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Abstract

This review explores recent advances in tumor diagnosis and early detection, focusing on
cutting-edge developments in molecular diagnostic technologies, imaging techniques, and the
integration of multi-omics data. Current tumor diagnostic methods have limitations in terms
of sensitivity and specificity, particularly for early tumor detection. However, with continuous
progress in research and emerging technologies, especially the advent of liquid biopsy, which
enables the detection of circulating tumor DNA (ctDNA), exosomes, and tumor-educated
platelets (TEPs), the sensitivity and accuracy of early cancer detection have significantly
improved. Moreover, the combined application of artificial intelligence and high-resolution
imaging technology has enhanced the precision of diagnosis. Despite these advances,
challenges, such as the high cost of technology and difficulties in data integration, continue to
impede widespread clinical adoption. Therefore, | believe that future research should prioritize
the innovation of these technologies to improve their applicability for early detection across
various cancer types, ultimately contributing to the advancement of personalized therapy.
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Introduction

Most researchers are aware of the limitations of conventional
imaging tests and histopathology procedures in the early detection
of cancer. To address these challenges, novel molecular diagnostic
tools and non-invasive assays have been developed for early
cancer diagnosis [1]. These advancements have the potential to
significantly enhance early detection and improve patient outcomes
[2,3].

Gradually, the use of liquid biopsy has enhanced early cancer
detection, particularly for detecting circulating tumor DNA
(ctDNA) [4]. For example, this technique has been applied in the
early detection of pancreatic ductal adenocarcinoma (PDAC) [5].
Precision medicine can benefit greatly from liquid biopsies as it
can also be used to monitor treatment response and detect minimal
residual disease. By identifying small amounts of tumor-related
gene fragments in the blood, cancer can be detected at an early,
often asymptomatic, stage, allowing for early intervention [6].

In recent years, there has been a growing exploration of
integrating molecular imaging technologies with advancements
in artificial intelligence. The current literature demonstrates that
combining these two strategies can enhance the identification of
tumor characteristics and improve the sensitivity and specificity
of detection [7]. Additionally, recent research has highlighted the
potential of integrating genomic, proteomic, and epigenomic data
to develop new methods for the early identification of cancer [8-10].
These developments lay the foundation for creating individualized
treatment plans, while also offering new approaches and strategies
for early cancer diagnosis. However, several challenges must still
be addressed before these technologies can be widely used in
clinical settings. These challenges include the need for technical
standardization, the high costs associated with these solutions,
and difficulties in integrating data from various methodologies
[11]. Therefore, future research should focus on optimizing and
advancing these techniques and exploring their applicability across
different types of cancer to achieve broader and more effective
early detection. This review aims to provide an overview of the
latest advancements in tumor diagnosis and early detection. It
also discusses the potential applications of emerging molecular
diagnostic techniques, imaging technologies, and multi-omics
integration strategies, weighing the benefits and drawbacks of
these approaches in clinical settings, while speculating on future
directions.

Current status of tumor diagnosis and early detection
The limitations of traditional diagnostic methods

At this stage, we primarily rely on imaging techniques,
such as X-rays, CT scans, magnetic resonance imaging, and
histopathology, to examine or diagnose tumors. Although these
methods are widely recognized and used by physicians in clinical
practice, they have significant limitations and shortcomings.
For example, imaging often detects tumors only after they have
reached a certain size, and histopathology requires invasive
procedures like biopsies [12, 13], which can lead to complications
and make it more difficult to detect early, small, or dispersed
tumor lesions. Furthermore, conventional assays provide limited
information about the molecular characteristics of tumors and are
often ineffective for personalized treatment. These limitations have
driven the development of more sensitive and accurate diagnostic
assays.

The development of tumor biomarkers

After years of investigation, some progress has finally been made
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in the study of tumor biomarkers. For example, traditional serum
markers such as carcinoembryonic antigen (CEA) and prostate-
specific antigen (PSA) are commonly used for tumor screening
and monitoring. However, their specificity and sensitivity are
limited, often resulting in false-positive or false-negative outcomes
that complicate tumor detection [14, 15]. To enhance assay
accuracy, researchers are developing more specific diagnostic
techniques and identifying stable novel biomarkers. Among these,
circulating tumor DNA (ctDNA) [16], microRNA (miRNA) [17],
and exosomes [18] are considered promising categories of novel
biomarker assays.

