
Received: 7 February 2024 Revised: 21March 2024 Accepted: 4 April 2024

DOI: 10.1002/alz.13859

R E S E A RCH ART I C L E

Revised criteria for diagnosis and staging of Alzheimer’s
disease: Alzheimer’s AssociationWorkgroup

Clifford R. Jack Jr.1 J. Scott Andrews2 Thomas G. Beach3 Teresa Buracchio4

Billy Dunn5 Ana Graf6 Oskar Hansson7,8 Carole Ho9 William Jagust10

EricMcDade11 Jose LuisMolinuevo12 Ozioma C. Okonkwo13 Luca Pani14

Michael S. Rafii15 Philip Scheltens16 Eric Siemers17 HeatherM. Snyder18

Reisa Sperling19 Charlotte E. Teunissen20 Maria C. Carrillo18

1Department of Radiology, Mayo Clinic, Rochester, Minnesota, USA

2Global Evidence &Outcomes, Takeda Pharmaceuticals Company Limited, Cambridge, Massachusetts, USA

3Civin Laboratory for Neuropathology, Banner SunHealth Research Institute, Sun City, Arizona, USA

4Office of Neuroscience, U.S. Food andDrug Administration, Silver Spring, Maryland, USA

5TheMichael J. Fox Foundation for Parkinson’s Research, New York, New York, USA

6Novartis, Neuroscience Global Drug Development, Basel, Switzerland

7Department of Clinical SciencesMalmö, Faculty ofMedicine, Lund University, Lund, Sweden

8Memory Clinic, Skåne University Hospital, Malmö, Lund, Sweden

9Development, Denali Therapeutics, South San Francisco, California, USA

10School of Public Health andHelenWills Neuroscience Institute, University of California Berkeley, Berkeley, California, USA

11Department of Neurology,Washington University St. Louis School ofMedicine, St. Louis, Missouri, USA

12Department of Global Clinical Development H. Lundbeck A/S, ExperimentalMedicine, Copenhagen, Denmark

13Department ofMedicine, Division of Geriatrics and Gerontology, University ofWisconsin School ofMedicine, Madison,Wisconsin, USA

14University ofMiami, Miller School ofMedicine, Miami, Florida, USA

15Alzheimer’s Therapeutic Research Institute (ATRI), Keck School ofMedicine at the University of Southern California, San Diego, California, USA

16AmsterdamUniversityMedical Center (Emeritus), Neurology, Amsterdam, the Netherlands

17Clinical Research, Acumen Pharmaceuticals, Zionsville, Indiana, USA

18Medical & Scientific Relations Division, Alzheimer’s Association, Chicago, Illinois, USA

19Department of Neurology, Brigham andWomen’s Hospital, Massachusetts General Hospital, HarvardMedical School, Boston,Massachusetts, USA

20Department of LaboratoryMedicine, AmsterdamUMC, Neurochemistry Laboratory, Amsterdam, the Netherlands

Correspondence

Clifford R. Jack Jr., 200 1st ST SW, Department

Radiology, Mayo Clinic, Rochester, MN, USA.

Email: jack.clifford@mayo.edu

Contributing committeemembers: Eliezer

Masliah and Laurie Ryan.

Abstract

The National Institute on Aging and the Alzheimer’s Association convened three sep-

arate work groups in 2011 and single work groups in 2012 and 2018 to create

recommendations for the diagnosis and characterization of Alzheimer’s disease (AD).

The present document updates the 2018 research framework in response to several

recent developments. Defining diseases biologically, rather than based on syndromic
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presentation, has long been standard in many areas of medicine (e.g., oncology), and is

becoming a unifying concept common to all neurodegenerative diseases, not just AD.

The present document is consistent with this principle. Our intent is to present objec-

tive criteria for diagnosis and stagingAD, incorporating recent advances in biomarkers,

to serve as a bridge between research and clinical care. These criteria are not intended

to provide step-by-step clinical practice guidelines for clinical workflow or specific

treatment protocols, but rather serve as general principles to inform diagnosis and

staging of AD that reflect current science.

KEYWORDS

Alzheimer’s disease diagnosis, Alzheimer’s disease imaging, Alzheimer’s disease staging, amyloid
positron emission tomography, biofluid biomarkers Alzheimer’s disease, biomarkers Alzheimer’s
disease, preclinical Alzheimer’s disease, tau positron emission tomography

Highlights

∙ We define Alzheimer’s disease (AD) to be a biological process that begins with

the appearance of AD neuropathologic change (ADNPC) while people are asymp-

tomatic. Progression of the neuropathologic burden leads to the later appearance

and progression of clinical symptoms.

∙ Early-changing Core 1 biomarkers (amyloid positron emission tomography [PET],

approved cerebrospinal fluid biomarkers, and accurate plasma biomarkers [espe-

cially phosphorylated tau 217]) map onto either the amyloid beta or AD tauopathy

pathway; however, these reflect the presence of ADNPC more generally (i.e., both

neuritic plaques and tangles).

∙ An abnormal Core 1 biomarker result is sufficient to establish a diagnosis of AD and

to inform clinical decisionmaking throughout the disease continuum.

∙ Later-changing Core 2 biomarkers (biofluid and tau PET) can provide prognostic

information, and when abnormal, will increase confidence that AD is contributing

to symptoms.

∙ An integrated biological and clinical staging scheme is described that accommodates

the fact that common copathologies, cognitive reserve, and resistance may modify

relationships between clinical and biological AD stages.

1 BACKGROUND

In 2011, the National Institute on Aging and the Alzheimer’s Associ-

ation (NIA-AA) convened three workgroups that published separate

recommendations for the diagnosis and evaluation of Alzheimer’s

disease (AD) in its preclinical, mild cognitive impairment (MCI), and

dementia phases.1–4 In 2012, an NIA-AA workgroup published a

consensus document on the neuropathologic diagnosis of AD.5,6

Several years later, the NIA-AA convened a single workgroup to

update 2011 recommendations for diagnosis and evaluation. Theprod-

uct of that workgroup, published in 2018, was labeled a research

framework.7 The 2018 publication stated that the framework should

be updated in the future as needed in response to scientific

advances.

The convening organization for these revised criteria is the AA. The

AA identified a four-person core leadership group for this effort (i.e.,

a steering committee) as well as a larger full workgroup. Members of

the full workgroup were selected to provide a range of relevant sci-

entific and clinical expertise; to achieve a representative sample of

professional stakeholders; and to achieve a balance of academic and

industry representation, sex/ethnicity, and geographic location. The

steering committee also engaged expert advisors to provide reviews of

the project.

Although the purpose of this document is to update the 2018 doc-

ument, a set of fundamental principles emerged from prior NIA-AA

workgroups. These principles, outlined in Box 1, are carried forward

and serve as the foundation or starting point for the current revised

criteria.
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BOX1: Fundamental principles

It is necessary to separate syndrome (clinically identified

impairment) from biology (etiology).

Alzheimer’s disease (AD) is defined by its biology with the

following implications.

AD is defined by its unique neuropathologic findings;

therefore, detection of AD neuropathologic change by

biomarkers is equivalent to diagnosing the disease.

AD exists on a continuum. The disease is first evident in

vivo with the appearance of disease-specific Core biomark-

ers while people are asymptomatic. Pathophysiologic mech-

anisms involved with processing and clearance of protein

fragments may be involved very early in the disease process,

but these are not yet well understood.

Symptoms are a result of the disease process and are not

necessary to diagnose AD.

Unimpaired individuals with abnormal biomarker test

results are at risk for symptoms due to AD. They are not at

risk for a disease they already have.

Clinical syndromes commonly seen with AD may also be

caused by disorders other than AD, and therefore clinical

presentation alone is not diagnostic of AD.

The same AD biology may result in different phenotypic

presentations.

Three major developments prompted this update. First, treatments

that target core disease pathology have, for the first time, received

regulatory approval. The prospect of these therapies entering clini-

cal practice highlights the importance of conceptual alignment among

clinicians, industry, and academia around diagnosis and staging of AD.

Second, the most significant advance in AD diagnostics in recent

years has been the development of blood-based markers (BBM) with

some (not all) assays exhibiting accurate diagnostic performance.

This now makes the biological diagnosis of AD (which previously

required positron emission tomography [PET] or cerebrospinal fluid

[CSF] assays) more generally accessible and is projected to revolution-

ize clinical care and research. The field is now in a transition phase

during which BBM are being integrated with traditional CSF and PET

biomarkers.

Finally, an important product of recent research is the recognition

that imaging, CSF, and BBM within a pathobiological AT(N) (amy-

loid/tau/neurodegeneration) category are interchangeable for some,

but not all, intended uses. The present document is updated to reflect

this.

This is a forward-looking document based on current scientific

evidence that provides a common framework for AD diagnostic and

staging criteria to inform both research and clinical care. We do not

provide detailed guidance on clinical workflow or treatment protocols;

formal clinical practice guidelines will appear in a subsequent docu-

ment. The criteria we describe are presently operationalizable at some

but by no means all centers even among major medical institutions in

high-income countries. We therefore view these criteria as a bridge

between research and clinical care.

2 BIOMARKER CATEGORIZATION

Categorization of biomarkers refers to grouping biomarkers into cat-

egories that reflect a common proteinopathy pathway or pathogenic

process. Categorization of biomarkers in the 2018 NIA-AA framework

assumedequivalenceofCSFand imagingbiomarkerswithin eachAT(N)

category.8 Ample evidence has accumulated that this is not always the

case; therefore, in these revised criteria we break from the assumption

of equivalence between imaging and biofluid biomarkerswithin a given

biomarker category.

We group biomarkers into three broad categories: core biomark-

ers of AD neuropathologic change (ADNPC),5 non-specific biomarkers

that are important in AD pathogenesis but are also involved in other

brain diseases, and biomarkers of common non-AD copathologies

(Table 1). Within each of these three broad categories we subcatego-

rize biomarkers by the specific proteinopathy pathway or pathogenic

process that each measures; for example, “A” biomarkers denote the

amyloid beta (Aβ) proteinopathy pathway.
Throughout the document we distinguish between imaging and

fluid biomarkers. Imaging biomarkers measure cumulative effects;

capture topographic information; map onto established neuropatho-

logic constructs; and, in the case of amyloid and tau PET, represent

insoluble aggregates.9–15 Fluid biomarkers reflect the net of rates of

production/clearance of analytes at a given point in time.

The 2018 framework recognized the need to modify the AT(N)

biomarker classification scheme to incorporate newly developed

biomarkers within an existing AT(N) category; and, we have included

recently developedBBMofA, T, and (N) in this update. The2018 frame-

work also called for incorporating new biomarker categories beyond

AT(N) as appropriate. This was denoted in the 2018 document as

ATX(N), where X indicated a new biomarker category beyond A, T, or

(N).7 Accordingly, Tables 1 and 2 include three new biomarker cate-

gories: inflammatory/immunemechanisms (I), vascular brain injury (V),

and alpha-synucleinopathy (S). V and S biomarkers are relevant to this

document on AD diagnosis and staging because AD most often occurs

with copathologies in older adults.

