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1 | BACKGROUND

Biomarkers that accurately reflect underlying pathological features
of Alzheimer’s disease (AD) have significantly enhanced early diagno-
sis, subtyping, and the progress of clinical trials. In living individuals,
imaging and fluid biomarkers are used for detecting the presence
of B-amyloid (AB) plaques and tau tangles, the two hallmark neu-
ropathological changes in AD. However, many individuals diagnosed
with dementia due to AD have co-pathologies, which introduces het-
erogeneity to the pathogenesis and presentation of the symptoms and
likely influences the disease progression.’

A common co-pathology of AD is Lewy bodies (LBs), composed of a-
synuclein (a-syn) aggregates.? Seed Amplification Assays (SAAs) that
detect aggregates of misfolded a-syn in antemortem cerebrospinal
fluid (CSF) have been shown to reliably predict LB-pathology iden-
tified at autopsy.® SAA was first largely used in identifying a-syn
pathology in Parkinson’s disease (PD), dementia with LB (DLB), and
synucleinopathies.*> More recent work showed a-syn seeds detected
by SAA (SAA-positivity; SAA+) in asymptomatic individuals and indi-
viduals with cognitive impairment in the context of co-pathologies.”8
Notably, Arnold et al. validated the effectiveness of SAA in detect-
ing pathological a-syn seeds pre- and post mortem CSF samples from
an autopsy-validated cohort with diverse neurodegenerative diseases,
demonstrating high specificity (98.1%) and sensitivity (97.8%). The
method proved adept at identifying limbic transitional and diffuse

neocortical a-syn inclusions in CSF samples collected ante-mortem.”
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RESULTS: SAA showed 79% sensitivity and 97% specificity for LB pathology, with
superior performance in identifying neocortical (100%) compared to limbic (57%) and
amygdala-predominant (60%) LB-pathology. SAA+ rate was 22%, increasing with dis-
ease stage and age. Higher AS burden but lower CSF p-tau181 associated with higher
SAA+ rates, especially in dementia. SAA+ affected cognitive impairment in MCI and
Early-AD who were already AD biomarker positive.

DISCUSSION: SAA is a sensitive, specific marker for LB-pathology. Its increase in
prevalence with age and AD stages, and its association with AD biomarkers, highlights

the clinical importance of a-synuclein co-pathology in understanding AD’s nature and

Alzheimer’s disease, co-pathology, Lewy body, SAA

* SAA shows 79% sensitivity, 97% specificity for LB-pathology detection in AD.

* SAA positivity prevalence increases with disease stage and age.

» Higher A burden, lower CSF p-tau181 linked with higher SAA+ rates in dementia.
* SAA+ impacts cognitive impairment in early disease stages.

* Study underpins need for wider LB-pathology screening in AD treatment.

In two studies conducted in memory clinics, comprising cognitively
unimpaired (CU) individuals and those with cognitive impairment from
various causes, it was observed that individuals positive for both AD
biomarker and SAA experiences a more rapid cognitive decline over 10
years to those positive for only one. The effects of SAA+ deteriorat-
ing attention, executive, visuospatial, and motor functions were noted
to be independent of other factors.”® These studies also found that
SAA+ prevalence increased with age, particularly among CU individu-
als, and was more likely to occur alongside AD A biomarker positivity,
rather than AD tau biomarker positivity.” Furthermore, a smaller-scale
research cohort focusing on individuals with cognitive impairment and
biomarker confirmation for AD-related Ag, tau pathologies, and neu-
rodegeneration reported a significant presence of SAA+ (45%), with
those positive for AD biomarkers and SAA+ more frequently exhibiting
atypical dementia phenotypes.®

In this study, the extent of LB co-pathology within the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) — a multi-site, open-access
observational study — was evaluated using a clinically validated com-
mercial Amprion SYNTap SAA. ADNI distinguishes itself as a compre-
hensive observational study that aimed at standardizing and validating
the use of neuroimaging, fluid, and digital biomarkers for diagnosis and
prognosis, as well as to inform the design of clinical trials for AD. It
features standard study protocols and provides a wealth of accompa-
nying clinical and biomarker data, including autopsy neuropathology
reports in a subset. In addition to 577 CU individuals, this study incor-

porates the most extensive cohort of individuals with amnestic mild
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cognitive impairment (MCI; N = 654) and clinical diagnosis of mild-to-
moderate AD dementia (N = 407), thus far studied with SAA, which are
the primary populations targeted by recent disease-modifying thera-
pies for AD. The specific objectives of the study were to: (1) evaluate
the detection capability of SAA for LB-pathology in 78 cases with neu-
ropathologic confirmation at autopsy; (2) investigate the prevalence of
SAA+ inrelation to well-known AD-related risk factors such as age, sex,
race, ethnicity, APOE ¢4 allele, and particular genetic variants, including
Triggering receptor expressed on myeloid cells 2 (TREM2) and glucosyl-
ceramidase beta 1 (GBA1), alongside with polygenic risk scores (PRS)
for AD and PD; (3) explore the prevalence of SAA+ inrelation to contin-
uous measures of AD biomarkers, including CSF AB42, p-tau181, and
the ratio of p-tau181/AB42, and global cortical Ag burden measured
by positron emission tomography (PET) imaging; and (4) assess the dif-
ferences in cognitive impairment and decline between individuals with
and without SAA+. The working hypothesis posited that LB-pathology
would be associated with age and disease stage and that the preva-
lence of SAA+ would show a positive associated with the presence of

AD pathology.

2 | METHODS
2.1 | Study design and participants

ADNI
(https://adni.loni.usc.edu/). The study employed a cross-sectional

Data were obtained from the database

analysis of biomarker, demographic, and diagnosis data and both
cross-sectional and longitudinal analyses of cognitive data. The anal-
ysis included all ADNI 1-3 participants with available CSF samples
(N = 1638). We expected a-syn pathology to be more prevalent with
increasing age and disease progression; therefore, we selected the
most recent CSF samples for examination to ensure the most accurate
diagnostic information, detectable activity of the a-syn seeding, and
greatest relevance to post mortem neuropathological confirmation.
ADNI participants included CU individuals, individuals with MCI,
and individuals with clinical diagnosis of dementia due to AD. Briefly, at
the time of enrollment, ADNI participants were aged between 55 and
90 (inclusive) years, had a study partner able to provide an independent
evaluation of functioning, and were proficient in English or Spanish. The
enrollment criteria for CU participants included a Mini-Mental State
Examination (MMSE) score between 24 and 30 (inclusive), a Clinical
Dementia Rating (CDR) of O, no depression, no MCI, and no demen-
tia. MCl participants were required to have MMSE scores between 24
and 30 (inclusive), a subjective memory complaint, objectively memory
loss (adjusted for education) on the Wechsler Memory Scale Logical
Memory Il, a CDR of 0.5, no significant impairment in other cogni-
tive domains, essentially preserved activities of daily living, and no
dementia. Participants with dementia due to AD met the criteria with
MMSE scores between 20 and 26 (inclusive), a CDR of 0.5 or 1.0, and
meets NINCDS/ADRDA criteria for probable AD. Exclusion criteria
at the time of ADNI study enrollment included significant neurologi-

cal disease other than AD, any contraindications to neuroimaging or

RESEARCH IN CONTEXT

1. Systematic review: We reviewed literature on
Alzheimer’s disease (AD) and Lewy body (LB)-pathology
biomarkers, searching through databases like PubMed
until January 2024. We focused on studies about
biomarker accuracy for a-synuclein, noting a-synuclein’s
role beyond Parkinson’s disease (PD) and its impor-
tance in AD and cognition. The review stressed the
need for precise biomarkers to clarify the complexity of
co-pathologies in AD.

2. Interpretation: Seed Amplification Assays (SAAs) accu-
rately detect LB-pathology. Our study shows a link
between the presence of SAA markers and various factors
such as the age, the disease stage, and the presence of AD
biomarkers, offering new insights into how LB-pathology
interacts with AD characteristics and treatment strate-
gies for patients with both AD and concomitant LB-
pathology.

