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Abstract 

Early cancer detection lowers treatment intensity, increases survival chances and saves 

medical expenses. Conventional screening techniques are still limited by cancer selectivity, 

invasiveness, inadequate sensitivity for early-stage disease, even though they are helpful for 

some cancers. Early detection techniques have been completely transformed by recent 

developments in molecular biology, genomics, biomarker research, imaging technologies, 

artificial intelligence (AI). A new paradigm of minimally invasive multi-cancer early detection is 

being shaped by liquid biopsy technologies, including circulating tumor DNA (ctDNA) analysis, 

epigenetic profiling, multi-analyte biomarker panels, AI-enhanced imaging, multiomics 

integration. This review addresses clinical ethical issues, summarizes the most recent data on 

developing technologies, assesses their diagnostic accuracy translational potential, suggest future 

possibilities of research. The most promising route to early cancer detection for the entire 

population is the multimodal combination of molecular computational technologies. 

Keywords: Cancer, liquid biopsy, ctDNA, artificial intelligence, biomarkers, multi-cancer 

screening, multiomics. 

1. Introduction 

Early cancer detection is a critical strategy in reducing cancer-related morbidity mortality 

worldwide. Cancer develops through a gradual accumulation of genetic, epigenetic, cellular 

changes that transform normal cells into malignant ones. Detecting cancer at an early stage, 

before symptoms appear or before the disease spreads to other parts of the body, greatly 

improves the chances of successful treatment patient survival (Vogelstein et al., 2013). Advances 

in biomedical research diagnostic technologies have significantly improved the ability to detect 

cancer in its early stages. Traditional screening methods such as imaging techniques tissue 

biopsies have been complemented by newer approaches including biomarker-based screening, 

liquid biopsy, genomic analysis and artificial intelligence-assisted diagnostics. These 

technologies enable the identification of molecular structural changes associated with tumor 

development long before clinical manifestations occur (Henry and Hayes, 2012). 

Recently, advancements in the field of genomics, proteomics, AI have led to the 

emergence of minimally invasive methods for the early detection of multiple types of cancer. 

This review aims to discuss the scientific basis future prospects of emerging early detection 

methods for multiple types of cancer. 
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2. Biological Basis of Early Cancer Detection 

The biological basis of early cancer detection lies in the understanding that cancer 

develops through a series of molecular cellular changes that occur long before clinical symptoms 

appear. These changes include genetic mutations, epigenetic alterations, abnormal cell 

proliferation, and disruption in normal cellular signaling pathways. Detecting these biological 

alterations at an early stage allows clinicians to identify cancer before it progresses to advanced 

disease. 

2.1 Circulating Tumor DNA (ctDNA) 

Circulating tumor DNA (ctDNA) refers to small fragments of DNA that are released into 

the bloodstream from cancer cells during processes such as apoptosis, necrosis, or active 

secretion. These DNA fragments carry tumor-specific genetic epigenetic alterations, making 

them valuable biomarkers for the early detection of cancer. The analysis of ctDNA is a key 

component of liquid biopsy, which allows non-invasive detection of cancer-related molecular 

changes using blood samples (Wan et al., 2017). ctDNA contains important information about 

tumor mutations, copy number variations,  methylation patterns that reflect the genetic 

characteristics of the primary tumor. Detecting these molecular alterations in blood can help 

identify cancer at very early stages, sometimes even before tumors are visible through imaging 

techniques. Studies have shown that ctDNA analysis can detect early-stage cancers such as lung, 

colorectal, breast cancer with increasing sensitivity using advanced sequencing technologies 

(Bettegowda et al., 2014). 

2.2 Epigenetic Alterations 

Epigenetics refers to heritable changes in gene expression that occur without altering the 

underlying DNA sequence. These changes include DNA methylation, histone modifications, 

non-coding RNA regulation, which can influence gene activity cellular function. Abnormal 

epigenetic patterns often occur in the early stages of tumor development can therefore serve as 

early indicators of cancer (Esteller, 2008). One of the most widely studied epigenetic changes in 

cancer is DNA methylation, which involves the addition of a methyl group to cytosine residues 

in CpG isls of gene promoter regions. In many cancers, tumor suppressor genes become silenced 

due to hypermethylation of their promoters, leading to uncontrolled cell growth tumor formation. 

