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Diagnostic and prognostic value of a-synuclein seed
amplification assay kinetic measures in Parkinson'’s disease:
a longitudinal cohort study
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Summary

Background a-synuclein seed amplification assay (SAA) positivity has been proposed as a diagnostic biomarker for
Parkinson’s disease. However, studies of the prognostic value of this biomarker have been limited to small, single-
centre studies over short follow-up periods. We aimed to assess the diagnostic and prognostic value of quantitative
CSF o-synuclein SAA kinetic measures in Parkinson’s disease.

Methods In this longitudinal cohort study, we collected and analysed data from participants with Parkinson’s disease,
progressive supranuclear palsy, and healthy controls enrolled in three cohorts: the UK parkinsonism cohort, the
Parkinson’s Progression Markers Initiative (PPMI) international observational study, and the Tiibingen Parkinson’s
disease cohort. Baseline CSF a-synuclein SAA data and longitudinal clinical data were collected between Jan 1, 2005,
and Nov 1, 2023. The following seeding kinetic measures were calculated from the a-synuclein SAA curve for each
SAA-positive sample: time to threshold (TTT) for a positive SAA result; maximum Thioflavin T fluorescence during
the reaction time (MaxThT); and area under the fluorescence curve during the reaction time (AUC). We compared
seeding kinetic measures between sporadic Parkinson’s disease and progressive supranuclear palsy, and between
sporadic Parkinson’s disease and monogenic Parkinson’s disease. We used time-to-event analyses to assess the ability
of a-synuclein SAA kinetic measures to predict an unfavourable outcome in Parkinson’s disease, adjusting for sex,
age, and disease duration at SAA testing.

Findings We analysed data from 1631 participants: newly generated data from the UK parkinsonism cohort (Parkinson’s
disease, n=66; progressive supranuclear palsy, n=52; controls, n=9) and previously generated data from the PPMI
(Parkinson’s disease, n=1036; controls, n=239) and Tiibingen (Parkinson’s disease, n=229) cohorts. In the UK
parkinsonism cohort, a-synuclein SAA was positive in 63 (96%) of 66 Parkinson’s disease samples and
eight (15%) of 52 progressive supranuclear palsy samples, with six (75%) of eight positive progressive supranuclear
palsy samples having distinct low and slow seeding kinetics (low MaxThT and high TTT) as a marker of Lewy body
co-pathology. TTT was faster in GBAI-associated Parkinson’s disease compared with sporadic Parkinson’s disease in
both the PPMI (p=0-04) and Tiibingen (p=0-01) cohorts. In the PPMI cohort, after excluding individuals who had an
unfavourable outcome at the time of baseline SAA testing, an unfavourable outcome was observed in 593 (73%) of
810 participants with a-synuclein SAA-positive Parkinson’s disease during a median follow-up period of 4-5 years
(IQR 2-9). TTT at baseline predicted only cognitive decline (Montreal Cognitive Assessment score <21) as a
component of an unfavourable outcome in Parkinson’s disease in both the PPMI (n=824, hazard ratio [HR] 2-36
[95% CI 1-60-3-46], p=0-001) and Tiibingen (n=135, 2-17 [1-07—4-41], p=0-03) cohorts. TTT also predicted cognitive
decline in a subgroup of participants with Parkinson’s disease in the PPMI cohort who were Alzheimer’s disease
biomarker negative (n=355, HR 1-80 [95% CI 1-03-3-18], p=0-04).

Interpretation Assessing a-synuclein SAA kinetic measures might aid in the diagnostic differentiation of Parkinson’s
disease from progressive supranuclear palsy with Lewy body co-pathology. Furthermore, faster seeding kinetics are
found in GBA1-Parkinson’s disease and predict cognitive decline in Parkinson’s disease independently of Alzheimer’s
disease co-pathology.
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Research in context

Evidence before this study

We searched PubMed for articles on the diagnostic and
prognostic value of CSF a-synuclein seed amplification assays
(SAAs) in Parkinson’s disease, with no language restrictions,
from database inception up to April 1, 2025, using the
following search string: “Parkinson’s disease” AND “CSF seed
amplification assay”, “diagnosis” OR “prognosis”. Previous
studies, including those involving the Parkinson’s Progression
Markers Initiative (PPMI) cohort, have reported on the
diagnostic value of a-synuclein SAA status in sporadic and
monogenic forms of Parkinson’s disease. However, the effect of
co-pathologies and genetic status on a-synuclein seeding
kinetics has not been explored. Similarly, previous analyses of
the prognostic value of a-synuclein SAA seeding kinetics have
been limited to small, single-centre studies over short
follow-up periods.

Added value of this study

To the best of our knowledge, this is the first study to show
distinct low and slow seeding kinetics in a-synuclein
SAA-positive CSF samples from individuals with progressive
supranuclear palsy as a marker of Lewy body co-pathology.

We also found that the a-synuclein SAA kinetic measure,

time to threshold (TTT), was faster in GBA1-Parkinson’s disease
compared with sporadic Parkinson’s disease, in line with

Introduction

Parkinsonian disorders include Parkinson’s disease,
progressive supranuclear palsy, corticobasal degeneration,
multiple system atrophy, and dementia with Lewy bodies.
Each of these disorders is characterised pathologically by
the prion-like spread of distinct structures of misfolded
proteins  in  specific = brain  regions, leading
to neurodegeneration and progressive neurological
impairment.’ Misfolded neuronal a-synuclein in the form
of Lewy body pathology is the hallmark of Parkinson’s
disease and dementia with Lewy bodies, whereas multiple
system atrophy comprises a-synuclein pathology in
the form of glial cytoplasmic inclusions.” By contrast,
progressive  supranuclear palsy and corticobasal
degeneration are characterised by the presence of
neuronal and astrocytic four-repeat tau pathology.

