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Abstract

Background
Synaptic dysfunction is a pathophysiological feature of Alzheimer’s disease (AD). Although levels of synaptosomal-associated protein
25 (SNAP25) in cerebrospinal fluid (CSF) have been shown to be elevated, the utility of plasma SNAP25 and its relationship with
synaptic density remains unclear. We evaluated and compared plasma and CSF SNAP25 across three independent cohorts, and
examined associations with cognition and imaging outcomes, including synaptic vesicle glycoprotein 2A (SVA) positron emission
tomography (PET).

Methods
SNAP25 was quantified by single-molecule array (SIMOA) in the BioFINDER-2 pilot (n = 102), Genova Memory Center (GMC; n = 106,
plasma subset n = 42), and TRIAD (n = 36) cohorts. Participants were cognitively unimpaired (CU) or impaired (CI) and further
stratified based on amyloid status (+/-). Group differences were tested adjusting for age, sex, and education, with Tukey corrections
and diagnostic performance by ROC analyses and DeLong tests. Plasma-CSF effects were compared using mixed-effects models and
Wald tests, and associations by Spearman/partial Spearman correlations and linear regressions. Plasma neurofilament light was
used as an SV2A PET comparator.

Results
Plasma SNAP25 levels were elevated in CI+ across all cohorts (fold change = 1.46 in BioFINDER-2, 1.48 in GMC, and 1.77 in TRIAD, p 
< 0.01) compared to CU−, with AUCs of 0.78, 0.92, and 0.90 respectively. CSF group differences were less consistent, as were plasma-
CSF correlations of SNAP25. Furthermore, in the BioFINDER-2, higher SNAP25 was associated with lower Mini-Mental State
Examination scores, more brain atrophy, and greater amyloid and tau PET burden. Amyloid PET associations were also observed with
CSF SNAP25 in GMC, and with plasma SNAP25 in TRIAD. In the full TRIAD cohort, plasma SNAP25 correlated with global SV2A PET
meta-ROI after adjustment for age and sex (rs=0.36, p = 0.04). In CI+ participants, there was also a significant association with global
SV2A PET binding. Voxelwise plasma associations were strongest in the ventromedial prefrontal cortex. NfL was not associated with
SV2A PET binding.

Conclusion
Plasma SNAP25 is reliably measurable and consistently elevated in CI+ individuals. Associations with core AD biomarkers and SV2A
PET binding, particularly in CI+ individuals, support its potential as a marker of synaptic injury for disease characterisation and
clinical-trial monitoring.

Background
Synaptic dysfunction and the loss of synaptic plasticity and integrity are distinct pathophysiological features in various forms of
dementias such as Alzheimer’s disease (AD), frontotemporal dementia (FTD), and dementia with Lewy bodies (DLB) [1–3]. It is also
observed in other neurological and psychiatric disorders e.g., Parkinson’s disease, amyotrophic lateral sclerosis, schizophrenia, and
depression [2, 4–6]. Previous studies have found that synaptic degradation correlates strongly with cognitive decline in e.g., AD,
behavioural variant of FTD (bvFTD), and DLB [7–9]. The prevalence of synaptic degeneration in dementias, taken together with its
strong correlation with cognitive decline presents a strong argument for implementing synaptic biomarkers into clinical routine for
assessment of these neurodegenerative diseases to aid with diagnostics, predict disease progression, and stage disease severity.
Robust synaptic biomarkers could also monitor the effects of drugs on synaptic health in clinical trials.

A strong candidate for the assessment of synaptic health is the presynaptic soluble N-ethylmaleimide-sensitive factor attachment
receptor (SNARE) protein, synaptosomal-associated protein 25 (SNAP25). SNAP25 is essential for synaptic transmission and
cognitive function due to its involvement in vesicular exocytosis, where it forms the SNARE complex together with vesicle-associated
membrane proteins (VAMP) and syntaxin-1 [10]. Upon a Ca2+ influx of the synapse, the Ca²⁺ sensor protein synaptotagmin 1 binds the
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calcium and interacts with the SNARE complex and phospholipids, thereby triggering a membrane fusion of the SNARE complex with
the plasma membrane, enabling the release of neurotransmitters into the synaptic cleft [11, 12]. Several studies have shown that
levels of SNAP25 in cerebrospinal fluid (CSF) is significantly higher in patients with both mild cognitive impairment (MCI) due to AD
and dementia due to AD compared to cognitively unimpaired (CU) individuals [13–15]. Interestingly, CSF SNAP25 and other synaptic
biomarkers such as neurogranin, growth-associated protein 43, and synaptotagmin-1 appear to be associated with amyloid pathology,
as levels of these proteins have been shown to increase with amyloid burden [16, 17]. Consistent with these findings, several synaptic
biomarkers do not show comparable elevations in non-AD neurodegenerative diseases, such as FTD, whereas increases are primarily
observed in AD [18–20]. However, most studies of synaptic biomarkers in AD have focused on CSF, while blood-based studies remain
comparatively limited.

Translation of synaptic biomarkers in CSF to blood has proven to be challenging, not only due to analytical sensitivity, but also
because blood concentrations may reflect peripheral expression rather than CNS pathology. NPTX2 and neurogranin are two synaptic
biomarkers where plasma levels do not mirror the AD-related changes seen in CSF [21–23]. Earlier blood-based synaptic biomarker
studies therefore focused primarily on β-synuclein measured by immunoprecipitation–mass spectrometry [24]. Although targeted
mass spectrometric methods can be analytically specific, their clinical implementation is limited by method-dependent performance,
complex workflows, and throughput. More recently, there has been a fast development in ultrasensitive automated enzyme-linked
immunosorbent assays (ELISA) that offers higher throughput, while retaining high analytical sensitivity [25]. Many synaptic proteins
can now be measured on these platforms, such as SNAP25, neuronal pentraxin 2, and β-synuclein [23, 26, 27]. However, their
biological and clinical validity as blood-based markers of synaptic dysfunction remains to be established [28, 29].

Another synaptic protein expressed throughout presynaptic terminals in the brain is synaptic vesicle glycoprotein 2 (SV2), which
influences release of neurotransmitters by regulating the amount of synaptotagmin 1 in secretory vesicles [30]. There are three
isoforms of SV2 (SV2A, SV2B, and SV2C), all of which are expressed in the brain, making the SV2 protein family a suitable marker for
synaptic density [31–33]. Among these isoforms, SV2A is the only one expressed in synaptic vesicles across the whole brain, while
the other two isoforms are expressed more sparingly, making SV2A the preferred biomarker for synaptic density [31, 32]. The
preferred method to measure synaptic density through SV2A in vivo to date, is via positron emission tomography (PET) [34]. It has
recently been reported that, in patients with AD, SV2A levels were significantly correlated with cognitive performance [35] and with
fibrillary tau accumulation [36, 37].

