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Alpha-synuclein seed amplification 
assay longitudinal outcomes in Lewy body 
disease spectrum
Andrea Mastrangelo,1 Angela Mammana,2 Sara Hall,3,4 Erik Stomrud,3,4

Corrado Zenesini,2 Marcello Rossi,2 Shorena Janelidze,3 Alice Ticca,1

Sebastian Palmqvist,3,4 Franco Magliocchetti,2 Simone Baiardi,1

Niklas Mattsson-Carlgren,3,5,6 Oskar Hansson3,4 and Piero Parchi1,2

Evidence from neuropathological cohorts indicates that a CSF α-synuclein (α-syn) seed amplification assay (SAA) 
might provide quantitative kinetic parameters correlating with α-syn pathology burden in patients with Lewy body 
disease (LBD). Studies are needed to assess their longitudinal trend during the presymptomatic and clinical disease 
phases and their correlation with measures of disease progression.
We aimed to assess the baseline α-syn CSF SAA kinetic parameters, their longitudinal variations and associations with 
clinical outcomes in a longitudinal cohort of repeatedly sampled LBD patients, including clinically unimpaired (asymp
tomatic LBD) and neurologically impaired individuals. Participants from the prospective BioFINDER-1 study with longi
tudinal CSF collections (n = 718) were screened by α-syn SAA. CSF samples were tested in four replicates blinded to 
clinical diagnoses. The number of positive replicates (Nrep), the time needed by the fluorescence signal to reach the 
threshold (Lag) and the highest intensity of the fluorescent signal were analysed at baseline (time of first positive 
SAA) in all participants and longitudinally in those with at least two α-syn-positive CSF samples available.
One hundred and ninety-six individuals (whole cohort) showing α-syn seeding activity were included. Of those, 170 par
ticipants tested positive by SAA in all available samples, while 26 converted from a negative to a positive test result during 
follow-up (LBD-converters), suggesting an early LBD stage. At baseline, LBD-converters showed lower Nrep (P = 0.001) and 
a longer Lag (P = 0.001) than subjects displaying α-syn seeding activity from the first available sample. The Nrep increased 
longitudinally in the whole cohort [β = 0.09, 95% confidence interval (95% CI) 0.06–0.12, P < 0.001], in asymptomatic LBD 
(β = 0.15, 95% CI 0.09–0.21, P < 0.001) and in Parkinson’s disease individuals without dementia (β = 0.07, 95% CI 0.02– 
0.12, P = 0.01). The Lag decreased longitudinally in asymptomatic LBD (β = −0.24, 95% CI −0.42 to −0.06, P = 0.008). 
Baseline Nrep predicted the subsequent appearance of dementia in the whole cohort [hazard ratio (HR) 1.57, 95% CI 
1.19–2.07, P = 0.001] and the Parkinson’s disease subgroup (HR 1.83, 95% CI 1.17–2.85, P = 0.008). The difference between 
the Lag at each sampling and that at baseline was negatively associated with the appearance of dementia in the whole 
cohort (HR 0.76, 95% CI 0.59–0.99, P = 0.04) and in the Parkinson’s disease subgroup (HR 0.69, 95% CI 0.50–0.95, P = 0.02).
The α-syn SAA parameters Nrep and Lag showed associations with the LBD stage and the development of dementia. 
Furthermore, their longitudinal variation is coherent with progression of pathology over time. These data support the 
use of SAA kinetic parameters to monitor disease progression and therapeutic response.
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Introduction
Lewy body disease (LBD) is the second most prevalent neurodegen
erative disorder and is characterized by the intraneuronal accumu
lation of misfolded α-synuclein (α-syn) in the form of Lewy bodies.1

It is primarily the pathological hallmark of Parkinson’s disease (PD) 
and dementia with Lewy bodies, but it also constitutes a frequent 
co-pathology in patients with Alzheimer’s disease (AD).2-4

Recently, given the neuronal localization of Lewy bodies, a defin
ition of neuronal α-synuclein disease has been proposed.5

Recently, the α-syn seed amplification assays (SAA), which exploit 
the prion-like properties of α-syn to amplify misfolded α-syn from ac
cessible fluids and tissues, have provided the first pathology-specific 
biomarker of LBD, allowing the ante-mortem diagnosis of this dis
order with an accuracy of >90%.6-15

One limitation of current α-syn SAA protocols is the binary posi
tive/negative classification of samples, which does not quantify 
α-syn seeds. However, recent data have shown associations between 
SAA kinetic parameters and disease progression, measured by the ap
pearance of dementia in patients with Parkinson’s disease.16,17

Moreover, a recent study in a neuropathological cohort showed a sig
nificant correlation between the brain Lewy body pathology burden 
and SAA kinetic parameters.13 These results raise expectations about 
using the α-syn SAA to assess the disease stage and predict clinical 
progression besides confirming or excluding α-syn pathology.

