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Abstract

Introduction: Plasmamarkers have been reported to be associated with brain amyloid

burden, tau pathology, or neurodegeneration. We aimed to evaluate whether plasma

biomarker profiles could predict Alzheimer’s disease (AD) pathology and clinical pro-

gression in older adults without dementia.

Methods: Cross-sectional and longitudinal data of participants enrolled in this study

were from the Alzheimer’s Disease Neuroimaging Initiative (ADNI). Plasma amyloid

beta (Aβ)1-42/Aβ1-40 ratio was selected as the marker for amyloid pathology, p-tau181

for tau pathology, and neurofilament light for neurodegeneration. Cut-offs for these

plasma markers were calculated with well-established positron emission tomography

and structural imaging biomarkers as reference. Older adults without dementia were

categorized into eight groups at baseline by plasma amyloid/tau/neurodegeneration

(A/T/N) cut-offs. Clinical progression was analyzed using linear mixed-effects models

and Cox proportional hazardmodels.

Results: A total of 183 participants (97 cognitively normal [CN] subjects and 86

patients with mild cognitive impairment [MCI]; mean age 72.6 years, and 48.1% men)

were included. ParticipantswithA+had significantly higher proportionsof apolipopro-

tein E (APOE) gene ɛ4 carriers than those with A–. Brain atrophy was observed in all

groups of CN, whereas cognition decline was obvious in the A+T+N+ group. Com-

pared to A–T–N–, MCI patients with A+T+N+ had faster cognition worsening and

faster brain atrophy. In the whole cohort, A+T+N+ and A+T+N– participants were at

higher risk of clinical progression.
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Discussion: Plasma A/T/N biomarker profiles may predict AD pathology and clinical

progression, indicating a potential role for plasma biomarkers in clinical trials. More

research is warranted to develop a robust plasma AD framework.

KEYWORDS

Alzheimer’s disease, amyloid beta, mild cognitive impairment, neurofilament light, plasma,
p-tau181

1 BACKGROUND

Alzheimer’s disease (AD) is characterized by abnormal amyloid depo-

sition, tau aggregates, and neurodegeneration in the brain.1 Accu-

rate diagnosis and timely intervention at the early preclinical and

prodromal stages of AD have become core aims of drug develop-

ment, the feasibility of which depends heavily on selecting individ-

uals who are at high risk of developing AD.2–4 Existing clinical rou-

tine cannot fulfill accurate diagnosis of preclinical and prodromal AD.

The updated 2018 Alzheimer’s AT(N) research framework contributes

greatly to the definition of AD, by grouping amyloidosis (A), tau pathol-

ogy (T), and neurodegeneration (N) status using cerebrospinal fluid

(CSF), positron emission tomography (PET), and structural imaging

biomarkers.4,5 This framework enables researchers to better define

preclinical and prodromal AD, and provides prognostic information

of clinical progression.6,7 However, the PET technique is difficult to

add into clinical routine practice due to high cost and radioactive

burden, while magnetic resonance imaging (MRI) can only achieve

part of the pathological definition.3 CSF sampling is relatively inva-

sive and requires skilled operators, so is difficult to use for large-scale

screening.8 Therefore, inexpensive, readily available, and less invasive

plasmamarkers have gradually become a research focus with a view to

filling this gap.

Several plasma markers have been reported that could be used as

biomarkers or predictors associated with brain amyloid burden, tau

pathology, andneurodegeneration. Plasmaamyloid beta (Aβ) has a pos-
itive correlation with its CSF level and a negative relationship with

brain amyloid deposition.9 In the preclinical or prodromal phase of

AD, plasma Aβ1-42 was observed to be moderately decreased whereas

no change was detected in plasma Aβ1-40 concentration.9 A longitu-

dinal monocentric cohort reported that individuals with abnormal Aβ
PET presented a higher plasma Aβ1-40/Aβ1-42 ratio than those with

normal Aβ PET.10 Ovod et al. found a faster turnover rate of Aβ1-42
compared to Aβ1-40 and lower levels of Aβ1-42/Aβ1-40 in the periph-

