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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia worldwide, and early and accurate
identification of its underlying pathology is increasingly important for diagnosis, prognosis, and
therapeutic decision-making. Advances in biomarker research have shifted the diagnostic approach
from a predominantly clinical and syndrome framework toward a biologically based definition of AD.
This review summarizes the current evidence regarding established and emerging biomarkers of
Alzheimer’s disease, with particular emphasis on the amyloid, tau, and neurodegeneration framework.
Amyloid biomarkers, including cerebrospinal fluid (CSF) AB42 and the AB42/AP40 ratio, amyloid
positron emission tomography (PET), and plasma A measures, provide evidence of cerebral amyloid
pathology. Tau biomarkers, including CSF and plasma phosphorylated tau (p-taul81, p-tau217, and p-
tau231) and tau PET, provide information regarding AD-related tau pathology and may contribute to
early detection and disease staging. Neurodegeneration can be assessed using CSF total tau,
neurofilament light chain, structural magnetic resonance imaging (MRI), and fluorodeoxyglucose-PET.
Blood-based biomarkers have emerged as promising, minimally invasive tools because of their
potential accessibility, cost-effectiveness, and applicability to early disease detection. However,
variability between assays, the lack of universally established cut-off values, and the need for clinical
validation remain important challenges. Current evidence supports the complementary use of fluid and
imaging biomarkers rather than reliance on a single marker. Future approaches integrating multimodal
biomarkers with clinical information and artificial intelligence may improve diagnostic accuracy,
disease  staging, prognosis, and personalized management of Alzheimer’s disease.
Keywords: Alzheimer’s disease; biomarkers; amyloid-beta; tau; phosphorylated tau;
neurodegeneration; cerebrospinal fluid; plasma biomarkers; amyloid positron emission tomography;
tau positron emission tomography; magnetic resonance imaging; neurofilament light chain; early
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Introduction
L Clinical applications of AD Alzheimer disease (AD) is the leading
biomarkers cause of dementia globally with a profound

The diagnosis of AD has evolved in
recent years, transitioning from a syndromal
framework to a biological basis. In 2024, the
National Institute on Aging and the
Alzheimer’s Association (NIA-AA)
workgroup  published updated research
guidelines for the diagnosis and staging of
AD, underscoring the critical role of
characteristic biomarkers in establishing a
definitive diagnosis. Biomarkers have been
categorized based on their relevance to AD
pathophysiology. Core biomarkers are those
molecules that are associated with specific
pathogenic  mechanisms of AD (AP
proteopathy, phosphorylated and secreted AD
tau, or AD tau proteopathy) (Lista et al.,
2024).

In addition, biomarkers of non-
specific ~ processes involved in AD

impact on individuals, families, and health care
systems. Roughly 150 million cases of
cognitive  impairment  worldwide  are
anticipated by 2050, with the majority being
caused by AD. In the United States, this
number is projected to be around 11 million, in
part attributable to increasing life expectancy
(Hansson et al., 2023).

In addition, because there are only a
limited number of dementia specialists in
practice as well as other barriers related to
access of diagnostic and therapeutic resources,
the US health care system is unprepared to
meet the projected demand of treatment-
eligible individuals with mild cognitive
impairment (MCI) or mild dementia caused by
AD (collectively called “early AD”) (Gunes et
al., 2022).
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cerebrospinal fluid (CSF) concentrations of
amyloid and tau proteins, and plasma
concentrations of amyloid, tau, and other
protein biomarkers. Topographic biomarkers
are related to the regional consequences of AD
pathology, such as regional hypometabolism
on fluorodeoxyglucose (FDG)-PET, tau PET,
and regional/local atrophy on structural
magnetic resonance imaging (MRI) as shown
in Figure 2 (Mielke et al., 2024).

To date, no fluid biomarkers have
been conclusively linked to an individual
clinical phenotype of AD; however, according
to their regional distribution differences, there
are corresponding molecular, metabolic, and
degenerative imaging biomarkers for the
different phenotypes of AD. The existing
literature is predominantly focused on
biomarkers of AD pathology, where the main
clinical value of their uses is to discriminate
between phenotypes that are associated with
AD vs. non-AD pathologies, and to measure
the advances in underlying biology such as
plasma and CSF levels of phosphorylated tau
(pTau). Currently, there is no single biomarker
or biomarker algorithm that can differentiate
between AD phenotypes with conclusive
diagnostic  accuracy, underscoring  the
importance of clinical evaluation (Schéll et
al., 2024).

