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Alzheimer's disease is a neurodegenerative disorder characterized by progressive cognitive decline, 
which poses a growing global health challenge due to an aging population. Early Diagnosis and 
intervention are crucial in slowing disease progression and improving patient outcomes. Biomarkers 
have emerged as pivotal tools in detecting AD at its presymptomatic stages, offering insights into 
underlying pathophysiological processes before clinical symptoms appear. This review highlights 
the role of emerging biomarkers, including amyloid-β, Tau, neurofilament light chain, and genetic 
markers, in early detection, disease monitoring, and personalized treatment strategies. Advances in 
mass spectrometry, liquid biopsy, and neuroimaging technologies have enhanced biomarker 
sensitivity, enabling better prediction of disease progression. Despite these advances, challenges 
remain, including issues with biomarker sensitivity and specificity, the high cost of diagnostic 
technologies, and ethical concerns about genetic testing and patient privacy. Standardization across 
assays and platforms is crucial for clinical application. The future of AD biomarker research lies in 
integrating multiple biomarkers and embracing precision medicine to tailor treatments to individual 
patient profiles. 
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1. Introduction 
The primary symptoms of Alzheimer's disease (AD), a 
progressive neurodegenerative illness, are behavioural 
abnormalities, memory loss, and cognitive decline that 
substantially hinder day-to-day functioning. About 
60–70% of dementia cases are caused by AD, making it 
the most prevalent cause of dementia. Although early-
onset forms can occur in younger people, usually due 
to genetic mutations, they are most frequently seen in 
people over 65 [1]. As the world's population ages, the 
prevalence of AD is rising quickly. According to the 
World Health Organization, AD is the leading cause of 
dementia, which is predicted to triple to 152 million 
people by 2050. According to the Alzheimer's 
Association, over 6 million Americans currently have 
AD, and by 2050, that number is expected to increase 
to almost 13 million [2]. The aging of the world's 
population and the increasing prevalence of the disease 
highlight the crucial role of early detection and 
treatment in its management. For several reasons, it is 
essential to detect AD early. First of all, it enables the 

prompt application of therapeutic measures that can 
reduce symptoms and slow the course of the disease 
[3]. 

Additionally, early identification gives people and their 
families the chance to make plans, such as long-term 
care, financial, and legal decisions. Additionally, since 
treatment efficacy is frequently higher in the early 
stages of AD, the development of medications intended 
to slow the disease's progression has made early 
Diagnosis even more important. Furthermore, early 
detection can shed light on the pathophysiological 
mechanisms underlying AD, potentially leading to the 
discovery of biomarkers for Diagnosis, prognosis, and 
tracking treatment response. Therefore, improving 
clinical outcomes and expanding our knowledge of AD 
depend on our ability to identify the disease in its 
presymptomatic stage [4]. 

2. Challenges in Early Diagnosis 
Nowadays, a combination of clinical evaluation, 
neuroimaging, and cognitive tests is used to diagnose 
AD. Nevertheless, there isn't a single test that can 
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accurately identify AD in its early stages. The most 
popular methods for Diagnosis are as follows [5]. 
 
2.1 Clinical Assessment and Cognitive Testing 
Cognitive tests such as the Mini-Mental State 
Examination (MMSE) and the Montreal Cognitive 
Assessment (MoCA) are used to screen for cognitive 
impairment. These tests evaluate language, attention, 
memory, and executive function. Since cognitive 
symptoms often manifest only after significant 
neurodegeneration, these tools help detect cognitive 
decline but are not sufficient for early detection [6]. 
 
2.2 Neuroimaging 
The accumulation of amyloid plaques and structural 
brain alterations characteristic of AD can be detected 
using neuroimaging methods such as positron 
emission tomography (PET) and magnetic resonance 
imaging (MRI). Atrophy in AD-affected brain regions, 
especially the hippocampus, can be detected by MRI 
scans [7]. PET scans provide promising information 
about amyloid deposition, particularly those that 
detect amyloid-beta plaques (such as Pittsburgh 
compound B or florbetapir). However, access to these 
imaging methods may be restricted, and they are 
costly. Furthermore, even though amyloid plaques are 
a hallmark of AD, some cognitively normal older adults 
also have them, making it more difficult to use them as 
early-stage AD diagnostic markers [8]. 
 
