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METHODS: We examined this in a Singaporean memory clinic cohort of 528 subjects

RESULTS: Of 1441 plasma proteins surveyed, a 12-protein signature significantly pre-
dicted cognitive decline (g-value < .05). Sixteen diverse biological processes were
implicated in cognitive decline. Ten proteins independently predicted incident demen-
tia (g-value < .05). A unified prediction model combining plasma proteins with clinical
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risk factors increased the area under the curve for outcome prediction from 0.62
to 0.85. External validation in the cerebrospinal fluid proteome of an independent
Caucasian cohort replicated four of the significantly predictive plasma markers for
cognitive decline namely: GFAP, NEFL, AREG, and PPY.

DISCUSSION: The prognostic proteins prioritized in our study provide robust signals
in two different biological matrices, representing potential mechanistic targets for

dementia and cognitive decline.
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1 | BACKGROUND

Dementia is a devastating consequence of aging, associated with high
health care expenditure and decline in health-span.! Blood-based
biomarkers of cognitive decline afford the opportunity to screen at-
risk patients, administer early targeted treatment to modify disease
trajectory, and identify novel therapeutic targets.

Current biomarkers of dementia pathophysiology, particularly amy-
loid and tau proteins, which characterize Alzheimer’s disease (AD),
have been researched extensively, and targeting these proteins in
therapeutic trials has been met with limited success.2™# However,
longitudinal studies suggest that the majority of individuals who are
amyloid positive but cognitively normal may well avoid dementia in
their lifetime.? Indeed, it has been increasingly recognized that apart
from AD, diverse pathophysiological processes involving inflamma-
tion, extracellular matrix disruption, and vascular dysfunction can also
contribute to age-related neurocognitive decline.6-8

Advances in plasma proteomics allow for large-scale biomarker
screening to identify diverse proteins (beyond amyloid and tau)
underpinning cognitive disease phenotypes. However, current stud-
ies exploring plasma proteomics with respect to longitudinal cognitive
outcomes, conducted predominantly in Caucasian populations, are
focused largely on their role as mid-life indicators of disease.” ¢ It
remains unclear whether these protein biomarkers of cognitive decline
in younger populations remain applicable to a higher-risk Asian patient
group burdened with cerebrovascular disease (CeVD) and concomitant
neuropathology.’” Asian populations, characterized by an increased
CeVD burden, have been underrepresented in earlier studies, and

» Atotal of 1441 plasma proteins were profiled in a Singaporean memory clinic cohort.
» We report prognostic plasma protein signatures for cognitive decline and dementia.

» External validation was performed in the cerebrospinal fluid proteome of a Cau-

* A concordant proteomic signature was identified across both biofluids and cohorts.

 Further studies are needed to explore the therapeutic implications of these proteins

conceivably, ethnic factors may affect the prognostic utility of conven-
tional biomarkers amyloid and tau, or neurodegeneration.’®1? There-
fore, there remains a need to investigate plasma protein biomarker
signatures of cognitive decline and dementia in Asian populations with
an elevated prevalence of concomitant CeVD.

To this end, we applied plasma proteomic profiling to identify
novel circulating proteins predictive of cognitive decline and progres-
sion to dementia in a well-annotated Southeast Asian memory clinic
cohort. We hypothesized that diverse proteomic biomarkers reflect
the multi-faceted pathophysiology of cognitive decline and dementia,
including neurodegeneration, inflammation, vascular dysfunction, and
extracellular matrix remodeling. To investigate the pathophysiological
relevance of these prognostic proteins, we evaluated their associations
with neuroimaging markers of neurodegeneration and cerebral small
vessel disease (CSVD). Subsequently, we validated select components
of the high-throughput proteomic platform with use of quantitative
immunoassays. Finally, we stringently filtered the top protein candi-
dates by benchmarking plasma proteins for cognitive decline against
the cerebrospinal fluid (CSF) proteome of an independent external

validation cohort.
2 | METHODS
21 |

Primary study cohort

The primary study cohort (Memory Aging and Cognition Centre

[MACC] Harmonisation Cohort) comprised subjects recruited from
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memory clinics from two Singaporean study sites (National Univer-
sity Hospital and St Luke’s Hospital) and followed prospectively for up
to 4 years. Subjects were >50 years of age, with sufficient language
skills to participate in neuropsychological assessments. Exclusion crite-
ria were major psychiatric illness, substance abuse disorder, traumatic
brain injury resulting in cognitive impairment, tumors, multiple scle-
rosis, and epilepsy. The detailed study protocol has been described
previously.?? Informed written consent was obtained prior to study
recruitment. Ethics approval for this study was obtained from all partic-
ipating institutions, including the National Healthcare Group Domain
Specific Review Board (NHG DSRB reference numbers 2018/01098
and 2010/00017). The study design is outlined in Figure 1.

2.2 | Assessment of clinical demographics

Data from all participants, including age, gender, education level, lipid-
lowering medications, antihypertensive medications, and clinical risk
factors including hypertension, hyperlipidemia, obesity (defined as a
body mass index [BMI] of >30 kg/m2), and diabetes, were collected
via detailed questionnaires administered in a standardized fashion.2!
Apolipoprotein E (APOE) £4 status was determined using genotyping, as
described previously.?? Subjects with at least one APOE ¢4 allele were
defined as APOE ¢4 carriers.

2.2.1 | Neurocognitive assessments

Neurocognitive diagnoses were ascertained at regular consensus
meetings attended by study clinicians and neuropsychologists, dur-
ing which clinical neurocognitive and brain neuroimaging data were
reviewed. Yearly cognitive assessments, using a locally validated neu-
ropsychological test battery, were administered in the subject’s native
language (English, Mandarin, or Malay) by trained research psycholo-
gists, as described previously.2® Subjects without objective cognitive
impairment were categorized as no cognitive impairment (NCI). Sub-
jects who displayed impairment in one or more cognitive domains
(defined by a score of at least 1.5 standard deviations [SDs] below
established education-adjusted cutoff values on any test) but did not
exhibit loss of independent daily function were classified as cognitive
impairment no dementia (CIND).2° Dementia was diagnosed based on
the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edi-
tion (DSM-IV). Supplementary Methods 1 provides details on cognitive
testing. To stage the severity of cognitive impairment and dementia,
Clinical Dementia Rating (CDR) scores were assigned at baseline and
at every follow-up visit.2*

The primary outcome was incident cognitive decline, defined by a
longitudinal change in CDR Sum of Boxes (CDR-SB) score of >3 points
at any annual follow-up, compared to the baseline. The CDR-SB was
employed as a clinically important indicator of cognitive impairment
due to its validation as a marker of longitudinal cognition and func-
tion, whereas the cutoff score accords with minimal clinically important
differences.2+2°
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RESEARCH IN CONTEXT

1. Systematic review: Advances in plasma proteomics allow
for large-scale screening for the identification of diverse
biomarkers of cognitive decline. However, the utility of
plasma proteomics for the prediction of cognitive decline
and incident dementia in an at-risk Southeast Asian pop-
ulation characterized by high cerebrovascular disease
(CeVD) burden remains underexplored.

2. Interpretation: We profiled 1441 plasma proteins, identi-

fying prognostic proteomic signatures underpinning cog-
nitive decline and incident dementia in a Singaporean
memory clinic cohort with high CeVD burden. These
plasma proteins added significant incremental predic-
tive value to clinical factors for the prediction of future
cognitive outcomes.
External validation in the cerebrospinal fluid proteome
of an independent longitudinal Caucasian cohort repli-
cated common prognostic proteins for cognitive decline,
concordantly altered across both biofluids.

3. Future directions: Mechanistic studies of these prognos-
tic proteins should be undertaken to elucidate their utility
as potential therapeutic targets in the management of
cognitive decline and incident dementia.

As a secondary outcome, we evaluated the progression from CIND
to incident dementia defined by a change in CDR Global Score (CDR-
GS) from 0 or 0.5 to >1, across any time point of follow-up.2* We
decided to focus our analysis of incident dementia on subjects with

CIND, in view of the lower risk of dementia in NCl subjects.