Typics
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Figure 2: Summary of anticipated biomarker
results for the different clinical phenotypes of
AD (Scholl et al., 2024).

I11. Amyloid biomarkers (A)

Amyloid-B (AP) accumulation is one of the
characteristic ~ pathological  changes  of
Alzheimer’s disease. AP peptides are produced
from amyloid precursor protein and can

pathophysiology (neuropil dysfunction or
neuroinflammation) can provide valuable
support for auxiliary diagnosis and staging.
Finally, biomarkers of non-AD co-pathology
(vascular brain injury or a-synuclein) can help
identify coexisting pathologies that frequently
occur alongside AD in older adults (Hampel
et al., 2023).

According to  the  guidelines,
abnormalities in Core 1 biomarkers (i.e.,
amyloid PET, CSF AP 42/40, CSF p-tau
181/AB 42, CSF t-tau/APB 42, and accurate
plasma biomarkers) can confirm the diagnosis
of AD as in Figure 1. Unlike previous
guidelines, which focused on the clinical
presentation, CSF biomarkers, and
neuroimaging, the 2024 update introduced
BBMs into the diagnostic framework.
Accurate plasma biomarkers need to meet the
requirement of a minimum accuracy of 90% in
detecting abnormal amyloid PET within the
intended population (Hansson et al., 2022).
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Figure 1: Biomarkers in Alzheimer disease
(Klyucherev et al., 2022).

However, standardized cut-offs for
these biomarkers and their association with
clinical prognosis have not yet been formally
established for BBMs. For patients with
abnormal BBMs, further confirmation of the
diagnosis through CSF tests or PET imaging is
required, which is equivalent to the accuracy of
the approved CSF test. Core 2 biomarkers (tau-
PET and certain soluble tau fragments
associated with tau proteinopathy) can be used
for staging, prognosis, and as indicators of
biological treatment effects, but they cannot be
used as a stand-alone diagnostic test for AD in
most cases. When Core 1 biomarker results are
normal, any abnormalities in Core 2 biomarker
results should be interpreted with caution
(Grande et al., 2025).

II. Biomarker profiles for typical and
atypical phenotypes of AD

The majority of AD biomarkers can
be classified into pathophysiologic biomarkers
and topographic biomarkers; both can help
clinicians to recognize, differentiate, and
diagnose AD phenotypes. Pathophysiologic
biomarkers related to AD lesions include
amyloid positron emission tomography (PET),
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prodromal stages of disease progression, and
some have demonstrated the potential to
predict cognitive decline (Arslan et al., 2024).

CSF  AP42  concentration  and
APB42/40 ratio decrease and correlate inversely
with the extent of AP plaque deposition, and
concentrations of tTau and pTau correlate with
the intensity of neurodegeneration and
neurofibrillary tangles, respectively. The
presence of a decreased CSF AP42/40 ratio
typically indicates AD pathology, even in
those with atypical clinical features or irregular
CSF findings for other analytes (Blennow et
al., 2023).

With respect to a “FTD-phenotype,”
the pTaul81/AP42 ratio is useful for the
identification of both the behavioral and
semantic variants of frontal AD and in
differentiating these patients from those with
frontotemporal dementia. CSF pTau 231
(pTau231) is another pTau epitope that has
demonstrated the potential to aid in diagnosis
of early AD and detect incipient AD
pathology, not confined to the clinical
phenotype (Garcia-Escobar et al., 2024).

VI AD Neuropathologic Changes

The AT(N) classification system for
AD has proven useful in the research setting to
identify individuals with specific biomarker
profiles who may be more likely to have AD.
This classification system was largely built on
results of the  Alzheimer’s Disease
Neuroimaging Initiative using infrastructure
supported by the National Institute on Aging
and Alzheimer’s Disease Research Centers. In
the research setting, individuals are defined as
having AD neuropathologic change and placed
on the AD spectrum of preclinical disease
based on the presence of amyloid positivity
(A+) even if cognitively unimpaired (CU)
(Teunissen et al., 2022).

