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Abstract
Seeding activities of disease-associated α-synuclein aggregates (αSynD), a hallmark of Parkinson’s disease (PD), are 
detectable by seed amplification assay (αSyn-SAA) and being developed as a diagnostic biomarker for PD. Sensitive 
and accurate αSyn-SAA for blood or saliva would greatly facilitate PD diagnosis. This prospective diagnostic study 
conducted αSyn-SAA analyses on serum and saliva samples collected from patients clinically diagnosed with PD or 
healthy controls (HC). 124 subjects (82 PD, 42 HC) donated blood and had extensive clinical assessments, of whom 
74 subjects (48 PD, 26 HC) also donated saliva at the same visits. An additional 57 subjects (35 PD, 22 HC) donated 
saliva and had more limited clinical assessments. The mean ages were 69.21, 66.55, 69.58, and 64.71 years for PD 
serum donors, HC serum donors, PD saliva donors, and HC saliva donors, respectively. αSynD seeding activities 
in either sample type alone or both sample types together were evaluated for PD diagnosis. Serum αSyn-SAA 
data from 124 subjects showed 80.49% sensitivity, 90.48% specificity, and 0.9006 accuracy (AUC of ROC); saliva 
αSyn-SAA data from 131 subjects attained 74.70% sensitivity, 97.92% specificity, and 0.8966 accuracy. Remarkably, 
the combined serum and saliva αSyn-SAA from 74 subjects with both sample types achieved better diagnostic 
performance: 95.83% sensitivity, 96.15% specificity, and 0.98 accuracy. In addition, serum αSynD seeding activities 
correlated inversely with Montreal Cognitive Assessment in males and positively with Hamilton Depression Rating 
Scale in females and in the < 70 age group, whereas saliva αSynD seeding activities correlated inversely with age 
at diagnosis in males and in the < 70 age group. Our data indicate that serum and saliva αSyn-SAA together can 
achieve high diagnostic accuracy for PD comparable to that of CSF αSyn-SAA, suggesting their potential utility for 
highly sensitive, accurate, and minimally invasive diagnosis of PD in routine clinical practice and clinical studies.
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Introduction
Parkinson’s disease (PD) is the second most common 
neurodegenerative disease. Accurate diagnosis of PD 
remains a challenge. The clinical diagnosis of PD is based 
on clinical examination with a diagnostic accuracy of 
~ 80% at early stages [1–4]. Definitive PD diagnosis still 
relies on postmortem detection of brain neuronal inclu-
sions of misfolded and aggregated alpha-synuclein pro-
tein (αSynD), a central player in PD pathogenesis and 
pathological hallmark of PD and other synucleinopathies.

The recently developed αSyn seed amplification 
assay (αSyn-SAA) can detect subsets of αSynD forms at 
extremely high sensitivity and specificity utilizing the 
ultrasensitive real-time quaking-induced conversion (RT-
QuIC) platform [5–7]. Multiple sample types have been 
examined by αSyn-SAA assays, including cerebrospinal 
fluid (CSF), olfactory mucosa, skin tissues from live or 
autopsied participants, salivary gland biopsies, intesti-
nal biopsies, saliva, and blood, of which CSF, skin, and 
salivary gland αSyn-SAA studies have shown excellent 
results for PD diagnosis [8–31]. CSF αSyn-SAA demon-
strated 87.7% sensitivity for PD and 96.3% specificity for 
healthy controls (HC) in a large rigorous three-laboratory 
study [16]. Skin αSyn-SAA also showed very impressive 
diagnostic accuracy for PD in studies by us and oth-
ers [19–23]. However, the invasive sampling procedures 
for CSF and skin biopsy are a significant impediment to 
patient acceptance and routine clinical application.

Blood and saliva samples are highly desirable in clini-
cal diagnosis for easy access and minimal invasive-
ness. A recent αSyn-SAA study with serum samples 
showed ~ 95% sensitivity for PD and Dementia with Lewy 
Bodies (DLB) and ~ 92% specificity for HC [30], compara-
ble to the CSF αSyn-SAA [16]. Another serum αSyn-SAA 
study reported 98.8% sensitivity for PD using a modified 
αSyn-SAA protocol [31]. But the extraordinary perfor-
mance of such serum αSyn-SAA in PD diagnosis is yet 
to be verified by other laboratories using samples from 
diverse patient cohorts. Saliva αSyn-SAA seems also of 
good potential in PD diagnosis, showing 76.0% sensitiv-
ity for PD and 94.4% specificity for HC in one report [26] 
and 83.78% sensitivity and 82.61% specificity in another 
[27]. None of the blood or saliva αSyn-SAA assays have 
been vigorously verified.

