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1 | BACKGROUND

OECKLET AL.

Abstract

INTRODUCTION: 8-synuclein is a promising blood marker to track synaptic degenera-
tion in Alzheimer’s disease (AD) but changes in preclinical AD are unclear.

METHODS: We investigated serum g-synuclein in 69 cognitively unimpaired mutation
non-carriers, 78 cognitively unimpaired AD mutation carriers (asymptomatic AD), and
31 symptomatic mutation carriers from the Dominantly Inherited Alzheimer Network.
RESULTS: 3-synuclein levels were already higher in asymptomatic AD mutation carri-
ers compared to non-carriers and highest in symptomatic carriers. Longitudinal trajec-
tories and correlation analyses indicated that 3-synuclein levels start to rise after amy-
loid deposition preceding axonal degeneration, brain atrophy and hypometabolism,
and cognitive decline. 8-synuclein levels were associated with cognitive impairment
and gradually increased with declining cognition.

DISCUSSION: Our study supports the use of blood $-synuclein to track synaptic
changes in preclinical AD and as a surrogate marker for cognitive impairment which
might be used in early diagnosis and to support patient selection and monitoring of
treatment effects in clinical trials.

KEYWORDS
asymptomatic mutation carriers, autosomal dominant Alzheimer’s disease, 8-synuclein, blood
biomarker, preclinical Alzheimer’s disease, synaptic degeneration

Highlights

* Blood -synuclein levels were already higher in asymptomatic Alzheimer’s disease
(AD) mutation carriers.

* Blood -synuclein levels were highest in symptomatic AD mutation carriers.

* Blood -synuclein levels start to rise 11 years before symptom onset.

* Rise of -synuclein precedes axonal degeneration, brain atrophy, and cognitive
decline.

* -synuclein levels gradually increased with declining cognition.

25kDA.2 Indeed, recent trials of anti-amyloid drugs that showed cog-

nitive benefit also showed that synaptic markers in CSF improved upon

Synaptic degeneration is a major hallmark of Alzheimer’s disease (AD)
and a pathological correlate of memory impairment. Monitoring of
synaptic changes in AD patients is therefore of importance for diag-
nosis, prognosis, and assessing disease progression. Furthermore, an
essential aimin the development of disease-modifying therapies for AD
is to slow or stop synaptic degeneration. Biomarkers provide an impor-
tant tool to track beneficial effects on synaptic loss in clinical trials. Due
to the strong association of synaptic loss with memory impairment,*
synaptic markers may also serve as surrogate markers for cognitive
decline and could provide objective measures of therapeutic benefit
and potentially earlier than neuropsychological tests allowing clinical
trials to be conducted faster, with fewer participants, and at lower costs

Several synaptic markers have been extensively investigated in
the cerebrospinal fluid (CSF) in symptomatic AD patients, includ-
ing 8-synuclein, neurogranin, and synaptosomal-associated protein,

treatment® thereby providing proof-of-concept for the use of synap-
tic markers in body fluids in AD trials. However, less is known about
synaptic degeneration in the preclinical phase of AD. This is due to the
current reliance on symptomatic diagnosis of AD making this phase
less accessible for clinical research. In addition, CSF samples are more
difficult to collect from preclinical AD patients and are often not avail-
able from population-based cohort studies. The characterization of
synaptic degeneration in the preclinical phase of AD is of great impor-
tance to determine its position in the sequence of pathophysiological
changes such as amyloid and tau deposition, brain atrophy, and cog-
nitive impairment. This would also help assess how it might be used
in (early) diagnosis, progression, and decision making for treatment or
drug monitoring.

An easily accessible synaptic marker in blood could facilitate the
characterization of synaptic changes in AD and advance the field
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similar to the implementation of other blood biomarkers such as neu-
rofilaments or phosphorylated tau (p-tau) species. Blood is easier and
more convenient to collect for patients enabling tighter monitoring
of synaptic degeneration. It is also advantageous for early diagnosis
or stratification of prospective clinical trial participants and to study
synaptic degeneration in large, population-based cohorts in which CSF
is often not available. Recently, we generated strong evidence that
measurement of 8-synuclein, a presynaptic protein with highly spe-
cific expression in the brain, is a promising synaptic blood biomarker
filling this important gap. In several independent studies, we showed
higher B-synuclein levels in the blood of sporadic AD cases, a signif-
icant correlation with cognitive decline, brain atrophy, amyloid, and
tau pathology.*"” Furthermore, there was evidence that g-synuclein
in the blood is already raised in preclinical AD® but as this was from
cross-sectional studies it was unclear at what time in the course of
AD it starts to increase and how it relates to the trajectories of other
mechanisms.

Asymptomatic autosomal dominant AD (ADAD) mutation carri-
ers present a unique opportunity to study the preclinical phase
of AD and to rank different mechanisms in the course of early
AD pathophysiology.® The Dominantly Inherited Alzheimer Network
(DIAN) observational study is a worldwide multicenter initiative to
longitudinally study dominantly inherited AD? and substantially con-
tributed to our understanding of the trajectories of many fluid and
other biomarkers in the preclinical disease phase of AD. It provides
a unique opportunity to study blood $-synuclein levels in very early
AD and assess the timing and relation of S-synuclein changes to other
pathological alterations.

The aim of the present study was to investigate serum f-synuclein
levels in asymptomatic AD mutation carriers (aMC) from the DIAN
observational study compared to symptomatic mutation carriers
(sMC) and mutation non-carriers (NC) to characterize synaptic degen-
eration in the asymptomatic disease phase and the longitudinal tra-
jectories compared to amyloid deposition ([*1C]-Pittsburgh compound
B positron emission tomography [PiB PET]), CSF biomarkers (amyloid
beta 42/40 ratio [AB42/40], total tau protein (t-tau), p-tau variants),
axonal degeneration (serum neurofilament light chain [NfL]), brain
atrophy (magnetic resonance imaging [MRI]) and metabolism ([*8F]-
fluorodeoxyglucose [FDG] PET), and cognitive impairment (Mini-
Mental State Examination [MMSE], Clinical Dementia Rating Sum of
Boxes [CDR-SB], DIAN cognitive composite). These findings inform the
ranking of synaptic degeneration in the sequence of pathophysiolog-
ical mechanisms in ADAD and provide important information about
the possible applications of a -synuclein blood test for diagnosis,

prognosis, progression, and monitoring.