2.3 Cerebrospinal Fluid Biomarkers 
The Diagnosis of AD is also supported by CSF 
biomarkers, such as tau protein and amyloid-beta (Aβ) 
levels. Patients with AD often have higher levels of Tau 
and phosphorylated Tau and lower levels of Aβ42. 
However, lumbar puncture, an invasive procedure 
rarely used in clinical practice, is necessary for CSF 
testing. Furthermore, several variables, such as other 
neurodegenerative illnesses, may affect how these 
biomarkers are interpreted [9]. 
 
 2.4 Genetic Testing 
Particularly in cases of early-onset AD, genetic testing, 
specifically for the apolipoprotein E (ApoE) gene, can 
help identify individuals who are more genetically 
susceptible to developing AD. Genetic testing does 
have certain drawbacks, though, such as the inability to 
accurately predict a person's likelihood of developing 
AD and the ethical ramifications of genetic testing, 
which include psychological effects and privacy issues. 
Additionally, genetic testing for ApoE alone is 
insufficient for early Diagnosis because the great 
majority of AD cases occur sporadically [10]. Even with 
these diagnostic resources, it is still difficult to identify 
AD in its early stages. The diagnostic process is made 
more difficult by the overlap of AD with other types of 
cognitive decline, including vascular dementia and 
mild cognitive impairment (MCI). The uncertainty is 
further increased by the inability to distinguish 
between people who may not develop full-blown 
dementia and those who will. Because its symptoms, 
like mild memory loss, are subtle and mimic those of 
normal aging, early-stage AD is frequently hard to 
diagnose [11]. 

 
3. Role of Biomarkers in Early Detection 
3.1 Biomarkers and Their Significance in AD 
Measurable biological indicators, known as 
biomarkers, can provide important information about 
the occurrence, course, and prognosis of a disease. 
Biomarkers for AD are crucial for understanding the 
cellular and molecular alterations in the brain that 
occur long before symptoms appear. Biomarkers for 
early AD detection can be used to track the disease's 
progression, identify at-risk individuals, and assess 
how well treatment interventions are working. In AD, 
biomarkers are crucial for early Diagnosis, disease 
management, and treatment in several important 
areas. Since biomarkers can help identify people in the 
presymptomatic stages of AD, even before significant 
cognitive decline, early detection is one of their most 
crucial roles. Early detection is essential for initiating 
treatments that may delay or reduce the disease's 
progression [12]. Furthermore, biomarkers are critical 
for disease monitoring because they enable medical 
professionals to track the progression of AD over time 
and assess how well treatment plans are working. By 
measuring specific biomarkers, healthcare providers 
can determine how well a patient is responding to 
therapies and make necessary adjustments. 
Additionally, biomarkers provide important 
information about the prognosis of AD, enabling 
physicians to forecast how the disease will develop in 
the future, including how quickly mild cognitive 
impairment (MCI) will give way to dementia. Planning 
for long-term care and treatment is aided by this 
prognostic ability. Last but not least, personalized 
medicine increasingly uses biomarkers to tailor 
treatment options to each patient's biomarker profile. 
By focusing on the unique molecular features of the 
disease in each individual, this method helps optimize 
treatment approaches and enhances patient outcomes 
[13]. 
 
3.2 Types of Biomarkers 
3.2.1. Genetic Biomarkers ε4 
Certain genetic mutations or variations linked to an 
elevated risk of AD are known as genetic biomarkers. 
These markers shed light on the genetic susceptibility 
to AD, which is crucial for risk assessment and early 
detection. The Apolipoprotein E gene, which encodes a 
protein involved in lipid metabolism, is the best-known 
genetic biomarker for AD. While the ε2 allele of the 
ApoE gene is thought to be protective, the ε4 allele is 
linked to an increased risk of developing AD. Two 
copies of the ApoE ε4 allele increase a person's risk of 
developing AD, often at an earlier age. However, since 
many people with the ε4 allele do not develop AD, 
ApoE testing alone is insufficient for Diagnosis [14]. In 
rare cases, early-onset AD is caused by mutations in 
specific genes, such as presenilin-1 (PSEN1), 
presenilin-2 (PSEN2), and the amyloid precursor 
protein (APP). These mutations lead to the 
accumulation of amyloid plaques in the brain and are 
typically inherited in an autosomal dominant pattern. 
Genetic testing for these mutations can provide 
definitive diagnoses in early-onset cases but is not 
useful for the more common late-onset AD [15].