Table 1 illustrates biomarker categories by pathogenic mechanism

or proteinopathy pathway. CSF and plasma are listed together as fluid

analytes because the same analyte is measured in CSF or plasma.

Table 2 lists intended uses for biomarkers, which fall into several

categories: diagnosis; staging, prognosis, as an indicator of biological

treatment effect; and identification of copathologies. While Table 1

lists fluid analytes, Table 2 lists assays and, accordingly, CSF and plasma

are broken into separate columns in Table 2 because assay imple-

mentation may differ between CSF and plasma. Table 2 also includes

hybrid ratios, which are assays rather than individual analytes. Assays

in Table 2 may be in vitro diagnostics, laboratory-developed tests, or
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TABLE 1 Categorization of fluid analyte and imaging biomarkers.

Biomarker category CSF or plasma analytes Imaging

Core Biomarkers

Core 1

A (Aβ proteinopathy) Aβ 42 Amyloid PET

T1: (phosphorylated and

secreted AD tau)

p-tau217, p-tau181,

p-tau231

Core 2

T2 (AD tau

proteinopathy)

MTBR-tau243, other

phosphorylated tau

forms (e.g., p-tau205),

non-phosphorylated

mid-region tau

fragmentsa

Tau PET

Biomarkers of non-specific processes involved in AD pathophysiology

N (injury, dysfunction,

or degeneration of

neuropil)

NfL AnatomicMRI,

FDG PET

I (inflammation)

Astrocytic activation

GFAP

Biomarkers of non-AD copathology

V vascular brain injury Infarction onMRI

or CT,WMH

S α-synuclein αSyn-SAAa

Notes: P-tau231, p-tau205, MTBR-tau243, and non-phosphorylated tau

fragments are included in this table because they are discussed in the text;

however, these analytes have not undergone the same level of validation

testing as other Core biomarkers. Biomarkers are categorized based on

four criteria. First, three broadmechanistic groupings have been identified.

Second, biomarkers are subclassified based on the proteinopathy or patho-

physiologic pathway that eachmeasures (e.g., A, T1, T2, N etc.). Third, within

the Core category we distinguish between Core 1 and Core 2 biomarkers.

Fourth, imaging and fluid analyte biomarkers are listed separately within

each category.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; αSyn-SAA, alpha-
synuclein seed amplification assay; CSF, cerebrospinal fluid; CT, computed

tomography; FDG, fluorodeoxyglucose; GFAP, glial fibrillary acidic protein;

MRI, magnetic resonance imaging;MTBR, microtubule-binding region; NfL,

neurofilament light chain; PET, positron emission tomography;WMH,white

matter hyperintensity.
aA fluid analyte that is presently informative only when measured in CSF.

No notation used if the fluid analyte is informative with plasma or CSF.

research-use-only tests. The committee used the following criteria for

inclusion in Table 2: the imaging, CSF, or BBM has either received

regulatory approval or has played a prominent role in recent clinical

research, and, in the opinion of the committee, enough evidence exists

to support its clinical value and the assumption that it may receive

regulatory approval in the future.

Tables 1 and 2 categorize core and non-core biomarkers. In the

remainder of Section 2, we focus on core biomarkers of ADNPC to

create a logical progression to the subsequent topics of diagnosis and

staging, which use only core biomarkers. Non-core biomarkers (i.e., N,

I, V, and S) are discussed in Section 7.

Core AD biomarkers are those in the A (Aβ) and T (tau) categories

(Table 1). The A category denotes biomarkers of the Aβ proteinopa-

thy pathway. Soluble aggregation-prone Aβ peptides are themolecular

building blocks of insoluble fibrillar Aβ aggregates in plaques. Hence,

fluid and imaging A biomarkers “represent different biochemical pools

of the sameproteinopathy pathway.”16 Moreover, although fluidAβ42-
based assays may become abnormal slightly before amyloid PET,17 the

two are usually highly concordant.18–20

Timing relationships are different across the spectrumofTbiomark-

ers. Phosphorylatedmid-region fragments (phosphorylated tau [p-tau]

181, 217, and 231) become abnormal around the same time as amy-

loid PET and before tau PET.21–24 This has led to the suggestion that

secretion of tau fragments phosphorylated at specific residues (181,

217, and 231) may represent a physiologic reaction to Aβ plaques25

and may link Aβ proteinopathy to early tau proteinopathy.26,27 In con-
trast, other tau fragment analytes (e.g., microtubule-binding region

[MTBR-tau243] and non-phosphorylated mid-region tau fragments)

become abnormal later and correlate better with tau PET than with

amyloid PET.28,29 These observations led us to split the T biomarker

category into two subcategories: T1 (biofluid analytes of soluble tau

fragments that may reflect a reaction to amyloid plaques or to solu-

ble Aβ species in plaque penumbra) and T2 (tau PET imaging or biofluid

analytes that signal the presence of AD tau aggregates). Because of

their timeofonset, plasmap-tau217, 181, and231havebeenproposed

as biomarkers of Aβ plaques, but this is difficult to accept conceptually
because theseare tau fragments, notmeasuresof theAβproteinopathy
pathway. Furthermore, these tau analytes do correlate with tau pro-

teinopathy in addition to Aβ proteinopathy.30 The T1 and T2 categories
address these conceptual issues.

We introduce the concept of Core 1 and Core 2 AD biomark-

ers, which are differentiated by the timing of abnormality onset and

intended use (Box 2). Core 1 biomarkers become abnormal around

the same time as amyloid PET, and are those in the A, T1, or

hybrid ratio categories (Tables 1 and 2). Because most individuals

with abnormal amyloid PET have intermediate-to-high ADNPC (dis-

cussed in Section 3.2), the Core 1 category represents ADNPC more

generally (i.e., both neuritic plaques and tangles). Core 1 biomark-

ers define the initial stage of AD that is detectable in vivo and can

identify the presence of AD in both symptomatic and asymptomatic

individuals.

Core 2 biomarkers are those in the T2 category (Tables 1 and 2)

and include tau PET and certain soluble tau fragments associated

with tau proteinopathy (e.g., MTBR-tau243), but also pT205 and non-

phosphorylated mid-region tau fragments.21,29 Core 2 biomarkers

become abnormal later in the evolution of AD and are more closely

linked with the onset of symptoms than are Core 1 biomarkers. Core

2 biomarkers, when combined with Core 1, may be used to stage

biological disease severity.

CSF assays/platforms andPET ligands that have received regulatory

approval for clinical use are listed in Table S1 in supporting information.

Readers are referred to recent reviews for details describing specific

fluid biomarker assays and PET ligands.31–33
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TABLE 2 Intended uses for imaging, CSF, and plasma biomarker assays.

Intended use CSF Plasma Imaging

Diagnosis

A: (Aβ proteinopathy) — — Amyloid PET

T1: (phosphorylated and

secreted AD tau)

— p-tau217 —

Hybrid ratios p-tau181/Aβ42, t-tau/Aβ42, Aβ42/40 %p-tau217 —

Staging, prognosis, as an indicator of biological treatment effect

A: (Aβ proteinopathy) — — Amyloid PET

T1: (phosphorylated and

secreted AD tau)

— p-tau217 —

Hybrid ratios p-tau181/Aβ42, t-tau/Aβ42, Aβ42/40 %p-tau217 —

T2: (AD tau proteinopathy) MTBR-tau243, other p-tau forms (e.g.,

p-tau205), non-phosphorylated

mid-region tau fragments

MTBR-tau243, other

p-tau forms (e.g.,

p-tau205)

Tau PET

N (injury, dysfunction, or

degeneration of neuropil)

NfL NfL AnatomicMRI,

FDG PET

I (inflammation) Astrocytic

activation

GFAP GFAP —

Identification of copathology

N (injury, dysfunction, or

degeneration of neuropil)

NfL NfL AnatomicMRI,

FDG PET

V vascular brain injury — — Infarction onMRI

or CT,WMH

S α-synuclein αSyn-SAA —

Notes: Table 2 lists assays while Table 1 lists analytes; therefore, plasma and CSF are listed separately in Table 2 but listed together in Table 1. The focus in

this table is on plasma p-tau217 and not p-tau231, p-tau181, or Aβ42/40 because p-tau217 typically outperforms these other plasma assays in head-to-

head comparisons. %p-tau is the ratio p-tau217/non-phosphorylated-tau217. Combinations of Core 1 biomarkers may also be used for diagnosis. P-tau205,

MTBR-tau243, and non-phosphorylated tau fragments have not undergone the same level of validation testing as has tau PET; however, they are included to

support a “conceptual” staging scheme outlined in Table 5.

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; αSyn-SAA, alpha-synuclein seed amplification assay; CSF, cerebrospinal fluid; CT, computed

tomography; FDG, fluorodeoxyglucose; GFAP, glial fibrillary acidic protein; MRI, magnetic resonance imaging; MTBR, microtubule-binding region; NfL,

neurofilament light chain; PET, positron emission tomography; p-tau, phosphorylated tau;WMH, whitematter hyperintensity.

3 DIAGNOSIS

In this updatewepropose that abnormality on specific Core 1biomark-

ers is sufficient to diagnose AD (Table 2). Specifically, we propose that

the following can be diagnostic of AD: amyloid PET; CSF Aβ 42/40, CSF
p-tau 181/Aβ 42, CSF t-tau/Aβ 42; or “accurate” plasma assays where

“accurate” can be defined as accuracy that is equivalent to approved

CSF assays in detecting abnormal amyloid PET in the intended-use

population (Box 2). This definition is consistent with recent recom-

mendations on minimum acceptable performance criteria for BBM.34

Combinations of Core 1 biomarkers may also be used as diagnostic

tests.

Core 2 biomarkers have many uses (Table 2, Box 2) but most often

would not be used as standalone diagnostic tests for AD. Caution

should be used in interpreting an abnormal Core 2 result in the pres-

ence of a normal Core 1 result, because, as discussed in Section 4.3,

abnormal amyloid PET (or a biofluid surrogate) is nearly always a

prerequisite for neocortical AD tauopathy.35 The A−T2+ biomarker

profile36 is not consistent with a diagnosis of AD.37 First, this com-

bination is rare.38–40 Second, when it does occur, it is often due to

quantitative values close to cutpoints that may fall on one side ver-

sus the other owing to measurement variation.41 As discussed later,

biomarkershave sensitivity limits andanormalAbiomarker result does

not mean that the brain is devoid of plaques, but rather that if plaques

are present, the burden does not rise to the detection threshold. Third,

from a neuropathologic perspective, A−T2+ corresponds to primary

age-related tauopathy, which is not considered to represent AD.5,42

3.1 Rationale for diagnosis of AD by Core 1
biomarkers

Natural history studies show that biomarkers in the Core 1 category

becomeabnormalwell before symptomsarise (Figure 1).43–49,50,51 Our

rationale for diagnosingADby thepresenceof specificCore1biomark-

ers (Table2) is that biomarkers that coincidewith theonset of abnormal
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BOX2: The diagnosis of Alzheimer’s disease, Core 1 and Core 2 Alzheimer’s disease biomarkers

Phosphorylatedmid-region tauvariants (p-tau217, 181, and231) becomeabnormal around the same timeas amyloidpositronemission

tomography (PET) and well before tau PET. In contrast, other tau fragments (e.g., microtubule-binding region [MTBR]-tau243) become

abnormal later, closer to onset of tau PET. Our solution is to split the T category: T1 are early changing phosphorylated mid-region tau

fragments (p-tau 217, 181, and 231). T2 are later-changing biofluid tau fragments (e.g., MTBR-tau243) alongwith tau PET.We then group

core biomarkers into Core 1, which are A, T1, and hybrid combinations, versus Core 2, which are tau PET and T2 biofluids.