In this study, we measured SNAP25 levels in both plasma and CSF across three independent cohorts. We evaluated the diagnostic
utility of SNAP25 in plasma and CSF, as well as its associations with cognitive performance and imaging outcomes, such as amyloid
PET and tau PET. In addition, we examined the relationship between SNAP25 levels and SV2A PET measures and compared these
associations with those of neurofilament light (NfL), a marker commonly used to reflect axonal injury and neurodegeneration.

Materials and methods

Study design and population
BioFINDER pilot cohort: This cohort contains a selection of samples (n = 102, Table 1) from the BioFINDER-2 study (NCT03174938)
[38]. The CU individuals were all required to be above the age of 65, as well as having a Mini-Mental State Examination (MMSE) score
of above 26 at the screening visit. In addition, absence of cognitive symptoms assessed by a physician, and not fulfilling any criteria
for MCI or any forms of dementia according to Diagnostic and Statistical Manual and Mental Disorders, fifth edition (DSM-5) was
required [39].. The AD patients fulfilled the AD criteria stated in the DSM-5 [39], as well as being Aβ-positive (defined by using the CSF
Aβ42/Aβ40 ratio, with a cutoff of < 0.752 determined by mixture modelling) as previously described [40]. Participants were further
stratified into analytical groups based on cognitive status (CU or cognitively impaired [CI]) and CSF amyloid-β (Aβ) status (+/-). All
participants were recruited at Skåne University Hospital between April 2017 and September 2019. Participants and/or their relatives
provided written informed consent. Ethical approval was provided by the Regional Ethical Committee in Lund, Sweden (ethical
approval no. 2016/1053). The study adhered to the guidelines outlined in the World Medical Association Declaration of Helsinki and
the Department of Health and Human Services Belmont Report.
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Table 1
Baseline characteristics of the different cohorts.

Group BioFINDER Pilot GMC TRIAD

CU- CI+ p.value CU- CU+ CI- CI+ p.value CU- CI- CI+ p.value

n 50 52 - 35 11 21 39 - 10 16 10 -

Age 77.7 
± 6.3

73.7 
± 7.4

0.004 64.0 
± 7.8

69.5 
± 8.3

67.5 
± 10.4

71.0 
± 6.7

0.004 68.5 
± 6.3

64.4 
± 8.9

72.1 
± 7.6

0.067

Sex - - 0.030 - - - - 0.710 - - - 1.000

male 30 20 - 19 4 12 20 - 5 8 5 -

female 20 32 - 16 7 9 19 - 5 8 5 -

YOE NA NA - 15.3 
± 3.4

16.7 
± 2.8

13.1 
± 3.8

14.1 
± 3.5

0.021 NA NA NA -

MMSE 29.0
[29.0–
30.0]

21.0
[16.0–
23.5]

< 0.001 29.0
[28.0–
30.0]

29.0
[28.0–
30.0]

28.0
[26.5–
29.0]

26.0
[23.0–
27.0]

< 0.001 29.0
[29.0–
30.0]

29.0
[28.5–
30.0]

28.0
[28.0–
29.0]

0.104

Aβ42/40
(CSF)

1.05
[0.97–
1.13]

0.50
[0.43–
0.56]

< 0.001 0.10
[0.09–
0.10]

0.05
[0.05–
0.06]

0.08
[0.08–
0.09]

0.05
[0.04–
0.06]

< 0.001 - - - -

pTau181
(CSF)

38.0
[31.2–
51.8]

82.0
[64.8–
98.8]

< 0.001 227
[181–
290]

544
[349–
684]

222
[133–
325]

758
[490–
961]

< 0.001 - - - -

tTau
(CSF)

284
[229–
360]

582
[480–
822]

< 0.001 - - - - - - - - -

VAMP2
(CSF)

364
[291–
503]

407
[311–
588]

0.046 - - - - - 315
[302–
455]

536
[460–
794]

444
[338–
603]

0.233

pTau217
(Plasma)

- - - 0.17
[0.14–
0.17]

0.34
[0.34–
0.34]

0.39
[0.39–
0.39]

0.60
[0.39–
0.97]

0.054 0.19
[0.14–
0.28]

0.25
[0.20–
0.32]

1.80
[1.28–
2.31]

< 0.001

pTau231
(Plasma)

- - - 7.69
[4.21–
10.0]

10.9
[9.88–
11.8]

6.59
[6.59–
6.59]

12.2
[8.89–
16.1]

0.103 11.9
[8.83–
13.8]

11.9
[9.38–
15.6]

25.9
[22.9–
32.5]

< 0.001

NFL
(Plasma)

24.9
[19.2–
30.4]

32.5
[25.9–
39.6]

< 0.001 13.8
[10.5–
16.2]

13.4
[12.8–
13.9]

46.9
[46.9–
46.9]

20.8
[16.5–
25.7]

< 0.001 16.9
[13.4–
20.2]

16.9
[12.0–
19.2]

28.0
[24.6–
37.1]

0.030

VAMP2
(Plasma)

20.0
[15.9–
25.0]

22.8
[14.6–
28.7]

0.809 - - - - - 25.1
[23.0–
28.8]

19.6
[15.7–
23.1]

20.8
[19.7–
30.9]

0.215

Tau PET 1.17
[1.10–
1.21]

2.04
[1.57–
2.56]

< 0.001 1.14
[1.09–
1.18]

1.42
[1.32–
1.43]

1.19
[1.16–
1.35]

1.37
[1.28–
1.71]

0.017 0.85
[0.82–
0.88]

0.81
[0.76–
0.87]

1.62
[1.25–
2.16]

< 0.001

Amyloid
PET

0.93
[0.91–
0.97]

1.59
[1.38–
1.81]

< 0.001 0.87
[0.86–
0.89]

1.20
[1.01–
1.32]

0.87
[0.85–
0.91]

1.29
[1.23–
1.38]

< 0.001 1.27
[1.24–
1.32]

1.25
[1.23–
1.27]

2.83
[2.39–
3.08]

< 0.001

SV2A
PET

- - - - - - - - 3.50
[3.25–
3.62]

3.30
[2.97–
3.55]

3.37
[3.27–
3.57]

0.159

Note. Age and years of education are presented as mean ± standard deviation. MMSE and biomarker data are presented as
median [interquartile range].

p-values for MMSE and biomarkers were obtained from ANCOVA models adjusted for age, sex, and years of education when
available; biomarker values were log-transformed before analysis.