3.2.2 Protein Biomarkers 
An important Part of the pathophysiology of AD 

involves protein biomarkers. Since the disease is 
characterized by abnormal protein processing and
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aggregation, protein biomarkers are useful tools for 
monitoring and Diagnosis [16]. Amyloid plaques 
characterize AD. In the brain, amyloid-beta (Aβ) 
peptides, especially the Aβ42 form, accumulate and 
form plaques that impair cell function. One of the main 
markers of AD is a drop in Aβ42 levels in cerebrospinal 
fluid (CSF) and its deposition in the brain, as shown by 
positron emission tomography (PET) [17]. Tau is a 
protein that helps stabilize neurons' microtubules. Tau 
is hyperphosphorylated in AD and creates twisted 
tangles inside neurons, which exacerbates 
neurodegeneration. Measurements of phosphorylated 
Tau (p-tau) and total Tau (t-tau) in CSF can be useful 
biomarkers for AD Diagnosis. The development of 
neurodegeneration and the presence of tau tangles in 
the brain are associated with elevated CSF levels of 
these tau proteins [18]. 
 
3.2.3 Imaging Biomarkers 
Structural and functional alterations in the brain 
caused by AD can be visualized using neuroimaging 
techniques. These biomarkers aid in the early detection 
of alterations in memory and cognitive function-
related brain regions [19]. Positron emission 
tomography (PET) can detect amyloid plaques and tau 
tangles in the brain. PET scans offer fine-grained 
images of the brain, and the patient may receive an 

injection of a radiolabelled tracer, such as florbetapir 
(for amyloid) or flortaucipir (for Tau). PET is an 
effective tool for early Diagnosis because it can identify 
the buildup of tau tangles or amyloid plaques even 
before clinical symptoms manifest [20]. Resonance of 
Magnetism Imaging (MRI) scans are frequently used to 
evaluate brain atrophy, especially in regions such as the 
hippocampus, which are important for memory and 
cognition. Even though early-stage brain shrinkage 
might not be apparent, MRI can still detect structural 
alterations that are linked to the advancement of the 
disease. Furthermore, brain activity during cognitive 
tasks is measured using functional magnetic resonance 
imaging (fMRI), which can also change in AD [21]. 

Figure 1 shows Amyloid PET scans comparing an 
Alzheimer’s brain and a healthy brain. The Alzheimer’s 
brain shows extensive cortical amyloid deposition (red) 
and neurofibrillary tangles (blue), indicating abnormal 
protein accumulation associated with cognitive 
decline. In contrast, the healthy brain shows no 
abnormal tracer uptake, reflecting normal protein 
distribution. This comparison highlights the diagnostic 
utility of PET imaging in distinguishing Alzheimer’s 
pathology from healthy brain function [22]. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Represents amyloid PET scans comparing an Alzheimer's brain and a healthy brain. The 
Alzheimer's brain shows widespread cortical amyloid deposition (red) and tau neurofibrillary tangles (blue). In 

contrast, the healthy brain shows no abnormal tracer uptake, indicating the absence of amyloid or tau pathology. 
 
3.2.4 Fluid-based Biomarkers 
Fluid-based biomarkers are molecules that can indicate 
changes in the brain and are present in bodily fluids like 
blood or CSF. Repeatable and non-invasive AD testing 
may be possible with these biomarkers [23]. CSF One of 
the best techniques for identifying alterations linked to 
AD is biomarker analysis. Aβ42, t-tau, and p-tau are 
important CSF biomarkers. As previously stated, AD is 
characterized by increased Tau and phosphorylated Tau 
levels and decreased Aβ42 levels. However, the 
procedure for obtaining a CSF lumbar puncture is 

invasive and is not frequently used in clinical settings 
[24]. The development of blood-based biomarkers for AD 
has gained significant attention due to their non-invasive 
nature and potential for widespread use. Biomarkers 
such as plasma Aβ and NFL are being explored for their 
diagnostic and prognostic utility. Blood tests that detect 
specific patterns of proteins associated with AD may help 
to identify at-risk individuals, monitor disease 
progression, and assess treatment responses. Recent 
advances in blood-based biomarkers have shown 
promise, but they are still in the validation stage [25]. 