Here we report αSyn-SAA analysis of 124 serum sam-
ples and 131 saliva samples from PD and HC subjects and 
show that using αSynD seeding activities in both serum 
and saliva samples together can achieve much higher 
sensitivity and specificity for PD diagnosis than using 
either sample type alone.

Materials and methods
Subject recruitment and clinical assessment
All subject recruitment and clinical assessments were 
conducted by movement disorders clinicians within the 
Parkinson’s and Movement Disorders Center at Univer-
sity Hospitals Cleveland Medical Center (UHCMC) in 
the USA. 125 subjects (83 PD, 42 HC) were recruited in 
our “skin and peripheral biofluid biomarker study” from 
February 2020 to March 2024, of which 1 (PD) provided 
only saliva, 50 (34 PD, 16 HC) provided only blood, and 
74 (48 PD, 26 HC) (designated the “ss-subset”) provided 
both blood and saliva at the same visit. Inclusion criteria 
included age 21–89 years, ≥ 40 years of age at PD onset, 
and all NIH Parkinson Disease Biomarker Program 
(PDBP) inclusion criteria (including no schizophrenia 
or other major psychiatric disorder, and not on investi-
gational drugs) and exclusion criteria (including blood 
clotting disorders, on multiple antiplatelets or anticoag-
ulants, deep brain stimulation, or another neurodegen-
erative disorder). PD subjects were required to meet UK 
Brain Bank Criteria for possible or probable PD [32, 33] 
and were assessed for Movement Disorder Society-Uni-
fied Parkinson’s Disease Rating Scale (MDS-UPDRS) and 
modified Hoehn & Yahr (mH&Y). All subjects had demo-
graphics (age, age at diagnosis, disease duration, gender), 
Schwab & England (S&E) ) “on” or non-fluctuator, Mon-
treal Cognitive Assessment (MoCA), Hamilton Depres-
sion Rating Scale (HAM-D), Hamilton Anxiety Rating 
Scale (HAM-A), Epworth Sleepiness Scale (ESS), Parkin-
son’s Disease Questionnaire − 39 (PDQ-39), Mayo Sleep 
Questionnaire to screen for REM sleep behavior disorder 
(RBD), vital signs, family history, and full neurological 
examination, orthostatic hypotension (self-reported and 
by vitals), self-reported cognitive impairment, hyposmia, 
and constipation. 64 PD subjects were re-assessed for 
diagnostic criteria one year later, whose clinical diagnosis 
was based on the one-year re-assessment. 28 HC subjects 
were also re-examined and verified to remain controls. 
An additional 56 subjects (34 PD, 22 HC) were recruited 
to donate saliva in our “saliva biomarker study” from May 
2023 to May 2024. Inclusion criteria included age 30–95 
years, no upper respiratory infection, and UK Brain Bank 
criteria for PD subjects. Subjects had demographics, fam-
ily history, clinician-determined cognitive status, MDS-
UPDRS Part 3, and a subset also had MoCA. Pregnancy, 
schizophrenia, negative dopamine transporter SPECT, 
MoCA < 10, lack of capacity to give informed consent, 
and neuroleptic-induced parkinsonism were exclusions 
in both studies.
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Blood and saliva collection and sample 
preparations
Blood was collected and serum prepared and stored 
per NIH PDBP protocol. Saliva (2–6  ml) was collected 
after ≥ 60 min fasting and no gum-chewing, 4 h without 
tobacco, and 12 h without alcohol. Saliva was collected by 
drooling into a funnel atop a cryovial. Serum and saliva 
were immediately stored at -80 °C in cryovials.

Purification of recombinant αSyn
Recombinant wild-type αSyn was expressed in 
BL21(DE3) E. coli cells and purified using a modified 
boiling as described [35, 36]. BL21(DE3) cells express-
ing wild type αSyn were cultured in the Terrific Broth 
medium [(12 g per liter of Bacto-tryptone, 24 g per liter 
of yeast extract, 4% (vol/vol) glycerol, 17 mM KH2PO4 
and 72 mM K2HPO4) with ampicillin], induced with 0.5 
mM IPTG until reaching an OD₆₀₀ of 0.6. Cells were har-
vested, resuspended in a high-salt buffer (750 mM NaCl, 
10 mM Tris, pH 7.6, 1 mM EDTA) with protease inhibi-
tors, and lysed by sonication. The lysate was boiled for 
20  min and centrifuged, and the supernatant was dia-
lyzed in 10 mM Tris (pH 7.6) and 50 mM NaCl. Proteins 
were concentrated and purified via size-exclusion chro-
matography on a Superdex 75 column, followed by ion-
exchange chromatography on a Hi-Trap Q HP column. 
Fractions containing pure αSyn were pooled, dialyzed 
into 10 mM Tris (pH 7.6) and 50 mM NaCl, concen-
trated, aliquoted, and stored at -80 °C.