2.3 | Neuroimaging assessments

Baseline brain magnetic resonance imaging (MRI) scans were per-
formed within 12 months of blood draw as described previously
(refer to Supplementary Methods 2 for neuroimaging protocol).2° The
presence of CSVD markers, including lacunes, white matter hyperin-
tensities (WMHs), cerebral microbleeds, cortical infarcts, and CeVD
at baseline, was determined by an expert clinical rater (S.H.) as
reported previously (Supplementary Methods 2).2° Significant CeVD
was defined as the presence of cortical infarcts, and/or two or more
lacunes, and/or confluent WMHs in two regions of the brain (defined
by the age-related white matter changes score >8) as reported
previously.2® Automated MRI brain volumetric analysis was performed
for all subjects using AccuBrain (IV2.0) to obtain serial quantitative
MRI volumetric markers of neurodegeneration (regional brain atrophy)
and CSVD (WMH volume).2¢ These were adjusted for total intracra-
nial volume for analysis. The AccuBrain platform has been validated
previously, demonstrating comparable accuracy with commonly used

volumetric analytical platforms such as FreeSurfer.26
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Study cohort and outcomes studied

Longitudinal Southeast-Asian memory clinic (MACC) cohort
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FIGURE 1 Overview of the study. CIND, cognitive impairment no dementia; NCI, no cognitive impairment; CDR-SB, Clinical Dementia Rating

Sum of Boxes; CSF, cerebrospinal fluid. Created with biorender.com.
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2.4 | Plasma proteomic profiling

Baseline levels of plasma proteins representing major biological path-
ways were analyzed using the Olink Explore 1536 platform (Thermo
Fisher Scientific, Waltham, MA, USA). A total of 1441 proteins were
used for statistical analysis after rigorous quality control of the data.
Protein levels were expressed as Normalized Protein eXpression (NPX)
values, a relative quantification unit logarithmically related to pro-
tein concentration. Details on the experimental protocol and proteins
studied are detailed in the Supplementary Methods 3 and Table S1,

respectively.

2.5 | Internal validation of Olink data with
quantitative immunoassays

Internal validation of Olink biomarkers was performed using three
guantitative immunoassay platforms for GDF-15 (Quantikine, R&D
Systems, Inc, Minneapolis), NTproBNP (Roche Diagnostics GmbH), and
NEFL (Single molecule array (SIMOA), Quanterix, Billerica, MA, USA,

refer to Supplementary Methods 4 for experimental details).

2.6 | External validation in the CSF proteome of
the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort

Plasma proteomic findings from the primary MACC study cohort were
validated externally in an independent cohort (Alzheimer’s Disease
Neuroimaging Initiative [ADNI]) with publicly accessible longitudinal
cognitive data and CSF proteomic data (from adni.loni.usc.edu). The
ADNI database was launched in 2003 as a public-private partner-
ship, led by Principal Investigator Michael W. Weiner, MD. In brief,
the primary goal of ADNI was to test if serial MRI, positron emis-
sion tomography (PET), biological, and clinical or neuropsychological
biomarkers can be combined to measure the progression of mild cogni-
tive impairment (MCI) and early AD. (Refer to Supplementary Methods
5 and 6 and www.adni-info.org for more details.) CSF proteomic profil-
ing of the ADNI cohort was performed previously using the Somalogic
7K platform (refer to http://adni.loni.usc.edu/study-design/ for more
details). A total of 681 eligible ADNI subjects with longitudinal cog-
nitive follow-up and baseline CSF proteomic data were included for
analysis. In accordance with the MACC cohort, the primary outcome of
interest was cognitive decline, similarly defined as a CDR-SB 3-point
increment from baseline at any longitudinal follow-up visit up to 4

years.

2.7 | Statistical analysis

Statistical analysis was performed using R version 4.3.2 (R Core Team.
2023. R Foundation for Statistical Computing, Vienna, Austria) and
STATA (StataCorp. 2023. Release 18. College Station, TX: Statacorp

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

LLC). All statistical tests were conducted at a significance level of .05.
To account for false discovery rate, correction for multiple testing
was performed with a g-value threshold of < .05 considered to be
statistically significant, unless otherwise stated.?”

2.8 | Cohort demographic comparisons

Patient characteristics were expressed as percentages for categor-
ical variables and mean + SD for continuous variables; chi-square
tests were used in the analysis of categorical data. Independent t-
tests were used in the analysis of normally distributed continuous
variables. Demographic data for all patients were complete, except
for two subjects without data on hypertension and hyperlipidemia.
For these two subjects, the missing demographic data were imputed
using the k-nearest neighbor method utilizing logistic regression

imputation.

2.9 | Identification of predictive proteomic
signatures for incident cognitive decline

The association of circulating proteins with the primary outcome of
incident cognitive decline (as measured by a longitudinal increment of
CDR-SB score of >3 points) was evaluated in both univariate (unad-
justed) and multivariable Cox proportional hazards regression models,
with the latter adjusted for clinically relevant risk factors including
age, gender, hypertension, hyperlipidemia, diabetes, years of educa-
tion, lipid-lowering medications, antihypertensive medication, obesity,
APOE ¢4 status, and baseline cognition expressed as CDR-GS. Time
to event (event refers to cognitive decline) was specified as the point
at which a participant’'s CDR-SB score had increased by >3 points.
Proteins associated with the risk of cognitive decline were visualized
as volcano plots. The prognostic utility of individual plasma proteins
for cognitive decline was additionally evaluated using the Harrell’s C-
index. Over-representation analysis for the proteins associated with
cognitive decline (p-value < .05, g-value < .2) was performed using the
DAVID bioinformatics resource, with biological pathways mapped to
Reactome and Gene Ontology terms.?8 Wherever applicable, multi-
ple testing-adjusted p-values were presented. In addition, exploratory
subgroup analysis was performed to examine the predictive perfor-
mance of these proteins in the pre-dementia (comprising NCI and
CIND subjects) and the dementia groups. Proteins significantly asso-
ciated with the risk of incident cognitive decline within the subgroups
were reported.

For multivariate modeling, regularized regression with an elastic net
penalty was used to identify a model to predict cognitive decline, incor-
porating clinical characteristics and plasma proteins, using the ‘gimnet’
library of R.2? Predictive models of cognitive decline were constructed
progressively using variables from pre-specified variable categories.
Model 1: Clinical model comprising 10 clinical risk factors: age, gen-
der, education, diabetes, hypertension, hyperlipidemia, APOE ¢4 status,

antihypertensive medication, lipid-lowering medication, and obesity;
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Model 2: Clinical+cognition model expanding Model 1 by incorporating
baseline cognitive performance expressed as CDR-GS; and Model 3:
Clinical+cognition+protein model expanding Model 2 with all predic-
tive plasma proteins for cognitive decline (p-value < .05, g-value < .2).
Using the features identified in the elastic net regression model, nested
cross-validation was used to evaluate the receiver-operating charac-
teristic (ROC) curve expressed as AUROC (area under the ROC curve))
with 95% confidence intervals (Cls). The range of cross-validated error
was compared using nested cross-validation (R package ‘nestedcv’).%°
To determine the importance of features for the prediction of cogni-
tive decline, Shapley additive values (SHAP) of the selected predictors
were computed, and presented as SHAP bar plots using the ‘fastshap’
R package.?! To determine the predictive power of individual pro-
teins, the AUROC of each protein was evaluated. Differences between
the predictive performance in AUROCs were compared across the
three progressively expanded models (using the ‘roc.test’ function of R).
The AUROCSs were additionally reported within the pre-dementia and

dementia cognitive subgroups.

2.10 | Identification of predictive plasma proteins
for progression from CIND to incident dementia

The secondary cognitive outcome studied was the progression from
CIND to incident dementia. Cox proportional hazards regression was
used to evaluate associations of all Olink proteins with conversion to
dementia, adjusted for clinically important covariates including age,
gender, years of education, hypertension, hyperlipidemia, APOE ¢4 sta-
tus, antihypertensive medication, lipid-lowering medication, obesity,
and diabetes. Time to event (event refers to progression to dementia)
was specified as the point at which a participant with baseline CIND
displayed an increase in CDR-GS score from O or 0.5 to >1. The com-
bined prognostic utility of all significant plasma proteins, as compared
with clinical factors for predicting incident dementia, was evaluated
using Harrell's C-index.