In this context, studies on CSF samples collected longitudinally in 
clinically monitored study participants represent a unique chance to 
investigate thoroughly the reliability of the assay at different disease 
stages and the association between SAA kinetics, clinical status and 
disease progression. Given the progressive course of the disease, a 
longitudinal increase of CSF α-syn seeds is expected. Moreover, as 
disease-modifying therapies for LBD are being developed,18 defining 
the longitudinal trajectories of kinetic parameters in subjects with dif
ferent clinical diagnoses is crucial because they represent potential 
biomarkers for treatment response.

In this study, we applied the α-syn CSF SAA real-time 
quaking-induced conversion (RT-QuIC) to a large longitudinal pro
spective cohort and evaluated the variations of the binary positive/ 
negative outcome of the assay and associated quantitative kinetic 
parameters over a median of 3.9 years (range 1.2–10 years). 
Furthermore, we tested the associations between clinical outcomes 
and baseline and longitudinal kinetic parameters.

Materials and methods
Study population and clinical assessment

The initial study cohort included 718 BioFINDER-1 (NCT01208675) 
participants with at least two longitudinal CSF samples available. 

According to the study protocol,19,20 every patient underwent peri
odic visits and CSF collections ∼2 years apart. At baseline (time of 
the first positive SAA), study participants were either cognitively 
unimpaired (CU) or had PD, subjective cognitive decline, mild cog
nitive impairment (MCI) or dementia. Clinical diagnoses were at
tributed according to established criteria.21-27 Patients with a 
diagnosis of PD and fulfilling criteria for MCI at baseline were de
nominated as PD-MCI.25

When available, scores on the following clinical tests were col
lected at each visit: Mini-Mental State Examination (MMSE), imme
diate and delayed word recall tasks from the Alzheimer’s Disease 
Assessment Scale-Cognitive Subscale (ADAS-Cog) and the Brief 
Smell Identification Test (BSIT).

AD co-pathology was assessed by the CSF Aβ42:p-tau181 ratio ac
cording to a validated cut-off28 through the automated Lumipulse 
platform.

Study details for the BioFINDER-1 cohort have been reported 
elsewhere19,20 and are briefly summarized here. For subjects with 
cognitive symptoms, the inclusion criteria were as follows: (i) re
ferred to a participating secondary memory clinic owing to cogni
tive symptoms recognized by the patient, caregiver and/or the 
referring physician; (ii) age 40–100 years; and (iii) speaks and under
stands Swedish to the extent that an interpreter is not necessary for 
the patient to understand the study information and cognitive tests 
fully. The exclusion criteria were as follows: (i) significant unstable 
systemic disease or organ failure; and (ii) current significant alcohol 
or substance misuse. All patients were enrolled and underwent the 
first examination between 2007 and 2017. MCI was classified as not 
fulfilling the criteria for dementia according to the Diagnostic and 
Statistical Manual of Mental Disorders, fifth edition (DSM-5)29 and 
performing worse than −1.5 standard deviations in at least one of 
the cognitive domains of memory, attention/executive, verbal or 
visuospatial function. Dementia was classified according to the 
DSM-5 criteria for major neurocognitive disorders.29 For cognitively 
unimpaired subjects, the inclusion criteria were as follows: (i) age 
40–100 years; (ii) performs ≥24 points at the MMSE; and (iii) speaks 
and understands Swedish to the extent that an interpreter is not re
quired for the patient to understand the study information and cog
nitive tests fully. None of the included participants fulfilled the 
clinical criteria for dementia or MCI at first examination. 
Participants with subjective cognitive decline had subtle cognitive 
symptoms (perceived by the participant or informant) but did not 
meet the MCI criteria. A neuropsychological assessment was per
formed by a senior neuropsychologist after a thorough battery, as 
described in detail elsewhere.30

Patients with parkinsonian disorders were included at the 
Neurology Clinic, Skåne University Hospital, Sweden, between 
2008 and 2017. Participants were younger than 85 years old. The ex
clusion criteria were as follows: (i) significant unstable systemic 
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illness, such as terminal cancer or organ failure that made it diffi
cult to participate in the study; (ii) current significant alcohol or 
substance misuse; (iii) significant neurological or psychiatric ill
ness, including clinically diagnosed AD dementia, vascular demen
tia or frontotemporal lobe dementia; and (iv) participation in a 
clinical drug trial during the last 30 days. The cognitive status of pa
tients with PD was assessed through a structured interview and 
cognitive tests [including MMSE, a quick test of cognitive speed 
(AQT), an animal fluency test, immediate and delayed word recall 
tasks from the ADAS-Cog and clock-drawing test].