In the absence of objective biomarkers, achieving an
accurate diagnosis in patients presenting with
symptoms suggestive of an underlying parkinsonian
disorder is challenging, especially in the early stage of
symptomatic disease when there is a high degree of
clinical overlap between Parkinson’s disease, progressive
supranuclear  palsy, multiple system atrophy,
corticobasal syndrome, and dementia with Lewy bodies.
This diagnostic challenge has been highlighted in
previous cohort studies of patients who initially fulfil
Parkinson’s disease clinical diagnostic criteria where up
to 10% of patients later have revised clinical diagnoses

www.thelancet.com/neurology Vol 24 July 2025

GBA1-Parkinson’s disease being a faster progressing form of
Parkinson’s disease. Furthermore, our comprehensive time-to-
event analyses in the PPMI cohort have shown that baseline
TTT predicts cognitive decline in both sporadic and monogenic
Parkinson’s disease, and this finding was independently
replicated in the TUbingen Parkinson’s disease cohort.
Importantly, we also highlight that the association between
TTT and cognitive decline in Parkinson’s disease is independent
of Alzheimer’s disease co-pathology. This suggests that fast TTT
is a reflection of more aggressive a-synuclein seeding that
increases the rate of Lewy body pathology spread to the cortex.

Implications of all the available evidence

a-Synuclein SAA positivity with distinct low and slow kinetics in
a subset of progressive supranuclear palsy samples is a marker
of Lewy body co-pathology, which highlights the diagnostic
value of quantitative seeding kinetic measures. This result also
reinforces the need for the development of four-repeat tau SAA
to be used in combination with a-synuclein SAA for greater
diagnostic accuracy in clinical practice. We have also shown that
genetic status in Parkinson’s disease determines the profile of
a-synuclein seeding kinetics. Furthermore, TTT could be used as
a prognostic biomarker and clinical trial stratification tool to
recruit Parkinson'’s disease trial cohorts with homogeneous
disease progression trajectories.

including progressive supranuclear palsy and multiple
system atrophy.*

Furthermore, considerable variability exists in the rate
of clinical disease progression in Parkinson’s disease.
Certain motor and cognitive features have been shown to
predict Parkinson’s disease progression subtypes,’ but
the reporting of such clinical features is subjective and
varies between patients.

Ultimately, the combination of clinical diagnostic
uncertainty and variable progression rates leads to a lack of
homogeneous groups for disease-modifying clinical trials.®

There is emerging evidence that positivity in
a-synuclein seed amplification assays (SAAs), which
detect seeding-competent a-synuclein aggregates, is a
marker of Lewy body pathology. The large-scale
application of the Amprion 150 h a-synuclein SAA in the
Parkinson’s Progression Markers Initiative (PPMI)
cohort showed high rates of assay positivity in sporadic
Parkinson’s disease and high sensitivity and specificity
of the assay to reliably differentiate Parkinson’s disease
from healthy controls. Monogenic forms of Parkinson’s
disease had distinct rates of positivity in a-synuclein
SAA with high positivity rates in GBAI-Parkinson’s
disease samples, whereas only 68% of LRRK2-
Parkinson’s disease samples were a-synuclein
SAA-positive, suggesting pathological heterogeneity.
Furthermore, a-synuclein SAA might be reliable in
detecting pathology in the prodromal phase of Parkinson’s
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disease and in differentiating Parkinson’s disease from
multiple system atrophy.”” As such, there are now
proposed biologically defined criteria for neuronal
a-synuclein disease and Parkinson’s disease to enable
future research studies.”"

We aimed to assess the diagnostic and prognostic
value of quantitative seeding kinetic measures derived
from a-synuclein SAA by assaying the UK parkinsonism
cohort and analysing previously generated data from
the PPMI and Tibingen Parkinson’s disease cohorts.
Specifically, the aims of this study were to assess
whether the profile of a-synuclein SAA kinetic
measures can distinguish Parkinson’s disease from
progressive supranuclear palsy with Lewy body
co-pathology in the setting of a-synuclein SAA
positivity; whether a-synuclein SAA kinetic measures
differ in sporadic and monogenic forms of Parkinson’s
disease; and whether a-synuclein SAA kinetic measures
at baseline predict the rate of clinical progression in
Parkinson’s disease.

Methods

Study design and participants

In this longitudinal cohort study, we collected and
analysed data from three cohorts.

The UK parkinsonism cohort consisted of participants
with Parkinson’s disease or progressive supranuclear
palsy as well as healthy controls who had provided written
informed consent. Participants with Parkinson’s disease
who fulfilled Queen Square Brain Bank clinical diagnostic
criteria” and were recruited to the Exenatide-PD3 clinical
trial between Jan 1, 2020, and April 1, 2022, were included
in the cohort.” The trial received research ethics committee
(initial date of approval Oct 15, 2019, research ethics
commiittee reference number 19/SC/0447) and regulatory
approvals (Medicines and Healthcare products Regulatory
Agency clinical trial authorisation 20363/0406/001-0001),
and is registered with the ISRCTN Registry (14552789),
EudraCT  (2018-003028-35) and  ClinicalTrials.gov
(NCT04232969). Only baseline (pre-drug or pre-placebo)
CSF samples were used as part of this study. People with
progressive supranuclear palsy fulfilling possible or
probable clinical diagnostic criteria™ who were recruited to
the PROSPECT-UK study’s natural history and
longitudinal cohorts (Queen Square Research Ethics
Committee 14/LO/1575) between Sept 1, 2015, and
Nov 1, 2023, were also included in the UK parkinsonism
cohort.” Age-matched and sex-matched healthy controls
who were recruited to the study were also included in the
cohort. Post-mortem evaluation was conducted on a
subset of participants with progressive supranuclear palsy.