Detecting abnormal DNA methylation patterns in blood, tissue, or other body fluids has become 

a promising approach for early cancer diagnosis (Baylin and Jones, 2016). Another important 

epigenetic mechanism is histone modification, where chemical changes to histone proteins affect 

the structure of chromatin regulate gene expression. Alterations in histone acetylation or 

methylation can disrupt normal gene regulation contribute to cancer development. Additionally, 

small non-coding RNAs such as microRNAs (miRNAs) are involved in epigenetic regulation can 

function as oncogenes or tumor suppressors. Changes in miRNA expression profiles have been 

identified as potential biomarkers for early detection of several cancer types (Esteller, 2011). 
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3. Liquid Biopsy Technologies 

Liquid biopsy is an emerging minimally invasive technology used for the early detection 

of cancer by analyzing tumor-derived materials circulating in body fluids such as blood, urine, or 

saliva. Unlike traditional tissue biopsy, which requires surgical removal of tumor tissue, liquid 

biopsy detects cancer-related biomarkers including circulating tumor DNA (ctDNA), circulating 

tumor cells (CTCs), extracellular vesicles, tumor-associated proteins. These biomarkers are 

released into the bloodstream from primary tumors or metastatic cancer cells can be detected 

using advanced molecular techniques (Wan et al., 2017). Liquid biopsy plays an important role 

in early cancer detection because it allows repeated sampling monitoring of tumor dynamics 

without invasive procedures. Circulating tumor DNA is one of the most widely studied 

biomarkers in liquid biopsy, as it carries tumor-specific genetic mutations epigenetic alterations 

that can indicate the presence of cancer even at early stages (Bettegowda et al., 2014). According 

to the National Cancer Institute, liquid biopsy technologies are being actively developed to detect 

monitor different types of cancers by identifying tumor-derived molecules in blood samples. 

4. Biomarker-Based Screening 

Biomarker-based screening of cancer uses measurable biological molecules (DNA, RNA, 

proteins, metabolites) in blood, urine, or tissues to detect cancer early or to assess cancer risk. 

These biomarkers can indicate the presence of malignant processes before clinical symptoms 

appear. Several biomarkers are already used in clinical cancer screening programs. For example, 

prostate-specific antigen (PSA) is used for screening prostate cancer, carcinoembryonic antigen 

(CEA) is associated with colorectal cancer, CA-125 is used as a biomarker for ovarian cancer 

detection monitoring. The development of genomic proteomic technologies continues to expand 

the discovery of novel biomarkers that may enable detection of multiple cancers through a single 

blood test (Sawyers, 2008). 

5. Imaging-Based Screening 

Imaging-based screening plays a crucial role in the early detection of cancer, as it allows 

visualization of abnormal tissues or tumors before symptoms develop. Medical imaging 

techniques such as mammography, computed tomography (CT), magnetic resonance imaging 

(MRI), ultrasound are widely used to detect structural and functional changes associated with 

cancer. These imaging methods help identify tumors at an early stage, which improves treatment 

success patient survival (Smith et al., 2019). One of the most successful examples of imaging-

based screening is mammography, which is used to detect breast cancer in asymptomatic 

women. Studies have shown that regular mammographic screening can significantly reduce 

mortality by detecting tumors at an early more treatable stage (Tabár et al., 2011). Similarly, 

low-dose CT (LDCT) is recommended for lung cancer screening in high-risk populations such as 

long-term smokers. According to the National Cancer Institute, LDCT screening has been shown 
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to reduce lung-cancer mortality compared with traditional chest X-ray screening. Advanced 

imaging technologies also include MRI positron emission tomography (PET), which provide 

detailed anatomical functional information about tumors. MRI is particularly useful for detecting 

brain, prostate, liver cancers, while PET scans help identify metabolically active cancer cells in 

the body (Hricak et al., 2007). These imaging modalities allow clinicians to detect cancer earlier 

guide biopsy or treatment decisions. 