2.11 | Secondary analyses

To complement the primary analyses, we conducted secondary anal-
yses to test the associations between plasma proteins and the linear
decline in cognitive function over time, as measured by CDR-SB scores.
This analysis was conducted with stratification of subjects by baseline
cognitive diagnosis (NCI, CIND, or dementia). A linear mixed-effects
model with random intercepts was applied to leverage on the avail-
ability of yearly repeated cognitive assessments.>2 The model was
adjusted for age, gender, education, hypertension, hyperlipidemia, dia-
betes, antihypertensive medication, lipid-lowering medications, APOE
&4 status, baseline cognition (CDR-GS), and the interaction of time
x protein level. Plasma proteins significantly associated with steeper
decline in cognitive function over time (g-value < .05 for the time x pro-
tein interaction term) were reported within each cognitive subgroup.

To explore the biological pathways associated with the slope of decline

in cognitive function over time in each cognitive subgroup, overrep-
resentation analyses of these significant proteins were performed
and mapped to biological pathways using the DAVID bioinformatics
resource. Multiple testing-adjusted p-values were reported.?8

2.12 | Internal validation with quantitative
immunoassays

Internal validation of assay performance was performed using quan-
titative immunoassays for GDF-15, NTproBNP, and NEFL, which were
log-10 transformed prior to analysis to approximate a normal distribu-
tion. Pairwise correlations of Olink NPX values and their corresponding
levels measured by immunoassay were presented as scatterplots.
Correlation coefficients and p-values were calculated.

2.13 | External validation within the CSF proteome
of the ADNI cohort

Analysis of patient characteristics and cognitive outcomes in the ADNI
cohort followed a similar approach. Cox proportional hazards regres-
sion was employed to study associations of the candidate proteins
within the CSF proteome with incident cognitive decline, adjusting
for age, gender, cardiovascular diseases, baseline cognitive status, and
years of education. Replicated markers of cognitive decline in the CSF
proteome of the ADNI cohort and the plasma proteome of the MACC

cohort were reported.

2.14 | Evaluation of associations of the predictive
plasma proteins for cognitive decline with
neuroimaging markers

The cross-sectional associations of the predictive plasma proteins with
baseline MRI brain volumetric markers were studied in the MACC
cohort. For CVSD markers, zero-inflated negative binomial regres-
sion was used in the analysis of count data (lacunes, cortical infarcts,
cerebral microbleeds), whereas linear regression was used in the anal-
ysis of continuous variables (WMH volume). Models were adjusted
for age, gender, education, hypertension, hyperlipidemia, and diabetes.
The association structure was visualized using heatmaps of standard-
ized regression coefficients, presented alongside adjusted p-values

adjusting for false discovery rate.

3 | RESULTS

3.1 | Clinical characteristics

An overview of the study is presented in Figure 1. Among 528 sub-
jects from the MACC cohort included for analysis (mean age 72.8 + 7.8
years, 43.8% male), 57.9% had significant CeVD burden, 71.4% hyper-
tension, 33.7% diabetes, 22.3% NCI, 40.3% CIND, and 37.3% dementia
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TABLE 1

Developed cognitive

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

Distribution of demographic factors and clinical information in the MACC cohort.

Remained cognitively

Demographics (n (%) / mean + SD) All (N =528) decline (n = 167, 31.6%) stable (n = 361, 68.4%) p-value
Age, years 72.83 + 7.81 7471 + 7.04 71.96 + 8.00 <0.001
Education, years 7.06 + 4.96 5.86 + 4.48 7.62 + 5.07 <0.001
CDR-GS 0.69 + 0.70 1.05 + 0.59 0.52 + 0.68 <0.001
Gender (male) 231(43.8) 63(37.7) 168 (46.5) 0.058
Ethnicity

Chinese 444 (84.1) 143(85.6) 301(83.4) 0.152
Malay 49(9.3) 14 (8.4) 35(9.7)

Indian 29(5.5) 6(3.6) 23(6.4)

Others 6(1.1) 4(2.4) 2(0.6)

Baseline cognitive diagnosis

NCI 118(22.3) 6(3.6) 112 (31.0) <0.001
CIND 213(40.3) 51(30.5) 162 (44.9)

Dementia 197 (37.3) 110(65.9) 87(24.1)

Baseline CeVD 300(57.9) 107 (66.9) 193(53.9) 0.006
Hypertension 377 (71.4) 124 (74.3) 153(70.1) 0.324
Hyperlipidemia 398 (75.4) 122(73.1) 276 (76.5) 0.399
Diabetes 178(33.7) 68(40.7) 110 (30.5) 0.021
Antihypertensive medication use 342 (64.8) 105 (62.9) 237 (65.7) 0.535
Lipid-lowering medication use 271(51.3) 88(52.7) 183 (50.7) 0.669
Obesity 39(7.5) 7 (4.3) 32(9.1) 0.055
APOE ¢4 status 156 (29.5) 55(32.9) 101 (28.0) 0.246

Note: Obesity: defined as a body mass index of >30 kg/m?2.

Abbreviations: APOE ¢4, apolipoprotein E ¢4 allele; CDR, Clinical Dementia Rating; CeVD, cerebrovascular disease; CIND: cognitive impairment no dementia;
MACC: Memory Aging and Cognition Centre; NCI: no cognitive impairment; SD, standard deviation.

at baseline (refer to Figure S1 for the flowchart of subject recruitment).

Cohort demographics are presented in Table 1.

3.2 | Prognostic proteins and biological pathways
for cognitive decline and conversion to dementia

3.2.1 | Protein signatures and pathways for incident
cognitive decline

The incidence rate of cognitive decline was 31.6% (167/528) over a
mean follow-up duration of 39.6 + 12.0 months. Of the 1441 pro-
teins studied, 12 proteins were significantly associated with the risk of
incident cognitive decline, independent of baseline cognitive function
(g-value < .05, Table 2, Figure 2A). NEFL and PPY were the two most
predictive proteins for cognitive decline. Adjusted and unadjusted
analyses for all 117 predictive proteins (p-value < 0.05, g-value < .2)
are presented in Table S2. Overrepresentation analysis of these pro-
teinsimplicated 16 biological pathways underpinning cognitive decline,
including extracellular matrix organization, immune system dysregu-
lation, and the regulation of insulin growth factor (IGF) transport and
uptake by IGF binding proteins (IGFBPs) (Figure 2B).

Subgroup analysis stratified by baseline cognitive subgroup (pre-
dementia vs dementia) was conducted using all predictive proteins
(p-value < .05, g-value < .2). Proteins significantly associated with
the risk of cognitive decline in the pre-dementia and dementia sub-
groups are presented in Tables S3 and S4. Of the 117 proteins
evaluated, 37 proteins were significantly associated with cognitive
decline in the dementia subgroup, whereas 28 proteins were significant
within the pre-dementia subgroup. The two most significant proteins
for cognitive decline in the dementia subgroup were lithostathine-
1-beta (REG1B) and amphoterin-induced protein 2 (AMIGO2); and
amphiregulin (AREG) and tumor-associated calcium signal transducer
2 (TACSTD2) in pre-dementia subjects. In addition, a five-protein sig-
nature was identified, which associated with the risk of cognitive
decline in both subgroups (pancreatic prohormone [PPY]), interleukin-
15 (IL15), granulocyte-macrophage colony-stimulating factor receptor
subunit alpha (CSF2RA), glial fibrillary acidic protein (GFAP), and
cadherin-related family member 5 (CDHRS5); Figure S2).

Elastic net regression analysis yielded an optimal multivariable
model comprising baseline cognition and 26 plasma proteins, achiev-
ing a cross-validated AUROC of 0.85 (95% Cl: 0.82-0.88). This model
significantly outperformed both the model based on clinical risk fac-
tors alone (AUROC 0.62, 95% Cl: 0.57-0.67, p-difference < .0001;
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TABLE 2 Twelve plasma proteins significantly associated with the risk of incident cognitive decline.
Assay Description aHR? 95%C.l.,LL 95% C.I., UL p-value g-value c-index
NCS1 Neuronal calcium sensor 1 3.18 1.99 5.10 1.41E-06 8.97E-04 0.773
GFAP Glial fibrillary acidic protein 1.81 1.42 2.31 1.60E-06 8.97E-04 0.772
NEFL Neurofilament light polypeptide 1.49 1.25 1.78 6.82E-06 2.55E-03 0.784
GUCA2A Guanylin 1.84 1.40 2.42 1.10E-05 2.55E-03 0.773
TIMP4 Metalloproteinase inhibitor 4 1.85 1.40 2.43 1.14E-05 2.55E-03 0.773
PPY Pancreatic prohormone 1.31 1.16 1.49 2.85E-05 5.32E-03 0.779
KLK4 Kallikrein-4 1.36 1.17 1.59 6.05E-05 9.69E-03 0.774
FAM3B Protein FAM3B 2.10 1.40 3.15 3.12E-04 3.55E-02 0.772
HSPB6 Heat shock protein beta-6 1.67 1.26 221 3.33E-04 3.55E-02 0.773
TACSTD2 Tumor-associated calcium signal 243 1.49 3.97 3.58E-04 3.55E-02 0.767
transducer 2
KRT19 Keratin, type | cytoskeletal 19 1.42 1.17 1.72 3.80E-04 3.55E-02 0.775
AREG Amphiregulin 1.58 1.23 24 3.80E-04 3.55E-02 0.769

Abbreviations: aHR, adjusted hazard ratio; APOE ¢4, apolipoprotein E ¢4 allele; CDR, Clinical Dementia Rating; CDR-GS, CDR Global Score; LL, lower limit;

UL, upper limit.