PPMI is an international observational study recruiting
patients with Parkinson’s disease from outpatient
neurology practices at academic centres in Austria,
Canada, France, Germany, Greece, Israel, Italy,
the Netherlands, Norway, Spain, the UK, and the USA’
The study was approved by the institutional review board

at each site and is registered with ClinicalTrials.gov
(NCT01141023). Clinical and a-synuclein SAA data,
which were collected between July 1, 2010, and
July 1, 2023, and used in the preparation of the current
study, were obtained on Nov 1, 2024, from the PPMI
database (RRID:SCR_006431).

The Tubingen Parkinson’s disease cohort consists of
229 participants with Parkinson’s disease fulfilling Queen
Square Brain Bank clinical diagnostic criteria”? who were
recruited to the cohort between Jan 1, 2005, and
Jan 1, 2020. The study was approved by the Ethics
Committee of the University of Tiibingen (26/2007BO1,
404/2010BO1, 199/2011BO1, and 702/2013BO1).

Participants from each cohort provided written
informed consent at the time of enrolment into each
respective study, which included the use of anonymised
data and samples in related studies such as this one.

Procedures

Baseline CSF samples from participants in the PPMI
cohort were previously analysed with the Amprion 24 h or
150 h a-synuclein SAAs, as described previously.” Baseline
CSF samples from participants in the Tiibingen cohort
were previously analysed with an a-synuclein SAA from
the Institute of Neurological Science of Bologna (ISNB),
as described previously."

CSF sampling methods and application of the Rocky
Mountain Laboratories (RML; Hamilton, MT, USA)
a-synuclein SAA to baseline Parkinson’s disease,
progressive supranuclear palsy, and age-matched and sex-
matched healthy control CSF samples from the UK
parkinsonism cohort are outlined in the appendix (p 2).

Outcomes

Across all cohorts, in samples assigned a positive
a-synuclein SAA result at baseline, the following
quantitative measures of a-synuclein seeding kinetics
were derived from the Thioflavin T (ThT) fluorescence
curves Dby calculating mean values across positive
replicates: time to threshold (TTT) for a positive SAA
result; maximum Thioflavin T fluorescence during the
reaction time (MaxThT); and area under the fluorescence
curve during the reaction time (AUC).

In each of the studied cohorts, the following clinical
variables and measures were collected from participants
with Parkinson’s disease: sex; age at symptom onset; age
and disease duration at baseline assessment; and
baseline and follow-up scores for the Movement Disorder
Society-Unified Parkinson’s Disease Rating Scale part III
(MDS-UPDRS-III) in the off state, Montreal Cognitive
Assessment (MoCA), Schwab and England Activities of
Daily Living (SEADL), and Hoehn and Yahr (H&Y)
clinical scales. Additionally, in participants with
progressive  supranuclear palsy from the UK
parkinsonism cohort, we noted the dominant progressive
supranuclear palsy clinical subtype and the progressive
supranuclear palsy rating scale (PSPRS) score. Further
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details are provided in the appendix (p 3). Ethnicity data
were not available in all of the included cohorts so they
were not reported in this study.

Methods used for CSF Alzheimer’s disease biomarker
testing in the PPMI cohort and genetic stratification of all
the studied cohorts are outlined in the appendix (p 3). In
the PPMI cohort, participants with Parkinson’s disease
and healthy controls were stratified according to whether
CSF samples were assessed with the Amprion 24 h or
150 h a-synuclein SAA.

To assess the diagnostic value of a-synuclein SAA, we
obtained a-synuclein SAA positivity rates in Parkinson’s
disease, progressive supranuclear palsy, and control
groups in the UK parkinsonism cohort. We also assessed
the profile of a-synuclein SAA seeding kinetic measures
in a-synuclein SAA-positive Parkinson’s disease and
progressive supranuclear palsy samples.

In the PPMI cohort, we assessed whether a-synuclein
SAA kinetic measures differed between sporadic and
monogenic Parkinson’s disease groups.

To assess the prognostic value of a-synuclein SAA, we
used a time-to-event analysis to assess whether baseline
a-synuclein SAA kinetic measures predict an unfavourable
outcome in sporadic and monogenic Parkinson’s disease
participants from the PPMI cohort with a positive
a-synuclein SAA result.

Statistical analysis

The study size was determined by including all
participants from each of the cohorts as long as
baseline a-synuclein SAA and clinical data were
available.

In all cohorts, group comparisons of clinical measures
were done with Fisher’s exact test for categorical variables
and linear regression (adjusting for sex, age, and disease
duration at baseline) for continuous variables. For these
comparisons, statistical significance was set at p values
less than 0-05.

To explore the diagnostic value of a-synuclein SAA
kinetic measures in the UK parkinsonism cohort, we
created a plot of MaxThT versus TTT values for all CSF
a-synuclein SAA-positive Parkinson’s disease and
progressive supranuclear palsy samples. We then
highlighted samples with a less aggressive kinetic profile
(ie, low and slow kinetics), which we defined as samples
that fell within both the first quartile of MaxThT values
(low) and the fourth quartile of TTT values (slow) in all
a-synuclein SAA-positive samples.

In the PPMI cohort, comparisons of raw a-synuclein
SAA kinetic measures in the sporadic and monogenic
Parkinson’s disease groups were done with linear
regression, adjusting for sex, age, and disease duration at
baseline, with statistical significance set at p values less
than 0-05.