Immunoprecipitation-based αSyn-SAA for serum 
and saliva samples
The Immunoprecipitation (IP)-based αSyn-SAA pro-
cedure was adapted from a previous report [30] with 
several modifications. Saliva samples were cleared at 
7000 g at 4oC for 10 min and subjected to IP with MJFR-
14 (anti-αSyn conformational antibody, Abcam, UK) to 
specifically capture misfolded αSyn species. Protein A/G 
agarose beads (Thermo Fisher Scientific, USA) were used 
to bind the antibody-antigen complexes, which were then 
recovered with DynaMag (Invitrogen, USA) and thor-
oughly washed to eliminate non-specific binding. The 
beads-bound antibody-antigen complexes were released 
by incubation with 0.2 M glycine (pH 2.6) for 10 min with 
agitation. The eluted αSyn was added with 3 volumes of 
0.1  M Tris (pH 8.0). 4 volumes of chilled acetone was 
added, incubated at -20 °C overnight, and centrifuged at 
13,000–15,000 g for 20 min. The pellet was resuspended 
in 30 µl of PBS (pH 7.5) (per 100 µl of the original serum 
or saliva sample) and used as the seeds for RT-QuIC 
reactions.

The αSyn-SAA assays were conducted with a protocol 
adapted from previous reports [11, 22, 23, 30]. The final 
RT-QuIC reaction mixture contained 100 mM phosphate 

buffer (pH 8.2), 100 mM NaCl, 20 µM Thioflavin T (ThT), 
and 7 µM recombinant αSyn. The RT-QuIC reactions 
were performed in a BMG FLUOstar Omega plate reader 
with double-orbital shaking at 400  rpm at 40  °C. ThT 
fluorescence was measured over a 93.35-hour period to 
detect the aggregation of αSyn. The average ThT fluores-
cence readings of quadruplicate reactions at the endpoint 
(93.35 h) were normalized as a percentage of the maximal 
fluorescence reading (260,000) and used as a measure 
of the relative αSynD seeding activity in the respective 
samples. For data analysis, a well was considered positive 
if its endpoint fluorescence reading was ≥ the mean + 4 
standard deviations of all the negative control wells. The 
average endpoint fluorescence values of all 4-wells of a 
sample (if at least 2 wells were positive or all 4 wells were 
negative) or 3 negative wells (if only 1 well was positive) 
were used for ROC analysis to determine the cutoff val-
ues and for clinical correlation analysis. The cutoff values 
for the serum-only cohort, the saliva-only cohort, and the 
paired serum-saliva cohort (the ss-subset) were deter-
mined separately by the ROC analysis of each cohort 
based on the threshold at the highest Youden’s Index. A 
sample (serum or saliva) was considered positive when 2 
or more of the quadruplicate wells were positive and the 
average endpoint fluorescence reading of the quadrupli-
cate wells was above the cutoff.

Statistical analysis
All statistical analyses were performed with the R statisti-
cal software (version 4.4.0). Descriptive statistics (means, 
standard deviations, p values) for continuous variables 
such as age, were computed using the R package “table-
one” (version 0.13.2) via two-sample t-tests. The p values 
for categorical variables (such as sex) were determined 
with the chi-squared tests. Binary features (such as 
hyposmia) were examined with ANOVA. For the paired 
serum and saliva samples, the optimal cutoff values for 
both sample types were identified by first systematically 
calculating the sensitivity, specificity, and accuracy across 
a range of ThT fluorescence cutoff values for each sam-
ple type (45,000–73,000 for saliva and 35,000–69,000 for 
serum, at 100 increments), and then plotting the accu-
racy against the cutoff combinations in a 3-D space utiliz-
ing the ‘plotly’ package (version 4.10.4). For more robust 
assessments, 95% confidence intervals and p values were 
calculated using bootstrap resampling with 1,000 itera-
tions, facilitated by the ‘boot’ package (version 1.3–30). 
The performance of these analyses was illustrated using 
Receiver Operating Characteristic (ROC) curves [37] 
generated with the ‘ROCR’ package (version 1.0–11). 
Potential correlation of αSynD seeding activities with 
clinical features was evaluated using Pearson’s correlation 
coefficient and visualized through the ‘ggplot2’ package 
(version 3.5.1). For age subgroup analyses, 70 years was 
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chosen as the cutoff age to ensure sufficient cases in each 
group for adequate statistical power.