SAA analyses

The α-syn SAA analyses were performed, blinded to the clinical 
diagnoses, according to an established RT-QuIC protocol.11

All samples were run initially in quadruplicates and considered 
positive when at least three of four replicates reached a threshold 
arbitrarily set at 30% of the median of the maximum fluorescence 
signal (Imax) values of the positive replicates of each plate’s posi
tive controls. Following recent data suggesting increased reliability 
of the final binary positive/negative classification of samples with 
repeated SAA runs,11,31 all samples initially showing one or two 
positive replicates were run two additional times. They were then 
considered positive when at least four replicates out of 12 gave a 
positive result.

Assessment of SAA kinetic parameters

The number of positive replicates (Nrep) per sample corresponded 
to the number of replicates reaching the threshold. For samples 
analysed more than once, we considered the median of Nrep.

The time to the threshold (Lag) was calculated as the time (ex
pressed in hours) needed to reach the fluorescence threshold in 
each run. As recently suggested,31 we calculated two different Lag 
times for each sample: Lagmed1 (the median of the Lag of each posi
tive replicate) and Lagmed2 (the median of the first two replicates 
reaching the threshold in each positive test).

The Imax was calculated as the highest intensity of the fluores
cent signal (in relative fluorescent units). We calculated both 
Imaxmed1 and Imaxmed2, as indicated for the Lag.

Kinetic parameters were analysed at baseline in all patients and 
longitudinally in participants with at least two positive CSF sam
ples (n = 184). Analyses were conducted in the whole cohort and 
subgroups according to the different diagnostic categories. These 
included: 

(i) Cognitively unimpaired participants and individuals with subjective cog

nitive decline at baseline (asymptomatic LBD).

(ii) PD patients cognitively unimpaired at baseline not developing dementia 

during follow-up (PD-CU).

(iii) PD patients cognitively unimpaired at baseline developing dementia dur

ing follow-up (PD-PDD converters).

(iv) Cognitively impaired (CI) participants at baseline at stage of either 

mild cognitive impairment or dementia fulfilling clinical criteria for 

dementia with Lewy bodies, prodromal mild cognitive impairment 

stage of dementia with Lewy bodies (MCI-LB), PD-MCI or PD dementia 

(CI-LBD). Cognitively impaired participants at baseline not fulfilling 

these clinical criteria but not showing CSF biomarkers of AD patho

physiology (i.e. an abnormal Aβ42:p-tau181 ratio; n = 7) were also in

cluded in this subgroup.

(v) Cognitively impaired participants at baseline responding to clinical cri

teria for dementia or mild cognitive impairment attributable to AD and 

showing CSF biomarkers of AD pathophysiology (CI-AD). A single cogni

tively impaired participant not fulfilling these clinical criteria, but show

ing a pathological Aβ42:p-tau181 ratio, was also included in this subgroup.

Notably, we verified that the inclusion of PD participants in ei
ther the PD-CU or the PD-PDD converters subgroup was not affected 
by a different follow-up duration. The median time from baseline to 
last clinical assessment in PD-CU participants [6.4 years, interquar
tile range (IQR) 5.5–9.5] was indeed longer than the median time 
from baseline to the appearance of dementia in PD-PDD converters 
(4.2 years, IQR 3.6–5.9).

Statistical analyses

Analyses were performed using Stata SE v.14.2 (StataCorp, College 
Station, TX, USA) and GraphPad Prism v.7 (GraphPad, La Jolla, CA, 
USA). Depending on the number of groups, the Mann–Whitney 
U-test or the Kruskal–Wallis test (followed by the Dunn– 
Bonferroni test) was used for group comparisons. Fisher’s test 
was applied to categorical variables. Spearman’s ρ coefficients as
sessed the correlation between baseline kinetic parameters and be
tween these and age.

A linear mixed-effect modelling analysis with random slope 
and intercept was applied to evaluate the longitudinal change 
of α-syn kinetic parameters. The dependent variables were ki
netic parameters (one for each model), and the independent vari
able was time (in years). The same longitudinal models were 
implemented to evaluate the association between kinetic 
parameters (dependent variables) and scores at clinical scales 
(independent variables) over time. The results are expressed 
as β-coefficients and 95% confidence intervals (95% CI). 
Longitudinal change of the Lag was also evaluated qualitatively 
by comparing its value at baseline and at the time of the last 
available sample.