Through a thorough investigation of breast cancer, Itani et
al. demonstrated the potential of miRNAs as biomarkers for
early breast cancer diagnosis [17]. Similarly, Yu et al. reported
the potential of exosomes as diagnostic markers of cancer [18].
Furthermore, another study illustrated additional uses of exosomes.
Lu et al. discovered that exosomes released by macrophages
might facilitate the spread of hepatocellular carcinoma, further
highlighting the critical role exosomes play in cancer progression
[18, 19]. In conclusion, these novel biomarkers can be detected
using non-invasive techniques, such as liquid biopsy while
providing crucial information about the molecular characteristics
of tumors. This information can help to tailor early treatment
interventions and establish a foundation for the prevention and
treatment of early tumorigenesis.

(1) Exosomes as Biomarkers. Liquid biopsy is becoming a major
noninvasive diagnostic method due to ongoing advancements
in early cancer detection technologies. In addition to the well-
researched circulating tumor cells (CTCs) and circulating
tumor DNA (ctDNA), a diverse group of experts have also
recognized exosomes and tumor-educated platelets (TEPs) as
innovative biomarkers with significant potential for early cancer
identification. As the study of these two biomarkers introduces
new detection targets into the liquid biopsy technique, it is
expected to further enhance the sensitivity and specificity of early
cancer detection in the future. Exosomes are vesicles released
by cells that can be detected in blood, urine, and saliva, with
diameters typically ranging from 30 to 150 nanometers. They are
capable of carrying a variety of biomolecules including DNA,
RNA, proteins, and lipids. By detecting these biomolecules, it is
possible to assess the state of the cell. Studies have shown that,
in the tumor microenvironment, exosomes secreted by tumor
cells are important carriers of cancer-associated molecules,
reflecting tumor development. Exosomes from tumors have
been reported to promote cancer cell proliferation, invasion, and
metastasis by delivering regulatory molecules such as miRNAs,
mRNAs, and proteins [19]. Therefore, exosomes are not only key
biomarkers for early cancer diagnosis but also play a significant
role in cancer progression. For instance, Tan and colleagues
found a strong correlation between miRNAs and malignancies,
showing that specific miRNAs were significantly expressed in
exosomes secreted by malignant cells [20]. Ongoing research
has further demonstrated a strong association between exosome-
borne macromolecules and malignancies such as pancreatic,
breast, and lung cancers. These exosomes, loaded with proteins,
miRNAs, and other compounds, have been linked to numerous
types of cancer. Additionally, the identification and extraction of
the macromolecules carried by exosomes can be achieved through
non-invasive assays, facilitating the early detection and diagnosis
of cancer. Compared to ctDNA, exosomes are more stable in
circulation and are secreted in relatively larger amounts, making
them easier to detect. Moreover, according to a study by Tan et al.,
exosomes not only reflect the characteristics of tumor cells but also
reveal alterations in the tumor microenvironment [21]. Analyzing
exosome content, particularly miRNAs, proteins, and lipids, can
provide crucial information on tumor status, disease progression,
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and potential treatment targets. Recent advancements in exosome
detection and separation technologies, such as immunocapture
and microfluidic methods, have further enhanced the potential of
exosomes for clinical use as indicators of early cancer.

(2) Tumor-educated platelets (TEPs). First, platelets are not
only essential for the coagulation process but also play a critical
role in tumor development by interacting with the surrounding
tissue. Recent studies, such as that by Best et al., have shown that
platelets undergo a process known as tumor education, where
they absorb molecular signals from tumors, leading to alterations
in their gene expression [22]. These tumor-educated platelets
(TEPs) carry tumor-derived RNA and proteins, reflecting the
tumor's condition and contributing to disease progression [22].
TEPs have shown significant promise as novel cancer biomarkers,
particularly in the early diagnosis of cancer. Tumor-educated
platelets (TEPs) are formed through the secretion of regulatory
chemicals such as chemokines and cytokines by tumor cells,
which alter the platelet transcriptome. These transcriptome
changes reflect the presence and characteristics of cancers. TEPs
have been shown to distinguish between cancer patients and
healthy individuals across various cancer types. RNA sequencing
can identify cancer-specific gene expression profiles unique to
different cancers [23]. Specifically, RNA sequencing of TEPs has
been used to detect cancer-specific gene expression in various
types of cancer. For example, patients with metastatic lung cancer
exhibited significantly different RNA profiles compared to healthy
individuals. In 2010, Calverley et al. discovered more than 200
differentially expressed RNAs [24]. Scientific studies have shown
that analyzing the RNA content of platelets can reveal variations in
the expression of cancer-related genes, aiding in the early detection
of the disease. TEP detection is a noninvasive and highly sensitive
method that can be used to identify various types of cancer. Recent
research suggests that TEP RNA expression profiles can be used to
detect early stage cancer and distinguish between different cancer
types, including glioblastoma, lung cancer, and pancreatic cancer
[25].