Results
124 serum samples (82 PD, 42 HC) and 131 saliva sam-
ples (83 PD, 48 HC) were examined by αSyn-SAA using 
the RT-QuIC platform (Table  1). PD blood donors had 
a mean age of 69.21 years (range 44–88) and 45 males 
(54.9%); HC blood donors had a mean age of 66.55 
years (range 44–81) and 11 males (26.2%) (Table 1). The 
PD saliva donors had a mean age of 69.58 years (range 
49–87) and 46 males (55.4%), and HC saliva donors had 
a mean age of 64.71 years (range 30–81) and 14 males 
(29.2%) (Table 1).

Detection of αSynD seeding activity in serum from PD and 
HC subjects
We modified the immunoprecipitation-based αSyn-SAA 
protocol with RT-QuIC [30] to detect αSynD seeding 
activities in serum and saliva samples. The αSyn-SAA 
reproducibility of different batches of recombinant αSyn 
protein was verified with 14 biopsy skin samples from 

known PD and healthy control subjects (7 each) (Sup-
plementary Fig.  1). Representative RT-QuIC ThT fluo-
rescence curves for blinded saliva and serum samples, 
including 10 PD and 10 HC each, indicated that the saliva 
and serum samples of patients with PD had overall higher 
ThT fluorescence readings than HC samples (Fig. 1).

αSyn-SAA examination of 124 serum samples from 82 
patients with PD (63 probable PD, 19 possible PD) and 
42 HC subjects revealed 80.49% sensitivity, 90.48% speci-
ficity, and 0.9006 accuracy [AUC of ROC (same below), 
95% CI, 0.8472–0.9539, p < 0.0001] for diagnosis of PD 
compared with clinical diagnosis (Fig. 2-A & B, Table 2). 
For serum samples from patients with probable PD, the 
sensitivity, specificity, and accuracy were 79.37%, 90.48%, 
and 0.8857 (95% CI, 0.8212-9502, p < 0.0001), respectively 
(Supplementary Fig. 2-A & B).

Detection of αSynD seeding activity in saliva from PD and 
HC subjects
αSyn-SAA examination of 131 saliva samples from 83 
PD (24 probable PD and 59 possible PD) and 48 HC sub-
jects achieved 74.70% sensitivity, 97.92% specificity, and 

Table 1 Demographics and clinical features of patients with PD and HC subjects
All cases ss-subset

PD HC PD HC

Serum Saliva Serum Saliva Serum & Saliva Serum & Saliva
Sample, n 82 83 42 48 48 26
Age, mean (range), years 69.21 (44–88) 69.58 (49–87) 66.55 (44–81) 64.71 (30–81) 68.83 (49–84) 66.38 (44–81)
Male, number (%) 45 (54.9) 46 (55.4) 11 (26.2) 14 (29.2) 25 (52.1) 7 (26.9)
Disease duration, (range), years 5.05 (0–17) 6.18 (0–31) NA NA 5.04 (0–17) NA
mH&Y, mean (SD) 2.1 (0.48) 2.09 (0.61) NA NA 2.04 (0.52) NA
Self-reported hyposmia 37 (45.1) 21 (42.9) 1 (2.6) 0 (0) 20 (41.7) 0 (0)
SAA + a, Number (%) 66 (80.5) 62 (74.7) 4 (9.5) 1 (2.1) 46 (95.8) 1 (3.8)
aPositive by αSyn-SAA

Fig. 1 Representative ThT Fluorescence Curves of αSyn RT-QuIC Assays of Serum or Saliva Samples. A. Representative curves of ThT fluorescence readings 
over time for αSynD RT-QuIC assays of serum samples from 10 PD and 10 HC subjects. B. Representative curves of ThT fluorescence readings over time for 
αSynD RT-QuIC assays of saliva samples from 10 PD and 10 HC subjects. All samples were coded and blinded for the RT-QuIC assays. The ThT fluorescence 
readings at the endpoint (93.35 h) were normalized to percentages of the maximal fluorescence reading (260,000) and used to measure the relative αSynD 
seeding activities in the respective samples. Orange lines: curves for PD samples; black lines: curves for HC subjects
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Fig. 2 Comparison of αSynD Seeding Activity in Serum or Saliva Samples from Patients with PD and Healthy Controls (HC) by αSyn-SAA. Scatter graphs 
of RT-QulC endpoint ThT fluorescence intensities (αSynD seeding activities) in serum samples (A) or saliva samples (C) from patients with PD and HC 
subjects. Graphed are the average of the endpoint ThT fluorescence in quadruplicate wells of 124 serum samples (42 HC, 82 PD) or 131 saliva samples (48 
HC, 83 PD) in RT-QuIC assays as a percentage of the maximum fluorescence (%ThT fluorescence). ThT fluorescence cutoff: serum, 52,105; saliva, 62,613. 
**** p < 0.0001. ROC curves for αSynD seeding activities in 124 serum samples (B) or 131 saliva samples (D) from patients with PD and HC subjects. SE, 
standard error. 95% CI, 95% confidence interval.
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0.8966 accuracy (95% CI, 0.8454–0.9478, p < 0.0001) for 
diagnosis of patients with PD (Fig. 2-C & D, Table 2). For 
saliva samples from probable PD cases, the sensitivity, 
specificity, and accuracy were 79.66%, 97.92%, and 0.9054 
(95% CI, 0.8484-09623, p < 0.0001), respectively (Supple-
mentary Fig. 2-C & D).