The association of baseline kinetic parameters with the risk of 
dementia was assessed by Cox regression analyses with fixed 
covariates. To evaluate the relationship between the longitudinal 
trend of kinetic parameters and the risk of dementia, we calcu
lated, for each follow-up sampling visit and kinetic parameter, a 
Δparameter/Δtime (kinetic parameter at the visit minus kinetic param
eter at baseline divided by years between visit and baseline) expres
sing the annual change from baseline of that parameter. The 
association of Δparameter/Δtime and risk of dementia was evaluated 
with a time-dependent regression model with the covariates vary
ing over time. The same time-dependent approach was used to 
evaluate the association between the time-varying kinetic para
meters (i.e. time-varying Nrep, Lag and Imax) and the risk of demen
tia. The results for all Cox regressions are presented as hazard ratios 
(HR) and 95% CI. For these analyses, participants belonging to PD-CU 
and PD-PDD converter subgroups were merged into a single ‘PD’ 
subgroup. Individuals with dementia or last clinical assessment at 
baseline (or at second sampling for Δparameter/Δtime analyses) were 
excluded (Supplementary material). These analyses were also cor
rected for AD co-pathology. Differences were considered statistical
ly significant at P < 0.05.

Results
Dichotomic α-syn SAA results across BioFINDER-1 
participants with longitudinal assessment

Among the 718 patients screened, 197 had a positive CSF α-syn SAA 
at least once (whole cohort); 170 of them tested positive in all avail
able CSF samples (463 CSF samples in total), whereas 26 converted 
to a positive α-syn status after one or more initial negative samples 
(LBD-converters). Only one participant with two samples available 
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tested negative for a sample collected 2 years after the baseline 
positive one. Being a single outlier, this subject was excluded 
from further analyses. Among the 26 LBD-converters, 10 had two, 
three had three, and one had four consecutive positive samples 
after the initial negative result, whereas 12 tested positive only 
once (at the last visit). In total, the analysis of CSF samples belong
ing to the whole cohort required 162 different α-syn RT-QuIC SAA 
experiments (i.e. plate runs).

Baseline demographic and clinical variables in the 
SAA-positive cohort

Details on the demographic and clinical data of the participants are 
reported in Table 1 and Supplementary Table 1.

At baseline, among the 196 selected SAA-positive individuals 
(whole cohort), 94 (47.9%) had a clinical diagnosis of PD, 11 (5.6%) 
of MCI attributable to AD (MCI-AD), 10 (5.1%) of prodromal demen
tia with Lewy bodies (MCI-LB), nine (4.6%) of PD dementia (PDD) and 
four (2.0%) of PD with mild cognitive impairment (PD-MCI). 
Thirty-nine (19.9%) participants were cognitively unimpaired at 
baseline, while 16 (8.2%) met the criteria for subjective cognitive de
cline. Seventy-two (36.7%) participants in the whole cohort devel
oped dementia during follow-up.

Baseline SAA kinetic parameters

At baseline, age was unrelated to any kinetic parameter 
(Supplementary Table 2). Baseline Nrep was negatively associated 
with both Lagmed1 and Lagmed2 in the whole cohort (Lagmed1: ρ =  
−0.25, P < 0.001; Lagmed2: ρ = −0.45, P < 0.001) and in the asymptom
atic LBD subgroup (Lagmed1: ρ = −0.34, P = 0.01; Lagmed2: ρ = −0.61, 
P < 0.001). In the other subgroups, Nrep was associated only with 
Lagmed2 (PD-CU, Lagmed2: ρ = −0.31, P = 0.01; PD-PDD converters, 
Lagmed2: ρ = −0.38, P = 0.03; CI-LBD, Lagmed2: ρ = −0.41, P = 0.02; 
CI-AD, Lagmed2: ρ = −0.73, P = 0.002). No associations between base
line Nrep and Imax values were found in the whole cohort or any 
subgroup (Supplementary Table 3).

At the time of first positive assay (baseline), LBD-converters had 
significantly lower median Nrep (P = 0.001) and longer Lag (Lagmed1, 
P = 0.001; Lagmed2, P = 0.003) than participants already showing 
α-syn seeding activity in the first available sample (Nrep, 
LBD-converters: median 2.0, IQR 2.0–3.0; non-LBD-converters: me
dian 3.0, IQR 2.0–4.0; Lagmed1, LBD-converters: median 19.6, IQR 
17.7–21.0; non-LBD-converters: median 17.4, IQR 16.0–19.2; 
Lagmed2, LBD-converters: median 18.5, IQR 17.0–19.2; 
non-LBD-converters: median 16.6, IQR 14.9–18.6; Table 2, Fig. 1A 
and C and Supplementary Fig. 1A and B).

