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Abstract

BACKGROUND: Alzheimer’s disease (AD) biomarkers can help differentiate cogni-

tively unimpaired (CU) individuals frommild cognitive impairment (MCI) anddementia.

The role of AD biomarkers in predicting cognitive impairment and AD needs examina-

tion.

METHODS: In 628 CU individuals from a multi-ethnic cohort, amyloid beta (Aβ)42,
Aβ40, phosphorylated tau-181 (p-tau181), glial fibrillary acidic protein (GFAP), and

neurofilament light chain (NfL) weremeasured in plasma.

RESULTS: Higher baseline levels of p-tau181/Aβ42 ratio were associated with an

increased risk of incident dementia. A biomarker pattern (with elevated Aβ42/Aβ40
but low p-tau181/Aβ42) was associated with decreased dementia risk. Compared

to CU, participants who developed MCI or dementia had a rapid decrease in this

protective biomarker pattern reflecting AD-specific pathological change.

DISCUSSION: Elevated levels of AD biomarker p-tau181/Aβ42, by itself or combined

with a low Aβ42/Aβ40 level, predicts clinically diagnosed AD. Individuals with a rapid

change in these biomarkers may need close monitoring for the potential downward

trajectory of cognition.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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Highlights

∙ Wediscuss amulti-ethnic, urban community study of elderly individuals.

∙ The study consisted of a longitudinal assessment over 6 years with repeated clinical

assessments.

∙ The study used blood-based biomarkers as predictors of mild cognitive impairment

and Alzheimer’s disease.

1 BACKGROUND

Blood-based biomarkers for Alzheimer’s disease (AD), including amy-

loid beta (Aβ), tau, neurofilament light chain (NfL), and glial fibrillary

acidic protein (GFAP), circulating molecular signatures of the amy-

loid, tau, andneurodegeneration (ATN) and inflammation, support their

use in research and in clinical settings.1 Compared to cerebrospinal

fluid (CSF) and positron emission tomography (PET) biomarkers,2,3

blood-based biomarkers are less invasive, easily accessible, less expen-

sive, and more suitable for large epidemiological studies and clinical

trials. Potential clinical applications of these blood-based biomark-

ers include application in diagnosis, disease monitoring and prognosis,

treatment management, screening, early detection, as well as risk

prediction.4

To date, much of the research on blood-based biomarkers has

focused on their diagnostic value in research and in specialized

settings.5–12 Data from highly selected participants have been used

for developing optimal thresholds for cut points, based on the pres-

ence or absence of AD pathology in autopsy or amyloidosis in PET

imaging as gold standards.13–16 However, to date, no universally

standardized and validated diagnostic cut points have been estab-

lished, nor have blood-based biomarkers been widely used to monitor

the disease progression or evaluate treatment responses. In addi-

tion to these applications, blood-based biomarkers could also aid in

the identification of cognitively unimpaired (CU) individuals at risk of

developing dementia. Blood-based biomarkers may also be of value

as antecedent risk factors in prediction of mild cognitive impair-

ment (MCI) and AD and related dementias (ADRD) in asymptomatic

individuals.

ADRD is known to have a long preclinical phase. Many of the

neuropathological brain imaging changes occur during this preclin-

ical stage. Thus, longitudinal changes in biomarker levels in large,

population-based, ethnically diverse cohorts would augment the value

of blood-based biomarkers. Here, we examined whether blood-based

biomarkers measured before the onset of clinical symptoms can pre-

dict the development of clinically diagnosedMCI or AD. This approach

would help identify individuals at risk for disease-modifying treat-

ments, augment studies examining biological mechanisms by identify-

ing critical biomarker targets, and help identify modifiable factors that

work through these biomarkers to delay the onset of the disease.

Using data from the Washington Heights–Hamilton Heights–

Inwood Columbia Aging Project (WHICAP) study, a longitudinal

community-based, multi-ethnic population of older adults, we exam-

inedwhether the initialmeasurement of blood-basedbiomarkers could

predict subsequentMCIorADdiagnosis.Wealso investigatedwhether

the rate of change in blood-basedbiomarkers over timediffered among

cognitively unimpaired individuals and those with newly diagnosed

MCI or AD.

2 METHODS

2.1 Study population

WHICAP is amulti-ethnic, community-based, prospective cohort study

of clinical and genetic risk factors for dementia. Three waves of indi-

viduals were recruited in 1992, 1999, and 2009 in WHICAP, all using

similar study procedures.17,18 Briefly, participants were recruited as

representatives of individuals living in the communities of northern

Manhattan and were ≥ 65 years. At the study entry, each person

underwent a structured interview of general health and function,

followed by a comprehensive assessment including medical, neurolog-

ical, and psychiatric histories, and standardized physical, neurologi-

cal, and neuropsychological examinations. Individuals were followed

every 18 to 24 months, repeating examinations that were similar to

baseline.

The institutional review boards of Columbia University gave ethi-

cal approval for this work. All participants provided written informed

consent.

For this specific analysis, we selected individuals when they met

the following criteria: (1) indicated that they had not been diagnosed

with AD or a related disorder at the initial interview; (2) had at least

three blood samples at three different study follow-up visits; and (3)

after each WHICAP follow-up visit had a clinical diagnosis of being

CU, MCI,19 or dementia.20 All individuals had three clinical visits

that included blood sampling for biomarkers. For individuals whose
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diagnosis status changed over the WHICAP clinical follow-up visits,

the baseline visit, the incident MCI or dementia visit, and a third visit

were selected. For participants remaining CU through the follow-up,

the baseline, themost recent, and amiddle visit were chosen.