PD diagnosis based on αSynD seeding activities in both 
serum and saliva
We hypothesized that PD patients with negative serum 
αSyn-SAA are likely to have positive saliva αSyn-SAA and 
vice versa. To test this hypothesis, we evaluated serum 
and saliva αSyn-SAA data from the “ss-subset” composed 
of 48 patients with PD (34 probable PD, 14 possible PD) 
and 26 HC subjects who provided both blood and saliva 
during the same visits and compared performance in PD 
diagnosis when the αSyn-SAA data from the two sample 
types were used alone or together. When the serum αSyn-
SAA data were used alone, 85.42% sensitivity, 92.31% 
specificity, and 0.9623 accuracy (95% CI, 0.9258–0.9989, 
p < 0.0001) were achieved for PD diagnosis (Fig. 3-A & B); 
for probable PD, the sensitivity, specificity, and accuracy 
were 85.29%, 92.31%, and 0.9615 (95% CI, 0.9210-1.000, 
p < 0.0001), respectively (Supplementary Fig.  3-A & B). 
In comparison, when the saliva αSyn-SAA data were 
used alone, 75.00% sensitivity, 92.31% specificity, and 
0.9046 accuracy (95% CI, 0.8392–0.9701, p < 0.0001) were 
achieved for PD diagnosis (Fig.  3-C & D, Table  2); for 
probable PD cases, the sensitivity, specificity, and accu-
racy were 76.47%, 92.31%, and 0.8824 (95% CI, 0.7971-
0.9676, p < 0.0001), respectively (Supplementary Fig. 3-C 
& D).

For combined serum and saliva αSyn-SAA data analy-
sis, a patient was PD-positive if either serum or saliva 

αSyn-SAA was positive, and a patient was PD-negative 
when αSyn-SAAs were negative in both sample types. 
3-D plotting with values of accuracy, serum cutoff, and 
saliva cutoff (Fig.  3E) revealed 52,960 and 66,800 (ThT 
fluorescence units) as the optimal cutoff values for 
serum and saliva samples, respectively. With these opti-
mal cutoff values, 95.83% sensitivity, 96.15% specificity, 
and 93.75% accuracy were achieved for PD diagnosis 
(Table 2). If the specificity was set at 100%, 91.67% sen-
sitivity and 91.67% accuracy were still attained. We also 
generated a ROC curve for the combined serum-saliva 
αSynD seeding activity data, which showed an accuracy of 
0.98 (AUC of ROC, 95% CI, 0.96-1.0, p < 0.001) (Fig. 3F). 
The cumulative RT-QuIC ThT fluorescence kinetic 
curves displaying the mean and standard deviation (SD) 
over time of serum or saliva samples from patients with 
probable PD, patients with possible PD, and healthy con-
trols of the ss-subset are shown in Supplementary Fig. 4.

Taken together, these results demonstrate that the 
diagnostic accuracy for PD using serum and saliva αSyn-
SAA data together is much better than using αSyn-SAA 
data from either sample type alone (Table 2).