eral blood of amyloid-positive subjects, which was similar to findings

in the CSF.11 Plasma Aβ1-42/Aβ1-40 ratio has also been demonstrated

to be able to discriminate between dementia due to AD and demen-

tia not due to AD.12 Through the immunoprecipitation with mass

spectrometry technique, plasma Aβ1-42/Aβ1-40 showed high-precision

performancewhen predicting amyloid burden in the brain.13,14 Plasma

phospho-tau (p-tau) is currently under consideration to be imple-

mented in clinical practice. It is found that AD patients have higher

levels of plasma p-tau than normal controls, and the combination

of plasma and CSF tau could improve diagnostic accuracy.15 Plasma

p-tau showed similar trajectorywith the correspondingCSF p-tau.16 In

addition, plasma p-tau and its combination with plasma Aβ were both
significantly correlated with tau deposition in the brain.17 Plasma neu-

rofilament light (NfL) level has been found to be increased in AD and

correlated with cerebral hypometabolism, brain atrophy, and cognitive

decline, using a large cohort from the Alzheimer’s Disease Neuroimag-

ing Initiative (ADNI).18,19 In individuals with positive amyloid pathol-

ogy, the increased level of plasmaNfL correlates with hypometabolism

presented by reduced fluorodeoxyglucose (FDG) uptake in AD-related

brain regions.20 It is therefore suggested that plasmaNfL could beused

as a predictor to track neurodegeneration in AD.19

These plasma markers showed favorable capacity of classification

concordwith PET or CSF biomarkers, which are promising to be imple-

mented in the clinical practice of defining preclinical and prodro-

mal AD.21,22 Unlike the relatively mature AT(N) framework,4,5 plasma

research to date has been focused on a single parameter (Aβ1-42,
Aβ1-42/Aβ1-40 ratio, t-tau, p-tau, NfL, etc) or a purely diagnostic pop-

ulation (mild cognitive impairment [MCI], cognitively normal [CN], or

AD dementia).10,19,23 Therefore, the primary goal of this study was

to investigate whether these plasma amyloid and neurodegenera-

tion marker profiles could be combined to define AD pathology and

predict long-term clinical progression in elderly individuals without

dementia.

2 METHODS

2.1 ADNI database

All participants in the cross-sectional and longitudinal analyses of this

study were enrolled from the ADNI. As a public–private project, the

ADNIdatabasewas launched in2003with theprimary goal to facilitate

research onMCI and AD dementia.24 It provides clinical and biological

assessments such as CSF/blood biological markers; MRI/PET imaging;

and demographic, genetic, and neuropsychological information, which

can be combined to detect and track disease progression. This multi-

centered research projectwas approved by institutional reviewboards

at each site and has obtained authorized written informed consent

from participants. All data used in the study were downloaded from

ADNI in June 2020.
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2.2 Participants and cognitive assessments

Individuals from the ADNI database were included in the study if they

provided data as follows: (1) plasma Aβ1-42, Aβ1-40, p-tau181, and NfL

levels; (2) amyloid PET, tau PET, FDG PET, and structural MRI; and

(3) baseline and longitudinal neuropsychological assessments. Patients

with AD dementia were diagnosed with a Mini-Mental State Exami-

nation (MMSE) score between 20 and 26, a global Clinical Dementia

Rating of 0.5 or 1, and a sum-of-boxes Clinical Dementia Rating (CDR-

SB) of 1.0 to 9.0, which met the National Institute of Neurological and

Communication Disorders/Alzheimer’s Disease and Related Disorders

Association criteria.25 Amnestic MCI subjects were diagnosed with an

MMSE score of 24 to 30 and a CDR-SB score of at least 0.5. Controls

with normal cognition were defined as those who had an MMSE score

of 24 or higher and a CDR-SB score of 0 or 0.5.