2.2 Cognitive assessment and clinical diagnosis of
AD

At each WHICAP visit, individuals underwent a standardized neu-

ropsychological battery21 administered either in English or Spanish

at baseline and each follow-up visit. Composite z scores for four cog-

nitive domains (memory, language/executive, speed, and visuospatial)

were calculated based on a factor analysis using principal axis factoring

andoblique rotation21 onneuropsychological test scores. The resulting

factor structure and factor loadings were invariant across English and

Spanish speakers.22

All diagnoses were made in a diagnostic consensus conference

attended by a panel consisting of at least one neurologist and one neu-

ropsychologist with expertise in dementia diagnosis, using results from

the neuropsychological battery and evidence of impairment in social

or occupational function. All-cause dementia was determined based

on Diagnostic and Statistical Manual of Mental Disorders, 4th Edi-

tion criteria.20 Furthermore, we used the criteria from the National

Institute of Neurological and Communicative Disorders and Stroke—

Alzheimer’s Disease and Related Disorders Association to diagnose

probable or possible AD.23 Incident dementia was identified when the

participants were clinically diagnosed with dementia for the first time

during follow-up among those who did not have dementia at baseline.

For participants without dementia, MCI was assigned, as previously

described,19 if the participant had memory complaints, had cognitive

impairment in one or more cognitive domains, but with preserved

activities of daily living. For all analyses,we combinedMCIwith demen-

tia patients first and then examined the incident MCI and dementia

separately compared to CU.

2.3 Plasma biomarkers

Blood samples were collected by standard venipuncture in dipotas-

sium ethylenediaminetetraacetic acid tubes. Plasma was prepared by

centrifugation at 2000 × g for 15 minutes at 4◦C within 2 hours after

collection, aliquoted in polypropylene tubes, and frozen and stored at

−80◦C. Blood for DNA extraction was also collected, and apolipopro-

tein E (APOE) genotyping was performed at LGC Genomics and CD

Genomics.

Plasma biomarker assays were performed between April 2022 and

November 2022 using the single molecule array technology Quanterix

Simoa (single molecule array)24 HD-X platform (Quanterix). Samples

were diluted and assayed in duplicate per package insert instructions

using three Quanterix kits: Neurology 3-Plex A (catalog No. 101995)

for Aβ42, Aβ40, and total tau (t-tau); P-tau181 V2 Advantage (cata-

log No. 103714) for tau phosphorylated at threonine 181 (p-tau181);

RESEARCH INCONTEXT

1. Systematic review: Few studies have evaluated the clin-

ical application of Alzheimer’s disease (AD) blood-based

biomarkers longitudinally as antecedent risk predictors.

Data from multi-ethnic populations are even more lim-

ited.Howpreclinical trajectories of blood-basedbiomark-

ers are related to the risk of developing clinically diag-

nosed mild cognitive impairment (MCI) or AD is largely

unknown.

2. Interpretation: High circulating levels of phosphorylated

tau 191 (p-tau181)/amyloid beta (Aβ)42, by itself or

combined with a low level of Aβ42/Aβ40, may predict

development of incident clinical AD. Biomarkers levels of

p-tau181, p-tau181/Aβ42, and neurofilament light chain

increase with age even among individuals who remain

cognitively healthy. A rapid change in biomarkers may

indicate the individuals in the active trajectory to develop

clinically diagnosedMCI or AD.

3. Future directions: Larger studies or meta-analyses

are needed to examine whether the predictive util-

ity of blood-based biomarkers for AD differs across

racial/ethnic groups. Well-designed studies are needed

to evaluate the optimal duration between repeated

measures of biomarkers.

and Neurology 2-Plex B (catalog No. 103520) for NfL andGFAP. Quan-

tification functional lower limits for these analytes are 2.7 for Aβ40,
0.6 for Aβ42, 0.3 for t-tau, 0.3 for p-tau181, 0.8 for NfL, and 16.6 for

GFAP, all in pg/mL. More than 5000 assays were conducted for these

analytes, and mean coefficients of variation (CV%) are ≤ 5%. Ratios of

Aβ42/Aβ40 and p-tau181/Aβ42 were calculated. Based on the litera-

ture, we a priori decided to focus on p-tau181,25 neurodegeneration

marker NfL,10,26,27 neuroinflammatory reactive astrogliosis marker

GFAP,28 Aβ42/Aβ40,29–31 and P-tau181/Aβ42,32 while Aβ42, Aβ40,
and t-tau were not investigated due to their limited value.33,34

2.4 Covariates

Demographic data including age (years), sex (women, men), and ethnic

group (White non-Hispanic, Black, Hispanic, and others), and educa-

tion (years), were collected at the initial interview. APOE ε4 genotype

was defined based on the presence (either one or two) of ε4 alleles.

We examined the most prevalent individual traits and comorbidities,

including hypertension, diabetes, heart disease, depression, and arthri-

tis, based on self-reported medical history and/or current medication

use. Subjects who had ever smoked one or more cigarettes per day

for a period of ≥ 1 year were regarded as smokers.35 Body mass index

(BMI)was calculated asweight in kilograms divided by height inmeters
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4 GU ET AL.

squared, withweight and heightmeasured at the clinical visits, andwas

subsequently categorized into underweight or normal (<25 kg/m2),

overweight (≥25 kg/m2 and<30 kg/m2), or obese (≥30 kg/m2).

In a subset sample of the study, we measured plasma creatinine

using a kinetic colorimetric assay on an automated analyzer (Roche

Integra 400 plus) at the Clinical Research Resource lab in the Irving

Institute for Clinical and Translational Research, Columbia Univer-

sity Irving Medical Center. A creatinine level ≥ 1.3 mg/dL for men

or ≥ 1.0 mg/dL for women was considered an indication of renal

dysfunction.36

2.5 Statistical analysis

Descriptive statistics for individual demographic and clinical character-

istics and plasma biomarker levels were compared among CU, incident

MCI, and incident AD participants using χ2 for categorical variables

and Kruskal–Wallis tests or analysis of variance (ANOVA) for contin-

uous variables. Because the distributions of biomarkers were skewed,

log-transformed biomarker levels were used in the analyses. For bet-

ter visualize the biomarker levels, Z scores of the log-transformed

biomarkers were used so the effect sizes could be compared among

the biomarkers. Pearson’s correlations among the biomarkers as well

as age, education, and BMI were examined. Biomarker levels were

also compared between men and women, APOE ε4 carriers and non-

carriers, and across ethnicity groups using ANOVA.