2aHRs and 95% confidence intervals (C.l.s) were derived from Cox proportional hazards regression adjusted for age, gender, hypertension, hyperlipidemia,
diabetes, years of education, antihypertensive medication, lipid-lowering medication, obesity, APOE ¢4 status, and baseline cognition expressed as CDR-GS.
Predictive power of individual proteins was assessed using Harrel’s C-index. Type 1 error rates with multiple testing correction were estimated using g-values.

Figure 3A), and the model constructed from clinical risk factors with
baseline cognition (AUROC 0.77, 95% Cl: 0.73-0.81, p-difference
< .0001; Figure 3A). When we stratified by baseline cognitive sub-
group, the AUROC for the predictive model was significantly higher
in the pre-dementia group (AUROC 0.87, 95% Cl: 0.82-0.91) com-
pared to the dementia subgroup (AUROC 0.66, 95% Cl: 0.58-
0.74, p-difference < .0001; Figure S3). Of all constituent predic-
tors, GFAP, PPY, and baseline CDR-GS exhibited the highest feature
importance (Figure 3B). The coefficients in the elastic net regres-
sion models are provided in Tables S5-S7. Individual AUROCs of
the 26 selected proteins are presented in Figure S4 and ranged
from 0.53-0.72. The top seven proteins of the model (GFAP, PPY,
KRT19, NEFL, metalloproteinase inhibitor 4 [TIMP4], inter-alpha-
trypsin inhibitor heavy chain H3 [ITIH3] and neuronal calcium sensor
1 [NCS1]) already yielded a combined AUROC of 0.78 for cognitive
decline.

3.2.2 | Predictive plasma proteins for incident
progression from CIND to dementia

In the subset of subjects with CIND at baseline (N = 213), the inci-
dence of progression to dementia was 25.4% (N = 54) over 41.5 + 10.9
months of follow-up. Subject characteristics stratified by dementia
progression status are presented in Table S8. After adjustment for age,
gender, hypertension, hyperlipidemia, APOE ¢4 status, obesity, antihy-
pertensive medications, lipid-lowering medications, and diabetes, 10
proteins remained independently predictive for progression to demen-
tia: AREG, NEFL, TACSTD2, midkine (MDK), GFAP, KLK4, mucin-13
(MUC13), R-spondin-1 (RSPO1), polymeric immunoglobulin receptor

(PIGR), and secretogranin-1 (CHGB) (g-value < .05; Table 3, Figure 2C,
unadjusted analysis in Table S9). Of these, AREG was the most signif-
icantly predictive protein for progression to dementia. The combined
predictive model based on clinical factors (age, gender, education,
hypertension, hyperlipidemia, diabetes, obesity, lipid-lowering medica-
tion, antihypertensive use, and APOE &4 status) and all 10 significant
proteins yielded a combined C-index of 0.82, a significant improvement
from the model comprising only clinical factors (C-index 0.69), for the
prediction of incident progression to dementia.

3.2.3 | Secondary analyses

Secondary analyses were performed to identify the proteins, which
significantly associated with linear changes in cognitive function
over time, as measured by CDR-SB scores, stratified by baseline
cognitive diagnosis (NCI, CIND, or dementia). Plasma proteins asso-
ciated with a steeper decline in cognitive function over time, across
the NCI, CIND, and dementia subgroups, were identified using lin-
ear mixed-effects models and visualized in a Venn diagram (Figure
S5A; all significant proteins for each subgroup presented in Tables
S10-S12). Nineteen overlapping proteins were common across all
three cognitive subgroups: isopentenyl-diphosphate delta-isomerase
2 (IDI12), glycosyltransferase 8 domain-containing protein 2 (GLT8D2),
NEFL, group 10 secretory phospholipase A2 (PLA2G10), GUCA2A,
calbindin (CALB1), ras GTPase-activating-like protein (IQGAP2),
polypeptide N-acetylgalactosaminyltransferase 10 (GALNT10), NCS1,
Kallikrien-1 (KLK1), ADH4 (all-trans-retinal dehydrogenase [NAD(+)]
ADH4), aminoacylase 1 (ACY1), aggrecan core protein (ACAN),
coiled-coil domain-containing protein 80 (CCDC80), cathepsin B
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(A) Volcano plot of proteins significantly associated with the risk of incident cognitive decline. (B) Biological pathways with

statistical overrepresentation in the predictive proteins for cognitive decline (p-value < .05, g-value < .2) for cognitive decline. (C) Volcano plot of
significant proteins for progression from CIND to dementia. CNID, cognitive impairment no dementia.

(CTSB), Beta-glucuronidase (GUSB), insulin-like growth factor-binding
protein 2 (IGFBP2), corticosteroid 11-beta-dehydrogenase isozyme
1 (HSD11B1), and WAP, Kazal, Immunoglobulin, Kunitz and NTR
domain-containing protein 2 (WFIKKN2) (Figure S5A, Table S13). The
top 10 proteins associated with a steeper decline in CDR-SB scores

over time in each cognitive subgroup are visualized as volcano plots in

Figure S5B. Within each cognitive subgroup, diverse biological path-
ways, including those related to cell adhesion, immune dysregulation,
and inflammation, were overrepresented in the plasma proteomic pro-
file linked to a steeper decline in cognitive function over time. The top
five biological pathways for each cognitive subgroup are presented in
Figure S5C, with all overrepresented pathways presented in Table S14.
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(A) Receiver-operating characteristic (ROC) curves of the predictive models with clinical risk factors, cognition, and plasma

proteins. (B) Feature importance plot of the selected clinical risk factors and proteins. Abbreviations: AUC, area under the ROC curve; ROC,

receiver-operating characteristic; SHAP, Shapley additive values.

TABLE 3 Ten plasma proteins for the prediction of progression from CIND to incident dementia.

Assay Description aHR?
AREG Amphiregulin 2.70
NEFL Neurofilament light polypeptide 217
TACSTD2 Tumor-associated calcium signal 6.92
transducer 2
GFAP Glial fibrillary acidic protein 2.34
MDK Midkine 2.01
KLK4 Kallikrein-4 1.67
MUC13 Mucin-13 2.38
RSPO1 R-spondin-1 3.11
PIGR Polymeric immunoglobulin receptor 3.91
CHGB Secretogranin-1 2.34

95%C.l., LL 95% C.l., UL p-value g-value C-index
1.88 3.89 9.24E-08 6.25E-05 0.719
1.63 2.88 1.04E-07 6.25E-05 0.756
3.00 16.00 5.96E-06 2.39E-03 0.757
1.58 3.46 2.27E-05 5.82E-03 0.744
1.45 2.77 2.43E-05 5.82E-03 0.707
1.28 2 1.35E-04 2.69E-02 0.707
1.50 3.78 2.19E-04 3.45E-02 0.707
1.70 5.69 2.30E-04 3.45E-02 0.728
1.88 8.15 2.65E-04 3.53E-02 0.712
1.48 371 2.97E-04 3.56E-02 0.706

Abbreviations: aHR, adjusted hazard ratios; APOE 4, apolipoprotein E ¢4 allele; CDR, Clinical Dementia Rating; CIND, cognitive impairment no dementia.
aAdjusted hazard ratios (aHRs) and 95% confidence intervals (C.l.s) were derived from Cox proportional hazards regression adjusted for age, gender, hyper-
tension, hyperlipidemia, diabetes, years of education, antihypertensive medication, lipid-lowering medication, obesity, and APOE ¢4 status. Predictive power
of individual proteins was assessed using Harrel’s C-index. Type 1 error rates with multiple testing correction were estimated using g-values.