The general cognition level of participants in the cohort was eval-

uated by MMSE and the ADAS-Cog (Alzheimer Disease Assessment

Scale-Cognitive subscale) 11.26 Clinical information was extracted

from the latest merge document “ADNIMERGE.csv.” Longitudinal cog-

nition changes were evaluated by ADNI composite measures for mem-

ory, executive functioning, and language domains. All composite cog-

nition scores were downloaded from the document “UW Neuropsych

Summary Scores.csv,” and lower scores indicated worse cognition sta-

tus. Updated information of the ADNI cohort could be searched online

(adni.loni.usc.edu).

2.3 Plasma marker measurements

The ADNI project provides multi-centered data of plasma Aβ1-42 and

Aβ1-40 levels, which vary across laboratories. To avoid experimental

factors due to different methods for Aβ protein analysis, we only

included the latest samples measured by immunoprecipitation in the

Bateman Laboratory.11 Aβ isoforms in human plasma were immuno-

precipitated by the anti-Aβ mid-domain antibody on the KingFisher

(Thermo) automated immunoprecipitation platform, and subsequently

handled with Lys-N protease and liquid chromatography tandemmass

spectrometry (LC-MS/MS).11 Plasma p-tau181 andNfL datawere both

provided by the Clinical Neurochemistry Laboratory, University of

Gothenburg, Sweden. Through the SingleMolecule array (Simoa) tech-

nique, plasmap-tau181was analyzedby an in-house assay using a com-

bination of two monoclonal antibodies (Tau12 and AT270).27 Plasma

NfL concentrations were generated by an in-house ultra-sensitive

enzyme-linked immunosorbent assay on a single molecule array plat-

form (Quanterix Corp) in the Clinical Neurochemistry Laboratory of

the University of Gothenburg, Sweden.19,28

2.4 Neuroimaging methods

Amyloid PET data were acquired using florbetapir (AV-45) tracer,

and the summary data are regularly updated on ADNI. FreeSurfer

(version 4.5.0) was used to segment the native-space MRI scan for

each individual. The mean tracer uptake of selected cortical and ref-

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed literature on

plasma biomarkers for Alzheimer’s disease (AD) using

PubMed and online reports. Although many studies have

reported promising markers of AD in plasma, most of

them analyzed a single marker or a purely diagnostic

group. Relevant publications are appropriately cited.

2. Interpretation: Our findings indicated that plasma amy-

loid, tau, and neurodegeneration biomarker profiles could

predict ADpathology and clinical progression, supporting

potential use of plasma biomarkers in clinical trials.

3. Future directions: This article proposed that plasma amy-

loid/tau/neurodegeneration (A/T/N) biomarker profiles

could be used as candidate screening tools before apply-

ing the standard positron emission tomography or cere-

brospinal fluid biomarkers. Replications in other larger

cohorts with different populations are required to ascer-

tain robust thresholds of theseplasmabiomarker profiles.

erence regions was calculated with the florbetapir scan applied to

its corresponding MRI scan. Summary florbetapir standard uptake

value ratios (SUVRs) were generated by averaging uptake ratios across

four cortical regions (frontal, anterior cingulate, precuneus, and pari-

etal cortex) and then normalizing it by the reference region (whole

cerebellum). Brain tau deposit was measured via the flortaucipir (AV-

1451) processingmethod from theHelenWills Neuroscience Institute,

University of California Berkeley and LawrenceBerkeleyNational Lab-

oratory. A composite metaROI (region of interest) of bilateral entorhi-

nal, amygdala, fusiform, parahippocampal, inferior, and middle tempo-

ral regions were considered for tau PET assessment.29 FDG PET was

used to determine hypometabolic regions that were indicative of AD-

related pathological metabolic change. A set of metaROIs were devel-

oped based on literature review of FDG-PET studies concerning AD

andMCI.23,30 Theaverage counts of FDGPETacross angular, temporal,

and posterior cingulate regions were adopted. Data of structural MRI

were obtained by the Siemens Trio scanner and estimates of selected

region volumeweremeasured using FreeSurfer software. In this study,

we also selected hippocampal atrophy as a reference standard for neu-

rodegenerative marker and calculated the hippocampal volume (HVa)