WeusedCox proportional hazardmodels to examinewhether base-

line biomarker level could predict clinically diagnosedMCI andAD. The

time variable was defined as the duration from the baseline to the last

follow-upblood collection dates for controls, and the duration from the

baseline to the incident MCI/AD diagnosis for those who developed

MCI/AD. Analyses were adjusted for age, education, sex, and ethnic

group (model 1). Inmodel 2,APOE ɛ4 status, andCharlsonComorbidity

Index (CCI) were additionally adjusted. The individual biomarkers (p-

tau181, NfL, GFAP, Aβ42/Aβ40, and pP-tau181/Aβ42 ) were included

in Coxmodels separately. Similar analyses were performed to examine

the risk of incident MCI (incident AD was censored) and incident AD

separately.

We used generalized estimating equations (GEE) models with

repeated biomarker measures as outcomes to examine whether levels

changed over time and whether individuals with incident MCI/AD and

CU had different rates of change in plasma biomarkers. We used the

duration from the baseline to the follow-up blood collection dates as

the time variable. Models were adjustedwith the same covariates as in

the Cox models. Similar analyses were performed to examine the dif-

ference between CU and incident MCI, and between CU and incident

AD separately. Similar GEE models were also used to explore factors

that are associated with rates of biomarker change over time among

CU participants.

We performed supplementary analyses to assess the combined

effects of biomarkers6 as a predictor of disease status. We performed

principal component analysis (PCA) on the correlation matrix of NfL,

GFAP, Aβ42/Aβ40, and p-tau181/Aβ42. The number of patterns to be

retainedwas determined by eigenvalues> 1.0, scree plot, parallel anal-

ysis, and interpretability of the factors.We performed the PCA at each

visit separately. We considered biomarkers with an absolute factor

loading value ≥ 0.30 on a pattern as dominant biomarkers contribut-

ing to that biomarker pattern. The patterns derived from the three

visit-specific PCAs were similar, each having the first two patterns

(PCA1 and PCA2) retained, which explained a total of 66%, 71%, and

71% variations of all the four biomarkers for visit 1, 2, and 3, respec-

tively. For all visits, NfL (loadings 0.85), GFAP (loadings 0.81 to 0.87),

and p-tau181/Aβ42 (loadings 0.36–0.48) had positive loadings for the

first pattern (PCA1), while Aβ42/Aβ40 had a positive loading (loadings
around 0.9) and p-tau181/Aβ42 had a negative loading (−0.3 to −0.7)

for PCA2 (Table S1 in supporting information). Each person received

a pattern score (i.e., a linear combination of biomarker weighted by

factor loadings) for each identified biomarker pattern. Thus, a higher

PCA1 score would indicate a higher likelihood of neuronal injury, neu-

roinflammatory andneurodegenerative profile,37,38 and ahigherPCA2

score, in contrast, would indicate a lower likelihood of AD-specific

pathological changes.Weused thePCA1andPCA2 scores in the above

Cox and GEE models to examine their predicting roles for AD and/or

MCI.

Sensitivity analyses were performed to limit the GEE analysis to the

pre-diagnosis visits only. We excluded samples with CV% larger than

15% in sensitivity analyses. Insteadof using theCCI,we simultaneously

included the prevalent individual diseases or conditions (hyperten-

sion, diabetes, heart disease, arthritis, depression, and smoking) in the

adjusted Cox or GEE models. We performed interaction analysis to

examine whether the associations differed by ethnicity, sex, and APOE

ɛ4 status.
Two-sided statistical tests were conducted, and P < 0.01 with

Bonferroni correction for multiple comparison (5 biomarkers: p-

tau181, NfL, GFAP, Aβ42/Aβ40, and p-tau181/Aβ42) was consid-

ered statistically significant. Statistical analyses were conducted with

SPSS.

3 RESULTS

3.1 Descriptive analysis

The current study included the first 628 CU individuals selected from

eligible WHICAP participants who met the above criteria. At visit 2,

which was on average 3.6 years from the baseline, 126 (20% of 628)

converted fromCU toMCI by clinical diagnosis, 16 (2.5%) converted to

AD by clinical diagnosis, and 486 (77%) remained to be CU; at visit 3,

which was 6.96 years from the baseline, an additional 72 (15% of 486)

CU had converted to MCI, 8 (1.6% of 486) converted to AD from CU,

and33 (26%of 126)MCI further converted toAD.Overall, 165 (26%of

628) individuals developedMCI, 57 (9%) developed AD, and 406 (65%)

remained CU during an average 6.96 (standard deviation [SD] = 3.07)

years of follow-up. A total number of 585 (380, 151, 53 of CU,MCI, AD,

respectively) had blood draws from all three visits, but 43 (7%; 26, 13,

4 of CU, MCI, AD, respectively) had two samples only as one of their

 15525279, 0, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.13652 by C

olum
bia U

niversity L
ibraries, W

iley O
nline L

ibrary on [30/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



GU ET AL. 5

F IGURE 1 Z scores of the log-transformed blood-based
biomarkers of Alzheimer’s disease at different visits, among
cognitively unimpaired, incident mild cognitive impairment (MCI), and
incident Alzheimer’s disease (Dem). Mean (95% confidence interval
[CI]) of the biomarker levels (Y axis) at visits 1, 2, and 3 (X axis), in
cognitively unimpaired, incidentMCI, and incident dementia
participants. Z scores of the log-transformed biomarker levels are
presented for the convenience of presentation. Blue represents Log10
p-tau181, green represents Log10 NfL, red represents Log10 GFAP,
orange represents Log10 Aβ42/Aβ40, and brown represents Log10
p-tau181/Aβ42. Aβ, amyloid beta; GFAP, glial fibrillary acidic protein;
NfL, neurofilament light chain; p-tau, phosphorylated tau.

samples was degraded and could not be used to measure biomarker

concentrations reliably.

