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A B S T R A C T

Background: Serum β-synuclein is an emerging blood-based biomarker for synaptic integrity in Alzheimer’s 
disease (AD). However, its comparative performance against the established CSF marker neurogranin and its 
prognostic utility for longitudinal disease progression remain to be fully characterized.
Method: We analyzed 475 participants from the Alzheimer’s Disease Neuroimaging Initiative. We compared 
serum β-synuclein and CSF neurogranin using receiver operating characteristic analysis and Cox proportional 
hazards models. We also assessed the cross-sectional associations of both biomarkers with cognitive and neu
roimaging markers using linear regression. Linear mixed-effects models were applied to determine if baseline 
serum β-synuclein levels and longitudinal rate of change predicted disease progression. Finally, the trajectory of 
serum β-synuclein was modeled across the AD continuum.
Results: Serum β-synuclein distinguished clinical AD dementia from controls with high accuracy (AUC = 0.84). 
Cross-sectionally, it exhibited robust associations with cognitive deficits and neuroimaging markers, comparable 
to or exceeding those of CSF neurogranin. Higher baseline serum β-synuclein, but not CSF neurogranin, signif
icantly predicted the risk of conversion to dementia (hazard ratio = 1.83). Longitudinally, both elevated baseline 
levels and faster rates of increase in serum β-synuclein predicted accelerated cognitive decline and neuro
degeneration, independent of baseline amyloid or tau pathology. Trajectory analysis revealed that serum 
β-synuclein levels accelerated significantly over time specifically in individuals with concurrent amyloid and tau 
pathology.
Discussion: Serum β-synuclein serves as a robust prognostic biomarker for AD, demonstrating diagnostic accuracy 
for clinical dementia and superior predictive utility for disease conversion compared to CSF neurogranin. Its 
ability to track synaptic degeneration independent of core proteinopathies highlights its potential as a dynamic 
outcome measure for monitoring disease progression in clinical trials.
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1. Introduction

The pathological hallmarks of Alzheimer’s disease (AD) are the 
extracellular accumulation of amyloid-β (Aβ) plaques and intracellular 
neurofibrillary tangles composed of hyperphosphorylated tau protein 
[1]. In 2018, the National Institute on Aging-Alzheimer’s Association 
(NIA-AA) introduced the A/T/N framework, a transformative biological 
classification system based on biomarkers [2]. This framework marks a 
paradigm shift from traditional clinical diagnosis of AD by categorizing 
individuals according to cerebrospinal fluid (CSF) and neuroimaging 
biomarkers of amyloid (A), tau (T), and neurodegeneration (N). The 
A/T/N framework has proven particularly valuable for early diagnosis, 
even at the preclinical stage of AD, and for participant selection in 
clinical trials of disease-modifying therapies, such as anti-amyloid im
munotherapies [3–5]. In recent years, the development of ultrasensitive 
detection techniques has led to successful identification of powerful 
blood-based biomarkers (BBMs) for detecting A/T/N pathology, 
including phosphorylated tau at threonine 217 (p-tau217), the endog
enously cleaved, microtubule-binding region containing residue 243 
(eMTBR-tau243) and neurofilament light chain (NfL) [6].

However, the original A/T/N framework did not fully capture the 
multifaceted pathophysiology of AD. The recently updated 2024 Alz
heimer’s Association criteria address this limitation by incorporating 
biomarkers of inflammation (I), vascular brain injury (V), and α-synu
clein co-pathology (S) alongside the core A, T, and N biomarkers [7,8]. 
The integration of multiple biomarker modalities holds promise for 
enhancing diagnostic accuracy, improving disease monitoring, and 
providing deeper insights into the mechanisms of AD progression. 
Importantly, this update integrated BBMs into the diagnostic frame
work, thus paving the way for less invasive and more accessible diag
nostic approaches.

Synaptic dysfunction is a critical early event in AD, potentially pre
ceding significant plaque and tangle pathology and correlating more 
strongly with cognitive decline than either pathology alone [9,10]. 
Therefore, biomarkers reflecting synaptic function are crucial for early 
disease detection and progression monitoring. Recent studies have 
identified several promising synaptic biomarker candidates, including 
neurogranin, synaptotagmin-1, SNAP-25, GAP-43, synaptic vesicle 
glycoprotein 2A, α-synuclein and β-synuclein [11,12]. Among these, 
β-synuclein, a brain-enriched presynaptic protein involved in synaptic 
vesicle trafficking and neurotransmitter release, demonstrates signifi
cant potential as a key biomarker for AD [13]. β-synuclein is detectable 
in the CSF of individuals with AD and is also significantly increased in 
their blood, even at the prodromal stage [14–17]. Given that β-synuclein 
is expressed predominantly in the central nervous system with minimal 
peripheral expression, its blood levels likely reflect pathological changes 
occurring within the brain [18,19]. Recent studies have demonstrated 
that blood β-synuclein levels start to rise 11 years before symptom onset 
in autosomal dominant AD (ADAD) [20]. In sporadic AD, blood β-syn
uclein levels were also observed to rise in the preclinical stage [17,21]. 
However, comprehensive investigation of this novel blood biomarker in 
AD is still limited, especially in longitudinal cohorts.

In this study, we used data from the Alzheimer’s Disease Neuro
imaging Initiative (ADNI) to investigate the diagnostic and prognostic 
performance of serum β-synuclein in AD. We first compared it with an 
established synaptic biomarker in CSF, neurogranin, investigating their 
levels across different diagnostic groups and biological stages. We 
assessed their accuracy in differentiating AD from cognitively normal 
(CN) individuals, as well as amyloid-positive (A+) from amyloid- 
negative (A− ) individuals. We further evaluated their prognostic value 
for predicting conversion to dementia among individuals without de
mentia at baseline. The associations between serum β-synuclein, CSF 
neurogranin and other CSF biomarkers, cognitive function and neuro
imaging biomarkers were analyzed. We then evaluated whether baseline 
levels and the longitudinal rate of change in serum β-synuclein predicted 
subsequent cognitive decline and neurodegenerative changes during the 

follow-up period. Finally, we characterized the longitudinal trajectory of 
serum β-synuclein across the AD disease continuum.