3. Future directions: The study emphasizes the clinical
importance of SAA in detecting LB co-pathology in AD,
which may affect cognition and alter individual progres-
sion paths. It advocates for wider LB-pathology screening

in AD, aiding in tailored diagnostics and treatments.

other ADNI protocols, neuroimaging evidence of infection, infarction,
lacunes, or other focal lesions, psychiatric disorders, including psy-
chotic features, alcohol abuse, significant systemic illness or unstable
medical condition, laboratory abnormalities that could complicate the
study, use of certain psychoactive medications, and participation in

other clinical trials.

2.2 | CSF sample collection

CSF samples were initially collected into collection tubes supplied to
each participating ADNI site, subsequently transferred to polypropy-
lene transfer tubes, and then frozen on dry ice within 1 hour of
collection. These samples were shipped overnight on dry ice to the
ADNI Biomarker Core laboratory at the University of Pennsylvania
Medical Center. Upon arrival to the ADNI Biomarker Core laboratory,
the CSF samples were thawed and aliquoted into 0.5 mL cryo for long
term storage at —80°C. Pristine CSF aliquots were provided for SAA
analysis.

2.3 | CSF a-synuclein SAA processing

The a-syn SAA testing was conducted by Amprion Clinical Labora-
tory (CLIA ID No. 05D2209417; CAP No. 8168002) using a clinically
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validated method in compliance with Clinical Laboratory Improvement
Amendment (CLIA) standards. For the analysis, each CSF sample was
tested in triplicate within a 96-well plate using a reaction mixture com-
prised of 100 mM PIPES pH 6-5, 0-44 M NaCl, 0-1% sarkosyl, 10 uM
ThT, 0-3 mg/mL recombinant aSyn, and 40 pL CSF, in a final volume
of 100 pL. Each well contained two silicon nitride beads to enhance
the consistency, with each plate incorporating both positive and neg-
ative assay quality control samples to assure assay accuracy. The plates
were sealed with an optical adhesive film and inserted into a BMG
LABTECH FLUOstar Q Microplate Reader. They were incubated at
42°C, undergoing cycles of 1 minute of shaking followed by 14 min of
rest, with fluorescence recorded after each shake (using an excitation
wavelength 440 nm and emission wavelength of 490 nm). Following a
total incubation time of 20 hours, the maximum fluorescence intensity
for each well was logged, and an algorithm was applied to the triplicate
reading to categorize the result.

CSF samples were classified as: “PD/DLB-like Detected” if a-syn
aggregates were detected with an aggregation profile consistent with
Type 1 seeds observed in PD and DLB; “MSA-like Detected” if a-syn
aggregates matched Type 2 seeds typically seen in multiple sys-
tem atrophy (MSA); or “Not Detected” if no a-syn aggregates were
detected. Samples that did not yield a definite result after two tests
were classified as “Inconclusive.”

All CSF a-syn SAA analyses were performed with the analysts
blinded to the participants’ demographic details, clinical profiles, and
AD biomarker data. The integrity of the blinding was maintained by
utilizing unique specimen identifiers for randomly assigned sample
shipments.

2.4 | Post mortem neuropathological confirmation
of LB pathology

ADNI study follows the National Institute on Aging-Alzheimer’s Asso-
ciation (NIA-AA) guidelines for the neuropathologic examinations. The
neuropathologic data are considered the “gold standard” against which
the biomarker results such as CSF a-syn SAA are compared.
Pathological lesions within the brain were assessed using estab-
lished neuropathologic diagnostic criteria. Using the NIA-AA protocol,
an “ABC” score for AD neuropathologic change was generated which
incorporates histopathologic assessments of AS deposits (A), staging of
neurofibrillary tangles (B), and scoring of neuritic plaques (C). In addi-
tion, detailed methods for assessing commonly co-morbid conditions
such as Lewy body disease, vascular brain injury, hippocampal sclerosis,
and TAR DNA binding protein (TDP) immunoreactive inclusions were
included. The brain areas sampled for microscopic assessment included
middle frontal gyrus (Block 1), superior and middle temporal gyri (Block
2), inferior parietal lobe (angular gyrus) (Block 3), occipital lobe to
include the calcarine sulcus and parastriate cortex (Block 4), hippocam-
pus and parahippocampal gyrus at the level of the lateral geniculate
nucleus (Block 5), striatum (caudate nucleus and putamen) with olfac-
tory cortex at the level of the nucleus accumbens (Block 6), thalamus

and subthalamic nucleus (Block 8), midbrain with red nucleus (Block
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9), pons with locus coeruleus (Block 11), medulla oblongata (Block 12),
spinal cord (Block 13), cerebellum with dentate nucleus (Block 14),
striatum and pallidum at the level of the anterior commissure to include
nucleus basalis of Meynert, basal forebrain, and septum (Block 17),
anterior cingulate gyrus at the level of the genu of the corpus callosum
(Block 19), precentral gyrus (Block 21), amygdala and entorhinal cortex
(Block 23), posterior cingulate gyrus and precuneus at the level of the
splenium (Block 30).

Neuropathology data were captured using the Neuropathology
Data Form Version 10 provided by the National Alzheimer’s Coor-
dinating Center (NACC). Neuropathological confirmation of the LB-
pathology was through a-syn immunohistochemistry, adhering to the

Consortium on DLB criteria.?

2.5 | Alzheimer’s disease CSF biomarker
assessments

Pristine aliquots of CSF were analyzed by the electrochemilumines-
cence immunoassays (ECLIA) Elecsys CSF AB42, CSF phospho-tau181
(p-tau181), and CSF total-tau on a fully automated Elecsys cobas e 601
instrument and a single lot of reagents for each measured biomarker.
The Roche Elecsys CSF immunoassays were used following a Roche
Study Protocol at the ADNI Biomarker Laboratory, according to the
kit manufacturer’s instructions. Analyses were performed in a series of
runs, each sample run one time (in singlicate) for each biomarker test,
over the time period of November 17, 2016, through June 22, 2022,
following a standard new lot rollover protocol from the manufacturer
that involved repeated analyses of quality control samples. The ana-
lyte measuring ranges were lower technical limit to upper technical
limit for each biomarker: 200 to 1700 pg/mL for the Elecsys CSF AB42
immunoassay, 8 to 120 pg/mL for the Elecsys CSF p-tau181 immunoas-
say, and 80 to 1300 pg/mL for the Elecsys CSF total-tau immunoassay.
The results that are above the upper technical limit or below the lower
technical limit are not included in the relevant analyses described
below. Only CSF AB42 and CSF p-tau181 were used in the relevant
analyses described below.

The AD CSF biomarker positivity was defined as “AB42+” if
CSF AB42 < 980 pg/mL and “p-taul81+” if CSF p-taul81 > 24
pg/mL. Overall AD CSF biomarker positivity “CSF_AD+” was
defined by the ratio of p-taul81/AB42 with a cutoff of > 0.025.
These cutoff definitions were based on previously published
methods!® and the revised ADNI Biomarker Core protocol
(UPENNBIOMK_ROCHE_ELECSYS_METHODS_20231109.pdf).

2.6 | Alzheimer’s disease positron emission
tomography biomarker assessment

The radiochemical synthesis of florbetapir was overseen and regulated
by Avid Radiopharmaceuticals and distributed to the qualifying ADNI
sites. The radiochemical synthesis of florbetaben was overseen and

regulated by Life Molecular Imaging and distributed to the qualifying
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ADNI sites. PET imaging was performed at each ADNI site according to
standardized protocols. The florbetapir protocol entailed the injection
of 370 MBq (10-0 mCi) + 10% of tracer followed by an uptake phase
of 50 minutes. At 50 minutes, subjects were positioned in the scanner
and 4 x 5 minute frames of emission data were collected. The flor-
betaben protocol entailed the injection of 300 MBq (8.1 mCi) + 10%
of tracer followed by 20 minutes (4 x 5 minute frames) acquisition at
90-110 minutes post-injection. PET/CT scans preceded these acqui-
sitions with a CT scan for attenuation correction; PET-only scanners
performed a transmission scan following the emission scan. All PET
scans underwent a rigorous quality control protocol and were pro-
cessed to produce final images with standard orientation and voxel size
of 2mm3.11

A global standardized uptake value ratio (SUVR) was estimated
across cortical summary regions (FreeSurfer v7.1 defined frontal, cin-
gulate, parietal, and lateral temporal cortices) normalized to the whole
cerebellum.