The mean age of individuals at the initial visit was 73.4 (SD = 5.6)

years, 427 (67.9%)werewomen, and20.4%carried one or twoAPOE ɛ4
alleles. Individuals self-identified as non-HispanicWhite (27.7%), Black

(25%),Hispanic (45.2%), or non-Hispanic peoplewhodid not identify as

White or Black (2.1%).

Compared toCU individuals, thosewhodevelopedeitherMCIorAD

were older; were more likely to be Hispanic; had more comorbidities

(specifically, hypertension and arthritis); and had higher levels of p-

tau181,NfL,GFAP, andhigherp-tau181/Aβ42. Therewasnodifference
in the level of Aβ42/Aβ40 (Table 1).

At baseline, there were strong positive correlations among p-

tau181, NfL, GFAP, and p-tau181/Aβ42, but they were not correlated
withAβ42/Aβ40 except for the negative correlation between p-tau181
and Aβ42/Aβ40 (Table 2). At baseline, those who were older and those
who had more comorbidities had higher biomarkers levels, with the

exception of Aβ42/Aβ40 (Table 2). Women had higher levels of NfL

(P = 0.007) and GFAP (P < 0.001) than men. APOE ɛ4 carriers had

higher level of p-tau181/Aβ42 (P = 0.024) than non-carriers. Hispan-

ics had a lower level of p-tau181 (P=0.008) thanWhite non-Hispanics,

and Black individuals had lower level of NfL thanWhite non-Hispanics

(P= 0.046).

Figure 1 shows the log transformed z scores for each biomarker, and

Figure 2 illustrates the two patterns (PCA1 and PCA2) derived from

the PCAs over time at each visit. Examining the repeated measures

of biomarkers among CU participants, levels of p-tau181 (b = 0.010,

F IGURE 2 Two patterns (PCA1 and PCA2) derived from principal
component analyses of the blood-based biomarkers at the three
clinical visits over the period of follow-up. Mean (95% confidence
interval [CI]) of the biomarker pattern scores (Y axis) at visits 1, 2, and
3 (X axis), in cognitively unimpaired, incident mild cognitive
impairment (MCI), and incident dementia (Dem) participants. Blue
represents PCA1, and green represents PCA2.

P< 0.001), NfL (b= 0.018, P< 0.001), and GFAP (b= 0.015, P< 0.001)

increased during follow-up, adjusting for baseline age. Adjusting for

baseline age, women had slower increase in p-tau181 (β for interaction
female x time=−0.012, P= 0.002), and Black and Hispanic individuals

had faster increase than White non-Hispanics in NfL (β for Hispanic x
time=0.010,P=0.006;β forBlackx time=0.015,P=0.002) andPCA1

(β for Hispanic x time = 0.043, P = 0.004; β for Black x time = 0.048,

P= 0.010), and APOE ɛ4 carriers had faster increase in p-tau181 ((β for
interaction APOE x time= 0.011, P= 0.032).

3.2 Longitudinal association of the baseline
blood-based biomarkers with clinically diagnosed
incident MCI/AD

In Cox models adjusted for age, sex, ethnic group, and education

(Table 3, Model 1), we found higher baseline levels of p-tau181 (haz-

ard ratio [HR] = 4.77, 95% confidence interval [CI] = 1.52–14.95,

P = 0.007) and p-tau181/Aβ42 ratio (HR = 2.94, 95% CI = 1.50–5.78,

P = 0.002) were associated with increased risk of developing incident

AD by the clinical diagnosis. Additionally adjusting for APOE ɛ4 sta-

tus and CCI, the significant association remained for p-tau181/Aβ42
(HR = 3.13, 95% CI = 1.43–6.87, P = 0.004) but the association

for p-tau181 was attenuated (HR = 2.88, 95% CI = 0.79–10.56,

P = 0.11; Table 3, Model 2). While other biomarkers did not reach

significance, their associations with AD risk were all in the expected

direction (Table 3, Model 2). In the supplementary analyses, the PCA1

(HR=1.50, 95%CI=1.12–2.01,P=0.006, Table 2,Model 1) andPCA2

(HR=0.66, 95%CI=0.49–0.88,P=0.005, Table 3,Model 1)were both

associated with incident AD inModel 1, and similar results were found

inModel 2.
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TABLE 1 Characteristics of the study participants according to the disease outcome during follow-up.

Cognitively

unimpaired IncidentMCI Incident AD Total

(N= 406) (N= 165) (N= 57) (N= 628) P*

Age (years), mean (SD) 71.8 (5.00) 75.7 (5.04) 78.2 (5.92) 73.4 (5.58) <0.0001

Duration of storage time, mean (SD) 15.54 (7.7) 20.70 (9.58) 21.97 (9.22) 17.48 (8.75) <0.0001

Duration between visit 1 and 2, mean (SD) 3.16 (1.64) 4.40 (2.86) 4.26 (2.29) 3.58 (2.16) <0.0001

Duration between visit 1 and 3, mean (SD) 6.35 (2.77) 8.03 (3.41) 8.21 (2.93) 6.96 (3.07) <0.0001

Duration of follow-up time for disease

outcome, mean (SD)

6.16 (2.73) 8.03 (4.45) 6.91 (2.87) 6.72 (3.38) <0.0001

Female, N (%) 275 (67.7) 112 (67.9) 40 (70.2) 427 (68.0) 0.933

Race/ethnicity, N (%) <0.0001

Non-HispanicWhite 153 (37.7%) 17 (10.3%) 4 (7.0%) 174 (27.7%)

Non-Hispanic Black 112 (27.6%) 39 (23.6%) 6 (10.5%) 157 (25.0%)

Hispanic 129 (31.8%) 108 (65.5%) 47 (82.5%) 284 (45.2%)