6. Artificial Intelligence in Early Detection 

Artificial intelligence (AI) is increasingly being used in the early detection of cancer by 

analyzing complex medical data such as medical images, genomic data, electronic health 

records. AI systems, particularly those based on machine learning deep learning algorithms, can 

identify subtle patterns abnormalities that may not be easily recognized by human observers. 

These technologies assist clinicians in detecting cancer at earlier stages, improving diagnostic 

accuracy treatment outcomes (Esteva et al., 2017). In medical imaging, AI has shown great 

potential in detecting cancers such as breast, lung,  skin cancer. For example, deep learning 

algorithms can analyze mammograms to identify early signs of breast cancer with accuracy 

comparable to expert radiologists. Similarly, AI-based analysis of computed tomography (CT) 

scans can help detect small lung nodules associated with early-stage lung cancer (Ardila et al., 

2019). According to the National Cancer Institute, AI technologies are being developed to 

enhance cancer screening programs by improving image interpretation reducing false-positive 

false-negative results. AI is also applied in the analysis of genomic biomarker data for early 

cancer detection. Machine learning models can process large datasets to identify genetic 

mutations molecular patterns associated with tumor development. This integration of AI with 

biomarker discovery liquid biopsy technologies may allow earlier detection of multiple cancer 

types through simple blood tests (Topol, 2019). 

7. Multi-Omics Integration 

Multi-omics integration is an advanced approach used in early cancer detection that 

combines information from multiple biological layers such as genomics, transcriptomics, 

proteomics, metabolomics, epigenomics. Each “omics” level provides different insights into 

cellular processes, integrating these datasets helps researchers understand the complex molecular 

mechanisms involved in cancer development. This comprehensive analysis improves the 

identification of reliable biomarkers for detecting cancer at an early stage (Hasin et al., 2017). 

Genomics focuses on DNA mutations structural variations associated with tumor initiation, while 

transcriptomics examines gene expression changes that occur during cancer progression. 

Proteomics analyzes protein abundance modifications, metabolomics evaluates metabolic 

alterations in cancer cells. By integrating these diverse datasets, scientists can identify molecular 

signatures that are more accurate sensitive for early cancer detection compared with single-omics 

approaches (Karczewski and Snyder, 2018). 
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Recent advances in computational biology artificial intelligence have made it possible to 

analyze large multi-omics datasets discover complex relationships between molecular alterations 

disease states. Multi-omics integration has shown promise in identifying early diagnostic 

biomarkers for cancers such as breast, lung, colorectal cancer. According to the National Cancer 

Institute, combining genomic, proteomic, metabolomic data can enhance cancer screening 

strategies enable more precise early diagnosis. 

8. Conclusion 

Early cancer detection technologies play a critical role in reducing cancer mortality 

improving patient survival. Advances in biomarker-based screening, liquid biopsy, imaging 

techniques, artificial intelligence, multi-omics integration have significantly improved the ability 

to identify cancer at its earliest stages. These technologies enable the detection of molecular 

structural changes associated with tumor development even before clinical symptoms appear, 

allowing earlier diagnosis and timely treatment.  Early detection remains the most powerful 

strategy for reducing cancer mortality. Advances in liquid biopsy, methylation profiling, 

biomarker panels, imaging innovation, AI are reshaping screening paradigms. Evidence from 

large trials translational studies supports the promise of multi-modal detection frameworks 

(Cohen et al., 2018; Liu et al., 2020). However, rigorous validation, cost-effectiveness 

evaluation, ethical oversight, equitable access must accompany technological innovation. With 

continued research careful implementation, emerging detection technologies may significantly 

reduce global cancer burden. 
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