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Abstract Since the establishment of the biomarker-based

A-T-N (Amyloid/Tau/Neurodegeneration) framework in

Alzheimer’s disease (AD), the diagnosis of AD has become

more precise, and cerebrospinal fluid tests and positron

emission tomography examinations based on this frame-

work have become widely accepted. However, the A-T-N

framework does not encompass the whole spectrum of AD

pathologies, and problems with invasiveness and high cost

limit the application of the above diagnostic methods

aimed at the central nervous system. Therefore, we suggest

the addition of an ‘‘X’’ to the A-T-N framework and a

focus on peripheral biomarkers in the diagnosis of AD. In

this review, we retrospectively describe the recent progress

in biomarkers based on the A-T-N-X framework, analyze

the problems, and present our perspectives on the diagnosis

of AD.

Keywords Alzheimer’s disease � Biomarker � Amyloid-
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Dementia has become a global challenge with the rapid

growth of the ageing population. There are 50 million

people with dementia worldwide, and the number will

triple by 2050 [1]. Alzheimer’s disease (AD) is the most

common type of dementia and imposes substantial eco-

nomic and social burdens [2]. Biomarkers are crucial for

the accurate and early identification of AD and are a

prerequisite for effective management of the disease. Here,

we discuss the progress, problems, and perspectives of

studies on biofluid biomarkers of AD.

Addition of X to the A-T-N Biomarker Framework
to Reflect the Whole Spectrum of AD Pathologies

The under-diagnosis of dementia and instability of neu-

ropsychological evaluations are common. In addition, the

patient’s medical history of cognitive and behavioral

abnormalities is often obscure and uncertain. Heterogeneity

in estimators, noncompliance of patients, and the floor or

ceiling effect result in dissatisfaction with cognitive

examinations. Sometimes, the exclusion of other neurode-

generative diseases with dementia is undefined, and the

degree of matching between the clinical and postmortem

diagnoses of AD is low [3]. Therefore, there are limitations

regarding a clinical diagnosis of AD that is established with

a medical history, cognitive examinations, and exclusions,

which can diagnose only ‘‘probable’’ or ‘‘possible’’ AD and

cannot reveal preclinical AD [4]. Fortunately, divergent

clinical symptoms share common biomarker-associated

biological mechanisms, and the categorization of patients

within a biomarker-driven framework is feasible at present.

Many core biomarkers are associated with the pathology

of AD. These include amyloid-beta (Ab), pathologic tau,

and markers indicating neurodegeneration, such as total tau

(t-tau) and neurofilament light chain (NFL), which play

important roles in the diagnosis, treatment, and prognosis

of AD [5–7]. The amyloid-tangle-neurodegeneration (A-T-

N) framework of biomarkers in AD was first proposed in
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2016 and raised by the National Institute on Aging and

Alzheimer’s Association in 2018 [8, 9]. This clinical-

biological framework charts the pathophysiological fea-

tures of AD and makes AD a unique disease distinguished

from other neurodegenerative diseases with dementia.

However, the existing framework has difficulty providing

a comprehensive explanation of the pathological alterations

in AD. Some pathologies and related biomarkers, such as

biomarkers associated with synaptic damage, neuroinflam-

mation, neuroimmunity, the activation of microglia and

astrocytes, systemic immunity, systemic inflammation,

nutrition and metabolism, apoptosis, mitochondrial dys-

function, and oxidative stress, were not included in this

scheme [10–16]. ‘‘X’’ represents biomarkers from the

abovementioned or unrealized pathologies and dynamic

changes with the development of AD. Therefore, the

addition of an ‘‘X’’ to the A-T-N framework could reflect

the whole spectrum of AD pathologies and clarify the

pathogenesis (Fig. 1) [17]. In our opinion, X, which is

composed of heterogeneous complex systems, is neither

only upstream nor downstream of A/T/N. It is worth noting

that the relationship among elements in the A-T-N-X

framework is an interactive and complicated network and

not a simple casual cascade.

The A-T-N-X framework can also reflect different

phases of AD. Simultaneously, the weights of the factors

need modulation to improve the flexibility of the frame-

work according to the phase of AD. For example, T and N

play more important roles in the progression from mild

cognitive impairment (MCI) to dementia [18]. In addition,

the weights of factors should be adjusted at the individual

level. For instance, age and sex can affect the trajectories

of t-tau and NFL [19]. When there is a similar amyloid

load, women are liable to have a high tau load [20–22].

Further work is needed to promote the clinical utilization of

the A-T-N-X framework.

Before this framework can be widely used in clinical

practice, validation, standardization, and qualification of

these biomarkers are needed, and large prospective,

multicenter studies are still required. We need to unify

the operation of the assays and verify the appropriate

criteria of the normal range to be aware of misuse and

abuse. Through efforts from global consortiums on

biomarkers, the methods and cut-off points of

Fig. 1 A-T-N-X framework and influencing factors in the periphery.

Ab, amyloid-beta; P-tau, phosphorylated tau; PHF, paired helical

filament; NFT, neurofibrillary tangle; NFL, neurofilament light chain;

T-tau, total tau; CSF, cerebrospinal fluid; ISF, interstitial fluid;

BCSFB, blood-CSF barrier.
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cerebrospinal fluid (CSF) biomarkers in the A-T-N-X

framework have been partially aligned in AD, and the

quality control program has been established [23] (https://

www.alz.org/research/for_researchers/partnerships/gbsc;

https://fnih.org/what-we-do/biomarkers-consortium;

https://www.ifcc.org/; http://www.neurochem.info/). Eval-

uations of biomarkers in the framework are not limited to a

simple dichotomy [24]. The use of continuous scoring

systems or of more than one cut-off point can divide the

biomarkers into multiple ranges, such as normal, interme-

diate, and abnormal ranges [9]. In addition, a standardized

pre-analytical protocol has been proposed for measuring

CSF biomarkers in AD [25]. These standards should be

revised constantly with the development of new technolo-

gies and knowledge.

The A-T-N-X framework could also be applied in the

direction of treatment and related trials. As targets of

treatment, all the dimensions in the framework should be

involved in cocktail therapy because the network of

pathophysiology is complex and full of interconnections.

As a rectification of the clinical diagnosis, the A-T-N-X

framework affects inclusion and exclusion in clinical

therapeutic trials. The framework could also be used to

track patients. Compared with the value in diagnosis, N and

X are more valuable in tracking therapeutic effectiveness

and monitoring drug efficacy. In this review, we focus

mainly on the application of the framework to the diagnosis

of AD.