Molecular diagnostic technologies
The application of genomics in tumor diagnosis

With the increasing use of next-generation sequencing (NGS),
recent advances in genomic technologies have made precision
medicine and early tumor detection more feasible [26]. NGS can
identify various genetic mutations, copy number variations, gene
fusions, and other abnormalities [27]. This information plays a
critical role in early diagnosis and in guiding cancer treatment
[28]. For example, genomic approaches are commonly used to
detect EGFR mutations in lung cancer and BRAF mutations in
melanoma, which are subsequently used for targeted therapy [29].

In 2002, Davies et al. pioneered the identification of the
significance of BRAF mutations in cancer, particularly melanoma
[30]. This discovery laid the foundation for subsequent studies
on the BRAF V600E mutation, which has become a key target in
melanoma therapies.

Furthermore, the extensive application of emerging fields,
such as spatial transcriptomics and proteomics, has enhanced
our understanding of tumor heterogeneity. By identifying genetic
characteristics within the tumor microenvironment, these fields
allow for more precise tumor classification and guide informed
therapeutic decisions [31].

Epigenetic biomarkers

Epigenetic biomarkers have recently garnered significant attention
in the field of early cancer detection. Epigenetics include processes
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such as DNA methylation, histone modifications, chromatin
remodeling, and non-coding RNA regulation, which control
gene expression without altering the DNA sequence. Epigenetic
changes have been shown to be closely linked to the development
and progression of various cancers, most notably aberrant
DNA methylation in the promoter regions of tumor-associated
genes. Jones and Baylin demonstrated that this abnormal DNA
methylation plays a crucial role in cancer development and
progression [32, 33]. These epigenetic changes often occur in
the early stages of cancer, making them valuable tools for early
detection [34].

Epigenetic markers such as DNA methylation and histone
modifications are gaining increasing attention for the early
detection of cancer. DNA methylation can affect normal cellular
function by inhibiting gene expression. In cancer, the promoter
regions of certain tumor suppressor genes frequently undergo
aberrant methylation, leading to gene silencing and the promotion
of tumor initiation and progression. Hu S and Shen Y et al. have
shown that alterations in DNA methylation patterns, particularly
aberrant methylation in the promoter regions of tumor-associated
genes, are closely linked to the initiation and progression of
various cancers [35, 36]. Additionally, the detection of methylation
in the Septin9 gene is already being used for early colorectal
cancer screening.

In addition to colorectal cancer, specific DNA methylation
biomarkers have also been identified in other cancer types. For
example, Oubaddou found that promoter methylation of the
BRCALI gene is closely associated with the development of breast
cancer [37], whereas methylation of the RASSF1A and MGMT
genes is commonly observed in lung cancer and glioblastoma [37].
Moreover, DNA methylation biomarkers have been used to detect
endometrial, prostate, and liver cancer. These biomarkers can help
to differentiate between precancerous and normal tissues and aid
in early diagnosis. By utilizing these biomarkers, early lesions can
be detected before cancer develops into significant foci, enabling
timely intervention [38, 39].

Histone modification is another critical epigenetic alteration,
which includes acetylation, methylation, phosphorylation, and
ubiquitination. These modifications regulate gene expression by
altering the chromatin structure. In tumors, abnormal histone
modifications can lead to gene silencing or activation, driving
cancer initiation and progression. In various cancers Modifications,
such as trimethylation of histone H3 at lysine 27 (H3K27me3)
and acetylation of histone H3 at lysine 9 (H3K9ac), have been
associated with the inactivation of tumor suppressor genes. Zhou
M et al. demonstrated that H3K27me3 enrichment led to the
silencing of the SFRP1 gene, promoting cancer cell proliferation
via the Wnt/B-catenin signaling pathway [40]. Additionally,
Monaghan highlighted the emerging role of H3K9me3 as a
potential therapeutic target in acute myeloid leukemia [41]. These
histone modifications result in chromatin condensation, thereby
repressing the expression of critical tumor suppressor genes [42].
For example, the abnormal silencing associated with H3K27me3
is closely linked to breast, prostate, and colorectal cancers [43].
Although histone modification detection techniques have not
yet been widely applied in clinical settings, they continue to
attract significant interest from researchers as potential cancer
biomarkers.

