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Abstract

INTRODUCTION: We investigated whether novel plasma biomarkers are associated

with cognition, cognitive decline, and functional independence in activities of daily

living across andwithin neurodegenerative diseases.

METHODS: Glial fibrillary acidic protein (GFAP), neurofilament light chain (NfL),

phosphorylated tau (p-tau)181 and amyloid beta (Aβ)42/40 were measured using ultra-

sensitive Simoa immunoassays in 44 healthy controls and 480 participants diagnosed

with Alzheimer’s disease/mild cognitive impairment (AD/MCI), Parkinson’s disease

(PD), frontotemporal dementia (FTD) spectrum disorders, or cerebrovascular disease

(CVD).

RESULTS: GFAP, NfL, and/or p-tau181 were elevated among all diseases compared

to controls, and were broadly associated with worse baseline cognitive performance,
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greater cognitive decline, and/or lower functional independence.WhileGFAP,NfL, and

p-tau181 were highly predictive across diseases, p-tau181 was more specific to the

AD/MCI cohort. Sparse associations were found in the FTD and CVD cohorts and for

Aβ42/40.
DISCUSSION:GFAP, NfL, and p-tau181 are valuable predictors of cognition and func-

tion across common neurodegenerative diseases, and may be useful in specialized

clinics and clinical trials.
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1 BACKGROUND

Cognitive impairment, dementia, and motor dysfunction are increas-

ingly prevalent with pathological forms of aging causing an enormous

burden on individuals and society.1 Previously identified relevant and

accurate biomarkers with the ability to help diagnose and to moni-

tor dementia (e.g., cerebrospinal fluid [CSF] tau and amyloid beta [Aβ]
levels, Aβ positron emission tomography [PET])2 are expensive, not

widely available or easily accessible, and therefore do not have great

potential for scalability in the general population. Recent advances

in ultra-sensitive blood-based immunoassays now offer accessible

and cost-effective quantification of emerging plasma biomarkers with

high potential to translate to clinical settings and revolutionize how

neurodegenerative diseases are diagnosed and monitored.3 These

include glial fibrillary acidic protein (GFAP; a glial neuroinflamma-

tory biomarker), neurofilament light chain (NfL; a neuroaxonal damage

biomarker), phosphorylated tau181 (p-tau181; a phospho-tau isoform

considered specific to Alzheimer’s disease [AD] pathology), and the

ratio of Aβ 42 to Aβ 40 (Aβ42/40; a marker of amyloid plaque depo-

sition also considered specific to AD pathology; see Hansson et al.4

for an overview). A growing body of evidence has shown that plasma

biomarkers—particularly p-tau181—can effectively discriminate some

disease stages and different neurodegenerative diseases.5–11

However, more research is needed to determine the extent to

which these biomarkers relate to cross-sectional cognitive function,

longitudinal cognitive decline, and functional independence in clini-

cally diagnosed patients with neurodegenerative diseases associated

with dementia and/or motor dysfunction. This is imperative to under-

stand better the value of plasma biomarkers to predict disease severity

before widespread implementation as prognostic tools in specialized

clinics and as screening and monitoring tools in clinical trials. Fur-

thermore, most initiatives have until now focused on a single disease

spectrum, primarily AD, butmixed overlapping pathologies are the rule

in late-onset sporadic dementia rather than the exception.12–15 It is

therefore critical that thesebiomarkersbe characterizedand related to

baseline and longitudinal changes in cognition not only in AD, but also

within other commonly contributing neurodegenerative diseases, such

as Parkinson’s disease (PD), frontotemporal dementia (FTD) spectrum

disorders, and cerebrovascular disease (CVD), and across all these

diseases as a whole.

We aimed here to investigate how plasma GFAP, NfL, p-tau181, and

Aβ42/40 are associated with (1) performance on five cognitive domains

at baseline, (2) cognitivedeclineon five cognitivedomains over a2-year

follow-up period, and (3) functional independence in activities of daily

living (ADL) at baseline, all across and within multiple neurodegen-

erative and cerebrovascular diseases. Considering what these plasma

biomarkers aremeasuring,weexpectedoutcomes tobegenerally asso-

ciated with GFAP and NfL levels across all diseases, but to be mostly

associated with p-tau181 in an AD-specific manner. For these aims, we

leveraged the Ontario Neurodegenerative Disease Research Initiative

(ONDRI), a unique cohort with a wide breadth of longitudinal data and

extensive harmonized protocols across sites and diseases.16,17

2 METHODS

2.1 Ontario Neurodegenerative Disease Research
Initiative cohort

The characteristics and processes of the ONDRI cohort have been

described previouslywith detailed inclusion and exclusion criteria.16,17

All participants included in this study (n= 480) from theONDRI cohort

had previously been diagnosed with AD or mild cognitive impairment

due to AD (AD/MCI; n = 126), PD (n = 140), FTD (n = 53), or CVD

(n = 161). The ONDRI amyotrophic lateral sclerosis (ALS) participants

were not included in this study due to lack of cognitive impairment

and follow-up visits occurring at shorter intervals from the rest of the

cohorts due to the more rapid decline observed. Participants were

recruited for the ONDRI study through clinicians at tertiary clinics,

between July 2014 and March 2017, at 14 academic health science

centers in six cities across Ontario, Canada. In total, 584 (excluding

ALS) participants were recruited; some did not meet inclusion criteria

after screening (n = 91, of which n = 9 were transferred to another

diagnostic group), and a few withdrew consent (n = 22), leaving a
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total of 480 participants enrolled in the study. All participants were

screened on general and disease-specific inclusion and exclusion cri-

teria by academically practicing board-certified neurologists, geriatric

psychiatrists, or geriatricians depending on clinical diagnostic group.