3.3 | Internal validation with quantitative
immunoassays

Internal validation of Olink-measured biomarkers was performed
using quantitative biomarker platforms. Paired, log10-transformed
plasma levels of NEFL (SIMOA, n = 45), GDF-15 (Quantikine, n = 33),
and NT-proBNP (Roche Elecsys, n = 33) were significantly corre-
lated with their Olink-measured counterparts (R 0.77-0.82, p < .001;
Figure 4A).

3.4 | External validation in the CSF proteome of
the ADNI cohort

Of the 681 eligible subjects in the ADNI cohort (mean (+ SD) age
73.3+ 7.4 years, 57.3% male, 95.2% Caucasian, 24.2% NCl, 57.0% MCI,
18.8% dementia), 159 (23.3%) developed cognitive decline (ADNI sub-
ject demographics are presented in Table S15), over a mean (+ SD)
follow-up duration of 33.9 + 14.2 months. Of note, the Somalogic plat-
form used in the ADNI cohort did not include two (GUCA2A, NCS1)
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FIGURE 4

(A) Internal validation of Olink NPX values with paired quantitative immunoassays. (B) Heatmap of cross-sectional associations

between 12 significantly predictive plasma proteins for cognitive decline and neuroimaging markers in the MACC cohort. MACC, Memory Aging

and Cognition Centre; NPX, Normalized Protein eXpression.

of the 12 predictive plasma proteins identified for the MACC cohort
(Olink platform).

Four proteins (AREG, PPY, NEFL, and GFAP) were concordantly
associated with the risk of incident cognitive decline in the plasma pro-
teome of the MACC cohort (Figure 5A) as well as the CSF proteome
of the ADNI cohort (Figure 5B, Table S16). All four cross-validated
proteins are associated with an increased hazard of cognitive decline
(adjusted hazard ratio [aHR] >1).

3.5 | Associations of significantly predictive plasma
proteins with neuroimaging markers of CSVD and
brain volume

Cross-sectional analysis of the 12 significantly predictive baseline
plasma proteins with structural neuroimaging markers of CSVD and
brain volumetric indices of the MACC cohort are presented as a

heatmap in Figure 4B. All 12 proteins are associated with one or more
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Neuroimaging Initiative; CSF, cerebrospinal fluid; MACC, Memory Aging and Cognition Centre.

markers of CSVD or regional brain volumetric indices. Of these, 10 pro-
teins (AREG, protein FAM3B [FAM3B], GUCA2A, KRT19, TACSTD2,
NCS1, GFAP, NEFL, KLK4, and TIMP4) showed significant associations
with both CSVD and brain volumetric markers.

4 | DISCUSSION

Using plasma proteomic analysis, we identified prognostic protein sig-
natures of incident dementia and cognitive decline in a Southeast
Asian cohort with high CeVD burden. These proteins related closely
to neuroimaging markers of neurodegeneration and CSVD. The plasma
proteins notably provided significant incremental value to clinical fac-
tors and baseline cognition for the prediction of future cognitive
outcomes. Diverse biological pathways overexpressed in association
with the protein profile linked to cognitive decline, related to inflam-
mation, extracellular matrix disruption, immune dysregulation, and
the regulation of the IGFBP axis. AREG, GFAP, NEFL, and PPY were
externally validated as prognostic proteomic markers for cognitive
decline, concordantly altered within the CSF proteome of an indepen-
dent validation cohort.

Several of our top prognostic biomarker candidates for cogni-
tive decline and conversion to dementia (NEFL, TIMP4, GFAP, and
PPY) have been associated previously with dementia-related cognitive
outcomes.33-3¢ A case-control study comprising 60 individuals with
MCI reported NEFL and TIMP4 as significant Olink biomarkers for
cognitive decline.’® However, GFAP was not included in that study.¢
Our results are also consistent with longitudinal studies from the UK

Biobank evaluating the prognostic ability of Olink plasma proteins for

incident dementia over 15 years in a predominantly community-based
Caucasian cohort. Several top prognostic markers reported within the
UK Biobank study, including GFAP, NEFL, TIMP4, and NCS1, were simi-
larly replicated within our cohort.'337 Qur findings therefore highlight
the prognostic relevance of these biomarkers, which appear related
to axonal degeneration, neuroinflammation, cardio-inflammatory pro-
cesses, and neuronal calcium signaling, even in later-stage disease
phenotypes over medium-term follow-up.3#383? Of interest, several
top biomarkers, such as GDF-15 and LTBP2, which predicted 15-
year incident dementia in the UK Biobank, were not among the top
prognostic proteins within our cohort.’® This may reflect the poten-
tially stage-specific nature of dementia biomarkers.'” It is plausible
that senescence-associated markers such as GDF-15 and LTBP2 may
play a greater mid-life prognostic role for later-life cognitive decline
as a biomarker of accelerated aging phenotypes.*°~42 However, com-
pared with older subjects with an elevated concomitant burden of
age-related pathology, we hypothesize that biomarkers specific to neu-
ronal injury may more directly reflect the extent of neuropathological
insult and better risk stratify for medium-term cognitive outcomes.
Nonetheless, our findings extend current knowledge, reinforcing the
prognostic utility of neuronal injury biomarkers for the prognostication
of cognitive decline, even in later-stage elderly subjects.

Our top prognostic markers, namely NEFL and GFAP, differ from the
top candidates identified in several studies utilizing the Somalogic plat-
form for profiling the circulating proteome. A large population-based
study incorporating the Invecchiare in Chianti, Baltimore Longitu-
dinal Study of Aging (BLSA), and Religious Orders Study cohorts
found MSTN, PI3, TFF3, and PAPPA to be associated with cogni-
tive decline.l® The Atherosclerosis Risk in Communities (ARIC) and
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Whitehall-II cohorts found NTproBNP and CDCP-1 to be the most sig-
nificantly predictive proteins for incident dementia over 20 years.!!
The BLSA identified mid-life levels of plasma GDF-15 to be most
strongly associated with cognitive decline, whereas the ARIC study
identified Sushi, EGF, SVEP1, WFDC2, AGRP, and NTproBNP as the top
incident dementia-associated proteins over 20 years.1214

This inter-study variation in the identification of the top prognostic
markers may be attributed to several factors. First, there are between-
study differences in the breadth of proteomic analytic coverage.*> For
example, there are inter-platform differences in coverage by Somalogic
compared to Olink.*344 These proteomic screening platforms may
also produce some non-quantitative results that correlate poorly with
gold standard enzyme-linked immunosorbent assays (ELISAs). A recent
study reported discordant correlations of circulating NEFL levels quan-
tified using Somalogic and quantitative SIMOA immunoassays.** In
contrast, the same study reported good correlations between circu-
lating NEFL levels measured with Olink and SIMOA.** Our internal
validation similarly found strong correlations between paired circulat-
ing NEFL levels measured using Olink and SIMOA, aligning with the
current literature and reinforcing the validity of conclusions drawn.**
Of interest, in the CSF, where NEFL is in greater abundance, good
correlations have been reported between NEFL levels measured by
Somalogic and quantitative immunoassays.*®> This is consistent with
our observation of concordant upregulation of NEFL anticipating cog-
nitive decline, both by Olink assay of plasma in the primary cohort,
and by Somalogic aptamer-based assay of CSF in the external vali-
dation cohort. Finally, it is plausible that variation in the rankings of
prognostic proteins may be related to inter-study differences in sub-
ject characteristics, follow-up time, and the potentially stage-specific
nature of dementia biomarkers.!” Indeed, our secondary analyses
prioritized unique and overlapping proteins across the different cog-
nitive subgroups, highlighting the importance of evaluating disease
stage-specific biomarkers of longitudinal cognitive outcomes.

