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Innovations in Alzheimer's disease
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prospects of novel biomarkers,
multimodal integration, and
non-invasive detection
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Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the
deposition of p-amyloid (AB) plaques and the formation of neurofibrillary tangles
composed of hyperphosphorylated tau protein, ultimately leading to cognitive
decline and neuronal loss. Current diagnostic methods, including clinical evaluations,
neuroimaging examinations, and cerebrospinal fluid biomarker testing, face
challenges such as insufficient sensitivity and specificity, as well as operational
complexity. In recent years, significant advancements have been made in diagnostic
technologies, with the emergence of new biomarkers and detection methods,
including blood-based Ap and tau protein detection, ocular biomarker testing,
and non-invasive screening through urine or breath analysis. These innovative
developments, combined with multimodal diagnostic technologies that integrate
imaging, genomics, and proteomics, have opened new possibilities for the early
diagnosis and precise staging of Alzheimer's disease. Furthermore, advancements
in microfluidic chips and biosensor technologies have enhanced the capability
for rapid, efficient, and cost-effective diagnosis. As research continues to evolve,
the gradual application of these advanced technologies in clinical practice is
expected to revolutionize the management of Alzheimer's disease, facilitating
early intervention and the formulation of individualized treatment strategies.

KEYWORDS

Alzheimer's disease diagnosis, }-amyloid, tau protein phosphorylation, non-invasive
biomarkers, multimodal diagnostic technologies

1 Introduction

Alzheimer’s Disease (AD) is a chronic neurodegenerative disorder that predominantly
affects neurons in the brain, resulting in the progressive deterioration of memory, cognition,
and behavior. The disease imposes significant psychological and financial burdens on both
patients and their families (1). Currently, the treatment of AD primarily aims to alleviate
symptoms and enhance the quality of life for affected individuals, as there is no known cure.
Globally, the incidence and prevalence of AD are increasing. According to Alzheimer’s Disease
International, over 50 million people worldwide were living with Alzheimer’s disease in 2020,
and this number is projected to rise to 150 million by 2050. The pathological changes
associated with AD primarily include age-related plaques formed by the deposition of
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beta-amyloid protein (Ap), neurofibrillary tangles resulting from the
hyperphosphorylation of tau protein, and glial cell hyperplasia
accompanied by neuronal loss. Currently, the diagnosis of AD
primarily relies on clinical manifestations, neuropsychological
assessments, and imaging techniques such as cerebrospinal fluid
analysis, PET, and MRI (2, 3). However, the current in vitro diagnosis
of AD faces multiple challenges, including the following: the
complexity of pathological markers. In 2024, plasma biomarkers were
incorporated into the diagnostic criteria, facilitating a more accessible
and cost-effective diagnosis. The core pathological features of AD are
the presence of AP plaques and neurofibrillary tangles of tau protein.
Abnormal deposits of these pathological markers are critical for
diagnosis, but they can present variably across different types of
Alzheimer’s disease, leading to diagnostic uncertainty. Additionally,
while the detection of biomarkers such as Ap and tau proteins has
demonstrated some sensitivity and specificity in clinical trials, these
metrics are not consistently optimal. For instance, a positive biomarker
result may not accurately indicate AD in certain cases, and significant
pathological changes may go undetected in some patients. The early
stages of AD are often characterized by mild cognitive decline,
complicating the diagnostic process. Presently, most diagnostic tests
concentrate on the later stages of the disease, when symptoms are
more pronounced, thereby missing the crucial opportunity for early
diagnosis. Furthermore, while advanced in vitro diagnostic techniques
such as PET and cerebrospinal fluid testing can yield detailed
biomarker information for AD, their accessibility and cost may hinder
widespread implementation in clinical practice (1, 4, 5).

In summary, in vitro diagnosis of Alzheimer’s disease faces
multiple challenges, which need to take into account factors such as
the complexity of pathological markers, the accuracy of diagnostic
techniques, the feasibility of early diagnosis, and the accessibility and
cost of techniques. In the future, with the deepening of research and
the advancement of technology, it is expected to improve the
diagnostic accuracy and efficiency of Alzheimer’s disease.

2 Pathophysiological mechanism of
Alzheimer's disease

2.1 Amyloid hypothesis

In the field of Alzheimer’s disease (AD), the “amyloid cascade
hypothesis” used to be the main theory of the pathogenesis of AD (6),
which posits that Ap deposition is the initial event in the pathogenesis
of AD, leading to the formation of tau tangles, loss of neurons,
dysfunction and cognitive decline (7). However, this hypothesis has
been called into question due to the repeated failure of clinical trials
targeting Ap.

AP is produced through the hydrolysis of amyloid precursor
protein (APP) by beta- and gamma-secretase enzymes, and it exhibits
neurotoxicity (8). Under normal circumstances, Ap is cleared by the
metabolic system; however, in patients with AD, there exists an
imbalance between its production and clearance, resulting in a gradual
accumulation in the brain. A can aggregate into various forms,
including monomers, oligomers, fibrils, and mature amyloid plaques,
with oligomers being the most neurotoxic. These oligomers can
directly induce hyperphosphorylation of tau protein and lead to
neurodegenerative changes, closely correlating with cognitive function
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impairment and the pathological alterations associated with AD
(9-11). The aggregation of Af is influenced by several factors,
including its concentration, amino acid sequence, pH, ionic strength,
and the presence of metal ions such as copper, zing, and iron, which
can promote A aggregation. Furthermore, neuronal insulin signaling
is implicated in AP dynamics, as insulin signaling within the central
nervous system can prevent the accumulation of Ap oligomers (ABO)
and inhibit their neurotoxic binding (12). However, ABO can also
disrupt insulin signaling by inhibiting the key effector IRS-1, thereby
obstructing the transport of insulin receptors to dendritic membranes
and impairing insulin signaling in central nervous system
neurons (13).

2.2 Abnormal tau protein

2.2.1 Relationship between tau protein
hyperphosphorylation and DEK protein

DEK is a chromatin remodeling nuclear protein associated with
DNA replication and repair, cell proliferation, and apoptosis
inhibition. Loss of DEK expression leads to overexpression and
hyperphosphorylation of Tau protein. The specific mechanism may
be that DEK protein is normally involved in certain cellular pathways
and plays a regulatory role in the phosphorylation level of Tau protein.
When DEK is absent, this regulatory mechanism is disrupted,
resulting in Tau hyperphosphorylation (14).

2.2.2 Relationship with protein phosphatases and
kinases

Cerebral ischemia may lead to abnormal regulation of protein
kinase and phosphatase, resulting in hyperphosphorylation of Tau
protein. For example, in mouse models of cerebral ischemia, ischemia
activates the lysosomal enzyme asparagine endopeptidase (AEP). AEP
cleaved 2 (I2PP2A), an inhibitor of protein phosphatase 2A (PP2A),
allowing I2PP2A to transfer from the nucleus of neurons into the
cytoplasm. This process leads to hyperphosphorylation of Tau protein
by inhibiting PP2A (15).

2.2.3 Relationship with glycogen synthase
kinase-3f (GSK-3p)

Inhibition of abnormal phosphorylation (hyperphosphorylation)
during the fibrillation of tau protein may impede the formation of
neurofibrillary tangles. Glycogen synthase kinase 3 beta (GSK-3p) is
believed to play a significant role in the formation of neurofibrillary
tangles. Currently, studying animal models is considered essential for
elucidating the mechanisms underlying the formation of
neurofibrillary tangles in Alzheimer’s disease; however, the specific
mechanism of action of GSK-3p in this process requires further

investigation (16).

2.2.4 Tau hyperphosphorylation and the
relationship between neurofibrillary tangles and
AD

The interaction between Tau and the nuclear pore complex (NPC)
is significant and cannot be overlooked. Tau directly interacts with
nuclear pore proteins, thereby influencing the structural and functional
integrity of the NPC. In pathological conditions, Tau can disrupt
nuclear transport processes, resulting in the accumulation of the nuclear
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pore protein Nup98 in certain neurons within the cell body. This
accumulation may subsequently promote Tau aggregation, potentially
contributing to the formation of neurofibrillary tangles (17, 18).

Neurofibrillary tangles are primarily caused by excessive
phosphorylation of tau protein. Microglia can exacerbate the
inflammatory response by releasing various inflammatory mediators,
which in turn affects tau protein phosphorylation and the formation of
neurofibrillary tangles. The impact on cognitive decline: The deposition
of neurofibrillary tangles is closely associated with cognitive decline in
AD. Hyperphosphorylation of tau protein and the formation of paired
helical filaments are believed to underlie neuronal degeneration in this
condition. In the pathogenesis of Alzheimer’s disease, alterations in tau
protein may occur independently of the cascade reaction initiated by
p-amyloid deposition. Furthermore, clinical trials have confirmed the
efficacy of tau-related vaccine immunization (19).

2.3 Neuroinflammation and oxidative stress

2.3.1 Neuroinflammation

In AD, neuroinflammation is primarily triggered by AP
deposition and tau hyperphosphorylation. AP aggregates activate
microglia and astrocytes, which are key players in the
neuroinflammatory response within the central nervous system. For
instance, once AP plaques form in the brain, microglia recognize
and engulf AP, a process that leads to microglial activation and the
release of numerous inflammatory mediators (20, 21). Activated
microglia and astrocytes secrete various inflammatory mediators,
including cytokines such as tumor necrosis factor-alpha (TNF-a),
interleukin-1beta (IL-1p), and interleukin-6 (IL-6). Studies indicate

10.3389/fneur.2025.1651708

that these cytokines can exert direct toxic effects on neurons,

impacting neuronal survival, plasticity, and

neurotransmitter metabolism. For example, TNF-a can induce

synaptic

neuronal apoptosis and disrupt nerve signaling by interfering with
the normal release and uptake of neurotransmitters (22).
Concurrently, neuroinflammation is associated with increased
oxidative stress. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) produced during inflammation can further
damage neuronal cell membranes, mitochondria, and other cellular
structures. For instance, nitric oxide (NO) released following
microglial activation can react with superoxide anions to produce
peroxynitrite at elevated concentrations, a potent oxidizing agent
that can cause oxidative damage to proteins, lipids, and DNA in
neurons (23).