adjusted by the intracranial volume for subsequent analyses. Specific

calculationmethods have been described in our previous report.6

2.5 Cut-offs of imaging biomarkers for
classification and diagnostic performance of plasma
profiles

Plasma markers were dichotomized by defining cut-offs that could

best discriminate PET or structural MRI abnormal subjects from

normal subjects.We selected plasmaAβ1-42/Aβ1-40 concentration ratio
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F IGURE 1 ROC curves for plasma biomarker profiles based on PET or structural imaging. A, ROC curve generated from cut-off analysis of
plasma Aβ1-42/Aβ1-40 concentration ratios, based on amyloid PET abnormal versus normal. B, ROC curve generated from cut-off analysis of plasma
p-tau181 concentration, based on tau PET abnormal versus normal. C, ROC curve generated from cut-off analysis of plasmaNfL level, based on
adjusted hippocampus volume abnormal versus normal (by structural imagingMRI). Abbreviations: Aβ, amyloid beta; AUC, area under the ROC
curve; NfL, neurofilament light; PET, positron emission tomography; ROC, receiver operating characteristic curve

as the biological marker for brain amyloidosis (A), plasma p-tau181

level for tau pathology (T), and plasmaNfL level for neurodegeneration

(N). To optimize concordance with PET/MRI classification,4,5 cut-offs

for plasma A/T/N markers were determined based on Youden index,

using receiver operating characteristic (ROC) analyses. For amyloid

PET, higher than 1.11 SUVR was considered to have abnormal cortical

amyloid deposition.6 For tau PET, higher than 1.33 SUVR was consid-

ered having tau pathology.29 The well-acknowledged cut-off of 6723

mm3 for adjusted hippocampus volume or that of 1.21 for FDG PET

were considered to be associated with neurodegeneration (see sup-

porting information).6,23,31 Logistic regression model using age, sex,

years of education, apolipoprotein E (APOE) genotype was performed

to assess the combined diagnostic capability.

2.6 Statistical analysis

All statistical analyseswere carried out usingR software (version 3.4.4)

and GraphPad (Prism 7.04). ROC curves and logistic regression analy-

ses were conducted by R software using the “OptimalCutpoints” and

“pROC” packages. Cut-off points calculated were used to classify indi-

viduals aswith abnormal AD pathological changes (+) or without (–) on

each predicting variable. Characteristics of the cohort were presented

asmean (standarddeviation [SD]) or number (percentage [%]) as appro-

priate. Differences for continuous variables cross the eight plasma

A/T/N groups were assessed by the Kruskal-Wallis test and those for

categorical data were evaluated by the chi-square test or Cochran-

Mantel-Haenszel test. We then computed linear mixed-effects models

with clinical outcomes to evaluate the longitudinal change in A–T–N–,

A+T–N–, A+T+N–, and A+T+N+ individuals.29 Variables were log

transformed and standardized. Unadjusted Kaplan-Meier plots were

constructed to assess the risk of progressing to CDR-SB > or = 0.5

in CN individuals, and the risk of progressive cognitive deterioration

in MCI patients. Progressive cognitive deterioration was defined as:

(1) diagnosed as dementia, (2) MMSE score of the last visit below 24,

or (3) the decline of MMSE score between the first and last visits of

more than three.32 In addition, we ran univariate and multivariate Cox

proportional-hazards models to predict disease progression. Age, sex,

years of education, and APOE genotype were included as covariates in

the multivariate model. The statistical significance of all tests was set

at a two-sided P value< .05.

3 RESULTS

3.1 Cut-offs for plasma A/T/N marker profiles

Participants with eligible plasma and PET/MRI data were enrolled for

evaluation of cut-off points after quality control. Descriptive charac-

teristics of this cohort are described in the supporting information.