2. Methods

2.1. Participants

Data used in this study were obtained from the ADNI database (adni. 
loni.usc.edu). The ADNI was launched in 2003 as a public-private 
partnership, led by principal investigator Michael W. Weiner, MD. The 
primary goal of ADNI has been to test whether serial magnetic resonance 
imaging (MRI), positron emission tomography (PET), other biological 
markers, and clinical and neuropsychological assessments can be com
bined to measure the progression of mild cognitive impairment (MCI) 
and early AD. Data for the current study were downloaded in May 2025. 
A total of 475 ADNI participants with available serum β-synuclein assay 
data were included. Of these, 155 participants also had available CSF 
neurogranin data and were included in the comparative analyses of 
these two biomarkers. Additionally, a subset of 241 participants had 
longitudinal serum β-synuclein measurements and were included in the 
longitudinal analyses. The flowchart of participant inclusion for each 
analysis is detailed in Supplementary Fig. S1.

All ADNI participants underwent standardized clinical and neuro
psychological assessments, and diagnoses were assigned according to 
standard research criteria for CN controls, MCI or AD dementia. Detailed 
diagnostic criteria for ADNI can be found at https://adni.loni.usc.edu/h 
elp-faqs/adni-documentation/. Briefly, CN participants had a Mini- 
Mental State Examination (MMSE) score between 24 and 30; a Clin
ical Dementia Rating (CDR) score of 0; and absence of depression, MCI, 
and dementia. MCI participants had a MMSE score between 24 and 30; a 
subjective memory complaint; objective memory loss as assessed by 
delayed recall on the Wechsler Memory Scale Logical Memory II; a CDR 
score of 0.5; preserved activities of daily living; and the absence of de
mentia. Participants diagnosed with dementia due to AD met the criteria 
with a MMSE score between 20 and 26 and a CDR score of 0.5 or 1.0, and 
fulfilled the National Institute of Neurological and Communicative 
Disorders and Stroke-Alzheimer’s Disease and Related Disorders Asso
ciation (NINCDS-ADRDA) criteria for probable AD [22].

2.2. Serum β-synuclein assay

All serum β-synuclein data were obtained via the ADNI database. 
Assays were performed by the laboratory of Oeckl using a validated 
immunoprecipitation–mass spectrometry method, as previously 
described [23]. Briefly, 490 µL of serum was mixed with an internal 
standard solution containing recombinant 15N-β-synuclein (rPeptide, 
Watkinsville, GA, USA) and subjected to immunoprecipitation using 
magnetic beads conjugated with anti-β-synuclein antibody (EP1537Y 
from Abcam, Cambridge, UK). The beads were washed with 50 mM 
triethylammonium bicarbonate/0.1 % n-Dodecyl-β-D-maltoside using a 
KingFisher Apex instrument, followed by elution. The precipitated 
β-synuclein underwent enzymatic digestion with trypsin/LysC (Prom
ega, Walldorf, Germany), and two proteotypic peptides (aa46-58 and 
aa61-85) were quantified by liquid chromatography-multiple reaction 
monitoring using an Eksigent MicroLC200, Agilent 1260 pump, and 
Sciex QTRAP6500 mass spectrometer.

Calibration curves were generated using recombinant human full- 
length β-synuclein (rPeptide) with concentrations verified by amino 
acid analysis (Alphalyse A/S, Odense, Denmark). The calibration range 
was 2 to 30 pg/mL. Samples were analyzed in a total of 14 runs, with 
serum quality control samples (low, medium, and high concentration) 
included in each run (intra-assay CV: 0.5 to 11.5 %; inter-assay CV: 8.8 
to 11.1 %). Samples were randomized across runs, and analysts were 
blinded to clinical data.
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2.3. CSF neurogranin assay

CSF neurogranin was quantified using electrochemiluminescence 
immunoassay (Meso Scale Discovery, Gaithersburg, Maryland, USA). 
The assay employed the monoclonal antibody NG7 as the capture anti
body and a polyclonal anti-rabbit NG antibody (ab23570, Upstate) as 
the detection antibody.

2.4. CSF and PET biomarkers for A/T classification

Core AD biomarkers in CSF (Aβ42, phosphorylated tau at threonine 
181 [p-tau181], and total tau [t-tau]) were measured using Roche 
Elecsys CSF immunoassays on a fully automated Elecsys cobas e601 
instrument, following manufacturer’s instructions and previously 
established protocols [24]. Based on CSF Aβ42 and p-tau181 levels, 
participants were stratified into A− T− , A+T− , A+T+, and A− T+
groups using established cutoff values of 980 pg/mL for Aβ42 and 26.64 
pg/mL for p-tau181, in accordance with previously published data and 
the Roche Elecsys method documentation (UPENNBIOMK_ROCHE_E
LECSYS_METHODS_20231109.pdf) [25]. To maximize sample size for 
stratified analyses, A/T status was inferred for a small subset of partic
ipants lacking CSF measurements (11 individuals [9.7 %] in the final 
longitudinal serum β-synuclein trajectory analysis) using pre-processed 
[18F]florbetapir and [18F]flortaucipir PET summary data provided by 
ADNI (ADSP_PHC_PET_Amyloid_Simple_Dec2024.csv and ADSP_PHC_
PET_Tau_Simple_Dec2024.csv). For these participants, a retrospective 
inference approach was applied, leveraging the temporal stability of AD 
pathologies: a confirmed negative PET scan at a follow-up visit was used 
to assign a negative A/T status to preceding visits.

2.5. Imaging

Structural T1-weighted MRI data were acquired as part of the ADNI 
study and processed by the ADSP Phenotype Harmonization Con
sortium. Two separate processing approaches were used to generate the 
neuroimaging markers for this analysis. First, cortical thickness was 
estimated using FreeSurfer (v.6.0) [26], from which a composite cortical 
thickness measure was calculated as the mean thickness of 
AD-vulnerable regions, including the bilateral entorhinal, inferior tem
poral, middle temporal, and fusiform cortices. Second, volumetric 
measures were derived using the MUlti-atlas region Segmentation uti
lizing Ensembles (MUSE) software package [27]. From these segmen
tations, we constructed two AD-associated composite volumes: a medial 
temporal lobe (MTL) volume, comprising the sum of bilateral hippo
campal, entorhinal, parahippocampal, and amygdala volumes; and a 
broader AD composite volume, which included the MTL regions plus the 
bilateral precuneus and posterior cingulate volumes. All imaging mea
sures underwent rigorous quality control and were harmonized across 
different scanner platforms and sites using ComBat-based methods to 
mitigate site effects [28]. Volumetric measures were additionally 
adjusted for total intracranial volume.