Others 12 (3%) 1 (0.6%) 0 (0%) 13 (2.1%)

APOE ɛ4 carrier, N (%) 72 (17.7%) 28 (17.0%) 16 (28.1%) 116 (18.5%) 0.036

Baseline biomarker levels:

P-tau181 (pg/mL), median [IQR] 2.14 [1.65-2.90] 2.16 [1.62-3.03] 2.78 [1.86-3.71] 2.22 [1.69-2.98] 0.003

Geometric mean (SD) 2.187 (1.667) 2.088 (2.090) 2.770 (1.631) 2.208 (1.790) 0.005

NfL (pg/mL), median [IQR] 17.5 [13.1-24.7] 19.8 [14.8-26.8] 24.3 [16.7-30.6 18.2 [13.7-25.9] <0.0001

Geometric mean (SD) 18.104 (1.625) 20.203 (1.590) 23.466 (1.620) 19.077 (1.626) <0.0001

GFAP (pg/mL), median [IQR] 138 [102-190] 158 [112-215] 193 [126-261] 147 [106-206] 0.001

Geometric mean (SD) 140.990 (1.666) 155.200 (1.619) 175.181 (1.693) 147.470 (1.663) 0.004

Aβ42/Aβ340, median [IQR] 0.044 [0.038-0.051] 0.045 [0.041-0.052] 0.044 [0.038-0.047] 0.044 [0.039-0.0519] 0.077

Geometric mean (SD) 0.044 (1.362) 0.048 (1.577) 0.044 (1.306) 0.045 (1.421) 0.014

P-tau181/Aβ42, median [IQR] 0.332 (0.536) 0.365 (0.666) 0.855 (3.15) 0.387 (1.10) <0.0001

Geometric mean (SD) 0.235 (1.966) 0.244 (2.099) 0.384 (2.312) 0.248 (2.057) <0.001

Serum creatinine (mg/dl), mean (SD) 0.995 (0.347) 1.21 (0.844) 1.07 (0.341) 1.05 (0.505) 0.058

Charlson Comorbidity Index, mean (SD) 1.97 (1.45) 2.34 (1.50) 2.75 (1.53) 2.13 (1.49) <0.0001

Hypertension, N (%) 323 (79.6%) 144 (87.3%) 53 (93%) 520 (82.8%) 0.009

Diabetes, N (%) 121 (29.8%) 57 (34.5%) 24 (42.1%) 202 (32.2%) 0.132

Heart disease, N (%) 167 (41.1%) 73 (44.2%) 24 (42.1%) 264 (42.0%) 0.792

Depression, N (%) 80 (19.7%) 47 (28.5%) 13 (22.8%) 140 22.3%) 0.073

Head injury, N (%) 77 (19.0%) 25 (15.2%) 11 (19.3%) 113 (18%) 0.541

Arthritis, N (%) 166 (40.9%) 87 (52.7%) 38 (66.7%) 291 (46.3%) <0.0001

Ever smoked, N (%) 190 (46.8%) 67 (40.6%) 24 (42.1%) 281 (44.7%) 0.369

BMI, N (%) 0.16

Underweight or normal 81 (20.0%) 22 (13.3%) 7 (12.3%) 110 (17.5%)

Overweight 141 (34.7%) 51 (30.9%) 20 (35.1%) 212 (33.8%)

Obese 73 (18.0%) 40 (24.2%) 12 (21.1%) 125 (19.9%)

Abbreviations:Aβ, amyloidbeta;AD,Alzheimer’s disease;APOE, apolipoproteinE;BMI, bodymass index;GFAP, glial fibrillary acidic protein; IQR, interquartile

range;MCI, mild cognitive impairment; NfL, neurofilament light chain; p-tau181, phosphorylated tau-181; SD, standard deviation.

*P values were from chi-square tests for categorical variables and analysis of variance or Kruskal–Wallis test for continuous variables.
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GU ET AL. 7

TABLE 2 Correlations among biomarkers and demographic factors.

P-tau181 NfL GFAP Aβ42/Aβ40 p-tau181/Aβ42 PCA1 PCA2 Age

P-tau181 1.00 0.34 0.21 −0.18 0.60 0.47 −0.31 0.18

NfL 0.34* 1.00 0.50 0.00 0.24 0.85 0.02 0.39

GFAP 0.21* 0.50* 1.00 0.00 0.13 0.81 0.08 0.33

Aβ42/Aβ40 −0.18* 0.00 0.00 1.00 −0.04 0.03 0.96 0.01

p-tau181/ Aβ42 0.60* 0.24* 0.13* −0.04 1.00 0.48 −0.30 0.20

PCA1 0.47* 0.85* 0.81* 0.03 0.48* 1.00 0.00 0.44

PCA2 −0.31* 0.02 0.08 0.96* −0.30* 0.00 1.00 0.00

Age 0.18* 0.39* 0.33* 0.01 0.20* 0.44* 0.00 1.00

BMI 0.01 −0.06 0.00 −0.01 0.11 0.00 −0.04 0.11

Notes: PCA1 and PCA2 were derived from principal component analysis (PCA) using log-transformed values of Aβ42/Aβ40, p-tau181/ Aβ42, NfL, and GFAP,
with PCA1 having positive loadings on p-tau181/ Aβ42, NfL, GFAP, and PCA2 having positive loading onAβ42/Aβ40 and negative loading on p-tau181/ Aβ42.
Abbreviations: Aβ, amyloid beta; BMI, bodymass index;GFAP, glial fibrillary acidic protein;NfL, neurofilament light chain; p-tau181, phosphorylated tau-181;

*P < 0.01. The log-transformed values of biomarkers were used in the Pearson correlation analyses. Values in the table show the Pearson correlation

coefficients.