Neuroinflammation establishes a vicious cycle that accelerates the
progression of AD. On one hand, neuronal damage resulting from the
inflammatory response promotes further Af production and
hyperphosphorylation of tau proteins. For example, after neuronal
injury, substances may be released that enhance the accumulation and
deposition of AB. On the other hand, a sustained inflammatory
response recruits additional immune cells, broadens the inflammatory
response, and propagates neuroinflammation, leading to further
neuronal damage (24-26) (Figure 1).

2.3.2 Oxidative stress

The mechanisms of oxidative stress include mitochondrial
dysfunction and metal ion imbalance. Among them, mitochondrial
dysfunction is often shown as abnormal in the brain of AD
patients. Mitochondria are the main energy-producing sites in
cells and one of the main sources of reactive oxygen species
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The mechanism of neuroinflammation in AD.
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(ROS). When the mitochondrial respiratory chain is damaged, the
electron transport process will leak, resulting in the production of
large amounts of ROS (27, 28). For example, AP can bind directly
to mitochondria, interfering with their normal function and
causing them to produce too many ROS. In terms of metal ion
imbalance, metal ions such as iron, copper, and zinc play an
important role in REDOX reactions in the brain. In the brains of
people with AD, the balance of these metal ions is disrupted. For
example, an abnormal accumulation of iron ions produces large
quantities of hydroxyl radicals (- OH) through the Fenton
reaction, a highly reactive ROS that can trigger lipid peroxidation,
protein oxidation, and DNA damage (29, 30).

Biomarkers associated with oxidative stress include oxidative
products and antioxidant enzymes. MDA, the end product of lipid
peroxidation in oxidative products, is often elevated in the blood,
cerebrospinal fluid and brain tissue of patients with AD. In
addition, protein oxidation products such as carbonyl protein and
DNA oxidative damage product 8-hydroxy-deoxyguanosine
(8-OHAG) can also be used as markers of oxidative stress (31). For
example, in the brain tissue of AD patients, the content of carbonyl
protein is significantly higher than that of the normal population,
indicating oxidative damage to proteins within neurons (32).

In terms of oxidases, SOD, glutathione peroxidase (GSH-Px),
and catalase (CAT) are crucial intracellular antioxidant enzymes.
In patients with AD, the activity of these antioxidant enzymes may
be altered. For instance, some studies have indicated that SOD
activity may increase in the brains of AD patients, potentially
serving as a compensatory response to oxidative stress; however,
this compensatory mechanism may gradually fail as the disease
progresses (33). Furthermore, studies have identified the light
chain of NFL as a marker for neuronal axon damage. In AD
patients, NFL levels are significantly elevated due to neuronal
damage resulting from neuroinflammation and oxidative stress.
NFL can serve as an indicator to assess the progression of AD and
the extent of neuronal damage. For example, in the cerebrospinal
fluid of AD patients, NFL concentrations have been positively
correlated with the degree of cognitive decline (34, 35).

2.4 Other pathologic mechanisms

The pathogenesis of AD involves A variety of pathological
processes. Besides the two main features of AB deposition and Tau
protein hyperphosphorylation, it also includes mechanisms such as
neuron loss, synaptic dysfunction and mitochondrial dysfunction (36).

2.4.1 Loss of neurons

Widespread loss of neurons in the brain primarily occurs in
the hippocampal and cortical regions, resulting in a significant
decline in memory and cognitive function. This neuronal loss is
strongly associated with various factors, including the toxic effects
caused by AP deposition and oxidative stress. Collectively, these
factors contribute to neuronal dysfunction and death (37). In
2023, a research team at the University of Leuven in Belgium
utilized a human-mouse chimeric brain model and discovered
that the long non-coding RNA MEGS3 specifically induces necrotic
cell death in grafts of human neurons, leading to neuronal loss
characteristic of Alzheimer’s disease. This study demonstrated
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that amyloid plaque pathology is sufficient to induce tau
pathology, neuronal death, and other core features of Alzheimer’s
disease in human neurons, suggesting the presence of human-
specific factors that render human neurons more sensitive to
amyloid plaques. Mechanistic studies revealed that long-chain
non-coding RNA MEG3 mediates this process, being specifically
upregulated in human neurons and leading to neuronal loss
through the activation of the RIPKI1/RIPK3/MLKL necrosis
pathway. Targeting this necrotic pathway is anticipated to be a
novel strategy for treating Alzheimer’s disease (38).

2.4.2 Synaptic dysfunction

Synaptic dysfunction is mainly manifested by decreased
synaptic plasticity and decreased synaptic density. Synaptic
plasticity is the basis of learning and memory, and its impairment
can lead to significant decline in cognitive ability (39). Studies
have shown that deposition of Ap and hyperphosphorylation of
Tau protein are strongly associated with synaptic dysfunction. The
oligomers of AP can be directly toxic to synapses, affecting the
plasticity and stability of synapses, thus compromising learning
and memory function (40). Recent studies have shown that Af
induces Jacob’s nucleocytoplasmic transport in the brains of AD
patients and in mouse hippocampal neurons. Jacob is a protein
that connects the NMDA receptor-derived semaphore to
CREB. AP regulates the transport of Jacob, resulting in the
transcriptional inactivation of CREB, which triggers synaptic
damage and loss in mouse models of AD. The small compound
nitrophenylarsonic acid selectively obstructs the assembly of the
Jacob/LIM-only 4 (LMO4)/protein phosphatase 1 (PPI)
semaphone, thereby restoring CREB transcriptional activity.
Nitrophenylarsonic acid has been shown to prevent synaptic
plasticity damage and cognitive decline in mouse models of
AD. Taken together, these data suggest that targeting Jacob
protein-induced CREB inactivation may serve as a therapeutic
pathway against early synaptic dysfunction in AD (41). Together,
these pathological changes lead to decreased synaptic transmission
efficiency and impaired information exchange between neurons,
ultimately leading to cognitive impairment (42).

2.4.3 Mitochondrial dysfunction

Mitochondria play a key role in energy metabolism, and their
dysfunction will aggravate neuronal damage. In AD patients, the
structure of mitochondria in the brain is abnormal, resulting in impaired
energy metabolism and further accelerating nerve cell apoptosis (43).
Studies have shown that VDACI is a multifunctional protein that is
expressed in mitochondria and other cellular compartments, including
the plasma membrane. This protein regulates major metabolic and
energy functions of cells, including Ca2 + homeostasis, oxidative stress,
and mitochondria-mediated apoptosis. Repairing mitochondrial
dysfunction by targeting VDACI to block its pro-apoptotic activity may
represent a novel strategy to inhibit cell death (44).

In conclusion, the pathogenesis of Alzheimer’s disease is complex
and diverse, involving multiple aspects such as neuron loss, synaptic
dysfunction, and mitochondrial dysfunction. These mechanisms
influence each other and jointly promote the occurrence and
development of the disease. In-depth study of these mechanisms will
help to provide new ideas and methods for the diagnosis and
treatment of AD (Figure 2).
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3 Traditional in vitro diagnostic
methods

3.1 Neuropsychological evaluation

Scales of neuropsychological evaluation is presented in the
Table 1.

Neuropsychological assessment of AD plays a key role in
diagnosing and monitoring disease progression, but there are some
shortcomings. For one thing, existing neuropsychological tests may
not be sensitive enough in some cases to accurately identify early
cognitive impairment. For example, commonly used scales such as the
Brief Mental State Examination (MMSE) and the Montreal Cognitive
Assessment (MoCA) may have certain limitations in identifying mild
cognitive impairment (MCI); On the other hand, the current
neuropsychological assessment mainly reflects the changes in

10.3389/fneur.2025.1651708

cognitive function, but cannot directly reflect the pathophysiological
processes of AD, such as neuronal damage and amyloid deposition
(45-47).

3.2 Imaging tests

3.2.1 Magnetic resonance imaging (MRI)

AD presents as an irreversible and progressive memory
dysfunction lasting more than six months (48). MCI is considered
an early stage of AD, characterized by atypical clinical
manifestations. However, patients diagnosed with both MCI and
mild AD may delay cognitive decline through pharmacological
interventions, such as Aducanumab (49). Thus, early diagnosis of
AD and prognosis of MCI are of paramount importance. In recent
years, advancements in biochemistry, genetics, imaging, and other

TABLE 1 Scales of neuropsychological evaluation.

Evaluation Method Purpose Evaluation Reference
dimension
Classifying subtypes of mild The MMSE scale consists of 30 questions with a score
cognitive impairment (MCI) in range of 0-30, covering temporal orientation, spatial
Alzheimer’s disease, AD, and orientation, immediate memory, attention and
Mini-mental state
Cognitive function | Memory normal control groups provides calculation, delayed memory, language, and 45
examination (MMSE)
significant reference value for early | visuospatial abilities. Score ranges: 27-30 normal,
clinical diagnosis, reducing the 21-26 mild dementia, 10-20 moderate dementia,
prevalence of Alzheimer’s disease. | 0-9 severe dementia.
Includes executive function (1 point), fluency (2
points), orientation (6 points), calculation (3 points),
Assesses cognitive function,
abstraction (3 points), delayed recall (5 points),
Montreal cognitive especially for screening mild
Cognitive function | Memory naming (4 points), attention (3 points), visuospatial 46
assessment (MoCA) cognitive impairment, correcting
abilities (3 points), with a total score of 30. For
for education level bias
individuals with <4 years of education, an additional
point is added.
Assess the patient’s autonomic Includes the digestive system (21 points), urinary
dysfunction to determine the system (18 points), temperature (15 points),
Autonomic nervous | Autonomic SCOPA-AUT scale severity of autonomic dysfunction | cardiovascular system (9 points), and sexual function
47
system function dysfunction assessment (6 points), with a total score of 69 points. The higher
the score, the more severe the autonomic
dysfunction.
Measurement of
orthostatic
hypotension (OH);
OH: BP measured supine/upright with >20 mmHg
Determination of
systolic or >10 mmHg diastolic drop, or presence of
hyperhidrosis (Body
OH symptoms; Hyperhidrosis: Excessive sweating
temperature);
beyond thermoregulatory needs; Constipation: <3
Assessment of
Determination Determination of the Presence and | bowel movements/week, straining during defecation,
Autonomic nervous constipation (Digestive
of autonomic Duration of Autonomic or chronic laxative use; Urinary Symptoms: Urgency, 48
function system); Evaluation of
dysfunction Dysfunction daytime frequency, nocturia; Sexual dysfunction:
urinary frequency,
Erectile dysfunction (males) and decreased libido.
urgency, and
Scoring: Each symptom = 1 point; symptom duration
incomplete emptying
recorded; absence = 0. Diagnosis: >2 symptoms
(Urinary system);
>6 months defines autonomic dysfunction.
Evaluation of sexual
dysfunction (Sexual
function)
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disciplines, coupled with the multidimensional analysis of
parameters, have significantly enhanced the accuracy of early
diagnosis for both AD and MCI (50, 51). The hippocampus is one
of the first regions affected during the progression of AD. Sgrensen
et al. utilized T1-weighted imaging (T1WT) to extract the texture of
the hippocampi, successfully distinguishing between normal aging
healthy controls, MCI, and AD patients using the support vector
machine (SVM) method (52). The results indicated that the area
under the ROC curve (AUC) for healthy controls compared to MCI
and healthy controls compared to AD were 0.724 and 0.912,
respectively, confirming the efficacy of imaging omics in
differentiating normal aging healthy individuals from those with
MCI and AD (53). Most studies utilizing MRI-based imaging omics
in AD are retrospective analyses, which may introduce variability
due to differences in scanning equipment, MRI parameters, and
methodologies across medical centers (54). Therefore, establishing
standardized medical image data remains an urgent issue to address
in current research.