At baseline, median Nrep differed significantly among partici
pant subgroups (P < 0.001), with PD-PDD converters showing higher 
values than PD-CU (P = 0.01) and asymptomatic LBD (P < 0.001; 
asymptomatic LBD: median 3.0, IQR 2.0–3.0. PD-CU: median 3.0, 
IQR 2.0–3.0; PD-PDD converters: median 4.0, IQR 3.0–4.0; CI-LBD: 
median 3.0, IQR 3.0–4.0; CI-AD: median 2.5, IQR 2.0–3.7). There 
were no significant differences in the baseline Imax and Lag across 
different subgroups (Table 2, Fig. 1D–F and Supplementary Fig. 1C 
and D).

Longitudinal variation of SAA kinetic parameters

Overall, the median Nrep increased over time. This was significant 
in the whole cohort (β = 0.09, 95% CI 0.06–0.12, P < 0.001) and in all 
subgroups, except for the PD-PDD converters, in which the param
eter remained stable (Table 3).

There was a longitudinal decrease in the Lag only in the asymp
tomatic LBD (Lagmed2: β = −0.24, 95% CI −0.42 to −0.06, P = 0.008) and 
in the CI-AD subgroups (Lagmed1: β = −0.57, 95% CI −0.82 to −0.32, 
P < 0.001; Lagmed2: β = −0.49, 95% CI −0.71 to −0.27, P < 0.001). Lag 
duration was stable over time in the whole cohort and remaining 
subgroups (Table 3 and Fig. 2). When evaluated qualitatively, 
67.3% (35/52) and 100% (10/10) of participants in the asymptomatic 
LBD and CI-AD subgroups showed a longer Lagmed1 duration at base
line than at the last sample available. A similar behaviour was noted 
for Lagmed2 (asymptomatic LBD: 36/52, 69.2%; CI-AD: 9/10, 90%; 
Supplementary Table 4).

There were no significant longitudinal changes in the Imax in 
the whole cohort or any subgroup (Table 3).

Association of baseline SAA kinetic parameters with 
the appearance of dementia

Both in the whole cohort and in participants with PD, baseline Nrep 

was positively associated with subsequent dementia (whole cohort: 
HR 1.57, 95% CI 1.19–2.07, P = 0.001; PD: HR 1.83, 95% CI 1.17–2.85, 
P = 0.008; Table 4). Both analyses retained statistical significance 
after correcting for AD co-pathology (whole cohort: HR 1.69, 95% 
CI 1.26–2.27, P < 0.001; PD: HR 1.81, 95% CI 1.15–2.85, P = 0.01; 
Supplementary Table 5). There were no significant associations of 
baseline Lag and Imax with progression to dementia (Table 4 and 
Supplementary Tables 5 and 6).

Association of time-varying SAA kinetic parameters 
with clinical variables

The time-varying parameter ΔLag/Δtime was negatively associated 
with the risk of subsequent dementia in the whole cohort 
(Lagmed1: HR 0.76, 95% CI 0.59–0.99, P = 0.04) and participants with 
PD (Lagmed1: HR 0.69, 95% CI 0.50–0.95, P = 0.02; Table 4); however, 
the association was no longer significant after correcting for AD co- 
pathology (Supplementary Table 5).

Using the same time-varying approach, Nrep was positively as
sociated and Lag negatively associated with progression to demen
tia both in the whole cohort (Nrep: HR 1.54, 95% CI 1.14–2.09, P =  
0.005; Lagmed1: HR 0.91, 95% CI 0.83–0.99, P = 0.04; Lagmed2: HR 0.90, 
95% CI 0.82–0.98, P = 0.02) and in the subgroup of PD participants 
(Nrep: HR 1.73, 95% CI 1.06–2.82, P = 0.03; Lagmed1: HR 0.87, 95% CI 
0.75–0.99, P = 0.05; Table 4). The association between Nrep and de
mentia in the whole cohort remained significant after correction 
for AD co-pathology (HR 1.51, 95% CI 1.11–2.05, P = 0.009; 
Supplementary Table 5).

In the whole cohort, Nrep was negatively associated with the 
MMSE score over time (β = −0.44, 95% CI −0.68 to −0.19, P < 0.001), 
also after correction for AD co-pathology (β = −0.45, 95% CI −0.69 
to −0.22, P < 0.001). In the whole cohort, worse immediate and de
layed word recall scores were associated with higher Nrep over 
time (immediate: β = 0.14, 95% CI 0.02–0.27, P = 0.02; delayed: β =  
0.21, 95% CI 0.02–0.40, P = 0.03) and lower Lag (immediate: Lagmed1 

β = −0.08, 95% CI −0.13 to −0.02, P = 0.004, and Lagmed2 β = −0.09, 
95% CI −0.15 to −0.03, P = 0.002; delayed: Lagmed1 β = −0.08, 95% CI 
−0.15 to −0.01, P = 0.04, and Lagmed2 β = −0.09, 95% CI −0.17 to 
−0.01, P = 0.04). All analyses, except for the association between 
Lag and delayed word recall scores, were also significant after AD 
co-pathology correction (Supplementary Tables 7 and 8).