 
Table 1 presents the different types of AD biomarkers 
genetic, protein, imaging, and fluid-based and contrasts 
them. From early-stage markers such as Tau and 
amyloid-beta to later-stage markers such as NfL, it 
describes their clinical significance, disease-stage 
relevance, and detection techniques. Despite providing 

insightful information about the course and outcome of 
diseases, issues with cost, sensitivity, and 
standardization prevent their widespread use in clinical 
settings. The potential of these biomarkers to 
revolutionize AD Diagnosis and treatment is highlighted 
in the table [26].
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Table 1: Comparison of Biomarker Types in Alzheimer's Disease 

S. 

No. 
Biomarker Type Example Detection Method 

Stage of Disease 

Detection 
Clinical Relevance Reference 

1 CSF Biomarkers Aβ42, Tau 

Lumbar Puncture, 

ELISA, Mass 

Spectrometry 

Early to moderate 

stages 

Predicts cognitive 

decline, amyloid, and tau 

deposition 

[27], [28] 

2 
Neuroimaging 

Biomarkers 

Amyloid PET, 

FDG-PET 
PET Scanning, MRI 

Presymptomatic 

to advanced 

stages 

Visualizes amyloid 

plaques, key for early 

Diagnosis 

[29] 

3 Genetic Biomarkers APOE ε4 Genotyping Presymptomatic 

Genetic risk factor for 

Alzheimer's aids in 

identifying at-risk 

individuals 

[30] 

4 Blood Biomarkers Plasma Aβ, P-tau 

ELISA, Mass 

Spectrometry, 

Immunoassays 

Early to moderate 

stages 

Non-invasive monitoring 

of disease progression 
[31] 

5 Proteomics Clusterin, BDNF 
Mass Spectrometry, 

Protein Microarrays 
All stages 

Involvement in 

neuroinflammation and 

neuronal survival 

[32], [33] 

6 
Metabolic 

Biomarkers 

Hypermetabolism 

(via PET) 
PET Scanning 

Early to moderate 

stages 

Changes in brain 

metabolism, early signs 

of cognitive impairment 

[34] 

7 
Epigenetic 

Biomarkers 

DNA Methylation 

Patterns 

Bisulfite Sequencing, 

PCR 

Early to 

preclinical stages 

Alters gene expression, 

Alzheimer's risk, and 

pathology 

[35] 

8 
MicroRNA 

Biomarkers 
miR-29, miR-125b qRT-PCR, NGS Presymptomatic 

Involved in amyloid and 

tau regulation 
[36], [37] 

9 
Exosome 

Biomarkers 
Aβ, Tau, miRNAs 

Nanoparticle Tracking, 

ELISA 
Early stages 

Neuroinflammation and 

protein clearance insights 
[38] 

10 
Metabolomic 

Biomarkers 

Aβ-associated 

metabolites 

Mass Spectrometry, 

NMR 

Early to moderate 

stages 

Changes in the metabolic 

profile can help identify 

preclinical Alzheimer's 

[39] 

11 
Inflammatory 

Biomarkers 
Cytokines, CRP ELISA, Immunoassays All stages 

Inflammatory markers 

linked to AD 
[40] 

12 
Neurodegeneration 

Biomarkers 

NfL 

(Neurofilament 

Light Chain) 

Immunoassays, ELISA All stages 

Tracks axonal damage 

and neuronal loss, useful 

for disease monitoring 

[41] 

13 Tau Biomarkers 

Total Tau, 

Phosphorylated 

Tau 

ELISA, Western Blot 
Early to advanced 

stages 

Core Alzheimer's 

biomarkers correlate with 

cognitive decline and 

brain atrophy 

[42] 

14 
Amyloid 

Biomarkers 
Amyloid-beta (Aβ) PET, CSF, Blood Tests 

Presymptomatic 

to early stages 

Detects amyloid plaques, 

pivotal for Diagnosis and 

therapeutic development 

[43] 

15 
Cognitive 

Biomarkers 
MMSE, MoCA 

Neuropsychological 

Testing 

Early to moderate 

stages 

Measures cognitive 

impairment, useful for 

therapeutic monitoring 

[44] 

16 
Mitochondrial 

Biomarkers 

Mitochondrial 

DNA mutations 
PCR, NGS 

Early to 

preclinical stages 

Linked to mitochondrial 

dysfunction and 

Alzheimer’s pathology 

[45] 