In clinical practice, the diagnostic sensitivity and specificity of MRI
vary according to disease stage. Structural MRI demonstrates
approximately 70-80% sensitivity and 65-75% specificity in
differentiating MCI from healthy controls, whereas in advanced AD,
hippocampal and cortical atrophy increase diagnostic sensitivity to over
90% (55, 56). Functional MRI (fMRI) and diffusion tensor imaging
(DTI) have shown improved sensitivity in identifying early
microstructural and connectivity changes. Combining MRI-based
volumetric analysis with machine learning approaches can increase
diagnostic accuracy to over 90% (57). However, inter-scanner variability
and lack of standardization remain barriers to cross-study comparison.
Therefore, MRI-based multimodal integration with PET or blood
biomarkers could enhance early-stage AD identification (Figure 3).

3.2.2 Positron emission tomography (PET)

Ap-pet is highly sensitive to Alzheimer’s disease and can visualize
the distribution and load of Af plaques. A positive result indicates the
presence of Af pathology, while a negative result basically rules out
AD. Currently, the US FDA has approved several AB-PET radiotracers
for the diagnosis of Alzheimer’s disease. Tau-pet can reflect the
neurofibrillary tangles of tau protein, which is particularly important
in the diagnosis of dementia in Alzheimer’s disease (58). By analyzing
image features that are difficult to observe with the naked eye, imaging
omics technology has shown good results in a number of studies on

10.3389/fneur.2025.1651708

the diagnosis and prognosis prediction of AD based on PET images,
and also provides a new scheme for objective and repeatable research
on AD (59). At present, amyloid PET has been accepted as part of the
diagnostic process for AD and is considered as the diagnostic standard
for AD in clinical and research use. In vivo, the sensitivity and
specificity of AP deposition in AD patients can reach 96 and 100%,
respectively (60). It is important to note that although the amyloid
PET can effectively distinguish between most of the AD pathological
types of dementia, but hybrid AD and other diseases of the nervous
system may also appear obvious amyloid deposits, such as cerebral
amyloid angiopathy (cerebral amyloid angiopathy, CAA), some DLB
and Parkinson’s disease dementia (PDD), Down’s syndrome, as well as
traumatic brain injury and chronic traumatic encephalopathy.
Amyloid PET may also present a positive result in these conditions.
Therefore, a comprehensive judgment should be made in conjunction
with clinical, multimodal imaging and other biomarkers (61).

Although amyloid PET has high sensitivity (up to 96%), its
specificity remains questionable in certain clinical settings. A positive
amyloid scan does not definitively confirm AD, as amyloid deposition
may also appear in conditions such as dementia with Lewy bodies,
Parkinson’s disease dementia, and cerebral amyloid angiopathy (62,
63). Therefore, amyloid PET should be interpreted in combination
with tau imaging, CSF or plasma biomarkers, and neuropsychological
testing to achieve a more accurate diagnosis.

In addition to amyloid PET, Tau PET imaging provides
complementary diagnostic value. Tau deposition correlates more
closely with cognitive impairment than amyloid burden, allowing
better staging of disease progression (64). Studies using 18F-MK-6240
and 18F-AV-1451 tracers report sensitivities above 90% and
specificities around 85-90% for differentiating AD from non-AD
dementias (65). Nevertheless, false-positive binding can occur in
aging or other tauopathies, underscoring the need for multimodal
interpretation that includes clinical context and other biomarkers.

Comparative performance of major imaging modalities in AD
diagnosis in the Table 2.

3.3 Cerebrospinal fluid biomarker
detection

Recent studies have demonstrated that blood biomarkers for
p-taul8l, p-tau217, and p-tau231, when integrated with brain tau and

TABLE 2 Comparative diagnostic performance of major neuroimaging modalities in AD.

Imaging Biomarker Sensitivity Specificity

target (%) (%)

modality

Clinical stage
applicability

Main
strengths

Limitations

Reference

MRI Widely available, Limited early-stage
Brain atrophy 70-90 65-80 MCI — AD 185
(structural) quantitative specificity
Detects
Functional/ microstructural High variability,
fMRI/DTI 75-85 70-80 Preclinical - MCI 186
connectivity and functional research use
change
Early amyloid False positives in
Amyloid PET AP plaques 96 80-90 MCI - AD 187
detection DLB/PDD/CAA
Neurofibrillary MCI - AD Correlates with Cost, limited tracer
Tau PET 90-95 85-90 188
tangles dementia cognitive severity | availability
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AP pathophysiology, have been developed and validated (66).
Pathological changes in AD can be assessed by analyzing abnormalities
in soluble AP and tau in CSE, as well as the phosphorylated state of tau.
Multiple immunoassays can detect biomarkers such as A, tau
proteins, and p-tau in CSE For instance, several commercial products
are available to detect p-taul81 and total tau in CSF (67). The level of
variation in p-tau in CSF is highly correlated with that in plasma. In
blood, plasma p-tau231, p-tau217, and p-taul81, each measured using
N-terminal tau morphology, exhibit similar diagnostic performance
and predictive ability regarding brain Af and tau, indicating their
interchangeability for clinical use. For example, a study published in
2022 found that both p-taul8l and p-tau217 levels in CSF were
elevated in a mouse model that overexpressed Ap or familial Danish
dementia amyloid (68). Despite the high acceptability and lower cost
of p-tau compared to conventional testing methods, several challenges
persist. First, the collection of p-tau is invasive, as a lumbar puncture
is required to obtain a sample of CSE This procedure can cause
discomfort and carries risks for the patient, including infection and
bleeding. Second, sample collection is challenging; the volume of CSF
obtained from a lumbar puncture is often insufficient for measuring
multiple AT(N) biomarkers and establishing a biobank, which limits
retrospective analysis. Third, ethical challenges arise with the use of
p-tau. While the application of p-tau may facilitate AD detection, it
significantly increases the risk of disclosing the disease (69, 70).

4 Novel in vitro diagnostic methods
4.1 Blood biomarkers

Since the establishment of the biomarker-based A-T-N (amyloid/
Tau/neurodegeneration) framework, the diagnosis of AD has become
more precise. Cerebrospinal fluid tests and positron emission
tomography tests based on this framework have become widely
accepted. However, the A-T-N framework does not cover the full
scope of AD pathology, and its invasive nature and high cost limit the
application of central nervous system diagnostic methods (70, 71).
Some pathological and related biomarkers, such as those related to
synaptic damage, neuroinflammation, neuroimmunity, activation of
microglia and astrocytes, systemic immunity, systemic inflammation,
nutrition and metabolism, apoptosis, mitochondrial dysfunction, and
oxidative stress, have not been included in the framework (72). “X”
indicates biomarkers for the above or unrealized pathologies, as well
as dynamic changes as AD develops. Therefore, adding an “X” to the
A-T-N framework to form the A-T-N-X framework can reflect the
overall pathological spectrum of AD and shed light on its
pathogenesis (73).

411 Ap

AP is a core biomarker of amyloid plaques in Alzheimer’s disease
(AD), with AB42 being more specific to AD and AP40 serving as the
background for total Ap production. The ratio of AB42 to Ap40 helps
to balance basic AP production across different individuals. In AD,
there is an increase in age-related plaques and a decrease in soluble
AP42 in cerebrospinal fluid (74, 75). In 2020, C2N Diagnostics
launched the mass spectrometric plasma A test (PrecivityAD™),
which has been approved in the U.S. and Europe for the diagnosis of
AD, demonstrating an 86% agreement (92% sensitivity, 76%
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specificity) with amyloid PET. Although plasma testing will not
completely replace cerebrospinal fluid Ap and amyloid PET testing, it
represents a significant advancement in the field of AD diagnosis
(76-78). However, AP faces several challenges. For instance, plasma
AP exhibits a low correlation with cerebrospinal fluid Ap, particularly
when compared to high-precision plasma p-tau. Moreover, Af is
viscous, and the mechanisms by which it is transported from the brain
to the blood remain poorly understood. In cases of blood dilution,
CNS-derived soluble A is difficult to detect in plasma, with its levels
further diminished during the progression of AD (79). To address
these challenges, the research team proposed several solutions. First,
it is essential to identify the pathway Ap takes from the cerebrospinal
fluid to the blood and the factors influencing this process. Additionally,
the relationships between intracellular Ap, interstitial AP, AP in near-
death experiences, and Af in plasma need to be elucidated. Second,
preconditioning before detection can mitigate interference from the
complex background of plasma. For example, pre-denaturation
enzyme-linked immunosorbent assay (ELISA) can detect released Af}
that is initially captured by various blood proteins (80, 81).

4.1.2 Tau protein

Tau protein is a product of the microtubule associated protein tau
(MAPT) gene and plays a physiological role in stabilizing
microtubules. In pathological state, tau is the main component of
neurofibrillary tangles and is considered to be the downstream protein
of AP, which can reflect the degree of neuronal damage (82). Post-
translational modifications (PTMs) of tau protein include truncation,
phosphorylation,  acetylation, methylation, ubiquitination,
glycosylation, nitrification, etc. These modification sites are associated
with pathology, contribute to the diagnosis of AD, and are associated
with clinical outcome by affecting the spread or clearance of tau (83).
Among them, phosphorylation is the most common PTMS type of tau
protein, and hyperphosphorylated tau is a major component of
neurofibrillary tangles. For example, P-taul81, P-tau231 and
P-tau217 in cerebrospinal fluid and plasma change at the early stage
of AD pathology, so they are often used as early screening for AD (84).