CSF biomarkers and amyloid PET
have proven valuable in the recruitment of
participants for clinical trials and are used as a
surrogate reference standard given their
concordance with pathology. Tau positivity
(T+) and neurodegeneration (N+) are
considered later stages of the disease and
considered necessary for cognitive decline
(Alber et al., 2022).

The Geneva roadmap for biomarker
development, which is modeled after cancer
biomarker development, describes a 5-phase
framework. The amyloid and tau biomarkers
discussed in this article are all approaching the
end of phase 3 development, where these
biomarkers are studied in retrospective and
longitudinal cohorts. A few have some
prospective validation studies (phase 4)
underway. Phase 5 is focused on clinical

aggregate to form amyloid plaques in the brain.
Biomarkers in the A category provide evidence
of this amyloid pathology. One important
biomarker is cerebrospinal fluid (CSF) AB42.
In Alzheimer’s disease, the concentration of
AP42 in CSF generally decreases because
ApB42 becomes deposited in amyloid plaques
within the brain. The AB42/AB40 ratio is often
more informative than AP42 alone because it
accounts for differences in the overall
production of amyloid peptides. A reduced
CSF AP42/AB40 ratio is therefore evidence
supporting cerebral amyloid pathology (Pais et
al., 2023).

Iv. Magnetic  Resonance  Imaging

markers

MRI changes are topographic
biomarkers of AD, and structural MRI in
patients with AD shows atrophy of grey matter
and volume loss, indicating neurodegeneration.
Serial structural MRI imaging is often used to
measure disease progression as this approach
has lower variance than single structural MRI.
Some data indicate that serial structural MRI
may have the potential to evaluate therapeutic
efficacy in clinical practice, as serial structural
MRI measurements could permit clinical trials
to be performed with smaller sample sizes than
would be possible using traditional clinical
assessments (Palmqvist et al., 2023).

There are additional MRI measures
such as: diffusion tensor imaging MRI, to
assess damage to white matter; resting state
functional MRI, to assess changes in functional
brain connectivity that are thought to precede
structural brain changes; and T2-weighted or
susceptibility-weighted ~ MRI, to  assess
vascular activity and identify cerebral amyloid
angiopathy. However, these techniques are not
currently used in the majority of clinical trials
or in routine clinical practice but may become
increasingly important to manage amyloid-
related imaging abnormalities (ARIA) with the
use of anti-amyloids (Bouwman et al., 2022).

V. CSF biomarkers

CSF biomarkers can be used to detect
both AP and tau peptides and, in most patients,
alterations in these biomarkers can be detected
earlier than changes in neuroimaging
biomarkers. CSF tau indicates neuronal death,
and, therefore, it can be elevated in atypical
phenotypes as well as in non-AD dementias;
an increase in pTau is more specific to AD
pathology in both typical and atypical
presentations. CSF biomarkers include Ap (1-
42) (AB42), AP (1-40) (Ap40), pTau 181
(pTaul8l), pTau 217 (pTau217), and total tau
(tTau). These markers have been shown to
accurately identify AD-associated biologic
changes, even at pre-symptomatic and
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The total analytical error associated with any
diagnostic assay must be much lower than the
magnitude of change among the levels of
individuals with the disease of interest,
controls, and individuals with other diseases.
AB measurements in the blood do not meet
these criteria. The Global Biomarker
Standardization Consortium, an initiative by
the Alzheimer’s Association to standardize and
validate biomarker assays, reported poor
correlation among 11 different plasma
AB42/40 assays conducted at 11 different
sites. A head-to-head comparison of § plasma
AB42/40  assays showed that mass
spectrometry—based methods were more
accurate than most of the immunoassays in
detecting brain AB pathology (Mielke et al.,
2024).
» Phosphorylated Tau