Establishment of the Peripheral A-T-N-X
Framework

When established based on pathological findings through

biopsy or postmortem examination, the classical biological

definition of AD is more convincing than the clinical

diagnosis. According to the pathological biomarkers in the

A-T-N-X framework, there are two generally accepted and

well-validated approaches to the diagnosis of AD: CSF

examination and positron emission tomography (PET)

scans. However, CSF examination is invasive, and PET

scans are costly and involve radiation exposure. Thus, the

peripheral biofluid A-T-N-X system, which is more

suitable for large-scale screening for AD, is urgently

needed. Assays for the peripheral biofluid A-T-N-X

framework have provided available alternatives, and

researchers have recently focused on establishing a blood

A-T-N-X system. In recent studies, the specificity and

sensitivity of some blood biomarkers are comparable to

those of CSF assays and PET scans in the diagnosis of AD,

and these biomarkers have potential in the differential

diagnosis, prognosis, and therapeutic evaluation of AD.

However, some biomarkers in the periphery, such as

plasma Ab, have shown less than satisfactory outcomes

[26–28]. Here, we summarize the following challenges in

the peripheral biofluid A-T-N-X framework and focus

mainly on plasma biomarkers (Table 1). First, only a

fraction of biomarkers from the central nervous system

(CNS) enter the peripheral biofluid system through the

blood-brain barrier (BBB), arachnoid granulations, glym-

phatic system, and the vasculature for weaker brain

penetrance, and they are subsequently diluted in the

bloodstream [29]. Second, within the complicated back-

ground of blood, biomarkers can be degraded by proteases

or form complexes with various blood proteins or hemo-

cytes, and these factors prohibit the accurate detection of

biomarkers (Fig. 1) [30]. Third, biomarkers can be cleared

in the liver and kidney and by macrophages in relevant

organs, and some peripheral tissues may produce and

release the same biomarkers into blood (Fig. 1) [31, 32].

Last, the levels of peripheral biomarkers fluctuate between

individuals due to differences in metabolism, diet, and

medication, among other factors. Furthermore, these

biomarkers also fluctuate over different periods within

individuals [33]. All these factors confound the association

of plasma biomarkers with their counterparts in the brain.

There are some ways to solve these challenges (Table 1).

First, developing ultrasensitive technologies could improve

the detection ranges of plasma biomarkers, and newly-

exploited antibodies are more specific and sensitive in

capturing biomarkers [34, 35]. Advanced methods for

concentrating biomarkers in blood could also resolve the

dilution effect. Second, neuron-derived exosomes (NDEs)

are specifically derived from the CNS, and NDE assays can

reduce interference in blood to protect the contents from

degradation [36–38]. Third, different blood collection

locations could affect the testing results. For example, the

internal jugular vein may be an optimal blood collection

site for weakening the effect of organ clearance and blood

dilution. Fourth, BBB disruption is common in AD, and its

severity differs based on disease stage and individual

factors. The evaluation of BBB permeability with a unified

method could help to analyze the peripheral A-T-N-X

system more precisely. In addition to the BBB, the routes

of biomarkers from the CNS to peripheral biofluids are still

not fully understood, and require further verification. Last,

on the basis of experience with mature methods in CSF

biomarkers and big data analysis, we could unify the

methods, time of body fluid collection, and cut-off points

for plasma biomarkers of AD [6, 39, 40]. This work is

developing well based on the endeavor of these global

consortiums, such as the Quality Control Programme and

Alzheimer’s Blood Biomarkers Program (https://www.alz.

org/research/for_researchers/partnerships/gbsc). In addi-

tion, if the accuracy of the assays for biomarkers in the
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peripheral A-T-N-X framework cannot meet the standards

of diagnosis directly, these assays can also be used as

screening tools and help to make the next clinical decision.

Blood biomarkers have been widely studied, and the

specificity and sensitivity of some plasma biomarkers are

comparable to those of CSF assays and PET scans in the

diagnosis of AD. However, the establishment of a periph-

eral A-T-N-X framework is not limited to blood biomark-

ers. Furthermore, urine, saliva, tears, and sweat are

alternative non-invasive biosamples for the diagnosis of

AD, and more research on biomarkers from these biosam-

ples based on developing new technologies is needed

[41, 42].

Ab

Ab is a peptide containing 36–43 amino-acids that is

sequentially derived from amyloid precursor protein (APP)

via b-secretase and c-secretase. Ab is the central biomarker

and the main component of amyloid plaques in AD. It is

also a special protein that differs from other aberrant

proteins in neurodegeneration and does not directly reflect

nerve damage. Hence, Ab is more like an upstream

biomarker and apt to be applied in the early diagnosis of

AD. Ab42 is more specific in AD, and Ab40 is known as

the background of total Ab production. The Ab42-to-Ab40

ratio (Ab42/Ab40) could balance basic Ab production

between different individuals. Ab42 is the main component

of senile plaques (SPs), and the Ab42 oligomer is the most

toxic form. SPs increase in AD, but soluble Ab42 decreases

in the CSF.

Plasma Ab Examination: a Milestone for the Devel-

opment of AD Diagnostics

The CSF assays of Ab40, Ab42, their ratio, and amyloid

PET have been applied in the clinic mainly for the

diagnosis of AD. These approaches are well validated but

restricted by the invasiveness and high costs of the

procedures. Thus, researchers transferred their attention

to plasma Ab assays. In 2020, an assay for plasma Ab,

PrecivityADTM, a mass spectrometry-based assay offered

by the company C2N Diagnostics, was approved for the

diagnosis of AD in the USA and Europe. The consistency

of PrecivityADTM and amyloid PET is 86% (sensitivity:

92%, specificity: 76%), based on data from 686 volunteers

with cognitive decline (https://www.alzforum.org/news/

research-news/plasma-av-test-wins-approval-are-p-tau-

tests-far-behind). Although some researchers believe the

plasma assay cannot replace the examination of CSF Ab
and amyloid PET, it is still an exciting accomplishment in

AD diagnostics, and the company is devoted to getting

phosphorylated tau181 (p-tau181) or phosphorylated

tau217 (p-tau217) into the market following this plasma

Ab assay. More efforts are needed to continually improve

the accuracy of plasma Ab measurement.

Challenges in Plasma Ab

Plasma Ab has a low correlation with CSF Ab, particularly

compared to the high accuracy of phosphorylated tau (p-

tau) in plasma [43]. In addition to the common challenges

of the peripheral biofluid biomarkers noted above, there are

some extra challenges with plasma Ab (Table 2). First, Ab
is too sticky to flow into blood, and the transport

mechanism of Ab from brain to blood is still not

completely clear. Second, in the context of blood dilution,

soluble Ab is difficult to detect in plasma, while its levels

Table 1 Challenges and solutions of the peripheral A-T-N-X framework.