In the assessment of the prognostic value of a-synuclein
SAA kinetic measures in participants with Parkinson’s
disease from the PPMI cohort, we built on previous

www.thelancet.com/neurology Vol 24 July 2025

Parkinson's disease  Progressive Healthy
(n=66) supranuclear palsy controls
(n=52) (n=9)
Sex
Female 14 (21%) 21 (40%) 8(89%)
Male 52 (79%) 31 (60%)* 1(11%)t
Progressive supranuclear palsy clinical subtype at baseline assessment
Richardson syndrome - 31(60%)
Parkinsonism - 10 (19%)
Progressive gait freezing - 3(6%)
Corticobasal syndrome overlap 3(6%)
Frontal - 3(6%)
Speech and language disorder - 2 (4%)
Mean age at symptom onset, years (SD)# 52:6 (9-5) 64-4 (6-8)* -
Mean age at baseline assessment, years (SD)# 59:3(8:6) 684 (6:7)* 662 (3:9)*
Mean disease duration, years (SD)+ 66 (3:6) 4.0 (2:1)*
Mean progressive supranuclear palsy rating - 34-3(13-8)
scale score (SD)§
Mean MDS-UPDRS Ill score (SD)§ 33:5(8-9) 36:0(14-0)
Mean MoCA score (SD)§ 283 (1.5) 22-2 (4-5)* 28-8 (13)1
CSF a-synuclein SAA positive, n (%; 95% Cl) 63/66 (96%; 87-99)  8/52 (15%; 7-28) 0/9; 0%
Participants deceased at censoring (n), mean - n=26;7-2(3-:0)
disease duration from symptom onset to death,
years (SD)
Primary pathological diagnosis in participants - Progressive
undergoing post-mortem evaluation (n) supranuclear palsy,

n=5; corticobasal
degeneration, n=1

Data are n, n (%), or mean (SD), unless otherwise stated. SAA=seed amplification assay. MDS-UPDRS Ill=Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale part Ill. MoCA=Montreal Cognitive Assessment. Fisher's exact
test used for group comparisons of sex distributions. Group comparisons of continuous variables were done with linear
regression. CSF a-synuclein SAA positive 95% Cl calculated with the binomial formula for all proportions >0% and
<100%. *p<0-05 versus Parkinson'’s disease group. tp<0-05 versus progressive supranuclear palsy and Parkinson’s
disease groups. $Unadjusted for sex, age, and disease duration at baseline. SAdjusted for sex, age, and disease duration
at baseline (group comparisons involving controls were only adjusted for sex and age at baseline). §p<0-05 versus
progressive supranuclear palsy group.

Table 1: Baseline clinical and CSF a-synuclein SAA status of the UK parkinsonism cohort

® Parkinson’s disease
A Progressive supranuclear palsy
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Figure 1: Low and slow kinetics of a-synuclein SAA-positive CSF samples in
the UK parkinsonism cohort

Cutoff points for the low and slow group defined by the first quartile of
maximum ThT values and the fourth quartile of time to threshold values in all
a-synuclein SAA-positive samples. ThT=Thioflavin T fluorescence value.
SAA=seed amplification assay.
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disease (n=764) disease (n=166)

Sporadic Parkinson’s LRRK2-Parkinson’s GBA1-Parkinson’s SNCA-Parkinson’s PRKN-Parkinson’s Controls

disease (n=76) disease (n=12) disease (n=18) (n=239)

Sex
Female 260 (34%) 85 (51%)
Male 504 (66%) 81 (49%)*t
Mean age at symptom onset, 61-0(97) 581(9-8)*
years (SD)#
Mean age, years (SD)# 63:2(9-:5) 63-1(8-7)
Mean disease duration, years 2-2(1-9) 5-0(5-2)*
(SD)¥
Mean MDS-UPDRS-lIl score 22:5(9-6)t 19-1(9-2)*F
(SD)S
Mean MoCA score (SD)§ 270 (2:4)t 26-2 (3-0)*t
Median SEADL (IQR) 95 (90-100) 90 (90-100)
Median H&Y (IQR) 2(1-2) 2(1-2)
CSF a-synuclein SAA positive, n ~ 701/764 109/166
(%; 95% Cl) (92%; 90-94) (66%; 58-73)

Data are n (%), mean (SD), or median (IQR), unless otherwise stated. PPMI=Parkinson’s Progression Markers Initiative. SAA=seed amplification assay. MDS-UPDRS
lll=Movement Disorder Society-Unified Parkinson’s Disease Rating Scale part Ill. MoCA=Montreal Cognitive Assessment. SEADL=Schwab and England Activities of Daily
Living Scale. H&Y=Hoehn and Yahr stage. Fisher's exact test used for group comparisons of sex distributions. Group comparisons of continuous variables were done with
linear regression. *p<0-05 versus sporadic Parkinson’s disease group, tp<0-05 versus controls group. $Unadjusted for sex, age, and disease duration at baseline. SAdjusted for
sex, age, and disease duration at baseline (group comparisons involving controls were only adjusted for sex and age at baseline). CSF a-synuclein SAA-positive 95% Cl
calculated with the binomial formula for all proportions greater than 0% and less than 100%.

29 (38%) 7 (58%) 7 (39%) 86 (36%)

47 (62%) 5 (42%) 11 (61%) 153 (64%)

58.0 (10-6)* 44-0 (7-5)* 51-3(16-3)

619 (10-2) 47-6 (8:0)*t 57-3(12:6) 617 (11-8)
3-8(31)* 36(22)* 5-9(6-6)

246 (11.9)t 167 (13-7)t 189 (10-3)t 13(22)

265 (2-4)t 25-4 (6-1)*t 26-7 (2-4) 28.0 (1-5)*

90 (85-100) 80 (70-90) 98 (90-100) 100 (100-100)
2(1-2) 2(1-2) 2(1-2) 0 (0-0)

70/76 12/12 11/18 20/239

(92%; 84-97) (100%) (61%; 36-83) (8%; 5-13)