2 | METHODS
2.1 | Participants

We included samples from 182 participants of the DIAN observational
study, which enrolls adult children of clinically affected ADAD muta-

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature in
PubMed and previous studies support higher blood
B-synuclein levels in preclinical Alzheimer’s disease (AD).
However, changes of blood -synuclein in AD mutation
carriers have not been investigated before and the
dynamics in the asymptomatic phase of AD and the tem-
poral relation to other pathophysiological mechanisms is
unclear.

2. Interpretation: The study showed that serum -synuclein
levels were already higher in asymptomatic AD. It indi-
cated that levels became abnormal ~ 11 years before
symptom onset and represented an early marker of AD
pathophysiology preceding changes in brain structure
and metabolism, cognition, and axonal neurodegenera-
tion.

3. Future directions: Our study supports the use of blood -
synuclein to track synaptic changes in preclinical AD and
as a surrogate marker for cognitive impairment. Future
studies must evaluate how it can contribute to early diag-
nosis and whether it can support patient selection and
monitoring of treatment effects in clinical trials. Lon-
gitudinal studies are needed to confirm our temporal
estimates and determine that findings in asymptomatic

autosomal dominant AD are generalizable to sporadic AD.

tion carriers that have a 50% risk of inheriting an ADAD mutation
(participants recruited between 2009 and 2015, DIAN request T2204).
The design of the DIAN study has been described previously (Clin-
icalTrials.gov number NCT00869817).71° Four NCs were excluded
because of the diagnosis of possible AD (n = 1) or a global CDR > 0
(n = 3). The final cohort thus consisted of 178 participants including
69 NCs, that is, cognitively unimpaired subjects without a known AD
mutation and a global CDR =0; 78 aMC, that is, cognitively unimpaired
subjects carrying an ADAD mutation and with a global CDR = 0; and
31 sMC, that is, cognitively impaired ADAD mutation carriers with a
global CDR > 0. All participants gave written informed consent and
all procedures were approved by the institutional review board (IRB)
of Washington University (Saint Louis, MO, USA) and the local IRBs
of the participating sites. Characteristics of participants are described
in Table 1 and are based on data freeze 15 from the DIAN study.
Distribution of mutations was as follows: PSEN1 (aMC n = 58, sMC
n = 28), PSEN2 (aMC n = 9), APP (aMC n = 11, sMC n = 3). The pres-
ence or absence of an ADAD mutation was confirmed using polymerase
chain reaction-based amplification of the relevant exon, followed by
Sanger sequencing. At least one follow-up visit was available for 49 par-
ticipants (NC n = 16, aMC n = 20, sMC n = 13) including two subjects

from the aMC group that converted to the symptomatic stage during
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TABLE 1 Demographic and clinical characteristics of participants at baseline.
Mutation Mutation carrier Mutation carrier
N non-carrier (NC) asymptomatic (aMC) symptomatic (sMC) p value

N (% female) 178 69 (65%) 78 (62%) 31(52%) 0.16
Age (years) 178 38.4(32.3-47) 35.4(30.2-41.8) 46.6 (42.1-52.6)>° <0.0001
APOE ¢4 positive (%) 178 33 32 39 0.8
Education (years) 178 15(13-16) 14.5(12-17) 12 (11-14)° 0.0007
CDR-SB 178 0(0-0) 0(0-0) 5.5(5-7)>d < 0.0001
MMSE 177 (69,78,30) 30(29-30) 29 (28-30) 18 (12-21)>4 <0.0001
DIAN cognitive composite (zscore) 177 (69,78,30) 0.242(0.07-0.449) 0.195(-0.065-0.46) -1.173(-1.534-0.834)>¢  <0.0001
Serum f3-synuclein (pg/mL) 178 5.25(4.63-6.66) 7.29(5.89-8.59)¢ 14.35 (11.7-18.4)°4 <0.0001
Serum NfL (pg/mL) 169 (65,75,29) 18.8(13.6-27.6) 20.2(16.4-30.7) 73.4(61.9-88.5)" <0.0001
CSF AB40 (pg/mL) 178 8431 (6831-10217) 8627 (6483-11113) 7487 (5967-9131) 0.18
CSF AB42 (pg/mL) 178 777 (585-975) 554 (370-782)¢ 326 (274-375)4f <0.0001
CSF tTau (pg/mL) 178 212 (180-260) 287 (220-520)¢ 833 (586-1200)"¢ <0.0001
CSF pTau181 (pg/mL) 178 25.1(19.5-29.9) 36.3(26.1-67.6)" 139.4(105.7-190.9)"¢ <0.0001
CSF AB42/40 ratio 178 0.0924 (0.0878-0.0966)  0.0629 (0.0515-0.0957)¢ 0.0437 (0.0337-0.0598)¢' <0.0001
CSFpT181/T181 147 (57,65,25) 21.4(20.2-22.3) 24.4(22.1-29.6)¢ 35.6(31.9-41.6)% <0.0001
CSF pT205/T205 147 (57,65,25) 0.336(0.271-0.371) 0.42(0.34-0.576)" 1.14 (1.006-1.271)"¢ <0.0001
CSF pT202/T202 147 (57,65,25) 3.2(2.54-3.55) 2.83(2.12-3.62) 2.64(2.01-2.99) 0.05
CSF pT217/T217 146 (57,64,25) 1.11(0.96-1.28) 2.4(1.28-4.95)¢ 9.6 (7.81-10.95)>4 <0.0001
Cortical PiB Pet SUVR 147 (60,66,21) 1.03(0.99-1.08) 1.47(1.11-2.38)¢ 2.81(2.15-4.59)% <0.0001
Precuneus FDG PET SUVR 154 (60,71,23) 1.87(1.79-1.96) 1.88(1.78-2) 1.49 (1.35-1.61)° <0.0001
Cortical FDG PET SUVR 154 (60,71,23) 1.69(1.61-1.76) 1.71(1.6-1.82) 1.41(1.36-1.51)>d < 0.0001
Precuneus thickness (mm) 165 (66,74,25) 4.77 (4.6-4.95) 474 (4.57-4.93) 3.71(3.53-4)0d <0.0001
Hippocampal volume (mm?) 165 (66,74,25) 8769 (8089-9362) 8808 (8095-9256) 6651 (5535-7386)"4 <0.0001

Note: Data are given as median and interquartile ranges. Sex distribution and APOE ¢4 positivity were compared with the chi-square test; age, education, and
clinical scores with Kruskal-Wallis and Dunn post hoc test; fluid and imaging biomarkers with multivariate general linear regression (log10-transformed if
not normally distributed) including age, sex, education, and APOE ¢4 status as covariates and Sidak adjustment for multiple comparisons.