ROC analyses of PET/MRI-based abnormal cases versus normal sub-

jects provided statistically optimal cut-offs for each measure in the

plasma (Figure 1 and supporting information). The greatest ROC area

under the curve (AUC) for plasma Aβ1-42/Aβ1-40 concentration ratio

was 0.830 (95% confidence interval [CI] 0.769 to 0.891; sensitivity

68.9% and specificity 87.1%), with a cut-off value of 0.113 . It improved

in logistic regression model analysis using age, sex, years of education,

APOE ε4 carrier status as variables (AUC 0.866, Figure 1A; see sup-

porting information). The cut-off for plasma p-tau181 was 17.3 pg/mL

with an AUC of 0.695 (95% CI 0.606 to 0.783; sensitivity 68.6% and

specificity 67.9%). This cut-off value had a promising negative predic-

tive value of 91.1%, and a logistic regression AUC of 0.716 (Figure

1B; see supporting information). The resultant optimum cut-offs for

plasmaNfL level were 32.1 pg/mL based on adjusted hippocampus vol-

ume (AUC 0.699, 95% CI 0.67 to 0.728; sensitivity 73.4% and speci-

ficity 56.1%) and 31.0 pg/mL on FDG PET (AUC 0.654, 95% CI 0.622

to 0.686; sensitivity 73.7% and specificity 49.9%). Adapting logistic

regressionmodels, the AUCs increased to 0.767 (Figure 1C) and 0.706,
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F IGURE 2 Flowchart. Abbreviations: ADNI, Alzheimer’s Disease
Neuroimaging Initiative; CN, cognitively normal; MCI, mild cognitive
impairment; NfL, neurofilament light

respectively (see supporting information). We selected the NfL cut-off

level calculated from adjusted hippocampus volume for N due to its

better diagnostic performance.

3.2 Characteristics of the cohort and each group
based on plasma A/N classification

A total of 183 older adults without AD dementia (97 CN and 86 MCI)

were finally included in the study (see Figure 2 for a flowchart of the

screening process). The cohort had mean (SD) age of 72.6 (6.9) years

(range from 55.5–88.3 years), 48.1%men, 37.7% APOE ε4 carriers ,and
average years of education of 16.5 (2.6). Table 1 summarizes the clin-

ical and demographic characteristics of each plasma A/T/N group and

presents statistical differences across the eight groups. Among these,

57 subjects were categorized A–T–N–, 12 A+T–N–, 14 A+T+N–, and

26 A+T+N+ (Table 1).

3.3 Prediction of cognitive decline and brain
atrophy

Longitudinal changes in cognition and raw brain region volume across

the four groups (A–T–N–,A+T–N–,A+T+N–, andA+T+N+)were ana-

lyzed, adjusted for age, sex, years of education, and APOE genotype.

Among CN participants, decreases of all three cognitive compos-

ite scores (ADNI memory, language, and executive functioning) were

observed in the A+T+N+ group (Figure 3A). Comparisons between

groups showed that A+T+N+ individuals had faster decline rates than

A–T–N– participants (group-wise difference: –7.16%, 95%CI –11.31%

to –3.02%, P= .001). Reduction of the whole brain or hippocampal vol-

umes was observed in all four groups, whereas significant atrophy of

the medial temporal region was only found in A+T–N– and A+T+N+

groups (Figure 3B). Differences in annual atrophy rateswere not found

between groups in pairs (P> .05).

In patients with MCI, the A+T+N+ group showed obvious

decreases in ADNI memory and language composite scores

(Figure 3A), which were faster compared to A–T–N− patients

(memory domain: −53.49%, 95% CI −74.04% to −33.01%, P < .001;

and language domain:−26.05%, 95%CI−44.08% to−8.00%,P= .006).

Annual decreases in the hippocampal and whole brain volumes were

detected in all groups except for the A+T–N− group (Figure 3B).

Medial temporal atrophy was observed in A+T–N−, A+T+N−, and

A+T+N+ groups, but not in A–T–N− patients (Figure 3B). Further-

more, A+T+N+ patients had faster change rates in hippocampus,

medial temporal regions, and the whole brain, compared to A–T–

N− individuals (hippocampus: −3.01%, 95% CI −4.54% to −1.32%,

P= .001; medial temporal region:−1.70%, 95% CI−2.48% to−0.93%,

P < .001; whole brain: −0.63%, 95% CI −1.15% to −0.12%, P = .017).