Table 2: Baseline clinical profile and CSF a-synuclein SAA status of the PPMI cohort

studies,*”™ by defining an unfavourable outcome as the
development of any of the following: cognitive decline
(MoCA =<21), postural instability (H&Y =3), motor
progression (=5 point increase in the MDS-UPDRS-III
score relative to the baseline score) or dependency
(SEADL <80) during the study follow-up period; or death
at any point from baseline SAA testing up until the date
of censoring (Nov 1, 2024). To harmonise the
two subcohorts within the PPMI cohort that had been
analysed with the Amprion 24 h and 150 h assays, we
assessed the three SAA kinetic measures separately in
each assay subcohort and divided a-synuclein SAA-
positive participants into two groups as follows: the
fourth quartile of MaxThT values were defined as the
high MaxThT group, the fourth quartile of AUC values
were defined as the high AUC group, and the first
quartile of TTT values were defined as the fast TTT
group; the first, second, and third quartile of MaxThT
and AUC values were defined as the low MaxThT and
low AUC groups, and the second, third, and fourth
quartile of TTT values were defined as the slow TTT
group. SAA kinetic measure groups from both assay
subcohorts were then combined for a whole cohort Cox
proportional hazards time-to-event analysis to assess
whether each baseline a-synuclein SAA kinetic measure
predicts an unfavourable outcome, adjusting for sex, age,
and disease duration at baseline. We also repeated the
analysis for each of the individual clinical events that
comprised an unfavourable outcome as outlined above.
For this analysis, a Bonferroni-adjusted p value
significance threshold was used. Based on our primary
finding from this analysis, we then carried out

two exploratory analyses using the PPMI cohort data
with statistical significance set at p values less than 0-05:
whether baseline a-synuclein SAA kinetic measures
predict dementia through criteria based on the MDS
Taskforce definition of Parkinson’s disease dementia®
(appendix p 3); and whether baseline a-synuclein SAA
kinetic measures predict both cognitive decline
(MoCA <21) and Parkinson’s disease dementia in
participants with Parkinson’s disease who are
Alzheimer’s disease biomarker-negative. For each of the
above Cox proportional hazards analyses, we concluded
that the proportional hazards assumption was met if the
Schoenfeld residuals were not time dependent (p>0-05).

Missing clinical scale data at specific timepoints were
included in the time-to-event analyses as censored data,
so for the missing clinical scale it was assumed that the
associated unfavourable outcome had not been reached
at that specific timepoint.

To replicate the primary findings from the PPMI
cohort, we sought out independent Parkinson’s disease
cohorts that had at least 100 participants with a median
follow-up time of at least 4 years; and CSF a-synuclein
SAA data generated with one of the Amprion assays or a
research-based assay that has previously had post-
mortem validation of results. Using these criteria, we
accessed previously generated data from the Tiibingen
Parkinson’s disease cohort to assess whether a-synuclein
SAA kinetic measures differ between sporadic and
monogenic forms of Parkinson’s disease, and whether
baseline a-synuclein SAA kinetic measures predict
cognitive decline (MoCA =21) in Parkinson’s disease,
with statistical significance set at p values less than 0-05.
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Sporadic Parkinson'’s LRRK2-Parkinson’s GBA1-Parkinson's SNCA-Parkinson's PRKN-Parkinson’s Controls
disease disease disease disease disease
Amprion 24 h assay PPMI cohort
Number of participants 380 26 23 1 1 14
Mean MaxThT, value (SD) 140909-8 1443586 117429-9 1354853 (NA) 1359067 (NA) 1378103
(23274-0) (22930-0) (20979-0)*t (182371)
MeanTTT, h (SD) 10-1(2-0) 9-6 (1:9) 92 (2-4)*t 7-7 (NA) 7-9 (NA) 112 (2-8)
Mean AUC, value (SD) 5195143859-6 53882307693 46676396811 5815333333:3(NA) 5565666 667-0 (NA) 47379686905
(979812982.0) (692078125.0) (1222145164-0)* (1322221503-0)
Amprion 150 h assay PPMI cohort
Number of participants 321 83 47 11 10 6
Mean MaxThT, value (SD) 851756 834325 897869 91649-8 704937 884437
(25912-1) (24209-0) (23043-4) (30839-5) (25804-9) (225777)
MeanTTT, h (SD) 65-6 (10-9)t 702 (14-4)* 63-9 (11-1) 543 (4:9)*t 663 (14-4) 815 (203)*
Mean AUC, value (SD) 263325773 24397007-8 26739389-9 301427303 256941473 208982450
(3719112:5)F (4841043-6)* (3774203-8)t (2398036-6)*F (4443572:2) (6635823:3)*
Tubingen cohort
Number of participants 98 7 83 2 0 10
Mean MaxThT, value (SD) 68:1(137) 74-0 (8:5) 714 (12-6) 669 (5-4) NA 64-3(14-1)
MeanTTT, h (SD) 212 (3:0) 202(2:8) 19.8 (2:9)* 212 (35) NA 221(2:8)
Mean AUC, value (SD) 718:1(234-2) 797-6 (197-2) 8124 (229.9)* 687-6 (168-4) NA 655-8 (236-0)
Data are mean (SD), unless otherwise indicated. SAA=seed amplification assay. PPMI=Parkinson’s Progression Markers Initiative. MDS-UPDRS Ill=Movement Disorder Society-Unified Parkinson’s Disease Rating
Scale part Ill. MoCA=Montreal Cognitive Assessment. SEADL=Schwab and England Activities of Daily Living Scale. MaxThT=maximum Thioflavin T fluorescence value. TTT=time to threshold. AUC=area under the
curve. Group comparisons of continuous variables were done with linear regression that was adjusted for sex, age, and disease duration at baseline (group comparisons involving controls were only adjusted for
sex and age at baseline). *p<0-05 versus sporadic Parkinson’s disease group. tp<0-05 versus controls group.
Table 3: Baseline kinetic profile of a-synuclein SAA positive samples in the PPMI and Tiibingen cohorts

All statistical analyses were performed in Stata,
version 18, and GraphPad Prism 9.1.1.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, writing
of the report, or the decision to submit the manuscript
for publication.