Among the significant biological pathways linked to the protein pro-
files associated with cognitive decline, 10 of 16 identified pathways
related to inflammation and immune dysregulation. This is unsurpris-
ing, considering current evidence linking inflammation and immune
dysregulation with the progression of cognitive impairment.*¢-48 An
identified biological pathway for cognitive decline related to the reg-
ulation of IGF transport and IGFBPs. This fits with the emerging role
of the IGF superfamily as neurotrophic factors, contributing to neu-
rogenesis, cell survival, and neuronal homeostasis.*?~>1 Our findings
are consistent with previous clinical studies that have demonstrated
significant associations of the IGFBP superfamily with cognitive and
functional outcomes.?2°3

Diverse pathophysiological processes were suggested by the 12-
protein plasma prognostic signature for cognitive decline. These
included axonal injury or neuroinflammation (AREG, TIMP4, GFAP,
and NEFL), extracellular matrix disruption (GFAP and KLK4), axonal
regeneration (NCS1), signal transduction (GUCA2A), growth factor
receptors (TACSTD2), apoptosis (FAM3B and HSPBé), notch signaling
(KRT19), and gastrointestinal neuropeptide signaling in the gut-brain
axis (PPY).>**>? On a neuropathological level, this was likely under-

pinned by CSVD or neurodegenerative etiology, evidenced by the
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significant associations of these proteins with a broad range of neu-
roimaging markers. Of these, four proteins (GFAP, PPY, AREG, and
NEFL) were additionally cross-validated for their association with cog-
nitive decline in the CSF proteome of an independent cohort. Evidence
regarding the prognostic utility of AREG, a novel protein candidate of
pathobiological relevance to cognitive decline and one of the most sig-
nificantly predictive proteins for cognitive outcomes within our cohort,
is comparatively limited and hence discussed in further detail. AREG
(Amphiregulin) is a ligand for the epidermal growth factor receptor
and thought to suppress interleukin (IL)-6 secretion from microglia
and astrocytes.®? It is hypothesized to be expressed in response to
neuroinflammation by brain regulatory T cells, thus reflecting neu-
roinflammatory burden within the central nervous system.®© Although
AREG was found to be upregulated in acute in vivo stroke models,
studies evaluating its prognostic utility for dementia have yielded con-
flicting results.’® One study demonstrated its significant mediation
of age associations with dementia, whereas another reported that
it did not significantly mediate the relationship between APOE and
dementia.®>%2 |n addition to AREG’s prognostic value for cognitive
decline in the plasma proteome of the Southeast Asian memory clinic
cohort, we also demonstrate replication of this evidence in the CSF
proteome of an external Caucasian replication cohort. Taken together,
these findings reinforce the need for future studies to further evaluate
the prognostic and therapeutic utility of these emerging biomarkers for

cognitive decline.

5 | LIMITATIONS

First, the proteins studied were obtained from commercially available,
preselected panels. This carries with it the inherent biases of pre-
selected panels, which may simply reflect the inevitable inter-antigen
variability in effective assay signaling—which will also vary between
platforms. This in turn results in differing coverage between proteomic
platforms, potentially leading to differing conclusions.*® Second, as one
of the first studies investigating plasma proteomic biomarkers of cogni-
tive decline in a Southeast Asian cohort with high prevalence of CeVD,
our results are exploratory and should be validated in other cohorts.
Nonetheless, our incident dementia and cognitive decline rates are
consistent with previously reported rates in similar cohorts, which
strengthens the generalizability of our results.3¢* In addition, we
have demonstrated the concordant dysregulation of several top plasma
protein candidates for cognitive decline in the primary cohort (GFAP,
NEFL, PPY, and AREG), in the CSF proteome of an external cohort.
This corroboration reinforces the pathophysiologic relevance of these
markers, which exhibit dysregulation in both the circulation and cen-
tral nervous system. Taken together, this highlights their potential as

mechanistic targets in the pathogenesis of cognitive decline.

6 | CONCLUSIONS

Our study identifies a prognostic plasma proteomic signature under-
pinning cognitive decline and incident dementia in a Southeast
Asian cohort characterized by a high prevalence of CeVD. External
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validation within the CSF proteome of an independent Caucasian
cohort additionally replicated AREG, PPY, GFAP and NEFL as prognos-
tic biomarkers for cognitive decline, showing concordance across both
biofluids. Future mechanistic studies are required to elucidate the roles
of these proteins as therapeutic targets for dementia and cognitive
decline.

ACKNOWLEDGMENTS

The work is supported by funding from the CSDU Collaborative Grant
by NUS Yong Loo Lin School of Medicine, National University Health
System Clinician Scientist Program (NCSP 2.0), and the National Med-
ical Research Council (NMRC) Singapore (NMRC/CSA-SI/007/2016,
NMRC/CIRG/1485/2018, MOH-000707, NMRC/OFLCG/2019,
NMRC/CG/M006/2017), awarded to Prof Chen. The work is sup-
ported by funding from the National University Health System
(NUHS) Clinician Scientist Academy (NCSP2.0/2023/NUHS/SMA),
National University of Singapore Clinician Scientist Development Unit
(KCG/2023/NUSMED/SMA), and the NMRC (MH 095:003/008-340),
awarded to Dr Sim. The funders had no role in the design, analysis, or

conception of the study and the work.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest. Author disclosures are

available in the Supporting Information.

CONSENT STATEMENT
Written informed consent was obtained from all human subjects.

REFERENCES

1. International AsD. World Alzheimer Report 2018, The state of the art
of dementia research: New frontiers. 2018;

2. Gauthier S, Albert M, Fox N, et al. Why has therapy development
for dementia failed in the last two decades?. Alzheimers Dement.
2016;12(1):60-64.doi:10.1016/j.jalz.2015.12.003

3. Knopman DS. Lowering of amyloid-beta by beta-secretase inhibitors—
some informative failures. N Engl J Med. 2019;380(15):1476-1478.
doi:10.1056/NEJMe1903193

4. van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in
early Alzheimer’s Disease. N Engl J Med. 2022. doi:10.1056/
NEJMo0a2212948. Nov 29.

5. Brookmeyer R, Abdalla N. Estimation of lifetime risks of Alzheimer’s
disease dementia using biomarkers for preclinical disease. Alzheimers
Dement. 2018;14(8):981-988. doi:10.1016/j.jalz.2018.03.005

6. Chakrabarti S, Mohanakumar KP. Aging and neurodegeneration: a tan-
gle of models and mechanisms. Aging Dis. 2016;7(2):111-113. doi:10.
14336/AD.2016.0312

7. Czako C, Kovacs T, Ungvari Z, et al. Retinal biomarkers for
Alzheimer’s disease and vascular cognitive impairment and dementia
(VCID): implication for early diagnosis and prognosis. Geroscience.
2020;42(6):1499-1525.d0i:10.1007/s11357-020-00252-7

8. Bonneh-Barkay D, Wiley CA. Brain extracellular matrix in neurodegen-
eration. Brain Pathol. 2009;19(4):573-585. doi:10.1111/j.1750-3639.
2008.00195.x

9. Kiddle SJ, Steves CJ, Mehta M, et al. Plasma protein biomarkers of
Alzheimer’s disease endophenotypes in asymptomatic older twins:
early cognitive decline and regional brain volumes. Transl Psychiatry.
2015;5(6):e584. doi:10.1038/tp.2015.78

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Tanaka T, Lavery R, Varma V, et al. Plasma proteomic signatures pre-
dict dementia and cognitive impairment. Alzheimers Dement (N Y).
2020;6(1):12018.d0i:10.1002/trc2.12018

Lindbohm JV, Mars N, Walker KA, et al. Plasma proteins, cog-
nitive decline, and 20-year risk of dementia in the Whitehall Il
and atherosclerosis risk in communities studies. Alzheimers Dement.
2022;18(4):612-624. doi:10.1002/alz.12419

Walker KA, Chen J, Shi L, et al. Proteomics analysis of plasma from
middle-aged adults identifies protein markers of dementia risk in later
life. Sci Transl Med. 2023;15(705):eadf5681. doi:10.1126/scitransimed.
adf5681

Guo Y, You J, Zhang Y, et al. Plasma proteomic profiles predict future
dementia in healthy adults. Nat Aging. 2024;4(2):247-260. doi:10.
1038/s43587-023-00565-0

Walker KA, Chen J, Zhang J, et al. Large-scale plasma proteomic analy-
sis identifies proteins and pathways associated with dementia risk. Nat
Aging. 2021;1(5):473-489. doi:10.1038/s43587-021-00064-0

Tin A, Sullivan KJ, Walker KA, et al. Proteomic analysis identifies cir-
culating proteins associated with plasma amyloid-beta and incident
dementia. Biol Psychiatry Glob Open Sci. 2023;3(3):490-499. doi:10.
1016/j.bpsgos.2022.04.005

Kivisakk P, Magdamo C, Trombetta BA, et al. Plasma biomarkers for
prognosis of cognitive decline in patients with mild cognitive impair-
ment. Brain Commun. 2022;4(4):fcac155. doi:10.1093/braincomms/
fcac155

Benedet AL, Leuzy A, Pascoal TA, et al. Stage-specific links between
plasma neurofilament light and imaging biomarkers of Alzheimer’s
disease. Brain. 2020;143(12):3793-3804. doi:10.1093/brain/awaa342
Chen C,Homma A, Mok VC, et al. Alzheimer’s disease with cerebrovas-
cular disease: current status in the Asia-Pacific region. J Intern Med.
2016;280(4):359-374.doi:10.1111/joim.12495

Chun MY, Jang H, Kim SJ, et al. Emerging role of vascular bur-
den in AT(N) classification in individuals with Alzheimer’s and con-
comitant cerebrovascular burdens. J Neurol Neurosurg Psychiatry.
2023;95(1):44-51.doi:10.1136/jnnp-2023-331603

Hilal S, Chai YL, lkram MK, et al. Markers of cardiac dysfunc-
tion in cognitive impairment and dementia. Medicine (Baltimore).
2015;94(1):297.d0i:10.1097/md.0000000000000297

Apovian CM. Obesity: definition, comorbidities, causes, and burden.
Am J Manag Care. 2016;22(7 Suppl):s176-185.