Abbreviations: AB, amyloid beta; APOE, apolipoprotein E; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; DIAN, Dominantly
Inherited Alzheimer’s Network; FDG, fluorodeoxyglucose; MMSE, Mini-Mental State Examination; NfL, neurofilament light chain; PET, positron emission
tomography; PiB, Pittsburgh compound B; pT, phosphorylated tau; SUVR, standardized uptake value ratio.

2p=0.001 versus NC

bp < 0.0001 versus aMC

¢p =0.0007 versus NC, p =0.0027 versus aMC
dp < 0.0001 versus NC

¢p=0.001 versus NC

fp=0.011 versus aMC

gp < 0.01 versus NC

hp <0.001 versus NC

ip < 0.001 versus aMC

ip < 0.05 versus NC

follow-up. Follow-up visits in DIAN are performed in intervals of 1to 3
years.

The estimated years to symptom onset (EYO) were calculated for
both MC and NC. For asymptomatic individuals and NC in DIAN, EYO
is based on the difference between age at visit and the mean age of
symptom onset for this specific mutation or the parental age of onset if
no mutation age is available (in NCs, the mutation of the affected fam-
ily member). For sMC, the DIAN EYO is calculated using the difference
between the age at visit and age at appearance of first symptoms.

2.2 | Clinical assessment and sample collection

Participants underwent a comprehensive clinical and neuropsycho-
logical evaluation'® conducted by clinicians who were blinded to the
mutation status of participants and to prior evaluations. The global
CDR was used to define asymptomatic (global CDR = 0) and symp-
tomatic AD (global CDR > 0). Further tests of cognitive performance
that are reported in our study are the MMSE, CDR-SB, and the DIAN

cognitive composite, which is calculated as the mean of the z scores
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from four neuropsychological tests: MMSE, logical memory delayed
recall (MEMUNITS), digit-symbol substitution (WAIS), and animal nam-
ing (ANIMALS). The annual rate of change of the MMSE and CDR-SB
was calculated from the difference between the baseline and first avail-
able follow-up visit divided by the time (in years) between these visits.
CSF and blood were collected in the morning under fasting conditions

by means of lumbar puncture and venipuncture.'©

2.3 | Determination of serum g-synuclein by IP-MS

Serum f-synuclein was measured by immunoprecipitation mass spec-
trometry (IP-MS) as previously described.” In brief, 490uL aliquots
of serum were mixed with an internal standard solution contain-
ing recombinant *N-g-synuclein (rPeptide) and immunoprecipitated
using magnetic beads coupled with an anti-3-synuclein antibody
(EP1537Y from Abcam). Beads were washed with 50mM triethy-
lammonium bicarbonate/0.1% n-Dodecyl-3-D-maltoside using a King-
fisher Apex instrument and eluted. S-synuclein was digested by
trypsin/LysC (Promega), and two proteotypic peptides were quantified
by liquid chromatography multiple reaction monitoring (MRM; aa46-
58 and aa61-85) using an Eksigent MicroLC200, Agilent 1260 pump,
and Sciex QTRAP6500 mass spectrometer in MRM mode. Calibrators
were prepared using recombinant human full-length 8-synuclein (with-
out tags) from rPeptide and the exact concentration of the -synuclein
stock solution was quantified by amino acid analysis (Alphalyse A/S).
Calibration range was 2 to 30 pg/mL. Serum quality control (QC) sam-
ples (low, medium, high) were included in all four runs (intraassay
coefficient of variation [CV] 0.5%-9.5%, interassay CV 2.7%-7.7%).
Samples were randomly assigned to the different runs and the analysts
were blinded to participant data.

2.4 | Determination of CSF biomarkers and serum
NfL

CSF AD core biomarkers (AB40, AB42, t-tau, p-tau181) were measured
by Lumipulse (Fujirebio) following standard procedures. CSF ratios of
tau phosphorylation sites (pT181/T181, pT217/T217, pT205/T205,
and pT202/T202) were measured by IP-MS as previously described.®

Serum NfL was determined using Simoa (Quanterix).!?

2.5 | Imaging

Imaging data available in the DIAN study were recently described.'?
PiB PET was used to assess amyloid plaque load in the brain and
FDG -PET for brain glucose metabolism. FreeSurfer-based standard-
ized uptake value ratios (fFSUVR, with the total cerebellum gray matter
as reference region) were corrected for partial volume effects using a
regional point spread function. For the assessment of global cortical

amyloid burden (cortical PiB PET) and global cortical brain metabolism

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

(cortical FDG PET), the mean SUVR of the precuneus, prefrontal cortex,
gyrus rectus, and lateral temporal regions was used. The cut-off value
for the classification of PiB PET amyloid positivity was 1.42. PiB PET
was available for 147 and FDG PET for 154 participants.

Regional brain volume and cortical thickness were assessed by MRI.
Regional volumes were corrected for head size by normalization to the
intracranial volume (ICV) as suggested by the DIAN Imaging Core (Nor-
malized volume = regionalVol - [B-weight x (individual ICV — mean
ICV)]).22 MRI data were available for 156 participants.

2.6 | Statistics

Statistical analysis was performed using GraphPad Prism v8.3.0 and
SPSSv29.0.0.0.