Results

66 participants with Parkinson’s disease from the
Exenatide-PD3 trial as well as 52 participants with
progressive supranuclear palsy and nine healthy,
age-matched and sex-matched controls from the
PROSPECT-UK study were included in the UK
parkinsonism cohort (table 1). Only one Parkinson’s
disease sample from the entire cohort tested positive for
the LRRK2 Gly2019Ser variant.

We found that samples from 63 (96%) of 66 participants
with clinically diagnosed Parkinson’s disease and from
eight (15%) of 52 participants with clinically diagnosed
progressive supranuclear palsy were o-synuclein SAA-
positive (table 1). Of the six participants with clinically
diagnosed progressive supranuclear palsy who went on
to have post-mortem evaluation, one had primary
progressive supranuclear palsy pathology and Braak
stage 1 Lewy body co-pathology and was CSF a-synuclein
SAA-positive; one had primary corticobasal degeneration
pathology and Braak stage 3 Lewy body co-pathology and
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was CSF a-synuclein SAA-negative; and four had primary
progressive supranuclear palsy pathology and no Lewy
body co-pathology and were CSF a-synuclein
SAA-negative.

We found low and slow a-synuclein SAA kinetics in
eight (13%) of 63 positive Parkinson’s disease samples
and six (75%) of eight positive progressive supranuclear
palsy samples, including the sample of the participant
with post-mortem diagnosed progressive supranuclear
palsy and Braak stage 1 Lewy body co-pathology (figure 1).
Relative to unequivocally a-synuclein SAA-positive
Parkinson’s disease samples, a-synuclein SAA-positive
Parkinson’s disease samples with low and slow kinetics
included individuals who were: older (aged >65 years) at
symptom onset with a faster rate of motor progression; or
younger (aged <40 years) at symptom onset with a similar
rate of cognitive and motor progression (appendix
pp 4-5).

In total, publicly available data for 1275 participants
from the PPMI cohort were studied (1036 with Parkinson’s
disease and 239 controls), with CSF samples previously
analysed with the Amprion 24 h or 150 h a-synuclein SAA
(table 2). Genetic status was available for 273 (46%) of
596 participants in the 24 h Amprion a-synuclein SAA
subcohort and 679 (100%) of 679 participants in the 150 h
Amprion a-synuclein SAA subcohort. Participants with
Parkinson’s disease without genetic data available were
included in the sporadic Parkinson’s disease group. The
pathogenic variants detected in participants with
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A Baseline TTT predicting cognitive decline

TTT hazard
ratio (95% Cl)

Event rate,
n/N (%)

p value

B Baseline TTT predicting cognitive decline (sporadic Parkinson’s
disease only)

TTT hazard

ratio (95% Cl)

Event rate,
n/N (%)

p value

Whole PPMI cohort

113/824 (14%) 2:36 (1-60-3-46)  <0-0001

Whole PPMI cohort 73/641(11%) 1-92 (117-3:16) 0-01

PPMI Amprion 31/387(8%) 214(104-441)  0.04
24 h assay subcohort
PPMI Amprion 82/437 (19%) 2-44(1-:54-3-86)  0-0001
150 h assay subcohort
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C Baseline TTT predicting Parkinson’s disease dementia D Baseline TTT predicting cognitive decline in Alzheimer's disease
biomarker-negative Parkinson'’s disease
Event rate, TTT hazard p value Event rate, TTT hazard p value
n/N (%) ratio (95% Cl) n/N (%) ratio (95% Cl)
Whole PPMI cohort  58/818 (7%)  2-84 (1-67-4-81) 0-0001 Whole PPMI cohort  59/355 (17%) 1-80 (1-03-3-18) 0-04
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Analysis time (years since baseline a-synuclein SAA testing) Analysis time (years since baseline a-synuclein SAA testing)
Number at risk
Slow TTT 613 298 142 0 263 221 134 0
Fast TTT 205 104 38 0 92 70 33 0

Figure 2: Time-to-event analyses in the PPMI cohort, stratified by baseline CSF a-synuclein SAA time to threshold

(A) Cognitive decline in sporadic and monogenic Parkinson’s disease. (B) Cognitive decline in sporadic Parkinson’s disease only. (C) Parkinson’s disease dementia in
sporadic and monogenic Parkinson'’s disease. (D) Cognitive decline in Alzheimer’s disease biomarker negative sporadic and monogenic Parkinson’s disease. Associated
summary statistics in each plot generated by a Cox proportional hazards time-to-event analysis, adjusting for sex, age, and disease duration at baseline.
PPMI=Parkinson’s Progression Markers Initiative. SAA=seed amplification assay. TTT=time to threshold.

monogenic Parkinson’s disease within the PPMI cohort
are summarised in the appendix (p 6).

We explored potential differences in a-synuclein SAA
seeding kinetics in a-synuclein SAA-positive monogenic
versus sporadic Parkinson’s disease samples in the PPMI
cohort. In this analysis, we found that GBAI-Parkinson’s
disease samples in the 24 h assay subcohort had a faster
TTT relative to sporadic Parkinson’s disease samples
(p=0-04). By contrast, LRRK2-Parkinson’s disease samples

in the 150 h assay subcohort had a slower TTT relative to
sporadic Parkinson’s disease samples (p=0-001; table 3).