[18F]-fluorodeoxyglucose (FDG) PET data were obtained from the 
ADNI “UC Berkeley - FDG analysis” dataset. Detailed methods regarding 
image processing and analysis are documented in the “UC Berkeley FDG 
MetaROI methods” file. Briefly, pre-processed PET images were spatially 
normalized to a standard MNI PET template. The primary outcome 
measure was a composite standardized uptake value ratio (SUVR), 
which was calculated from a predefined meta-region of interest (meta
ROI). This metaROI was derived from a meta-analysis of prior AD 
literature and encompasses key regions of AD-related hypometabolism, 
including the bilateral angular gyri, posterior cingulate, and inferior 
temporal gyri. To generate the SUVR, mean uptake in the metaROI was 
normalized to the mean uptake of the top 50 % of voxels within a pons/ 
cerebellar vermis reference region.

2.6. Cognitive assessments

Participant cognitive and functional status was evaluated using a 
battery of established assessments. Global clinical severity was 
measured using the Clinical Dementia Rating Scale Sum of Boxes (CDR- 
SB). Overall cognitive decline was assessed with the modified Preclinical 
Alzheimer’s Cognitive Composite (mPACC), which is the sum of stan
dardized scores from the MMSE, ADAS-Cog Delayed Word Recall, 
Logical Memory Delayed Recall, and Trail Making Test Part B [29]. 
Disease-specific cognitive performance was evaluated using the Alz
heimer’s Disease Assessment Scale-Cognitive Subscale 13 (ADAS-Cog 
13). Memory function was specifically evaluated using the Alzheimer’s 
Disease Neuroimaging Initiative Memory Composite Score (ADNI 
MEM), a validated measure derived from multiple memory tests [30].

2.7. Statistics analyses

Baseline demographic, clinical, neuroimaging, and fluid biomarker 
characteristics were compared across the three diagnostic groups (CN, 
MCI, and AD). Group differences were assessed using the Chi-squared 
test for categorical variables (sex and apolipoprotein E [APOE ε4] sta
tus). For all continuous variables, group comparisons were performed 
using the non-parametric Kruskal–Wallis test. Log10-transformed serum 
β-synuclein and CSF neurogranin levels across different diagnostic 
groups (CN A− , CN A+, MCI A–, MCI A+, AD A–, and AD A+) and 
biological stages (A− /T− , A+/T− , A+/T+, and A− /T+) were analyzed 
using general linear models (GLMs), with adjustments for age, sex, ed
ucation, and APOE ε4 status. Post-hoc pairwise comparisons for GLMs 
were performed on the estimated marginal means with Tukey’s 
adjustment.

The diagnostic performance of serum β-synuclein and CSF neuro
granin was assessed using receiver operating characteristic (ROC) curve 
analysis to differentiate between patients with AD dementia and CN 
individuals, and separately, to discriminate between A+ and A− in
dividuals. The area under the curve (AUC) and its 95 % confidence in
terval (CI) were calculated, with CIs estimated via a bootstrap method 
with 2000 replicates. To further compare their prognostic utility, Cox 
proportional hazards regression was performed to assess the risk of 
conversion to AD dementia among non-demented participants (CN and 
MCI), adjusting for baseline age, sex, education, APOE ε4 status, and 
baseline diagnosis.

Spearman’s rank-order correlations were first computed to examine 
the univariate associations between all biomarkers and outcomes. 
Further, multiple linear regression adjusting for age, sex, education, and 
APOE ε4 status was used to assess the direct association between serum 
β-synuclein and CSF neurogranin, and to assess associations of serum 
β-synuclein and CSF neurogranin with CSF biomarkers, cognitive mea
sures, and imaging markers. For each outcome, a joint model including 
both serum β-synuclein and CSF neurogranin was fitted to compare their 
standardized beta coefficients (βstd); differences between βstd were 
tested using Wald tests with false discovery rate (FDR) correction. 
Multiple comparison correction was applied to all p values using the FDR 
method.

Linear mixed-effects models (LMMs) were used to determine if serum 
β-synuclein predicted the longitudinal progression of cognitive decline 
and neurodegeneration. First, to assess the effect of baseline β-synuclein 
levels, models tested the interaction between time and baseline log10- 
transformed β-synuclein. For participants with longitudinal β-synu
clein data, a two-stage approach was used to determine if the rate of 
β-synuclein change predicted outcome progression: individual slopes of 
β-synuclein change were derived using LMMs, and the interaction of 
these slopes with time was then tested in models of cognitive and neu
roimaging outcomes. All models were adjusted for baseline age, sex, 
education, APOE ε4 status and baseline clinical diagnosis, and included 
random intercepts and slopes for time. To assess whether the predictive 
value of serum β-synuclein was independent of established AD 
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pathologies, analyses were repeated in participants with available CSF 
biomarkers, with additional adjustment for baseline CSF Aβ42 or CSF p- 
tau181 levels, replacing baseline clinical diagnosis in the models. P 
values were corrected for multiple comparisons using the FDR method. 
Potential moderation by baseline amyloid status, sex and APOE ε4 status 
was explored by adding three-way interaction terms (β-synuclein level/ 
slope × time × moderator) to the models. Finally, a separate LMM 
examined the trajectory of serum β-synuclein itself as an outcome, 
comparing rates of change across A/T groups (A− T− , A+T− , and 
A+T+) via the group × time interaction. This model utilized the same 
covariate adjustments, included a random intercept for each individual, 
and was followed by post-hoc Tukey’s tests to compare slopes among 
groups. All statistical analyses were performed using R software (version 
4.5.0), and a two-sided p value < 0.05 was considered statistically 
significant.

3. Results

3.1. Participant characteristics

The baseline characteristics of the 475 participants are summarized 
in Table 1. The cohort comprised 135 CN individuals, 173 with MCI, and 
167 with AD dementia. The proportion of females differed significantly 
across the CN (48 %), MCI (32 %), and AD (41 %) groups (p = 0.013), 
while there was no significant difference in age among the groups (p =
0.289). The frequency of APOE ε4 carriers increased significantly from 
28.1 % in the CN group to 49.7 % in the MCI group and 64.1 % in the AD 
group (p < 0.001). As expected, significant differences among the CN, 
MCI, and AD groups were observed across all clinical, neuroimaging, 
and CSF biomarker measures (all p < 0.001).