3.3 Longitudinal analyses to examine whether the
rate of blood-based biomarkers change over time
differs in cognitively healthy older adults and
incident MCI/AD patients

We found a relatively faster increase of p-tau181, NfL, GFAP, and p-

tau181/Aβ42 and faster decrease of Aβ42/Aβ40 in incident MCI/AD

compared to CUparticipants; however, the results were not significant

(Table 4). Nevertheless, incident MCI/AD participants had a different

rate of change in PCA2 compared to CU participants (β = −0.036

[−0.062 to −0.011], P = 0.005), adjusted for age, sex, ethnic group,

education, APOE status, and comorbidity score (Table 4, Model 2).

Furthermore, similar results were found comparing incident MCI

(β=−0.039 [−0.067 to−0.012], P= 0.005) to CU.

3.4 Sensitivity analysis

The GEE analyses results did not change when limiting analyses to

the pre-diagnosis visits only, that is, excluding the third visits of 94

individuals who had already developed MCI or dementia at the sec-

ond visit, with a rapid decrease in PCA2 comparing incident MCI/AD

(β=−0.034 [95%CI:−0.06,−0.008],P=0.010) toCUadjusted for age,

sex, ethnicity, education, APOE status, and comorbidities (Model 2).

When excluding CV% larger than 15%, the results are the same.

When simultaneously adjusting for multiple comorbidities, the results

remained similar (datanot shown).We foundsex, ethnic group, orAPOE

ɛ4 did not modify the association of biomarkers and disease outcome

(P> 0.10 for all interaction terms; data not shown).

In a subset of the study population (N = 251), we found incident

MCI/AD had a faster decline (b = −0.048 [95% CI: −0.080, −0.016],

P= 0.003) in PCA2 compared to CU after adjusting forModel 2 covari-

ates (age, sex, ethnic group, education,APOE status, and comorbidities)

as well as creatinine and BMI.

4 DISCUSSION

In this community-based cohort of CU adults, we found higher level

of p-tau181/Aβ42, and a biomarker pattern of higher level of p-

tau181/Aβ42 along with lower level of Aβ42/Aβ40 (i.e., PCA2), pre-

dicted the development of incident clinical AD. In addition, those who

developed MCI/AD had a rapid decrease in Aβ42/Aβ40 along with an

increase in p-tau181/Aβ42, compared to participants who remained

CU.

4.1 Predictive value of single measure of
biomarkers

Our results provide important evidence that blood-based ADbiomark-

ers have clinical utility in predicting incident MCI and AD and in

monitoring the cognitive trajectory among CU participants. We found

p-tau181 or p-tau181/Aβ42 were the biomarkers most strongly asso-

ciated with risk of cognitive impairment, consistent with previous

studies.5,26,39 Although generally studies found biomarkers of the ATN

andX (inflammation, etc.) frameworkareassociatedwith increased risk

of dementia, results for individual biomarkers other than p-tau181 are

not always consistent. In 300 participants of an Amsterdam study,40

both GFAP and Aβ42/Aβ40, but not NfL, were independently associ-

ated with incident dementia. In another study, GFAP showed the best

performance, followed by NfL and p-tau181, in predicting clinical AD

risk.41 In the Rotterdam study,42 baseline NfL, Aβ42, and Aβ42/Aβ40
ratios, but not Aβ40 or t-tau, were associated with risk of developing

dementia. Overall, there is no consensus with regard to the relative

importance of the biomarkers in predicting AD risk, but the significant

findings are all in the expected direction, that is, increased biomark-

ers (or decreased Aβ42/Aβ40) are associated with increased risk of

AD. Differences in sample size, age, sex, ethnic group, and comorbidi-

ties, factors that may influence the biomarker levels as found in the
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8 GU ET AL.

TABLE 3 Association between biomarkers and incident mild cognitive impairment (MCI) or Alzheimer’s disease (AD) fromCox proportional
hazards models.

Model 1a Model 2b

Inc. MCI+AD HR (95%CI) P HR (95%CI) P

P-tau181 1.06 (0.93–1.21) 0.37 1.51 (0.88–2.59) 0.135

NfL 1.12 (0.94–1.33) 0.194 1.29 (0.57–2.92) 0.548

GFAP 1.10 (0.95–1.28) 0.211 1.72 (0.82–3.61) 0.151

Aβ42/Aβ40 0.92 (0.81–1.05) 0.206 0.24 (0.09-0.62) 0.003

P-tau181/Aβ42 0.93 (0.81–1.06) 0.289 0.75 (0.47—1.19) 0.217

PCA1 1.06 (0.92–1.23) 0.426 1.04 (0.88–1.23) 0.630

PCA2 0.86 (0.76–0.99) 0.029 0.84 (0.73–0.97) 0.021

Inc. MCI HR (95%CI) P HR (95%CI) P

P-tau181 1.06 (0.93–1.21) 0.37 1.22 (0.67–2.23) 0.508

NfL 1.12 (0.94–1.33) 0.194 1.73 (0.73–4.13) 0.215

GFAP 1.10 (0.95–1.28) 0.211 1.69 (0.79–3.63) 0.178

Aβ42/Aβ40 0.92 (0.81–1.05) 0.206 0.67 (0.24–1.85) 0.440

P-tau181/Aβ42 0.93 (0.81–1.06) 0.289 0.67 (0.39–1.16) 0.156

PCA1 1.07 (0.91–1.27) 0.417 1.08 (0.90–1.30) 0.401

PCA2 0.95 (0.82–1.09) 0.453 0.99 (0.85–1.15) 0.885

Inc. AD HR (95%CI) P HR (95%CI) P

P-tau181 4.77 (1.52–14.95) 0.007 2.88 (0.79–10.56) 0.110

NfL 3.42 (0.81–14.48) 0.095 3.04 (0.58–15.89) 0.189

GFAP 3.49 (0.92–13.26) 0.067 3.44 (0.79–14.96) 0.099

Aβ42/Aβ40 0.10 (0.01–0.81) 0.031 0.07 (0.01–0.79) 0.031

P-tau181/Aβ42 2.94 (1.50–5.78) 0.002 3.13 (1.43–6.87) 0.004

PCA1 1.50 (1.12–2.01) 0.006 1.49 (1.07–2.07) 0.019

PCA2 0.66 (0.49–0.88) 0.005 0.63 (0.45–0.88) 0.006

Notes: PCA1 and PCA2 were derived from principal component analysis (PCA) using log-transformed values of Aβ42/Aβ40, p-tau181/ Aβ42, NfL, and GFAP,
with PCA1 having positive loadings on p-tau181/ Aβ42, NfL, GFAP, and PCA2 having positive loading onAβ42/Aβ40 and negative loading on p-tau181/ Aβ42.
Abbreviations:Aβ, amyloid beta;APOE, apolipoproteinE;BMI, bodymass index;CI, confidence interval;GFAP, glial fibrillary acidic protein;NfL, neurofilament