Normal distribution was tested using the Shapiro-Wilk test. Sex
distribution and apolipoprotein E (APOE) ¢4 positivity were com-
pared with the chi-square test. We used the Kruskal-Wallis test
followed by Dunn post hoc test for group comparisons of age, edu-
cation, and clinical scores. Imaging and fluid biomarker data were
log10-transformed (if not normally distributed) and groups were
compared with univariate and multivariate general linear regression
including age, sex, education, and APOE &4 status as covariates and
Sidak adjustment for multiple testing. Correlation analyses were
performed using Spearman rank correlation coefficient including age
and sex as covariates. Imaging data were visualized using BrainPainter
software. 3

For longitudinal estimates, serum g-synuclein levels and other
biomarkers at baseline in NC and MC (aMC+sMC) were plotted
against the DIAN EYO at baseline. The effects of DIAN EYO and
mutation group on serum S-synuclein levels were calculated using
a linear mixed model including family affiliation as a random effect.
For each marker and group (NC and carrier), the best regression
model (linear, quadratic, cubic, exponential) was selected based on R-
squared. The time of change for each biomarker was defined as the
point at which the 95% confidence intervals of the regression lines
for NC and MC did not overlap anymore. For visualization and com-
parison of the longitudinal trajectories of fluid, imaging, and clinical
biomarkers in MC relative to the NC group, a z score was calculated
for each biomarker using mean and standard deviation of the NC
group (standardized difference) and plotted using smoothing splines.
We performed receiver operating characteristics (ROC) curve anal-
ysis to define cortical hypometabolism (based on cortical FDG PET)
and hippocampal atrophy and to compare biomarkers for predicting
AB PiB-PET positivity, cortical hypometabolism, hippocampal atro-
phy, and cognitive impairment. Biomarker combinations were tested
using binary logistic regression. We used linear regression models to
estimate the predictive value of baseline biomarker levels (serum g-
synuclein, CSF pT217/T217) on future cognitive decline. Biomarker
levels were used as the predictors and the annual rate of change of
MMSE or CDR-SB as the outcome. Age, sex, and APOE ¢4 status were

included as covariates.
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3 | RESULTS
3.1 | Participants

We investigated 178 participants including 69 cognitively unimpaired
NC, 78 aMC, and 31 sMC. Follow-up data were available for 49
participants (NC = 16, aMC = 20, sMC = 13). Demographic and clin-
ical characteristics are given in Table 1. To optimally characterize
changes in the preclinical AD phase, the NC group (median 38.4 years,
interquartile range [IQR] 32.3-47.0) was age-matched to the aMC
group (35.4 years, IQR 30.2-41.9,p=0.13). The sMC group (46.6 years,
IQR 42.1-52.6) was older than the NC (p = 0.001) and aMC groups
(p<0.0001).Sexdistribution (p=0.16) and APOE ¢4 positivity (p = 0.80)
were not significantly different between the groups. The level of edu-
cation and cognitive scores were lower in the sMC group compared to
aMC (education p = 0.003; MMSE and CDR-SB p < 0.0001) and NC
(education p = 0.0007; MMSE and CDR-SB p < 0.0001).

3.2 | Serum B-synuclein levels increase during the
preclinical phase

We investigated serum f-synuclein levels in aMC subjects to study
synaptic degeneration in the preclinical phase of ADAD compared to
NC and sMC participants. Serum -synuclein levels were not associ-
ated with age in NC (ry =—0.04,p =0.75). Women in the NC group (5.81
pg/mL, IQR 4.78-13.8) had slightly higher serum B-synuclein levels
than men (4.85 pg/mL, IQR 4.00-5.34, p = 0.014). There was no dif-
ference between APOE &4 allele carriers and non-carriers (4.90 pg/mL,
IQR 3.91-6.57 vs.5.51 pg/mL, IQR 4.66-6.87,p =0.50).

Serum S-synuclein levels were higher in aMC compared to NC sub-
jects (p = 0.001, Figure 1A) indicating that synaptic degeneration
begins early in ADAD. Structural and metabolic changes in AD-typical
brain regions (measured by MRI and FDG PET, Table 1) and axonal
neurodegeneration (measured by NfL, Table 1) were not significantly
changed in aMC subjects implying that synaptic changes begin earlier.
Higher -synuclein levels were also observed in sMC compared to NC
(p <0.0001) and aMC (p < 0.0001).

3.3 | Longitudinal estimates for serum B-synuclein
and other biomarker changes

We plotted serum -synuclein levels in NC and MC participants against
DIAN EYO to estimate the longitudinal trajectories of §-synuclein in
both groups (Figure 1B,C). The DIAN EYO is a proxy to estimate years
to onset considering the type of mutation and parental age of symp-
tomatic onset. The association between serum -synuclein levels and
DIAN EYO differed between NC and MC (p < 0.001). 8-synuclein
levels were constant in NC but increased over time in MC, begin-
ning ~ 11 years before EYO (Figure 1B). Two subjects in our cohort

converted from asymptomatic to symptomatic AD during follow-up

and presented with elevated serum S-synuclein levels at baseline
(Figure 1B,C).

We compared the DIAN EYO-based longitudinal trajectories of
serum B-synuclein levels to other fluids (Figure 2A), imaging, and clin-
ical biomarkers (Figure 2B). Markers of amyloid pathology change
first (CSF AB42/40: -17.7 years; PiB PET: -16.2 years) followed by
p-tau species (pT217/T217: —16.1 years; pT181/T181: —15.3 years;
pT205/T205: —12.1 years) and t-tau in CSF (—13.0 years). This is fol-
lowed by serum 8-synuclein (—11.3 years) thereby preceding the axonal
degeneration marker NfL (—8.9 years) as well as cognitive decline
(cognitive composite: —10.3 years; MMSE: —8.1 years), brain atrophy
(precuneus thickness: —6.9 years; hippocampal volume: —1.8 years),
and brain glucose metabolism (FDG PET precuneus: —3.0 years; FDG
PET cortex: +0.2 years).

3.4 | Association of serum B-synuclein levels with
amyloid plaque load

We observed a significant correlation of serum -synuclein levels with
global cortical amyloid plaque load measured by PiB PET (r; = 0.46,
Figure 3A). After separation into different cortical and subcortical
brain regions, most areas showed a significant correlation with serum
B-synuclein without a clear regional pattern (Figure 3B, Table S1 in
supporting information). Diagnostic performance of serum -synuclein
for (PiB PET-based) amyloid positivity was moderate (area under the
curve [AUC] 0.75, 95% confidence interval [Cl] 0.66-0.83) and simi-
lar to serum NfL (AUC 0.75, 95% CI 0.67-0.84) but considerably lower
than CSF markers of amyloid pathology including AB42/40 and p-tau
variants (AUC > 0.93, Figure 3C). Combination of CSF pT181/T181
and pT217/T217 with serum -synuclein by logistic regression did not
improve the already high diagnostic performance of these markers
for amyloid positivity (pT181/T181: AUC 0.96, 95% CI 0.92-0.99 vs.
AUC 0.95, 95% Cl 0.91-0.99; pT217/T217: AUC 0.99, 95% CIl 0.98-
1.00 vs. AUC 0.99, 95% CI 0.99-1.00, Figure 3C). We divided subjects
with available PiB PET into quartiles to investigate the association of
serum S-synuclein levels with amyloid plaque load at different disease
stages (Figure 3D). Higher 8-synuclein levels were observed in the third
(Q3, 1.15-2.12) and fourth (Q4, 2.12-6.31) quartile of PiB PET SUVRs
whereas the cut-off defining A3 PiB-PET positivity (1.42) was within
Q3. Separation of aMC into A+ and AB— participants revealed signifi-
cantly higher serum -synuclein levels already in AB— aMC compared
to NC (Figure 3E), further supporting a very early start of synaptic

degeneration in AD.