Direct SUVR-to-centiloid transformations provided by the ADNI
PET Core were applied to florbetaben and florbetapir data for esti-
mates of standardized global cortical A burden in centiloid units. “Ag-
PET+” was defined as centiloid > 20, which correspond to the recom-
mended cross-sectional thresholds for florbetapir (whole cerebellum-
normalized SUVR of 1.11'2) and florbetaben (whole cerebellum-
normalized SUVR of 1.0813) PET images.

For participants with AB-PET imaging data, AB-PET images within
6 months of sample collection time of the CSF sample used for SAA

analysis were selected.

2.7 | Genetics data

Previously generated whole genome sequencing data were obtained
from ADNI. We extracted known high-risk variants in GBA1 (p-E356K,
p-T408M, p-N409S, NM_000157-4), apolipoprotein E (APOE) ¢4 haplo-
types, and TREM2 (p-R47H, p-R62H, NM_018965-4) which are asso-
ciated with PD, DLB, and AD.'#-1¢ PRS were calculated based on two
recent AD genome-wide association studies (GWAS) including APOE
€47 and excluding APOE 4,18 and a PD GWAS,'* using the single
nucleotide polymorphism (SNP) association weights from each GWAS

using plink2.

2.8 | Clinical assessments

The global cognitive assessments including the Clinical Dementia
Rating-Sum of Boxes (CDR-SB), the Alzheimer’s Disease Assessment
Scale-cognitive subscale 13-item (ADAS-Cog13), the MMSE, based
on a 30-point questionnaire, and preclinical Alzheimer’s composite
score (PACC), and the domain-specific cognitive assessments includ-
ing the composite measures of memory, executive function, language,
and visuospatial functioning!? were analyzed as clinical outcome mea-
sures. The assessment of cognitive decline rates was confined to

longitudinal data collected within 2 years of CSF sample collection. This

restriction was imposed because the latest CSF samples were specif-
ically chosen for SAA analysis, thereby constraining the prospective
follow-up clinical time points available for analysis.

Sleep disturbances and hallucinations are prominent neuropsychi-
atric symptoms associated with synucleinopathies. The extent of these
symptoms often aligns with the severity and spread of a-syn pathol-
ogy. To assess the impact of presence of LB co-pathology on sleep
issues and hallucinations, specific questions from the Neuropsychiatric
Inventory-Questionnaire (NPI-Q) are utilized. For sleep disturbances,
the NPI-Q inquires if the patient interrupts the caregiver’s sleep, wakes
up prematurely, or excessively naps. For hallucinations, it asks if the
patient seems to hear voices or speaks with nonexistent individu-
als. Severity scoring for these items ranges from mild, indicating a
noticeable but manageable change, to moderate, denoting a signifi-
cant change, and severe, which reflects a very marked and dramatic

change.

2.9 | Statistical analysis

We conducted a retrospective analysis of neuropathological data
derived from autopsy reports, wherein the presence of LB inclusions
was established as the diagnostic gold standard, or “ground truth.”
To evaluate the diagnostic performance of the SAA in detecting LB-
pathology, we calculated the SAA’s sensitivity and specificity against
the autopsy findings. The association between the SAA results and
the gold standard was statistically examined using the chi-squared
test, and 95% confidence intervals (Cls) were computed to assess the
precision of these estimates.

On the clinical ADNI cohort, descriptive statistics were computed
on demographic, clinical, and biomarker measures collected at the time
of CSF sample collection, categorized by clinical diagnosis and SAA
results. Samples were designated as SAA— (“Not Detected”) if no a-syn
aggregates were present, and SAA+ (“PD/DLB-like Detected”) if a-syn
aggregates conformed to Type 1 seeds, typically observed in PD and
DLB. Cases with CSF a-syn SAA results classified as “Inconclusive” or
“MSA-like Detected” were excluded from the principal analyses due to
small sample size, as detailed in the Results section.

We performed separate logistic regression analyses to examine
the relationship between AD biomarker positivity (categorized as CSF
AB42+ or CSF AB42—, CSF p-taul81+ or CSF p-taul81—, CSF_AD+
or CSF_AD-, and AB-PET+ or AB-PET-) and SAA result, designated
as SAA+ or SAA-. These analyses factored in age, sex, and APOE ¢4
status to adjust for their known association with AD AS pathology.
The model investigating CSF p-taul81+/— status included an addi-
tional adjustment for CSF AB42 levels to account for the established
interplay between AD AB and tau pathologies. Given the absence of
AB-PET data in 19% to 37% of our cohort, we used CSF AD biomark-
ers as the primary method for AD pathology assessment. However, we
included AB-PET analysis where available, acknowledging its status as
the gold-standard for assessing AB-pathology.

To further assess the extent to which these pathological changes

are associated with aging and nonlinearity of these associations, we
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constructed generalized additive models to analyze the relationship
between age and positivity in SAA and AD biomarkers (CSF AB42, AB-
PET centiloid, CSF p-tau181). CSF AB42 was included as a covariate
in non-linear age models for SAA-positivity and CSF p-tau181 positiv-
ity to model age effect independent of AD A pathology. We employed
the finite differences method to identify significant age intervals where
there was a notable change in the prevalence of SAA or AD biomarker
positivity. This approach involved discrete sampling across age and
calculating the rate of change in the proportion of participants pos-
itive for SAA or AD biomarkers. We incorporated the uncertainty in
estimates by computing 95% Cls around the derived rates of change,
allowing us to determine the statistical significance of observed trends
and delineate the age ranges most associated with these pathological
states.

In addition to the initial analysis of the relationship between AD
biomarker positivity and SAA result, we examined the association
between SAA positivity and the continuous levels of AD biomarkers,
to mitigate potential biases arising from binary categorization of AD
biomarker positivity. These analyses factored in age to adjust for their
known association with AD A pathology. In our analysis of SAA posi-
tivity in relation to the continuous spectrum of CSF p-tau181 levels, we
additionally adjusted for CSF AB42 levels. Employing the finite differ-
ences method, as described above, we determined significant intervals
within the AD biomarker levels where the prevalence of SAA positivity
exhibited significant changes.

To assess the role of AD risk factor (such as sex, race, and ethnicity)
and genetics (APOE ¢4 allele status, and GBA1 and TREM2 variants) on
LB-pathology, we performed separate logistic regression analyses to
evaluate their associations with SAA-positivity. These analyses treated
each AD risk factor as an independent categorical variable and the
SAA results as the dependent variable. All models were adjusted for
age and the other AD risk factors to assess their independent effects.
Furthermore, we performed separate regression analyses to assess
the association of SAA-positivity with AD-PRS and PD-PRS, adjust-
ing for biological sex, age, APOE ¢4, and the first five genetic principal
components.

To assess the impact of LB-pathology on cognitive performance
at the time of CSF sample collection, linear regression models were
employed. These models were stratified by overall CSF AD biomarker
positivity (CSF_AD+ vs. CSF_AD-) and SAA-positivity (SAA+vs. SAA-)
and adjusted for age, sex, and APOE &4 allele status. To assess the
impact of LB-pathology on the rates of cognitive decline, linear mixed-
effects models (LMM) were used, with cognitive variable of interest
as the dependent variable and time from the CSF sample collection, a
joint stratification for positivity in CSF_AD and SAA, and their inter-
action as independent variables. These models were adjusted for age,
sex, and APOE ¢4 status and included random intercepts in addition to
random slope to address within-subject correlations. The regression
estimates for the CSF_AD and SAA stratified groups were compared
using Tukey’s honestly significant difference (HSD) test. The resulting
p-values and Cls were calculated based on the joint t-distribution of z-
statistics and account for the probabilities in the context of multiple
comparisons. Only the CSF_AD and SAA stratified groups with more
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than 20 participants were included in the analysis of cross-sectional
and longitudinal cognitive outcomes.