In the asymptomatic LBD subgroup, Nrep was negatively asso
ciated with smell function measured using the BSIT score over 
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time (β = −0.37, 95% CI −0.71 to −0.03, P = 0.03; Supplementary 
Table 8).

Discussion
The development of accurate assays for misfolded α-syn has signifi
cantly improved the in vivo diagnosis of LBD, prompting proposals 
for new biologically based research diagnostic criteria.2,5

However, biomarkers in neurodegenerative diseases are also 
needed to indicate the pathology stage and predict clinical progres
sion. Taking advantage of a unique cohort of patients with LBD fol
lowed longitudinally, probably harbouring various burdens and 
stages of α-syn pathology, we provided several insights into this 
critical issue.

Initially, we demonstrated that LBD-converters, with an ex
pected early neuropathological LBD stage, show a lower median 
Nrep and a longer median Lag than participants already showing 
seeding activity in the first available sample. This supports previ
ous preliminary findings indicating that these kinetic parameters 
are the most promising in estimating the α-syn pathology burden.13

We obtained similar results when comparing baseline parameters 
among participants with different clinical phenotypes, probably re
flecting various LBD pathology burdens. Accordingly, asymptomat
ic LBD and PD-CU subgroups displayed a lower baseline median 
Nrep than PD-PDD converters. The lack of significant differences 
in the baseline Lag in this analysis might reflect a lower sensitivity 
of this parameter to pathology burden changes compared with Nrep. 
The expected partial overlap of neuropathological LBD stages 
across subjects with different clinical diagnoses should also be 
considered.

Regarding the longitudinal trend of α-syn seeding activity, we 
demonstrated, for the first time, a significant increase in the me
dian Nrep in a cohort representative of the full LBD spectrum and 
confirmed the result in all subgroups except for PD-PDD converters. 
The latter result likely reflects a threshold effect of this parameter 
in patients with a high pathology load owing to the high baseline 

median Nrep in this subgroup (four out of four positive replicates). 
Notably, the presence of a significant increase of median Nrep in 
the CI-LBD subgroup, mainly including participants with mild cog
nitive impairment developing dementia at follow-up, fully sup
ports the idea that, in patients with LBD, the progression of 
cognitive impairment implies a further spreading of LBD pathology.

Unlike for Nrep, we found no significant changes over time in 
median Imax and Lag in the whole cohort. However, there was a 

significant longitudinal Lag reduction in the asymptomatic LBD 

and the CI-AD subgroups. One possible explanation for these find

ings is that our current SAA protocol detects a significant longitu

dinal variation of the Lag, with a reduction implying an increase 

in LBD load,13 only in the case of consistent progression in the path

ology burden, as possibly occurring in the asymptomatic LBD and 

CI-AD subgroups given the higher β-coefficients of progression of 

median Nrep. Alternatively, the increase in CSF α-syn seeding activ

ity might occur at different rates in subjects at different LBD stages. 

Notably, a recent study also reported a significant decrease in the 

Lag duration over time in participants converting from a negative 

to a positive α-syn SAA reflecting an early-stage LBD.32

Our results also have implications for the potential use of α-syn 
SAA as a surrogate marker of treatment response in therapeutic 
trials targeting α-syn. Notably, we showed a consistently positive 
outcome across longitudinal CSF samples once the positivity ap
peared and a significant stability (or changes indicating an in
creased LBD pathology burden) of kinetic parameters. Therefore, 
significant changes (i.e. decreased Nrep or increased Lag) in these 
parameters in the treatment group, or even the appearance of 
negative SAA results after initial positive tests, would support a 
positive effect of the drug through a reduction of α-syn seeds.