A board-certified neuroradiologist reviewed the magnetic resonance

imaging (MRI) scans toexcludeany incidental findings and toassistwith

identification of supportive imaging features (e.g., for specific diag-

nostic groups such as stroke and AD/MCI). MRI, blood work (e.g., to

exclude contributing factors for cognitive impairment), and clinical his-

tory and exam were used to support the ONDRI diagnoses. For the

CVD group, a stroke physician determined the severity of white mat-

ter hyperintensity burden based on the following checklist included

on the Clinical Report Form: none, mild to moderate, or extensive.

This checklist is adapted from the Fazekas/age-related white matter

changes rating scales.18,19 All participants met prevailing consensus

diagnostic criteria for their respective disease, based on established

clinical definitions at the time of enrollment.20–27 Final inclusion into

a specific diagnostic group was achieved by consensus review among

physicianmembers of that team.

Briefly, the AD/MCI group included typical and atypical AD presen-

tations, in addition to single andmulti-domain amnesticMCI due toAD.

The PD group included both cognitively intact participants and those

with cognitive impairment or dementia. All patients had presented

initially with the typical motor syndrome and none were diagnosed

as having dementia with Lewy bodies initially. Ultimately, the com-

position of the PD group contained patients classified as cognitively

unimpaired (34.3%), withMCI (37.1%), andwith dementia (18.6%), and

others who did not meet criteria for this classification, being between

categories (10.0%). This classification is based on the Movement Dis-

order Society Task Force Level II guidelines, using objective cognitive

impairment on neuropsychological evaluation interpreted by a board-

certified neuropsychologist, subjective cognitive decline reported by

the participant or study partner, and functional impairment in instru-

mental ADL (iADL) scale.28 The FTD group was composed of various

sporadic FTD spectrum diagnoses: behavioral variant FTD (40.7%),

progressive supranuclear palsy (29.6%), progressive non-fluent apha-

sia (14.8%), semantic dementia (9.3%), and corticobasal syndrome

(5.6%). The CVD group included participants who had experienced a

mild to moderate ischemic stroke event documented on MRI or com-

puted tomography ≥ 3 months before enrolment and confirmed by

radiologist, with or without cognitive impairment but with minimum

Montreal Cognitive Assessment (MoCA) cut-off score of 18, and with

any level of small vessel disease burden. Participants with history of

cognitive impairment or dementia before the vascular event or with

large cortical strokes were excluded.

All participants underwent comprehensive clinical and neuropsy-

chological assessments at baseline and annually, in addition to genetic

and plasma biomarker assessments at baseline. All participants were

required to have a study partner who knew them well, interacted with

them regularly, and were able to provide collateral information about

their function (in most cases, spouses). A healthy control (HC) group

(n = 44), studied using the same ONDRI protocols in addition to brain

Aβ PET as part of the Brain-Eye AmyloidMemory (BEAM) study,29 was

RESEARCH INCONTEXT

1. Systematic review: We reviewed studies reporting on

plasma biomarkers and cognition in Alzheimer’s disease

(AD) and other neurodegenerative or cerebrovascular

diseases. Studies are mostly limited to a single disease

spectrum and in the extent of cognitive assessments

completed. Large gaps in the literature exist regarding

how plasma biomarkers relate to cognitive performance,

cognitive decline, and functional independence.

2. Interpretation: We present a comprehensive assessment

of plasma biomarkers and their association with per-

formance in five cognitive domains, longitudinal cogni-

tive decline, and functional independence in activities of

daily living across AD, Parkinson’s disease, frontotem-

poral dementia spectrum disorders, and cerebrovascular

disease. Selected plasma biomarkers show value in pre-

dicting cognitive and functional status.

3. Future directions: This report is an important step for

future studies investigating how these plasma biomark-

ers can be concretely implemented as prognostic tools in

specialized clinics and as screening or monitoring tools in

clinical trials.

also included to be used as a reference for baseline plasma biomarker

levels only and not for further analysis. The HC group consisted of

cognitively normal individuals who were all amyloid negative on flor-

betapir PET. Assessment-specific and ONDRI-wide quality control

procedures to ensure accurate data are described elsewhere.30,31

2.2 Plasma and genetic biomarkers

Blood samples were drawn from all participants at baseline at the

closest LifeLabs Medical Laboratory Services location to their res-

idence, with standardized operating protocols for collection and

storage (https://www.lifelabs.com/page-section/specimen-collection-

handling-section-hcp-requisitions-page/). Samples were collected and

processed within 24 hours; they were shipped on ice pack (not frozen

prior to sample processing) overnight to the OBI Biobank Sample

Reception at the Robarts Research Institute (Western University,

London, ON, Canada) where they were immediately processed upon

receipt for plasma isolation by centrifugation at 2000 rpm for 15

minutes at 4◦C, and then stored at −80◦C until shipment to the Clin-

ical Neurochemistry Laboratory (University of Gothenburg, Mölndal,

Sweden) for measurement. The concentrations of GFAP, NfL, Aβ42,
and Aβ40 were measured using the Neurology 4-plex E ultra-sensitive