Challenges Solutions

Only a fraction of biomarkers from CNS enter periphery and are

subsequently diluted in blood

Developing ultrasensitive technologies, advanced methods, and more

accurate antibodies could improve the detection ranges of peripheral

biomarkers

The transport mechanism of biomarkers from the brain to blood is still

not completely clear

Evaluation of the BBB and vasculature could help to analyze the

peripheral A-T-N-X system more precisely

Biomarkers can be degraded by proteases or form complexes with

proteins or hemocytes in blood

NDE assays can reduce interference in blood to protect the contents

from degradation

Biomarkers can be cleared or released in peripheral organs and tissues The internal jugular vein may be an optimal blood-collection site for

weakening the effect of organ clearance and blood dilution

Biomarkers in the periphery fluctuate between individuals due to

differences in metabolism, diet, and medication, which also fluctuate

in different periods within individuals

The methods, time of biofluid taking, and cut-off points should be

unified in plasma biomarkers of AD
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decrease further during the evolution of AD [44, 45]. Third,

Ab is derived from APP, a general membrane protein,

rather than residing solely in the CNS, and has its own

physiological functions, such as its role as an antimicrobial

peptide. Hence, the production and clearance of Ab in the

peripheral system ^p is complex [46–48]. Fourth, owing to

its amphipathic and amphoteric structure, Ab tends to bind

with various proteins and hemocytes in blood [49, 50].

Fifth, Ab from plasma NDEs represents only intracellular

Ab in the CNS, but the main pathology of Ab is

extracellular amyloid plaques [36]. Last, while indicators

such as plasma Ab42/Ab40 perform better, the ratio model

reflects Ab indirectly [51, 52].

Solutions to these Problems

To address these challenges, we propose several solutions

(Table 2). First, it is necessary to determine the routes of

Ab from CSF to blood and the influencing factors within

these routes. We also need to explain the relationships

among intracellular Ab, interstitial Ab, Ab in NDEs, and

Ab in SPs. Second, preprocessing before detection could

reduce the disturbance of the complex background of

plasma. For instance, denaturation before enzyme-linked

immunosorbent assay (ELISA) could detect the released

Ab originally captured by the various blood proteins [53].

Last, the main morbigenous type of Ab in the brains of AD

patients has to be verified and the specific and sensitive

isoforms or combinations of Ab in plasma that could

highly reflect the CNS status must be found. At the same

time, there are differences in the CNS and periphery

between the expression of associated genes, such as APP,

BACE1 (beta-secretase 1), BACE2, PSEN1 (presenilin 1),

and PSEN2 (presenilin 2), which could help to distinguish

the source of Ab[54, 55]. For example, APP695 and Ab42

are mainly from the CNS, and APP751, APP770 and Ab40

are mainly from the periphery [56]. Therefore, the com-

bination of Ab-associated gene expression could be a

supplement to increase the accuracy of Ab[57] estimation

(Table 3).

Tau

Ab is viewed as the originating factor for AD, but its

correlation with the later phase in AD is poor. We need to

retrospectively identify downstream biomarkers that

directly reflect later neurodegeneration. Tau protein is a

product of the MAPT (microtubule associated protein tau)

gene, playing a physiological role in stabilizing micro-

tubules. As the main component of neurofibrillary tangles,

pathological tau is considered to be a downstream protein

of Ab that reflects the extent of neuronal injury. Some

species of tau look promising.

PTMs of tau

Post-translational modifications (PTMs), commonly pre-

sent in pathological tau, include truncation, phosphoryla-

tion, acetylation, methylation, ubiquitination,

glycosylation, and nitration, among others. PTM sites in

tau are associated with pathology and contribute to the

diagnosis of AD. In addition to their connections to AD

diagnosis, PTMs in tau are related to clinical outcomes via

their enhancement of the propagation or reduction of the

clearance of tau with individual variability [58].

Phosphorylation is the most common type of PTM in

tau. Hyperphosphorylated tau is the leading component of

neurofibrillary tangles. More than 70 types of p-tau have

been found in neurodegeneration [59]. Recent studies have

Table 2 Challenges and solutions of plasma Ab.

Challenges Solutions

Ab is too sticky to flow into blood, and the transport mechanism of Ab
from brain to blood is still not completely clear

The routes of Ab from CSF to blood and the influencing factors

within these routes should be determined

Under the background of blood dilution, soluble Ab from the CNS is

difficult to detect in plasma with a decreasing trend during the evolution

of AD

Developing ultrasensitive technologies could improve the detection

range for CNS-derived Ab

Production and clearance of Ab is more complex in the peripheral system The most specific and sensitive isoforms or combinations of Ab in

plasma should be found that are highly correlated with the CNS

Owing to its amphipathic and amphoteric structure, Ab tends to bind with

various proteins and hemocytes in blood

Denaturation before assays could detect the released Ab originally

captured by the various blood proteins

Ab from plasma NDEs represents only intracellular Ab in the CNS, but

the main pathology of Ab is extracellular amyloid plaques

The relationship needs to be explained among intracellular Ab,

interstitial Ab, Ab in NDEs, and Ab in SP.

While indicators such as plasma Ab42/Ab40, perform better, the ratio

model reflects Ab indirectly

The mechanism of Ab and the main morbigenous type of Ab should

be verified in the brains of AD patients

123

S. Huang et al.: Biofluid Biomarkers of AD 681



demonstrated that p-tau217, p-tau231, and p-tau181 in CSF

or blood are relatively specific to AD and increase in its

early stage [60–62].

Truncation is also an important type of PTM in tau.

Proteolytic processing produces different fragments of tau

before secretion into the extracellular fluid. These frag-

ments vary in different types of neurodegenerative disease.

For example, deletion of the first 150 and the last 50

amino-acids of tau usually promote pathology in AD, and

N244 tau in CSF can distinguish AD from non-AD

dementias [63–65].

The PTM map of tau has been applied to the diagnosis,

discrimination, prognosis, and exploitation of antibodies

for the examination or treatment of AD. Wesseling and

colleagues systematically summarized the features of tau

PTMs in the different phases of AD and found that

isoforms of tau enriched in 0N and 4R accumulate more

easily [66]. They also found that tau in AD has character-

istics including a lack of a C-terminus, an increased

negative charge in the proline-rich region, and a decreased

positive charge in the microtubule-binding domain.

High Accuracy of Certain P-Tau Markers

in both CSF and Plasma

P-tau181 in CSF or plasma performs well in the diagnosis,

differential diagnosis, and prognosis of AD [67–69].

P-tau181 also increases in the early phase of AD and is a

sensitive biomarker applied in its early recognition [70]. As

accurate as p-tau181, p-tau231 can also be used in the

diagnosis of AD, and it increases earlier than p-tau181,

with incipient AD pathology [22, 71]. Shortly after

p-tau181, another p-tau, p-tau217, took center stage in

the p-tau family. P-tau217 is considered to be the most

robust among p-tau markers and led to a research boom last

year. In the diagnosis of AD, the performance of CSF

p-tau217 is better than that of p-tau181 (area under the

receiver operator characteristic curve (AUC), 0.943 vs

0.914, P = 0.026) [72]. At the same time, CSF p-tau217 can

distinguish AD from other neurodegenerative diseases with

dementia, and the accuracy is superior to that of p-tau181

[73, 74].