However, there is instability in different studies, which leads to
doubts about the high diagnostic accuracy of the P-tau marker and the
nearly equal diagnostic accuracy of plasma P-tau and cerebrospinal
fluid P-tau. Based on these issues, many research teams have also
proposed relevant views (85). On the one hand, it is necessary to verify
the specificity and sensitivity of P-tau217, P-tau231 or P-taul81 in
different cohorts under the same conditions, because different
preconditioning mechanisms, detection methods and antibodies may
cause differences in results (86). On the other hand, intracellular
P-tau217 levels are lower than their extracellular levels in the central
nervous system, suggesting that certain P-tau isomers are selectively
released. P-tau217 induces tau hyperphosphorylation at multiple other
sites, exacerbates tau fibrosis and cognitive impairment, and is
associated with AP, while significantly increasing in AD. In addition
to confirming the specificity and sensitivity of P-tau217, P-tau231, and
P-taul8l in clinical cohorts, the mechanisms behind the high accuracy
of these biomarkers, as well as the exact amount and overlap between
tau proteins, need to be explored (87). The findings suggest that the
high accuracy of plasma P-tau has important clinical and translational
value. Tau is mainly produced in nerve cells in the brain, and plasma
p-tau may reflect neurodegeneration and loss of blood-brain barrier
integrity during disease progression, which may be one of the reasons
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why plasma P-tau has higher diagnostic accuracy for AD than
commonly produced Af. At the same time, the structural
characteristics of the truncated pattern of tau in plasma and
cerebrospinal fluid are similar, which is an advantage of tau as a
plasma biomarker for AD.

4.1.3 Neurofilament light chain, NFL (NFL)

Neurofilament light chain (NfL) serves as a biomarker indicative
of axonal degeneration and exhibits high sensitivity in both
cerebrospinal fluid and plasma. Notably, alterations in NfL levels can
be detected prior to the manifestation of clinical neurodegenerative
symptoms, and these levels are elevated in various neurodegenerative
disorders, including AD, amyotrophic lateral sclerosis, spinal
muscular atrophy, multiple sclerosis, and Parkinson’s disease (88).
NfL concentrations differ across the various stages of AD, rendering
it a valuable tool for monitoring disease progression. In contrast to
cerebrospinal fluid tests, which are invasive, and PET, which is costly
and involves radiation exposure, blood biomarker testing offers the
advantages of being non-invasive and less burdensome for patients,
thus enhancing patient acceptability. The simplicity and convenience
of blood sample collection enable mass screening, facilitating the
early detection of individuals at high risk for AD, which is crucial
for early diagnosis and prevention (89). Furthermore, as AD
progresses, fluctuations in blood biomarker levels occur; for
instance, NfL levels vary at different stages of the disease and can
be employed to track its course. Regular testing of these biomarkers
can provide insights into the progression of AD, as certain
biomarkers may increase in concentration as the disease
advances (90).

4.1.4 Synapse-associated protein 25 (SNAP25)

Synapses are the basic structure of learning and memory, and loss
of synapses is associated with cognitive decline. Some biomarkers of
synaptic dysfunction have been linked to AD. Dendritic protein
neurogranin (Ng), a postsynaptic protein associated with protein
kinase ¢, is found primarily in hippocampal and cortical neurons and
can bind to calmodulin and regulate long-term enhancement (91).
Ng is a promising biomarker for AD with high sensitivity and
specificity, and has been associated with Alzheimer’s disease-specific
neurodegeneration and synaptic dysfunction (92).

In AD, SNAP25 is involved in vesicle fusion and exocytosis, and
its levels in cerebrospinal fluid (CSF) are increased (93). SNAP25
1-40 can be used in the diagnosis of AD (AD vs. control group, area
under the curve (AUC) 0.93) as well as differential diagnosis (AD vs.
other dementias, AUC: 0.92) (94). Although the performance of
direct detection of synaptic biomarkers in plasma is not ideal, these
biomarkers in neuron-derived exosomes (NDEs) in plasma perform
well (95).

Relatively little research has been done on their use as blood
biomarkers in early diagnosis. However, given its performance in CSF
and the potential of plasma NDEs, this biomarker is expected to be a
powerful tool for early diagnosis of AD if interfering factors in
plasma detection can be further addressed. In terms of disease
monitoring, since it is related to the pathophysiological process of
AD, it may be helpful to establish the relationship between changes
in blood levels and disease progression to monitor the development
of AD (96, 97).
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4.1.5 Limitations and challenges of blood-based
biomarkers

Despite significant progress in the development of blood-based
biomarkers for Alzheimer’s disease (AD), several challenges persist.
The pre-analytical and analytical variability in measuring biomarkers
such as AP42/40 and p-tau across different platforms and cohorts
necessitates standardization. Additionally, the specificity of certain
biomarkers, particularly AP, for AD in comparison to other
amyloidopathies requires careful interpretation within the clinical
context (98). Furthermore, the implementation of these tests in
primary care settings demands validation across diverse populations
and the establishment of clear cut-off values.

4.2 Ocular biomarkers

4.2.1 Retinal imaging test

Although a number of biological markers for imaging, cognitive
scales, cerebrospinal fluid and blood tests have been proposed for
the early detection of AD, their use in the early and preclinical stages
of the disease has been limited due to their low sensitivity and
specificity. Studies have found that changes in the function,
structure, metabolism, and blood vessels of the retina occur in the
early stages of AD. The retina provides a unique “access” window to
pathological changes in the brain, and current and developing
ophthalmic technology offers us the possibility of detecting and
characterizing subtle disease-related changes (99, 100). Due to the
clear optical properties of the eye, the retina is the only place where
neurons and blood vessels can be directly observed. Anatomically
and developmentally, the retina is an extension of the central
nervous system, consisting of multiple neurons including retinal
ganglion cells (RGC), whose axons are connected to the lateral
geniculate nucleus (LGN) and superior colliculus (SC), which in
turn project axons onto the visual cortex (101). In addition to this,
the retina is protected by the blood-retinal barrier (BRB), enabling
selective blood-retinal permeability similar to the blood-brain
barrier (BBB). The eye also exhibits a similar immune response
process to that found in the brain and spinal cord (102). As a result,
the retina provides a “strategic glimpse into the brain,” and retinal
examination can be a novel, noninvasive, inexpensive, and easy-to-
perform means of diagnosing AD. Various retinal changes in AD
have been studied over the past three decades, propelling the
field forward.

By staining with A variety of APP and Af-specific antibodies in
the upper and medial regions of the human retina, a number of studies
by 10 research teams including the Vic Deakin University School of
Medicine in Australia have shown amyloid deposition and increased
reactivity of phosphorylated tau proteins in the retinas of AD patients.
Other studies emphasized that although intracellular APP positive was
detected in the retinal tissue of AD patients after death, there was no
significant Ap plaque formation (103, 104). The accumulation of Af
and the accumulation of tiny deposits in the retinal ganglion cell layer
(GCL) and NFL in APP/PS1 and 3xTg-AD mice as early as
2-3 months of age, several months before significant A deposits are
known to occur in the hippocampus and brain tissue (105, 106).

Tau protein is expressed in axon-connection-rich layers within the
retina, such as the inner plexus layer (IPL) and outer plexus layer
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(OPL) (107). In AD, increased levels of tau phosphorylation were
observed in these layers compared to normal retinal tissue (108). In
animal models of AD with 3xTg and APP/PSI, in addition to
microglial activation, retinal ganglion cell (RGC) loss, and impaired
retinal function, staining of pTau and tau pair spiral filaments has
been reported (109). In addition, the researchers found enhanced
pTau immune reactivity in the inner retina in postmortem tissue of
human AD, which was co-labeled with the RGC marker TUJ1 (50 kDa
neuron-specific # 3 tubulin), further suggesting that these cells are
significantly affected during the disease process (110). In addition, the
phosphorylation of Af and tau proteins may be due to molecular
pathologic changes caused by age or other retinal diseases, such as
glaucoma. Further research on different neurodegenerative diseases
will improve the accuracy and specificity of detecting AD using retinal
amyloid deposition and tau phosphorylation (111).

In addition, imaging techniques such as optical coherence
tomography (OCT), electroretinography (ERG), functional near
infrared spectroscopy (fNIRS), magnetoencephalography (MEG), and
transcranial magnetic stimulation (TMS) combined with eye
examination may help improve the accuracy of AD risk assessment,
detection, and monitoring, but related research is still in the
exploratory phase. For example, OCT can be used to detect changes
in the retinal nerve fiber layer (RNFL) and macular area. In patients
with Alzheimer’s disease, the RNFL may be thinner, and thickness
changes may also be seen in ganglion cell layer (GCL), internal
plexiform layer (IPL) in macular area (112). Studies have shown that
OCT observed significant thinning of RNFL in the nasotemporal and
upper and lower regions in AD patients, along with thinning of the
inner and outer macular rings (113). These changes have been
associated with some decline in cognitive function; Delayed latency
and reduced amplitude in pattern electroretinogram (pERG) were
observed in AD patients and correlated with changes in RNFL
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thickness, which can reflect retinal ganglion cells and their function
(114). In addition to studies of these imaging techniques, retinal
curcumin staining has also shown some sensitivity and specificity.
Curcumin is A natural fluorescent polyphenol that has an affinity for
AP aggregates and is able to cross the blood-brain barrier and blood-
retina barrier. Fluorescence imaging of curcumin in the retina after
oral administration can be used to monitor pathological changes in
AD (115). For example, Af deposition was detected at 2.5 months of
age in the APP/PS1 mouse model, and A correspondence between
curcumin fluorescence and AP deposition has also been observed in
postmortem samples and in vivo imaging of human AD patients
(116, 117).

However, the staining effect of curcumin in the retina varies from
study to study, and the sensitivity and specificity of its clinical
application still need to be further verified. In summary, retinal
examination may contribute to the early diagnosis of AD, and has
certain value for the screening, diagnosis and intervention
treatment of AD.