Singlemolecule array (Simoa) immunoassays, while p-tau181wasmea-

sured using the pTau-181 Advantage kit. The measurements were

performed on an HD-X Analyzer according to instructions from the
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4 SANCHEZ ET AL.

manufacturer (Quanterix). The measurements were performed in one

round of experiments using one batch of reagents by board-certified

laboratory technicians who were blinded to clinical data. Intra-assay

coefficients of variation were below 10% for all analytes. For ana-

lyte concentrations below the functional lower limit of quantification

(GFAP=11.6 pg/mL,NfL=1.6 pg/mL, p-tau181=2pg/mL,Aβ42=1.51

pg/mL, Aβ40 = 4.08 pg/mL), missing data were imputed with the lower

limit divided by two. Across all participants, including HC, there were

17 samples (3.2%) with concentrations below the limit for p-tau181

(4 HC, 3 AD/MCI, 4 PD, 1 FTD, 5 CVD), 25 samples (4.8%) for Aβ42
(7 AD/MCI, 6 PD, 4 FTD, 8 CVD), and 7 samples (1.3%) for Aβ40
(3 AD/MCI, 2 PD, 2 FTD). Aβ42/40 ratio was not calculated for sam-

ples with Aβ42 or Aβ40 concentrations below the limit. As a general

index of directionality, higher GFAP, NfL, and p-tau181 are considered

more pathological, while lower Aβ42/40 is considered more patholog-

ical. Apolipoprotein E (APOE) genotypes for each participant were

identified using the custom next-generation sequencing-based panel

ONDRISeq32,33 and used to determine APOE ε4 carrier status. Less

than 3% of the ONDRI cohort had monogenic mutations in genes

known to be drivers of neurodegenerative diseases.34

2.3 Cognitive domains

All participants underwent the ONDRI neuropsychology protocol,30

whichprovides a comprehensive assessment of cognition andbehavior,

at baseline and at two yearly follow-up visits. Screening was done for

English comprehension, visual acuity, and auditory acuity, which may

confound test performance. Performance on five cognitive domains

(attention and working memory, executive function, language, mem-

ory, and visuospatial function) were evaluated with domain-specific

composite scores adjusted for age, sex, and education. Detailed meth-

ods and the full list of neuropsychological tests by cognitive domain

are presented in supporting information Section 1 and Tables S1

and S2. The composite scores were derived from 26 raw test scores

from the comprehensive assessment, based on conventions in clini-

cal neuropsychology35 and consensus agreement among the ONDRI

neuropsychologists.

2.4 Independence in activities of daily living

Lawton–Brody scales completed by study partners at baseline were

used to measure the participant’s ability to function independently

across activities of daily living.36 ThePhysical SelfMaintenance (bADL)

scale includes feeding, dressing, grooming, ambulation, bathing, and

toileting. The iADL scale includes telephone use, shopping, food prepa-

ration, housekeeping, laundering, use of transportation, managing

medications, and financial management. Percentage scores reflecting

functional independence, for which higher scores reflect greater inde-

pendence, were computed for both scales. Study partners had the

option to rate iADL items as not applicable, which reduced the maxi-

mum obtainable score used in iADL percentage scores calculations.

2.5 Statistical analyses

All plasma biomarkers (GFAP, NfL, p-tau181, Aβ42/40) were log10-

transformed before analysis due to skewness. Chi-square tests or one-

way analyses of variance with Tukey post hoc were used to compare

descriptive variables (demographic, clinical, plasma biomarker) among

all available groups. Independent t tests were used to explore sex dif-

ferences in plasma biomarkers and outcome variables. As sensitivity

analysis to explore the effect of attrition in the cohort, demographic,

clinical, plasma biomarker, and cognitive variables were compared

using independent t tests or chi-square tests between those without

follow-up and those with at least one follow-up visit.

Linear mixed models were used to assess the association among

baseline plasma biomarkers, baseline age/sex/education-adjusted cog-

nitive domains, and longitudinal change in age/sex/education-adjusted

cognitive domains. Covariates included APOE ε4 carrier status (pres-

ence or absence), time, and time x plasma biomarker interaction.

Participant ID was entered as a random effect. Time was defined as a

continuous variable of months from initial visit at moment of testing,

for all three visits included. Plasma biomarker (log) was entered as a

continuous variable. Estimates for biomarker associations with base-

line cognitive domain composite scores and with longitudinal change

in cognitive domain composite scores were derived from this single

linear mixed model. Extreme cognitive outliers (greater than −4 stan-

dard deviations) were detected for each of language and visuospatial

functions (AD/MCI n = 1, FTD n = 2, CVD n = 1) which, while being

real values, could affect statistical results. As sensitivity analyses, the

models were repeatedwith these outliers removed. To assess the asso-

ciation betweenbaseline plasmabiomarkers and level of independence

in activities of daily living at baseline, linear regressions were per-

formed while controlling for age, sex, education, and APOE ε4 carrier

status. Associative analyses were first performed in a pooled disease

group of all participants to investigate these associations regardless of

given diagnosis, and thenwith stratification to characterize these asso-

ciations in individual cohorts. Secondary analyses performed in theHC

cohort, and also with Aβ42, are present in supporting information Sec-

tions 2 and 3. Statistical analyses were performed with SPSS Statistics

29 (IBM Corp., 2022). Beta and P-value SPSS outputs (B, linear mixed

models; standardized β, linear regressions) are reported. The threshold
of statistical significance was set at P< 0.05 (two tailed).