The diagnosis of Alzheimer’s disease (AD) can be established by abnormality on specific Core 1 biomarkers (see Table 2); however, not

all available Core 1 biomarker tests have sufficient accuracy to be suitable for diagnosis. Currently, we regard the following to be diag-

nostic of AD: amyloid PET, cerebrospinal fluid (CSF) Aβ 42/40, CSF p-tau 181/Aβ 42, CSF t-tau/Aβ 42, “accurate” plasma assays (defined

below), or combinations of these. In most situations different Core 1 biomarkers should be interchangeable for the detection of AD neu-

ropathologic change (ADNPC) and, hence, for the diagnosis of AD. Because nearly all symptomatic individuals and the vast majority of

asymptomatic individuals with abnormal amyloid PET will have intermediate/high AD neuropathologic change, the Core 1 category rep-

resents ADNPCmore generally (i.e., both plaques and tangles). Core 1 biomarkers define the initial stage of AD that is detectable in vivo

and can be used diagnostically for (1) early detection of AD in people without symptoms and (2) confirmation that AD is an underlying

pathology in someonewith symptoms.

Core 2 biomarkers do not detect the initial presence of disease and thusmay not rule out AD pathology; however, because amyloidosis

is nearly always a prerequisite for neocortical AD tauopathy, Core 2 biomarkers are highly associated with Aβ pathology and, therefore,
may be sufficient to confirm (rule in) AD pathology (although rare exceptions exist). When combined with Core 1 biomarkers, Core 2

biomarkers can be used to stage biological disease severity and (1) provide information on the likelihood that symptoms are associated

with AD, (2) inform on the likely rate of progression in symptomatic individuals, and (3) inform on the risk of short-term progression in

people without symptoms.

Only biomarkers that have been proven to be accurate with respect to an accepted reference standard should be used for clinical diag-

nostic purposes, and the same criteria apply to PET, CSF, or blood-based biomarkers. We recommend, as a minimum requirement, an

accuracy of 90% for the identification of moderate/frequent neuritic plaques at autopsy (or an approved surrogate, which, at this point,

would be amyloid PET or CSF) in the intended-use population. For blood-based biomarker assays, this translates to an accuracy equiva-

lent to that of approved CSF assays.We focus on accuracy (true positive+ true negative)/(true positive+ true negative+ false positive+
false negative) as a concise metric because it is equally important that a test used clinically is correct when the test result is positive and

is correct when it is negative. The specification of accurate “in the intended-use population” addresses positive and negative predictive

values, which depend on the prior probability of AD in the population of interest.

amyloid PET define the initially detectable stage of AD. An analogy

can be drawn with slowly progressive cancer that can be detected by

biomarker testing before symptoms arise. Although symptoms may

not appear for years, the disease nonetheless exists at this initially

detectable stage and will eventually produce symptoms if the indi-

vidual lives long enough. Although many individuals die with ADNPC

without experiencing symptoms, this can be attributed to the expo-

nential rise in all-cause mortality rates with older age.52,53 Mortality

fromunrelateddiseases prior to symptomonset fromADshould not be

interpreted to indicate that ADNPC is benign. Individuals with Down

syndrome (DS; trisomy 21) overexpress the amyloid precursor pro-

tein and Aβ. Virtually all individuals with DS have sufficient ADNPC

to meet neuropathological criteria for a diagnosis of AD by their mid-

40s.54 Age at onset andmortality inDS are compatiblewith full genetic

penetrance as in autosomal dominant AD (ADAD).55 One study esti-

mated lifetime risk of dementia to be 95%,56 with the average age

of onset of clinical symptoms in the mid-50s,54 when mortality rates

from unrelated disorders are far lower than in older age. Remaining

life expectancy is an important consideration in clinical management,

but mortality from unrelated causes should not be a criterion used

to define what is and what is not a disease. The biological definition

of AD is consistent with the distinction between a disease and an ill-

ness. A disease is a pathogenic condition, while the term illness denotes

signs and symptoms that result from the disease. Importantly, defin-

ing a disease by its biology rather than by a syndromic description has

been status quo for years in other areas of medicine (e.g., oncology)

and is becoming a unifying concept common to all neurodegenerative

diseases, as exemplified by recent efforts in Parkinson’s disease,57,58

Huntington’s disease,59 and amyotrophic lateral sclerosis.60

In the 2018 research framework, an A+T+ biomarker profile was

required for a designation of ADbased on theAT(N) biomarker classifi-

cation scheme. However, with evolved understanding, the T category

has been split into T1 and T2 in these revised criteria, and we now

define AD as an abnormality on Core 1 biomarkers (Table 2). This

definition effectively anchors the onset of AD in vivo to the onset

of abnormal amyloid PET (Figure 1). However, an often overlooked

but important fact is that amyloid PET is not sensitive to low levels

of ADNPC. The US Food and Drug Administration (FDA)–approved
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F IGURE 1 Staging illustrated with imaging biomarkers along withmodifying effects of copathology and cognitive reserve. A, Prototypical
temporal evolution in Alzheimer’s disease (AD): sequential evolution of amyloid and tau positron emission tomography (PET), followed by
neurodegeneration and clinical symptoms. Time is on the x axis andmagnitude of biomarker or clinical abnormality is on the y axis; (A) also
illustrates an idealized evolution of AD imaging biomarkers in an individual with only AD neuropathologic change (MTL refers tomedial temporal
lobe uptake on tau PET). B, The effect of neurodegenerative copathology in a personwith biological AD stage A (i.e., A+T2−) but severe
neurodegeneration and clinical symptoms that are out of proportion to the degree of tauopathy. This is denoted by a leftward shift (horizontal gray
arrow) of neurodegeneration (N) and clinical symptoms (C) relative to the pure AD temporal sequence. C, The effect of exceptional cognitive
reserve. This is denoted by a rightward shift, later in time (horizontal gray arrow), in the appearance of cognitive symptoms (C, dashed green line)
relative to the average temporal biomarker sequence.
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amyloid PET tracers cannot reliably detect sparse neuritic plaques but

can detect Consortium to Establish a Registry for Alzheimer’s Dis-

ease (CERAD) moderate/frequent neuritic plaque density with high

reliability.9–11,61–62 In the experience of most neuropathologists, the

vast majority of cases with moderate/frequent neuritic plaque bur-

den will also have Braak III to VI neurofibrillary tangle (NFT) scores

and thus will meet criteria for intermediate/high ADNPC.5 Extending

this logic to PET leads to the conclusion that an abnormal amyloid

PET study should nearly always indicate intermediate/high ADNPC.

However, to assess this supposition more rigorously, we examined

the December 2023 data freeze of the National Alzheimer’s Coor-

dinating Center (NACC) autopsy database for participants who had

CERAD moderate/frequent neuritic plaque density scores and had

been assigned both a Braak NFT stage and Clinical Dementia Rat-

ing (CDR). Four thousand eight hundred eighty-nine individuals met

these criteria. Of these, 4637 were symptomatic (i.e., CDR > 0) and

4390/4637 (95%) were Braak NFT stage III to VI and therefore had a

neuropathologic diagnosis of intermediate/high ADNPC. Thus, among

symptomatic individuals, knowing only that someone has moder-

ate/frequent plaques (i.e., an abnormal amyloid PET study) means that

that individual will nearly always (95% of the time) qualify for a patho-

logic diagnosis of intermediate-to-high ADNPC. Diagnosing AD by

abnormal amyloid PET (or biofluid Core 1 biomarkers validated against

amyloid PET) in symptomatic individuals is therefore not a deviation

from the accepted criteria for AD5 because this will nearly always indi-

cate intermediate/high ADNPC. Abnormal Core 1 biomarkers should

be regarded as indicators of ADNPC generally (both plaques and tan-

gles), even though the assays themselves may be specific measures of

Aβ (A) or tau (T1) pathophysiology.
To address diagnosing AD by biomarkers in cognitively unimpaired

individuals, we examined the Arizona Study of Aging and Neurodegen-

erative Disorders and Brain and Body Donation Program63 database

and found 123 individuals who were cognitively unimpaired at death

and had moderate/frequent CERAD neuritic plaque scores. One hun-

dred seven (87%) of these were also Braak III to VI and thus met

criteria for intermediate/high ADNPC. The December 2023 NACC

data freeze mentioned above contained 252 asymptomatic (CDR 0)

individuals with moderate/frequent neuritic plaques and who also had

been assigned a Braak NFT stage; 186/252 (74%) were Braak III to

VI, while 226/252 (91%) were Braak II to VI. Thus, we can conclude

that while most (74%−87%) asymptomatic individuals with an abnor-

mal amyloid PET scan (i.e., moderate/frequent neuritic plaques) will

meet criteria for intermediate/high ADNPC at that time, a proportion

will not. But nearly all (91%) will either meet criteria at that time or

show evidence of progression of NFT pathology beyond the entorhinal

cortex (i.e., Braak II–VI).

The issue of future progression in turn raises the question, among

cognitively unimpaired persons who do meet current neuritic plaque

criteria (i.e., abnormal amyloid PET) butmay notmeet BraakNFT stage

criteria for intermediate/high ADNPC, is it likely that they would have

had they lived longer? To address this, we queried the Mayo Clinic

Study on Aging64 and Alzheimer’s Disease Research Center database

for individuals who: (1) had a positive ante mortem amyloid PET scan

(defined as Centiloid ≥ 25) while cognitively unimpaired, (2) later

progressed to dementia or MCI, (3) had an autopsy. Of the 34 indi-

viduals who did meet these restrictive criteria, 32 (94%) received a

neuropathological diagnosis of intermediate/high likelihood ADNPC.

Based on this evidence, we believe the following statement is accu-

rate: Most cognitively unimpaired persons with an abnormal amyloid

PET scan should presently meet neuropathologic pathologic criteria

for intermediate/high ADNPC, and those that do not will very likely do

so in the future if they live long enough.