All analyses were performed within each clinical diagnosis (CU, MClI,
Dementia) separately and were repeated for a subset who satisfied
clinical criteria for eligibility to “Early-AD” clinical trials,?° that is, age
of 50-85 years with a clinical diagnosis of MCI or Dementia, a CDR
of 0.5 or 1, an MMSE score of 24-30, and biomarker evidence of AD
ApB-pathology based on AB-PET.

R version 4.3.1 was used for all statistical analyses and figures. Pack-
ages epiR, epitools, ggplot2, ggrepel, Ime4, mgcv, mcr, multcomp, and

tidyverse were used in data preparation and analysis.

3 | RESULTS

3.1 | Study cohort characteristics

The SAA analysis included 577 CU individuals, 654 with MCl, and 407
with Dementia enrolled in ADNI 1-3 studies; a detailed overview is
presented in Table 1. One of the CU individuals failed screening for
in-clinic assessments and was excluded from further analysis.

Dementia participants were older than CU and MCI participants
(Table 1). Participants with cognitive impairments (MCI and Demen-
tia) had fewer years of education, were more likely to be male, APOE
¢4 carriers, had greater AD biomarker burden (lower CSF A342, and
greater CSF p-tau181 and AB-PET centiloid), and had greater cognitive
impairment than CU at the time of CSF sample collection.

CSF aliquots from participants with MCl and Dementia were stored
for a longer duration before the CSF a-syn SAA was performed, com-
pared to those from CU participants (Table 1; p = 0.036 and p < 1074,
respectively).

3.2 | Neuropathological confirmation of CSF a-syn
SAA results

Of the 1638 study participants, 78 had autopsy confirmation, with an
ante-mortem time of 4.3 + 3.0 years (range O to 14 years) between
CSF sample collection and time of death. The neuropathological anal-
ysis of the 78 individuals revealed LB-pathology in the brains of
39 (50%) participants. Of the 39 with LB-pathology, 16 showed dif-
fuse neocortical, 7 transitional limbic, 11 amygdala-predominant, 3
brainstem-predominant, and 2 olfactory bulb LB-pathology. A total of
31 out of 39 cases with LB-pathology at autopsy also had intermedi-
ate to high AD neuropathological changes (ADNC) at autopsy, 7 with
low ADNC, and 1 with no ADNC (Table S2). In contrast, 29 out of 39
cases without LB-pathology at autopsy presented with intermediate to
severe ADNC, 6 with low ADNC, and 4 with no ADNC.
Neuropathological examination served as the gold standard against
which results of SAA were compared. Samples yielding positive SAA
outcomes from individuals who exhibited LB pathological changes at
autopsy were classified as true positives. Conversely, samples that

tested negative for SAA from individuals devoid of LB pathology at



si0 | Alzheimer’s &Dementia®

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

TOSUN ET AL.

TABLE 1 Demographic, clinical, and biomarker characteristics of study participants at the time of CSF sample collection

Parameter
Age (years)
Male sex

Race (White/ Black or African
American / Other or Unknown)

Ethnicity (Not Hispanic or Latino /
Hispanic or Latino / Unknown)

Education (years)

APOE ¢4 carriers (heterozygote /
homozygote)

APOE €2 carriers

GBAU1 variants carriers
TREM2 variants carriers
Bellenguez AD-PRS
Kunkle AD-PRS

Nalls PD-PRS

ABPET (centiloid)

AB PET+ (centiloid > 20)
CSF AB42 (pg/mL)

CSF AB42+ (AB 42 < 980 pg/mL)
CSF p-tau181 (pg/mL)

CSF p-tau181+ (p-tau181 > 24
pg/mL)

CSF_AD+ (p-tau181/Ap42 > 0-025)
MMSE

CDR-SB

ADAS-Cog13

Memory composite score
Executive function composite score
Visual spatial composite score
Language composite score

Sleep problems* (None / Mild /
Moderate / Severe)

Hallucinations™* (None / Mild /
Moderate / Severe)

CSF aliquot storage duration (years)

Cognitively unimpaired
(N=576)

7417 +7-19[69-00, 79-00]
242 (42-0%)

515(89-4%) /38 (6-6%) / 23
(4-0%)

547 (95-0%) /26 (4-5%) / 3
(0-5%)

16-68 + 2-44[16-00, 18-00]
146 (25-4%) / 16 (2-8%)

80(13-9%)

21(6-1%)

11(3-2%)

0-03 + 0-00[0-03,0-03]
0-01+0-02[0-00,0-02]
—0-01+0-00([-0-01, -0-01]

20-83 + 36-73[-3-00,
31.00]

151(32-5%)

1328-29 + 635-29[824-90,
1731-00]

194 (35-3%)
21.96 +10-76[14-93,25-95]
173 (31-5%)

140 (25-5%)

29-05 +1-18[29-00, 30-00]
0-10 + 0-34[0-00, 0-00]
8:63 +4-42[5-33,11-00]
1.27 +0-76[0-76,1-73]
0-97 +0-78[0-45, 1-54]
0-20 + 0-66 [-0-08,0-74]
0-92 +0-71[0-45, 1-43]

267(91-1%) /17 (5-8%) / 8
(2-7%) /1 (0-3%)

293(100%)/ —/—/—

7.52 + 446411

Mild cognitive impairment
(N = 654)

74-15 + 8-04 [68-00, 80-00]
380 (58-1%)

608 (93-0%) / 23 (3-5%) / 23
(3-5%)

630(96-3%) /22 (3-4%) / 2
(0-3%)

16-14 +2-70[14-00, 18-00]
212(32-5%) /66 (10-1%)

52(8-0%)

23 (4-7%)

20(4-1%)

0-03 + 0-00[0-03,0-03]
0-01+0-02[0-00,0-03]
—0-01+0-00([-0-01, -0-01]

3895 +48-30[-2-00,
76-75]

254 (51-0%)

1044-65 + 599-02[609-90,
1349-00]

360 (56-5%)
26-66 +14-70[16-40,32-55]
296 (46-5%)

329(51-7%)

27-72 £ 2-16[26-25,29-00]
1.56 + 1.08[0-50, 2-00]
15.76 +7-24[10-67,20-33]
0-28 +0-82[-0-23,0-76]
0-32 +0-87[-0-23,0-90]
0-00 +0-76 [-0-55,0-74]
0-26 + 0-84[-0-22,0-85]

308 (75-5%) / 64 (15-7%) /
28(6-9%) /8 (2-0%)

404 (99-0%)/3(0-7%) / 1
(0-2%) / —

9.67 +4.42612

Dementia
(N =407)

75-60 +7-82[71-00,81-00]
241 (59-2%)

391(96-1%)/8(2-0%) /8
(2-0%)

397(97-5%) /8 (2-0%) / 2
(0-5%)

15-65 +2-73[14-00, 18-00]
190(46-7%) / 76 (18-7%)

21(5-2%)

18 (5-6%)

12(3-7%)

0-03 + 0-00[0-03,0-04]
0-02 +0-02[0-01,0-04]
—0-01+0-00([-0-01, -0-01]

81.19 +47-12[54-50,
115-00]

220 (86-3%)

667-17 +£395-02[451.-25,
745.73]

362 (90-5%)
35.94 + 16-97[24-58,43-22]
306 (76-5%)

361(90-3%)

21.72 +4-46[20-00, 25-00]
5-60 + 3-07[3-50, 7-00]
32:47 + 10-56[25-00, 38-00]
-1.15+0-80[-1-62,-0-61]
—0-92 +1.03[-1-65,-0-23]
—0-78 +1.08[-1-49,-0-08]
-0-89 +1.07[-1-47,-0-10]

207 (70-6%) /50 (17-1%) / 25
(8-5%) /11 (3-8%)

271(92-5%) /12 (4-1%)/ 6
(2-0%) /4 (1-4%)

10.87 +4.1471>

Note: Continuous variables are reported in mean (standard deviation) [Q1, Q3] format. Categorical variables are reported in terms of count (percentage).
Missing data counts and percentages for clinical and biomarker data are provided in Table S1.

autopsy were designated as true negatives. All but one of the 39
without LB-pathology were SAA—; thus, the specificity for the CSF
a-syn SAA in this cohort was 97% (Cl: 83%-99-9%). Of the 39 indi-
viduals with LB-pathology at autopsy, 30 were PD/DLB-like SAA+,
8 SAA—, and 1 inconclusive. Therefore, the overall sensitivity of the
assay to detect LB-pathology in any form was 79% (Cl: 63%-90%), with
varying sensitivity when stratified by LB-pathology distribution: 100%

in detecting diffuse neocortical LB-pathology, 57% (Cl: 18%-90%) in
detecting transitional limbic LB-pathology, and 60% (Cl: 26%-88%) in
detecting amygdala-predominant LB-pathology.