3.2. Serum β-synuclein and CSF neurogranin levels across the AD 
continuum

Among the 153 participants with available measurements for both 
biomarkers, the cohort included CN A− (n = 31), CN A+ (n = 23), MCI 
A− (n = 11), MCI A+ (n = 32), AD A− (n = 7), and AD A+ (n = 49) 
groups (Supplementary Table S1). The levels of serum β-synuclein and 
CSF neurogranin (log10-transformed) across different diagnostic groups 
and biological stages are shown in Fig. 1. Both biomarkers showed a 
trend of progressive increase from CN A− to CN A+, MCI A+, and AD 
A+, but the group differences were more pronounced for serum 

β-synuclein. After adjusting for age, sex, education, and APOE ε4 status, 
significant differences were observed across diagnostic groups in the 
levels of serum β-synuclein (partial η² = 0.22, p < 0.001) and CSF 
neurogranin (partial η² = 0.009, p = 0.020).

Post-hoc analyses demonstrated that, compared to the CN A− group, 
serum β-synuclein levels were higher in the MCI A+ (mean difference 
[MD] = 0.156, 95 % CI: 0.078 to 0.233; p = 0.001) and AD A+ groups 
(MD = 0.202, 95 % CI: 0.130 to 0.275; p < 0.001; Fig. 1A). Levels were 
also higher in the MCI A+ (MD = 0.126, 95 % CI: 0.048 to 0.205; p =
0.022) and AD A+ (MD = 0.173, 95 % CI: 0.099 to 0.247; p < 0.001) 
groups compared to the CN A+ group. No statistically significant dif
ferences were observed between MCI A− (adjusted mean = 0.972, 95 % 
CI: 0.884 to 1.061) and MCI A+ (adjusted mean = 1.062, 95 % CI: 1.011 
to 1.114), or between AD A− (adjusted mean = 1.028, 95 % CI: 0.918 to 
1.138) and AD A+ (adjusted mean = 1.109, 95 % CI: 1.066 to 1.152), 
likely due to the limited sample sizes in the A− groups.

For CSF neurogranin, levels were higher in the AD A+ (MD = 0.483, 
95 % CI: 0.211 to 0.755; p = 0.008) and MCI A+ groups (MD = 0.441, 95 
% CI: 0.150 to 0.732; p = 0.037) compared to the CN A− group (Fig. 1B). 
Similar to serum β-synuclein, CSF neurogranin levels did not differ 
significantly between MCI A− (adjusted mean = 2.478, 95 % CI: 2.145 
to 2.811) and MCI A+ (adjusted mean = 2.602, 95 % CI: 2.407 to 2.796), 
or between AD A− (adjusted mean = 2.418, 95 % CI: 2.003 to 2.833) 
and AD A+ (adjusted mean = 2.644, 95 % CI: 2.482 to 2.805).

When stratified according to the A/T framework (A− /T− n = 37, 
A+/T− n = 38, A+/T+ n = 66, A− /T+ n = 12, Supplementary 
Table S2), serum β-synuclein levels were significantly higher in the A+/ 
T+ group compared with the A− /T− (MD = 0.185, 95 % CI: 0.121 to 
0.249; p < 0.001), A+/T− (MD = 0.161, 95 % CI: 0.104 to 0.219; p <
0.001), and A− /T+ groups (MD = 0.141, 95 % CI: 0.045 to 0.236; p =
0.022; Fig. 1C). CSF neurogranin levels were elevated in the A+/T+
group compared to the A− /T− (MD = 0.700, 95 % CI: 0.488 to 0.912; p 
< 0.001) and A+/T− groups (MD = 0.567, 95 % CI: 0.375 to 0.759; p <
0.001; Fig. 1D). Notably, CSF neurogranin levels in the A− /T+ group 
were also significantly higher than those in the A− /T− (MD = 0.724, 95 
% CI: 0.410 to 1.037; p < 0.001) and A+/T− groups (MD = 0.591, 95 % 
CI: 0.268 to 0.915; p = 0.002), and did not differ from the A+/T+ group 
(MD = 0.024, 95 % CI: − 0.293 to 0.342; p = 0.999).

Table 1 
Demographic and clinical characteristics of participants at baseline.

N Cognitively normal (CN) Mild cognitive impairment (MCI) Alzheimer’s disease dementia (AD) p value

N (% female) 475 135 (48%) 173 (32%) 167 (41%) 0.013
Age (years) 475 75.7 (72.6–78.8) 77.4 (72.5–82.5) 76.9 (71.3–82.0) 0.289
APOE ε4 positive (%) 475 38 (28.1%) 86 (49.7%) 107 (64.1%) <0.001
Education (years) 475 16.0 (14.0–18.0) 16.0 (13.0–18.0) 16.0 (13.0–18.0) 0.012
CDR-SB 472 0.0 (0.0–0.0) 1.5 (1.0–2.0) 4.5 (3.5–6.0) <0.001
mPACC 475 0.1 (− 1.8–1.6) − 6.5 (− 9.8–− 3.7) − 14.3 (− 17.0–− 11.6) <0.001
ADNI MEM 475 1.0 (0.7–1.5) 0.0 (− 0.5–0.5) − 0.9 (− 1.4–− 0.5) <0.001
ADAS-Cog 13 464 9.3 (6.0–12.7) 18.3 (12.7–21.7) 28.0 (22.8–34.0) <0.001
FDG-PET SUVR 226 1.3 (1.2–1.3) 1.2 (1.1–1.2) 1.0 (0.9–1.1) <0.001
Cortical Thickness (mm) 432 2.8 (2.7–2.9) 2.7 (2.6–2.8) 2.5 (2.3–2.6) <0.001
AD Composite Volume (mm3) 459 47159.8 (43406.0–50242.2) 45974.3 (42027.0–49345.1) 41796.2 (38348.4–45906.6) <0.001
MTL Volume (mm3) 459 20799.4 (19473.4–22416.4) 19396.8 (17659.2–21211.0) 17253.9 (15582.9–19011.7) <0.001
Serum β-synuclein (pg/mL) 475 8.2 (6.9–10.5) 10.6 (8.4–13.6) 13.2 (10.6–16.4) <0.001
CSF Neurogranin (pg/mL) 155 292.5 (143.0–451.9) 463.8 (240.9–613.5) 543.7 (374.6–736.4) <0.001
CSF t-tau (pg/mL) 209 234.9 (180.6–299.9) 254.8 (204.1–370.5) 329.9 (261.6–396.8) <0.001
CSF p-tau181 (pg/mL) 209 21.4 (16.3–28.1) 24.8 (17.9–37.6) 32.4 (24.7–42.2) <0.001
CSF Aβ42 (pg/mL) 209 1087.5 (724.3–1524.8) 687.1 (556.5–1026.4) 543.5 (392.2–685.4) <0.001