The performance of p-tau217 in plasma is also promis-

ing, having a high accuracy in the diagnosis and differen-

tial diagnosis of AD by Ab-PET or tau-PET as the outcome

compared with plasma p-tau181 (AUC, 0.87 or 0.93 vs 0.76

or 0.83, P\0.001), and there is no significant difference

between plasma p-tau217 and CSF p-tau217 using tau-PET

as the outcome (AUC, 0.93 vs 0.96, P = 0.22) [75].

Moreover, p-tau217 rises in the asymptomatic phase and

changes with the progression of AD, allowing prediction

and early diagnosis of AD, while higher p-tau217 levels

suggest a faster cognitive decline [76, 77]. Regarding the

Table 3 Biomarkers for X in the A-T-N-X framework.

X Classification Characteristics

XC Synaptic dysfunction

Ng

GAP43

SNAP25

Synaptotagmin

Plasma biomarkers for synaptic dysfunction often cannot reflect

damage to the brain, and the possible reason is their production in

peripheral tissues

The plasma NDEs of these biomarkers perform well

Glial cells, neuroinflammation, and immunity

GFAP

S100B

YKL-40

sTREM2

Glial cells play complex roles in AD, are involved in immunity and

inflammation in the CNS, and are closely related to the patho-

genesis of AD. The activation of astrocytes and microglia is

common in AD, and the biomarkers for astrocytes and microglia

are associated with AD

XP Systemic immunity and inflammation

Tumor necrosis factor, interleukin, immunoglobulin, and comple-

ment families

Systemic metabolism

Glucose, lipids (cholesterols, triglycerides), amino-acids, vitamins

(homocysteine, vitamins A, B12, C, D, E, folate), trace elements,

and bacterial metabolites (lipopolysaccharide, valerate, acetate,

butyrate)

Others

Apoptosis, mitochondrial dysfunction, and oxidative stress

Biomarkers related to systematic immunity, inflammation, and

metabolism and biomarkers related to apoptosis, mitochondrial

dysfunction, or oxidative stress are nonspecific in AD; they are

suited for the diagnosis of AD when combined with other core

biomarkers, such as Ab and tau, and are targets for the treatment

of AD
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above advantages, p-tau217 is an appropriate biomarker

with respect to the T in the peripheral A-T-N-X framework.

Questions and Viewpoints on These Star

Biomarkers

There are some questions about these p-tau biomarkers.

First, how can the instability in different studies be

explained? Why do these p-tau biomarkers have high

diagnostic accuracy? Why does plasma p-tau have diag-

nostic accuracy nearly equal to that of CSF p-tau? We

present our viewpoints on these questions below.

First, although p-tau217, p-tau231, and p-tau181 per-

form well in some cohorts, outcomes from certain studies

are still unsatisfactory, especially in those comparing

plasma p-tau181 with p-tau217 (plasma p-tau181, AUC =

0.67), and whether these outcomes are reliable deserve

further investigation [60, 78]. It is possible that different

pre-processing mechanisms, detection methods, and anti-

bodies lead to differences in outcomes [79]. Hence, the

specificity and sensitivity of p-tau217, p-tau231, or

p-tau181 need to be verified in different cohorts under

equal conditions.

Second, the intracellular p-tau217 level is lower than its

extracellular level in the CNS, which suggests that certain

isoforms of p-tau are selectively released [80]. P-tau217

also induces hyperphosphorylation of tau at multiple other

sites, with aggravated tau fibrillization, and exacerbated

cognitive damage [81]. P-tau217 can be related to Ab and

specifically increase in AD. Not only should the specificity

and sensitivity of p-tau217, p-tau231, and p-tau181 con-

firmed in clinical cohorts but also the mechanisms under-

lying the high accuracy of these biomarkers should be

explored, along with the exact amounts and overlaps

among those tau proteins. In our view, it is not one specific

PTM but multiple combinations of different PTMs in tau

proteins that completely represent one specific tauopathy.

he most specific and sensitive combination in AD and

improved technologies are needed to test such a

combination.

Based on on the Ab origin theory in AD, Ab can induce

several specific PTMs of tau. With p-tau217 as an example,

we propose the following hypotheses. Focusing on the

specificity, we speculate that Ab activates or inhibits a set

of enzymes, including kinases (glycogen synthase kinase-

3b, tau protein kinase I, and others) and phosphatases

[protein phosphatase 1 (PP1), PP2A, PP2B, and others],

and then the enzymes act on tau in a specific sequence [82].

Phosphorylation at one site may disrupt the PTMs of

adjacent sites. The specific assembly and particular order of

enzymes leads to a stable PTM pattern of tau in AD, which

could be frequent in some given sites, such as N217 and

N181, compared to non-AD. In the meantime, tau

anchoring in different parts of the microtubule system

has different patterns, while Ab and the downstream

enzymatic reaction could act on a particular part with a

specific PTM pattern.

Third, the high accuracy of plasma p-tau has high

clinical and translational value. Tau is dominantly gener-

ated in neural cells in the brain, so plasma tau may reflect

neurodegeneration and loss of integrity of the BBB during

disease progression. This may be one reason why plasma

p-tau has higher diagnostic accuracy for AD than Ab,

which is ubiquitously generated. At the same time, the

structural characteristics of the truncated patterns are

similar in tau from plasma and CSF, which is an advantage

of tau as a plasma biomarker of AD; this partly ensures

consistency between some CSF p- tau proteins and their

plasma levels [60]. The pathway of tau from CSF to blood

and the related mechanisms need clarification. NDEs are

suitable for use with tau , as tau is mainly localized

intracellularly.

In summary, to ensure that they are not just passing fads,

these star biomarkers need theoretical support. In the

future, we need to explore the mechanisms of these

biomarkers regarding the high accuracy, early alterations,

and high consistency between CSF and plasma in AD.

Biomarkers for Neurodegeneration

As a component of the axonal skeleton, NFL is a biomarker

reflecting axonal degeneration [83]. NFL in CSF or plasma

has high sensitivity, and changes its levels become evident

before clinical symptoms of neurodegeneration, increasing

in various neurodegenerative diseases, such as AD, amy-

otrophic lateral sclerosis, spinal muscular atrophy, multiple

sclerosis, and Parkinson’s disease (PD) [84]. It is also a

biomarker whose levels differ among all stages of AD and

can be used to monitor its process [85]. T-tau is a

biomarker of neurodegeneration that reflects the secretion

of tau from neurons and nonspecific changes in cortical

thickness, but it is not a direct biomarker of neuron loss

[86, 87]. T-tau increases in different tauopathies, such as

frontotemporal dementia (FTD), corticobasal degeneration,

and progressive supranuclear palsy. In AD, t-tau is often

used in ratios with other biomarkers of AD to reduce the

neurodegenerative background and improve specificity in

the diagnosis of AD [88, 89]. Visinin-like protein 1

(VILIP-1) is a Ca2?-sensor protein expressed in neurons

[90]. As a biomarker of AD, VILIP-1 reflects neuronal

injury, which decreases in the brain and increases in CSF in

parallel with p-tau and t-tau [91].