3.2 Anchoring Core 1 biomarkers for AD
diagnosis to reference standards

The amyloid PET visual reading method on which regulatory approval

of florbetapir was based is highly accurate (sensitivity 96%, speci-

ficity 100%) at discriminating CERAD none/sparse versus moder-

ate/frequent neuritic plaques in individuals who had an autopsy

within 1 year of the PET scan.11 Visual reads of other approved

PET tracers demonstrated similar sensitivity/specificity with respect

to a neuropathologic reference standard.61,62 Quantification of amy-

loid PET is also accurate at distinguishing intermediate/high ADNPC

from none/low ADNPC.10 Regulatory approval of CSF assays (Table

S1) was anchored to positive/negative visual reads of amyloid PET:

sensitivity/specificity (or positive percent agreement/negative percent

agreement) of approved CSF assays were 88%/93% and 85%/94%

against this reference standard for a single cutpoint (this becomes

more complicated for two cutpoints).65–67 Although autopsy was not

the standard used for regulatory approval, CSF assays do distin-

guish between intermediate/high and none/low ADNPC with high

accuracy.68

Currently, no BBMs have received regulatory approval for any

intended use, although this is expected to change soon. Diagnostic

accuracy varies substantially among various plasmap-tau andAβ42/40
assays.69–71 Accuracy estimateswith respect to an amyloid PET orCSF

reference standard using a single preselected cutpoint or area under

the receiver operating curve (i.e., accuracy over all cutpoints) range

from 0.6 (60%) to > 0.9 (90%).69,72–75 Thus, some plasma assays, par-

ticularly some p-tau217 assays alone or in combination, have accuracy

that is equivalent to that of approved CSF assays.69,74,76,77 Accuracy

must be defined in the intended-use population. Thus, our definition

of Core 1 plasma tests that suffice as standalone diagnostic tests for

AD is those with a minimum accuracy of 90% to detect abnormal amy-

loid PET in the intended-use population, or, more simply, plasma tests

whose diagnostic performance is equivalent to that of approved CSF

assays (Box 2). Our position is that BBM that achieve this diagnostic

performance benchmark should be considered on equal footing with

established PET and CSF biomarkers for diagnosis of AD.

To date, clinical symptomshave not been used as the reference stan-

dard for regulatory approval of ADbiomarkers. Our position is that AD

is defined by its biology and therefore a biomarker that can accurately

detect ADNPC or a validated surrogate is sufficient to establish the

diagnosis of the disease.
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3.3 Blood-based versus CSF biomarkers

CSF p-tau is typically not used as a standalone diagnostic test; rather,

diagnostic CSF assays are hybrid ratios (Table 2): p-tau181/Aβ42, total
tau/Aβ42, or Aβ42/40.65–67 In contrast, some plasma p-tau assays

have demonstrated very good clinical performance in clinical trials and

observational studies as a standalone biomarker.75,78–85

The fold difference between individuals with andwithout Aβ patho-
logic change is≈ 50% for CSFAβ42/40 but only 10% to 15% for plasma

Aβ42/40.70,72,86–88 This limited diagnostic range accounts for the gen-

erallyworse clinical robustness of plasmaAβ42/40 assays compared to

CSF assays or plasma p-tau217 assays.89–91

3.4 Biofluid assay development transparency

Specific regulations are established by national and international labo-

ratory medicine associations, and regulations for the use of laboratory

tests include the International Medical Device Regulations, FDA reg-

ulations, European Commission In Vitro Diagnostics regulations, and

Clinical Laboratory Improvement Amendments (CLIA) of 1988. The

commonprinciple is that for clinical useof biomarker tests, documenta-

tion and proof need to be provided at the following levels: (1) scientific

validity, which includes details of the reference standard (i.e., autopsy,

approved CSF assays, or amyloid PET); (2) analytical validation, includ-

ing criteria for test precision, bias, and linearity,which are addressedby

theClinical and Laboratory Standards Institute guidelines; and (3) clini-

cal validation in the intended-use population, showing clinical accuracy,

positive and negative predictive value at themedical decision limit (i.e.,

predetermined cutpoints) in each intended-use population, and safety

(which includes the effect of incorrect test diagnosis). The information

provided should also include details of the population(s) tested, such as

demographic data (e.g., sex, age, race) and pertinent clinical data (e.g.,

degree of cognitive impairment).

3.5 Conservative treatment of values near a
cutpoint; the indeterminant zone

The definition of an abnormal test value requires creating a cutpoint

in the continuous range of values for a biomarker. Cutpoints denoting

normal versus abnormal values may be selected by various means92

and will vary with the fluid assay; for PET, it will depend on the specific

ligand anddetails of the analytic pipeline for quantitative analyses. Fur-

thermore, criteria for cutpoint selection depend on the intended use.

Sensitivity and specificity are obviously inversely related, and optimiz-

ing one versus the other will depend on the intended use as well as the

prior probability of AD in the relevant population.

Regardless of the biofluid assay or imaging modality, a level of diag-

nostic uncertainty exists for values at or near a cutpoint. When using

a CSF, blood-based, or PET biomarker quantitatively for diagnosis,

a useful approach would be to report results with two cutpoints93

that divide the continuous range of values into confidently normal,

confidently abnormal, and indeterminant. Values that fall within the

indeterminant zone might prompt additional testing.94 The width of

the indeterminant zone would depend on biomarker precision and

intended use.95 Higher biomarker precision would allow a narrower

indeterminant zone and vice versa. The upper cutpoint can be more

conservative to increase positive predictive value. Regulatory approval

for assays is usually based on a single validated cutpoint and does

not require designation of an indeterminant zone; however, the pack-

age insert for one approved CSF assay does include a range described

as “likely consistent with a positive amyloid PET scan result,” which

conveys the notion of an indeterminant zone.65

For imaging, visual reads usually provide a normal/abnormal deter-

mination, but the approach of labeling some studies as indeterminant is

common in clinical radiology and serves the same function as the inde-

terminant zone in quantitative analyses. While regulatory approval of

amyloid and tau PET ligands was based on visual reads, the field is

moving toward greater use of quantitative methods.96

3.6 Clinical judgment

Clinical judgementmust always beused in the practice ofmedicine, and

the application of diagnostic tests for AD is no exception. Limitations of

currently available biomarkers (Box 3) underscore the importance of

clinical judgment when used clinically.

Because copathology is common, clinical judgment is always

required to address this question: IsADa cause of—or a dominant com-

ponent of—a patient’s symptoms (Box 4)? The nature of the syndromic

presentationmay indicate the likelihood that AD is or is not a dominant

contributor to symptoms. For example, in someone with Parkinsonism

and visual hallucinations who also has positive Core 1 biomarkers, the

clinician’s judgment is needed to assess the degree to which cognitive

symptoms are likely attributable to AD versus neuronal synuclein dis-

ease (NSD).57 In such a situation, additional testing may be clinically

indicated. An abnormal Core 2 biomarker would suggest that AD is s

a dominant contributor to symptoms, while a normal Core 2 biomarker

would suggest that ADmay be less so.

Clinical judgment is also essential when Core 1 biomarkers are

discordant with the clinical impression: for example, a negative test

result in a patient in whom the clinical presentation suggests a high

probability of AD. In such a situation, additional testing is logical.

Clinical judgment is also required to assess the potential effects

of confounding conditions on biomarker results. For example,

head trauma or cardiorespiratory arrest may transiently increase

p-tau values.97 Elevated p-tau181 has been reported in autopsy-

verified cases of amyotrophic lateral sclerosis with little to no AD

copathology.98 Certain medications,99 CSF dynamics disorders,100

and impaired renal function can alter some plasma biomarker

values.101–103 These and other104 potentially confounding situations

should be apparent to the clinician.

Because of the essential role of clinical judgment, we recommend

that biomarker testing should be performed only under the supervi-

sion of a clinician. Furthermore, clinicians should not be restricted by
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BOX3: Limitations of biomarkers

1. Lack of certified biofluid reference methods and mate-

rials (except for cerebrospinal fluid [CSF] amyloid beta

[Aβ]42, where these are available).
2. Biomarkers (positron emission tomography [PET], CSF,

and blood) are less sensitive than neuropathologic exam-

ination for detection of early/mild Alzheimer’s disease

neuropathologic change (ADNPC). Disease staging by

PET (or fluid biomarkers) is not equivalent to neuropatho-

logical staging, for example, tau PET ligand uptake in

different Braak areas is not equivalent to Braak neu-

ropathological staging. While the sensitivity limits of

biomarkers could be viewed as a weakness, they could

also be viewed as a strength because abnormal Core 1

biomarkers indicate that ADNPC more generally rather

than just neuritic plaques alone is very likely present.

3. Thoroughly studied biomarkers are not available for all

relevant diseases; therefore, it cannot be knownwith cer-

tainty in vivo what diseases in addition to AD are present

in any individual, or what the proportional disease-

specific burden is among various pathologic entities. This

leads to No. 4.

4. The proportion of the cognitive deficit observed in any

individual that is attributable to AD versus other neu-

ropathologic entities cannot be known with certainty.

Probabilistic estimates can be made based on combina-

tions of biomarker results and clinical judgment.

payers if additional testing seems clinically indicated. This is particu-

larly pertinent for BBM given their muchwider projected accessibility.

3.7 Intended uses

Themajor intended use for the biological diagnosis of AD in clinical tri-

als is as an inclusion criterion.While a purely symptomatic therapymay

not require documentation of AD biology, therapy directed toward a

biological target requires confirmation of that biology.

Establishing an etiologic diagnosis is an essential aspect of good

medical practice. Intended uses for a biological diagnosis of AD in

clinical care include determining eligibility for treatments targeting

core disease pathology basedondrug registration criteria; additionally,

they include counseling and tailoringmedications for symptomatic (i.e.,

non–disease-modifying) treatment.105,106

At the present time disease-targeted therapies have not been

approved for cognitively unimpaired individuals with AD. For this

reason, we currently recommend against diagnostic testing in cogni-

tively unimpaired individuals outside the context of observational or

BOX4: Implications for clinicians

The biologically based diagnosis of Alzheimer’s disease (AD)

is meant to assist rather than supplant the clinical evalua-

tion of individuals with cognitive impairment. The revised

criteria in this document are, in large part, a response to

rapid advances in fluid-based biomarkers, especially blood,

and the approval of drugs specifically targeting amyloid beta

(Aβ) pathology for individuals with early symptomatic AD—

specifically mild cognitive impairment and mild dementia.

Both advances are of high relevance to clinical use in the

immediate and near future.

First, the clinical use of AD biomarkers is presently

intended for the evaluation of symptomatic individuals, not

cognitively unimpaired individuals. We highlight the dis-

tinction between can and should. AD can be diagnosed in

asymptomatic individuals, but we do not believe this should

be done for clinical purposes at this time.