17 
Neurovascular 

Biomarkers 
Vascular Amyloid PET Imaging 

Early to late 

stages 

Identifies vascular 

contributions to 

Alzheimer’s progression 

[46] 

18 
Autophagy 

Biomarkers 
LC3, Beclin-1 

Western Blot, 

Immunofluorescence 
All stages 

Disrupted autophagy in 

Alzheimer’s, a target for 

potential therapies 

[47] 

19 
Apoptosis 

Biomarkers 

Caspases, Bcl-2 

proteins 

ELISA, Flow 

Cytometry 
Advanced stages 

Key for understanding 

cell death pathways and 

Alzheimer’s progression 

[48] 

20 
Gut Microbiota 

Biomarkers 

Microbial 

Composition 

16S rRNA Sequencing, 

Microbial Culturing 

Early to 

preclinical stages 

Impacts 

neurodegeneration via the 

gut-brain axis 

[49] 
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4. Advances in Biomarker Technologies 
4.1 Technological Improvements in Detection 
4.1.1 Mass Spectrometry (MS) 
By enabling high-resolution, high-throughput, and 
quantitative profiling of complex biological samples, 
recent advances in mass spectrometry have 
fundamentally changed the process of identifying and 
validating biomarkers. Low-abundance proteins, 
metabolites, and lipids that were previously undetectable 
can now be detected thanks to the remarkable sensitivity 
of contemporary MS platforms like MALDI-TOF, LC-
MS/MS, and Orbitrap. These systems are now capable of 
analyzing protein isoforms and post-translational 
modifications, providing vital insights into the 
mechanisms underlying disease. By combining MS with 
bioinformatics pipelines, data interpretation is further 
improved and new biomarkers for precision medicine are 
found [61]. 
 
4.1.2 Immunoassays 
Additionally, immunoassay technology has changed 
dramatically, moving from traditional enzyme-linked 
immunosorbent assays (ELISAs) to multiplexed, 
automated, and ultrasensitive platforms like digital 
immunoassays and electrochemiluminescence. These 
sophisticated systems offer greater specificity and 
reproducibility when quantifying multiple biomarkers 
simultaneously. Large-scale population screening and 
point-of-care testing are enabled by innovations such as 
nanobody-based sensors and microfluidic 

immunoassays, which have reduced assay times and 
sample volumes. These improvements improve 
diagnostic precision, especially in therapeutic 
monitoring and early disease detection [62]. 
 
4.2 Liquid Biopsy 
Liquid biopsy represents one of the most transformative 
developments in biomarker technology. It involves the 
non-invasive analysis of circulating biomarkers such as 
cell-free DNA (cfDNA), circulating tumor cells (CTCs), 
microRNAs, and extracellular vesicles present in blood or 
other body fluids. These biomarkers provide real-time 
insights into pathological changes without the need for 
invasive tissue sampling. Advances in next-generation 
sequencing (NGS) and digital PCR have increased the 
sensitivity and specificity of detecting minimal residual 
disease and early-stage cancers. Beyond oncology, liquid 
biopsy applications are expanding to neurodegenerative 
and cardiovascular disorders, making it a cornerstone for 
predictive and preventive healthcare [63]. 
 
 5. Challenges in Using Emerging Biomarkers 
5.1 Sensitivity and Specificity IssuesEven with 
significant technological advancements, the diagnostic 
accuracy of many new biomarker assays remains limited. 
Subtle biological overlap between neurodegenerative 
conditions frequently results in false positives 
(biomarkers elevated but not caused by AD) and false 
negatives (pathology present but biomarkers undetected) 
in research on AD. For example, tau assays may show

21 
Hormonal 

Biomarkers 

Cortisol, Thyroid 

Hormones 

ELISA, 

Radioimmunoassay 

Early to moderate 

stages 

Hormonal changes may 

influence Alzheimer’s 

development and 

progression 

[50] 

22 
Vascular 

Biomarkers 

Endothelial 

Markers 

ELISA, Flow 

Cytometry 

Presymptomatic to 

early stages 

Early signs of vascular 

changes linked to 

Alzheimer’s 

[51] 

23 
Angiogenesis 

Biomarkers 
VEGF 

ELISA, 

Immunohistochemistry 

Early to moderate 

stages 

Involved in 

neurovascular health and 

disease progression 

[52] 