light chain; p-tau181, phosphorylated tau-181.
aModel 1: adjusted for age, sex, race/ethnicity, education.
bModel 2: adjusted for age, sex, race/ethnicity, education, APOE ε4, Charlson Comorbidity Index.

current study and others,14 may partially explain the inconsistent find-

ings across studies. Recent studies evaluated the dynamic changes of

the biomarkers along the AD continuum, and found GFAP might be

an early AD biomarker, while p-tau181 and NfL may subsequently

predict AD at a later time.43,44 Thus, inconsistent results from differ-

ent studies might also be due to the different timing of blood sample

collection.

4.2 Repeated measure of biomarkers

While biomarker levels in a one-time measurement may help identify

individuals at high risk of developing AD, monitoring the trajectory of

biomarkers by repeated measurements might provide additional pre-

dictive value at an even earlier stage. An increase in the biomarker

levels may indicate the beginning of the pathological process, and

thus may provide a critical window for effective early prevention.45

We found all biomarkers, except for Aβ42/Aβ40, increased over time

within individuals, consistent with the cross-sectional findings of pos-

itive correlation between age and these biomarkers in the current

study, as well as findings in previous studies that reported similar

increase of biomarkers over time.27,39,40,42,46–48 However, we did not

find a significant difference in the rate of change of the biomark-

ers comparing CU and those who developed cognitive impairments

during follow-up. Data are scarce in examining the rate of change

of the biomarkers in relation to clinical disease status. In the Mayo

Clinic Study of Aging (MCSA) study, the rate of increase in plasma NfL

was not different between CU and MCI.27 In contrast, studies found

mean plasma NfL levels, but not Aβ4242 or GFAP,40 increased faster in
participants who developed dementia compared to participants who
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GU ET AL. 9

TABLE 4 Longitudinal change of biomarkers in relation to incident mild cognitive impairment (MCI) or Alzheimer’s disease (AD).

Model 1a Model 2b

Inc. MCI or AD vs. CU Bc

95%CI

Lower Upper Pc Bc

95%CI

Lower Upper Pc

P-tau181 0.004 −0.002 0.010 0.202 0.005 −0.002 0.011 0.156

NfL 0.002 −0.003 0.007 0.368 0.002 −0.004 0.007 0.575

GFAP 0.003 −0.002 0.008 0.258 0.003 −0.003 0.008 0.335

Aβ42/Aβ40 −0.003 −0.006 0.000 0.080 −0.004 −0.007 0.000 0.055

P-tau181/AB42 0.003 −0.003 0.010 0.343 0.003 −0.004 0.010 0.358

PCA1 0.022 0.001 0.043 0.040 0.016 −0.007 0.039 0.181

PCA2 −0.032 −0.055 −0.009 0.007 −0.036 −0.062 −0.011 0.005

Inc. dem vs. CU B

95%CI

Lower Upper P B

95%CI

Lower Upper P

P-tau181 0.0004 −0.008 0.009 0.919 −0.001 −0.009 0.007 0.832

NfL 0.003 −0.007 0.012 0.569 0.001 −0.010 0.011 0.903

GFAP 0.006 −0.002 0.014 0.151 0.005 −0.004 0.014 0.266

Aβ42/Aβ40 −0.003 −0.007 0.002 0.263 −0.002 −0.008 0.003 0.358

P-tau181/AB42 −0.005 −0.016 0.006 0.372 −0.005 −0.018 0.008 0.416

PCA1 0.013 −0.024 0.050 0.498 0.002 −0.040 0.045 0.910

PCA2 −0.028 −0.063 0.007 0.119 −0.027 −0.068 0.014 0.200

Inc. MCI vs. CU B

95%CI

Lower Upper P B

95%CI

Lower Upper P

P-tau181 0.005 −0.002 0.012 0.159 0.006 −0.001 0.014 0.087

NfL 0.002 −0.003 0.008 0.439 0.002 −0.004 0.008 0.537

GFAP 0.002 −0.004 0.008 0.479 0.002 −0.004 0.008 0.508

Aβ42/Aβ40 −0.003 −0.006 0.001 0.109 −0.004 −0.008 0.000 0.055

P-tau181/AB42 0.006 −0.001 0.012 0.114 0.006 −0.001 0.013 0.105

PCA1 0.025 0.002 0.047 0.033 0.020 −0.005 0.044 0.115

PCA2 −0.033 −0.058 −0.008 0.010 −0.039 −0.067 −0.012 0.005

Notes: PCA1 and PCA2 were derived from principal component analysis (PCA) using log-transformed values of Aβ42/Aβ40, p-tau181/Aβ42, NfL, and GFAP,
with PCA1 having positive loadings on p-tau181/Aβ42, NfL, GFAP, and PCA2 having positive loading on Aβ42/Aβ40 and negative loading on p-tau181/Aβ42.
Abbreviations: Aβ, amyloid beta; APOE, apolipoprotein E; BMI, body mass index; CI, confidence interval; CU, cognitively unimpaired; GFAP, glial fibrillary

acidic protein; NfL, neurofilament light chain; p-tau181, phosphorylated tau-181.
aModel 1: adjusted for age, sex, race/ethnicity, education.
bModel 2: adjusted for age, sex, race/ethnicity, education, APOE ε4, Charlson Comorbidity Index.
cB values in the table indicate the beta coefficient for the interaction between the disease status x time, with time being the duration (years) between the

first blood visit to the follow-up blood visits. Significant interactions indicate the rate of biomarker change over time in incidentMCI and/or ADpatients differ

from the rate in cognitive unimpaired (CU) participants.