Second, although the presence of abnormal Core 1

biomarkers is sufficient for confirming AD pathology in a

symptomatic individual, it does not preclude the search for

other contributors to the clinical symptoms, particularly

other common copathologies. That said, higher biological

stages, reflecting tau tangle pathology, increase the likeli-

hood that the cognitive symptoms of an individual are due to

AD pathology, and further inform on the prognosis. The inte-

grated biological and clinical staging approach (see Table 7)

may aid clinical judgment in assessing the contribution of AD

to the clinical syndrome.

Third, the work group asserts that AD biomarkers are fun-

damental to making an accurate diagnosis and determining

likely contributions to the patient’s symptoms. Although it is

expected that clinicians will use AD biomarkers to determine

potential eligibility for recently approved Aβ-specific thera-
pies, clinical applications also include counseling and tailoring

medications for symptomatic treatment.

Fourth, the development of Core biomarker categories

wherein amyloid, tau fluid, and/or positron emission tomog-

raphy biomarkers can be used for diagnosing or staging is

intended to provide greater flexibility to clinicians regarding

access to specific biomarkers and their judgment as to which

biomarker(s) is most appropriate.

Fifth, because many of the currently available or soon

to be available biomarker measures highlighted in this doc-

ument have been used in clinical trials, they may provide

greater opportunities for clinicians to make decisions about

treatments for AD (therapeutic response and/or duration of

treatments).
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therapeutic research studies (Box 4). This recommendation would

change in the future if disease-targeted therapies, currently being eval-

uated in trials, demonstrate benefit in preventing cognitive decline and

are approved for clinical use in individuals with preclinical AD.

4 BIOLOGICAL DISEASE STAGING

Wedistinguish staging the severity ofADbiologywithbiomarkers from

staging the severity of clinical symptoms. This section addresses the

former. Staging of AD applies only to individuals in whom the disease

has been diagnosed bymeans of Core 1 biomarkers and does not apply

to individuals who are not in the AD pathway. We structured this doc-

ument to reflect this (i.e., diagnosis is the first step and only then does

staging of AD become relevant).

4.1 Approaches to biological staging

In the 2018 framework, the “plus/minus” combinations of AT(N) were

used as an informal staging scheme; individuals in the AD continuum

were expected to progress from A+T−N− to A+T+N− to A+T+N+.7

However, in 2018 we used the term biomarker profile rather than

staging to avoid confusion with clinical staging. In the current update,

however, we recommend an explicit scheme for staging the biologi-

cal severity of AD that is distinct from staging the severity of clinical

impairment, and then integrate these two staging axes.

Two general approaches may be taken for biological disease stag-

ing. Staging may be based on the order of biomarker events in the

natural history of the disease, in which each event is categorized as

present/abnormal (+) or absent/normal (−). This approach assumes

that an archetypical order of biomarker events can be established

through natural history studies; this sequence of biomarker events

is then the de facto staging scheme. Alternatively, biological staging

may be based on the magnitude of a continuous biomarker denoting

progressively more severe disease. This latter approach is widely used

for some diseases (e.g., estimated glomerular filtration rate [eGFR]

for chronic kidney disease) but poses complexity for AD wherein two

defining proteinopathies exist rather than a single physiologic readout.

4.2 Biological staging scheme overview

We recommend a biological staging scheme that uses only core

biomarkers.Nbiomarkers certainly addprognostic information;107–110

however, the temporal relationships between core AD biomarkers and

N biomarkers are inconsistent across individuals. Biological staging

implies that a person should progress from initial to advanced stages in

sequence, andNbiomarkers do not always follow a stereotypical A+ to

T2+ to N+ sequence. People with abnormal Core 1 biomarker(s), who,

by our definition, have AD, may develop significant neurodegeneration

owing primarily to copathologies (Figures 1 and 2). The same reasoning

applies to I biomarkers.

We propose a four-stage scheme based on the sequence of events

observed in natural history studies: stage A, initial changing biomark-

ers; stage B, early changing; stage C, intermediate changing; stage D,

advanced changing (Figure 1). Staging by amyloid and tau PET or with

a combination of T1 fluid markers and tau PET is clinically viable

at the present time and is our focus for biological staging (Tables 3

and 4). We also describe a conceptual staging scheme based on fluid

biomarkers alone (Table 5). We do not attempt to link PET and fluid

biomarker stages but do use the same naming convention within each

modality.

4.3 Biological staging with amyloid PET and tau
PET

Unlike fluid biomarkers, imaging captures both topographic and mag-

nitude information. Separate staging schemes for amyloid and tau

PET have been proposed using either topographic distribution111–118

or cutpoints in the continuous distribution of values from a defined

region of interest (ROI).92,118–120 However, PET staging that integrates

both amyloid and tau PET has not been described, and a comprehen-

sive disease staging scheme for AD should include both biomarker

categories.

Highly reproducible results from observational studies

show that abnormal amyloid PET often exists as an isolated

finding in older individuals who are cognitively unimpaired

and who do not have neocortical tau PET uptake or obvious

neurodegeneration.35,40,43–45,49,51,121,122 In contrast, high levels of

neocortical tau PET are rarely seen in the absence of abnormal amyloid

PET and are invariably accompanied by neurodegeneration and clinical

symptoms.35,40 In individuals with abnormal tau PET, clinical symp-

toms and neurodegeneration are closely related, both temporally and

functionally, with location andmagnitude of uptake on tau PET but not

amyloid PET.35,121–127 This set of findings is consistent with a stereo-

typical sequence of unidirectional imaging biomarker events that can

be summarized as follows: abnormal amyloid PET (A) precedes tau PET

(T2), which, in turn, leads to neurodegeneration (N) and clinical symp-

toms (C), A to T2 to N to C.46,49,121,122,128 Amyloidosis appears to facil-

itate topographic spread of tauopathy, with the latter most commonly,

but not always, beginning inmedial temporal areas.111,115,129,130

Therefore, we propose the following biological staging scheme

for amyloid and tau PET (Tables 3 and 4). Stage A (initial)—abnormal

amyloid PET with no uptake on tau PET (A+T2−); stage B (early)—

abnormal amyloid PET plus tau PET uptake that is restricted to medial

temporal areas (A+T2MTL+); stage C (intermediate)—abnormal amyloid

PET plus tau PET uptake in the moderate standardized uptake value

ratio (SUVR) range on a neocortical ROI (A+T2MOD+); and stage D

(advanced)—abnormal amyloid PET plus tau PET uptake in the high

SUVR range in the same neocortical ROI (A+T2HIGH+).
This PET staging scheme incorporates five elements. Both amy-

loid PET and tau PET are included to capture the two defin-

ing proteinopathies. Within tau PET, the scheme incorporates both

topography (by distinguishing between medial temporal lobe and
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F IGURE 2 Copathology and T2Nmismatch. An 89-year-old manwith slowly progressive amnestic dementia. He carried a clinical diagnosis of
probable Alzheimer’s disease (AD) for several years andwas receiving symptomatic treatment. AT2N imaging, however, revealed an abnormal
amyloid positron emission tomographic (PET) scan (top left) but an unremarkable tau PET scan (top right and bottom left) that was insufficiently
abnormal to explain the degree of atrophy or cognitive impairment (tau PET color scale reference is provided visually by the off-target uptake in
the basal ganglia; top right). Themagnetic resonance imaging scan (bottom right) showedmarked bilateral hippocampal atrophy that was
consistent with the cognitive impairment but inconsistent with the level of tauopathy (i.e., T2Nmismatch). The A+T2−N+ biomarker profile, along
with the atrophy pattern onmagnetic resonance imaging, suggested that the patient likely had comorbid AD and limbic-predominant age-related
TARDNA-binding protein 43 encephalopathy (LATE).
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TABLE 3 Biological staging.

Initial-stage

biomarkers

Early-stage

biomarkers

Intermediate-stage

biomarkers

Advanced-stage

biomarkers

(A) (B) (C) (D)

PET Amyloid PET Tau PETmedial

temporal region

Tau PETmoderate

neocortical uptake

Tau PET high

neocortical uptake

A+T2− A+T2MTL+ A+T2MOD+ A+T2HIGH+

Core 1 fluid CSF Aβ42/40, p-tau181/Aβ42, t-tau/Aβ42, and accuratea Core 1 plasma assays can establish that an individual is in

biological stage A or higher, but cannot discriminate between PET stages A–D at present.

Notes: Staging may be accomplished by (1) a combination of amyloid PET and tau PET or (2) a combination of Core 1 fluid biomarkers (which would establish

biological stage A or higher) plus tau PET (which would be used to discriminate between stages). The approach to determining A+ versus A− with amyloid

PETmay need special consideration in autosomal dominant Alzheimer’s disease (ADAD) andDown syndromeAD (DSAD).

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; PET, positron emission tomography; p-tau, phosphorylated tau.
aAccurate is defined in the text (Section 3.2) and in Box 2.

TABLE 4 Operationalization of biological staging by positron emission tomography (PET).

Stage

Amyloid

PET

Tau PETmedial

temporal

Tau PETmoderate

neocortical uptake

Tau PET high

neocortical uptake AT2 notation

A + – – – A+T2−

B + + – – A+T2MTL+

C + + + – A+T2MOD+

D + + + + A+T2HIGH+

TABLE 5 Conceptual biological staging with fluid biomarkers.

Initial-stage biomarkers

Early-stage

biomarkers

Intermediate-stage

biomarkers

Advanced-stage

biomarkers

(A) (B) (C) (D)

Fluid staging CSF Aβ42/40, p-tau181/Aβ42,
t-tau/Aβ42, and accurateb
plasma assays

Other p-tau forms

(e.g., p-tau205a)

MTBR-tau243a Non-phosphorylated

tau fragmentsa

Note: PET and fluidmeasures are not equivalent; hence, stages A–Dwith PET should not be treated as equivalent to stages A–D for these fluid biomarkers.

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid;MTBR,microtubule-binding region; PET, positron emission tomography; p-tau, phosphorylated tau.
aValidation of p-tau205, MTBR-tau243, and non-phosphorylated tau fragments as early-, intermediate-, and advanced-stage fluid markers, respectively, is

conceptual for now, awaiting further studies.
bAccurate is defined in the text (Section 3.2) and in Box 2.

neocortical uptake) and uptake magnitude in the neocortical meta-

ROI. In addition, the neocorticalmeta-ROIwill capture staging for both

typical and atypical/hippocampal sparing AD presentations.131,132 We

also point out that continuous measures of uptake in the neocortical

tau PET ROI, while not a staging method, can provide a standardized

anatomic target for quantification. Finally, this PET scheme can serve

as a reference standard for validation of fluid-based staging schemes,

as outlined in Section 4.5.