Note: Data are given as median (interquartile ranges) for continuous variables and count (percentage) for categorical variables. Group comparisons were performed 
using the Kruskal–Wallis test for all continuous variables. The Chi-squared test was used for categorical variables. Abbreviations: ADAS-Cog 13, Alzheimer’s Disease 
Assessment Scale-Cognitive subscale 13; ADNI MEM, Alzheimer’s Disease Neuroimaging Initiative Memory Composite Score; Aβ42, amyloid-β 1–42; APOE, apoli
poprotein E; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; FDG-PET, [18F]fluorodeoxyglucose positron emission tomography; mPACC, 
modified Preclinical Alzheimer Cognitive Composite; MTL, medial temporal lobe; p-tau181, phosphorylated tau at threonine 181; t-tau, total tau.
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3.3. Diagnostic and prognostic performance of serum β-synuclein and CSF 
neurogranin

The diagnostic performance of the biomarkers was assessed using 
ROC curve analyses (Fig. 2). In discrimination between patients with 
clinical AD dementia and CN individuals, serum β-synuclein demon
strated good accuracy (AUC = 0.844, 95 % CI: 0.761 to 0.912), 
approaching the performance of the CSF p-tau181/Aβ42 ratio (AUC =
0.880, 95 % CI: 0.810 to 0.941). In contrast, CSF neurogranin showed 
lower accuracy (AUC = 0.753, 95 % CI: 0.657 to 0.835). When dis
tinguishing individuals with amyloid pathology (A+) from those 
without (A− ), the performance of both biomarkers was modest, with 
serum β-synuclein yielding an AUC of 0.752 (95 % CI: 0.672 to 0.826) 
and CSF neurogranin an AUC of 0.648 (95 % CI: 0.551 to 0.741).

Prognostic performance was assessed using Cox proportional hazards 
models to evaluate prediction of conversion from a non-demented state 
(CN or MCI) to AD dementia. Among 97 participants without dementia 
at baseline, 30 individuals (CN: 7/54; MCI: 23/43) converted to AD 
dementia over a mean follow-up of 5.37 years. After adjusting for age, 
sex, education, APOE ε4 status, and baseline cognitive status, higher 

baseline serum β-synuclein was associated with a significantly increased 
risk of conversion to AD dementia (hazard ratio [HR] = 1.83 per stan
dard deviation increase, 95 % CI: 1.23 to 2.73; p = 0.003; Supplemen
tary Fig. S2). In contrast, baseline CSF neurogranin levels were not 
significantly associated with conversion risk (HR = 1.67, 95 % CI: 0.81 
to 3.46; p = 0.167).

3.4. Association of serum β-synuclein, CSF neurogranin and other AD- 
related markers

Spearman correlation analyses revealed that serum β-synuclein was 
significantly correlated with all examined CSF, cognitive, and imaging 
markers (all FDR-adjusted p < 0.001; Supplementary Fig. S3). Its asso
ciations with cognitive and imaging markers were consistently stronger 
than those of CSF neurogranin. Notably, serum β-synuclein showed a 
robust correlation with CSF Aβ42 (ρ = − 0.44), whereas CSF neurogranin 
did not, and a stronger correlation with the CSF p-tau181/Aβ42 ratio (ρ 
= 0.62 vs. 0.55). Conversely, CSF neurogranin exhibited its strongest 
associations with t-tau (ρ = 0.86) and p-tau181 (ρ = 0.84).

To evaluate these associations independently of potential 

Fig. 1. Serum β-synuclein and CSF neurogranin levels across clinical and biological stages of Alzheimer’s disease. The distribution of log10-transformed 
levels of (A, C) serum β-synuclein and (B, D) CSF neurogranin. Levels are stratified by: (A, B) a combination of clinical diagnosis and amyloid status (CN A− , n 
= 31; CN A+, n = 23; MCI A− , n = 11; MCI A+, n = 32; AD A− , n = 7; AD A+, n = 49); and (C, D) the A/T biological framework (A− T− , n = 37; A+T− , n = 38; 
A+T+, n = 66; A− T+, n = 12). Group differences were assessed using general linear models adjusted for age, sex, education, and APOE ε4 status, with post-hoc 
pairwise comparisons performed using Tukey’s adjustment. Each plot displays the data distribution as a box plot (left half) and a violin plot (right half), with in
dividual data points shown as dots. Box plots display the median and the interquartile range (IQR), with whiskers extending to the value no further than 1.5 times the 
IQR. Outliers were retained in the statistical analyses but excluded from visualization. Brackets indicate significant pairwise comparisons: *, p < 0.05; **, p < 0.01; 
***, p < 0.001. Abbreviations: A− , amyloid-β negative; A+, amyloid-β positive; AD, Alzheimer’s disease dementia; CN, cognitively normal; CSF, cerebrospinal fluid; 
MCI, mild cognitive impairment; T− , tau negative; T+, tau positive.
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confounders, linear regression analyses adjusted for age, sex, years of 
education, and APOE ε4 carrier status were performed (Fig. 3). Serum 
β-synuclein was positively associated with CSF neurogranin (βstd =
0.33, 95 % CI: 0.17 to 0.49; p < 0.001). When examined in relation to 
other AD biomarkers, the two synaptic markers demonstrated distinct 
association profiles. Serum β-synuclein was independently associated 
with lower CSF Aβ42 (βstd = − 0.28, 95 % CI: − 0.43 to − 0.13), while 
CSF neurogranin showed no such association (Δβstd = − 0.39, 95 % CI: 
− 0.65 to − 0.14; p = 0.011). Both serum β-synuclein and CSF neuro
granin were associated with higher p-tau181, t-tau and p-tau181/Aβ42 
ratio, with the association between CSF neurogranin and p-tau181 and t- 
tau was stronger than serum β-synuclein (Δβstd for p-tau181 = − 0.66, 
95 % CI: − 0.82 to − 0.50; Δβstd for t-tau = − 0.71, 95 % CI: − 0.87 to 
− 0.55; both p < 0.001). Regarding cognitive decline and neurodegen
erative changes, higher levels of both biomarkers were associated with 
worse outcomes. Although the magnitude of these associations tended to 
be larger for serum β-synuclein than for CSF neurogranin across most 
cognitive and imaging measures, differences in standardized effect sizes 
did not reach statistical significance.