Age and years of education were compared across groups using one-way ANOVA.
Page 5/18



Group BioFINDER Pilot GMC TRIAD

CU- CI+ p.value CU- CU+ CI- CI+ p.value CU- CI- CI+ p.value
Sex distribution was compared across groups using Pearson’s χ² test, or Fisher's exact test when assumptions for the χ² test were
violated.

Abbreviations: Aβ1-42/1‐40, amyloid beta protein ratio 1‐42/1‐40; AD, Alzheimer's disease;

CSF, cerebrospinal fluid; CI, cognitively impaired; CU, cognitively unimpaired;

MCI, mild cognitive impairment; MMSE, Mini‐Mental State Examination; NFL, neurofilament light;

pTau181, phosphorylated tau at amino acid Thr181; pTau217, phosphorylated tau at amino acid Thr217;

pTau231, phosphorylated tau at amino acid Thr231; PET, positron emission tomography;

SV2A, synaptic vesicle protein 2A; VAMP2, vesicle-associated membrane protein 2;

YOE, years of education.

The Geneva Memory Center cohort (GMC; Geneva University Hospitals, Geneva, Switzerland), validation cohort: Contains a selection
of participants (n = 106, Table 1) from the ongoing memory clinic cohort. The cohort includes cognitively unimpaired volunteers,
individuals with subjective cognitive decline (SCD), MCI, and dementia. Participants have undergone extensive clinical,
neuropsychological evaluation, as well as biomarker and neuroimaging assessments.

For the present study, CSF samples were available for all 106 participants including healthy volunteers (n = 22), SCD (n = 24), MCI (n = 
48), and dementia (n = 12). Plasma samples were available for a subset of these participants (n = 42), including volunteers (n = 20),
SCD (n = 4), MCI (n = 14), and dementia (n = 4). Due to limited sample size in some diagnostic groups, participants were grouped into
CU (healthy volunteers and SCD) and a CI group (MCI and dementia). These groups were further stratified based on Aβ pathology
status (+/-) for statistical analyses. Amyloid positivity was determined using amyloid PET (18F-flutemetamol) with a standardized
uptake value ratio (SUVR) cutoff > 1.03 [41] when PET data were available. In the absence of amyloid PET data, amyloid status was
determined using the CSF Aβ42/pTau ratio, with assay-specific cutoffs of < 14.3 for INNOTEST and < 16.4 for Lumipulse. Among
participants with both measures available, PET and CSF amyloid pathology classification showed 91.3% concordance (73/80). All
plasma participants had corresponding CSF samples available. The study was approved by the Geneva Ethics Committee
(CCER_2020_00403) and is conducted in accordance with the Helsinki Declaration of 1975.

Translational Biomarkers of Aging and Dementia (TRIAD; McGill University, Montreal, Canada), validation cohort: Contains a selection
of participants from the TRIAD cohort that had available plasma samples and had undergone SV2A PET (n = 36, Table 1). The cohort
included CU individuals (n = 10), as well as participants diagnosed with MCI (n = 9), AD (n = 2), FTD (n = 7), primary progressive
aphasia (n = 3), progressive supranuclear palsy (n = 2), vascular cognitive impairment (n = 2), or corticobasal syndrome (n = 1). Clinical
diagnoses were established through comprehensive neurophysiological assessment [42], including MMSE, Clinical Dementia Rating
(CDR), and the NIA-AA criteria. CU individuals showed no objective cognitive deficits, with MMSE scores ≥ 26 and CDR = 0. Individuals
with MCI showed objective cognitive impairment, with MMSE scores ≥ 26 and CDR = 0.5. AD dementia cases met NIA-AA criteria for
probable AD, as determined by a dementia specialist, had MMSE scores < 26 and CDR ≥ 0.5, and were Aβ positive. Non-AD cases
comprised of dementia cases with suspected non-AD pathophysiology, confirmed by negative Aβ PET biomarkers, with CDR > 0.5.
Diagnoses were established by a consensus of neurologists based on clinical presentation and brain images. The non-AD participants
did not meet criteria for other neurological or neuropsychiatric disorders.

Participants were subsequently classified into three analytic groups for analysis, CU amyloid-negative (CU−), CI amyloid-negative
(CI−), and CI amyloid-positive (CI+), based on cognitive status and amyloid PET SUVR.

All participants in the TRIAD study provided written informed consent, and ethical approval was obtained from both the Douglas
Mental Health University Institute Research Ethics Board (MP-18-2017-157) and the Montreal Neurological Institute (MNI) PET
working committee and was conducted in accordance with the Declaration of Helsinki.

SNAP25 analysis
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BioFINDER pilot cohort: CSF samples were collected by lumbar puncture in polypropylene tubes and immediately centrifuged at 2200
× g at 20 ˚C for 10 min, before being stored at -80 ˚C. The core AD biomarkers (Aβ1−42/1−40 ratio, neurofilament light (NfL), p-tau181,
and t-tau, were analysed using the NeuroToolKit (Roche Diagnostics) on a Cobas e601 instrument. The matching plasma samples
were collected using EDTA-treated tubes. After collection the plasma samples were centrifuged at 4000 × g at 20 ˚C for 10 min, the
supernatant was then removed and the samples stored at -80 ˚C pending analysis.

GMC: CSF and plasma samples collection is described elsewhere [43]. Briefly CSF samples were collected at the GMC according to
the institution's internal protocols. Samples were subsequently archived in the hospital's local biobank. CSF concentrations of Aβ42,
Aβ40, p-tau181 and t-tau were determined using INNOTEST or LUMIPULSE immunoassays (Fujirebio, Ghent, Belgium) at a certified
chemistry laboratory of Geneva University Hospitals, following the manufacturer's guidelines. Blood samples were drawn into EDTA
tubes and left at room temperature for two hours prior to centrifugation at 1700 g for 15 minutes. Plasma was then aliquoted into 1.2
mL polypropylene tubes (500 µL per aliquot) and stored at − 80°C in the local biobank of the GMC.