24 
Autophagic 

Pathway 

Biomarkers 

Beclin-1, ATG5 
Western Blot, 

Immunohistochemistry 
Early to late stages 

Dysregulated autophagic 

pathways contribute to 

Alzheimer’s pathology 

[53] 

25 
Cholinergic 

Biomarkers 
AChE 

Biochemical Assays, 

Immunoassays 

Early to advanced 

stages 

Involvement in 

cholinergic dysfunction 

in AD 

[54] 

26 
Oxidative Stress 

Biomarkers 
MDA, 8-OHdG ELISA, HPLC 

Early to advanced 

stages 

Reflects oxidative 

damage, linked to 

Alzheimer’s pathology 

[55] 

27 Serum Biomarkers Serum BDNF ELISA 
Early to moderate 

stages 

Correlates with 

cognitive decline, 

neuronal growth, and 

repair 

[56], [57] 

28 
Neurovascular 

Coupling 

Biomarkers 

fMRI MRI 
Early to preclinical 

stages 

Measures cerebral blood 

flow, related to 

Alzheimer’s risk and 

neuronal activity 

[58] 

29 
Postmortem Brain 

Biomarkers 

Neurofibrillary 

Tangles, Amyloid 

Plaques 

Histopathology, 

Immunohistochemistry 
End-stage 

Provides definitive 

Diagnosis and links 

pathology to clinical 

progression 

[59] 

30 
Cardiovascular 

Biomarkers 

Homocysteine, 

Lipids 
Blood Tests All stages 

Elevated cardiovascular 

risk correlates with 

Alzheimer's and aids in 

assessing comorbidities. 

[60] 
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non-specific elevations in other tauopathies, and 
peripheral metabolism may affect plasma Aβ42/Aβ40 
ratios. One of the main challenges in transferring 
biomarkers from research to routine clinical use is 
maintaining both high sensitivity (identifying actual 
disease cases) and high specificity (preventing 
misclassification) [64]. 
 
5.2 Ethical and Social Implications 
Significant ethical and social issues arise from the 
growing use of genomic and molecular biomarkers, 
particularly regarding genetic testing, privacy, and data 
sharing. Individuals and families may face psychological, 
social, and insurance-related ramifications if genetic risk 
profiling, such as polygenic risk scoring or APOE 
genotyping, reveals predispositions to AD long before 
symptoms manifest. Furthermore, worries about data 
privacy, informed consent, and fair access become 
critical as biomarker data is kept in digital biobanks and 
cloud platforms. Therefore, ethical frameworks are 
required to strike a balance between patient autonomy, 
scientific advancement, and public trust [65]. 
 
5.3 Standardization of Biomarker Assays 
Another major barrier to biomarker implementation is 
the lack of assay standardization across laboratories and 
analytical platforms. Differences in sample handling, 
reagent quality, calibration procedures, and reporting 
units hinder reproducibility and inter-laboratory 
comparability. This variability complicates meta-
analyses and cross-cohort validation studies, delaying 
regulatory approval. To address these challenges, global 
initiatives such as the Alzheimer’s Association Global 
Biomarker Standardization Consortium (GBSC) and the 
International Federation of Clinical Chemistry (IFCC) 
are working to establish harmonized reference materials, 
standardized protocols, and quality assurance programs 
[66]. 

6. Clinical Implications 
Biomarkers are becoming an integral component in the 
early detection of AD, particularly in presymptomatic 
stages. Early Diagnosis can allow for timely 
interventions, potentially altering the course of the 
disease. Several biomarkers, such as amyloid-β and tau 
proteins, have shown promise in detecting AD-related 
pathology before cognitive decline becomes clinically 
evident. In particular, plasma Aβ and tau PET imaging 
provides a window into the brain’s pathological 
processes, which may precede symptoms by several years 
[67]. This presymptomatic detection has the potential to 
transform clinical care by facilitating early treatment —
when therapies are most likely to be effective —and 
improving clinical trial recruitment. In addition to aiding 
early Diagnosis, biomarkers are critical in monitoring 
disease progression in AD. The predictive value of 
biomarkers such as neurofilament light chain (NfL), CSF 
tau, and synaptic proteins correlates strongly with 
disease stage and cognitive decline. These biomarkers 
can track neuronal injury, tau-related 
neurodegeneration, and synaptic dysfunction over time, 
providing valuable insight into the rate of progression 
and response to treatment. Regular biomarker testing 
could also aid in stratifying patients in clinical trials and 
assist clinicians in personalizing treatment regimens 
based on disease severity and progression rate [68]. 
 