Clinical correlation of αSynD seeding activities in serum or 
saliva samples
We examined correlations between the αSyn-SAA sta-
tus in serum or saliva samples of patients with PD with 
clinical features and demographic factors (Supplemen-
tary Table 1). When comparing serum αSyn-SAA positiv-
ity between PD and HC subjects, significant differences 
were found for Schwab & England scale (p < 0.001), PDQ-
39 scores and some sub-scores [total (p < 0.05), mobility 
(p = 0.041), ADL (p < 0.001), and cognitive impairment 
(p = 0.006)], HAM-D (p = 0.025),  self-reported hyposmia 
(p = 0.001) and constipation (p < 0.001) ( Supplementary 
Table 1). For saliva αSyn-SAA positivity in PD and HC 
subjects, the p-value findings were similar, except that 
significant difference was also found for age (p = 0.003) 
but not PDQ-39 mobility (p = 0.11) or HAM-D (p = 0.078) 
(Supplementary Table 1). A subset of saliva donors (34 
PD and 22 HC) from our “saliva biomarker study” cohort, 
with a more limited clinical dataset, was only included 
in the analysis for age, age at diagnosis, disease duration, 
sex, mH&Y, MoCA, and MSD-UPDRS Part 3 (Supple-
mentary Table 1).

Clinical correlations with αSynD seeding activities 
in serum or saliva samples from patients with PD were 
also examined by Pearson’s correlation analysis. Serum 
αSynD seeding activities of patients with PD correlated 
significantly with MoCA (p = 0.04, inversely) and HAM-D 
(p = 0.03, positively), and weakly with PDQ-39 cognitive 
impairment (p = 0.07, positively) (Fig.  4, Supplemen-
tary Table 2). No significant correlation was found with 
hyposmia (p = 0.11), RBD (p = 0.21), mH&Y (p = 0.69), 

Table 2 Comparison of diagnostic accuracy for PD with serum 
αSyn-SAA, saliva αSyn-SAA, or serum αSyn-SAA and saliva αSyn-
SAA together

All serum All saliva Paired Serum-Saliva 
(ss-subset)

Num-
ber of 
subjects

82 PD, 42 
HC

83 PD, 48 
HC

48 PD, 26 HC
Serum 
alone

Saliva 
alone

Both 
serum 
& saliva

ThT fluo-
rescence 
cutoff

52,105 62,163 52,105 62,163 serum: 
52,960; 
saliva: 
66,800

Sensitivity 80.49% 74.70% 85.42% 75.00% 95.83%
Specificity 90.48% 97.92% 92.31% 92.31% 96.15%
Accuracy 
by AUC 
(SE)a 95% 
CIb

p value

0.9006 
(0.02724)
0.8472–
0.9539
p < 0.0001

0.8966 
(0.02614)
0.8454–
0.9478
p < 0.0001

0.9623 
(0.01866)
0.9258–
0.9989
p < 0.0001

0.9046 
(0.03337)
0.8392–
0.9701
p < 0.0001

0.98 
(0.011)
0.96-1.0
p < 0.001

astandard error; bconfidence interval
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constipation (p = 0.98), or any other features examined 
(Supplementary Table 2). Saliva αSynD seeding activi-
ties of patients with PD correlated significantly with 
age at diagnosis (p = 0.02, inversely) and RBD (p = 0.04, 

inversely) (Fig.  5). No significant correlation was found 
between saliva αSynD seeding activities with MoCA 
(p = 0.35), mH&Y (p = 0.70), hyposmia (p = 0.63), constipa-
tion (p = 0.50) or any other features (Supplementary Table 

Fig. 3 (See legend on next page.)
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2). No significant differences were found in clinical fea-
tures between αSyn-SAA positive and αSyn-SAA nega-
tive PD participants for either serum or saliva samples.

Subgroup analyses by sex or age (< 70 years or ≥ 70 
years) were also performed (Supplementary Tables 3 
& 4). The age of 70 years was chosen to divide the age 
groups into two for this binary analysis for two reasons: 
(1) 70 is the mean age of onset for PD patients in general 
and the approximate mean age of our PD cohorts, and 
(2) age 70 would divide the cohorts into two subgroups 
that allow for meaningful subgroup statistical analysis. 
For sex subgroup analyses of patients with PD, serum 
αSynD seeding activities correlated inversely with MoCA 
in males (p = 0.01) but not in females (p = 0.70), weakly 
positively with PDQ-39 cognitive impairment in females 
(p = 0.07) but not in males (p = 0.27), and positively with 
HAM-D score in females (p = 0.04) but not in males 
(p = 0.36) (Supplementary Table 3); saliva αSynD seed-
ing activities correlated inversely with age at diagnosis in 
males (p = 0.04) but not in females (p = 0.13) (Supplemen-
tary Table 4).