3.5 | Association of serum B-synuclein with brain
metabolism and atrophy

Serum f-synuclein levels correlated with global cortical brain
metabolism as measured by FDG PET (r; = -0.34, Figure 4A). On

a regional scale, there was a moderate correlation with some frontal
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FIGURE 1 Serum -synuclein levels start to increase during the preclinical phase. A, Serum -synuclein levels are higher in asymptomatic
(aMC, n = 78) and symptomatic mutation carriers (sSMC, n = 31) compared to mutation non-carriers (NC, n = 69) and in sMC versus aMC. Groups
were compared by multivariate general linear regression using log10-transformed -synuclein levels, including age, sex, education, and APOE ¢4
positivity as covariates and Sidak adjustment for multiple comparisons. Boxes are median and interquartile range, whiskers are min and max. Dots
are individual values. B, Scatter plot of serum 3-synuclein levels at baseline and expected years to symptom onset (DIAN EYO) in NC (n = 69) and
MC (n = 109) subjects. Data were fitted using non-linear regression and the start of 8-synuclein increase (11.2 years before onset, indicated by the
dotted line) was defined at the point where the 95% confidence intervals of the regression lines diverged. Dots are individual values. The
black-rimmed dots are subjects who converted from the asymptomatic to the symptomatic state during follow-up. C, Longitudinal changes of
serum B-synuclein levels in individual subjects during follow-up visits are shown in NC (n = 16) and MC (n = 33) by connecting lines. B,C, According
to the DIAN policy, X axis labeling is limited to +10 to -10 to limit genetic unblinding. APOE, apolipoprotein E; DIAN, Dominantly Inherited
Alzheimer’s Network.

A) 1n_ —®— Serum B-Synuclein B -
( )10_—0— Serum NfL ®) i

—e— CSF AB42/40 ]
8 1—e— CSFtTau 8 54
c ) CSF pT181/T181 qcJ .
o 1—e— CSF pT205/T205 © .
&L  5-—e— CSFpT217/T217 £ i
° T R e S
o . o ]
5] i o i
% y e} 1 —&— Serum B-Synuclein
G Otb=——— =Y . s s e s aE e & 4 —@— Cortical PIBPET
o T .5-| --®-- FDG PET precuneus
c § c | —— Cortical FDG PET
© . 8 ] Precuneus thickness
w 4 (7] | —e— Hippocampal volume

4 1 — MMSE
—o— DIAN cognitive composite
-5 T T T T I T T T T I T T T T I T T T T I T T T T I -1 0 T T T T I T 1 T T I T T T T I T T T T I T T T T I
-30 -20 -10 0 10 20 -30 -20 -10 0 10 20
DIAN EYO DIAN EYO

FIGURE 2 Longitudinal trajectories of biomarkers based on expected years to symptom onset. Values of (A) fluid, (B) imaging, and clinical
biomarkers of all subjects were normalized to the NC group by calculating a z score using the mean and SD of the NC group (standardized
difference). The standardized difference of aMC and sMC subjects are plotted against the expected years to symptom onset (DIAN EYO) and the
trajectories are visualized by smoothing splines. The colored dots indicate the point where biomarkers in MC start to differ from the NC group as
defined by divergence of the 95% confidence interval of the regression lines. The dotted line represents symptom onset. A3, amyloid beta; aMC,
asymptomatic mutation carriers; CSF, cerebrospinal fluid; DIAN, Dominantly Inherited Alzheimer’s Network; FDG, fluorodeoxyglucose; MMSE,
Mini-Mental State Examination; NC, mutation non-carriers; NfL, neurofilament light chain; PET, positron emission tomography; PiB, Pittsburgh
compound B; pT, phosphorylated tau; SD, standard deviation; sMC, symptomatic mutation carriers; tTau, total tau.

85U8017 SUOLULLIOD BAITER.D 3|1 (ddde 3} Aq pauseA0b d1e SSPNIE YO (38N JO S3IN1 10} ARIQIT BUIUO A8]IM UO (SUORIPUOO-PUR-SWLRYW0Y A8 1M ARe.d]1 U UO//SANY) SUORIPUOD PUe SLLB | 83U} 89S *[5202/50/0€] uo Ariqr auiiuo A1im ‘BRquenim-=1BH BISBAIUN-BIINT-URR N AQ 97TOL ZR/Z00T OT/I0p/w0d™ A8 im Akeiq 1 pUIiuO'S UINO - e//SANY WO pOPEOIUMOQ ‘Y ‘GZ0Z ‘6L25¢SST



sor1z | Alzheimer’s &Dementia

OECKLET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

(A) 25— r,=0.46; p=6.6E-09 (B)
= oo ©
£ 20 Qe o .
()] H
.:I_E’ 15 E ° e A
? 104 P .
o) : v
[ 3
@ : Spearman r
07—
0 2 4 6 ° 5
Cortical PiB-PET SUVR
(©)
100~
80
s
> 60 CSF pT217/T217 + Ser g -syn (AUC: 0.99)
Z CSF pT181/T181 + Ser g -syn (AUC: 0.95)
D 40 CSF pT217/T217 (AUC:0.99)
s | CSF pT181/T181 (AUC: 0.96)
CSF Ag 42/40 (AUC: 0.93)
20 e CSF tTau (AUC: 0.90)
4 e Ser g -syn (AUC: 0.75)
----- Ser NfL (AUC: 0.75)
0 T l T I T I T l T ]
0 20 40 60 80 100
100% - Specificity (%)
<0.0001
©) . (E)yy oot
- -
£ 20- £ 20
e % <0.001
5 15— 8 15
s 2
& 10— @ 10 .
: £
S 5 2 57
8 &
0 O—F—T1—T1 71
O N QO
® eo\ﬁo\& o
S