3 RESULTS

3.1 Sample characteristics

The sample characteristics for the different ONDRI disease groups are

described in Table 1, and cognitive domains at baseline and follow-up

visits are presented in Figure 1. Although all groups were similar in

mean age, the FTD group had a slightly lower age range at baseline (49

to80years old) compared to theAD/MCI (53 to87years old), PD (55 to

85 years old), and CVD (54 to 85 years old) groups, which is consistent

with FTD spectrum disorders. Of note, the FTD group also had fewer
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TABLE 1 Baseline sample demographic, clinical, biomarker, and genetic characteristics.

All diseases AD/MCI PD FTD CVD HC P value Effect sizes

N at baseline 480 126 140 53 161 44 – –

N at 1-year

follow-up

429 108 125 43 153 – – –

N at 2-year

follow-up

367 94 106 30 137 – – –

Age, years 69.2 (7.4) 71.0 (8.2) 67.9 (6.3) 67.8 (7.1) 69.2 (7.4) 66.7 (6.0) P< 0.001a η2 = 0.035

Sex, % of men 67.1% 54.8% 77.9% 64.2% 68.3% 24.4% P< 0.001b w= 0.302

APOE ε4 carriers,
%

32.3% 49.2% 23.6% 37.7% 24.8% 22.7% P< 0.001c w= 0.231

Education, years 15.0 (2.9) 15.2 (3.1) 15.5 (2.7) 13.9 (2.7) 14.6 (2.9) 16.3 (2.0) P< 0.001d η2 = 0.047

MoCA, total score 24.3 (3.4) 22.7 (3.0) 25.8 (2.6) 21.5 (3.9) 25.2 (3.0) 28.1 (1.4) P< 0.001e η2 = 0.286

NPI, total severity 4.0 (4.5) 3.7 (4.0) 3.5 (3.9) 8.2 (6.2) 3.1 (3.9) – P< 0.001f η2 = 0.073

mRS, score – – – – 1.0 (0.8) – – –

MDS-UPDRS,

total score

– – 46.5 (19.7) – – – – –

MDS-UPDRS Part

III, score

– – 23.2 (11.8) – – – – –

bADL, % of

independence

96.5 (8.3) 98.2 (4.6) 96.6 (7.3) 87.8 (15.6) 98.1 (5.5) – P< 0.001g η2 = 0.148

iADL, % of

independence

85.7 (19.3) 85.3 (17.3) 89.7 (14.1) 61.5 (27.6) 90.8 (14.7) – P< 0.001h η2 = 0.217

GFAP, pg/mL 109.4 (89.9) 143.1 (132.5) 88.7 (58.3) 110.4 (52.6) 100.7 (72.4) 91.5 (34.3) P< 0.001i η2 = 0.068

NfL, pg/mL 26.2 (21.6) 27.4 (29.8) 20.4 (10.6) 33.5 (20.5) 27.7 (20.5) 17.5 (5.6) P< 0.001j η2 = 0.074

P-tau181, pg/mL 9.9 (32.6) 12.8 (27.4) 6.7 (3.8) 8.0 (5.6) 7.1 (6.3) 4.4 (2.6) P< 0.001k η2 = 0.075

Aβ42/40 ratio 0.064 (0.015) 0.061 (0.018) 0.066 (0.014) 0.062 (0.011) 0.065 (0.014) 0.064 (0.014) P= 0.015l η2 = 0.025

Notes: Data are presented asmean (standard deviation) when applicable. Group comparisons are performed on log10-transformed plasma biomarkers.

Abbreviations: Aβ, amyloid beta; AD/MCI, Alzheimer’s disease/mild cognitive impairment;APOE, apolipoprotein E; bADL, basic activities of daily living; CVD,
cerebrovascular disease; FTD, frontotemporal dementia; GFAP, glial fibrillary acidic protein; HC, healthy control; iADL, instrumental activities of daily living;

MDS-UPDRS, Movement Disorder Society – Unified Parkinson’s Disease Rating Scale; mRS,Modified Rankin Scale; MoCA,Montreal Cognitive Assessment;

NfL, neurofilament light chain; NPI, Neuropsychiatric Inventory; PD, Parkinson’s disease; p-tau, phosphorylated tau.
aAD/MCI> PD, HC.
bAD/MCI< PD, CVD. – HC<AD/MCI, PD, FTD, CVD.
cAD/MCI> PD, CVD, HC.
dFTD<AD/MCI, PD, HC –CVD<HC.
eAD/MCI, FTD< PD, CVD –HC>AD/MCI, PD, FTD, CVD.
fFTD>AD/MCI, PD, CVD.
gFTD<AD/MCI, PD, CVD.
hFTD<AD/MCI, PD, CV. – AD/MCI<CVD.
iAD/MCI> PD, CVD, HC – FTD> PD.
jFTD>AD/MCI – AD/MCI, FTD, CVD> PD –AD/MCI, FTD, CVD>HC.
kAD/MCI> PD, CVD. – AD/MCI, PD, FTD, CVD>HC.
lAD/MCI< PD, CVD.

years of education, was considerably worse in most clinical measures,

andhad themost attrition of all groups.Overall, the cohort consisted of

67.1% men, with a lower proportion in the AD group (54.8%). Women

had slightly higher GFAP levels than men across the cohort (t = 5.34,

P < 0.001), with no differences for other plasma biomarkers. There

were also no differences between men and women in cognitive func-

tion or independence in ADLs. The HC group had a slightly lower age

range (51 to 77 years old) and amuch lower proportion of men (24.4%)

than the disease cohorts.