TRIAD: CSF and plasma samples were collected as previously described [44]. Briefly, CSF was collected into polypropylene tubes then
subsequently centrifuged at 20 ˚C for 10 min at 2200 × g, before rapidly frozen at -80 ˚C. Plasma was collected as previously
described [45]. Briefly, plasma was drawn and immediately transferred into ethylenediaminetetraacetic acid (EDTA)-treated tubes
before centrifuging for 10 min at 5000 × g. After centrifugation the samples were transferred to new tubes for storage at -80 ˚C
pending analysis. All the CSF and plasma markers, NfL, GFAP, p-tau181, p-tau217, p-tau231, and vesicle-associated membrane protein
2 (VAMP2) were quantified with custom single molecule array (Simoa) assays [46–49] on an HD-X instrument (Quanterix, Billerica,
MA).

SNAP25 was measured according to the developer’s instructions [29] on the HD-X instrument (Quanterix). Briefly, SNAP25 was
quantified in both plasma (diluted 1:6), and CSF (diluted 1:120), using a mouse monoclonal antibody (ADx404) targeting the N-
terminal end of human SNAP25 as capture antibody, coupled to paramagnetic beads. Another biotinylated mouse monoclonal
antibody (RD-086) was used as the detector. All samples were above the lower limit of quantification of 2.91 pg/mL. All individual
runs were monitored using run validation (RV) and quality control (QC) samples and all runs were qualified using ranges defined prior
to this clinical study (data not shown).

Neuroimaging data
In the BioFINDER pilot cohort, magnetic resonance imaging (MRI) data were acquired on a 3T Siemens MAGNETOM Prisma scanner
(Siemens Medical Solutions) using a T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sequence with 1 mm
isotropic resolution. PET imaging was performed on digital GE Discovery MI scanners. Participants underwent amyloid PET
approximately 90–110 minutes following administration of ~ 185 MBq [18F]flutemetamol and tau PET approximately 70–90 minutes
after injection of ~ 370 MBq [18F]RO948.

Image processing was carried out according to previously described procedures [50]. Briefly, PET scans were corrected for
attenuation and motion, summed, and co-registered to the temporally closest T1-weighted MRI scan. Structural MRI data were
processed using the FreeSurfer v6.0 longitudinal pipeline. SUVR images were generated using cerebellar grey matter as the reference
region for [18F]flutemetamol and inferior cerebellar grey matter for [18F]RO948.

Global Aβ burden was quantified as the mean SUVR across a composite neocortical region including the prefrontal, lateral temporal,
parietal, anterior cingulate, and posterior cingulate/precuneus cortices. Aβ PET positivity was defined by a SUVR threshold exceeding
1.03 [51]. Tau burden was assessed using a temporal meta-region of interest (meta-ROI) comprising the bilateral entorhinal cortex,
amygdala, fusiform gyrus, parahippocampal cortex, and inferior and middle temporal cortices, with tau PET positivity defined by a
previous established SUVR threshold exceeding 1.36 [52]. Neurodegeneration was assessed using mean cortical thickness within an
AD-signature temporal ROI consisting of the bilateral entorhinal, fusiform, inferior temporal, and middle temporal cortices.

In the GMC cohort PET imaging was performed using ¹⁸F-flutemetamol, ¹⁸F-florbetapir, and ¹⁸F-flortaucipir at the Nuclear Medicine
and Molecular Imaging Division of Geneva University Hospitals, on either a Biograph mCT or Biograph Vision PET/CT scanner
(Siemens Healthineers, Erlangen, Germany), following tracer-specific acquisition protocols. ¹⁸F-florbetapir scans were initiated 50
minutes after intravenous injection of approximately 200 MBq and acquired over 15 minutes. ¹⁸F-flutemetamol scans began 90
minutes after administration of approximately 150 MBq and were acquired over 20 minutes. ¹⁸F-flortaucipir scans started 75 minutes
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post-injection of 180 MBq and were acquired over 30 minutes. All images were reconstructed using a 3D ordered subset expectation
maximization (OSEM) algorithm (4 iterations, 12 subsets on the Biograph mCT; 4 iterations, 5 subsets on the Biograph Vision), with
corrections applied for randoms, dead time, normalization, scatter, attenuation, and sensitivity. All PET and MRI images were
reoriented to the anterior commissure–posterior commissure line in MATLAB (version 2021a). Amyloid and tau PET images
underwent the same preprocessing pipeline, developed in-house at the GMC [53]. Global amyloid burden was quantified using the
mean SUVR across the following regions: anterior cingulate cortex, posterior cingulate cortex, lateral temporal cortex, precuneus,
parietal, frontal cortex. Global tau load was assessed as the mean SUVR across four regions of interest: the parahippocampal gyrus,
amygdala, mid-occipital cortex, and inferior temporal cortex.

In the TRIAD cohort, PET data were acquired on a Siemens High Resolution Research Tomograph (Siemens Medical Solutions,
Knoxville, TN), as previously described [54]. Standard preprocessing included corrections for photon attenuation, head motion,
radioactive decay, detector dead time, as well as scatter and random events. Each PET image was co-registered to the corresponding
native T1-weighted MRI using linear registration and subsequently transformed into the MNI space via the MRI-derived normalization
parameters. Spatial smoothing was applied to each image to achieve a final resolution of 8 mm full width at half maximum.

For Aβ imaging, ([18F]AZD4694) images were acquired 40–70 minutes after tracer administration. Global SUVR was computed using
cerebellar grey matter as the reference region and average retention in the precuneus, cingulate cortex, inferior parietal lobule, medial
prefrontal cortex, lateral temporal cortex, and orbitofrontal cortex. Aβ positivity was defined by an SUVR threshold exceeding 1.55
[55].

Tau PET images were obtained using ([18F]MK6240), 90–110 minutes after tracer administration. SUVRs were normalized to
cerebellar grey matter and global tau PET load was computed from average tracer retention within a temporal meta-ROI, including the
entorhinal cortex, amygdala, fusiform gyrus, and inferior and middle temporal cortices. Tau PET positivity was defined by a previously
established SUVR threshold exceeding 1.24 [56].

SV2A PET ([18F]SynVesT-1) images were acquired at 90–110 minutes post-injection of the tracer and normalized to the centrum
semiovale to generate SUVR images. A global estimation of SV2A binding was derived from a meta-ROI, defined as the average tracer
retention in the precuneus, cingulate, inferior parietal, medial prefrontal, lateral temporal, and orbitofrontal cortices.