FIGURE 3 Association of serum S-synuclein levels with brain
amyloid plaque load. There was a significant correlation of serum
B-synuclein levels with (A) cortical PiB PET SUVR and (B) PiB PET
SUVR in different cortical and subcortical regions at baseline in the
whole cohort. The scatter plot in (A) shows individual values, the
dotted line is the defined threshold (1.42) for amyloid positivity, and
the red lineis a linear regression line including the 95% confidence
interval. B, The color code shows the Spearman correlation coefficient
(rs) of brain regions with a significant correlation between serum
B-synuclein and PiB PET SUVR. Correlation analysis in (A) and (B) was
performed by partial Spearman correlation including age and sex as
covariates and Bonferroni correction for multiple testing. C, Receiver
operating characteristic (ROC) curve analysis of serum 8-synuclein
levels (Ser -syn) and other fluid biomarkers for diagnosing PiB
PET-based amyloid positivity in the whole cohort. Biomarker
combinations were tested using binary logistic regression. D,
Comparison of serum -synuclein levels in all subjects (n = 147)

and parietal areas (Figure 4B, Table S1) including the precuneus but
not in subcortical regions. We observed a significant correlation of
serum B-synuclein with hippocampal volume (rs = -0.38, Figure 4C)
and with other temporal (entorhinal cortex), parietal (inferiorparietal,
superparietal and supramarginal lobe, precuneus), occipital (cuneus,
lingual gyrus) and subcortical (thalamus, accumbens, putamen) struc-
tures (Figure 4D, Table S1). We used receiver operating characteristic
(ROC) curve analysis of cortical FDG PET SUVR and hippocampal
volume in NC and sMC to define cutoffs for cortical hypometabolism
(FDG -PET SUVR < 1.537) and hippocampal atrophy (hippocampal
volume < 7542mm?3) using the Youden index. Serum g-synuclein
showed a moderate performance to predict hypometabolism (AUC
0.82) whereas serum NfL (AUC 0.83) and CSF pT217/T217 (AUC 0.84)
performed slightly better (Figure 4E). For the prediction of hippocam-
pal atrophy, serum g-synuclein showed good performance (AUC 0.92)
and only serum NfL performed better (AUC 0.98, Figure 4F).

3.6 | Association of serum g-synuclein with fluid
biomarkers and cognitive impairment

There was a strong correlation of serum $-synuclein levels with the
other fluid biomarkers including markers for axonal and general neu-
rodegeneration (serum NfL, CSF t-tau) and amyloid pathology (CSF
AB42/40 and p-tau species) except for pT202/T202 (rs = -0.32;
Table 2). Strongest correlation was observed with CSF pT217/T217
(r¢ = 0.62) and serum NfL (rs = 0.60). A significant moderate-to-
strong correlation of serum $-synuclein was also observed with cog-
nitive function (CDR-SB, MMSE, DIAN cognitive composite) with the
strongest association with the CDR-SB (rs = 0.55, Table 2, Figure 4G,H).
We divided the cohort into groups with different degrees of cognitive
impairment to see how serum -synuclein levels reflect different stages
of AD (Figure 4l,J). Grouping was done with two different scores,
MMSE and CDR-SB. A similar picture was observed in both cases with
a rise of serum B-synuclein levels with increasing decline in cognition
(Figure 41,)). Serum p-synuclein showed a good performance in sep-
arating cognitively unimpaired participants from those with cognitive

divided into PiB PET SUVR quartiles (Q1-Q4) showed the first
significant changes of -synuclein in Q3 (PiB PET SUVR of 1.15-2.12),
which also included the cut-off defining AB PiB PET positivity (1.42). E,
Comparison of serum -synuclein levels in NC, aMC, and sMC subjects
to aMC subjects divided into PiB PET amyloid positive (AS+) and
negative (AB—) subjects. Statistical analysis in (D) and (E) was
performed by univariate general linear regression including age, sex,
education and APOE &4 status as covariates and Sidak adjustment for
multiple testing. p values are indicated in the graph. Boxes are median
and interquartile ranges, whiskers are minimum and maximum, and
dots are individual values. AB, amyloid beta; aMC, asymptomatic
mutation carriers; APOE, apolipoprotein E; AUC, area under the curve;
NC, mutation non-carriers; NfL, neurofilament light chain; PiB PET,
Pittsburgh compound B positron emission tomography; pT,
phosphorylated tau; sMC, symptomatic mutation carriers; SUVR,
standardized uptake value ratio; tTau, total tau.
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FIGURE 4 Association of serum -synuclein levels with brain volume, brain metabolism, and cognition. There was a significant correlation of
serum B-synuclein levels with brain metabolism (FDG PET) and brain volume (MRI). A, Correlation of serum 3-synuclein with cortical FDG PET
SUVR and (B) FDG PET SUVR in different cortical and subcortical regions at bassline in the whole cohort. C, Correlation of serum g-synuclein with
hippocampal volume and (D) MRI-derived normalized volume in different cortical and subcortical regions at baseline in the whole cohort. The
scatter plots in (A,C) show individual values and the red line is a linear regression line including the 95% confidence interval. The color code in (B,D)
shows the Spearman correlation coefficient (rs) of brain regions with a significant correlation between serum g-synuclein and FDG PET SUVR or
MRI-derived cortical/subcortical volume. Correlation analysis in (A-D) was performed by partial Spearman correlation including age and sex as
covariates and Bonferroni correction for multiple testing. E,F, ROC analysis for the prediction of (E) cortical hypometabolism defined as a cortical
FDG PET SUVR < 1.537 and (F) hippocampal atrophy defined as hippocampal volume < 7542mm?3. G,H, Spearman correlation analysis of serum
B-synuclein levels with the (G) MMSE and (H) CDR-SB scores. The scatter plots show individual values and the red line is a linear regression line
including the 95% confidence interval. I,J, Subjects were grouped according to their cognitive performance using the (I) MMSE and (J) CDR-SB.
Serum -synuclein levels in MMSE/CDR-SB groups were compared by univariate general linear regression including age, sex, education, and APOE
¢4 status as covariates and Sidak adjustment for multiple testing. p values are indicated in the graph. Boxes are median and interquartile ranges,
whiskers are minimum, and maximum and dots are individual values. K, ROC analysis comparing the diagnostic performance of fluid biomarkers to
separate cognitively unimpaired participants (global CDR 0) from those with cognitive impairment (global CDR > 0). A, amyloid beta; APOE,
apolipoprotein E; AUC, area under the curve; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; FDG PET,
fluorodeoxyglucose positron emission tomography; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; NfL, neurofilament
light chain; pT181/T181, pT205/T205, pT217/T217, ratio of phosphorylated and unphosphorylated tau protein at positions 181, 205, and 217;
ROC, receiver operating characteristic curve; Ser, serum; SUVR, standardized uptake value ratio; tTau, total tau protein.
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TABLE 2 Correlation of fluid biomarkers and cognitive scores at baseline.
CSF CSF CSF CSF CSF DIAN
ApB42/40 pT181/ pT205/ pT202/ pT217/ cognitive
Serum NfL ratio CSFtTau Ti81 T205 T202 T217 CDR-SB MMSE composite