In comparison to the true positive cases (N = 30), the false negative

cases (samples that yielded negative SAA results despite the presence

of LB pathological changes identified during autopsy; N = 8) exhib-

ited a longer average ante mortem time by 5.6 years (p < 0.0001).
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Additionally, false negative cases compared to true positive cases
were associated with a higher severity of cerebral amyloid angiopa-
thy (p = 0.047), a more frequent occurrence of aging-related tau
astrogliopathy (p = 0.0002), and a lesser degree of neuronal loss in the
substantia nigra (p = 0.0004). The false negative and true positive cases
did not differ in their levels of ADNC and TDP-43 co-pathology.

In a supplementary analysis, we further evaluated the performance
of SAA within the autopsy-confirmed cases to assess the potential
effect of CSF aliquot age (i.e., time from CSF sample collection to CSF a-
syn SAA analysis) on the sensitivity of SAA in detecting LBD pathology.
Our analysis revealed no significant association between the sensitiv-
ity of SAA and the CSF aliquot age (p = 0.132; Figure S1), suggesting
that the SAA assay performance was robust to variances in CSF aliquot

age.

3.3 |
cohort

CSF a-syn SAA detection in clinical ADNI

Nine out of 1637 participants in the clinical ADNI cohort (two CU, one
MCI, six Dementia) had inconclusive SAA results and were excluded
from the analysis. Overall, 366 out of 1628 participants (22.5%) were
“PD/DLB-like” SAA+. Three individuals (two CU and one MCI) had
“MSA-like” SAA results and excluded from the analysis because of small
sample size in this group.

17 CSF specimens were visibly discolored, likely due to blood
contamination. A sensitivity analysis, excluding these discolored spec-
imens, revealed that the results were similar to those obtained in the
main analyses (data not shown).

SAA had 100% reproducibility on 20 blind replica samples from 9
CU, 9 MCl, and 2 Dementia participants, of which 3 were SAA+ and 17
were SAA—.

SAA+ occurred with greater frequency in individuals with MCI
(19%; 123 out of 651) and Dementia (38%; 152 out of 400) compared
to in CU individuals (16%; 91 out of 572). The SAA+ rate of “early-AD”
participants was 24% (72 out of 304). After adjusting for differences
in age, sex, APOE ¢4, and CSF AB42 levels, participants with Dementia
diagnosis had odds ratios (OR) of 1.99[1.54-2.60] and 1.70[1.38-2.11]
for SAA+ compared to CU and MCI, respectively.

3.4 | Demographic and biomarker characteristics
of CSF a-syn SAA-positive participants

Characteristics of SAA+ participants and SAA— participants within
each diagnostic group separately are summarized in Table 2. SAA+ CU
and SAA+ MCI participants were significantly older than their SAA-
counterparts. SAA+ Dementia participants differed significantly from
their SAA— counterparts by exhibiting greater Ag burden (i.e., lower
CSF AB42 levels), after accounting for differences in age, sex, and APOE
¢4 status, yet lower CSF p-taul81 levels, after accounting for differ-
ences in age, sex, APOE &4 status, and CSF AB42 levels. SAA+ Early-AD

participants were older and had greater AB burden (i.e., greater AB

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

PET centiloid and lower CSF AB42 levels) compared to SAA— Early-AD
participants, after accounting for differences in age, sex, and APOE ¢4
status.

3.5 | Prevalence of CSF a-syn SAA positivity by AD
biomarker positivity status

We tested the association of the prevalence of SAA positivity with AD
biomarker positivity within each diagnostic group (CU, MCI, Dementia,
and Early-AD) separately (Figure 1).

When stratified for biomarker evidence for AD AjB-pathology (i.e.,
CSF AB42 < 980 pg/mL or AB-PET centiloid > 20), SAA+ prevalence
was higher in the A+ groups compared to their A3— counterparts
within each diagnosis. These differences were though not statistically
significant after controlling for differences in age, sex, and APOE ¢4
status. Among AB+ participants, A+ Dementia participants had a 2-
fold greater OR for SAA+ compared to A+ CU (CSF Ap42+: OR
2.03[1.50-2.79] and AB-PET+: OR 2.3[1.48-3.12]) and over 1.75-fold
greater OR for SAA+ compared to AB+ MCI (CSF AB42+: OR 1.75
[1.39-2.22] and AB-PET+: OR 1.90 [1.42-2.56]), all adjusted for age,
sex, and APOE ¢4 status. SAA+ prevalence within A+ MCI did not dif-
fer from those of A+ CU. Among participants without AB deposition,
the SAA+ rate within the AG— Dementia group was twice as high as that
within the AB— non-demented groups, without statistical significance
after adjusting for differences in age, sex, and APOE ¢4 status.

When stratified for CSF p-taul81 biomarker status (CSF p-
tau181 > 24 pg/mL), SAA+ prevalence was lower in the p-tau181+
compared to their p-tau181- counterparts within Dementia (36% vs.
45%), without statistical significance after adjusting for differences in
age, sex, APOE ¢4 status, and CSF AB42 levels. In contrast, p-taul81+
and p-tau181- participants had similar SAA+ trends among CU, MCl,
and Early-AD groups (i.e., 18% vs. 16%, 20% vs. 18%, and 23% vs.
21%, respectively). Furthermore, among p-taul81+ participants, p-
tau181+ Dementia participants had greater OR for SAA+ compared
to p-taul81+ CU (OR 1.80[1.27-2.58]) and p-tau181+ MCI (OR 1.63
[1.25-2.15]), accounting for differences in age, sex, APOE ¢4 status, and
CSF AB42 levels. Additionally, p-tau181+ MClI participants had greater
OR for SAA+ compared to p-tau181+ CU (OR 1.35 [1.00-1.83]). Simi-
lar patterns of increase in OR for SAA+ with clinical severity was also
observed among p-tau181—, such that p-tau181— Dementia had an
OR of 2.06 [1.39-3.06] and 2.00 [1.34-2.93] for SAA+ compared to
p-taul181- CU and p-tau181— MCI, respectively, and p-tau181— MCI
had an OR of 1.49 [1.10-2.05] for SAA+ compared to p-tau181- CU,
after accounting for differences in age, sex, APOE ¢4 status, and CSF
AB42 levels.

Finally, when stratified for CSF biomarker evidence for overall AD-
pathology (CSF_AD+; p-taul81/AB42+ < 0.025), SAA+ prevalence
was higher in the CSF_AD+ groups compared to their CSF_AD- coun-
terparts within each diagnosis. These differences were statistically
significant only in Dementia after controlling for differences in age, sex,
and APOE &4 status, with an OR of 2.21 [1.01-5.17] for SAA+. In the
presence of AD pathology across clinical diagnosis groups, CSF_AD+
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CSF AB42 positivity versus SAA positivity
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FIGURE 1
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Dementia had a higher OR for SAA+ compared to CSF_AD+ CU (OR 3.6 |
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Prevalence of SAA positivity in relation to AD biomarker positivity within each diagnostic group (CU, MCI, Dementia, and Early-AD)

Non-linear age models: Positivity in CSF a-syn

2.02 [1.45-2.87]) and CSF_AD+ MCI (OR 1.78 [1.40-2.271]), account-
ing for differences in age, sex, and APOE ¢4 status. In the absence of
AD pathology, although CSF_AD- Dementia had a higher rate of SAA+
compared to non-demented CSF_AD- (i.e., 26% vs. 15%), these differ-
ences were not statistically significant after controlling for differences

in age, sex, and APOE ¢4 status.