Data processing and statistical analysis
All statistical analyses were performed using R (version 4.5.1). Categorical variables in the cohort demographics were assessed using
Pearson’s chi-square test, or Fisher exact test if assumptions of the Pearson chi-square test were violated. Continuous variables were
assessed using either Kruskal-Wallis test or analysis of covariance (ANCOVA). Unless otherwise specified, adjusted analyses included
age, sex, and years of education (YOE, when available), as covariates. All biomarkers were naturally log-transformed and z-
standardized prior to analyses. Group-wise comparisons for SNAP25 were also calculated using ANCOVA, with adjustment for
multiple comparisons using Tukey’s method. Differences in the magnitude of diagnostic group effects between plasma and CSF
SNAP25 were assessed using linear mixed-effects models including a diagnosis × matrix (plasma and CSF) interaction, with
participant ID included as random intercept to account for paired plasma and CSF measurements. A receiver operating
characteristics (ROC) curve was calculated, providing the area under the curve (AUC), which was used to evaluate discriminatory
powers for diagnostic performance of the biomarker. DeLong test was applied to statistically compare AUCs. Correlations between
continuous variables were assessed using Spearman’s rank correlation coefficient (r�), and partial correlations were assessed using
Spearman’s rank correlation with covariate adjustment. Associations between continuous variables and clinical or imaging outcomes
were evaluated using linear regression models, with outcomes standardized prior to analysis. Accordingly, regression coefficients for
biomarkers estimate the effects per standard deviation change in corresponding biomarker levels. Wald tests were used to compare
the strength of associations between fluid biomarkers. Voxelwise associations between SNAP-25 and SV2A-PET measures were
assessed using linear regression models adjusted for age and sex. These models were corrected for multiple comparisons using
random field theory (RFT; p ≤ 0.05).

Results

SNAP25 in Plasma and CSF
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Plasma and CSF levels of SNAP25 in the three independent cohorts can be found in Fig. 1. In the BioFINDER pilot cohort, SNAP25
was significantly higher in CI+ compared to CU − in both plasma (fold change (FC) = 1.46, 95% CI = 1.26–1.69, p < 0.0001) and CSF
(FC = 1.30, 95% CI = 1.15–1.49, p < 0.001; Fig. 1A). However, the magnitude of the disease-associated change was not significantly
different between plasma and CSF when tested using a diagnosis × matrix interaction in a linear mixed-effects model (β = -0.26, 95%
CI = -0.76–0.25, p = 0.33). SNAP25 displayed a modest accuracy in discriminating CI+ from CU − in plasma (AUC = 0.78, 95% CI = 
0.69–0.87), as well as in CSF (AUC = 0.7, 95% CI = 0.60–0.81; Fig. 1.D) with no differences between their power to discriminate these
two groups (DeLong > 0.05). Despite similar diagnostic performance, there was no correlation between plasma and CSF SNAP25 (rs =
0.13, 95% CI = -0.06–0.33, p > 0.05; Supplementary Fig. 1A and Supplementary Table S1). However, plasma SNAP25 did correlate to
plasma VAMP2 (rs = 0.40, 95% CI = 0.21–0.57, p < 0.001), and plasma NfL (rs = 0.41, 95% CI = 0.21–0.58, p < 0.0001), whereas CSF
SNAP25 correlated with CSF VAMP2 (rs = 0.88, 95% CI = 0.82–0.92, p < 0.0001), CSF NfL (rs = 0.47, 95% CI = 0.30–0.62, p < 0.0001),

and CSF pTau181 (rs = 0.79, 95% CI = 0.69–0.85, p < 0.0001). Full correlations between all markers can be found in Supplementary
Fig. 1A and Supplementary Table S1.

In the GMC cohort, SNAP25 was significantly higher in CI+ compared to CU − in plasma (FC = 1.48, 95% CI = 1.22–1.78, p < 0.0001) but
not in CSF (FC = 1.19, 95% CI = 0.93–1.52, p > 0.05; Fig. 1B). However, there was a significant difference between CI− compared to CI 
+ in CSF (FC = 1.38, 95% CI = 1.06–1.80, p < 0.01). Although the overall diagnosis × matrix interaction in a linear mixed-effects model
did not reach statistical significance (p = 0.08), the magnitude of the CI+-associated change was significantly different between
plasma and CSF (β = -0.66, 95% CI = -1.28 – -0.06, p < 0.05), indicating a stronger disease-related effect in plasma than in CSF.
SNAP25 in CSF showed poor discrimination across the groups compared to CU− (CU+: AUC = 0.68, 95% CI = 0.49–0.86, CI−: AUC = 
0.62, 95% CI = 0.46–0.77, CI+: AUC = 0.68, 95% CI = 0.55–0.80, Fig. 1E). However, SNAP25 in plasma showed a good accuracy for
discriminating CI + and CU− (AUC = 0.92, 95% CI = 0.84–1.00, Fig. 1E), with a significant difference in their discriminating power
(DeLong < 0.0001). In the separate groups, plasma SNAP25 showed a significant difference between MCI and CU (FC = 1.51, 95% CI = 
1.27–1.74, P < 0.0001) and MCI and SCD (FC = 1.38, 95% CI = 0.87–5.41, p < 0.05), shown in Supplementary Fig. 2, but there were no
significant differences in CSF. As opposed to the BioFINDER Pilot cohort, in the GMC cohort, there was a modest significant
correlation between CSF and plasma for SNAP25 (rs = 0.48, 95% CI = 0.18–0.68, p < 0.01; Supplementary Fig. 1B and Supplementary
Table S1). Furthermore, SNAP25 in plasma had a significant correlation with plasma NfL (rs = 0.62, 95% CI = 0.39–0.79, p < 0.0001),
and the plasma pTau markers (pTau181: rs = 0.40, 95% CI = 0.04–0.69, p < 0.05, pTau217: rs = 0.80, 95% CI = 0.41–0.98, p < 0.01,
pTau231: rs = 0.65, 95% CI = 0.39–0.80, p < 0.0001), and CSF SNAP25 with the CSF pTau markers (pTau181: rs = 0.67, 95% CI = 0.69–

0.85, p < 0.0001, pTau217: rs = 0.54, 95% CI = 0.37–0.66, p < 0.0001, pTau231: rs = 0.72, 95% CI = 0.61–0.82, p < 0.0001). All
correlations can be found in the Supplementary Fig. 1B and Supplementary Table S1.