4.2.2 Intraocular fluid biomarkers

4.2.2.1 Aqueous humor markers

The application of aqueous humor biomarkers in the study of AD
has garnered increasing attention in recent years. Aqueous humor, a
transparent liquid found in the anterior chamber of the eye, reflects
the state of systemic and neurological diseases through its
composition. Detectable markers in aqueous humor include specific
proteins and molecules associated with AD. For instance, the
accumulation of AP, particularly AB40 and Ap42, represents a core
pathological feature of AD (118). Measuring AP levels in aqueous
humor provides insight into systemic amyloid pathology, while levels
of tau protein and its p-Tau may indicate neuronal damage or the
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presence of neurofibrillary tangles. Additionally, cytokines such as
IL-6 and interleukin-10 (IL-10), along with neuroinflammatory
markers like chemokines, may signify the presence of
neuroinflammation. Variations in the levels of these markers can
be utilized to monitor the progression of Alzheimer’s disease and
evaluate drug efficacy. Furthermore, concurrent monitoring of eye
diseases, such as glaucoma, can yield more comprehensive information
regarding patient pathology (119). Compared to CSE, the collection of
aqueous humor is simpler and less invasive, making it suitable for
early diagnosis and ongoing disease monitoring. However, variations
in detection techniques and experimental conditions may result in
inconsistent findings, and certain markers may lack specificity,
potentially overlapping with other diseases and impacting diagnostic
accuracy. The investigation of aqueous humor markers offers a
promising avenue for non-invasive diagnosis and monitoring of
Alzheimer’s disease; however, further exploration and validation of

its clinical application are necessary.

4.2.2.2 Vitreous markers

Vitreous biomarkers have been studied as potential diagnostic tools
for AD in recent years. A new study from Boston Medical Center
(BMC) has found that biomarkers in the vitreous fluids of the eye are
associated with pathologically proven Alzheimer’s disease (AD) and
markers in postmortem brain and eye tissue in cases of Chronic
Traumatic Encephalopathy (CTE). This exploratory study, published in
the Journal of Alzheimer’s Disease, suggests that biomarkers in vitreous
fluids could serve as a surrogate for neuropathological disease (120).
For example: Abnormal levels of AP and Tau proteins strongly correlate
with disease stage; and elevated markers of inflammation that may
reflect increased disease activity. Because vitreous marker testing is less
invasive, samples may be taken during eye surgery such as vitrectomy
(121). In addition, more recent studies have identified pathological
changes in vitreous protein abnormalities. A in the vitreous may
pathologically link to amyloid in the brain via the retinal blood vessel
barrier, and changes in levels correlate with the severity of Alzheimer’s
disease. Elevated levels of Tau and p-Tau suggest neurofibrillary tangles
and retinal ganglion cell damage (122). Elevated inflammatory factors,
such as increased levels of IL-1f, IL-6, TNF-a and other cytokines,
imply that the retina and vitreous body may be involved in systemic
neuroinflammation. Elevated levels of oxidative stress-related markers,
such as malondialdehyde and glutathione, may be associated with
retinal ganglion cell damage and metabolic disorders in the vitreous.
Abnormal vitreous markers are associated with retinal vascular barrier
dysfunction, which may be related to retinal blood flow changes and
optic neurodegeneration in Alzheimer’s disease patients (123).

Due to the lack of specificity of vitreous markers, many vitreous
markers are also associated with other eye diseases or systemic
diseases, which may affect the accuracy of diagnosis. Therefore, in
future studies, more sensitive detection techniques can be developed
to reduce the difficulty of collecting vitreous markers. At the same
time, the correlation between vitreous markers and cerebrospinal
fluid, aqueous humor and blood markers should be explored to build
a multimodal diagnostic system (124).

4.2.2.3 Tear markers

To investigate new tear biomarkers that may be useful for the
diagnosis and monitoring of AD progression, a research team from South
Korea used tear samples from the Discovery cohort to perform high-
resolution and comprehensive proteomic analyses (125). The discovery
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cohort consisted of tear samples from seven healthy controls (HC), seven
mild cognitive impairment (MCI), and seven AD participants. Through
in-depth proteomic analysis, the authors identified 75 differentially
expressed proteins (DEPs) in tears from patients with MCI and AD
compared to HC, and ultimately selected the CAP1 protein. The relative
protein expression of CAP1 in the tears of patients with MCI and AD was
significantly changed compared to HC. Although the expression level
of CAP1 did not show the most pronounced change compared to other
proteins, it showed a recognizable and consistent trend of incremental
expression from HC individuals to MCI patients and subsequently to
AD patients (126). This clear pattern of increase during disease
progression is essential for early detection, not just high expression at
specific disease stages. The gradual increase in CAP1 levels underscores
its potential utility as a diagnostic marker, particularly for biosensing
platforms designed to identify early disease (127).

The research team also proposed a diagnostic system for AD that
(Ab-MNPs and
Ab-PNPs) for capture, magnetic separation, and selective fluorescence

utilizes surface-functionalized nanomaterials
signal amplification. The method is capable of highly sensitive and
selective detection of protein biomarkers in human tears. Elevated
concentrations of Af and p-Tau in tears may indicate A transition from
MCI to AD. Other metabolic markers, such as oxidative stress-related
products, can be used to monitor disease progression (128, 129).

The acquisition of tear samples is simple and safe, without
complex equipment and technology, and is suitable for large-scale
screening and long-term follow-up studies. In the latest report, AD
patients are often associated with thinning of the retinal ganglion cell
layer, and changes in the levels of inflammation and protein markers
in tears may be associated with retinopathy. In addition, there is a
higher incidence of dry eye in Alzheimer’s patients, which may
be related to lacrimal gland dysfunction or neuropathy (130).

The study of tear markers provides a new direction for
non-invasive diagnosis of Alzheimer’s disease, but more basic and
clinical studies are needed to further validate its clinical practicality
and accuracy.

4.2.3 Limitations and challenges of ocular
biomarkers

While ocular biomarkers present a promising non-invasive
approach to understanding Alzheimer’s disease (AD) pathology,
several limitations must be acknowledged. The specificity of retinal
AP and p-tau signals can be confounded by common age-related
ocular conditions, such as glaucoma and age-related macular
degeneration. Additionally, technical variations in imaging protocols
and analytical methods across studies hinder the establishment of
universal diagnostic thresholds. Although the invasiveness of
acquiring aqueous and vitreous humor is less than that of
cerebrospinal fluid (CSF), it still restricts the scalability of these
methods for population screening. Therefore, large-scale, longitudinal
studies are essential to validate the diagnostic and prognostic value of
ocular biomarkers and to standardize measurement techniques.

4.3 Other novel diagnostic methods

4.3.1 Urine biomarkers

In recent years, domestic and foreign studies have found that the
selectivity of AD markers in urine is increased, and the sensitivity and
specificity of the diagnosis of AD are high. Among them, urine
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AD7c¢-NTP is similar to cerebrospinal fluid in diagnostic value (131).
Compared with cerebrospinal fluid, urine has the advantages of
non-invasive, convenient sampling, economic security, etc., and is
suitable for early AD population screening. AD7c - NTP, a neuronal
transmembrane phosphoprotein, is a member of the neurofilament
protein family.

AD7¢c-NTP may be regulated by insulin or IGF-1 stimulation.
There is a high density of insulin and IGF-1 receptors in brain
neurons, and the impairment of insulin/IGF-1 signaling may lead to
the overexpression of AD7c-NTP in these neurons, thereby
accelerating neuronal degeneration and necrosis (132). Numerous
studies have confirmed that AD7c-NTP can be detected in cortical
neurons, brain tissue extracts, cerebrospinal fluid, and urine during
the early stages of AD (133). Furthermore, Chen et al. demonstrated
that the sensitivity and specificity of AD7¢c-NTP in urine are
comparable to those in cerebrospinal fluid for diagnosing AD. They
also found that the serum levels of AD7c-NTP in patients with mild
cognitive impairment (MCI) [(499 * 139) ng/L] were significantly
higher than those in the healthy control group [(271 £ 105) ng/L].
However, the diagnostic sensitivity and specificity of AD7¢c-NTP in
MCI patients were inferior to those observed in urine and
cerebrospinal fluid. Currently, there are few studies on serum AD7c-
NTP, and its diagnostic value remains unclear, necessitating further
investigation (134). Urine is easy to collect, non-invasive, and cost-
effective, making AD7c¢c-NTP in urine a promising marker for
screening AD in the future. However, the limitations of this index
include the stringent requirements for urine specimens, which
generally need to be collected as mid-morning samples.

4.3.2 Exhaled air analysis

Professor Shen’s team has, for the first time, demonstrated that the
detection of Volatile Organic Compounds (VOCs) in human exhaled
air can facilitate the early identification of patients with cognitive
impairment, specifically AD. This finding is anticipated to offer a more
objective and straightforward method for screening cognitive
impairment in the elderly population. The team recruited 1,467
community-dwelling individuals aged over 65 to undergo cognitive
assessments and exhaled air collection. The VOC components in
exhaled breath were analyzed using the HHPPI-TOFMS method,
revealing significant differences between the cognitively impaired
group and the cognitively normal group, with up to 66 distinct VOC
components identified. Further ROC analysis indicated that the
combined efficiency of 10 VOC components in recognizing cognitive
impairment reached as high as 0.876. These components included
benzaldehyde, ethylene glycol monoethyl ether, isoallyl acetate,
butadiene, toluene, ionized products of butadiene, acrolein,
cyclohexane, methyl propionate, and methyl mercaptan. This
innovative approach is non-invasive, objective, and cost-effective,
offering new avenues for the early identification of cognitive
impairment (135, 136). Additionally, given that Mild Cognitive
Impairment (MCI) and dementia represent two stages of the same
disease, there is currently a lack of effective biomarkers to differentiate
between them. Five VOCs were found to be significantly different
between the MCI group and the dementia group, namely ethylene
glycol monoethyl ether, isoallyl acetate, toluene, cyclohexane, and
methyl propionate, with a combined efficacy of up to 0.727 in
recognizing mild cognitive impairment (137, 138). To further
elucidate whether the identified characteristic VOC components
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reflect neurodegenerative changes, the study also measured the levels
of neurofilament light chain (NfL) in the peripheral blood of elderly
participants. Results indicated that NfL levels were significantly
elevated in patients with cognitive impairment. The combination of
the 10 identified VOC components with NfL levels can further
enhance the recognition efficiency of cognitive impairment. Moreover,
three VOC components (benzaldehyde, isopropenyl acetate, and
toluene) were found to have a significant positive correlation with NfL
levels, suggesting that VOCs may reflect neurodegenerative changes
to some extent (139).