SAA and AD biomarkers

We modeled the prevalence of positivity in SAA and AD biomarkers as
a nonlinear function of age (Figure 2). An increase in positivity for SAA
and all AD biomarkers (CSF AB42, AB-PET centiloid, and CSF p-tau181)

was observed with a more pronounced trend for AD biomarkers within
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FIGURE 2 Top row: Proportions of biomarker positive groups with increasing age for AD biomarkers and SAA. Combined proportions may
exceed one because individuals can test positive for more than one biomarker. Bottom row: Proportions of CSF_AD and SAA stratified groups with
increasing age. CSF_AD positivity (AD+) refers to having CSF p-tau181/AB42 > 0025. Early-AD is a clinical subgroup of ADNI participants eligible
for “Early-AD” clinical trials (i.e., clinical diagnosis of MCl or Dementia; age range 50-85 years; CDR score 0-5 or 1-0; MMSE score 24-30; PET AB+)

CU and MCI. Among Dementia, positivity in AD biomarkers decreased
with age, while SAA+ remained relatively stable. In contrast, the Early-
AD participants exhibited a substantial increase in SAA+ with age,
despite consistent rates of CSF p-tau181+ over the age spectrum.
When we repeated the non-linear age model for prevalence in joint
SAA and overall CSF AD biomarker positivity, the prevalence of partic-

ipants positive for CSF_AD, SAA, or both (specifically, CSF_AD+/SAA—,
CSF_AD-/SAA+, CSF_AD+/SAA+) increased with age, while the
prevalence of CSF_AD—/SAA- participants decreased with age. This
pattern remained consistent among both CU and MCI participants,
and the increase in prevalence with age was particularly prominent for
the CSF_AD+/SAA— group. However, within Dementia and Early-AD
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FIGURE 3 Proportions of SAA+ participants modeled as a function of continuous AD biomarker levels (CSF AB42, AB-PET Centiloid, CSF
p-tau181, and CSF p-tau181/AB42) for the overall study cohort and Dementia participants, separately. Models for CU, MCl, and Early-AD cohorts
are provided in Figure S2. The bold black and orange areas of the curve indicate statistically significant increasing and decreasing proportions of
SAA+ participants with greater AD biomarker burden (i.e., decreasing CSF AB42 levels and increasing AB-PET Centiloid, CSF p-tau181, and CSF
p-tau181/ApB42 levels), respectively. Models within each diagnosis separately are provided in Figure S2

participant groups, the prevalence of CSF_AD+/SAA- decreased with
age, while the prevalence of CSF_AD+/SAA+ increased with age.

3.7 | Non-linear AD biomarker models for the
prevalence of CSF a-syn SAA positivity

Next, we modeled SAA+ prevalence as a function of continuous AD
biomarker levels, while accounting for differences in age and CSF Ag42
levels when applicable (Figure 3). There was an exponential increase in
the proportion of SAA+ participants with decreasing CSF A342 levels,
particularly startingat 1117 pg/mL. Similarly, an increase in the propor-
tion of SAA+ participants occurred between AB-PET centiloid levels 12
and 100. There was a significant increase in the incidence of SAA+ with
increasing CSF p-tau181 levels up to 22 pg/mL, beyond which the SAA+
rate stabilized, presenting a trend of lower proportion of SAA+ with
higher levels of CSF p-tau181 starting at 26 pg/mL. When modeling
against the CSF p-tau181/A342 ratio levels, we observed anincrease in
the incidence of SAA+ with greater CSF p-tau181/Ap42 ratio levels up
to p-tau181/Ap42 =0-089. However, for CSF p-tau181/AB42 ratio lev-
els greater than 0-108, there was a significant decline in the incidence
of SAA+. When performing separate modeling within each diagnosis
(Figure 3; Figure S2), Dementia participants displayed a decrease in the
incidence of SAA+ with increasing AB-PET burden beyond a centiloid

of 106. This decrease was also observed with increasing CSF p-tau181
levels consistently across the study range, and with increasing CSF
p-tau181/AB42 ratio values between 0-52 and 0-118.

3.8 | Prevalence of CSF a-syn SAA with respect to
AD risk factors and genetics

We compared SAA+ prevalence in groups stratified based on AD risk
factors, including biological sex, race, and ethnicity, and genetics (APOE
¢4 genotype and GBA1 and TREM2 variants). There was a higher SAA+
prevalence in APOE ¢4 homozygous compared to APOE €4 non-carrier
or heterozygote among MCI and Early-AD participants with an OR of
1.81 [1.16-2.80] and 2.02 [1.10-3.75], respectively. However, these
differences did not reach statistical significance after adjusting for CSF
ApB42 levels. No significant associations with GBA1 and TREMZ2 variants
were identified among diagnostic groups (CU, MCI, Dementia; Table 1)
or between SAA+ and SAA— (Table 2).

SAA+ compared to their SAA— counterparts within each diagnosis
did not differ in their PD-PRS and Bellenguez AD-PRS. SAA+ MCI, but
not SAA+ CU or SAA+ Dementia, had greater Kunkle AD-PRS than
their SAA- counterparts; however, this difference was not significant
after adjusting for APOE ¢4 status, suggesting these differences are
driven by APOE 4.
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3.9 | Effects of CSF a-syn SAA positivity on
cross-sectional cognitive impairment

We assessed the effects of SAA positivity on cognitive performance at
the time of CSF sample collection within participants that were AD CSF
biomarker positive.

CSF_AD+/SAA+ MCI participants demonstrated greater impair-
ment in language, executive function, and memory and overall global
cognition (ADAS Cog13 and PACC), compared to CSF_AD-+/SAA-
MCI participants (Figure 4; Figure S3-S4). Similarly, CSF_AD+/SAA+
Early-AD participants had greater impairment in global cognition
(CDR-SB and PACC) and executive function and language compared
to CSF_AD+/SAA- Early-AD participants. No significant differences in
global cognition or specific cognitive domains were observed between
CSF_AD+/SAA+ and CSF_AD+/SAA—- within CU or Dementia.

The assessment of effects of SAA positivity on cognitive perfor-
mance within participants without AD CSF biomarker positivity (i.e.,
CSF_AD- participants) was limited to CU and MCI due to the small
sample size (N < 20) of CSF_AD—/SAA+ participants within Dementia
and Early-AD groups (Figure S3-S5). No significant differences in global
cognition or specific cognitive domain measures were found between
CSF_AD-/SAA+ and CSF_AD-/SAA- participantsin either CU or MCI.

3.10 | Effects of CSF a-syn SAA positivity on
longitudinal cognitive decline

Next, we assessed the effects of SAA positivity on cognitive decline
by modeling progression trajectories of longitudinal cognitive assess-
ments within 2 years of CSF sample collection. In comparison to
their CSF_AD+/SAA- counterparts, CSF_AD+/SAA+ CU participants
exhibited a greater decline in global cognition measures (ADAS-Cog13
and PACC; Figure 4 and Figure S3-54). However, there were no signif-
icant differences observed in global cognition or domain-specific cog-
nitive decline between CSF_AD+/SAA— and CSF_AD+/SAA+ partici-
pants within the MCI, Dementia, and Early-AD groups. Similarly, there
were no significant differences in global cognition and domain-specific
cognitive decline between CSF_AD—/SAA— and CSF_AD—/SAA+ par-
ticipants within the CU and MCI groups.

4 | DISCUSSION

We performed CSF-based a-syn SAA on 1638 ADNI participants
including a large sample of participants with amnestic MCl and demen-
tia due to AD, of whom 78 had autopsy-confirmation for LB-pathology.
The major findings of this study were: (1) SAA demonstrates 79%
sensitivity and 97% specificity in detecting LB-pathology in compar-
ison to gold-standard autopsy, with notably superior performance in
identifying neocortical compared to limbic and amygdala-predominant
LB-pathology. (2) SAA+ was 22% in the clinical ADNI cohort and
increased with disease stage from CU (16%) to MCI (19%) to Demen-
tia (38%). (3) SAA+ increased with age with positivity starting as early
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as 55 years. Furthermore, SAA+ comorbid with AD biomarker posi-
tivity increased with age while prevalence of AD biomarker positivity
without comorbid SAA-positivity declined, specifically in Early-AD and
Dementia individuals. (4) Increased SAA+ prevalence was associated
with the greater AB-pathology burden. In contrast, there was aninverse
relationship between SAA+ prevalence and CSF p-tau181 levels. (5)
SAA positivity had an impact on cognitive impairment predominantly
on those who were CSF AD-biomarker positive with MCl and Early-AD.
Taken together, the observed increase in SAA+ with age and cogni-
tive impairment stages and its association with AD biomarker levels
underscores the clinical significance of LB co-pathology in individuals
with AD-pathology, emphasizing its relevance in understanding disease
etiology and progression.