Liquid biopsy

As a noninvasive technique, liquid biopsy offers a revolutionary
tool for the early diagnosis of cancer by detecting circulating tumor
DNA (ctDNA), circulating tumor cells (CTCs), and exosomes in
the blood. Compared to traditional tissue biopsies, liquid biopsy
not only allows for real-time monitoring of tumor dynamics but
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Figure 1. Applications of liquid biopsy.

also captures tumor heterogeneity and evolutionary characteristics
[44]. This capability provides liquid biopsies with significant
potential for the early detection of multiple cancer types, including
lung, breast, and colorectal cancers (Figure 1).

DNA fragments with genetic and epigenetic information,
such as methylation and mutations unique to a tumor which are
discharged into the bloodstream by tumor cells are known as
circulating tumor DNA (ctDNA). Early cancer identification is
made possible by the detection of ctDNA, which identifies specific
tumor gene mutations, copy number variations and methylation
anomalies. When it comes to early stages when the tumor burden
is modest, which ctDNA testing has a higher sensitivity than tissue
biopsy and can identify even minute genetic abnormalities [45]. In
recent years, research on the application of ctDNA in cancers, such
as lung cancer, colorectal cancer, and breast cancer, has intensified,
with its sensitivity and specificity gradually improving [46].

Circulating tumor cells (CTCs) are tumor cells shed from the
primary tumor or metastatic sites into the bloodstream. Since
CTCs directly reflect tumor heterogeneity and invasiveness, their
detection can be used not only for early cancer screening, but also
for assessing the metastatic potential of tumors. Current CTC
detection methods primarily involve separation techniques based
on physical properties (such as size and density) and molecular
markers. Although the detection rate of CTCs remains relatively
low, this method is gaining increasing attention in clinical research
as a valuable tool for early cancer diagnosis and metastatic risk
prediction.

Liquid biopsy has shown promising results for the early
detection of various cancers. For instance, Liu et al. found that
EGFR mutations in lung cancer, KRAS mutations in colorectal
cancer, and PIK3CA mutations in breast cancer could be identified
early through ctDNA testing [47]. Multiplex analysis techniques in
liquid biopsy allow for the integration of information from different
biomarkers [46]. By combining ctDNA with other biomarkers
such as proteins and RNA found in exosomes, a multidimensional
molecular profile of cancer can be created, further enhancing the
sensitivity and specificity of detection.

The main benefit of liquid biopsy is that it is non-invasive.
Compared with tissue biopsies, which require surgical or needle-
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based procedures, liquid biopsies involve only the simple
collection of blood or body fluids, minimizing patient discomfort
and risk. Furthermore, liquid biopsy allows for the dynamic
tracking of tumor growth, identifying potential drug resistance
or gene alterations during therapy, and providing real-time data
for adjusting treatment plans. Recently, there has been growing
emphasis in liquid biopsy research on the development of novel
techniques to improve the specificity and sensitivity of detection.
Using multiplex analytic approaches to combine ctDNA with other
biomarkers provides a more comprehensive representation of the
genetic characteristics of the tumor, increasing detection accuracy
and clinical value.

Tumor heterogeneity refers to the differences in biological
behavior, gene expression, and mutation patterns among various
populations of tumor cells. This concept is critical for early cancer
detection and for targeted therapy.

Multi-omics integration and precision medicine

Multiomics integration is emerging as a major avenue for
the molecular diagnosis of cancer. By combining data from
various omics approaches, such as proteomics, genomics, and
epigenomics, the sensitivity and specificity of tumor detection can
be enhanced through a more comprehensive understanding of their
biological features. This combined strategy is valuable not only for
early identification but also for providing crucial molecular data
that can guide the development of individualized treatment plans.
For example, integrated data can help identify specific tumor
subtypes, which may aid in the development of targeted therapies
tailored to these subtypes [48].