These biomarkers can reflect the extent of severity in the

late stage and the prognosis of AD. However, the above

biomarkers of neurodegeneration are commonly sensitive
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but not specific to AD and should be used to diagnose AD

in combination with specific biomarkers such as Ab. We

also explored the mechanism in the matches of the specific

damaged region with different types of neurodegenerative

disease.

Biomarkers for ‘‘X’’

We have divided X into two parts: X in the CNS (XC) and

X in the periphery (XP). In XC, we focus on biomarkers

associated with synaptic damage, glial cells, neuroinflam-

mation, and immunity, and in XP, we focus on biomarkers

associated with systemic immunity, inflammation, and

metabolism.

Biomarkers for Synaptic Dysfunction

The synapse is the basic structure of learning and memory,

and synaptic loss is associated with cognitive decline.

Some biomarkers of synaptic dysfunction are related to

AD. The dendritic protein neurogranin (Ng) is a postsy-

naptic protein associated with protein kinase C. It is found

mainly in neurons of the hippocampus and cortex and can

bind to calmodulin and regulate long-term potentiation

[92]. Ng is a promising biomarker of AD with high

sensitivity and specificity and is associated with AD-

specific neurodegeneration and synaptic dysfunction [93].

CSF Ng is increased in AD associated with CSF t-tau,

p-tau181, and Ab42/Ab40, and there is no prominent

change in Ng in non-AD neurodegeneration. Ng can be

applied not only to the diagnosis and differential diagnosis

of AD but also to the prediction of cognitive decline

[94, 95]. Researchers have suggested that Ng is a specific

biomarker of AD because it is a downstream protein of Ab.

Presynaptic proteins can also be biomarkers of AD.

Neuromodulin (GAP43) is indispensable for maintaining

synapses and regenerating neurites, and its levels are

decreased in the brain and increased in the CSF of AD.

CSF GAP43 is positively correlated with Ab deposition

and tau pathology, a good performance in the diagnosis of

AD (AD vs controls, AUC: 0.92) [96, 97]. Synaptosomal-

associated protein 25 (SNAP25) is involved in vesicle

fusion and exocytosis. CSF SNAP25 increases in AD, and

SNAP25 1–40 can be used not only for diagnosis (AD vs

controls, AUC: 0.93) but also for differential diagnosis

(AD vs other dementia, AUC: 0.92) [96]. As a proxy for

presynaptic Ca2?-sensor proteins, synaptotagmin plays an

important role in exocytosis and transmitter release in the

hippocampus; it also increases in CSF and could be a

biomarker of AD [98].

However, plasma biomarkers for synaptic dysfunction

often do not reflect damage to the brain, and a possible

reason is their production in peripheral tissues [99].

Although the performance of the direct testing of synaptic

biomarkers in plasma is unsatisfactory, the plasma NDEs

of these biomarkers perform well, and they are worthy of

further exploration for clinical application as one part of X

in the peripheral A-T-N-X framework [37, 99, 100].

Biomarkers for Glial Cells, Neuroimmunity,

and Neuroinflammation

Glial cells are important for maintaining the structural

integrity of neurons and homeostasis in the CNS. Astro-

cytes provide energy and metabolic support for neurons,

and they are involved in immunity and inflammation in the

CNS. Microglia are derived from the monocyte-macro-

phage system and are associated with neuroinflammation

and immunity in the CNS. Glial cells play complex roles in

AD and are closely involved in the pathogenesis of AD.

The activation of astrocytes and microglia is common in

AD, and biomarkers for astrocytes and microglia are

associated with AD [101].

Glial fibrillary acidic protein (GFAP) is a marker of

astrogliosis and is associated with amyloidosis in AD, and

its expression is correlated with the density of Ab plaques

[102]. GFAP is elevated in AD and can be a biomarker for

its diagnosis, differential diagnosis, and prediction

[22, 103, 104]. Some studies have suggested that GFAP

is associated with Ab but not tau and that its levels change

in the early stage of AD [105]. GFAP is also elevated in

other neurodegenerative diseases, such as FTD, PD, and

Wilson disease; therefore, it is suited to diagnose AD in

combination with other AD-specific biomarkers [106–109].

S100B is a Ca2?-binding protein mainly in astrocytes, and

is also a marker of reactive astrocytes. S100B is elevated in

both CSF and plasma in AD [110, 111]. Chitinase-3-like

protein 1 (YKL-40) is a glycoprotein expressed mainly in

astrocytes and is associated with the innate immune system

and neuroinflammation in AD [112]. YKL-40 increases in

both CSF and plasma in AD [113, 114]. It is also correlated

with Ab and tau and could be a target in therapies for AD

[85, 115]. Triggering receptor expressed on myeloid cells-2

(TREM2) is a receptor in the microglial membrane; it

interacts directly with Ab, which restricts the pathological

enhancement of Ab and tau[116]. Soluble TREM2 is

increased in AD and correlates with t-tau and p-tau181 in

the CSF of Ab-positive individuals [117, 118]. MicroRNA-

425 is a neuron-specific regulator associated with the

pathophysiological microenvironment of AD, such as

inflammation and amyloidosis in the CNS. It is decreased

in the AD brain and can be applied as an alternative

biomarker of AD [119].
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Biomarkers for Systemic Immunity, Inflammation,

and Metabolism

Immunity and inflammation are essential processes at play

throughout the whole AD process, and the related

biomarkers could be part of the X in the A-T-N-X

framework. Some nonspecific peripheral biomarkers, such

as the tumor necrosis factor, interleukin, immunoglobulin,

and complement families, can be used to evaluate the status

of inflammation in AD [120, 121]. In addition, infectious

pathogens and matched antibodies may be modifiable

factors of neuroinflammation and immunity that are

correlated with AD [122, 123].

Many kinds of metabolic disorder, such as diabetes and

hyperlipidemia, are comorbidities of AD. Corresponding

plasma metabolites, including glucose, lipids, amino-acids,

vitamins, and trace elements, are associated with AD. High

levels of cholesterols and triglycerides are associated with

AD [124, 125]. Higher blood levels of homocysteine and

lower levels of vitamins A, B12, C, D, E, and folate are

correlated with MCI and AD [126, 127]. Increasing

evidence suggests that bacterial metabolites are closely

associated with AD [128]. Amyloid PET is positively

correlated with blood lipopolysaccharide, valerate, and

acetate and negatively correlated with butyrate [129].