Chai YL, Yeo HK, Wang J, et al. Apolipoprotein varepsilon4 is asso-
ciated with dementia and cognitive impairment predominantly due
to Alzheimer’s Disease and not with vascular cognitive impairment:
a singapore-based cohort. J Alzheimers Dis. 2016;51(4):1111-1118.
doi:10.3233/JAD-150902

Wu LY, Kan CN, Cheah IK, et al. Low plasma ergothioneine predicts
cognitive and functional decline in an elderly cohort attending memory
clinics. Antioxidants (Basel). 2022;11(9). doi:10.3390/antiox11091717
Morris JC. Clinical dementia rating: a reliable and valid diagnostic and
staging measure for dementia of the Alzheimer type. Int Psychogeriatr.
1997;9(Suppl 1):173-176.doi:10.1017/s1041610297004870
Andrews JS, Desai U, Kirson NY, Zichlin ML, Ball DE, Matthews BR.
Disease severity and minimal clinically important differences in clinical
outcome assessments for Alzheimer’s disease clinical trials. Alzheimers
Dement (N'Y). 2019;5:354-363. d0i:10.1016/j.trci.2019.06.005
Zhaol,LuoY, Mok V, Shi L. Automated brain volumetric measures with
AccuBrain: version comparison in accuracy, reproducibility and appli-
cation for diagnosis. BMC Med Imaging. 2022;22(1):117. doi:10.1186/
$12880-022-00841-2

Storey JD, Tibshirani R. Statistical significance for genomewide stud-
ies. Proc Natl Acad Sci U S A. 2003;100(16):9440-9445. doi:10.1073/
pnas.1530509100

Sherman BT, Hao M, Qiu J, et al. DAVID: a web server for functional
enrichment analysis and functional annotation of gene lists (2021


https://doi.org/10.1016/j.jalz.2015.12.003
https://doi.org/10.1056/NEJMe1903193
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1016/j.jalz.2018.03.005
https://doi.org/10.14336/AD.2016.0312
https://doi.org/10.14336/AD.2016.0312
https://doi.org/10.1007/s11357-020-00252-7
https://doi.org/10.1111/j.1750-3639.2008.00195.x
https://doi.org/10.1111/j.1750-3639.2008.00195.x
https://doi.org/10.1038/tp.2015.78
https://doi.org/10.1002/trc2.12018
https://doi.org/10.1002/alz.12419
https://doi.org/10.1126/scitranslmed.adf5681
https://doi.org/10.1126/scitranslmed.adf5681
https://doi.org/10.1038/s43587-023-00565-0
https://doi.org/10.1038/s43587-023-00565-0
https://doi.org/10.1038/s43587-021-00064-0
https://doi.org/10.1016/j.bpsgos.2022.04.005
https://doi.org/10.1016/j.bpsgos.2022.04.005
https://doi.org/10.1093/braincomms/fcac155
https://doi.org/10.1093/braincomms/fcac155
https://doi.org/10.1093/brain/awaa342
https://doi.org/10.1111/joim.12495
https://doi.org/10.1136/jnnp-2023-331603
https://doi.org/10.1097/md.0000000000000297
https://doi.org/10.3233/JAD-150902
https://doi.org/10.3390/antiox11091717
https://doi.org/10.1017/s1041610297004870
https://doi.org/10.1016/j.trci.2019.06.005
https://doi.org/10.1186/s12880-022-00841-2
https://doi.org/10.1186/s12880-022-00841-2
https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100

SIMET AL.

Alzheimer’s &Dementia® | isore

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

update). Nucleic Acids Res. 2022;50(W1):W216-w221. doi:10.1093/
nar/gkac194

Friedman JH, Hastie T, Tibshirani R. Regularization paths for general-
ized linear models via coordinate descent. J Stat Softw. 2010;33(1):1-
22.d0i:10.18637/jss.v033.i01

Lewis MJ, Spiliopoulou A, Goldmann K, Pitzalis C, McKeigue P, Barnes
MR. nestedcv: an R package for fast implementation of nested cross-
validation with embedded feature selection designed for transcrip-
tomics and high-dimensional data. Bioinform Adv. 2023;3(1):vbad048.
doi:10.1093/bioadv/vbad048

Greenwell B. fastshap Fast approximate shapley value. R package
version 0.0.7 hgcbf.

Beker N, Ganz A, Hulsman M, et al. Association of cognitive func-
tion trajectories in centenarians with postmortem neuropathol-
ogy, physical health, and other risk factors for cognitive decline.
JAMA Network Open. 2021;4(1):e2031654-e2031654. doi:10.1001/
jamanetworkopen.2020.31654

Doecke JD, Laws SM, Faux NG, et al. Blood-Based protein biomark-
ers for diagnosis of Alzheimer Disease. Archives of Neurology.
2012;69(10):1318-1325.doi:10.1001/archneurol.2012.1282

He L, Morley JE, Aggarwal G, et al. Plasma neurofilament light chain
is associated with cognitive decline in non-dementia older adults.
2021:13394.d0i:10.1038/s41598-021-91038-0

Aksnes M, Capogna E, Vidal-Pifieiro D, et al. Matrix metallopro-
teinases are associated with brain atrophy in cognitively unimpaired
individuals. Neurobiology of Aging. 2023;131:11-23. doi:10.1016/j.
neurobiolaging.2023.05.012

Cicognola C, Janelidze S, Hertze J, et al. Plasma glial fibrillary acidic
protein detects Alzheimer pathology and predicts future conversion
to Alzheimer dementia in patients with mild cognitive impairment.
Alzheimers Res Ther. 2021;13(1):68.d0i:10.1186/s13195-021-00804-
9

You J, Guo Y, Zhang Y, et al. Plasma proteomic profiles predict indi-
vidual future health risk. Nat Commun. 2023;14(1):7817. doi:10.1038/
s41467-023-43575-7

Jakel L, De Kort AM, Stellingwerf A, et al. Altered brain expression
and cerebrospinal fluid levels of TIMP4 in cerebral amyloid angiopa-
thy. Acta Neuropathol Commun. 2024;12(1):103. doi: 10.1186/s40478-
024-01823-x

Fischer TT, Nguyen LD, Ehrlich BE. Neuronal calcium sensor 1 (NCS1)
dependent modulation of neuronal morphology and development.
FASEB J. 2021;35(10):€21873.d0i:10.1096/fj.202100731R

Basisty N, Kale A, Jeon OH, et al. A proteomic atlas of senescence-
associated secretomes for aging biomarker development. PLoS Biol.
2020;18(1):3000599. doi:10.1371/journal.pbio.3000599

Samsonraj RM, Law SF, Chandra A, Pignolo RJ. An unbiased
proteomics approach to identify the senescence-associated secre-
tory phenotype of human bone marrow-derived mesenchymal
stem cells. Bone Rep. 2023;18:101674. doi:10.1016/j.bonr.2023.
101674

Conte M, Giuliani C, Chiariello A, lannuzzi V, Franceschi C, Salvioli
S. GDF15, an emerging key player in human aging. Ageing Res Rev.
2022;75:101569.doi:10.1016/j.arr.2022.101569

Katz DH, Robbins JM, Deng S, et al. Proteomic profiling platforms head
to head: leveraging genetics and clinical traits to compare aptamer-
and antibody-based methods. Sci Adv. 2022;8(33):eabm5164. doi:10.
1126/sciadv.abm5164

Eldjarn GH, Ferkingstad E, Lund SH, et al. Large-scale plasma
proteomics comparisons through genetics and disease associa-
tions. Nature. 2023;622(7982):348-358. doi:10.1038/s41586-023-
06563-x

Timsina J, Gomez-Fonseca D, Wang L, et al. Comparative analysis
of Alzheimer’s Disease cerebrospinal fluid biomarkers measurement
by multiplex somascan platform and immunoassay-based approach. J
Alzheimers Dis. 2022;89(1):193-207. doi:10.3233/JAD-220399

46.