Overall, in reference to the HC group, the AD/MCI group

had elevated mean levels of GFAP; the AD/MCI, FTD, and CVD

groups had elevated mean levels of NfL; and the AD/MCI, PD,

FTD, and CVD groups had elevated mean levels of p-tau181.

No groups were different from HC for levels of Aβ42/40. Differ-
ences in plasma biomarker levels between all disease groups are

displayed in Table 1. Intercorrelations between plasma biomark-

ers levels are presented in supporting information Section 4 and

Table S4.
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6 SANCHEZ ET AL.

F IGURE 1 Cognitive domains at baseline and follow-up visits across diseases. Composite z scores are relative to themean and standard
deviation of pooled disease groups at baseline, with the observed effects of age, sex, and education removed. Truncated violin plots do not extend
past maximal values. Language and visuospatial function graphs’ y axes are cut at−7 for display purposes, excluding only a few participants for
language (FTD, n= 1; 1y-FTD, n= 1; 2y-AD/MCI, n= 1) and visuospatial function (1y-CVD, n= 1). 1y, 1-year; 2y, 2-year; AD/MCI, Alzheimer’s
disease/mild cognitive impairment; CVD, cerebrovascular disease; FTD, frontotemporal dementia; PD, Parkinson’s disease.
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SANCHEZ ET AL. 7

Total attrition in the entire sample was 10.6% at second visit, and

23.5% at third visit (Table 1 includes attrition breakdown by disease

group). Relative to baseline, the average interval until second visit was

12.2± 0.9 months (range: 10 to 17months), while the average interval

until third visit was 24.5 ± 1.3 months (range: 22 to 32 months). Early

withdrawals by participants were due to a few reasons (n compiled at

third visit): death (n = 8), inability to continue due to disease progres-

sion (n = 26), and other (n = 57), in addition to participants without

usable neuropsychological data (n= 22). “Other” reasons were the fol-

lowing: moved, study partner illness or death, study burden, medical

comorbidity, another trial, lost to follow-up, and withdrawn consent.

While age, sex, years of education, and plasma biomarker levels were

not significantly different in participants with and without follow-ups,

the latter group showedgreater impairments in cognitive function: par-

ticipants without any follow-ups had significantly worse attention and

working memory (t= −2.07, P = 0.044), executive function (t= −2.32,

P= 0.025), and visuospatial function (t=−2.10, P= 0.036) at baseline.

3.2 Pooled diseases regardless of given clinical
diagnosis

Across all neurodegenerative and cerebrovascular disease participants

pooled together, GFAP, NfL, and p-tau181 were found to be asso-

ciated with most cognitive domains at baseline (Figure 2, raw data

presented). Higher GFAP levels were significantly associated with

worse attention and working memory (B = −0.52, P < 0.001), execu-

tive function (B = −0.63, P < 0.001), memory (B = −0.61, P < 0.001),

and visuospatial function (B = −0.31, P = 0.036) scores. Higher NfL

levels were significantly associated with worse attention and work-

ing memory (B = −0.59, P < 0.001), executive function (B = −0.67,

P < 0.001), language (B = −0.49, P = 0.007), and memory (B = −0.41,

P = 0.008) scores. Higher p-tau181 levels were significantly associ-

atedwithworse executive function (B=−0.26, P= 0.036) andmemory

(B=−0.34, P= 0.005) scores.

Longitudinally, higher GFAP levels were significantly associated

with greater decline in attention and working memory (B = −0.014,

P < 0.001), executive function (B = −0.013, P < 0.001), language

(B = −0.018, P = 0.002), and visuospatial function (B = −0.020,

P = 0.001) scores. Higher NfL levels were significantly associated

with greater decline in attention and working memory (B = −0.014,

P = 0.002), executive function (B = −0.011, P = 0.004), language

(B=−0.023,P<0.001),memory (B=−0.011,P=0.016), and visuospa-

tial function (B = −0.018, P = 0.010) scores. Higher p-tau181 levels

were significantly associated with greater decline in attention and

working memory (B=−0.008, P= 0.016) scores. All coefficients and P

values for baseline and longitudinal cognitive composite score associa-

tionswith biomarkermeasureswere derived from a single linearmixed

effect model per cognitive domain and biomarker. Additional analyses

with global cognition, and sensitivity analyses accounting for kidney

and liver function, are presented in supporting information Sections 5

and 6 and Tables S5 and S6.

Regarding baseline independence in ADL (Figure 2), higher GFAP

levels were significantly associated with greater impairments in iADL

function (β = −0.16, P = 0.003), while higher NfL levels were signifi-

cantly associated with greater impairments in both bADL (β = −0.12,

P= 0.022) and iADL function (β=−0.21, P< 0.001).

3.3 AD/MCI

In the AD/MCI group, GFAP, NfL, and p-tau181 were found to be

associated with almost the same three cognitive domains at baseline

(Figure 3). Higher GFAP and NfL levels were significantly associated

with worse attention and working memory (B = −0.61, P = 0.011;

B = −0.60, P = 0.023; respectively), executive function (B = −0.75,

P= 0.002;B=−0.80, P= 0.002; respectively), andmemory (B=−0.71,

P = 0.005; B = −0.67, P = 0.016; respectively) scores. Higher p-

tau181 levels were significantly associated with worse executive

function (B = −0.44, P = 0.025) and memory (B = −0.54, P = 0.009)

scores.