Therefore, the combination of VOCs components in human
exhaled breath can more accurately identify patients with cognitive
impairment in the community population, and effectively distinguish
between mild cognitive impairment and dementia patients. This
simple and objective method is expected to be used for large-scale
screening of cognitive impairment in elderly people, and ultimately
achieve early diagnosis and treatment of senile dementia.

4.3.3 Skin biopsy

In one study, fibroblasts were cultured from a patient’s skin
sample and imaged, measuring the total amount of cells gathered
and the area of cells gathered, and reading out their changes at
different time points. The study showed that Alzheimer’s patients
formed fewer large clumps than non-patients, and that Alzheimer’s
cells began to clump together and sink into themselves. This
morphologic test shows 100% sensitivity and specificity compared
to autopsy diagnosis (140).

After morphological imaging, this result is also known as the
“anchor” of the test, and the first confirmative diagnosis is the protein
kinase C epsilon biomarker, which is a “signature driver of synaptic
change” Synaptic loss is strongly associated with the development of
AD, but this protein degrades rapidly in the patient’s blood (141).

In contrast, it is much more stable in the skin, which has led
developers to use skin punch biopsy samples. Fibroblasts grown from
the skin samples were exposed to a toxic oligomer that was detected
by ELISA for changes in PKC epsilon, and when treated with the
oligomer, PKC epsilon levels were upregulated in Alzheimer’s patients
and downregulated in non-Alzheimer’s patients. When validated
against a postmortem diagnosis, the test had 100% sensitivity and 96%
specificity (142).

If imaging and the PKC epsilon test do not agree, an alternative
proteomic biomarker and a second confirmatory test are employed to
measure the levels of phosphorylated ERK-1 and ERK-2 proteins. The
properties of these proteins vary among different cell types, influenced
by the patient’s health status—whether they are healthy, have AD, or
suffer from non-Alzheimer’s dementia (143). In this assay, fibroblasts
are exposed to an inflammatory agonist, which reveals alterations in
the quantities of phosphorylated ERK-1 and ERK-2. These levels are
quantified using a Western blot assay, with an index developed to
differentiate between Alzheimer’s and non-Alzheimer’s conditions
(144). A study published in 2006 in PNAS validated the postmortem
diagnosis, reporting a sensitivity of 97% and specificity of 94% for the
test. A combination of results from these tests is utilized to ascertain
whether a patient has Alzheimer’s disease or non-Alzheimer’s
dementia, along with a detailed breakdown of each test outcome. The
entire process requires approximately eight to ten weeks, with six
weeks allocated for cell culture. Traditional screening methods for
Alzheimer’s typically involve PET imaging and cerebrospinal
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fluid-based tests, which can take up to twelve weeks in total. In
addition to utilizing skin samples, Amato noted that the primary
distinction between Discern and other Alzheimer’s tests lies in the fact
that its biomarkers have been validated postmortem and clinically
confirmed as indicative of AD (145).

4.3.4 Limitations and challenges of other novel
diagnostic methods

Novel methods such as urine AD7¢c-NTP, exhaled VOCs, and skin
biopsy present unique opportunities but also face significant hurdles.
Urine AD7¢-NTP requires strict sample collection protocols, and its
levels can be influenced by renal function. The diagnostic specificity
of exhaled VOC:s for Alzheimer’s disease (AD) versus other respiratory
or metabolic conditions requires further validation in larger cohorts.
Although skin biopsy demonstrates high sensitivity and specificity in
research settings, it is invasive, time-consuming (taking weeks for cell
culture), and lacks standardization and widespread clinical validation.
Additionally, the high cost and technical expertise required for some
of these methods may limit their broader application.

5 Trends in diagnostic technology

5.1 Research diagnosis of multimodal
diagnosis

AD is a progressive disease with different pathophysiological
changes at different stages. Combining multiple in-vitro diagnostic
methods can better track the progression of the disease. In the early
stage of the disease, it is mainly manifested by abnormal deposition of
AP, which can be detected by measuring the ratio of Ap42/Ap40 in
the cerebrospinal fluid (146). As the disease progresses, tau protein
becomes hyperphosphorylated and accumulates within neurons,
leading to neuronal damage and death. At this point, measuring the
levels of total tau (t-tau) and phosphorylated tau (p-tau) in
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cerebrospinal fluid can reflect the degree of disease progression (147).
The effectiveness of AD treatment regimens varies from individual to
individual. Multimodal in vitro diagnostics can help assess treatment
response. For example, for patients who are being treated with anti-Af
drugs, in addition to observing improvement in clinical symptoms, it
is also possible to assess whether the drugs are effective in reducing
AP deposits by detecting changes in A levels in the cerebrospinal
fluid. At the same time, looking at relevant biomarkers in the blood
and the results of neuroimaging tests, such as changes in the degree of
brain atrophy, can give a more complete picture of the impact of
treatment on the patient’s overall condition. This provides a basis for
personalized adjustment of the treatment regimen (148).

5.1.1 Mining and combined application of novel
biomarkers

The discovery of novel biomarkers has been significantly advanced
through the mining and integrated application of innovative
techniques, including combination and omics approaches for blood
biomarkers. Researchers are not only concentrating on the
aforementioned blood biomarkers but are also investigating additional
blood markers for the diagnosis of Alzheimer’s disease (AD).
Concurrently, they are exploring new markers associated with AD
using methodologies such as genomics, proteomics, and
metabolomics. Recent studies have indicated that exosomes in plasma
are abundant in proteins, nucleic acids, and other biomolecules,
suggesting that the miRNA expression profiles in plasma exosomes of
AD patients differ from those of healthy individuals. These miRNAs
may play a role in the pathological processes of AD, including the
regulation of AP production and tau protein phosphorylation. The
combined detection of miRNA in exosomes alongside traditional
blood markers (such as A and tau protein-related fragments) is
anticipated to enhance the accuracy of early AD diagnosis (149, 150).

In genomics, genome-wide association studies (GWAS) have
identified multiple gene loci associated with AD, and certain
mutations or polymorphisms of these genes may be associated with
the risk of developing AD. In proteomic studies, some proteins that
are differentially expressed in the brain and cerebrospinal fluid of AD
patients, such as complement protein C3, etc., have been found, which
may be related to the neuroinflammatory process of AD. At the same
time, metabolomic studies have found altered levels of certain
metabolites, such as sphingolipids, in the cerebrospinal fluid and
blood of AD patients. These findings provide a rich resource for the

multimodal diagnosis of AD by combining multiple markers (151).

5.1.2 A diagnostic platform integrating multiple
technologies

Microfluidic chip technology enables the integration of multiple
steps, including sample processing and biomarker detection, on a
compact chip. For instance, microfluidic chips designed to detect both
AP and tau proteins in cerebrospinal fluid are currently under
development (152). These chips can process a limited number of
samples rapidly and efficiently, facilitating the simultaneous detection
of multiple biomarkers by incorporating various detection techniques,
such as immunoassays and electrochemical detection. This innovation
positions microfluidic chips as vital tools for the in vitro diagnosis of
AD in the future (153). Moreover, novel biosensors are emerging that
can detect AD-related biomarkers. For example, biosensors utilizing
nanomaterials, such as graphene, exhibit high sensitivity in detecting
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AP oligomers in blood. Additionally, these sensors can be integrated
to simultaneously detect different markers, such as combining a
sensor for AP with one for tau protein, thereby enabling multimodal
diagnostics. They can also be coupled with other technologies, such as
microfluidic systems, to create more complex and efficient diagnostic
platforms (154).

5.1.3 The application prospect of multimodal
diagnosis in clinic

With the advancement of multimodal diagnostic technology,
relatively simple and convenient combined detection methods are
anticipated to be promoted within community and primary healthcare
settings. For instance, by integrating several blood biomarkers with a
straightforward cognitive assessment tool, individuals at high risk for
AD can be identified at an early stage. For these individuals, proactive
lifestyle interventions (such as increased physical activity and dietary
control) and pharmacological interventions (including health
products or medications aimed at enhancing cognitive function) can
be implemented to delay the onset of AD (155). A risk prediction
model for AD can be established using multimodal diagnostic data in
conjunction with the patient’s family history and lifestyle factors. By
screening large populations, it becomes feasible to accurately predict
an individual’s risk of developing AD. For example, in individuals with
a familial history of the disease, a combination of genetic marker
testing, blood biomarker analysis, and regular cognitive assessments
can forecast the likelihood of developing AD decades in advance,
thereby providing guidance for long-term health management (156).
Based on the outcomes of multimodal diagnoses, healthcare
professionals can select the most appropriate treatment for patients.
For instance, patients with AP deposition may be preferentially treated
with monoclonal antibody therapies targeting AP, while those with
concurrent neuroinflammation may require a combination of anti-
inflammatory medications in addition to anti-Af therapies. This
precise treatment selection aims to enhance treatment efficacy and
minimize adverse drug reactions. In clinical trials for new AD drugs,
multimodal diagnosis can facilitate more accurate subject screening
and drug efficacy evaluation. For example, patients at specific disease
stages can be selected for clinical trials based on detailed biomarker
detection and cognitive function assessments. The effects of the drugs
on biomarkers and clinical symptoms can be continuously monitored
through multimodal diagnostic approaches during the trial, allowing
for a more objective evaluation of therapeutic effects and accelerating
the development of AD therapeutics (157).

5.2 Biosensors and nanotechnology

With the accelerating aging of the global population, AD has
become a major medical challenge that cannot be ignored. The disease
not only relentlessly erodes patients’ memory and thinkingskills, but
also dramatically affects the quality of their daily lives, along with the
need for long-term care. Therefore, early detection and accurate
assessment of the progression of AD is of immeasurable value to
patients and their families. However, the road to diagnosis of chronic
neurodegenerative diseases such as AD is not easy and often comes
with high healthcare costs, especially in the early stages of the disease,
when cognitive decline has just begun. To overcome these obstacles,
researchers in recent years have focused on exploring a variety of
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promising biomarkers and behavioral characteristics to enable earlier
and more accurate diagnosis of Alzheimer’s disease. At the same time,
they have developed cutting-edge biosensor pieces and
nanotechnology that are “tailored” to different markers and
physiological problems, which demonstrate great potential in

Alzheimer’s detection.