In the PPMI cohort, we did a time-to-event analysis to
assess whether baseline a-synuclein SAA kinetic
measures predict an unfavourable outcome in
Parkinson’s disease. In all of the following analyses, the
Schoenfeld residuals were not time dependent (p>0-05),
confirming that the proportional hazards assumption
was met.
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After excluding individuals who had an unfavourable
outcome at the time of baseline SAA testing, an
unfavourable outcome was observed in 593 (73%) of
810 sporadic and monogenic Parkinson’s disease
participants with a positive a-synuclein SAA result
during a median follow-up period of 4-5 years (IQR 2-9).
Cox proportional hazards model analyses showed that
none of the kinetic measures reached the Bonferroni
significance threshold (p<0-003) in predicting an
unfavourable outcome (appendix p 7). We then analysed
each component of an unfavourable outcome separately
and found that TTT predicted only cognitive decline
(MoCA <21) during the study follow-up period (HR 2-36
[95% CI 1-60-3-46], p<0-0001; figure 2A; appendix p 7).
With regard to this result, we found statistically
significant differences (p<0-05) in both subcohorts of the
PPMI cohort despite the relatively short follow-up period
in the Amprion 24 h assay subcohort (median 2 years;
IQR 1-3) compared with the Amprion 150 h assay
subcohort (median 7 years; IQR 5-11; figure 2A). In the
whole PPMI cohort, TTT also predicted cognitive decline
in participants with sporadic Parkinson’s disease after
excluding monogenic Parkinson’s disease samples
(HR1-92[95% CI 1-17-3-16], p=0-01; figure 2B).

Parkinson’s disease dementia was observed in 58 (7%)
of 818 sporadic and monogenic Parkinson’s disease
participants with a positive a-synuclein SAA result. After
excluding individuals who had developed Parkinson’s
disease dementia at the time of baseline SAA testing, we
found that TTT predicted the development of Parkinson’s
disease dementia during the study follow-up period
(HR 2-84 [95% CI 1-67—4-81], p=0-0001; figure 2C).
Furthermore, in the subset of sporadic and monogenic
Parkinson’s disease participants with a positive
a-synuclein SAA result who underwent Alzheimer’s
disease biomarker testing, 56 (13%) of 424 fulfilled
criteria for Alzheimer’s disease biomarker positivity.
Using Alzheimer’s disease biomarker status as the
predictor variable in the same Cox proportional hazards
model analyses as above, we found that Alzheimer’s
disease biomarker positivity predicted both cognitive
decline (HR 3-15 [95% CI 1-96-5-08], p<0-0001) and
Parkinson’s disease dementia (5-99 [3-28-10-93],
p<0-0001) during the study follow-up period. In the
Alzheimer’s disease biomarker-negative subgroup, we
found that TTT predicted both cognitive decline (HR 1-80
[95% CI 1-03-3-18], p=0-04; figure 2D) and Parkinson’s
disease dementia (2-70 [95% CI 1-17-6-24], p=0-02)
during the study follow-up period.

To independently replicate the primary findings from
the PPMI cohort, we accessed data from the Tiibingen
Parkinson’s disease cohort consisting of 229 patients
with Parkinson’s disease (appendix p 8), with CSF
samples previously analysed with the ISNB a-synuclein
SAA. Genetic status was available for 229 (100%) of
229 participants. The pathogenic variants detected in
participants with monogenic Parkinson’s disease within
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Eventrate, n/N (%) TTT hazard ratio (95% Cl) p value
Tubingen Parkinson’s disease cohort  36/135 (27%) 2:17 (1-07-4-41) 0-03
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Figure 3: Baseline CSF a-synuclein SAA time to threshold predicting cognitive decline in the Tubingen

Parkinson’s disease cohort

Associated summary statistics generated by a Cox proportional hazards time-to-event analysis, adjusting for sex,

age, and disease duration at baseline. SAA=seed amplification assay. TTT=time to threshold.

the Tiibingen Parkinson’s disease cohort are summarised
in the appendix (pp 9-10). As in the PPMI cohort, we
found that GBAI-Parkinson’s disease samples had a
faster TTT relative to sporadic Parkinson’s disease
samples (p=0-01; table 3).

After excluding individuals who had developed
cognitive decline (MoCA =21) at the time of baseline SAA
testing, cognitive decline was observed in 36 (27%) of
135 sporadic and monogenic Parkinson’s disease
participants with a positive a-synuclein SAA result
during a median follow-up period of 4 years (IQR 3-7). In
this cohort we found that TTT predicted cognitive decline
during the study follow-up period (HR 2-17 [95% CI
1-07—4-41], p=0-03; figure 3).

Discussion

In this study we comprehensively assessed the diagnostic
and prognostic value of quantitative a-synuclein SAA
kinetic measures in independent cohorts, including the
large PPMI cohort of sporadic and monogenic forms of
Parkinson’s disease.

In the UK parkinsonism cohort, our finding of
a-synuclein SAA positivity in 15% of CSF samples from
participants with clinically diagnosed progressive
supranuclear palsy is in line with recent studies.”?
We hypothesise that this represents the presence of
Lewy body co-pathology. Furthermore, our a-synuclein
SAA positivity rate is similar to the rates of Lewy
body co-pathology observed in post-mortem studies
of progressive supranuclear palsy.** Alternatively,
a-synuclein SAA positivity in progressive supranuclear
palsy samples could be due to tau aggregation causing
the misfolding of a-synuclein, and the resulting low
levels of a-synuclein pathology might not be detectable
via conventional neuropathological analysis. Ultimately,
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further studies of patient cohorts with post-mortem
validation are required to explore these hypotheses.