Longitudinally, higher GFAP and NfL levels were significantly

associated with greater decline in attention and working memory

(B=−0.025, P< 0.001; B=−0.024, P= 0.003; respectively), executive

function (B = −0.027, P < 0.001; B = −0.024, P = 0.002; respectively),

language (B=−0.039, P < 0.001; B=−0.051, P < 0.001; respectively),

and visuospatial function (B = −0., P = 0.0; B = −0., P = 0.; respec-

tively) scores. Higher p-tau181 levels were significantly associated

with greater decline in attention and working memory (B = −0.012,

P = 0.026), executive function (B = −0.016, P = 0.003), and language

(B=−0.025, P= 0.004) scores. Lower Aβ42/40 was significantly associ-
ated with greater decline in executive function (B = 0.040, P = 0.034)

scores.

Regarding baseline independence in ADL (Figure 3), higher GFAP,

NfL, and p-tau181 levels were all significantly associated with greater

impairments in iADL function (β = −0.28, P = 0.004; β = −0.21,

P= 0.026; β=−0.21, P= 0.020; respectively).

3.4 PD

In the PD group, GFAP, NfL, and Aβ42/40 were found to be associated

withmany cognitive domains at baseline (Figure 4). HigherGFAP levels

were significantly associatedwithworse executive function (B=−0.57,

P = 0.039) scores. Higher NfL levels were significantly associated with

worse executive function (B = −0.86, P = 0.011) and visuospatial

function (B = −0.62, P = 0.012) scores. A statistically indeterminate

(0.05 < P < 0.1) association was also present between lower Aβ42/40
andworse visuospatial function (B= 0.94, P= 0.057) scores.

Longitudinally, higher GFAP and NfL levels were both significantly

associated with greater decline in attention and working memory

(B = −0.016, P = 0.028; B = −0.024, P = 0.011; respectively) and

memory (B = −0.025, P = 0.001; B = −0.043, P < 0.001; respectively)

scores.
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8 SANCHEZ ET AL.

F IGURE 2 Significant plasma biomarker associations with baseline cognitive domains and independence in activities of daily living across
pooled diseases regardless of given diagnosis. Age, sex, years of education, and APOE ε4 carrier status were accounted for in statistical models or at
initial computing of cognitive domain scores. Raw data are plotted and P values are derived from the combined group linear mixed effect models.
(A) Significant GFAP associations. (B) Significant NfL associations. (C) Significant p-tau181 associations. The gray area represents the 95%
confidence interval. APOE, apolipoprotein E; GFAP, glial fibrillary acidic protein; iADL, instrumental activities of daily living; NfL, neurofilament
light chain; p-tau, phosphorylated tau.
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SANCHEZ ET AL. 9

F IGURE 3 Significant plasma biomarker associations with baseline cognitive domains and independence in activities of daily living in AD/MCI.
Age, sex, years of education, and APOE ε4 carrier status were accounted for in statistical models or at initial computing of cognitive domain scores.
Raw data are plotted and P values are derived from the AD/MCI group linear mixed effect models. (A) Significant GFAP associations. (B) Significant
NfL associations. (C) Significant p-tau181 associations. The gray area represents the 95% confidence interval. AD/MCI, Alzheimer’s disease/mild
cognitive impairment; APOE, apolipoprotein (E) GFAP, glial fibrillary acidic protein; iADL, instrumental activities of daily living; NfL, neurofilament
light chain; p-tau, phosphorylated tau.
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10 SANCHEZ ET AL.

F IGURE 4 Significant plasma biomarker associations
with baseline cognitive domains and independence in
activities of daily living in PD. Age, sex, years of education,
and APOE ε4 carrier status were accounted for in statistical
models or at initial computing of cognitive domain scores.
Raw data are plotted and P values are derived from the PD
group linear mixed effect models. (A) Significant NfL
associations. (B) Significant GFAP associations. (C)
Significant Aβ42/40 associations. The gray area represents
the 95% confidence interval. Aβ, amyloid beta; APOE,
apolipoprotein (E) GFAP, glial fibrillary acidic protein; iADL,
instrumental activities of daily living; NfL, neurofilament
light chain; PD, Parkinson’s disease; p-tau, phosphorylated
tau.

Regarding baseline independence in ADL (Figure 4), higher GFAP

levels were significantly associated with greater impairments in iADL

function (β = −0.20, P = 0.042), while higher NfL levels were signifi-

cantly associated with greater impairments in both bADL (β = −0.27,

P= 0.004) and iADL function (β=−0.32, P< 0.001).

3.5 FTD spectrum disorders

In the FTD group, while Aβ42/40 was associated with language

(B = 6.95, P = 0.040) scores at baseline, this association disappeared

whenexcluding extreme cognitive outliers (n=2). Longitudinally, lower
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SANCHEZ ET AL. 11

F IGURE 5 Significant plasma biomarker associations with baseline cognitive domains and independence in activities of daily living in CVD.
Age, sex, years of education, and APOE ε4 carrier status were accounted for in statistical models or at initial computing of cognitive domain scores.
Raw data are plotted and P values are derived from the CVD group linearmixed effect models. (A) Significant GFAP associations. (B) Significant NfL
associations. (C) Significant p-tau181 associations. The gray area represents the 95% confidence interval. APOE, apolipoprotein E; CVD,
cardiovascular disease; GFAP, glial fibrillary acidic protein; iADL, instrumental activities of daily living; NfL, neurofilament light chain; p-tau,
phosphorylated tau.