3.5. Baseline serum β-synuclein predicts longitudinal disease progression

The above results demonstrated that serum β-synuclein was a 
promising biomarker for cognitive decline and neurodegenerative 
changes, comparable to the established CSF synaptic marker neuro
granin. We further used LMMs to investigate whether baseline serum 
β-synuclein levels predicted the rate of longitudinal progression in 
clinical and neuroimaging markers for all individuals with available 
serum β-synuclein data (Fig. 4, Supplementary Fig. S4).

After correction for multiple comparisons, higher baseline β-synu
clein was significantly associated with accelerated progression across all 
tested outcomes. For clinical measures, higher baseline levels predicted 
a faster decline in measures of early cognitive function (mPACC: βstd =
− 0.28, 95 % CI: − 0.35 to − 0.22; R2 = 0.36) and memory (ADNI MEM: 
βstd = − 0.22, 95 % CI: − 0.27 to − 0.17; R2 = 0.45). Higher baseline 
levels also predicted more rapid global deterioration as measured by the 
CDR-SB (βstd = 0.43, 95 % CI: 0.35 to 0.52; R2 = 0.30) and the ADAS- 
Cog 13 (βstd = 0.35, 95 % CI: 0.28 to 0.42; R2 = 0.34; all p < 0.001). For 
neuroimaging measures, higher baseline β-synuclein was associated 

with faster neurodegeneration across multiple brain regions. This 
included accelerated cortical thinning (βstd = − 0.23, 95 % CI: − 0.28 to 
− 0.18; R2 = 0.30) and accelerated decline in brain glucose metabolism 
as measured by FDG-PET (βstd = − 0.13, 95 % CI: − 0.18 to − 0.08; R2 =

0.38). Furthermore, higher baseline β-synuclein predicted greater vol
ume loss in the AD composite region (βstd = − 0.11, 95 % CI: − 0.13 to 
− 0.08; R2 = 0.39), and faster atrophy in the medial temporal lobe (βstd 
= − 0.10, 95 % CI: − 0.12 to − 0.07; R2 = 0.40; all p < 0.001). Impor
tantly, these associations remained statistically significant after addi
tional adjustment for baseline CSF Aβ42 or CSF p-tau181 levels, 
supporting the independence of serum β-synuclein from established AD 
pathologies (Supplementary Table S3).

Moderation analyses examining baseline amyloid status revealed 
significant three-way interactions for CDR-SB (β = 1.68, p = 0.034) and 
cortical thickness (β = − 0.11, p = 0.001; Supplementary Table S4), 
indicating that the association between higher baseline serum β-synu
clein and both global cognitive decline and cortical atrophy was stronger 
in amyloid-positive individuals. No significant moderation by amyloid 
status was observed for other cognitive or neuroimaging outcomes. 
Furthermore, no significant interactions with sex or APOE ε4 carrier 
status were detected for any outcome (all three-way interaction p values 
> 0.05; Supplementary Table S5), suggesting that the predictive effect of 
serum β-synuclein was consistent across these subgroups.

3.6. Rate of change in serum β-synuclein predicts longitudinal disease 
progression

Beyond baseline levels, we investigated whether the longitudinal 
rate of change of serum β-synuclein also predicted clinical and neuro
imaging progression in 241 individuals with longitudinal serum β-syn
uclein data. After FDR correction for multiple comparisons, steeper 
increases in serum β-synuclein over time significantly predicted accel
erated disease progression across all examined outcomes (Fig. 5, Sup
plementary Fig. S5). Faster rates of β-synuclein increase were associated 
with more rapid decline in early cognitive function (mPACC: βstd =
− 0.30, 95 % CI: − 0.38 to − 0.22; R2 = 0.37) and accelerated worsening 
in global clinical severity (CDR-SB: βstd = 0.40, 95 % CI: 0.29 to 0.52; R2 

= 0.24). These findings were consistent across other neuropsychological 
measures, including the ADNI MEM composite score (βstd = − 0.23, 95 

Fig. 2. Diagnostic performance of serum β-synuclein and CSF neurogranin. Receiver operating characteristic curves for: (A) differentiation between patients 
with AD dementia and CN individuals (n = 56 for AD and n = 54 for CN); and (B) discrimination between individuals with A+ and A− status (n = 104 for A+ and n =
49 for A− ). AUC values and corresponding 95 % confidence intervals were calculated using a bootstrap method with 2000 replicates. Abbreviations: A− , amyloid-β 
negative; A+, amyloid-β positive; AD, Alzheimer’s disease dementia; AUC, area under the curve; Aβ42, amyloid-β 42; CN, cognitively normal; CSF, cerebrospinal 
fluid; p-tau181, phosphorylated tau at threonine 181.
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% CI: − 0.28 to − 0.17; R2 = 0.45) and the ADAS-Cog 13 (βstd = 0.34, 95 
% CI: 0.25 to 0.42; R2 = 0.31; all p < 0.001). For neuroimaging out
comes, faster rates of β-synuclein increase predicted faster neuro
degeneration, including more rapid cortical thinning (βstd = − 0.27, 95 
% CI: − 0.33 to − 0.20; R2 = 0.31), accelerated decline in brain glucose 
metabolism (βstd = − 0.16, 95 % CI: − 0.23 to − 0.09; R2 = 0.40), and 
faster atrophy in both the AD composite region (βstd = − 0.12, 95 % CI: 
− 0.16 to − 0.09; R2 = 0.41) and the medial temporal lobe (βstd = − 0.11, 
95 % CI: − 0.14 to − 0.08; R2 = 0.37; all p < 0.001). Importantly, the 
predictive associations between longitudinal serum β-synuclein change 
and all clinical and neuroimaging outcomes remained statistically 

significant after additional adjustment for baseline CSF Aβ42 or CSF p- 
tau181 levels (Supplementary Table S6).