For the TRIAD cohort, only plasma SNAP25 showed significant differences between groups. The biggest difference was between CI + 
and CI− (FC = 2.07, 95% CI = 1.40–3.07, P < 0.001), followed by CI + and CU− (FC = 1.77, 95% CI = 1.18–2.66, p < 0.01; Fig. 1C). In this
cohort, diagnostic effects were significantly different between plasma and CSF when tested jointly across diagnostic groups using a
diagnosis × matrix interaction in a linear mixed-effects (p < 0.05). However, no individual diagnostic group showed a significant
differential effect between plasma and CSF when examined separately. Regarding discriminating CU− from the other groups (Fig. 1F),
SNAP25 showed the best discrimination in plasma for CI+ (AUC = 0.90, 95% CI = 0.76–1.00), with CI− having a weak discrimination
(AUC = 0.83, 95% CI = 0.49–1.00). In CSF, CI− (AUC = 0.78, 95% CI = 0.49–1.00) had the strongest discrimination and CI + had a
modest discrimination (AUC = 0.68, 95% CI = 0.37–0.98). However, the CSF groups are rather small, which affects the outcome of the
AUC. Furthermore, there was no significant difference between plasma and CSF (DeLong p > 0.05). In the full TRIAD cohort, there was
also a modest albeit not significant correlation for SNAP25 in plasma and CSF (rs = 0.46, 95% CI = 0.03–0.74, p = 0.08; Supplementary
Fig. 1C and Supplementary Table S1). SNAP25 in plasma was significantly correlated with plasma VAMP2 (rs = 0.36, 95% CI = 0.03–
0.63, p < 0.05), plasma NfL (rs = 0.44, 95% CI = 0.16–0.67, p < 0.01), plasma pTau217 (rs = 0.59, 95% CI = 0.37–0.76, p < 0.001), and
plasma pTau231 (rs = 0.42, 95% CI = 0.11–0.64, p < 0.05), while SNAP25 in CSF correlated with CSF VAMP2 (rs = 0.93, 95% CI = 0.79–
0.97, p < 0.0001) and pTau217(rs = 0.60, 95% CI = 0.16–0.91, p < 0.01). Full correlations can be found in the Supplementary Fig. 1C and

Supplementary Table S1.

Association of SNAP25 with cognition, cortical thickness, amyloid and tau PET
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In the full BioFINDER Pilot cohort, SNAP25 was associated with MMSE score in both plasma (β = -0.32, SE = 0.09, P < 0.001) and CSF
(β = -0.26, SE = 0.09, p < 0.01; Fig. 2A). However, no significant association was observed in individual diagnostic groups for plasma,
while there was a significant association to CU − in CSF (β = -0.06, SE = 0.02, p < 0.01; Supplementary Fig. 3). There was also an
association in the full cohort to cortical thickness in plasma (β = -0.30, SE = 0.10, p < 0.01) and CSF (β = -0.20, SE = 0.10, p < 0.05;
Fig. 2A), with no significant association in the separate diagnostic groups for neither plasma nor CSF. Furthermore, SNAP25 was also
significantly associated with tau PET and amyloid PET, in both CSF (tau PET: β = 0.21, SE = 0.09, p < 0.05; amyloid PET: β = 0.36, SE = 
0.10, p < 0.001; Fig. 2A) and plasma (tau PET: β = 0.21, SE = 0.09, p < 0.05; Fig. 2A, amyloid PET: β = 0.32, SE = 0.11, p < 0.01; Fig. 2A),
with no significant associations observed for the individual diagnostic groups (Supplementary Fig. 3). A formal comparison between
the coefficients in plasma and CSF using a Wald test showed no significant difference between the two (p > 0.05).

For the GMC cohort, SNAP25 was associated with MMSE score in CSF (β = -0.23, SE = 0.10, p < 0.05, Fig. 2A), and showed the same
trend in plasma, although it did not reach statistical significance (β = -0.32, SE = 0.18, p = 0.078, Fig. 2A). Furthermore, it was also
associated with the clinical dementia rating (CDR) in plasma for the full cohort (β = 0.16, SE = 0.06, p < 0.01; Supplementary Fig. 4A),
but not in CSF, or any individual diagnosis group. There was no association between SNAP25 and tau PET in this cohort. Regarding
amyloid PET, there was a significant association between SNAP25 in CSF and amyloid PET both in the full cohort (β = 0.28, SE = 0.14,
p < 0.05; Fig. 2A) and in the Volunteer- group (β = 0.34, SE = 0.16, p < 0.05; Supplementary Fig. 4B), but no association in plasma.
Furthermore, SNAP25 in both plasma and CSF was also associated with lower brain volumes in multiple brain regions. In the full
cohort, higher SNAP25 in plasma was associated with lower brain volumes in both the left (β = -0.35, SE = 0.13, p < 0.05;
Supplementary Fig. 4A) and right (β = -0.31, SE = 0.14, p < 0.05; Supplementary Fig. 4A) thalamus, the left amygdala (β = -0.35, SE = 
0.16, p < 0.05; Supplementary Fig. 4A), and the brain stem (β = -0.34, SE = 0.16, p < 0.05; Supplementary Fig. 4A), with no significant
associations in the individual groups. For CSF, higher SNAP25 was associated with greater cortex volume (β = 0.21, SE = 0.09, p < 0.05;
Supplementary Fig. 4A), and total grey volume (β = 0.20, SE = 0.09, p < 0.05; Supplementary Fig. 4A) in the full cohort. It was also
associated with cortex volume in the CI− group (β = 0.34, SE = 0.16, p < 0.05, Supplementary Fig. 4B). Furthermore, higher CSF
SNAP25 levels were also associated with lower ventricle volumes, in both the left (β = -0.40, SE = 0.09, p < 0.0001; Supplementary
Fig. 4A) and the right (β = -0.42, SE = 0.08, p < 0.0001; Supplementary Fig. 4A) lateral ventricles, as well as the third ventricle (β = -0.37,
SE = 0.07, p < 0.0001; Supplementary Fig. 4A), in the full cohort. This inverse association with ventricular volumes was also observed
within both the CI− (left lateral ventricle: β = -0.37, SE = 0.15, p < 0.05; right lateral ventricle: β = -0.45, SE = 0.18, p < 0.05; third ventricle:
β = -0.50, SE = 0.18, p < 0.05, Supplementary Fig. 4B) and CI+ (left lateral ventricle: β = -0.58, SE = 0.12, p < 0.0001; right lateral
ventricle: β = -0.63, SE = 0.12, p < 0.0001; third ventricle: β = -0.58, SE = 0.11, p < 0.0001, Supplementary Fig. 4B). Like observed in the
BioFINDER cohort, when performing a formal comparison between the coefficients in plasma and CSF using a Wald test, there was no
significant difference between the fluids (P > 0.05).