47.

48.

49.

50.

51

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Farina MP, Kim JK, Hayward MD, Crimmins EM. Links between inflam-
mation and immune functioning with cognitive status among older
Americans in the health and retirement study. Brain Behav Immun
Health. 2022;26:100559. doi:10.1016/j.bbih.2022.100559

Bettcher BM, Tansey MG, Dorothée G, Heneka MT. Peripheral
and central immune system crosstalk in Alzheimer disease—
a research prospectus. Nat Rev Neurol. 2021;17(11):689-701.
doi:10.1038/s41582-021-00549-x

Newcombe EA, Camats-Perna J, Silva ML, Valmas N, Huat TJ,
Medeiros R. Inflammation: the link between comorbidities, genetics,
and Alzheimer’s disease. J Neuroinflammation. 2018;15(1):276. doi:10.
1186/s12974-018-1313-3

Arjunan A, Sah DK, Woo M, Song J. Identification of the molecu-
lar mechanism of insulin-like growth factor-1 (IGF-1): a promising
therapeutic target for neurodegenerative diseases associated with
metabolic syndrome. Cell Biosci. 2023;13(1):16. doi:10.1186/s13578-
023-00966-z

Lewitt MS, Boyd GW. The role of insulin-like growth factors
and insulin-like growth factor-binding proteins in the ner-
vous system. Biochem Insights. 2019;12:1178626419842176.
doi:10.1177/1178626419842176

Rauskolb S, Andreska T, Fries S, et al. Insulin-like growth factor 5 asso-
ciates with human AR plaques and promotes cognitive impairment.
Acta Neuropathologica Communications. 2022;10(1):68. doi:10.1186/
s40478-022-01352-5

Wennberg AMV, Hagen CE, Machulda MM, et al. The association
between peripheral total IGF-1, IGFBP-3, and IGF-1/IGFBP-3 and
functional and cognitive outcomes in the mayo clinic study of aging.
Neurobiol Aging. 2018;66:68-74. doi:10.1016/j.neurobiolaging.2017.
11.017

McGrath ER, Himali JJ, Levy D, et al. Circulating IGFBP-2: a
novel biomarker for incident dementia. Ann Clin Transl Neurol.
2019;6(9):1659-1670. doi:10.1002/acn3.50854

. Gaudet P, Livstone MS, Lewis SE, Thomas PD. Phylogenetic-based

propagation of functional annotations within the gene ontology
consortium. Brief Bioinform. 2011;12(5):449-462. doi:10.1093/bib/
bbr042

Nakao S, Wakabayashi S, Nakamura TY. Stimulus-dependent regu-
lation of nuclear Ca2+ signaling in cardiomyocytes: a role of neu-
ronal calcium sensor-1. PLoS One. 2015;10(4):e0125050. doi: 10.1371/
journal.pone.0125050

Ito M, Komai K, Mise-Omata S, et al. Brain regulatory T cells
suppress astrogliosis and potentiate neurological recovery. Nature.
2019;565(7738):246-250.doi:10.1038/s41586-018-0824-5

Liston A, Dooley J, Yshii L. Brain-resident regulatory T cells and their
rolein health and disease. Immunol Lett. 2022;248:26-30.d0i:10.1016/
j.imlet.2022.06.005

Koskivirta |, Rahkonen O, Mayranpaa M, et al. Tissue inhibitor of
metalloproteinases 4 (TIMP4) is involved in inflammatory pro-
cesses of human cardiovascular pathology. Histochem Cell Biol.
2006;126(3):335-342.d0i:10.1007/s00418-006-0163-8

Holzer P, Reichmann F, Farzi A. Neuropeptide Y, peptide YY
and pancreatic polypeptide in the gut-brain axis. Neuropeptides.
2012;46(6):261-274. doi:10.1016/j.npep.2012.08.005

Singh SS, Chauhan SB, Kumar A, et al. Amphiregulin in cellular physiol-
ogy, health, and disease: potential use as a biomarker and therapeutic
target. J Cell Physiol. 2022;237(2):1143-1156.d0i:10.1002/jcp.30615
Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF. Serum protein mediators
of dementia and aging proper. Aging (Albany NY). 2016;8(12):3241-
3254.d0i:10.18632/aging.101091

Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF. Few serum pro-
teins mediate APOE’s association with dementia. PLoS One.
2017;12(3):e0172268.d0i:10.1371/journal.pone.0172268

Ebenau JL, Pelkmans W, Verberk IMW, et al. Association of CSF,
plasma, and imaging markers of neurodegeneration with clinical


https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1093/bioadv/vbad048
https://doi.org/10.1001/jamanetworkopen.2020.31654
https://doi.org/10.1001/jamanetworkopen.2020.31654
https://doi.org/10.1001/archneurol.2012.1282
https://doi.org/10.1038/s41598-021-91038-0
https://doi.org/10.1016/j.neurobiolaging.2023.05.012
https://doi.org/10.1016/j.neurobiolaging.2023.05.012
https://doi.org/10.1186/s13195-021-00804-9
https://doi.org/10.1186/s13195-021-00804-9
https://doi.org/10.1038/s41467-023-43575-7
https://doi.org/10.1038/s41467-023-43575-7
https://doi.org/10.1186/s40478-024-01823-x
https://doi.org/10.1186/s40478-024-01823-x
https://doi.org/10.1096/fj.202100731R
https://doi.org/10.1371/journal.pbio.3000599
https://doi.org/10.1016/j.bonr.2023.101674
https://doi.org/10.1016/j.bonr.2023.101674
https://doi.org/10.1016/j.arr.2022.101569
https://doi.org/10.1126/sciadv.abm5164
https://doi.org/10.1126/sciadv.abm5164
https://doi.org/10.1038/s41586-023-06563-x
https://doi.org/10.1038/s41586-023-06563-x
https://doi.org/10.3233/JAD-220399
https://doi.org/10.1016/j.bbih.2022.100559
https://doi.org/10.1038/s41582-021-00549-x
https://doi.org/10.1186/s12974-018-1313-3
https://doi.org/10.1186/s12974-018-1313-3
https://doi.org/10.1186/s13578-023-00966-z
https://doi.org/10.1186/s13578-023-00966-z
https://doi.org/10.1177/1178626419842176
https://doi.org/10.1186/s40478-022-01352-5
https://doi.org/10.1186/s40478-022-01352-5
https://doi.org/10.1016/j.neurobiolaging.2017.11.017
https://doi.org/10.1016/j.neurobiolaging.2017.11.017
https://doi.org/10.1002/acn3.50854
https://doi.org/10.1093/bib/bbr042
https://doi.org/10.1093/bib/bbr042
https://doi.org/10.1371/journal.pone.0125050
https://doi.org/10.1371/journal.pone.0125050
https://doi.org/10.1038/s41586-018-0824-5
https://doi.org/10.1016/j.imlet.2022.06.005
https://doi.org/10.1016/j.imlet.2022.06.005
https://doi.org/10.1007/s00418-006-0163-8
https://doi.org/10.1016/j.npep.2012.08.005
https://doi.org/10.1002/jcp.30615
https://doi.org/10.18632/aging.101091
https://doi.org/10.1371/journal.pone.0172268

wor1s | Alzheimer’s &PDementia’

64.

SIMET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

progression in people with subjective cognitive decline. Neurology.
2022;98(13):e1315-e1326.d0i:10.1212/WNL.0000000000200035
Mitchell AJ, Shiri-Feshki M. Rate of progression of mild cognitive
impairment to dementia-meta-analysis of 41 robust inception cohort
studies. Acta Psychiatr Scand. 2009;119(4):252-265. doi:10.1111/j.
1600-0447.2008.01326.x

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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