For age subgroup analyses of patients with PD, serum 
αSynD seeding activities correlated weakly inversely 
with MoCA in the ≥ 70 age group (p = 0.07) but not in 
the < 70 age group (p = 0.15), positively with HAM-A 
in the < 70 age group (p = 0.04) but not in the ≥ 70 age 
group (p = 0.40), positively with HAM-D in the < 70 age 
group (p = 0.01) but not in the ≥ 70 age group (p = 0.92), 
positively with orthostatic hypotension by vitals in the 
< 70 age group (p = 0.01) but not in the ≥ 70 age group 
(p = 0.31), inversely with ESS in the ≥ 70 age group 
(p = 0.03) but not in the < 70 age group (p = 0.92), and 
inversely with RBD in the ≥ 70 age group (p = 0.03) but 
not in the < 70 age group (p = 0.56) (Supplementary Table 
3); saliva αSynD seeding activities correlated inversely 

with age at diagnosis in the < 70 age group (p = 0.01) but 
not in the ≥ 70 age group (p = 0.72), and inversely with 
Schwab & England in the ≥ 70 age group (p = 0.02) but not 
in the < 70 age group (p = 0.11) (Supplementary Table 4).

Discussion
Our serum and saliva αSyn-SAA data showed 0.98 in 
accuracy for PD diagnosis when they were considered 
together, comparable to that of CSF αSyn-SAA [16] and 
much better than when data from either sample type 
were used alone (Fig.  3; Table  2). This exciting finding 
indicates that, after further validations with larger sets 
of paired serum and saliva samples from more balanced 
cohorts of PD and HC subjects, αSynD seeding activities 
in serum and saliva together can be used as a valuable 
biomarker for highly sensitive, accurate, and minimally 
invasive PD diagnosis that can be implemented in routine 
clinical practice and also in clinical studies [38].

Importantly, high diagnostic accuracy with combined 
serum and saliva αSyn-SAA data was achieved only when 
the cutoff values for both sample types were set high for 
high specificity, supporting our hypothesis that serum 
αSyn-SAA and saliva αSyn-SAA data in patients with PD 
tend to be mutually complementary. It is yet to be deter-
mined whether this approach will also apply to other 
synucleinopathies or prodromal stage PD.

Earlier reports on serum αSyn-SAA alone showing 
outstanding accuracy in PD diagnosis comparable to or 
better than the gold-standard CSF αSyn-SAA are excit-
ing yet need to be reproduced [30, 31]. We were unable 
to reproduce one prior serum αSyn-SAA report [30]. Our 
saliva αSyn-SAA results (74.70% sensitivity and 97.92% 
specificity) are largely in line with previous reports [26, 
27], suggesting that saliva αSyn-SAA assay is good but 
inadequate for stand-alone PD diagnosis.

(See figure on previous page.)
Fig. 3 Enhanced Diagnostic Accuracy for PD Using αSynD Seeding Activities in Both Serum and Saliva Samples from a Subset of Patients with PD and 
Healthy Control (HC) by αSyn-SAA. A. Scatter graph of αSynD seeding activities (RT-QuIC endpoint ThT fluorescence intensity) of serum samples in a subset 
of PD and HC subjects with paired serum and saliva samples. Scatter graph was plotted based on the average of the endpoint ThT fluorescence in qua-
druplicate wells as a percentage of the maximum fluorescence (%ThT fluorescence) in RT-QuIC assay of serum samples from 48 patients with PD and 26 
HC in a subset of PD and HC subjects with both serum and saliva samples (termed serum-saliva subset or ss-subset). ThT fluorescence cutoff: 52,105. **** 
p < 0.0001. B. ROC curve and AUC for serum αSynD seeding activity comparisons between patients with PD and HC subjects in the ss-subset. ROC curve 
and AUC value were obtained based on αSynD seeding activity in serum samples from the patients with PD and HC of the ss-subset shown in panel A. 
C. Scatter graph of RT-QulC endpoint ThT fluorescence intensity (αSynD seeding activity) of saliva samples from patients with PD and HC in the ss-subset. 
Scatter graph was plotted based on αSynD seeding activities in saliva samples from the patients with PD and HC of the ss-subset shown in panel A. ThT 
fluorescence cutoff: 62,613. **** p < 0.0001. D. ROC curve and AUC for saliva αSynD seeding activity comparisons between the patients with PD and HC in 
a ss-subset. ROC curve and AUC value were obtained based on αSynD seeding activities in saliva of the patients with PD and HC of the ss-subset shown in 
panel C. E. 3-D Plot to identify optimal cutoff values for serum and saliva for maximum diagnostic accuracy for PD in the ss-subset shown in A and C. PD 
diagnostic accuracy was plotted against the RT-QuIC endpoint ThT fluorescence cutoff values of both serum and saliva in a 3-D plot, which identified the 
optimal endpoint ThT fluorescence cutoff settings to achieve maximal diagnostic accuracy for PD as 52,960 for serum and 66,800 for saliva. The accuracy 
values were calculated by varying the cutting off values for both serum and saliva with the definition that a patient was considered positive for PD only 
when the endpoint ThT fluorescence of both serum and saliva samples exceeded their respective cutoff values. F. ROC curve and AUC for PD diagnosis 
based on αSynD seeding activities in both serum and saliva of patients with PD and HC in the ss-subset. ROC curve and AUC were obtained based on cal-
culated sensitivity and specificity values when varying the ThT fluorescence cutoff values for both serum and saliva. The sensitivity and specificity values 
were calculated based on the same definition of PD positivity as described in panel E. R analysis of the paired serum and saliva αSynD seeding activity data 
of the ss-subset was in agreement with the ROC analysis. **** p < 0.001. SE, standard error. 95% CI, 95% confidence interval
 (Continued next page)
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We detected age and/or sex-dependent correlations 
between serum/saliva αSynD seeding activities and some 
clinical characteristics, specifically MoCA, HAM-D, and 
RBD for serum and age at diagnosis and Schwab & Eng-
land score for saliva (Figs. 4 and 5, Supplementary Tables 
2–4). There was also a trend of positive correlation with 
PDQ-39 cognitive impairment for serum αSynD seed-
ing activities, but the positive correlation of saliva αSynD 
seeding activities with RBD found in the overall analysis 
was not confirmed in the subgroup analysis (Supplemen-
tary Tables 2 & 4). However, none of the above correla-
tions survived multiple correction analysis, possibly due 
to the modest sample sizes and the large number of clini-
cal features included (26 in total).