In addition„ the A+T+N– group showed faster rates of hippocampal

atrophy than the A–T–N− group (−2.58%, 95% CI −4.29% to −0.85%,

P= .002).

3.4 Prediction of clinical progression

Figure4exhibits the results of theKaplan-Meier analyseswith log-rank

tests across four groups (A–T–N−, A+T–N−, A+T+N−, and A+T+N+

groups). Survival curves showed differences across four groups in both

CN and MCI participants (log-rank P < .0001 and P = .0002, respec-

tively). Compared toA–T–N− individuals, A+T+N− andA+T+N+ par-

ticipants presented faster decline of the non-progression proportion

to CDR-SB > or = 0.5 (P = .005 and P < .0001, respectively; Figure

4A). Among MCI patients, A+T+N− and A+T+N+ participants had

higher risk of having progressive cognitive deterioration than A–T–N−

patients during the 8-year follow-up period (P = .001 and P < .0001,

respectively; Figure 4B). The A+T-N– group did not show any differ-

ence with the A–T–N− group. In addition, we did not observe dif-

ference between A+T+N− and A+T+N+ groups. In both unadjusted

and adjusted Cox proportional-hazards models with A–T–N− groups

as reference, A+T+N− and A+T+N+ individuals presented increased

progression risks (Table 2).

4 DISCUSSION

There is an urgent need for blood-based biomarkers in defining early

preclinical or prodromal stages of AD. The present study showed

that the AD pathology could be defined by plasma amyloid, tau, and
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F IGURE 3 Change in clinical outcomes among four plasma A/T/N groups based on linear mixed-effects regressionmodels. A. Change in
cognition among four plasma A/T/N groups. B. Change in brain volume among four plasma A/T/N groups. Analyses for clinical indicators were
adjusted for age, sex, years of education, and APOE ε4 carriage. Change in clinical outcomes expressed as an annual percentage cognitive function
scores and volume change, with 95%CI and P value. Abbreviations: A+, amyloid abnormal defined by plasma Aβ1-42/Aβ1-40 ratio; APOE,
apolipoprotein E; CN, cognitively normal; MCI, mild cognitive impairment; N–, without neurodegeneration defined by plasmaNfL; N+, with
neurodegeneration defined by plasmaNfL; T–, without tau pathology defined by plasma p-tau181; T+, with tau pathology defined by plasma
p-tau181.

neurodegeneration biomarker profiles, and these profiles exhibited

promising accuracy for predicting clinical progression in older adults

without dementia. Our data proved that plasma Aβ1-42/Aβ1-40 concen-
tration ratio, p-tau181, and NfL level had relatively good diagnostic

capacities inpredicting cerebral amyloid, taupathologies, andneurode-

generation, respectively. Defined by these plasma profiles, individuals

who had amyloid and tau pathologies, with or without neurodegenera-

tion, presented a significantly higher risk of clinical progression com-

pared to those without. Plasma biomarker profiles provided modest

but reliable complementary information beyond clinical and genetic

data, and possess great potential in the population screening of clinical

trials.

It is critical to classify the plasma candidate marker into abnormal

or normal. We used the Youden index in ROC analyses to define eli-

gible plasma cut-offs, and further tested them in the logistic regres-

sion model.33,34 Adapting amyloid PET as the reliable standard of
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F IGURE 4 Kaplan-Meier curves showing cumulative probability of disease progression. A. Kaplan-Meier curves showing cumulative
probability of progressing to CDR> or= 0.5 among cognitively normal participants. B. Kaplan-Meier curves showing cumulative probability of
progressive cognitive deterioration in patients withMCI. Abbreviations: A−, amyloid normal defined by plasma Aβ1-42/Aβ1-40 ratio; A+, amyloid
abnormal defined by plasma Aβ1-42/Aβ1-40 ratio; MCI, mild cognitive impairment; N−, without neurodegeneration defined by plasmaNfL; N+, with
neurodegeneration defined by plasmaNfL; T−, without tau pathology defined by plasma p-tau181; T+, with tau pathology defined by plasma
p-tau181