Hyperphosphorylated tau is a
hallmark of AD neuropathologic change, and
NFT formation as evident in PET imaging
tracks well with ['®F]fluorodeoxyglucose
(FDG)-PET and cognitive changes. P-tau
biomarkers are effective BBBs, both in
isolation and in combination panels, for
predicting positive amyloid status. More than
80 p-tau targets are under investigation, with p-
tau217 and p-taul81 being the most promising.
P-tau231 may have use as a state marker, but
this is yet to be verified. p-tau217 levels, as
measured by the Lilly Research Laboratories
(Indianapolis, IN) electrochemiluminescence
method outperformed plasma AB42/AB40 and
plasma NfL in predicting CSF AB pathology,
with AUC of 0.73 in clinically unimpaired
individuals and 0.86 in people with AD.
Preliminary evidence suggests that p-tau217
levels increase in preclinical stages of AD, and
correlate with brain AB burden (Klyucherev
et al., 2022).

IX. Future perspectives for biomarkers

Neuroimaging and CSF biomarkers
are currently well-established methods for
accurate diagnosis of AD. Simple BBMs offer
significant promise for advancing AD research,
drug development, and clinical practice,
particularly because of their cost-effectiveness
and potential for broad clinical accessibility
and population screening during the early
stages of AD. However, the complexity of AD
pathology poses challenges for single
biomarkers to fully capture the intracerebral
pathology, predict disease progression, and
meet other clinical demands (Bouwman et al.,
2022).

The combined use of fluid and
imaging biomarkers can provide
comprehensive biological insights at multiple
levels, thereby offering new opportunities for

implementation and guidelines for use. Our
clinical care model must incorporate these
tools to accelerate diagnosis and expand access
(Wojdala et al., 2023).

VIL Early AD Diagnosis

Over the past decade, 2 expert
working groups—the International Working
Group for New Research Criteria for the
Diagnosis of AD and the National Institute on
Aging—Alzheimer’s Association (NIA-AA)
International Working Group—have been
working to align research efforts and facilitate
communications by developing new criteria
and a new vocabulary for the stages of AD.
The NIA-AA has the goal of separating the
clinical syndrome (clinically identified
impairment) from biology (etiology and
neuropathology) (KasStelan et al., 2023).

This goal has some scientific validity.
However, the difficulty with this task is that
we do not fully understand the underlying
pathology of the clinical syndrome. A purely
biomarker-based diagnosis demands robust
evidence of biomarker positivity leading to an
extremely high likelihood of subsequent
clinical progression. However, data on the
longitudinal follow-up of CU individuals who
are amyloid biomarker—positive indicate that
having evidence of amyloid in the brain does
not necessarily mean that a person will develop
dementia or even cognitive impairment in their
lifetime, the presence of amyloid is only
associated with an increased risk of developing
dementia due to AD (KaStelan et al., 2023).
VIIL Molecular Biomarkers and

Genetics

> Blood-Based AB42/AB40

AB is the primary neuropathologic
hallmark of AD. CSF and amyloid PET
biomarkers may be abnormal 20 years before
symptom onset. CSF AB42 and AB40 levels
are also the best-known biomarkers of AD.
According to the amyloid cascade hypothesis,
proteolytic cleavage of the amyloid precursor
protein (APP) produces multiple soluble
peptides, including AB40 and AB42, which
form soluble oligomers, and then protofibrils,
fibrils, and fibrillar plaques. The production of
AB stimulates the development of NFTs and
neuroinflammation, which leads to a further
increase in amyloid. The accumulation of
ABA42 into plaques is signaled by the decrease
in soluble AB42 in the CSF as well as a
change in the AB42/AB40 ratio: the first sign
of a pathologic process (Bouwman et al.,
2022).

There are difficulties with sampling
AB concentrations in the blood. AB is also
made peripherally, and concentrations may not
always reflect central amyloid accumulation.
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personalized medicine and effective disease
management. In the future, multidimensional
data, including multimodal PET/MRI, fluid
biomarkers, and clinical information, may be
integrated using artificial intelligence methods
to achieve optimal combinations, thereby
enabling accurate diagnosis and personalized
treatment of AD (Mielke et al., 2024).

The major biomarkers of Alzheimer’s
disease can therefore be summarized as
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