Some reports described correlations of αSynD seed-
ing activities in various sample types with certain clini-
cal features, but they are often uncorroborated by this 
or other studies [10, 15, 16, 27, 31, 39, 40]. For example, 
CSF αSynD seeding activity was reported to correlate 
positively with olfactory deficit, UPDRS Part 3, and H&Y 

[16, 39, 40], but other studies reported otherwise [10, 
15]. The previously reported correlation between saliva 
αSynD seeding activity and MDS-UPDRS [27] was not 
confirmed by our saliva αSyn-SAA data (Supplementary 
Tables 2& 4). Reasons for the discrepancies are unclear, 
but differences in study populations, clinical assessments, 
sample types, and αSyn-SAA parameters are possible 
factors.

The lack of improvement in sensitivity for the probable 
PD group versus the possible PD group was unexpected. 
One possibility is that the UK Brain Bank Criteria we uti-
lized is less accurate than the newer MDS clinical diag-
nostic criteria in PD diagnosis.

Limitations
This study has several limitations: lack of validation 
cohort, lack of a group with a diagnosis of atypical par-
kinsonism, lack of confirmation by CSF or skin αSyn-
SAA or gold standard neuropathological diagnosis, a 
slight male predominance in patients with PD and a 

Fig. 4 Serum αSynD Seeding Activities Correlate with MoCA and HAM-D among Patients with PD. αSynD seeding activities (endpoint ThT fluorescence 
as a percentage of the maximum reading) in serum samples correlate inversely with MoCA score (A), positively with HAM-D score (B), and weakly posi-
tively with PDQ-39 cognitive impairment score (D), but not with modified Hoehn & Yahr (mH&Y) (C) of patients with PD. Linear regression lines with 95% 
confidence interval (gray shade) are shown
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female predominance in healthy controls, lack of assess-
ment on the impact of PD genetics (including LRRK2), 
utilization of the subjective self-report of loss of smell 
(instead of UPSIT) and RBD (instead of polysomnogra-
phy). This study serves as a proof-of-principle study, and 
the limitations will be addressed in follow-up larger and 
more extensive analyses.

Conclusions
Our study suggests that αSyn-SAA analysis of αSynD 
seeding activities in both serum and saliva samples 
together can serve as a valuable minimally invasive bio-
marker for highly sensitive and accurate PD diagnosis 
in routine clinical practice and clinical studies, and that 
αSynD seeding activities in serum and saliva are differ-
entially correlated with various clinical characteristics in 
an age and sex-dependent manner. Further studies with 
larger independent cohorts of paired serum-saliva sam-
ples from more gender-balanced PD (including patients 
with mutations in LRRK2, GBA, and other relevant 
genes), non-PD synucleinopathies, and HC subjects that 

are validated by neuropathological diagnosis or CSF/
skin CSF αSyn-SAA are needed to validate our find-
ings. It would also be valuable to determine whether the 
combined serum and saliva αSyn-SAA strategy is appli-
cable to prodromal patients, such as those with RBD and 
hyposmia, as well as early detection of PD.
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