5.2.1 Application potential of biosensors in
in vitro diagnosis of AD

As a progressive neurodegenerative disease, current clinical
diagnostic techniques for AD are often costly, time-consuming, and
invasive, significantly limiting in-depth research on AD-specific
markers and the innovation and development of eflicient devices
required for point-of-care testing (POCT) (158). To address this
challenge, the scientific community is actively exploring and evaluating
a variety of biosensing technologies aimed at overcoming existing
bottlenecks. Professor Mohamad Sawan led a research team to analyze
biomarkers and biosensing technologies closely related to AD,
summarizing the latest research results in the field of early detection
technology. The team systematically investigated potential Alzheimer’s
biomarkers identified in various body fluids and behavioral patterns in
recent years. They further explored the underlying mechanisms of
different biosensing technologies, as well as the dilemmas and
challenges faced in diagnosing the disease. On this basis, we particularly
highlight the development potential of novel biosensors designed to
capture the diverse characteristics of diseases and provide robust
technical support for early diagnosis in the POCT field (159).
Biosensors are capable of translating changes in Alzheimer’s biomarkers
into measurable signals through sensitive conversion mechanisms.
Biomarkers related to Alzheimer’s disease have been identified in
various body fluids, including blood, cerebrospinal fluid, saliva, tears,
and sweat. For instance, markers such as AB42/40 and p-tau217 can
be detected in blood, while AP42 and t-tau are detectable in
cerebrospinal fluid (160). With their specific recognition elements and
signal conversion mechanisms, biosensors can detect these markers
with high sensitivity. For example, electrode modification techniques
in electrochemical sensors (such as modifying electrodes with
nanomaterials) can enhance the detection sensitivity of biomarkers. A
glass carbon electrode modified with SnO2 nanofibers has a detection
limit of up to 0.638 fg/mL for AP42 (161). Some electrochemical
sensors determine biomarker concentrations by detecting changes in
current generated by REDOX reactions, effectively detecting low
concentrations of biomarkers in early-stage patients. Additionally,
some biosensors can monitor dynamic changes in biomarker
concentrations in real-time (162). Optical sensors can utilize
fluorescence or surface plasmonic resonance (SPR) signal changes to
monitor the concentrations of Ap and tau proteins in real-time during
the treatment of Alzheimer’s disease patients, thereby providing a basis
for evaluating treatment effects. In drug clinical trials, these sensors can
continuously observe the effects of drugs on biomarker levels, assisting
in the adjustment of treatment regimens (163).

At the same time, biosensor technology also faces a number of
challenges. On the one hand, the performance of biosensors can
be affected by environmental factors. The enzyme activity in enzyme-
based biosensors changes due to changes in temperature and humidity,
resulting in unstable detection results. In the course of multiple uses,
the biometric elements on the surface of the sensor are prone to
denaturation or fall off, which will affect the repeatability of the
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detection. On the other hand, the composition of human samples is
complex, and substances such as proteins and lipids in blood and
cerebrospinal fluid will be adsorbed on the surface of the sensor
non-specifically, interfering with the specific binding of biomarkers
and sensors, resulting in false positive or false negative results. In
addition, the manufacturing process of some high-precision
biosensors is complex and the materials are expensive, such as the
MEMS -based biosensors, which have high manufacturing equipment
and process costs, which also limits their large-scale clinical
application (164). Based on the many challenges faced, the latest
research team has proposed some future directions. For example,
multifunctional biosensors that integrate multiple detection principles
can be developed, while electrochemical and optical detection
methods can be used to improve the accuracy and reliability of
detection. Combining MEMS and artificial intelligence technology,
intelligent micro-biosensors can be built to automate sample
processing, detection and data analysis, and transmit data through
wireless communication. In addition, it can also be deeply integrated
with other technologies, such a nanotechnology and microfluidic
technology. Nanomaterials can be used as signal amplification tags or
for enrichment biomarkers, thus improving detection sensitivity;
Microfluidic technology can build a miniaturized in vitro diagnostic
platform to realize rapid sample detection and automated
operation (165).

5.2.2 Application potential of nanotechnology in
in vitro diagnosis of AD

AP plaques and harmful inflammation are the two primary
symptoms of AD. However, due to the absence of dual-target
therapeutic functions, BBB penetration, and low imaging sensitivity,
precise treatment options for AD are currently unavailable. In
response to this challenge, researchers have collaborated to develop a
near-infrared Region II aggregation-induced luminescence (AIE)
nanodiagnostic system aimed at the precise treatment of AD. At a
wavelength of 1,350 nm, the anti-quench luminescence effectively
monitors BBB penetration in vivo and the specific binding of the
nanotherapeutic system to plaques. Triggered by reactive oxygen
species (ROS), two encapsulated therapeutic AIE molecules are
released in a controlled manner to activate a self-reinforcing
therapeutic program. One of these molecules specifically inhibits the
formation of A fibers, degrades existing Ap fibers, and prevents
reaggregation through multiple competitive interactions. This process
has been validated through computational analysis, further alleviating
inflammation. The second molecule effectively clears ROS and
inflammation, restores the brain’s REDOX balance, enhances the
therapeutic effect, and jointly reverses neurotoxicity, resulting in
significant behavioral and cognitive improvements in a female AD
mouse model (166). In this study, two therapeutic aggregation-
induced luminescence (AIE) molecules (AIEgens) with near-
infrared-II (NIR-II) emission, specifically Compound 3 and
Compound 6, were synthesized. Compound 3 demonstrated the
ability to specifically inhibit the formation of Af fibers and decompose
AP plaques through van der Waals forces, hydrogen bonding, and z-n
interactions. Its binding affinity for A fibers is comparable to that of
conventional thioflavin T (ThT'), with a dissociation constant (K_d)
that is closely aligned. This specific binding enhances the sensitivity of
assays to accurately identify AP protein abnormalities associated with
AD (167). Compound 6, incorporated into the nanocomposite (NCs),
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possesses a Ce(III) active center, which effectively clears harmful
inflammation-associated ROS and indirectly enhances the sensitivity
of detecting AD-related pathological features through its impact on
inflammation-related factors. Additionally, the study found that NCs
exhibit favorable optical properties, with absorption and emission
spectral characteristics that facilitate high-sensitivity detection. For
instance, NCs emit at 1350 nm, demonstrating high sensitivity at this
wavelength, which effectively monitors the cross-skull signal of Af
plaques combined with NCs in vivo, providing a highly sensitive
diagnostic tool for in vitro detection of AD (168, 169). Nonetheless,
several risks and challenges are associated with this innovative
technology. Firstly, to achieve high-sensitivity, long-wavelength
detection of Alzheimer’s using IR-II emission, the molecular structure
must be meticulously balanced. For example, it is essential to ensure
a high quantum yield while maintaining a substantial z-conjugated
structure for long-wavelength absorption (170). Furthermore, while
ensuring a strong Ap-affinity, the molecular structure should not
become overly complex, as this could adversely affect other properties,
thereby imposing significant demands on molecular design. Secondly,
the ideal nanomaterials for in vitro diagnosis of Alzheimer’s disease
must possess multiple interaction sites and strong Ap-affinity to
effectively inhibit AP fiber generation, degradation, and other multi-
target functions. However, designing such molecular structures
presents challenges, as the synergies of multiple interactions must
be carefully considered, including a rational combination of van der
Waals forces, 7-n stacking, hydrogen bonding, and other interactions.

Finally, although nanomaterials have shown good detection
performance in in vitro experiments, there may be biocompatibility
and safety issues when applied in vivo, among others. For example,
nanomaterials may cause immune reactions and cytotoxicity, which
limits their further application in clinical in vitro diagnosis (171).

In summary, the future development of nanotechnology has the
following prospects: First, nanomaterials can be designed to integrate
multiple diagnostic functions, such as combining imaging functions
with the detection of disease markers and the evaluation of disease
progression. It is an important direction to develop nanomaterials that
can not only detect AP protein with high sensitivity, but also monitor
A variety of biomarkers related to Alzheimer’s disease, such as
inflammation-related factors and REDOX status. Second, the
intelligent responsiveness of nanomaterials should be further
optimized to better adapt to the complex pathological environment of
Alzheimer’s disease. For example, nanomaterials that are responsive
to multiple biomarkers or pathological signals can be designed so that
precise diagnosis can be made according to different stages of the
disease or the pathological characteristics of individuals. Third, in the
process of the transformation of nanotechnology into clinical in vitro
diagnosis, it is necessary to strengthen the safety assessment of
nanomaterials, including comprehensive biocompatibility studies and
long-term toxicity studies, to ensure their safety in clinical applications.

5.3 Al-assisted diagnosis

With the development of artificial intelligence technology, more
and more research is exploring how to use AI technologies such as
deep learning and convolutional neural networks to play a role in the
prediction, diagnosis and treatment of Alzheimer’s disease quickly and
efficiently, involving areas such as imaging analysis, neuropsychological
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data processing, treatment, as well as intelligent assistive devices. With
its powerful data processing and analysis capabilities, artificial
intelligence has brought new methods and perspectives to AD in vitro
diagnosis. Through the mining and analysis of multi-source data, as
well as the application of image recognition technology, Al has shown
great potential in Alzheimer’s diagnosis. At the same time, its
advantages and limitations also point the way for future development.

In 2018, the National Institute on Aging - Alzheimer’s Disease
Association (NIA-AA) formally proposed the diagnostic framework
for AD based on the ATN criteria: A- confirmed by cerebrospinal fluid
or AB-PET; T- confirmed by phosphorylated tau protein or tau-PET
in cerebrospinal fluid; N- confirmed by total tau levels in cerebrospinal
fluid, FDG-PET, or MRI brain atrophy (2, 71). Artificial intelligence
technologies, particularly machine learning and image processing
algorithms, are instrumental in the early screening, diagnosis, and
prognostic follow-up of AD through the analysis of brain scan image
data. Several studies have identified texture differences between AD
patients and normal controls in specific brain structures, such as the
hippocampus, corpus callosum, and thalamus (52, 172). These texture
differences may indicate a heterogeneous distribution of microscopic
structures within these regions. Consequently, model building and
machine learning methods have increasingly become the focus of
radiomic research in AD. The radiomic features and classification
models derived from imaging data, which is the most commonly
utilized dataset in AD studies, including MRI and PET, are considered
promising biomarkers for diagnosing AD and MCI. Early clinical
research primarily compared AD patient groups with normal control
groups, employing traditional machine learning methods such as
multi-layer perceptrons and autoencoders. These methods typically
achieve a classification accuracy of approximately 0.91 (173).
Furthermore, enhancements in traditional machine learning
approaches, including Bayesian linear regression, Gaussian process
regression, and elastic net regression, have demonstrated classification
accuracies of around 0.95 (174). With the advancement of deep
learning, researchers Hon and Khan have integrated two prominent
deep learning architectures, VGG-16 (a convolutional neural network
with 16 layers designed for object detection and classification) and
InceptionV4 (an image recognition algorithm model utilizing multi-
scale and multi-layer network structures), for image data analysis,
yielding superior performance (175).