The above biomarkers associated with immunity,

inflammation, and metabolism as well as apoptosis,

mitochondrial dysfunction, or oxidative stress are basically

not specific to AD; however, they may be suitable for its

diagnosis when combined with other core biomarkers, such

as Ab and tau, and be targets for the treatment of AD. We

need to explore the specific X in this field for further

application in the diagnosis and treatment of AD.

Developing Technologies for Biomarkers in AD

The most widely-used technologies for analyzing biomark-

ers in AD are mass spectrometry (MS) and immunoassays.

In recent years, a series of new technologies have sprung

up for accurately testing biomarkers in AD. Assays for

peripheral biomarkers are based on classic methods or new

ultrasensitive technologies, including ELISA, single-mole-

cule array (Simoa), immunoprecipitation/MS, liquid chro-

matography–MS, immunomagnetic reduction (IMR),

multimer detection system, reduced graphene oxide field-

effect transistor, and cryo-electron microscopy (cryo-EM)

[26, 60, 130–137]. Each biomarker has a suitable assay

method, and researchers have finished a set of studies

comparing the different technologies [138]. Janelidze and

colleagues compared eight plasma Ab42/Ab40 assays in

two independent cohorts, and found that MS performs best

[139]. Koykev and the group concluded optimal matches

based on a meta-analysis (IMR for Ab, Simoa for p-tau,

and IMR or Simoa (but not ELISA) for t-tau) [40].

Antibodies are the core element of immunoassays,

determining their accuracy. Assays with antibodies target-

ing different segments (N-terminal, C-terminal or mid-

domain) or phosphorylated sites of tau differ in accuracy

for AD diagnosis, differential diagnosis, and prognosis

[78]. Currently, researchers from different centers often

exploit their own antibodies and construct immunoassays

to test biomarkers of AD. Aptamer-based assays label

antibody-aptamer pairs with a lower detection limit and

high specificity in CSF or serum [140].

Different technologies and different antibodies lead to

inconsistent outcomes, and the data cannot be combined

and analyzed together, leading to wasted biological

resources. We need to identify a reliable, convenient assay

with accurate antibodies and set a unified standard among

the different clinical centers for biomarkers of AD.

The structures of biomarkers or combinations of inter-

acting biomarkers are important for the exploration of AD,

and clear structures can be used to find new biomarkers and

exploit new antibodies for diagnosis and treatment. Struc-

tural biology and the development of related techniques

such as cryo-EM could help us to understand the micro-

scopic structure of biomarkers in AD, such as Ab and

tau[141, 142]. These techniques can be used to explore the

microscopic mechanisms of interactions among the rele-

vant biomarkers, drugs, and other related molecules in AD.

Patterns and Trajectories of Biomarkers

Dynamic processes occur in biomarkers during AD evo-

lution. Not a single biomarker but a group of them based on

the A-T-N-X framework can describe the full spectrum of

AD, and each biomarker has its own value matched with

one specific phase of AD [143]. Biomarker trajectories

generally assess the progression of AD and partly explain

the associations among these biomarkers [144]. Tau shows

site-specific phosphorylation changes during the process of

AD. For example, p-tau217, p-tau181, and p-tau 231 have

been shown to rise originally at the start of Ab accumu-

lation before the change in tau-PET, and p-tau205 and t-tau

begin to increase close to the onset of clinical symptoms

[71, 78, 145]. Furthermore, the fact that no change in CSF

p-tau has been reported in individuals with MAPT muta-

tions suggests a close association between Ab and some

site-specific p-tau proteins [146].

Familial AD cohorts and Down’s syndrome cohorts are

suitable to be used to explore biomarker trajectories in AD

[147, 148]. Fortea and colleagues found a changing pattern

of the biomarkers in Down’s syndrome, which changed in a

stable order before the clinical symptoms: the first markers
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were CSF Ab42/40 and plasma NFL; the second marker

was amyloid PET; the third markers were 18F-fluo-

rodeoxyglucose PET and CSF p-tau; and the last markers

were hippocampal atrophy and cognitive decline. This

pattern can also be applied to sporadic and familial AD

[149].

Palmqvist and colleagues described the trajectories of

seven CSF and six plasma biomarkers from 337 partici-

pants in the BioFINDER study, with the accumulation of

amyloid deposition in AD. They found two main outcomes.

The first was that the matching biomarkers in CSF and

plasma began to change almost simultaneously, but the

dynamic ranges in plasma were smaller than those in CSF,

except for p-tau (similar in plasma and CSF). The second

was the sequential order, in the sequence of Ab, soluble

p-tau, and biomarkers related to ‘‘N’’ and inflammation.

This pattern supported the theory of the amyloid cascade in

AD and suggested that inflammation should be included as

the ‘‘X’’ (in the A-T-N-X framework) in the central and

peripheral systems [45].

Significantly, certain cross-sections of A-T-N-X could

be used to determine the prognosis of AD. For example,

there is a more rapid decline in patients with A(?)-T(?)-

N(?) than other profiles [150, 151]. Extrapolating from

these outcomes, T(?) or N(?) indicates a steeper exacer-

bation of AD based on A(?) [152].

Following the trajectories of these studies, we found an

objective relationship among these biomarkers. In addition,

we raise several hypotheses regarding the mechanisms

among biomarkers in AD. We still consider that Ab is the

central and original biomarker of AD and differentiates AD

from other neurodegenerative diseases. Exploration of the

interactions of the suggested biomarkers with Ab is

essential to reveal the specific meaning of each. We could

ascertain the physical characteristics of combinations of

Ab and other biomarkers or antibodies with new tech-

niques, and there could be some key domains involved in

specific binding. We can also analyze the biochemical

characteristics of some special molecules, enzymes, or

pathways of the biomarkers. Moreover, we cannot exclude

that some biomarkers are specific to AD but independent of

Ab, so we should explore the mechanisms by which these

biomarkers can identify AD alone.

Complete Model Based on the Biomarkers of AD

We seek to build a comprehensive, reliable, and available

model based on biomarkers of the A-T-N-X framework,

which could be applied in the diagnosis, differential

diagnosis, prevention, prognosis, and treatment of AD.