In the full TRIAD cohort, neither CSF nor plasma SNAP25 concentrations were associated with MMSE score or tau PET. However,
SNAP25 in plasma was significantly associated with Aβ PET (β = 0.61, SE = 0.14, p < 0.001; Fig. 2A), and CSF was significantly
associated with intracranial volume (β = -0.36, SE = 0.15, p < 0.05; Supplementary Fig. 5). For the individual diagnostic groups, SNAP25
was only significantly associated with tau PET in CSF for the CI+ group (β = -1.11, SE = 0.26, p < 0.05; Supplementary Fig. 5). As with
both the other cohorts, there was no significant difference comparing coefficients in plasma and CSF using a Wald test (P > 0.05).

Association of SNAP25 with SV2A PET
Finally, we tested whether a synaptic protein measured in the biofluids is reflective of synaptic density in the brain as indexed by PET.
To assess the relationship between SNAP25 and synaptic density, associations to SV2A PET were examined in the TRIAD cohort.
Plasma NfL was included as a comparator biomarker. First, we evaluated the association between the fluid biomarkers and the global
SV2A PET meta-ROI. In the full cohort, SNAP25 was not significantly associated with SV2A PET meta-ROI in either plasma (β = 0.31,
SE = 0.16, p = 0.06; Fig. 2A) or CSF (β = 0.16, SE = 0.17, p = 0.35; Fig. 2A). In addition, no significant association was observed for
plasma NfL (β = -0.20, SE = 0.22, p = 0.36). However, a partial Spearman correlation adjusted for age and sex, showed a significant
association between plasma SNAP25 and SV2A PET meta-ROI (rs = 0.36, p = 0.04), whereas no significant correlation was observed
for CSF SNAP25 (rs = 0.20, p = 0.44) or plasma NfL (rs = -0.24, p = 0.16). In the CI+ subgroup, both plasma and CSF SNAP25 showed a
significant association (plasma: β = 0.81, SE = 0.17, p < 0.01; Supplementary Fig. 5; CSF: β = 0.74, SE = 0.18, p < 0.05; Supplementary
Fig. 5), whereas, again, no significant association was found for plasma NfL (β = 0.03, SE = 0.67, p = 0.96). Consistent with these
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findings, partial Spearman adjusted for age and sex showed a significant correlation for SNAP25 in both plasma (rs = 0.74, p = 0.04)
and CSF (rs = 0.99, p < 0.01), while no significant partial correlation was observed for NfL in the CI+ group (rs = -0.17, p = 0.69).

In the voxelwise analysis, linear regression was used to assess the association of plasma NfL and SNAP25 with SV2A PET in the full
cohort as well as in the CU−, CI−, and CI+ subgroups. No significant associations were observed for plasma NfL in any group (data
not shown). Similarly, plasma SNAP25 was not associated with SV2A PET in the full cohort or among amyloid-negative individuals.
However, in the CI+ group, several clusters showed significant positive associations between SNAP25 in plasma and SV2A PET, most
prominently in the ventromedial prefrontal cortex (t > 3.1, Fig. 2B).

Together, these analyses demonstrate convergent results across both regional and voxelwise approaches for SNAP25 in relation to
SV2A PET.

Discussion
In this study, we examined CSF and plasma levels of SNAP25 across three independent, well-characterized clinical cohorts and
evaluated their associations with cognition, multimodal biomarkers, including tau, Aβ, and SV2A PET as well as structural MRI
measures. These analyses provide insight into the relationship between SNAP25, synaptic integrity, and neurodegenerative
processes.

Our findings showed significantly higher levels of SNAP25 in both CSF and plasma in the CI+ group in both the BioFINDER pilot cohort
and the GMC cohort. In contrast, in the TRIAD cohort, significant group differences were only observed in plasma, while CSF
differences did not reach statistical significance, possibly due to the low number of observations in these CSF groups. However, even
if the levels of SNAP25 appeared to be changed to a greater extent in plasma compared with CSF across cohorts, a formal
comparison of plasma to CSF effects indicated significant differences only in the TRIAD cohort. This effect was seen to a lesser
extent in the GMC cohort as well, where a significant difference was observed for the CI+ subgroup, but not in the full cohort.
Furthermore, we observed that SNAP25 changed with Aβ pathology, e.g., in the TRIAD cohort, only the Aβ-PET positive group had
increased levels of plasma SNAP25. The non-significant changes in CSF could again be due to lack of power. This was also observed
in the BioFINDER pilot cohort, as well as in the GMC cohort. These results align with previous studies on SNAP25 in CSF [13–15, 28]
and in plasma [29], where higher levels of SNAP25 have been shown in the disease groups. However, previous studies on SNAP25 in
plasma are limited, and some have reported insufficient sensitivity [28].

We observed that correlations between plasma and CSF SNAP25 had mixed results in the three cohorts. For the BioFINDER pilot
cohort, no significant correlation was found, but modest significant correlations were found in both the GMC and TRIAD cohorts.
These differences may reflect cohort-specific factors, including sample size, pre-analytical sample handling, as well as differences in
disease-stage composition. Investigating SNAP25 correlation to other biomarkers, CSF SNAP25 correlated with both CSF tau markers
(tTau, pTau181, pTau217, and pTau231) and CSF VAMP2, supporting its role as a proximal marker of synaptic pathology. A shared
mechanistic SNARE pathway could also explain the rigorous correlation between CSF SNAP25 and CSF VAMP2 [57]. Furthermore,
SNAP25 in plasma consistently correlated across the three cohorts to plasma NfL, a marker of axonal injury, plasma GFAP, marker for
glial activation, as well as the pTau markers (pTau181, pTau217, and pTau231), which could reflect downstream neurodegenerative
processes.