Of note, we evaluated the change of kinetic parameters over 
time as a ‘group effect’ in the whole cohort and the different sub
groups according to baseline diagnostic categories. However, in 
the subgroups showing significant longitudinal changes for 
Nrep and/or Lag duration, not all patients showed a coherent 
variation over time of that parameter. This highlights the need 

Table 2 Baseline kinetic parameters in the whole cohort and subgroups

Parameter Whole cohort 
(N = 196)

Asymptomatic LBD 
(n = 55)

PD-CU 
(n = 60)

PD-PDD converters 
(n = 34)

CI-LBD 
(n = 31)

CI-AD 
(n = 16)

P-valuesa

Nrep 3.0 
(2.0–4.0)

3.0 
(2.0–3.0)

3.0 
(2.0–3.0)

4.0 
(3.0–4.0)

3.0 
(3.0–4.0)

2.5 
(2.0–3.7)

<0.001b

Imaxmed1 127 672 
(105 086–156 596)

126 785 
(110 803–150 958)

132 289 
(106 480–157 628)

113 463 
(102 759–157 999)

119 584 
(97 927–161 148)

145 722 
(116 681–163 682)

0.57

Imaxmed2 133 317 
(111 596–160 711)

131 571 
(114 503–150 958)

142 947 
(112 057–161 246)

127 246 
(111 950–158 635)

133 248 
(101 360–168 367)

147 604 
(118 443–163 415)

0.69

Lagmed1 17.6 
(16.3–19.7)

18.1 
(16.8–20.6)

17.7 
(16.7–19.5)

17.6 
(16.1–20.5)

17.2 
(15.5–19.8)

16.7 
(15.9–19.1)

0.40

Lagmed2 16.8 
(15.2–18.7)

17.1 
(15.5–18.8)

17.0 
(16.0–18.9)

16.4 
(14.4–18.8)

15.8 
(14.5–18.0)

16.3 
(14.7–18.8)

0.16

LBD-converters 
(n = 26)

Non-LBD converters 
(n = 170)

P-values

Nrep 2.0 (2.0–3.0) 3.0 (2.0–4.0) 0.001
Imaxmed1 133 623 (112 948–164 368) 126 748 (102 897–155 875) 0.38
Imaxmed2 136 468 (118 468–174 687) 133 161 (111 258–158 706) 0.40
Lagmed1 19.6 (17.7–21.0) 17.4 (16.0–19.2) 0.001
Lagmed2 18.5 (17.0–19.2) 16.6 (14.9–18.6) 0.003

Kinetic parameters are expressed as the median (interquartile range). Imax values are measured in relative fluorescence units (RFU); Lag values are expressed in hours. P-values 

of statistically significant comparisons are reported in bold. AD = Alzheimer’s disease; CI = cognitively impaired; CU = cognitively unimpaired; IQR = interquartile range; LBD =  
Lewy body disease; Nrep = number of positive replicates; PD = Parkinson’s disease; PDD = Parkinson’s disease dementia.
aRefer to the comparison among patients belonging to the five different subgroups.
bPost hoc analyses: asymptomatic LBD versus PD-PDD converters (P < 0.001); PD-CU versus PD-PDD converters (P = 0.01).
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for further improvement in the quantification of α-syn seeds by 
SAA.

Regarding the relevant issue of the correlation between baseline 
kinetic parameters and clinical measures, we found a significant 
association between baseline median Nrep and the subsequent ap
pearance of dementia both in the whole cohort and in the partici
pants with PD, which was retained after correcting for AD 
pathology. Notably, in our PD cohort, those developing dementia 
at follow-up already showed the highest median Nrep at baseline. 
This suggests that some PD patients might show a high LBD path
ology burden years before the appearance of dementia.

In contrast to a recent study,17 but similar to other published 
data,9 we did not find any association of baseline Lag or Imax with 
the risk of progression to dementia. This result is probably related 
to the multiple determinants of cognitive impairment in patients 
with LBD, including co-pathologies, which might vary in different 
PD cohorts. In this regard, it might be noteworthy that, in contrast 
to the previously studied cohort,17 the present one was characterized 

by a relatively high percentage of PD participants displaying AD co- 
pathology. Nonetheless, the lack of association between baseline ki
netic parameters and clinical measures underlies the need to refine 
SAA protocols to quantify the α-syn seeds better.

Regarding clinical associations, the longitudinal analysis of ki
netic parameters provided more interesting insights than the base
line analysis. Using time-varying parameters, we found that a 
higher Nrep and shorter Lag predicted a higher risk of subsequent 
dementia in the whole cohort and the participants with PD. 
Likewise, at follow-up visits, a decrease in the Lag was associated 
with a risk of progression to dementia. Taken together, these data 
demonstrate that a longitudinal progression of pathology is a deter
minant of cognitive impairment in individuals with LBD. 
Supporting this view, we found significant associations between 
the MMSE score and Nrep and between immediate and delayed 
memory measures, Nrep and Lag. Interestingly, previous studies 
using the same cognitive tests already showed the effects of LBD 
pathology on the longitudinal impairment of memory function.11,12