5.3.1 Analysis of image data by artificial
intelligence

Artificial intelligence technology can use machine learning and
image processing algorithms to analyze brain scan image data, and
play an important role in the early screening, diagnosis and prognosis
follow-up of AD. In MRI, sMRI can detect the abnormal changes of
cerebral cortex morphology, volume and white matter, providing a
means for early diagnosis, and the application of automatic brain
segmentation, quantitative analysis and machine learning can help
improve the diagnostic accuracy (176). fMRI can detect brain activity
and regional connectivity changes, and Al can identify biomarkers
through deep learning and compare the data of healthy people, thus
diagnosing AD with a high accuracy (177). DTI imaging can obtain
the structural changes of nerve fiber bundles, and AI processes the
image data and detects the changes through machine learning
algorithms for determining clinical stages (178). In PET, Al
implements automatic analysis of PET images through algorithms
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such as machine learning and artificial neural network, mining
features conducive to diagnosis from a large number of images, and
improving the accurate diagnosis rate.

5.3.2 Comprehensive analysis of multi-source
data by artificial intelligence

Al algorithms can be applied to a variety of data sets, including
MRI scans, genetic information, clinical data, and neuropsychological
data. In the realm of neuropsychological data, machine learning
methods are employed to analyze the acoustic, semantic, and syntactic
components of speech recordings, with deep learning models
demonstrating high accuracy in identifying early AD. By utilizing
dimensional assessment methods that integrate artificial intelligence
with virtual reality and daily activity instruments, diagnostic
classification models can be developed, facilitating early diagnosis and
treatment management (179). Regarding genetic data, the research
team constructed a deep learning model to evaluate polygenic risk and
stratify individuals, thereby providing a foundation for early screening.
Furthermore, the developed UKB-DRP model combines multiple
factors and exhibits high predictive power and practicality for
all-cause dementia and AD (180).

At present, Al research in the field of AD faces many challenges,
such as improving credibility and transparency. The reliability of AI
models in forecasting and decision-making is a key issue. To improve
the credibility of models, researchers need to develop models with
high accuracy and stability, with adequate validation. In addition, it is
important to improve the transparency and interpretability of the
models, so that doctors and patients can understand the basis of the
models’ decisions, thereby increasing trust in the models. Improving
reproducibility is also key, which is very important in Al research, and
ensuring the availability and verifiability of data sets used in studies is
essential. Open sharing of data sets and methods can promote the
reproducibility of studies, and also facilitate comparison and
validation between different research teams to address the
heterogeneity of AD clinical. The clinical characteristics of AD are
heterogeneous because the condition may vary from patient to patient.
This means that it is challenging to develop Al tools that are suitable
for a variety of clinical situations (181). To improve the effectiveness
of personalized diagnostic and predictive tools, researchers need to
develop tools that can handle different imaging modes and clinical
features, and systematically quantify and account for clinical
heterogeneity. Ideally, these Al tools will be able to achieve the same
results regardless of imaging protocols, machines used, or population
changes. Improving scalability is also a key point, and products that
can be widely used are good products. Despite these challenges,
remarkable progress has been made in the application of Al to AD
research. By analyzing multiple types of data, AI can predict
Alzheimer’s disease years before symptoms appear. By analyzing a
patient’s brain MRI scans, speech, and combining genetic data, Al can
spot potential signs of AD and assess risk. The UKB-DRP model can
predict all-cause dementia and AD 5, 10 or more years into the future,
providing potential for early intervention (182).

At the same time, artificial intelligence can also reduce the
workload of doctors. Faced with a large amount of image data and
complex clinical information, doctors” diagnosis work is heavy and
easy to fatigue. Al can automatically process and analyze data, quickly
provide diagnostic suggestions, assist doctors in decision-making,
improve diagnostic efficiency, and enable doctors to devote more
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energy to complex cases and patient communication. The innovation
of Al technology in diagnosis, prediction and treatment is expected to
provide more effective tools and methods for AD management. With
continued research and technological advancements, we can expect
Al to play an even greater role in helping patients and clinicians deal
with AD.

6 Discussion
6.1 Summary and challenges

In vitro diagnostic technology holds significant promise for the
early diagnosis, disease staging, and treatment monitoring of
Alzheimer’s disease (AD). Standardization and validation of
diagnostic methods can enhance the specificity and sensitivity of
biomarkers, reduce costs, increase accessibility, and ultimately
improve patient outcomes and quality of life. During the early
stages of AD, when patients exhibit only mild cognitive impairment,
in vitro diagnostic technology can effectively identify disease
indicators by analyzing specific biomarkers in blood, cerebrospinal
fluid, and other biological samples. For instance, measuring the
levels of AP 1-42, total tau, and phosphorylated tau in cerebrospinal
fluid can facilitate early diagnosis. Recent advancements in high-
throughput proteomics have furthered the investigation of
peripheral blood biomarkers, such as p-tau231 in plasma,
demonstrating high accuracy in distinguishing AD patients from
those with non-AD neurodegenerative disorders. As AD progresses,
its pathological and clinical manifestations become increasingly
complex. In vitro diagnostics that track dynamic changes in
biomarkers, in conjunction with imaging technologies, can provide
accurate disease staging. This information allows healthcare
providers to devise personalized treatment plans, which may
include tailored drug therapies and rehabilitation training
regimens, thereby advancing the concept of precision medicine. For
example, in the early stages of the disease, patients may
be encouraged to maintain social interactions and engage in
hobbies based on their diagnostic findings. In the intermediate and
late stages, appropriate levels of care can be administered.
Additionally, by considering the patient’s biomarker levels,
physicians can select the most suitable medications and dosages to
enhance therapeutic efficacy, minimize side effects, and improve
the overall quality of life for patients. Although in vitro diagnosis
now has a very broad application prospect for the early diagnosis,
disease staging and treatment monitoring of AD, in order to ensure
the accuracy and reliability of diagnostic results, it is necessary to
establish unified diagnostic criteria and validation methods,
improve the specificity and sensitivity of biomarkers, and reduce
costs and improve accessibility. These measures still need more
in-depth research and exploration.

Currently, one of the primary challenges in the clinical
application of Alzheimer’s disease (AD) fluid markers is the absence
of standardized protocols for fluid collection, processing, storage,
and detection. For instance, AB42 in cerebrospinal fluid (CSF) and
blood is prone to adhesion and aggregation, while phosphorylated
tau (p-tau) is affected by environmental factors, such as
in marker

temperature, which can lead to fluctuations

concentrations during sample handling and detection.
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Consequently, establishing uniform standards for sample collection,
processing, and storage is crucial to ensuring the accuracy and
consistency of diagnostic results (183). Existing single biomarkers
frequently encounter issues with “interfering signals” and lack
specificity; for example, certain inflammation-related markers may
be elevated in both AD and brain infections. To address this,
integrating multidimensional biomarkers—such as indicators
reflecting the abnormal metabolism of A, hyperphosphorylation
of tau protein, and damage to the neurovascular unit—can facilitate
the creation of a dedicated AD “diagnostic fingerprint” that
accurately eliminates “false positive” interference. The development
of high-precision detection technologies, such as single molecule
array (Simoa) technology, can significantly enhance the specificity
and sensitivity of biomarker detection. Furthermore, the
combination of multiple biomarkers can improve diagnostic
accuracy; for instance, integrating markers such as AB42, p-tau, and
NfL allows for a more precise diagnosis of AD (184). In the realm
of early AD diagnosis, some relevant biomarkers are characterized
by extremely low levels in the body.

Early screening through in vitro diagnostic technology can
significantly reduce healthcare costs. By utilizing blood marker
detection and neuropsychological assessment, community memory
clinics can effectively exclude low-risk individuals and refer those at
medium to high risk to cognitive centers for diagnosis. Personalized
treatment approaches can enhance outcomes, minimize the waste of
medical resources, and improve cost-effectiveness. However, despite
the promising scientific research outcomes achieved by advanced
in vitro diagnostic technologies, their clinical implementation is
often hindered by prohibitive costs. For instance, the detection of AD
through
spectrometry incurs substantial expenses for both equipment and

single-cell sequencing and high-resolution mass
consumables, making it unaffordable for many medical institutions.
Developing economical, modular technologies, such as microfluidic
chips with integrated immunoassays, is essential for providing high-
quality diagnostics at accessible prices, thereby addressing this
challenge. Even with reduced costs, the adoption of these
technologies remains problematic. Remote areas often lack the
necessary expertise to operate complex equipment, while deficiencies
in cold chain logistics can adversely affect sample inspection.
Furthermore, the supporting infrastructure in primary medical
institutions is often inadequate. Therefore, enhancing personnel
training, addressing logistical shortcomings, and promoting the
integration of hierarchical diagnosis and treatment with new
technologies can enable in vitro diagnostics to benefit potential
AD patients.

6.2 Regulatory and implementation
considerations

The translation of novel diagnostic technologies from research to
clinical practice encounters significant regulatory hurdles. Biomarker
tests and devices necessitate approval from regulatory bodies such as
the FDA or CE marking, a process that requires robust clinical
validation (185). Cost-effectiveness and reimbursement policies are
crucial for widespread adoption. Although blood-based tests are less
expensive than PET or CSF analyses, their integration into healthcare
must demonstrate economic  benefits.

systems long-term
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Implementation in primary care settings demands user-friendly
formats, minimal training requirements, and clear interpretation
guidelines to ensure accessibility and correct usage outside specialized
centers (186).

Although the challenges associated with AD in vitro diagnosis are
significant, the future appears promising. Collaborative efforts across
all sectors to overcome these obstacles will undoubtedly provide a
strong impetus for the prevention and treatment of AD, offering
renewed hope for patient recovery.
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