First, basic information, such as age, sex, body mass index,

underlying disease, metabolism, nutrition, diet, exercise,

education, and medications (such as cholinesterase inhibi-

tors and memantines), should be included. Then, comor-

bidities and related biomarkers should be included in the

whole model, as this contributes to the early diagnosis of

AD in high-risk populations [153]. Second, the clinical

status, especially cognitive assessment, such as the Mini-

mental State Examination, Alzheimer’s Disease Assess-

ment Scale-Cognitive Subscale, Clinical Dementia Rating,

Preclinical Alzheimer’s Cognitive Composite, and Mon-

treal Cognitive Assessment scores, should be taken into

account. Third, the results of basic examinations and

laboratory tests, such as magnetic resonance imaging and

liver and renal function tests, should be included. Fourth,

tests of the genes associated with AD, including APP,

BACE1, PSEN1, APOE (apolipoprotein E) e4 alleles, and

TREM2, and calculation of the polygenic risk score should

be performed [154]. Proteomic profiling is an alternative

biomarker panel for AD, the results of which can offer

directions for further exploration of new biomarkers

[82, 155, 156]. Last, biomarkers should be central to the

model, including the central framework (PET, CSF assays,

or biopsy) and the peripheral framework (plasma or other

biofluid assays). The consistency of a biomarker in CSF

and plasma should be weighed individually before deciding

to choose peripheral biomarkers. The whole model is

helpful in early prediction and early diagnosis.

Perspectives

With the generation-after-generation appearance of star

biomarkers, we need to see through the initial excitement

generated by their discovery to perceive their real impor-

tance in AD. We hope to identify true representative

biomarkers that are stable and accurate, with clear mech-

anisms in AD. The A-T-N-X framework of AD provides a

common language for investigators. In the future, we

should pay more attention to the peripheral biofluid A-T-N-

X framework, focusing especially on improving the

accuracy of measurement of peripheral biofluid Ab based

on ultrasensitive technologies. Specifically, we should

clarify the mechanisms by which the biomarkers support

the peripheral A-T-N-X framework in AD. In addition, we

need to unify the assay methods and cut-off points of the

plasma biomarkers in multicenter studies. Clinical trials

targeting biomarkers should then be further improved.

Finally, we should construct a comprehensive model based

on biomarkers to assess individuals suitable for further

studies and applications in the clinic. This biomarker-based

framework could be applied to more neurodegenerative

diseases.
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E, et al. Pre-analytical protocol for measuring Alzheimer’s

disease biomarkers in fresh CSF. Alzheimers Dement 2020, 12:

e12137.

26. Simrén J, Leuzy A, Karikari TK, Hye A, Benedet AL, Lantero-

Rodriguez J, et al. The diagnostic and prognostic capabilities of

plasma biomarkers in Alzheimer’s disease. Alzheimers Dement

2021, 17: 1145–1156.

27. Ashton NJ, Leuzy A, Karikari TK, Mattsson-Carlgren N,

Dodich A, Boccardi M, et al. The validation status of blood

biomarkers of amyloid and phospho-tau assessed with the

123

S. Huang et al.: Biofluid Biomarkers of AD 687

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.pneurobio.2020.101904
https://doi.org/10.1101/2020.07.21.20159129
https://doi.org/10.1101/2020.07.21.20159129


5-phase development framework for AD biomarkers. Eur J Nucl

Med Mol Imaging 2021, 48: 2140–2156.

28. Brickman AM, Manly JJ, Honig LS, Sanchez D, Reyes-

Dumeyer D, Lantigua RA, et al. Plasma p-tau181, p-tau217,

and other blood-based Alzheimer’s disease biomarkers in a

multi-ethnic, community study. Alzheimers Dement 2021, 17:

1353–1364.

29. Roberts KF, Elbert DL, Kasten TP, Patterson BW, Sigurdson

WC, Connors RE, et al. Amyloid-b efflux from the central

nervous system into the plasma. Ann Neurol 2014, 76: 837–844.

30. Liu YH, Wang J, Li QX, Fowler CJ, Zeng F, Deng J, et al.
Association of naturally occurring antibodies to b-amyloid with

cognitive decline and cerebral amyloidosis in Alzheimer’s

disease. Sci Adv 2021, 7: eabb0457.

31. Cheng Y, Tian DY, Wang YJ. Peripheral clearance of brain-

derived Ab in Alzheimer’s disease: Pathophysiology and

therapeutic perspectives. Transl Neurodegener 2020, 9: 16.

32. Wang YR, Wang QH, Zhang T, Liu YH, Yao XQ, Zeng F, et al.
Associations between hepatic functions and plasma amyloid-

beta levels-implications for the capacity of liver in peripheral

amyloid-beta clearance. Mol Neurobiol 2017, 54: 2338–2344.

33. Shi J. Fluctuations of CSF amyloid-beta levels: Implications for

a diagnostic and therapeutic biomarker. Neurology 2007, 69:

1063–1064.

34. Karki HP, Jang Y, Jung J, Oh J. Advances in the development

paradigm of biosample-based biosensors for early ultrasensitive

detection of Alzheimer’s disease. J Nanobiotechnology 2021,

19: 72.

35. Kim K, Lee CH, Park CB. Chemical sensing platforms for

detecting trace-level Alzheimer’s core biomarkers. Chem Soc

Rev 2020, 49: 5446–5472.

36. Jia LF, Qiu QQ, Zhang H, Chu L, Du YF, Zhang JW, et al.
Concordance between the assessment of Ab42, T-tau, and

P-T181-tau in peripheral blood neuronal-derived exosomes and

cerebrospinal fluid. Alzheimers Dement 2019, 15: 1071–1080.

37. Jia LF, Zhu M, Kong CJ, Pang YN, Zhang H, Qiu QQ, et al.
Blood neuro-exosomal synaptic proteins predict Alzheimer’s

disease at the asymptomatic stage. Alzheimers Dement 2021,

17: 49–60.

38. Xing WM, Gao WY, Lv XL, Xu XG, Zhang ZS, Yan J, et al.
The diagnostic value of exosome-derived biomarkers in

Alzheimer’s disease and mild cognitive impairment: A meta-

analysis. Front Aging Neurosci 2021, 13: 637218.

39. Pannee J, Gobom J, Shaw LM, Korecka M, Chambers EE, Lame

M, et al. Round robin test on quantification of amyloid-b 1–42

in cerebrospinal fluid by mass spectrometry. Alzheimers

Dement 2016, 12: 55–59.

40. Koychev I, Jansen K, Dette A, Shi L, Holling H. Blood-based

ATN biomarkers of Alzheimer’s disease: A meta-analysis.

J Alzheimers Dis 2021, 79: 177–195.

41. Pawlik P, Błochowiak K. The role of salivary biomarkers in the

early diagnosis of Alzheimer’s disease and Parkinson’s disease.

Diagnostics (Basel) 2021, 11: 371.

42. Yilmaz A, Ugur Z, Bisgin H, Akyol S, Bahado-Singh R, Wilson

G, et al. Targeted metabolic profiling of urine highlights a

potential biomarker panel for the diagnosis of Alzheimer’s

disease and mild cognitive impairment: A pilot study. Metabo-

lites 2020, 10: 357.