Figure 1 Comparison of baseline Nrep and Lag values between LBD-converters and non-LBD-converters and among different subgroups. (A–C) Values 
of Nrep (A), Lagmed1 (B) and Lagmed2 (C) in LBD-converters and non-LBD-converters. (D–F) Values of Nrep (D), Lagmed1 (E) and Lagmed2 (F) in participants 
belonging to different subgroups. Horizontal bold lines represent the median value, boxes represent the interquartile range, and whiskers represent 
the 5th and the 95th percentiles. Open circles represent the outliers. AD = Alzheimer’s disease; CI = cognitively impaired; CU = cognitively unimpaired; 
Nrep = number of positive replicates; LBD-c = Lewy body disease converters; non-LBD-c = non-Lewy body disease converters; PD = Parkinson’s disease; 
PDD = Parkinson’s disease dementia.
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The finding of a negative association between Nrep and mea
sures of smell function in the asymptomatic LBD subgroup, indicat
ing that participants with a more advanced LBD pathology show 
worse performance in smell tests, deserves a final comment. 
Misfolded α-syn deposition in the olfactory bulb is thought to occur 
in the initial LBD stages33,34; however, an increase in α-syn load and T
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Figure 2 Longitudinal Lag variation in the asymptomatic LBD and the 
CI-AD subgroups. (A) Longitudinal trend of Lagmed2 in the asymptomatic 
LBD subgroup. (B) Longitudinal trend of Lagmed1 in the CI-AD subgroup. 
(C) Longitudinal trend of Lagmed2 in the CI-AD subgroup. Grey dotted 
lines represent the longitudinal variation at a single-patient level; thick 
lines represent the overall kinetic parameter longitudinal trend. AD =  
Alzheimer’s disease; CI = cognitively impaired; LBD = Lewy body 
disease.
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degeneration in this area are expected as pathology progresses.34

Future studies should test the hypothesis that a progressive impair
ment of olfactory function in asymptomatic LBD patients might be 
used as a surrogate of pathology progression.

Of significance, the overall results of our work seem to suggest 
that Nrep might be a stronger indicator of α-syn load than Lag. 
This might rely on the fact that Lag duration might be affected by 
other factors in addition to seed concentration, such as sample ma
nipulations and matrix composition.31 Moreover, the lack of asso
ciations between Imax and measures of clinical progression 
probably depends on the high inter-plate variability of this param
eter, suggesting a stronger dependence on pure analytical factors 
than on initial seed concentration.31

The major strengths of our work are the large cohort of deeply 
phenotyped LBD participants, the longitudinal CSF samples and 
the robustness of our SAA assay, as shown here and in several 
studies.6,7,11-13,35 Additionally, including a significant proportion 
of LBD-converters allowed us to strengthen the correlation between 
kinetic parameters and α-syn pathology burden.

The study also has limitations. Firstly, we acknowledge that 
the current ‘quantitative’ α-syn SAA still has significant imperfec
tions in predicting pathology burden. In a recent study,31 we sig
nificantly increased the repeatability of the Nrep estimate by 
testing each CSF sample repeatedly. Moreover, we found that 
Nrep is positively associated with the likelihood of positive SAA re
sults at increasing sample dilutions. Thus, examining each sam
ple at different dilutions using a higher replicate number (eight 
instead of four) for each dilution is expected to refine the α-syn 
seed quantification by SAA. Future studies should apply this ex
tended protocol to baseline and longitudinal samples. Secondly, 
the high proportion of our PD patients with AD co-pathology is 
likely to represent a limit in the definition of the contribution of 
LBD pathology progression, estimated by SAA kinetic parameters, 
to the development of dementia. Finally, although preliminary 
data indicate that α-syn SAA parameters are not significantly af
fected by pre-analytical factors except for blood contamination,31

further studies are required in this direction, especially on the ef
fect of CSF storage time.

In conclusion, our analysis of longitudinally sampled LBD patients 
shows that α-syn SAA might provide quantitative parameters coher
ent with the longitudinal pathology progression. Asymptomatic LBD 
and AD subjects with concomitant LBD might show a more consistent 
longitudinal increase in α-syn burden than clinical LBD. Given their 
stability over time, Nrep and Lag might be promising treatment re
sponse biomarker candidates in clinical LBD. Finally, in longitudinal 
assessment, a lower Lag and higher Nrep are associated with a higher 
risk of progression to dementia.

Data availability
Raw α-syn SAA data were generated at the Laboratory of 
Neuropathology, Istituto delle Scienze Neurologiche di Bologna, 
Italy. Derived data supporting the findings of this study are avail
able from the corresponding author on request.
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