Associations between SNAP25 and multimodal markers varied between cohorts and clinical groups. SNAP25 showed an overall
positive association with amyloid PET across the three independent cohorts, consistent with previous findings [58]. These results
suggest that SNAP25 levels may reflect synaptic dysfunction associated with amyloid pathology, although the magnitude of these
associations differed across the cohorts and biofluids. Significant associations with tau PET were observed in the BioFINDER cohort,
as well as in the CI+ group in TRIAD. Together with the significant correlations between SNAP25 and the pTau and tTau markers, these
findings suggest that SNAP25 reflects synaptic pathology occurring in the context of AD-related pathology, with associations
observed for both amyloid and tau biomarkers. Associations between SNAP25 and cognition also differed across the cohorts. In the
BioFINDER pilot cohort, SNAP25 was associated with MMSE score in both CSF and plasma. In the GMC cohort, a significant
association with MMSE was observed for CSF SNAP25, while plasma SNAP25 showed a similar trend but did not reach statistical
significance. In addition, plasma SNAP25 was associated with CDR in the full cohort, whereas no significant association with CDR
was found for CSF SNAP25. For the TRIAD cohort, no significant association was observed. This variability between cohorts is
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consistent with previous studies, which have reported inconsistent findings regarding the association between SNAP25 and cognitive
measures [13, 14, 29], potentially reflecting differences in cohort compositions and disease stages.

While the biological function of SNAP25 is related to synaptic processes, its presence and subsequent increase in biofluids should
not be assumed to be synapse-related. To investigate the relationship between SNAP25 and synaptic density we assessed its plasma
and CSF associations with both meta-ROI and voxelwise SV2A PET. In the full TRIAD cohort, there was a trending albeit non-
significant association between plasma SNAP25 and SV2A PET meta-ROI. However, we found a significant association between
plasma SNAP25 and SV2A meta-ROI PET for the full cohort using a partial Spearman correlation, adjusted for age and sex,
suggesting that a non-linear relationship might be present. Furthermore, in CI individuals with amyloid pathology present, both CSF
and plasma SNAP25 showed a significant association to SV2A PET meta-ROI, across both regression and partial correlation
analyses. There was also a significant association in this group for plasma SNAP25 and the voxelwise SV2A PET, most notably in the
ventromedial prefrontal cortex. This was in contrast to NfL, a biomarker commonly used to reflect axonal injury, which did not show
any significant association to either the regional meta-ROI PET or the voxelwise SV2A PET. These findings suggests that SNAP25
might relate more to synaptic density specifically in disease contexts where synaptic loss is established in an amyloid dependent
manner, supporting its role as a marker of synaptic injury rather than a global measure of synaptic density.

This study was not without limitations. First, some subgroups had relatively small sample sizes which may account for some
inconsistent findings between our three independent cohorts. SV2A PET data was only available in one out of the three cohorts,
limiting the ability to replicate synaptic density associations across independent cohorts. Conversely, a key strength of this study is
the use of multiple independent, well-characterized cohorts. All three cohorts included comprehensive amyloid and tau PET and MRI
data, measurements of established biomarkers in both plasma and CSF, as well as clinical and cognitive assessment. This allowed for
a detailed, cross-validated assessment of SNAP25 across different disease contexts.

Conclusions
Across three independent and well-characterized cohorts, we demonstrate that SNAP25 is reliably measurable in plasma, and those
levels are consistently elevated in CI+ individuals. SNAP25 levels were associated with core AD biomarkers, including amyloid and tau
measures, as well as structural and molecular imaging markers, supporting its relevance to AD-related synaptic pathology. Although
associations with SV2A PET were modest in the overall sample, significant relationships were observed in amyloid-positive cognitively
impaired individuals, suggesting that plasma SNAP25 may reflect synaptic injury particularly in the context of established AD.
Together, these findings support plasma SNAP25 as a promising, minimally invasive biomarker of synaptic dysfunction that may be
informative for disease characterization and for monitoring synaptic-integrity in interventions in clinical trials.
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Figures

Figure 1

Biomarker group-wise comparison. (A-C) CSF and plasma levels of SNAP25, (A) BioFINDER Pilot Cohort: CU− (CSF: n = 50, Plasma: n
= 50) and CI+ (CSF: n = 52, Plasma: n = 52). (B) GMC cohort: CU− (CSF: n = 35, Plasma: n = 21), CU+ (CSF: n = 11, Plasma: n = 2), CI−
(CSF: n = 21, Plasma: n = 1), CI+ (CSF: n = 39, Plasma: n = 17). (C) TRIAD cohort: CU− (CSF: n = 8, Plasma: n = 10), CI− (CSF: n = 5,
Plasma: n = 16), CI+ (CSF: n = 7, Plasma: n = 10). (D-F) ROC curves for SNAP25 in CSF and plasma, (D) BioFINDER Pilot Cohort: CI+
compared to CU−. (E) GMC cohort: CU+, CI−, and CI+ compared to CU−. (F) TRIAD cohort: CI−, and CI+ compared to CU−. Minus (−)
and plus (+) denote Aβ-negative and Aβ-positive status, respectively. Boxplot p-values were obtained from a linear model adjusted for
age, sex, and education when available. Horizontal line within boxplots denotes group median value, top and bottom of boxplots
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denotes the 25th and 75th percentiles, whiskers show 1.5x interquartile range. AUC, area under the receiver operating characteristic
curve; CSF, cerebrospinal fluid; CU, cognitively unimpaired; CI, cognitively impaired;

Figure 2

Associations between SNAP25 and cognitive, PET, and MRI measures. (A) Forest plots showing standardized effect estimates (β)
and 95% confidence intervals for associations between SNAP25 and cognitive performance (MMSE), amyloid PET, tau PET, SV2A PET,
and cortical atrophy. Associations are shown separately for CSF SNAP25 (left) and plasma SNAP25 (right) in the BioFINDER Pilot
Cohort (blue), GMC (green), and TRIAD (orange). Linear regressions models were adjusted for age, sex, and education when available.
Both SNAP25 concentrations and outcome measures were standardized (z-scored) prior to modelling, effect estimates therefore
represent the change in outcome standard deviation per 1 SD increase in SNAP25. Error bars indicate 95% confidence intervals. (B)
Voxelwise associations between plasma NfL or SNAP25 levels and SV2A PET in the CI+ subgroup of TRIAD. Models were corrected
for multiple comparisons using RFT. Statistical maps are thresholded at t > 3.1, and displayed in axial, sagittal and coronal view. CI,
cognitively impaired; CSF, cerebrospinal fluid; PET, positron emission tomography; SD, standard deviation
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