truth, plasma Aβ1-42/Aβ1-40 ratio provided relatively good diagnos-

tic performance with balanced sensitivity and specificity. The resul-

tant value was slightly lower than that previously reported using the

samemeasurements (ratio< 0.1243 as abnormal),11 whichmay be due

to different samples. The optimal cut-off point for plasma p-tau181

provided favorable negative predictive value (91.1%, see supporting

information), which supported its promising role for target popula-

tion screening in clinical practice. In this study, plasma NfL presented

moderately good performance in predicting cerebral neurodegener-

ation defined by FDG PET or hippocampal volume. The cut-off for

plasma NfL level was higher than that generated in a dataset com-

bined diagnosis and CSF biomarkers (concentration > 25.7 pg/mL as

abnormal).35 Because our cut-offs set stricter entry criteria for abnor-

mality of plasma biomarker profiles, it tended to be more conservative

and led to lower proportions of A+, T+, or N+.

Our study showed a relative concordance of plasma biomarker def-

inition with the CSF/PET classification. Restricted by the small sample

size, our cohort did not showdifference inA+/A−proportions between

CN andMCI. But participants with A+ had significantly higher propor-

tions of APOE ɛ4 carriers than those with A−, whether in CN (44.7% vs

23.7%) orMCI individuals (68.6% vs 27.5%). Thiswas in linewith inves-

tigations using CSF/PET definitions on cognitively normal subjects and

MCI patients.32,36,37 The proportion of the preclinical AD defined by

plasma profiles was 39.2%, similarly with that in populations classified

by CSF Aβ1-42, t-tau, and p-tau.33 Further, in our cohort, older adults

without dementia displayedahighproportion (50.3%) of plasmaabnor-

mal neurodegeneration biomarkers. Though the proportion ratio was

slightly higher than previous studies onCSF/PET,38,39 our findings con-

tributed to the extension of the assumption that neurodegenerative

pathology was harbored among a large proportion of cognitively nor-

mal older adults, without abnormal amyloid burden.38 In addition, par-

ticipants with N+ had more clinical progressors (converse from CN to

MCI, or fromMCI to AD dementia) compared to those with N−. Using

plasma data from ADNI, Mattsson et al. have found that the faster

increment of plasma NfL was correlated with faster changes of CSF

biomarkers presenting neuronal injury, faster rates of brain atrophy

andhypometabolism, and faster rates of cognitive decline.18,19 It is rea-

sonable to believe that plasma NfL, concordant with CSF or imaging

biomarkers, was potentially applicable in supplementing the biological

definition of cognitive disorders. These findings support the validity of

plasma biomarker-based classification of AD pathology.

Longitudinally, plasma biomarker profiles showed good predictive

value in clinical progression. Brain atrophy emerged over time in older

adults without dementia. In our study, all groups illustrated annual

changes of brain atrophy during the 8-year follow-up period. Though

groups in CN individuals did not prove any difference in decline rates,

MCI patients with A+T+N+ presented significantly faster rates of

atrophy in hippocampal, medial temporal regions, and the whole brain

volume, compared to A–T–N− patients. MCI A+T+N− patients pos-

sessed comparable atrophy rates of the hippocampus to A+T+N+, and
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TABLE 2 Progression risk of participants in the study

Group Crude Adjusted

Hazard ratio (95%CI)
a
P Hazard ratio (95%CI)

b
P

Risk of progressing to CDR> or= 0.5 in CN subjects

A–T–

N−

Reference — — —

A+T-

N−

0 (0 - Inf.) .9980 (0 - Inf.) .998

A+T+N−

7.32 (1.60–33.53) .0109.68 (1.50–62.58) .017

A+T+N+

10.20 (3.21–32.42) < .00116.08 (3.09–83.67) .001

Risk of progressive cognitive deterioration inMCI patients

A–T–

N−

Reference — — —

A+T–

N−

0 (0−Inf.) .9980 (0−Inf.) .999

A+T+N−

20.65 (1.90–224.20) .01316.87 (1.05–269.81) .046

A+T+N+

25.70 (2.83–233.50) .00418.07 (1.19–273.62) .037

Abbreviations: A−, amyloid normal defined by plasma Aβ1-42/Aβ1-40 ratio;