Amyloid PET, like tau PET, exists on a continuous scale, and higher

amyloid PET SUVR or Centiloid values are associated with more

advanced disease and worse outcomes.53,133 However, rather than

incorporating a separate continuous amyloid PET scale into the PET

staging scheme, amyloid PET is denoted in a binary manner, with the

recognition that increasing amyloid PET uptake will be captured by

progressively worse tau PET stages.130,133,134

4.4 Biological staging with Core 1 fluid
biomarkers and tau PET

Currently approved treatments targeting Aβ require documentation

of Aβ pathology for treatment eligibility. It is anticipated that many

patientswill undergo testingwith fluid Core 1 biomarkers to assess eli-

gibility. Individuals inwhomADNPChas been established by fluid Core

1 biomarkers (Table 2) could then undergo tau PET; a single fluid test

plus a single tau PET study could then be used for biological staging
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rather than amyloid PET and tau PET. Core 1 fluid biomarkers (Table 2)

can establish that an individual is in stage A or higher, but may not

accurately discriminate between stages A through D as defined by tau

PET.118,135

4.5 Biological staging with fluids

The onset of abnormal fluid Core 1 biomarkers occurs around the

time of amyloid PET abnormalities and earlier than neocortical tau

PET abnormalities.21–23,136 In contrast, more recently developed tau

assays (e.g., MTBR-tau243 and non-phosphorylated mid-domain tau

fragments) are more closely linked with the onset of abnormal tau PET

and correlate better with tau PET than with amyloid PET; pT205 also

correlates more strongly with tau PET than with amyloid PET.136–140

From these data, a sequence of events has been proposed, with patho-

logic tau species appearing in the following order: p-tau181, 217, or

231; then pT205; then MTBR-tau243; then non-phosphorylated mid-

domain tau fragments.29,136,138,139 Based on these data, a fluid-only

staging scheme (Table 5) can be envisioned that mirrors the A through

D scheme described earlier. P-tau-T205136 and MTBR-tau243141 can

be measured in both CSF and plasma. This fluid-only staging scheme

is regarded as conceptual at present, and specifics of this conceptual

scheme are likely to change given the rapidly changing nature of the

fluid biomarker field.

4.6 Caveats

We do not specify specific proprietary fluid assays, PET ligands, or

numeric cutpoints for staging purposes in this document; these would

fall under the purview of clinical practice guidelines.

Several caveats are specific to tau PET. First, care must be taken

to identify off-target tau ligand binding, which is not relevant to AD

staging. Second, we recognize that PET-detectable medial temporal

tauopathy does not always precede neocortical tauopathy, particularly

in atypical presentations.132 However, medial temporal to neocortical

spread is by far the most common pattern.115 Third, we use topo-

graphic location of ligand uptake as one element of staging (medial

temporal vs. neocortical), but we do not specify an inflexible set

of anatomic ROIs to define the medial temporal or the neocortical

meta-ROIs for tau quantitation. Neocortical areas that reflect inter-

mediate and advanced stages by virtue of association with diagnostic

utility and prediction of cognitive decline include inferior and lat-

eral temporal and inferior and medial parietal lobes; sampling of at

least some of these areas should be included in a neocortical tau

PET meta-ROI.107,110,116,127,129,142 Similarly, the medial temporal ROI

could include the hippocampus (for some ligands), entorhinal cortex,

and amygdala. Efforts are underway to standardize quantification of

tau PET for all tracers (for example, the CenTauR scale143) in the same

way that the Centiloid scale144 is the standardized method for quan-

tifying amyloid PET. Fourth, the distinction between moderate (stage

C) and high (stage D) neocortical tau uptake could be operationalized

in different ways. Methods for quantification of tau PET is an area of

active research, and selecting thebest cutpoint todistinguishmoderate

versus high uptake will be informed by upcoming research findings.

PET is less sensitive than neuropathologic examination (Box 3), and

PET-based staging is not equivalent to autopsy-based staging. How-

ever, PET-based staging clearly has prognostic value.145 For example, a

large multi-cohort meta-analysis40 using a PET-based staging scheme

very similar towhatwe describe, found a 40-fold range in hazard ratios

(HRs) based on PET stages. Specifically, relative to the A−T2− refer-

ence group, the HR for progression from cognitively unimpaired to

dementia was 1.5 for A+T2− individuals (stage A in our scheme), HR

5.6 for A+ individuals with tau PET uptake confined to themedial tem-

poral lobe (stage B in our scheme), and HR 39.9 for A+ individuals with

neocortical tau PET uptake (stages C andD in our scheme).

The Centiloid scale is the accepted method for quantifying amyloid

PET; however, this method is based on the anatomic distribution of lig-

and uptake in sporadic AD.144 Florid striatal amyloid PET uptake often

occurs early in individuals with ADAD and DS AD (DSAD), which is not

the case in sporadic AD.146,147 Therefore, the approach to determining

A+ versus A−may need special consideration in ADAD andDSAD.

4.7 Intended uses

As with other diseases, more advanced biological AD stage predicts

a worse clinical prognosis (Figure 1).40,53,107–110,148 In addition, more

advanced biological stage provides greater confidence that AD is

meaningfully contributing to symptoms.

Biological staging in clinical trials would sharpen inclusion or strat-

ification criteria by identifying individuals who should respond to

treatment in a similar fashion, thus decreasing biological hetero-

geneity. Inclusion in the TRAILBLAZER-ALZ and TRAILBLAZER-ALZ2

studies was based on an abnormal amyloid PET result and on tau PET

stage.149,150 In the A4 and AHEAD studies, while inclusion was based

on an abnormal amyloid PET result, study assignment within the trial

was based on amyloid PET severity/stage.151,152

5 CLINICAL STAGING

5.1 Numeric clinical staging

In the 2018 research framework,7 we described a six-stage numeric

clinical staging scheme that is brought forward largely unchanged

into this revision, and readers are referred to the earlier document

for additional details. Clinical staging of AD applies only to individu-

als who are in the AD pathophysiologic continuum. The six clinically

defined stages are as follows (Table 6): (1) biomarker evidence of AD

in asymptomatic individuals; (2) transitional decline, which denotes the

earliest detectable clinical symptoms that might be due to AD in indi-

viduals who are cognitively unimpaired; (3) objective cognitive impair-

ment of insufficient severity to result in significant functional loss



JACK ET AL. 5157

TABLE 6 Clinical staging for individuals on the Alzheimer’s
disease continuum.

Stage 0 Asymptomatic, deterministic genea

No evidence of clinical change. Biomarkers in normal range.

Stage 1 Asymptomatic, biomarker evidence only

Performancewithin expected range on objective cognitive tests.

No evidence of recent cognitive decline or new symptoms.

Stage 2 Transitional decline: mild detectable change, butminimal

impact on daily function

Normal performancewithin expected range on objective cognitive

tests.

Decline from previous level of cognitive or neurobehavioral function

that represents a change from individual baseline within the past 1 to 3

years, and has been persistent for at least 6months.

May be documented by evidence of subtle decline on longitudinal

cognitive testing, whichmay involvememory or other cognitive

domains but performance still within normal range.

May be documented through subjective report of cognitive decline.

May be documentedwith recent-onset change inmood, anxiety,

motivation not explained by life events.

Remains fully independent with no orminimal functional impact on

activities of daily living (ADLs)

Stage 3 Cognitive impairment with early functional impact

Performance in the impaired/abnormal range on objective cognitive

tests.

Evidence of decline from baseline, documented by the individual’s

report or by an observer’s (e.g., study partner) report or by change on

longitudinal cognitive testing or neurobehavioral assessments.

Performs daily life activities independently but cognitive difficulty may

result in detectable functional impact on complex ADLs (i.e., may take

more time or be less efficient but still can complete—either

self-reported or corroborated by an observer).

Stage 4Dementia withmild functional impairment

Progressive cognitive andmild functional impairment on instrumental

ADLs, with independence in basic ADLs.

Stage 5Dementia withmoderate functional impairment

Progressive cognitive andmoderate functional impairment on basic

ADLs requiring assistance.

Stage 6Dementia with severe functional impairment

Progressive cognitive and functional impairment, and complete

dependence for basic ADLs.

aIndividuals with Down syndrome may not be fully independent even

in stage 0 because of underlying intellectual disability. In these individ-

uals, decline in functional independence from baseline may be a more

appropriate indicator of stage.

(i.e., inefficient activities of daily living but still independent); 4 to6, loss

of independence with progressively worse functional loss.

Numeric clinical stages 1 through 6 (Table 6) bear a close resem-

blance to the Global Deterioration Scale,153 with the important

distinction that the latter was created before the development of

disease-specific AD biomarkers. The six-stage numeric scheme also

closely resembles staging in the FDA guidance for conduct of clinical

trials in early AD.154

Stage 2 is called out as a distinct transitional stage between asymp-

tomatic (stage 1) and mildly impaired (stage 3) and resembles “stage 3

preclinical AD” in the 2011 NIA-AA guidelines.1 This stage is defined

by one or more of three components: objective cognitive decline,

subjective cognitive decline, or subtle neurobehavioral difficulties. All

three of these components can be attributable to AD, but they also

can be attributable to factors other than AD, particularly neurobe-

havioral symptoms (e.g., depression, anxiety, apathy),155–157 which are

often not associated with neurodegenerative disease. An individual

may be assigned to stage 2 based on neurobehavioral symptoms alone

(i.e., without objective or subjective cognitive decline), but individuals

must have cognitive impairment to be placed into stages 3 through

6. Advances in unsupervised digital cognitive testing may improve

the ability to reliably detect the subtle cognitive alterations charac-

teristic of stage 2 through repeated testing, but this remains to be

determined.

The nature of cognitive decline or impairment in stages 2 through 6

may involve any cognitive domain(s), not only memory. Clinical staging

is based on the severity of cognitive/functional impairment rather than

on phenotype, but different phenotypic presentations of AD are well

known. Five characteristic AD phenotypes are recognized: amnestic or

“typical,” language variant, visuospatial variant, behavioral variant, and

dysexecutive variant.158,159 Different phenotypes often overlapwithin

an individual, and the severity of impairment within each domain can

be variable.

Although we describe clinical AD stages, it is important to bear two

principles in mind. First, cognitive performance and cognitive decline

are continuous processes. Dividing this continuous process into stages

has value in clinical trials and clinical practice, but staging represents

a categorical construct that is superimposed on a continuous process.

Second, the severity of clinical impairment is the product of all neu-

ropathological insults experienced by an individual, not only AD. The

presence and severity of symptoms in an individual with abnormal AD

biomarkers often cannot be ascribed solely toADwith confidence, par-

ticularly in older persons because of the likely presence of comorbid

pathologic change (Box 3).

5.2 Stage 0

The change we propose in clinical staging from 2018 is the addition of

stage 0. Stage 0 represents part of the AD continuum and is defined

as genetically determined AD (which includes ADAD or DSAD)46,160

in an individual who is biomarker negative and clinically asymptomatic

(Table 6). The rationale is that these individuals have the disease from

birth, prior to onset of brain pathologic change or symptoms. A per-

son with DSAD or ADAD would move from stage 0 into stage 1 when

a diagnostic Core 1 biomarker(s) became positive. The idea of stage

0 as genetically determined disease that has not yet manifested clini-

cally or with biomarkers is conceptually consistent with recent staging

proposals for Huntington’s andNSD.57–59
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5.3 Risk alleles

Wehave not includedAD risk alleles in the staging schemebecause the

presence of risk alleles does not indicate with certainty the presence

or severity of ADNPC in an individual at a given point in time. This con-

trastswith Core biomarkers, which do.We therefore regard risk alleles

as a risk factor for AD, not diagnostic of or a stage of AD.