Figure 2 shows a schematic representation of integrating 
imaging techniques and deep learning methods for early 
Diagnosis and monitoring of AD. MRI and PET imaging 
provide structural and molecular information, while 
advanced deep learning models such as CNNs, RNNs, 
and Transformers analyze complex data patterns to 
enhance predictive modelling. This multimodal 
approach enables differentiation between mild cognitive 
impairment, early Alzheimer’s, and advanced stages, 
improving early detection and disease progression 
monitoring [69].

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Integration of multimodal biomarkers for early detection and monitoring of AD, illustrating the combined 
use of genetic, protein, imaging, and fluid-based indicators. Genetic markers provide insights into hereditary risk, 

protein biomarkers such as amyloid and Tau reflect pathological changes, imaging techniques, including MRI and PET, 
visualize structural and molecular alterations, and fluid-based biomarkers from cerebrospinal fluid and blood offer 

accessible measures of disease progression. 
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7. Future Directions 
The future of AD biomarker use lies in integrating 
multiple biomarkers to improve diagnostic accuracy and 
predictive power. Combining biomarkers from various 
platforms such as CSF (for Tau and Aβ), plasma (for 
neurofilament light chain and Tau), and imaging 
modalities (such as PET and MRI) holds promise for 
developing multimodal diagnostic criteria. Multi-
biomarker approaches could potentially identify 
individuals at the highest risk of progression, 
distinguishing AD from other dementias, and enabling 
tailored therapeutic strategies. As the field moves 
towards precision medicine, personalized medicine will 
become increasingly important in AD Diagnosis and 
treatment. This approach will rely heavily on biomarkers 
to define AD subtypes, while accounting for genetic, 
environmental, and clinical factors. A personalized 

approach could help identify the most appropriate 
treatments for different patient profiles, including those 
based on genetic markers, such as the APOE genotype, or 
proteomic signatures [70]. Furthermore, it could support 
individualized care plans, optimizing quality of life for 
patients in various stages of the disease. Despite these 
exciting prospects, several challenges remain in the 
clinical implementation of biomarkers. The high cost of 
advanced technologies such as PET imaging and mass 
spectrometry, along with their limited availability in 
certain regions, limits widespread clinical adoption. 
Moreover, issues with standardization, data 
interpretation, and assay reproducibility still need to be 
addressed. Furthermore, the ethical and social 
implications surrounding genetic testing and patient 
data privacy continue to complicate the practical use of 
biomarkers in clinical settings [71]. 

Conclusion 
This review emphasizes the transformative role of 
biomarkers in the early detection and monitoring of AD. 
While significant progress has been made with 
biomarkers such as amyloid-β, Tau, and NfL, their 
clinical implementation is still hindered by challenges in 
sensitivity, specificity, and standardization across 
platforms. Genetic and protein biomarkers provide 
invaluable insights into disease mechanisms and can 
guide personalized treatment plans, but ethical concerns 
about genetic testing and data privacy remain pressing 
issues. As we move toward multi-biomarker approaches 
and precision medicine, overcoming these barriers will 
be crucial in enhancing the clinical application of 
biomarkers. Future research must focus on improving 
assay reproducibility, reducing costs, and establishing 
standardized protocols to enable broader access and 
reliability in clinical settings. With ongoing 

advancements, biomarkers have the potential to 
revolutionize the way AD is diagnosed and managed, 
paving the way for more effective treatments and better 
patient outcomes. This explores the role of emerging 
biomarkers in the early detection and monitoring of AD. 
Biomarkers such as amyloid-β, tau proteins, and NfL 
offer insights into disease progression and facilitate 
presymptomatic Diagnosis. Advances in technologies 
like mass spectrometry and neuroimaging have 
improved detection sensitivity. However, challenges 
remain in sensitivity, specificity, cost, and ethical 
concerns, particularly regarding genetic testing. The 
future lies in integrating multiple biomarkers for more 
accurate predictions and personalized treatment 
approaches. Overcoming these challenges is essential for 
effective clinical implementation. 
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