In comparison to autopsy findings of LB-pathology (N = 78), SAA
demonstrated a sensitivity of 79% and specificity of 97%. Notably,
the assay exhibited superior performance in detecting neocortical
(100%) compared to limbic (57%) and amygdala-predominant (60%)
LB-pathology. These findings in the ADNI cohort further validated the
performance of the SYNTap SAA method used to detect a-syn seeding,
establishing its robustness and reliability as an assay for LB-pathology,
particularly at advanced stages which are more likely to contribute
to dementia. Our results are comparable to neuropathology data ana-
lyzed with SAA in another study,” identifying pathological a-syn seeds
in pre- and post mortem CSF samples from individuals with a variety
of neurodegenerative diseases in the context of co-pathologies and
revealing a notably higher sensitivity of SAA for limbic/transitional
and diffuse neocortical LB-pathology (97.8%) compared to those with
amygdala-predominant LB-pathology (14.3%). The higher sensitivity of
SAA in detecting amygdala-predominant LB-pathology (60% vs. 14%)
in ADNI autopsy sub-cohort is likely due to small sample sizes, differ-
ences in ante mortem time, differences in ante-mortem clinical char-
acteristics and, perhaps, different spread and amount of LB-pathology
among individuals within this diagnostic category. It is noteworthy that
the sensitivity relative to autopsy is lower than sensitivity relative to
clinical diagnosis reported for non-genetic cases in cohorts with PD and
DLB3421; therefore, our results should be interpreted in the context of
AD co-pathologies. We also acknowledge that, while there is an accu-
mulating body of autopsy confirmation of SAA approaches, additional
clinical-pathological correlation studies on diverse cohorts are needed
to fully understand the performance and limitations of SAA approaches
especially in the presence of AD-pathology.

We observed SAA-positivity in 22% of the clinical ADNI cohort,
with the highest SAA+ rate detected in the Dementia (16% CU, 19%
MCI, and 38% Dementia). The stepwise increase in SAA+ prevalence
across disease stages highlights a potential association between SAA-
positivity and the progression of neurodegenerative processes. SAA
has consistently identified a-syn co-pathology in several studies involv-
ing elderly individuals and those with cognitive impairment. Our SAA+
rate, ranging from 19% to 38%, aligns with previously reported SAA+
rates of 23% to 45% in cognitively impaired populations.®€In contrast,
our observed SAA+ rate of 16% within CU ADNI participants exceeds
the 4%-8% reported in previous studies involving CU individuals.*¢”

Notably, in one of these studies, CU participants were screened for
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Effect of SAA on cognitive impairment within CSF AD+ cases

Cognitively unimpaired

Outcome p-value Greater impairment ‘: Better performance Estimates (95% Cl)
ADAS Cog13* 0.29 —_— -0.36 (-0.9,0.17)
CDR-SB* 0.63 : -0.54 (-1.73,0.65)
Executive function 0.97 —_— -0.09 (-0.59,0.42)
Language 0.98 — -0.07 (-0.6,0.46)
Memory 0.75 —_— -0.18 (:0.67,0.30)
MMSE 0.90 — - 0.16 (:0.44,0.75)
PACC 0.98 —— -0.09 (-0.65,0.48)
/
Visual spatial 0.98 —— 0.01(-0.53,0.55)
K 7
Estimates
Mild cognitive impairment
Outcome p-value Greater impairment : Better performance Estimates (95% CI)
ADAS Cog13* 0.002 — 0.7 (-1.21,-0.2)
CDR-SB* 0.94 : -0.5 (-2.86,1.86)
Executive function 0.004 —a -0.45(-0.79,-0.11)
Language <0.001 —a— -0.59 (:0.95,-0.22)
Memory 0.02 —a— -0.34 (:0.65,-0.04)
MMSE 0.1 — -0.56 (-1.2,0.09)
PACC 0.008 — 062 (-1.12,0.12)
Visual spatial 0.15 —— -0.3 (:0.68,0.07)
3 2 [ z 3
Estimates
Dementia
Outcome p-value Greater impairment i Better performance Estimates (95% Cl)
i
ADAS Cog13* 0.25 —- -0.48 (-1.16,0.20)
CDR-SB* 0.51 : 2.93 (-8.5,2.64)
Executive function 0.10 - -0.31 (:0.66,0.04)
Language 0.27 - -0.27 (-0.67,0.12)
Memory 0.50 = 0.14 (-0.41,0.13)
MMSE 0.17 —. 0.92 (-2.07,0.24)
PACC 0.50 - -0.34 (-0.97,0.30)
]
Visual spatial 0.14 - -0.36 (-0.8,0.07)
-5 0 5
Estimates
Early-AD
Outcome p-value Greater impairment ' Better performance Estimates (95% Cl)
ADAS Cog13* 0.06 —— -0.69 (-1.4,0.02)
CDR-SB* 0.03 _— -4.19 (-8.14,:0.25)
Executive function 0.03 - -0.44 (-0.85,-0.03)
Language 0.01 - -0.48 (-0.89,-0.07)
Memory 0.17 - -0.29 (-0.65,0.08)
MMSE 0.06 —-— -0.67 (-1.35,0.02)
PACC 0.02 —-— -0.71(-1.33,-0.09)
!
Visual spatial 0.32 - -0.29 (:0.72,0.15)
5 0 5
Estimates

Effect of SAA on cognitive decline within CSF AD+ cases

Cognitively unimpaired

Outcome p-value Greater decline . Improvement Estimates (95% CI)
AADAS Cog13* 0.03 —I—: -0.29 (-0.56,-0.02)
ACDR-SB* 050 . 0.5 (-1.45,0.44)
AExecutive function 0.98 —— -0.03 (-0.25,0.20)
ALanguage 0.39 . -0.16 (-0.42,0.10)
AMemory 0.15 — -0.17 (-0.39,0.04)
AMMSE 093 — -0.09 (-0.5,0.32)
aPACC 0.003 — -0.39 (-0.67,-0.1)
AVisual spatial 059 — -0.14(-0.43,0.15)
T B 7
Estimates
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Outcome p-value Greater decline : Improvement Estimates (95% CI)
DADAS Cog13* 027 —ar -0.16 (-0.39,0.07)
ACDR-SB* 098 : -0.21(-1.63,1.22)
AExecutive function  0.83 - -0.04 (-0.16,0.08)
ALanguage 0.10 ] 0.1 (-0.24,0.01)
AMemory 0.26 - -0.09 (-0.22,0.04)
AMMSE 0.98 — 0.02 (-0.31,0.35)
APACC 0.98 - 001 (-0.21,0.22)
Avisual spatial 067 - -0.07 (-0.25,0.10)
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Estimates
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Outcome p-value Greater decline i Improvement Estimates (95% CI)
DADAS Cog13* 055 —-%— -0.17 (0.5,0.17)
ACDR-SB* 0.054 —_— -2.54 (-6.11,0.03)
AExecutive function  0.88 - -0.04 (-0.17,0.10)
ALanguage 0.19 - -0.14 (-0.31,0.04)
AMemory 0.64 - -0.06 (-0.19,0.07)
AMMSE 0.78 —— -0.23 (-0.88,0.41)
apAce 074 - 0.14(-0.23,0.52)
AVisual spatial 0.84 - -0.07 (0.29,0.15)
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Estimates
Early-AD
Outcome p-value Greater decline ' Improvement Estimates (95% CI)
BADAS Cog13* 0.14 —- -0.28 (-0.61,0.06)
ACDR-SB* 0.17 _——— -1.71 (-3.88,0.45)
AExecutive function 0.94 -+ -0.04 (-0.21,0.13)
ALanguage 074 -+ -0.06 (-0.23,0.10)
AMemory 0.09 - -0.15 (-0.31,0.02)
AMMSE 023 — 0.4 (-0.94,0.15)
APACC 029 —-r -0.22 (-0.55,0.11)
AVisual spatial 094 - -0.05 (-0.29,0.19)
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FIGURE 4 Within AD+ (CSF p-tau181/AB42 > 0.025) participants in each diagnostic group separately, effect of SAA status (i.e., SAA+ vs.
SAA-) on cognitive impairment and cognitive decline. The forest plots represent SAA+ effect estimates compared to SAA— based on linear
regression models for the cross-section cognitive impairment comparisons and linear mixed-effects models for the longitudinal cognitive decline
comparisons. The global cognitive assessments, including the CDR-SB, the ADAS-Cog13, the MMSE, based on a 30-point questionnaire, and PACC,
and the domain-specific cognitive assessments including the composite measures of memory, executive function, language, and visuospatial
functioning were analyzed as clinical outcome measures. The assessment of cognitive decline rates was confined to longitudinal data collected
within a 2-year timeframe of CSF sample collection. Results within AD— (CSF p-tau181/A342 < 0.025) participants are provided in Figure S5.

