the presence of seeding-
competent forms of a-syn, typically fibrillar or proto-fibrillar with
p-sheet structures [5]. As previously noted, despite providing a binary
output, many studies, including the present one, have explored the po-
tential of semi-quantitative parameters derived from the amplification
curve. While time-related metrics such as TTT or TSy« are considered
more reliable indicators of seed burden and overall seeding activity of
the sample, amplitude-dependent metrics also capture aspects of seed
burden and seeding dynamics, although they tend to be more variable
and can be affected by saturation effects [19-22]. In our study, the
strongest associations were observed between amplitude-related pa-
rameters (Fpax, AUFC, and Slopenax), although we also found isolated
associations between shorter TTT and TSyax With a better progression of
QUIP, or SDMT. As these amplitude-related parameters are highly
correlated and derived from the same amplification curve, their con-
sistency should be interpreted as reflecting a shared assay characteristic
rather than independent biological signals. Whether these findings
reflect differences in the initial seed burden, distinct seeding dynamics
driven by conformationally heterogeneous a-syn strains, or simply rapid
plateau effects in patients with very high seed levels, remains to be
determined [23,24]. In addition, technical and assay-related factors may
also contribute to the observed variability in kinetic parameters and
further complicate their biological interpretation. Although reproduc-
ibility across triplicates was good, kinetic parameters remain continuous
measures derived from amplification curves and are therefore inherently
more variable than the binary result. This residual variability may
partially attenuate the strength of clinical associations and should be
considered when interpreting the modest effect sizes observed.

In the past year, some studies using the same cohort as the present
work have been published. Among them, only Orra et al. reported a
slightly increased risk of cognitive decline in patients with faster TTT,
whereas other two studies did not identify associations between clinical
symptoms and kinetic parameters [7,18,25]. Our dataset, obtained in
April 2026, includes a larger cohort of participants assessed exclusively
with the 24-h SAA protocol, rather than a mixture of 24- and 150-h
protocols. Given that kinetic parameters have been shown to differ be-
tween these two protocols, this methodological variation may partly
account for the discrepancies between our results and previous analyses
from this cohort [25]. It is also worth noting that, although
non-significant trends were observed during the initial years of
follow-up, significant associations predominantly emerged after year
six. This longer follow-up period may further account for differences
with previous studies with shorter observation windows in a very early
PD population [18,25].

The consistency in the direction of associations across multiple
cognitive tests in this large multicenter cohort raises the question of
whether patients with better outcomes truly represent individuals with
greater intrinsic aggregation capacity, or whether the findings could
instead reflect a saturation/plateau effect in those with worse progres-
sion, or limitations in the quantitative reliability of a-syn SAA, as sug-
gested by recent studies [25]. In line with our results, a previous study
also reported higher seeding activity parameters associated with a less
severe clinical phenotype, an observation the authors described as not
expected [12]. Furthermore, in the exploratory analyses of the present
study, amplitude-related parameters were consistently associated with
better longitudinal performance in memory, language, and visuospatial
domains. Although these findings should be interpreted with caution,
their convergence across domains typically linked to a more aggressive
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cognitive decline in PD may argue against a purely spurious association
[26]. The ongoing debate regarding the pathogenic role of a-syn
together with the emergence of alternative hypotheses, underscores the
need for further studies to clarify these findings, and to better under-
stand the SAA and the pathophysiological role of a-syn aggregates [2].

This study is not without limitations. First, both the MoCA and the
MDS-UPDRS I are brief screening tools with limited range, which may
not optimally capture changes over time. For cognitive assessment we
were able to complement MoCA with domain-specific tests. Second, as is
inherent to long-term prospective studies with multiple follow-up visits,
there was a substantial amount of missing longitudinal data. As previ-
ously noted, most of the missing data among participants with <5 years
of follow-up was due to their recent inclusion rather than withdrawal.
To address this, we used LMMs, which are well-suited for handling
missing data, and we also conducted a sensitivity analysis by re-running
the LMMs in participants with >5 years of follow-up. This large sub-
sample comprised 309 patients, in whom the findings were consistent
with those of the full cohort. The number of participants contributing
observations decreased at later follow-up visits; therefore, potential se-
lection bias related to differential follow-up cannot be completely
excluded. Although the generalizability of these findings to other PD
cohorts warrants further investigation, they might be valid for a subset
of PD patients. Third, although several associations were statistically
significant, effect sizes were small (standardized g < 0.2), suggesting
that their clinical utility may be limited. Nonetheless, these findings may
still provide useful insights into the mechanistic basis of a-syn SAA and/
or a-syn aggregation. Finally, the unclear biological role of fibrils and
clinical significance of SAA kinetic parameters in PD, together with in-
consistencies across different SAA protocols, complicate the interpreta-
tion of our findings. Nevertheless, several strengths of the study should
be noted. These include the large sample size, the longitudinal design,
the exclusive inclusion of idiopathic PD cases, and the use of a single
SAA protocol for all participants. Furthermore, by modeling trajectories
over time rather than relying on specific cut-offs, particularly for in-
struments with a narrow range, we provide a more reliable approach to
capturing clinical progression [26].

In conclusion, these findings suggest that long-term cognitive decline
may be less pronounced in a subset of individuals with idiopathic PD
exhibiting higher baseline amplitude-related parameters in CSF a-syn
SAA. Exploratory analyses further suggested a similar pattern for motor
progression, although these findings were less consistent. These results
should be interpreted with caution, and further studies are warranted to
validate these findings and clarify the biological mechanisms underlying
the observed associations.
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