Moderation analyses examining baseline amyloid status identified a 
significant three-way interaction only for cortical thickness (β = − 0.08, 
p < 0.001; Supplementary Table S7), indicating that faster increases in 
serum β-synuclein were more strongly associated with accelerated 
cortical atrophy in amyloid-positive individuals. No significant moder
ation by amyloid status was observed for other cognitive or neuro
imaging outcomes. Moreover, no significant interactions with sex or 
APOE ε4 carrier status were detected for any outcome (all three-way 
interaction p values > 0.05; Supplementary Table S8), suggesting that 

Fig. 3. Independent associations of serum β-synuclein and CSF neurogranin with AD-related markers. (A) Scatter plot showing the independent association 
between serum β-synuclein and CSF neurogranin after standardization. The line represents the linear regression fit, and the shaded area indicates the 95 % confidence 
interval. The model was adjusted for age, sex, education, and APOE ε4 status. (B-D) Forest plots showing standardized beta coefficients (βstd) from a series of multiple 
linear regression models, stratified by marker category: (B) CSF biomarkers; (C) cognitive scores; and (D) imaging measures. Each model assessed the independent 
association between a predictor (serum β-synuclein or CSF neurogranin) and a specific outcome marker, after adjusting for the same covariates. Points represent the 
standardized β coefficient and error bars indicate the 95 % confidence intervals. Asterisks next to the outcome labels indicate a statistically significant difference 
between βstd for serum β-synuclein and CSF neurogranin for the same outcome, tested using a Wald test (***p < 0.001, **p < 0.01, *p < 0.05). All p values were 
corrected for multiple comparisons using the false discovery rate method. Abbreviations: AD Composite Volume, Alzheimer’s Disease composite region volume; 
ADAS-Cog 13, Alzheimer’s Disease Assessment Scale-Cognitive subscale 13; ADNI MEM, Alzheimer’s Disease Neuroimaging Initiative Memory Composite Score; 
Aβ42, amyloid-β 42; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; FDG-PET, [18F]fluorodeoxyglucose positron emission tomography; 
mPACC, modified Preclinical Alzheimer’s Cognitive Composite; MTL, medial temporal lobe; p-tau181, phosphorylated tau at threonine 181; t-tau, total tau.
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the predictive value of longitudinal serum β-synuclein change was 
consistent across these subgroups.

3.7. Longitudinal trajectories of serum β-synuclein across AD disease 
continuum

The longitudinal trajectory of serum β-synuclein as a function of age 
is shown in Supplementary Fig. S6. When stratified by the A/T frame
work (Fig. 6), distinct longitudinal patterns emerged. Serum β-synuclein 
levels increased significantly over time in the A+T− group (annual in
crease = 0.45 pg/mL, 95 % CI: 0.03 to 0.86; p = 0.034) and accelerated 
further in the A+T+ group (annual increase = 0.86 pg/mL, 95 % CI: 
0.40 to 1.31; p < 0.001). Conversely, the A− T− group remained stable 
over time (p = 0.30). Direct comparison confirmed that the rate of 
accumulation in the A+T+ group was significantly steeper than that in 
the A− T− group (difference in slopes = 0.69 pg/mL/year, p = 0.042).

4. Discussion

This study provides a comprehensive cross-sectional and longitudi
nal investigation of serum β-synuclein’s potential as a blood-based 
biomarker for AD. Our findings indicate that serum β-synuclein’s 
levels progressively increase across the AD continuum, demonstrating 
high diagnostic accuracy in distinguishing clinically diagnosed AD from 
CN individuals. Longitudinally, elevated baseline levels significantly 
predicted the risk of conversion to dementia. Notably, this study pro
vides a direct comparison between serum β-synuclein and the estab
lished postsynaptic marker CSF neurogranin. While both markers 
reflected synaptic dysfunction, serum β-synuclein demonstrated supe
rior prognostic utility for clinical progression. Furthermore, both base
line levels and change rates of serum β-synuclein were strong predictors 
of cognitive decline and neurodegeneration, independent of baseline 
amyloid or tau pathology. These findings support the potential utility of 
serum β-synuclein for both the diagnosis and prognosis of AD.
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Fig. 4. Association between baseline serum β-synuclein levels and longitudinal progression of cognitive and neuroimaging markers. Longitudinal tra
jectories of (A) mPACC (n = 412), (B) CDR-SB (n = 417), (C) Cortical Thickness (n = 378), and (D) FDG-PET (n = 228), stratified by baseline serum β-synuclein level. 
The three main trend lines represent the estimated marginal trajectories from linear mixed-effects models for participants with low (Mean - 1SD), mean, and high 
(Mean + 1SD) baseline levels of log10-transformed serum β-synuclein. Shaded areas represent the 95 % confidence intervals. Thin lines represent individual 
participant trajectories. All models tested the interaction between baseline β-synuclein level and time, adjusting for baseline age, sex, education, APOE ε4 status, and 
baseline clinical diagnosis, and included random intercepts and slopes for time for each participant. The standardized beta coefficient (βstd) for the interaction term 
and the marginal R-squared (R²) for the fixed effects are displayed in each panel. *** indicates an FDR-adjusted p < 0.001 for the interaction term. Abbreviations: 
CDR-SB, Clinical Dementia Rating Sum of Boxes; FDG-PET, [18F]fluorodeoxyglucose positron emission tomography; mPACC, modified Preclinical Alzheimer’s 
Cognitive Composite; SD, standard deviation.
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CSF neurogranin was selected for comparison as it is a well- 
validated, AD-specific biomarker that reflects the integrity of the post
synaptic compartment [31–33]. Our finding that CSF neurogranin cor
relates strongly with CSF tau, but not with Aβ42, aligns with previous 
reports [34,35], supporting the view that neurogranin release is a 
downstream event reflecting tau-associated dendritic damage. However, 
this strong collinearity suggests that neurogranin levels may largely 
mirror tau pathology, potentially limiting its ability to provide inde
pendent prognostic information. In contrast, serum β-synuclein exhibi
ted a distinct profile modulated by both amyloid and tau pathologies. 
While its initial elevation is linked to amyloid pathology, our data show 
its trajectory accelerates dramatically only in the presence of co-existing 
tau pathology. This pattern supports a model of synergistic injury: Aβ 
accumulation may initiate a low-level, chronic presynaptic stress, 
whereas the subsequent onset of tau pathology likely precipitates 
widespread synaptic dysfunction [36–39]. Consequently, the steep rise 
in serum β-synuclein observed in the A+T+ stage likely captures this 

compounded synaptic toxicity.
Comparisons between CSF and serum biomarkers require caution 