Knowledge of apolipoprotein E (APOE) genotype has, however,

assumed heightened clinical importance in the context of anti-Aβ
immunotherapy. The risk of amyloid-related imaging abnormalities

(ARIAs) is substantially greater in APOE ε4 homozygotes than in het-

erozygotes and non-carriers.161 Consequently, screening for APOE is

recommended in the FDA label for lecanemab, and counseling around

risk is recommended for homozygotes.162

5.4 Syndromic staging

Often, the first step that patients undergo will be a clinical evalua-

tion prior to any knowledge of biomarker results that would support

a diagnosis of AD. During this initial clinical evaluation, clinicians may

characterize the level of impairment based on a syndromic assessment

(e.g., MCI or dementia). Approximate mapping of typical syndromes

onto numeric AD clinical staging is as follows. Numeric clinical stages

1 and 2 correspond to cognitively unimpaired, with the latter corre-

sponding somewhat to subjective cognitive decline; numeric stage 3

roughly corresponds toMCI;163–165 and numeric stages 4, 5, and 6 cor-

respond to mild, moderate, and severe dementia, respectively. Unlike

numeric clinical staging, syndromic classification is not conditioned on

a biological AD diagnosis and is applicable to individuals who may or

may not have AD.

For individuals with biologically confirmed AD, we believe that

numeric staging provides a clarifying framework for categorizing the

clinical continuum of AD. The term prodromal AD has been used to

denote individuals with abnormal AD biomarkers who have clinically

evident impairment that falls short of dementia. Our position is that

such an individual has the disease, not a prodrome of the disease,

and our terminology in this instance would be “AD clinical stage 3”

(Table 6). The same logic applies to unimpaired individuals with abnor-

mal biomarker test results; we would categorize these individuals as

AD clinical stage 1 or 2, not as “at risk for AD” because they already

have the disease.

6 INTEGRATED BIOLOGICAL AND CLINICAL
STAGING

As in the 2018 NIA-AA framework, clinical staging and biological dis-

ease staging in our revised criteria are regarded as quasi-independent

variables. The symptomatic consequence of biological AD is modified

by interindividual differences in copathologies, resistance, and reserve

(i.e., education and other social determinants of health).166–168 Conse-

quently, the degree of cognitive/functional impairment does not follow

in lockstep with biological AD severity (i.e., a range of possible rela-

tionships between biological AD stage and clinical stage will be found

across the population; Figure 1). While clinical staging and biological

staging must be performed independently, these two types of staging

information can be integrated while still preserving independence of

content.

As shown in Table 7, we propose an integrated biological and clini-

cal staging scheme in which clinical stages are denoted in the columns

using the numeric six-stage scheme plus stage 0. Biological stages are

denoted in the rows. Integrated stages appear in the cells. This format

is intended to convey the concept that biological AD stage and clinical

severity are related, but do not move in lockstep in all individuals.

To avoid confusion when integrating numeric clinical staging with

biological staging, we use numbers for clinical staging and letters for

biological staging (Table 7). For example, clinical stage 2 and biological

stage A are integrated stage 2A.

7 NEURODEGENERATION, INFLAMMATION,
VASCULAR, AND α-SYNUCLEIN (NIVS) BIOMARKER
CATEGORIES

Tables 1 and 2 categorize core and non-core biomarkers. We describe

the latter here.

7.1 Biomarkers that are non-specific but
important in AD pathogenesis

In this revision we identify two categories of biomarkers that are not

specific to AD but are important in the AD pathogenic pathway. These

are N and I biomarkers.

In the 2018 research framework, we placed (N) in parentheses to

emphasize that, in contrast to A and T, (N) biomarkers were not spe-

cific for AD.7 We no longer use this parentheses notation because it

should be clear that N biomarkers do not belong in the same cate-

gory as core biomarkers.While neurodegeneration andneuronal injury

are obviously important steps in AD pathogenesis, abnormalities in N

biomarkers occur inmanyother conditions, including non-ADneurode-

generative diseases, traumatic brain injury, ischemic injury, and others

(Figure 1).

Fluid N biomarkers denote active neuronal injury or more sub-

tle neuronal dysfunction. For example, NfL (neurofilament light chain)

is a marker of large-caliber axonal injury that can be measured in

CSF or plasma and becomes abnormal in various disorders including

multiple sclerosis, amyotrophic lateral sclerosis, and traumatic brain

injury.31,32,97,169 The absence of total tau from the fluid biomarker

N category (Tables 1 and 2) is a departure from the 2018 NIA-AA

research framework.7 CSF and plasma total tau begin to increase early

in the disease course in ADAD21 and closely correlate with fluid p-

tau in ADAD and sporadic AD.97 This could be taken as evidence that
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TABLE 7 Integrated biological and clinical staging.

Stage 0

Clinical

Stage 1

Clinical

Stage 2

Clinical

Stage 3

Clinical

Stages 4–6

Initial biological stage (A) X 1A 2A 3A 4-6A

Early biological stage (B) X 1B 2B 3B 4-6B

Intermediate biological stage (C) X 1C 2C 3C 4-6C

Advanced biological stage (D) X 1D 2D 3D 4-6D

Note: The typical expected progression trajectory is along the diagonal shaded cells, from 1A to 4–6D. However, considerable individual variability exists in

the population. Individuals who lie above the diagonal (i.e., worse clinical stage than expected for biological stage) often have greater than average comorbid

pathology. Individuals who lie below the diagonal (i.e., better clinical stage than expected for biological stage) may have exceptional cognitive reserve or

resilience.

total tau should be considered aTbiomarker.However, CSFandplasma

total tau also increase dramatically in Creutzfeldt–Jacob disease, head

trauma, anoxia, cerebral infarction, as well as peripheral neuropathies,

which has been taken as evidence that total tau belongs in the N

category.97,170,8 When all evidence is considered it is unclear how best

to categorize this measure in the current document.

Imaging N biomarkers represent the net result of cumulative

insults to the neuropil. Neurodegenerative loss of neurons and

synapses results in volume loss (or decreased cortical thickness) on

magnetic resonance imaging (MRI)171–173 and fluorodeoxyglucose

hypometabolism. Like their fluid counterparts, imaging N biomarkers

are not specific to AD andmay result from a variety of prior or ongoing

brain insults.174,175

Synaptic loss and dysfunction are an important feature of neurode-

generative diseases. Various synaptic CSF markers have been used for

research purposes.31,32,175 PET imaging of synapses has also entered

the research arena based on ligands that bind to the synaptic vesi-

cle glycoprotein 2A, a presynaptic component that may be lost with

neurodegeneration.176,177 A future direction for the field could be to

identifymore specific roles that various synaptic biomarkers could play

and possibly to break out synaptic biomarkers from the broader N cat-

egory. Electroencephalography may be one of the synaptic measures

because it provides insight into synaptic connectivity and is widely

available.178

Biomarkers of inflammatory/immune processes (I) are divided into

two subcategories: reactivity of astrocytes and microglia. A substan-

tial body of evidence indicates that immune/inflammatorymechanisms

are important in AD pathogenesis.179–181 In addition, a growing list of

interventional strategies targets immune/inflammatory pathways.182

Despite the importance of these mechanisms, there is a dearth of

available I biomarkers. An I marker that may gain clinical use is glial fib-

rillary acidic protein (GFAP), which is a marker of astrocytic reactivity.

GFAP can be measured in plasma or CSF but seems to perform bet-

ter in plasma for reasons that are not well understood. Although not

specific to AD, it is associated with early amyloid PET, higher risk of

incident dementia, and faster rates of cognitive decline.31,32,175,183–187

Another I biomarker that has received recent attention is soluble

TREM2, which reflects microglial reactivity and can be measured

in CSF.188–190

7.2 Biomarkers of common non-AD copathologies

We list biomarkers of α-synuclein (S) and vascular brain injury (V)

in Tables 1 and 2 under the heading of biomarkers of non-AD

copathology. Αlpha-synuclein seed amplification assays (αSyn-SAA)
in CSF have gained attention in Parkinson’s disease and demen-

tia with Lewy bodies,191,192 which have recently been relabeled as

NSD.57 αSyn-SAA are sensitive and specific for ante mortem identifica-

tion of cortical α-synuclein pathologic change as a primary pathology

or as a copathology.193,194 Cortical α-synuclein pathologic change is

associated with cognitive decline independent of amyloid and tau

pathology in both cognitively unimpaired and cognitively impaired

individuals.195,196 These assays are less sensitive to α-synuclein inclu-

sions in multisystem atrophy in which the cellular location and confor-

mation of inclusions differ from those in NSD.197,198 Development of

PET ligands for α-synuclein is an active area of research but, at present,
no ligands are available for the detection of α-synuclein copathology

in patients with AD.199,200 Dopamine transporter (DAT) single-photon

emission computed tomography (SPECT) or PET are DAT imaging

methods used clinically to assess loss of striatal dopaminergic neu-

rons in the evaluation of patients with suspected NSD.57,201,202 DAT

scanning plays a prominent role in recent staging criteria for NSD.57

Cerebrovascular disease (V) is an umbrella term that encompasses

different forms of vascular pathology or vascular brain injury. Vari-

ous diagnostic modalities or imaging findings exist; however, at this

point a single summary measure composed of different imaging find-

ings has not been widely accepted. Macroscopic cerebral infarctions,

including both large cortical and subcortical infarctions and lacunes,

on anatomic MRI or computed tomography are the most definitive

biomarker of ischemic vascular brain injury and are widely used for

this purpose in clinical care (Tables 1 and 2). State-of-the-art meth-

ods in neuroimaging of small-vessel disease203 are reviewed in the

recent STRIVE-2 guidelines.204 While diffusion-weighted imaging is

used routinely in clinical practice to identify acute cerebral infarc-

tion, quantitative diffusion MRI has gained traction as a method to

detect loss of microscopic tissue integrity due to small vessel dis-

ease in research.205–207 However, diffusion MRI (a broad field that

encompasses many approaches) findings are also abnormal in neu-

rodegenerative diseases, traumatic brain injury, and so forth. The same
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reasoning applies to perfusion MRI (arterial spin labeling or variants).