remained dementia-free.48,49 Additional evidence also supports that

the increase in plasma NfL over time was associated with indicators

of an active trajectory to MCI or AD, such as increasing level of amy-

loid PET27 and faster cognitive decline.27,48 Although we did not find

rate of NfL change varied between CU and MCI/AD, NfL did have a

large contribution to the biomarker pattern PCA1, which increased at

amarginally significantly faster speed in incidentMCI than in CU.

Longitudinal changes of plasma p-tau181 was found to be steeper

in MCI than in CU,39 and was also associated with cognitive decline.26

In addition, increase in plasma p-tau181 was related to the decrease

in gray matter volume in certain brain areas5,50 or amyloid deposition

in the brain,51 which might stand as mediators leading to cognitive

decline and dementia.26 In the current study, the biomarker pattern

PCA2, with p-tau181 and Aβ42/Aβ40 as the key components, showed

different changes inMCI/AD compared to CU.

Overall, the biomarkers tended to have more rapid change among

those developing MCI, but not those developing AD, compared to CU.

One possible reason could be the biomarkers were already high at

baseline, and thus may be closer to the “ceiling” and therefore slower

change, in the AD patients.44
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10 GU ET AL.

4.3 Combination of biomarkers

We found that most of the biomarkers were associated with the out-

come in the expected direction, although after correction for multiple

testing, some were not statistically significant. Studies found some AD

biomarkers can provide non-overlapping information on neuropatho-

logical changes,52 suggesting a holistic evaluation of the combined

effect of the biomarkers may better capture the overall ATN and

inflammation profile of an individual. Indeed, we found two patterns

performed better than individual biomarkers in predicting incident

dementia and monitoring development of MCI. Few previous studies

combined multiple biomarkers.42,53,54 Similar to the pattern PCA2 in

our study, the Rotterdam study42 found combining the lowest quartile

group of Aβ42 with the highest of NfL resulted in a stronger associ-

ation with dementia, compared to the highest quartile group of Aβ42
and lowest of NfL. Combining p-tau217 and the Aβ42/40 ratio showed
the highest accuracy for predicting the presence of AD pathological

changes, outperforming single biomarkers.55 A recent study found a

two-step workflow, using plasma p-tau217 to screen for Aβ positivity
in step 1 and CSF Aβ42/Aβ40 in step 2, was a highly accurate and cost-
effective strategy to detect AD in memory clinic settings.56 Moreover,

combining Aβ42/Aβ40 and plasma GFAP, with age and APOE status,

provided the optimal panel identifying a positive amyloid status.53 Sim-

ilarly, a stronger associationwith incident dementiawas found for joint

NfL and GFAP compared to either of the two individual biomarkers.54

Overall, while there is no consensus of the best combination of the

biomarkers, these studies point to an increased value of examin-

ing the biomarkers simultaneously, compared to individual ones, in

dementia research.AsAD is known tobea complexmulti-factorial neu-

rodegenerative disorder,57 combining biomarkers measuring different

pathwaysmay indeed be necessary in future studies.

4.4 Limitations and advantages

While many studies focused on dichotomizing biomarker values based

on cutoff points, we used the full range of each biomarker to assess risk

of developing clinical MCI or AD. We show that there is a linear rela-

tionship between increased p-tau181 or p-tau181/Aβ42 ratio, which

wouldnotbe confirmed if a dichotomous cut point hadbeenused. Thus,

there is a clear disadvantage in using derived cut points to assess risk of

disease because there is a loss of potentially valuable information. We

did not measure other p-tau isoforms (p-tau217, p-tau231, p-tau205,

p-tau212) because they were not commercially available when the

study began. They may have shown significant associations with cog-

nitive decline in non-demented subjects.58,59 However, the clinical and

analytical performances of different species of p-tau assays have been

shown to be largely comparable and their values correlated strongly

with each other.60 While we adjusted formultiple key factors including

age, sex, ethnic group, and APOE, we did not have other putative con-

founders, such as creatinine and BMI, in the entire study population.

However, to be consistent with the literature,61 we adjusted for these

variables in the subset but with similar results. Although this study is

relatively large and has repeated measures of biomarkers, only a small

number of White non-Hispanic and Black individuals developed AD;

thus, our statistical power to detect significant results in those groups

was limited.

Our study has many strengths. Our study population was from a

community-based, multi-ethnic cohort, and thus may have good rep-

resentation of general population. We measured both biomarkers and

outcome longitudinally, with three measures of biomarkers in most

participants and the follow-up time up to 23 years. We adjusted for

potential confounders. In addition to examining individual biomarkers,

we derived two biomarker patterns, which were quite robust across

different visits and showed stronger association with outcomes than

individual biomarkers.

Whilemany studies use autopsy or PET imaging to establish optimal

thresholds or cut points for the diagnosis of AD, there are still no uni-

versal or established cut points for the use of these AD biomarkers as

diagnostics. However, in this investigation, we found that AD biomark-

ers collected longitudinally may be clinically useful as adjuncts to

neurological and cognitive evaluations. Previous cross-sectional stud-

ies have concluded that these AD biomarkers provide a physiological

basis for the diagnosis of AD consistent with the ATN recommenda-

tions. Here we did not determine, nor did we include, thresholds or

cut points; rather, we used the AD biomarkers to determine whether

they are consistent with the clinical diagnosis. Advances in therapeutic

strategies for AD need to include risk prediction. The AD biomarkers

used here represent a reasonable approach to risk prediction.
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