due to the physiological distinctness of central and peripheral com
partments. While CSF biomarkers offer a proximal readout of cerebral 
pathophysiology, serum levels represent a distal signal influenced by 
blood-brain barrier (BBB) permeability and systemic dilution [40,41]. 
Conventionally, CSF markers are expected to correlate more closely with 
central pathology. Contrary to this expectation, however, our analyses 
revealed that serum β-synuclein was a superior predictor of conversion 
to AD dementia compared to CSF neurogranin. Furthermore, serum 
β-synuclein showed comparable or stronger associations with cognitive 
and neuroimaging outcomes. This apparent paradox may be attributable 
to the high CNS-specificity of β-synuclein [42], or the possibility that 
peripheral levels capture an integrated signal reflecting both synaptic 
density and BBB integrity. Additionally, previous analysis showed that 
presynaptic markers are affected earlier and more severely than post
synaptic markers in AD [43]; thus, as a presynaptic marker, β-synuclein 
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may provide greater sensitivity to early disease progression than the 
postsynaptic marker neurogranin.

Our findings indicate that serum β-synuclein has limited sensitivity 
for detecting early amyloid pathology. Specifically, we observed no 
significant difference in its levels between CN individuals with and 
without amyloid pathology. This contrasts with some prior reports 
suggesting elevated serum β-synuclein in preclinical AD [16,17]; this 
discrepancy may be attributable to cohort differences or the limited 
sample size of preclinical cases in the present analysis. The biomarker’s 
modest performance in early detection was reinforced by ROC analysis, 
which yielded an AUC of 0.75 for discriminating between 
amyloid-positive and amyloid-negative individuals. This cross-sectional 
pattern was mirrored by the longitudinal trajectory, where a significant 
acceleration in the rate of change was evident only after the establish
ment of tau pathology (the A+T+ stage). In contrast to its limitations in 
early screening, serum β-synuclein demonstrated robust utility as a 

marker of disease severity and prognosis. Cross-sectionally, it accurately 
identified established clinical disease, differentiating patients with AD 
dementia from controls with an AUC of 0.84—performance comparable 
to the CSF p-tau181/Aβ42 ratio. These levels tracked closely with dis
ease severity, showing strong associations with cognitive deficits, brain 
atrophy, and hypometabolism, consistent with previous findings [17,
44]. However, while prior cross-sectional studies could not capture 
temporal dynamics, our longitudinal design addresses this limitation. 
We provide novel evidence that both elevated baseline levels and, 
crucially, a rapid longitudinal rate of increase in serum β-synuclein are 
strong, independent predictors of future cognitive decline and neuro
degeneration. Importantly, these associations persisted after adjusting 
for baseline CSF Aβ42 or p-tau181, suggesting that serum β-synuclein 
captures dimensions of progressive synaptic failure independent of core 
AD proteinopathy. These results underscore the value of serial moni
toring of serum β-synuclein to identify patients at high risk of rapid 
progression.

Synaptic pathology is a convergent feature across the spectrum of 
neurodegenerative diseases, including AD, Parkinson’s disease, Lewy 
body dementia, frontotemporal dementia (FTD), and amyotrophic 
lateral sclerosis (ALS) [45–47]. In AD, synaptic dysfunction is recog
nized not merely as a downstream consequence but as a key driver of 
cognitive impairment that correlates closely with clinical status 
[48–50]. While fluid biomarkers for core pathologies (e.g., plasma 
p-tau217 for amyloid/tau) and general neuroaxonal injury (e.g., NfL) 
are well-established, there remains a critical need for accessible markers 
capable of specifically monitoring synaptic integrity. Current evidence 
supports serum β-synuclein as a valuable marker for this purpose, dis
tinguishing AD-related synaptic degeneration from other proteino
pathies. Unlike NfL, which is non-specifically elevated across diverse 
neurodegenerative disorders [51], serum β-synuclein levels remain 
largely stable in patients with pure FTD or ALS, typically rising only 
when concurrent AD pathology is present [21,44]. Although our data in 
sporadic AD suggest elevations become most prominent with established 
pathology, studies in autosomal dominant AD have detected elevated 
serum β-synuclein up to 11 years prior to symptom onset, significantly 
preceding the rise of NfL [20]. Furthermore, serum β-synuclein provides 
complementary value to plasma p-tau isoforms by directly indexing 
synaptic structure, a measure more tightly linked to cognitive perfor
mance and cortical atrophy than amyloid or tau load alone [14,21]. 
Consequently, serum β-synuclein holds substantial promise for clinical 
trials, both for stratifying preclinical individuals at high risk of rapid 
decline and as a surrogate endpoint to verify synaptic preservation in 
response to disease-modifying therapies.

This study has several limitations. First, direct comparison between 
serum β-synuclein and CSF neurogranin was restricted to a sub-cohort 
with available data for both biomarkers, which limited statistical 
power for some stratified analyses. Validation through larger, inde
pendent cohorts is essential to confirm these findings. Second, our 
findings are derived from the ADNI cohort, which primarily consists of 
White and highly educated individuals. Therefore, validating these re
sults in diverse, multi-ethnic, and community-based populations is a 
crucial step to ensure generalizability. Third, our A/T classification 
relied on CSF biomarkers. While CSF classification is well-validated, the 
inclusion of PET imaging would have provided complementary infor
mation regarding the spatial distribution of pathology. Fourth, we did 
not include a direct comparison with other emerging plasma bio
markers, such as the plasma Aβ42/40 ratio or p-tau217. Future head-to- 
head studies are crucial to definitively position serum β-synuclein within 
the rapidly evolving panel of blood-based AD biomarkers. Fifth, the lack 
of non-AD neurodegenerative control groups in this cohort precludes 
assessment of the biomarker’s specificity in a differential diagnostic 
context. Finally, the longitudinal trajectories were estimated from a 
cohort comprising individuals at varying disease stages at baseline. To 
fully characterize the temporal dynamics and natural history of serum 
β-synuclein, prospective studies tracking individuals from a cognitively 
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unimpaired state to overt dementia are necessary.
In conclusion, our study supports serum β-synuclein as a robust, 

dynamic blood-based biomarker of disease progression in AD. Its ca
pacity to predict cognitive decline and neurodegeneration, independent 
of core amyloid and tau pathologies, highlights its utility as a scalable 
tool for monitoring disease severity and, potentially, as a surrogate 
endpoint for synaptic preservation in clinical trials.
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