Serum -synuclein 0.60"*** -0.56""* 0.50"*** 0.59*** 0.54***  -0.32*** 0.627*** 0.55"**  -041" -0.39""*
Serum NfL —0.44*** 0417 0.49* 0.52****  -0.15 0.48*** 0.60"**  -041"** -0.40"**
CSF A42/40 ratio -0.61"**  —0.71*"**  -0.54**** 0.27** —0.75"**  -0.44"** 0.35"** 0.32***
CSF tTau 0.65"** 0.51"**  —0.56""** 0.68"** 047 -045"** -0.36"**
CSFpT181/T181 0.60"**  -0.33"** 0.76™** 0.53"**  -0.40"** -0.35"""*
CSF pT205/T205 0.04 0.60""** 0.55"**  —0.45"* -042"""
CSF pT202/T202 -0.44"  -0.14 0.23** 0.23**
CSF pT217/T217 0.58"**  -047"* -041"*
CDR-SB —0.64**  —0.52"**
MMSE 0.67**

Note: Values are Spearman correlation coefficients from partial Spearman correlation analysis including age and sex as covariates. Only individuals without

missing values for any of the variables were included (n = 135).

Abbreviations: AB, amyloid beta; APOE, apolipoprotein E; CDR-SB, Clinical Dementia Rating Sum of Boxes; CSF, cerebrospinal fluid; DIAN, Dominantly
Inherited Alzheimer’s Network; FDG, fluorodeoxyglucose; MMSE, Mini-Mental State Examination; NfL, neurofilament light chain; PET, positron emission

tomography; PiB, Pittsburgh compound B; pT, phosphorylated tau; SUVR, standardized uptake value ratio; tTau, total tau protein.

**p<0.01
***p <0.001
***%p < 0.0001

impairment (AUC 0.93, Figure 4K) whereas serum NfL (AUC 0.99) was
the best-performing fluid biomarker here.

Follow-up data were available for a small subset of participants
only. In an exploratory approach, we estimated the predictive value of
baseline serum f-synuclein levels for future cognitive decline in MC
measured by the annual rate of change of the MMSE (h = 24) and CDR-
SB (h = 25) scores (mean follow-up time 1.89 + 0.95 years). Serum
B-synuclein showed a significantly better prediction (MMSE: RZ = 0.50,
p < 0.01; CDR-SB: R2 = 0.54, Pp = 0.001) than the covariates-only
model (i.e., age, sex, APOE ¢4 status; MMSE: RZ = 0.17; CDR-SB:
R2 =0.17) and slightly better than CSF pT217/T217 (MMSE: R2 = 0.43;
CDR-SB: R2 = 0.42). Addition of serum B-synuclein to the model
with CSF pT217/T217 significantly improved prediction of future
cognitive decline (MMSE: R2 = 0.55, p = 0.046; CDR-SB: R2 = 0.56,
p=0.02).

4 | DISCUSSION

We here showed that serum -synuclein levels are already raised in
aMC and are highest in sMC. Longitudinal estimations suggest that
B-synuclein levels become abnormal 11 years before symptom onset,
representing an early marker of AD pathophysiology, changing after
amyloid-related markers became positive, and preceding changes in
brain structure (i.e., atrophy) and metabolism (i.e., FDG PET), cognition,
and axonal neurodegeneration. These findings suggest that synaptic
degeneration is one of the earliest events in ADAD pathophysiology
and is indicative of a retrograde degeneration mechanism starting in
the synapse.

The aim of our study was to characterize the changes in serum -
synuclein levels, an easily accessible marker of synaptic degeneration,
in the asymptomatic phase of ADAD and estimate the longitudinal tra-
jectories in relation to other disease mechanisms. Our data showed
that serum B-synuclein rises very early in ADAD indicated by higher
levels in aMC compared to controls. We observed higher -synuclein
levels even in aMC subjects that had not reached the PiB PET cut-off
for amyloid positivity indicating that synaptic degeneration belongs to
the earliest events in AD after the start of amyloid deposition. This
is further supported by higher g-synuclein levels first observed in PiB
PET quartile Q3, including the cut-off for amyloid positivity, and by the
estimated biomarker trajectories based on the DIAN EYO. We could
show that serum -synuclein levels start to increase ~ 11 years before
symptom onset. Thus, it is the first marker to rise (other than CSF
t-tau) after the amyloid-related markers (PiB PET, CSF AB42/40, CSF p-
tau variants) and preceding axonal degeneration (serum NfL), cognitive
decline, brain atrophy (MRI), and metabolism (FDG PET). In agreement
with this, other studies in DIAN have reported a very early increase of
synaptic markers in CSF of ADAD.1415 Based on its strong correlation
with other synaptic markers in CSF including CSF -synuclein,* CSF t-
tau has recently been discussed to better reflect synaptic degeneration
than general neurodegeneration as previously thought.'é This would
also better integrate into the observed temporal order of biomarkers
and further support our hypothesis of the very early start of synaptic
damage in AD. Serum f-synuclein levels are also more strongly corre-
lated with amyloid pathology (PiB PET) than with brain atrophy and
metabolism, which further supports a tighter temporal proximity of
synaptic degeneration to amyloid deposition. On the other hand, it is
unlikely that serum -synuclein levels reflect just amyloid pathology
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because it showed only moderate performance to diagnose amyloid
positivity and did not have an added value to the established markers
pT217 and pT181. Thus, there are several pieces of evidence from the
present and previous studies ranking synaptic degeneration to the ear-
liest events in ADAD pathophysiology which can be detected by serum
B-synuclein measurement.