Aβ42/40 was significantly associatedwith less decline in executive func-
tion (B = −0.15, P = 0.031) scores. Regarding baseline independence

in ADL, no significant associations were found.

3.6 CVD

In the CVD group, higher GFAP levels were significantly associated

with worse attention and working memory (B = −0.42, P = 0.030)

and executive function (B = −0.45, P = 0.044) scores at baseline

(Figure 5). A statistically indeterminate (0.05 < P < 0.1) association

was also present between higher p-tau181 levels and worse memory

(B = −0.32, P = 0.062) scores. No significant associations were found

between plasma biomarkers and longitudinal change in any cognitive

domains. Regarding baseline independence in ADL, higher NfL lev-

els were significantly associated with greater impairments in iADL

function (β=−0.22, P= 0.015; Figure 5).

4 DISCUSSION

We demonstrated the association of plasma GFAP, NfL, p-tau181, and

Aβ42/40 with performance on several cognitive domains at baseline,

domain-specific cognitive decline over time, and functional indepen-

dence inADLs across neurodegenerative and cerebrovascular diseases

in the clinical, multi-site ONDRI cohort. A simplified summary of the

associative value of these plasma biomarkers in our sample is pre-

sented in Figure 6. We also described the elevation in levels of GFAP,
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12 SANCHEZ ET AL.

F IGURE 6 Simplified summary of the associative value of plasma biomarkers with outcomemeasures in theONDRI sample. Black dot:
significant associations with two ormore cognitive domains, at baseline or longitudinally, or significant associations with any functional
independence scale. Crosshatched dot: significant or statistically indeterminate (P< 0.1) association with one cognitive domain, at baseline or
longitudinally. The five cognitive domains are: attention andworkingmemory, executive function, language, memory, visuospatial function. The
ADLs category includes % of independence in basic and/or instrumental ADLs. Aβ, amyloid beta; ADLs, activities of daily living; AD/MCI,
Alzheimer’s disease/mild cognitive impairment; CVD, cardiovascular disease; FTD, frontotemporal dementia; GFAP, glial fibrillary acidic protein;
iADL, instrumental activities of daily living; NfL, neurofilament light chain; ONDRI, Ontario Neurodegenerative Disease Research Initiative; PD,
Parkinson’s disease; p-tau, phosphorylated tau.

NfL, and/or p-tau181 across all of these diseases compared to a

healthy aging cohort. These results are key tounderstanding thepoten-

tial utility of novel plasma biomarkers to characterize participants

with diverse clinical presentations or dementia pathology for better

prognosis andmonitoring in specialized clinics and in clinical trials.

4.1 Plasma GFAP and NfL

We found higher levels of both plasma GFAP and NfL to be broadly

associated with worse outcomes for most baseline cognitive domains,

for cognitive decline, and for loss of functional independence in the

pooled cohort of all diseases, which appeared to be driven mostly by

the AD/MCI and PD cohorts in which similar associations were found.

In contrast, sparse associations were found for both plasma GFAP and

NfL in the CVD cohort, and none in the FTD cohort. GFAP is a marker

of astrogliosis, a known pathological process of multiple neurodegen-

erative diseases, and has been shown to be elevated in AD/MCI, PD,

and some forms of FTD.37–39 Similarly, NfL is a marker of neuroax-

onal injury, and has been shown to be elevated in these diseases as

well.8,40–42 A few studies have shown an increase in these two plasma

biomarkers along with the stage of the disease, from cognitively nor-

mal to MCI to dementia.8,9,38,42–46 As such, our broad results are in

keeping with the idea that GFAP and NfL are not specific to a single

neurodegenerative disease process, and support some neuropatholog-

ical overlap across these diseases, especially in AD/MCI and PD. Other

studies have also investigated the association of GFAP and NfL with

cognition, albeit predominantly with screening tools of global cogni-

tion (e.g., Mini-Mental State Examination [MMSE], MoCA), and have

found elevated GFAP to be associated with worse baseline cognition

or cognitive decline in AD/MCI,10,47 PD or other synucleinopathies,38

or FTD,37,48 while others did not.10,49 Similarly, studies have found ele-

vated NfL to be associated with worse cognition or cognitive decline in

AD/MCI,8,10,42,50 PD or other synucleinopathies,44–46,50–53 or FTD,54

while others did not.10,47–49,53,55

While the absence of findings with GFAP or NfL in the FTD cohort

may be a true finding, the FTD cohort is considerably smaller than the

other disease cohorts. Therefore, we would need large effect sizes for
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SANCHEZ ET AL. 13