The presence of a-synuclein SAA positivity with
distinct low and slow kinetics in the majority of
a-synuclein SAA-positive progressive supranuclear
palsy samples might reflect low-level Lewy body
co-pathology, noting that one of the a-synuclein SAA-
positive samples with low and slow kinetics was from a
patient who had post-mortem confirmation of primary
progressive supranuclear palsy pathology and Braak
stage 1 Lewy body co-pathology. This finding highlights
that multiple proteinopathies can co-exist in individual
patients and can be detectable during their lifetime.
However, it also emphasises that it is insufficient to rely
on a-synuclein SAA positivity in isolation to support a
diagnosis of Parkinson’s disease. Refinement of the
analysis of a-synuclein SAA kinetics might improve the
performance of the assay in distinguishing Parkinson’s
disease from progressive supranuclear palsy with Lewy
body co-pathology. Furthermore, future studies of
Parkinson’s disease cohorts that include a-synuclein
SAA and biomarkers of pathologies other than
a-synuclein will enable us to interpret the significance
of low and slow a-synuclein SAA kinetics in Parkinson’s
disease samples. In line with this, the ongoing
development of four-repeat tau SAA*? is a major
priority that will allow combined testing with
a-synuclein SAA for more accurate diagnosis of
patients with early-stage parkinsonism that is clinically
indeterminate.

In both the PPMI and Tiibingen cohorts, relative to
sporadic Parkinson’s disease, we found more aggressive
seeding kinetics (faster TTT) in GBAI-Parkinson’s disease.
This observation suggests that genetic status determines
the profile of a-synuclein seeding kinetics in Parkinson’s
disease, and is in line with previous studies showing a
more aggressive disease course in GBAI-Parkinson’s
disease.”

In the time-to-event analyses in the PPMI cohort,
which included individuals with up to 13 years of
follow-up data, we found robust evidence of fast TTT
predicting cognitive decline in Parkinson’s disease. This
was apparent in monogenic Parkinson’s disease,
including GBAT and SNCA variants (which are known
genetic risk factors for dementia), but also in sporadic
Parkinson’s disease. We also observed an association
between TTT and dementia based on the MDS Task
Force criteria for Parkinson’s disease dementia, which
supports our findings on cognitive decline. By contrast,
our results show that baseline a-synuclein SAA kinetic
measures do not predict a 5-point or greater increase in
the MDS-UPDRS-III score as a marker of motor
progression in Parkinson’s disease (appendix p 7).
Similarly, baseline TTT did not predict death, but the
death rate in the PPMI cohort was low (7%) and it is
unclear whether the cause of death in each case was due
to Parkinson’s disease or an alternative non-neurological

cause (appendix p 7). Future studies with detailed
mortality data are needed to explore whether TTT
predicts overall survival in Parkinson’s disease. We
independently replicated our primary finding of TTT
predicting cognitive decline in the Ttibingen Parkinson’s
disease cohort. Notably, our analysis of the Tiibingen
cohort used longer follow-up data and a more conservative
definition of cognitive decline compared with previous
a-synuclein SAA analyses of this cohort.”® Furthermore,
our main finding of TTT predicting cognitive decline in
Parkinson’s disease is supported by a recent study
showing that PPMI participants with prodromal
Parkinson’s disease and fast TTT had higher rates of
phenoconversion than participants with prodromal
Parkinson’s disease and slow TTT.”

In the PPMI cohort, Alzheimer’s disease biomarker
positivity was a strong predictor of cognitive decline in
Parkinson’s disease, as reported in previous studies.®
However, importantly, in our Alzheimer’s disease
biomarker negative subgroup, we showed that TTT
predicted cognitive decline independently of Alzheimer’s
disease co-pathology. We hypothesise that fast TTT
reflects high seeding capacity, which translates to a faster
rate of cortical spread of Lewy body pathology and
subsequent cognitive decline. This suggests that
a-synuclein seeding drives pathological and clinical
disease progression and is therefore a justifiable disease-
modifying target in Parkinson’s disease.

Although different a-synuclein SAAs were used in the
three cohorts, we are reassured by the fact that the
Amprion, RML, and ISNB a-synuclein SAAs are well-
validated assays. Moreover, previous work has shown
high concordance of results between the Amprion 150 h
assay and the RML assay in Parkinson’s disease CSF
samples.” Furthermore, the ISNB assay has previously
shown high sensitivity (95%) and specificity (98%) for
detecting Lewy body pathology in a series of ante-mortem
CSF samples from individuals referred to the laboratory
of neuropathology at ISNB for dementia of various
causes in which the presence of Lewy body pathology
was evaluated at post-mortem examination.’

Our study has some limitations that need to be
considered. Post-mortem confirmation of neuropathology
was only available in a small subset of participants with
progressive supranuclear palsy so we cannot definitively
comment on the sensitivity, specificity, positive predictive
value, and negative predictive value of a-synuclein SAA.
Linked to this, a priority for future studies is to explore
the performance of a-synuclein SAA in ethnically diverse
populations. The UK parkinsonism cohort was limited to
genetic testing for only the LRRK2-Gly2019Ser variant,
and comprehensive genetic status was established in
only 46% of the PPMI Amprion 24 h assay subcohort,
so it is likely that the sporadic Parkinson’s disease groups
in these two cohorts will contain a small number of
unidentified monogenic Parkinson’s disease cases,
which could have influenced our results.
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In summary, our study has advanced our understanding
of the clinical and research applications of a-synuclein
SAA by highlighting the diagnostic and prognostic value
of quantitative a-synuclein SAA kinetic measures. The
presence of a-synuclein SAA positivity with distinct low
and slow kinetics in a subset of progressive supranuclear
palsy samples reinforces the need for the development of
four-repeat tau SAA to enable combined testing with
a-synuclein SAA for greater diagnostic accuracy in
clinical practice. We have also shown that genetic status
in Parkinson’s disease determines the profile of
a-synuclein seeding kinetics. Furthermore, our results
suggest that TTT can be used as a prognostic biomarker
and trial stratification tool to recruit Parkinson’s disease
trial cohorts with homogeneous disease progression
trajectories.
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