43. Thijssen EH, la Joie R, Wolf A, Strom A, Wang P, Iaccarino L,

et al. Diagnostic value of plasma phosphorylated tau181 in

Alzheimer’s disease and frontotemporal lobar degeneration. Nat

Med 2020, 26: 387–397.

44. de Wolf F, Ghanbari M, Licher S, McRae-McKee K, Gras L,

Weverling GJ, et al. Plasma tau, neurofilament light chain and

amyloid-b levels and risk of dementia; a population-based

cohort study. Brain 2020, 143: 1220–1232.

45. Palmqvist S, Insel PS, Stomrud E, Janelidze S, Zetterberg H,

Brix B, et al. Cerebrospinal fluid and plasma biomarker

trajectories with increasing amyloid deposition in Alzheimer’s

disease. EMBO Mol Med 2019, 11: e11170.

46. Roher AE, Esh CL, Kokjohn TA, Castaño EM, van Vickle GD,

Kalback WM, et al. Amyloid beta peptides in human plasma and

tissues and their significance for Alzheimer’s disease. Alzhei-

mers Dement 2009, 5: 18–29.

47. Lopatko Lindman K, Weidung B, Olsson J, Josefsson M,

Johansson A, Eriksson S, et al. Plasma amyloid-b in relation to

antibodies against Herpes simplex virus, Cytomegalovirus, and

Chlamydophila pneumoniae. J Alzheimers Dis Rep 2021, 5:

229–235.

48. Wang M, Peng IF, Li SM, Hu XD. Dysregulation of antimicro-

bial peptide expression distinguishes Alzheimer’s disease from

normal aging. Aging 2020, 12: 690–706.

49. Kim JW, Byun MS, Lee JH, Yi D, Jeon SY, Sohn BK, et al.
Serum albumin and beta-amyloid deposition in the human brain.

Neurology 2020, 95: e815–e826.

50. Inyushin M, Zayas-Santiago A, Rojas L, Kucheryavykh L. On

the role of platelet-generated amyloid beta peptides in certain

amyloidosis health complications. Front Immunol 2020, 11:

571083.

51. Schindler SE, Bollinger JG, Ovod V, Mawuenyega KG, Li Y,

Gordon BA, et al. High-precision plasma b-amyloid 42/40

predicts current and future brain amyloidosis. Neurology 2019,

93: e1647–e1659.

52. Nakamura A, Kaneko N, Villemagne VL, Kato T, Doecke J,
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60. Barthélemy NR, Horie K, Sato C, Bateman RJ. Blood plasma

phosphorylated-tau isoforms track CNS change in Alzheimer’s

disease. J Exp Med 2020, 217: e20200861.

61. Leuzy A, Janelidze S, Mattsson-Carlgren N, Palmqvist S, Jacobs

D, Cicognola C, et al. Comparing the clinical utility and

diagnostic performance of CSF P-Tau181, P-Tau217, and

P-Tau231 assays. Neurology 2021, 97: e1681–e1694.

123

688 Neurosci. Bull. June, 2022, 38(6):677–691



62. Mielke MM, Frank RD, Dage JL, Jeromin A, Ashton NJ,

Blennow K, et al. Comparison of plasma phosphorylated tau

species with amyloid and tau positron emission tomography,

neurodegeneration, vascular pathology, and cognitive outcomes.

JAMA Neurol 2021, 78: 1108–1117.

63. Gu JL, Xu W, Jin NN, Li LF, Zhou Y, Chu DD, et al. Truncation

of Tau selectively facilitates its pathological activities. J Biol

Chem 2020, 295: 13812–13828.

64. Blennow K, Chen C, Cicognola C, Wildsmith KR, Manser PT,

Bohorquez SMS, et al. Cerebrospinal fluid tau fragment

correlates with tau PET: A candidate biomarker for tangle

pathology. Brain 2020, 143: 650–660.

65. Cicognola C, Hansson O, Scheltens P, Kvartsberg H, Zetterberg

H, Teunissen CE, et al. Cerebrospinal fluid N-224 tau helps

discriminate Alzheimer’s disease from subjective cognitive

decline and other dementias. Alzheimers Res Ther 2021, 13: 38.

66. Wesseling H, Mair W, Kumar M, Schlaffner CN, Tang SJ,

Beerepoot P, et al. Tau PTM profiles identify patient hetero-

geneity and stages of Alzheimer’s disease. Cell 2020, 183:

1699-1713.e13.

67. Karikari TK, Benedet AL, Ashton NJ, Juan LR, Anniina S, Marc

SC, et al. Diagnostic performance and prediction of clinical

progression of plasma phospho-tau181 in the Alzheimer’s

Disease Neuroimaging Initiative. Mol Psychiatry 2020, 26:

429–442.

68. Karikari TK, Pascoal TA, Ashton NJ, Janelidze S, Benedet AL,

Rodriguez JL, et al. Blood phosphorylated tau 181 as a

biomarker for Alzheimer’s disease: A diagnostic performance

and prediction modelling study using data from four prospective

cohorts. Lancet Neurol 2020, 19: 422–433.

69. Janelidze S, Mattsson N, Palmqvist S, Smith R, Beach TG,

Serrano GE, et al. Plasma P-tau181 in Alzheimer’s disease:

Relationship to other biomarkers, differential diagnosis, neu-

ropathology and longitudinal progression to Alzheimer’s

dementia. Nat Med 2020, 26: 379–386.

70. Lantero Rodriguez J, Karikari TK, Suárez-Calvet M, Troakes C,
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Eichenlaub U, et al. Head-to-head comparison of 8 plasma

amyloid-b 42/40 assays in alzheimer disease. JAMA Neurol

2021, 78: 1375–1382.

140. Chan HN, Xu D, Ho SL, He DG, Wong MS, Li HW. Highly

sensitive quantification of Alzheimer’s disease biomarkers by

aptamer-assisted amplification. Theranostics 2019, 9:
2939–2949.

141. Zhou R, Yang GH, Guo XF, Zhou Q, Lei JL, Shi YG.

Recognition of the amyloid precursor protein by human c-

secretase. Science 2019, 363: eaaw0930.

142. Fitzpatrick AWP, Falcon B, He SD, Murzin AG, Murshudov G,

Garringer HJ, et al. Cryo-EM structures of tau filaments from

Alzheimer’s disease. Nature 2017, 547: 185–190.

143. Janelidze S, Palmqvist S, Leuzy A, Stomrud E, Verberk I,

Zetterberg H, et al. Detecting amyloid positivity in early

Alzheimer’s disease using combinations of plasma Ab42/Ab40

and p-tau. Alzheimers Dement 2021: 2021Jun20.

144. Ower AK, Hadjichrysanthou C, Gras L, Goudsmit J, Anderson

RM, de Wolf F, et al. Temporal association patterns and

dynamics of amyloid-b and tau in Alzheimer’s disease. Eur J

Epidemiol 2018, 33: 657–666.
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