associations to be detectable in these multivariable linear models,16

raising the possibility that false negative findings are present, given

that cognitive decline is one of the last observable changes in neu-

rodegenerative trajectories. Furthermore, the FTD spectrum contains

immense heterogeneity, both in terms of underlying predicted pathol-

ogy and clinical presentations.56 Our FTD cohort contained a wide

spectrum of predominantly sporadic subtype diagnoses, including

behavioral variant FTD, progressive supranuclear palsy, progressive

non-fluent aphasia, semantic dementia, and corticobasal syndrome,

which may interact with the relationship between plasma biomarkers

and cognition. This lack of a finding highlights the need for large FTD

cohorts that can investigate effects in the different subtypes of the

FTD spectrum. For example, studies from large genetic FTD-centered

initiatives have shown that GFAP is only elevated in familial FTD due

to progranulin (GRN) mutations,37 which is a TDP43 proteinopathy,

and similarly, that NfL levels have different trajectories over time, with

faster increases inGRNmutation carriers.40

4.2 Plasma p-tau181 and Aβ42/40

Regarding AD-related plasma biomarkers, we found higher levels of

plasmap-tau181 to be predominantly associatedwithworse outcomes

for most cognitive domains, for cognitive decline, and for functional

independence in the AD/MCI cohort, but also in the pooled disease

group regardless of diagnosis. As p-tau181 is a specific marker of

AD brain pathology and has been shown to discriminate AD from

other non-AD neurodegenerative diseaseswith high accuracy,5,7 these

AD/MCI–specific results were expected. Others have shown evidence

of similar associations with global cognition in the AD/MCI spec-

trum and of p-tau181’s predictive value for progression from MCI

to dementia.57 Regarding levels of plasma Aβ42/40, overall we found

very few associations with baseline cognition or cognitive decline, in

keepingwith the (A)myloid/(T)au/(N)eurodegeneration frameworkand

related research showing that Aβ has finished depositing before symp-

tomatic stages of the diseases.58,59 Aβ42/40 might be a more relevant

biomarker before clinical onset, as further changes are less expected in

our sample of clinically diagnosed participants; a recent study demon-

strated that the largest changes in plasma Aβ42/40 preceded brain

amyloid positivity by decades.60 It should also be considered that

immunoassays for Aβ42/40, including Simoa assays, have been shown

to have lower performance and predictive value than mass spectrom-

etry methods.61,62 Still, in the PD cohort, and consistent with other

studies,49,55,63 we report a notable statistically indeterminate associ-

ation between lower Aβ42/40 ratio and worse cognition. As decreased

Aβ42/40 ratio is a marker of early AD pathology, we can surmise that

PD participants with lower Aβ42/40 ratio may have had early AD

co-pathology andwere thereforemore cognitively impaired.

While no significant associations were present between the levels

of p-tau181 and cognitive outcomes in the CVD cohort, we found

a notable statistically indeterminate association between higher

p-tau181 levels and worse memory performance, which may be

reflecting underlying AD co-pathology in some of these participants.

Additionally, p-tau181 average levels in the CVD cohort were ele-

vated compared to HCs, and for some participants were as elevated

as the AD/MCI cohort, aligning with this hypothesis. This also is

consistent with the often-reported concomitant presence of AD and

cerebrovascular pathology.12,14 We also have to consider that small

vessel disease as identified by T2 changes on MRI is heterogeneous,

as its etiology can include any combination of cerebrovascular factors,

venous collagenosis,64,65 and cerebral amyloid angiopathy (CAA, an

AD-related vasculopathy).66,67 Therefore, the statistically indeter-

minate association between elevated p-tau181 and greater memory

decline in the CVD cohort may be indicative of CVD pathology driven

by CAA, which could be more harmful to cognition. Indeed, a previous

study hypothesized that CAA might be the most likely etiology of

small vessel disease in APOE ε4 carriers and may have a multiplicative

detrimental effect on cognition compared to non-carriers, supporting

this hypothesis.66

4.3 Strengths and limitations

Wenote two overall strengths of our study. First is theONDRI cohort’s

multiple well-phenotyped disease diagnostic groups, with harmonized

testing and processing protocols throughout, which allow valid com-

parisons among disease cohorts. Second, the assessment of cognitive

domains with yearly comprehensive neuropsychological batteries and

of valid functional independence assessments by study partners repre-

sent a considerable strength compared to screeningmeasures of global

cognition that lack granularity and sensitivity, but which have been

usedmuchmore commonly due to ease of access and administration.

We also acknowledge a few limitations of our study. First, we did

not have PET, CSF, or autopsy-confirmed diagnoses of AD pathology,

which makes it more probable that participants had unknown mixed

pathology contributing to their assigned clinical diagnosis, reflecting

a very common clinical reality. As elevated p-tau181 levels were found

in non-AD neurodegenerative diseases, although at about half the

rate found in AD, it is likely that some AD co-pathology was present in

these cohorts. Second, we acknowledge the lack of diversity within the

ONDRI cohort, with themajority (>80%) being of European descent,16

which may potentially limit the generalizability of our findings to other

ethnicities. Third, the unbalanced number of diagnoses might also

bias the associations found in the pooled cohort analyses. Finally,

although our longitudinal results are novel, they are limited by the

2-year follow-up timeframe, which is a relatively narrow window

into the disease continuum of dementia, and by asymmetric attrition

possibly introducing a positive bias in subsequent yearly cognitive

assessments.

5 CONCLUSION

Altogether, we present a comprehensive assessment of the asso-

ciations among plasma biomarkers and detailed cognitive domains,

longitudinal cognitive decline, and functional independence in ADLs
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14 SANCHEZ ET AL.

across multiple common neurodegenerative and cerebrovascular dis-

eases. All plasma biomarkers showed some utility in predicting these

outcomes,withGFAPandNfLbeing highly effective regardless of given

diagnosis, and p-tau181 being highly effective mostly in the AD/MCI

population. P-tau181 and/or Aβ42/40 ratio may still help identify mixed

pathologies, especially in the PD or CVD populations.
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APPENDIX
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