Thus, these modalities are not disease specific. White matter hyperin-

tensities on MRI have long been interpreted to indicate microvascular

ischemic injury.208 However, white matter hyperintensities may also

be attributed to distal axonopathy, autoimmune demyelination, and

loss of blood–brain barrier integrity from cerebral amyloid angiopathy

(CAA).209

The vascular markers described earlier are linked with traditional

systemic vascular risk factors and cerebral ischemia. CAA merits spe-

cial mention because while the disorder is one of cerebral vessels, the

etiology is disordered processing of Aβ rather than traditional systemic

vascular risk factors, and CAA is commonly observed in association

with Aβ plaques in AD. CAA represents the aggregation of Aβ in cere-

bral vessel walls leading to vessel fragility.210 This, in turn, can lead

to spontaneous leakage or exudate of intravascular contents, includ-

ing heme products, into the sulcal space or brain parenchyma. The

result is seen on MRI as superficial siderosis or cerebral microbleeds,

typically in a lobar distribution.211 A serious potential complication is

lobar hemorrhage.212 MRI evidence of CAA (microbleeds or siderosis)

increases the risk ofARIA in patients undergoing some formsof anti-Aβ
immunotherapy, and, thus, detection plays an important role in clinical

care.213

8 MULTIMODAL BIOMARKER PROFILES AND
IDENTIFICATION OF COMORBID PATHOLOGIC
CHANGE

We distinguish multimodal biomarker “profiles” from AD biological

staging. Biomarker profiles may involve the use of core and non-core

biomarkers to characterize the general neuropathophysiological state

of an individual beyond or in addition to the presence of AD. Biological

staging ofADapplies only to individuals inwhomADhasbeendetected

by core biomarkers; in contrast, biomarker profiles are applicable to all

individuals in the population.

Using markers outlined in Tables 1 and 2, a full multimodal

biomarker profile would appear as AT1T2NISV, with results indicated

(± dichotomized or a continuous quantitative scale) as appropriate

to each category. Full profiles require extensive biomarker phenotyp-

ing; however, partial profiles may be useful conceptually and in clinical

practice to characterize individuals.

One potential use of multimodal biomarker profiles is to provide

simple conceptual organization and practical shorthand notation to

characterize persons with comorbid pathologies. With advancing age,

copathologies are the rule and isolated AD is the exception. Thus,

AD must be considered in the context of copathologies. Common

age-related brain pathologies that underlie cognitive impairment or

dementia other than AD in older persons are cerebrovascular dis-

ease, NSD, and limbic-associated TAR DNA-binding protein (TDP-43)

encephalopathy (LATE).214–223 LATE merits special mention because

while it is a common and clinically important contributor to late-

life cognitive impairment, no confirmed disease-specific biomarkers

exist currently.214 CSF dynamics disorders may contribute to impair-

ment and can be detected by MRI.224 Examples of direct indicators

of copathology include a positive αSyn-SAA test result (A+T2+S+) or
multiple infarctions (A+T2+V+) in someone who also had biomarker

evidence of AD. However, there are also useful indirect indicators

that one or more non-AD copathologies likely is present, as described

below.

To this point we have not emphasized N biomarkers, but a use-

ful indirect indicator of copathology is a “T2N” mismatch in an AT2N

profile.225–228 Neurodegeneration in AD is closely related in time and

topography to tau deposition. The T2−N+ biomarker profile (i.e., T2N

mismatch) therefore indicates the presence of neurodegeneration or

neuronal injury due to a disease(s) other than AD. An archetypical

example of this is an older person with a progressive amnestic clinical

course and anA+T2−N+ biomarker profile, inwhichN+ is represented

by severe medial temporal lobe atrophy onMRI or hypometabolism on

PET (Figures 1 and2). Such a personhasADbiological stageA (denoted

by A+T2−), but likely also has LATE (denoted by T2−N+).214

8.1 Intended uses

Indicators of copathologymaybeuseful clinicallywhen considering the

etiology of symptoms, prognosis, and treatment decisions. For exam-

ple, a cognitively impaired individual with an A+T2−N+ biomarker

profilemay not respond to anti-Aβ immunotherapy in the samemanner

as someonewho has an A+T2+N− or A+T2+N+ biomarker profile.

In clinical trials, indicators of copathology could be used as exclu-

sionary criteria in phase 2 trials in which a biologically homogeneous

cohort with purer AD is desirable to maximize statistical power. Indi-

viduals with indicators of copathology could be included in phase 3

AD trials, with preplanned subset analyses, to establish efficacy in a

broader population.

9 TREATMENT EFFECTS

The focus of this document is on criteria for diagnosis and staging of

AD; detailed discussion of the roles of biomarkers as outcome mea-

sures or indicators of target engagement in clinical trials is beyond

the scope of this work. Nonetheless, the recent regulatory approval

of treatments targeting core AD pathology promises to be trans-

formative. Anti-Aβ immunotherapy can dramatically reduce the load

of amyloid plaque in a time- and dose-dependent manner; change

downstream biomarkers (including CSF and plasma p-tau and total

tau150,161,229,230 and plasma GFAP161,230) in the direction of normal-

ization; and slow accumulation of tau PET.161,229 Most importantly,

recent trials have demonstrated that anti-Aβ immunotherapy that sub-

stantially reduces fibrillar Aβ levels measured on PET can slow the

rate of cognitive decline in early symptomatic AD.149,150,161,229 Con-

sistent results across both successful and failed immunotherapy trials

show that the amount of amyloid PET reduction is associated with the

degreeof clinical benefit. These findings linkingbiology to clinicalmani-

festations, which have been replicated across independent therapeutic
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programs,149,150,161,229 provide solid empiric support for a biological

definition of AD.

While Aβ may be reduced to subdetection levels on PET, this does

not mean that the disease pathophysiology has been eradicated. Indi-

viduals followed after cessation of Aβ immunotherapy have shown

decreasing plasma Aβ42/40, small recurrent accumulation of amyloid

on PET, and clinical progression similar to that in patients receiving

placebo.231 The underlying AD pathophysiologic process is therefore

still active in an individual who has had fibrillar amyloid removed

to below PET detection levels. The biological diagnosis and staging

schemes outlined earlier are based on observations of the natural

history of the disease. Successful disease-modifying therapies alter

the relationships between biomarkers that are present in the nat-

ural evolution of the disease. For example, an individual who has

been treated with an anti-Aβ monoclonal antibody may change from

A+ at baseline to A− after treatment, but the pathogenic process is

still present. This state has recently been labeled “Treatment Related

Amyloid Clearance (TRAC)” by an AA–convened workgroup. There-

fore, the staging schemes outlined earlier should be regarded as

tools for diagnosis, staging/prognosis, and treatment assignment but

not as indicators of the stage of the natural history of the disease

posttreatment.

Anti-Aβ immunotherapies that reduce plaque load often result in

higher rates of whole-brain volume loss or ventricular enlargement

in treated versus placebo individuals.149,229,232,233 Interestingly, the

hippocampus seems to be spared from this effect.150,161 Explana-

tions for the volume reduction effect include therapy-induced fluid

shifts or a reduction in volume of amyloid plaque and peri-plaque

inflammation.232 It has become apparent that slowing of the rate of

whole-brain volume loss by successful amyloid plaque removal, which

was anticipated based on natural history studies, has not been seen in

the relatively short duration ofmost clinical trials. Slowingwhole-brain

atrophy rates may occur over much longer time scales with success-

ful therapy, but this remains to be shown. Serial whole-brain volume

measures may only be considered a measure of the rate of neurode-

generation in the absence of abrupt changes in plaque volume or brain

edema. MRI does have an important role in anti-amyloid therapy in

trials and in clinical use as a means of identifying ARIAs for safety

purposes.213,234

10 DIVERSITY AND NEED FOR MORE
REPRESENTATIVE COHORTS

The need for more representative cohorts for observational studies

and clinical trials has been pointed out repeatedly, and the committee

endorses this position.85,235–237 Much of the published AD biomarker

data have been derived from highly educated, non-Hispanic White

cohorts and these biomarkers have not yet been tested extensively

in broadly representative populations. Relationships among biomark-

ers, genetic variants like APOE ε4, and clinical outcomes may differ

by race/ethnicity.238–242 The prevalence of APOE ε4,243 prevalence

of biomarker abnormalities, and mixed pathology may also differ by

race/ethnicity; however, it is often unclear to what degree this may be

influenced by enrollment biases in existing cohort studies.102,244–246

A relatively consistent theme across much of the current literature is

that groupwise differences in the prevalence of AD biomarker abnor-

malities do not explain the higher prevalence of dementia in Black

and Hispanic groups compared to non-Hispanic White groups.247,248

It is unclear to what extent this may be attributable to a higher

prevalence of non-AD pathologies in underrepresented groups (e.g.,

cerebrovascular disease) or to additional factors.244

Representativeness encompasses many factors, including race and

ethnicity, but also social determinants of health such as socioeco-

nomic status, education, geographic location, and lifestyle. Definitive

observational studies with more representative cohorts are needed

to assess natural history relationships among biomarkers, genet-

ics, comorbidities, and clinical outcomes. Furthermore, randomization

rates and eligibility rates for AD clinical trials vary disproportionately

by race/ethnicity, education, and socioeconomic status. Therefore,

more representative cohorts are alsoneeded in trials to assesswhether

treatments are effective across race/ethnicity and the range of social

determinants of health.102,246,249

11 FUTURE DIRECTIONS

In recent years the field hasmoved from diagnosing and characterizing

AD based on clinical presentation alone to diagnosing the disease bio-

logically. Biologically based diagnosis and staging is now transitioning

from priorities dominated by research alone to the priorities required

for both research and clinical care. Future directions could include the

following.

1. Observational studies and clinical trials should be conducted with

more representative cohorts. Furthermore, nearly all observational

studies in underrepresented groups that have included biomark-

ers have been in convenience samples with inevitable selection

biases. True epidemiolocal and real-world data studies of biomarker

properties in representative groups are needed to ascertain rela-

tionships that are valid at the population level.

2. Standardization of biofluid assays, tau PET quantification methods,

and cutpoints is needed. As in other diseases, the exact thresh-

olds for abnormalitymay evolve over time as additional data inform

prognostic value.

3. Improved understanding of various posttranslational modifications

of taumay enhance fluid-based biological staging.

4. With improved understanding of the role of immune/inflammatory

processes, microglia, and astrocyte biology in AD pathogenesis, we

envision a more prominent role for I biomarkers in biological char-

acterization and prognosis, especially if brain-specific changes can

be detected in blood.

5. As clinical trials targeting mechanisms other than anti-Aβ
immunotherapy are performed, the effects of these interven-

tions on biomarkers and clinical outcomes should be included in

future criteria.
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6. We envision creating a comprehensive system to stratify risk

of onset and progression by incorporating all biomarkers (core

AD, non-core, and biomarkers of non-AD copathology) along with

demographics and genetics. Practical operationalization of a com-

plete AT1T2NISV diagnosis and staging system (with the future

addition of TDP-43) is aspirational at this point but could be

conceivable with the development of multiplex BBM assays.

7. The committee recognizes that the feasibility of implementing

these criteria for biologically based diagnosis and staging of

AD in clinical practice varies across regions, even within World

Bank–designated high-income countries. We anticipate that the

increasing availability of BBMwill make these criteria more widely

deployable within World Bank–designated low- to middle-income

countries where PET- and CSF-based biomarkers may not be

readily available.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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