dopamine transporter negativity likely contributing to lower SAA+
rates.* Additionally, the participants in these comparative studies were
notably younger than ADNI CU participants (e.g., 63-years vs. 71-
years) and exhibited lower rates of AB-positivity (e.g., 14% vs. 32%).
Both AB burden and advanced age are significant factors that could
contribute to the observed disparity in reported SAA+ rates. We
acknowledge that the prevalence of SAA+ in our study is relevant to
older individuals of age greater than 55 years, such as those at risk for
AD, and that additional study in populations with greater age variation
is needed to understand the relationship between the prevalence of
SAA+ and age in the general population. Another crucial consideration
that warrants further investigation is the standardization of a-syn SAA
methods used across these studies to enhance the reliability and con-
sistency of findings in multi-cohort studies. Nevertheless, these ante

mortem findings confirm autopsy results that up to 23% of elderly CU
individuals without clinical evidence of PD/DLB or other neurodegen-
erative diseases present with incidental LB-pathology at autopsy?2 and
up to 45% of AD cases show co-occurring LB-pathology at autopsy.2?
The robust association between AD and LB-pathology is not confined
to sporadic AD cases; it extends to various forms of the disease. Specif-
ically, LB-pathology has been reported in 50% of autopsies performed
by the Dominantly Inherited Alzheimer Network,?* 63% of autoso-
mal dominant PSEN1 and PSEN2 carrier AD cases,?> and 50% of AD
cases with Down’s syndrome.2® This convergence of LB-pathology with
AD across diverse genetic and sporadic forms underscores the clinical
relevance of SAA.

SAA+ prevalence increased with age independent of AD-pathology,
emphasizing an association between LB-pathology and aging. The



TOSUN ET AL.

Alzheimer’s &Dementia® | s

co-occurrence of SAA+ and CSF AD-biomarker positivity also
increased with age, particularly in Early-AD and Dementia. Conversely,
prevalence of CSF AD-biomarker positivity without comorbid SAA-
positivity decreased with age, especially in Early-AD and Dementia.
This suggests an age-associated relationship between LB-pathology,
AD-pathology, and disease presentation. In models accounting for age,
we showed that SAA-positivity increased with AB-burden, aligning
with previous research, where total a-syn levels increase along with
Ap-burden in CSF of AD patients.?” The observed increase in SAA+
may be attributed to potential mechanisms, such as co-seeding with A3
or interference with normal a-syn clearance due to Ag accumulation.
However, it remains speculative, and other factors like general brain
degradation or inflammation could also contribute to the heightened
susceptibility to aggregate accumulation. Nevertheless, this finding
suggests a relationship between the aggregation of a-syn and Ag,
the complex timing of which is hard to disentangle in our cross-
sectional study design. On the other hand, the higher SAA-positivity
in Dementia with lower CSF p-tau181 levels raises questions about
the biology of co-pathologies in the AD spectrum, consistent with
autopsy studies reporting significantly lower levels of tau pathology
in participants with AD and LB co-pathologies compared to those
with pure AD pathology.?® One clinical interpretation is that, in
dementia patients with A+ and SAA+ but low AD tau-pathology,
LB-pathology contributes significantly to cognitive impairment.2?
Clinicopathological studies of patients with AD neuropathological
changes have demonstrated that each major co-pathology creates
distinct, typically accelerated, trajectories of clinical progression
compared to AD alone.® Evidence from similar clinicopathologic
studies suggest that particularly comorbid AD and LB pathologies are
important determinants of person-specific trajectories of cognitive
decline.?! Furthermore, these studies suggest that the presence of
co-pathologies lowers the threshold for meeting clinical criteria for a
diagnosis of dementia.®2 Therefore, the greater SAA-positivity rate in
the absence of tau pathology or in individuals with low tau-pathology
may be indicative of earlier presentation of symptoms in low tau-
burden individuals with mixed pathology etiology. At the same time,
it is important to acknowledge methodological limitation such that
in vitro and in vivo studies have shown interactions between Ag, tau,

and a-syn,33:34

suggesting that heterogeneous aggregates may have
obscured detectable levels of each protein.

Individuals classified as CSF_AD+/SAA+ exhibited more pro-
nounced global and domain-specific cognitive impairments compared
to their CSF_AD+/SAA- counterparts. This finding aligns with pre-
vious studies on a-syn, AD, and cognitive decline.>> Although not
significant across all measures, SAA-positivity had the highest impact
on CSF_AD+ MCl and Early-AD individuals, suggesting a nuanced influ-
ence of SAA-positivity on cognitive impairment, specific to the disease
stage and primarily affecting those with CSF_AD+.

The limitations of this study should be acknowledged. Despite the
geographical diversity of the ADNI, the absence of racial and ethnic
diversity among ADNI participants is a notable limitation. The analysis
of cognitive decline trajectories may not be sufficiently powered due

to the 2-year interval in prospective follow-up cognitive changes, intro-
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duced by our examination of the most recent CSF draw. To address this
limitation, ongoing efforts are underway to expand the SAA analysis
by incorporating additional time points, aiming for a more comprehen-
sive understanding of longitudinal downstream effects resulting from
SAA-positivity. Similarly, the small sample size of the genetics cohort,
not adequately powered, may have contributed to the absence of sig-
nificant associations with PRS and TREM2 and GBA1 variants. Finally,
tau-PET imaging was available for a limited number of participants in
the study cohort, therefore, CSF p-tau181 was used as a surrogate
biomarker for tau-pathology. However, within the ADNI dementia par-
ticipants with available tau-PET imaging data, the inverse association
between SAA+ prevalence and tau burden was replicated predomi-
nantly for temporal meta-ROI and temporoparietal ROI, despite the
small sample size (N = 55; Figure S6).

While the current SAA protocol exhibits high sensitivity for detect-
ing LB-pathology, caution is warranted, especially considering the
decreased sensitivity in identifying limbic and amygdala-predominant
LB-pathology. It’s crucial to approach the interpretation of results with
care, recognizing that SAA-positivity may not invariably translate to
symptomatic disease, as incidental LBs are commonly identified dur-
ing autopsy brain investigations.3¢ Furthermore, the binary outcome
from the qualitative nature of the current SAA protocol poses a lim-
itation. Developing a quantitative assay could offer valuable insights,
especially in assessing the “load” of a-syn seeds in CSF, potentially

correlating with the topological spread of LB-pathology.

5 | CONCLUSION

Insummary, this study expands our understanding of the utility of a-syn
SAA for the in vivo molecular assessment of comorbid LB-pathology
in the context of dementia. Understanding the prevalence and signif-
icance of LB-pathology in the context of dementia holds promise for
elucidating the complex interplay among different pathologies in the
etiology and progression of neurodegenerative disorders, ultimately
guiding more precise diagnostic and therapeutic approaches. Moving
forward, it is imperative to broaden the detection of LB-pathology
in diverse cohorts to enhance our understanding of the causes and

triggers of AD and LB co-pathologies.
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