A+, amyloid abnormal defined by plasma Aβ1-42/Aβ1-40 ratio; CI, confidence
interval; CN, cognitively normal; MCI, mild cognitive impairment; N−, with-

out neurodegeneration defined by plasma NfL; N+, with neurodegenera-

tion defined by plasmaNfL; T−, without tau pathology defined by plasma p-

tau181; T+, with tau pathology defined by plasma p-tau181. P valueswhich

indicated statistical significancewere displayed in bold.
a
Hazard ratio (95%CI) calculated using Cox regression analyses.

b
Hazard ratio (95% CI) calculated using Cox regression analyses and cor-

rected for baseline age, sex, APOE ε4 status, and years of education.

obviously faster than A–T–N−. In addition, A+T+N+ participants pre-

sented significant cognition decline in memory and language domains.

Furthermore, MCI patients with A+T+N+ proved to worsen much

faster than A–T–N− patients in memory and language performance,

whereas CN subjects with A+T+N+ showed a faster rate of decline in

thememory aspect. Theseoutcomeswere consistentwithour previous

findings using CSF/PET biomarkers for the definition of AD continuum

profiles,6 which supported the implementation of plasma biomarkers

in clinical trials. Other research, which focused only on “A/N” pro-

files defined by CSF/PET biomarkers, reported similar but not identi-

cal findings.33,40–42 A study onMCI found significantly greater changes

of MMSE and hippocampus volume in A+N+ individuals compared to

A–N−.32 Soldan et al. reported a significantly greater rate of cogni-

tive decline in stage 2 (with both amyloid pathology and tau-related

neurodegeneration) of preclinical AD compared to other groups.40

Differences between brain atrophy and cognitive decline could be par-

tially explained by the fact that cognitive symptoms emerged later

than AD-related pathological features.43,44 More longitudinal case-

control studies are required to evaluate whether cortical or hippocam-

pal atrophy were earlier and more sensitive indicators for progression

of dementia than cognition tests.

Our data indicated that plasma amyloid, tau, and neurodegenera-

tion biomarker profiles were associated with the high risk of clinical

progression. A+T+N+participants had the largest proportions of diag-

nostic conversion (from CN to MCI, or from MCI to AD dementia),

and were at greater risk of clinical progression in comparison to those

with A–T–N−. These were in accord with other CSF/PET studies,33,45

including the previous “A/T/N” findings fromour team.6 Aswe used the

combination of plasma amyloid, tau, and the plasma NfL as neurode-

generative biomarkers, these findingswould bemore precise in assess-

ing the predictive capacity of clinical progression compared to other

research that adapted one or two of these profiles.32,40,45

Limitations are acknowledged in the present study. One is that the

study lacked follow-up data of plasma markers, which restricted us

from investigating whether these plasma markers parallel their CSF or

PET equivalent, which would be useful in efficacymonitoring. Also, the

relatively small sample size reduced the power of the tests. This was

due to the fact that only a small proportion of ADNI participants had

the plasma amyloid data analyzed by the immunoprecipitation mass

spectrometry technique. It could be difficult to add this measuring

method into clinical routine, thus accurate, alternative detectionmeth-

ods are needed in future clinical practice. Also, the population of this

ADNI cohort was predominantly White, which limited generalizability

to other racial/ethnic groups. As plasma NfL is associated with age, it

would cause individuals at the lower end of ages in this cohort to pos-

sibly have been under-categorized as N+ and those at the upper end

over-categorized as N+. Replications in other, larger cohorts with dif-

ferent population are required to ascertain robustness thresholds of

these plasma biomarker profiles.

In conclusion, thepresent studyprovidedevidence that plasmaamy-

loid, tau pathology, and neurodegeneration biomarker profiles could

predict AD pathology. We further demonstrated the predictive capac-

ity of these profiles in clinical progression, supporting the potential use

of plasma biomarkers in clinical trials. Future investigations are needed

on longitudinal changes of plasma biomarkers over time and robust

plasma biomarker framework.
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Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.
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