The estimated temporal order of biomarker changes in our study
is very similar to previous reports from ADAD®’ although the esti-
mated number of years when changes start to appear are not identical.
We ascribe this to different statistical models used to define the time
of change but the fact that different models provide a similar tempo-
ral order supports the robustness of these findings. Also, the change
of cognitive decline (cognitive composite and MMSE) is ranked earlier
in our study compared to previous DIAN studies* which might result
from the inclusion of different DIAN participants and also slightly lower
sample size in our study compared to previous ones.®1* Within our
study, we could add a marker of synaptic degeneration to this puz-
zle and temporally associate it with early amyloid deposition. Serum
B-synuclein levels also changed before the axonal marker NfL. It is
therefore tempting to speculate that the degeneration process starts
at the synapse and retrogradely progresses through the axon to the
neuronal soma, although a marker for the latter is lacking so far in this
cascade and must be confirmed. The synapse has been proposed as the
initial site of neurodegeneration for many years and there is also evi-
dence from other studies that it precedes axonal degeneration.>18.1?
Our data show that we are now able to track this processes with easily
accessible blood markers in human subjects.

Our data are consistent with our previous observation in Down
syndrome (DS) subjects.2® DS, that is, trisomy 21, is characterized by
triplication of the APP gene and represents a genetic form of AD. Here,
we showed higher serum g-synuclein levels in asymptomatic DS sub-
jects without clinical signs of AD and highest levels in DS with AD,
similar to our study in ADAD. Our data in ADAD are also in line with
our studies in sporadic AD showing a gradual increase of S-synuclein
levels from AB+ but cognitively normal subjects, mild cognitive impair-
ment AD, and AD dementia®~’ indicating that the temporal estimations
from ADAD are transferable to sporadic AD. Other studies also sup-
port that fluid biomarker profiles are similar in ADAD and sporadic AD
whereas longitudinal clinical presentation might vary?! but this must
be confirmed for §-synuclein.

Synaptic degeneration is the pathological correlate of memory
impairment in AD?2 and synaptic markers might be used as surrogate
markers to track or predict changes of cognition. We here showed a
significant correlation of serum -synuclein levels with three different
measures of cognitive function (MMSE, CDR-SB, DIAN cognitive com-
posite) in agreement with our previous observations in sporadic AD.>”
We divided the participants according to their degree of impairment
using the MMSE and CDR-SB scores. With both scores, g-synuclein
levels strongly depended on the degree of cognitive impairment
suggesting a gradual increase with declining cognitive function. Fur-
thermore, the ROC curve analysis identified serum S-synuclein as a
good predictor of cognitive impairment. These data support the use

of serum f-synuclein as a surrogate biomarker for cognitive changes.
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Our exploratory data, indicating a predictive value of -synuclein for
future cognitive decline in combination with CSF pT217/T217, are
also promising but need further verification due to the small sample
size.

Clinical scores are an important tool in AD drug development
and usually the main outcome measure in clinical trials to show the
efficacy of adrug. The recent success of anti-amyloid drugs was demon-
strated in patients with early symptomatic AD by a slower increase
of the CDR-SB score® and greater time to progression to the next
stage of dementia.2? Surrogate markers of clinically meaningful disease
processes are urgently needed to support the design and operational-
ization of clinical trials of putative AD-modifying therapies at earlier
stages of disease—including in asymptomatic (cognitively normal) par-
ticipants in whom clinical read-outs are impractical. Synaptic markers
are promising candidates here and the estimated trajectories from our
study suggest that synaptic markers such as 8-synuclein might be help-
ful in two ways. According to our data, synaptic degeneration is one of
the earliest events in the preclinical phase after start of amyloid depo-
sition. The monitoring of synaptic markers in amyloid-positive subjects
will indicate the time when synaptic degeneration starts. This could
be an ideal point to start anti-amyloid therapy thereby also exclud-
ing the substantial number of subjects with benign amyloid deposition
that will never develop AD during their lifetime. Monitoring of synaptic
markers during treatment might be an important read-out to eval-
uate positive treatment effects in conjunction with amyloid-related
markers for target engagement because patients are still cognitively
normal. Data from anti-amyloid trials® also support the use of synaptic
markers to monitor treatment effects. Serum -synuclein is a promis-
ing candidate here because it is easily accessible also for longitudinal
follow-up. In addition, it is less dependent on age compared to other
blood biomarkers (e.g., NfL, GFAP) which is advantageous for longi-
tudinal monitoring. However, data from anti-amyloid trials are only
available for CSF synaptic markers so far and correlation of CSF and
blood biomarkers can vary strongly. One contributing factor here can
be peripheral expression of markers interfering with brain-derived
changes, which has been shown, for example, for neurogranin.?4 Stud-
ies to evaluate blood S-synuclein as a read-out in clinical trials are
therefore urgently needed.

A limitation of our study could be the sample size, which is smaller
than in previous DIAN studies and might explain some differences in
the longitudinal estimates. However, the group differences of serum
B-synuclein are highly significant and do not require a larger sample
size to increase statistical power. Cross-sectional differences of other
variables are also similar to previous DIAN studies supporting a similar
composition of our cohort and comparability. We had follow-up sam-
ples only for a subset of participants to calculate the rate of change
for serum f-synuclein which might be a better measure of longitudi-
nal changes as suggested for other biomarkers in DIAN studies.2> The
investigation of serum f-synuclein rate of change should be addressed
in more detail in subsequent studies. Also, data on blood p-tau217, the
currently most promising AD blood biomarker, were not yet available
in the DIAN data freeze 15 used in the present study and precluded a

direct comparison to blood S-synuclein which would be important to
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better estimate the added value of 8-synuclein and requires further
studies.

In conclusion, our data indicate that synaptic degeneration starts
early in asymptomatic ADAD. It is ranked as one of the first events after
start of amyloid deposition and preceding axonal degeneration, brain
atrophy, and metabolism in support of a retrograde degenerative pro-
cess starting in the synapse. Serum f3-synuclein is an easily accessible
biomarker to track synaptic changes and is associated with cognitive
impairment and might be used in drug trials for patient selection and
monitoring of treatment effects. Longitudinal studies are needed to
confirm our temporal estimates and determine that findings in ADAD

are generalizable to sporadic AD.
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