Proteomics and metabolomics have shown that tumor cells
undergo dynamic changes at the protein and metabolite levels.
These changes often result from genetic mutations and epigenetic
alterations. Combined proteomic and metabolomic data offer
researchers a deeper understanding of the biological activities of
tumors. For instance, Li et al. discovered that the reprogramming
of metabolic pathways in cancer cells is a crucial marker of tumor
growth. Abnormal metabolic activity in tumor cells, as revealed by
metabolic data, enables detection even at the stage of microlesion
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formation [49]. Integration of genomics and epigenomics can
also detect alterations in DNA methylation and gene mutations.
Furthermore, Sun et al. found that abnormal methylation of the
promoter regions of certain tumor suppressor genes occurs early in
cancer development. When combined with information on genetic
mutations, these anomalies can be used for early cancer detection
[50].

For instance, Shen et al. found that the accuracy of early
cancer diagnosis, such as for colorectal, lung, and breast cancers,
improved by combining DNA methylation and mutation data [51].
Their research demonstrated that the sensitivity and specificity of
early cancer screening can be enhanced by using a combination
of gene mutations and DNA methylation patterns to distinguish
cancer cells from normal cells. Additionally, studies have revealed
a strong correlation between specific methylation markers and
certain cancer subtypes, offering new perspectives for personalized
cancer care. By integrating multi-omics data, different molecular
subtypes of cancers can be identified, as different tumor subtypes
may exhibit distinct biological behaviors and drug sensitivities. For
example, Golestan et al. and Lee et al. discovered that combining
gene expression profiles with epigenetic features in breast cancer
can distinguish subtypes such as HER2-positive and hormone
receptor-positive cancers [51, 52]. Their findings demonstrated that
these subtypes possess unique molecular signatures that influence
their responses to targeted therapies. After identifying the tumor
subtypes, medical professionals can create individualized targeted
treatment plans based on the unique characteristics of each
patient's tumor.

Advances in imaging technology
High-resolution imaging technology

In recent years, notable advancements have been made in imaging
technologies for early cancer detection. High-resolution images,
which are essential for detecting small tumor lesions, have
been obtained using conventional MRI and CT techniques. For
instance, high-field MRI and advanced CT technologies offer a
more detailed view of the structural properties of tumor tissues,
thereby improving the accuracy of early cancer diagnosis [53].
By combining PET/CT, researchers can simultaneously obtain
metabolic and anatomical data, allowing for more precise cancer
staging and the evaluation of treatment effectiveness.

Magnetic resonance imaging (MRI) is a common non-invasive
imaging technique used for early cancer detection. While
traditional MRI provides clear soft-tissue contrast images, high-
field MRI has recently been introduced to further enhance the
image quality and clarity. With a field strength of 3T (Tesla)
or greater and a higher signal-to-noise ratio (SNR), high-field
MRI improves the detection of small lesions. This technology is
particularly valuable in the early screening of brain, prostate, and
breast cancers, as it reveals the fine structures of tumor tissues in
more detail, aiding in the early identification of potential lesions.

Traditional computed tomography (CT) uses X-rays to produce
cross-sectional anatomical images. Recently, advanced CT
technology has enhanced the accuracy of this diagnostic tool for
early cancer detection. Enhanced CT, which uses an intravenous
contrast injection to significantly improve the contrast between the
tumor and normal tissues, is particularly useful for detecting early
malignancies in the liver, pancreas, and lungs. High-resolution
computed tomography (CT) not only helps identify small tumors,
but also provides precise images of tumor boundaries and
morphological features, offering critical information for evaluating
tumor characteristics and developing appropriate treatment plans.

While CT accurately localizes the tumor anatomically, PET
scans reflect the metabolic activity of tumor cells by detecting the
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uptake of radioactive tracers such as 18F-FDG. The integration
of PET and CT allows doctors to view both the tumor's structural
characteristics and metabolic changes simultaneously, enabling a
comprehensive evaluation. For example, Li et al. found that PET/
CT can effectively differentiate between benign and malignant
lesions in malignancies with high metabolic activity, such as
lymphoma and lung cancer, and can assist in detecting early
lesions that are difficult to identify using traditional imaging
methods [54].

Mallum et al. found that PET/CT not only aids in the early
detection of cancer but also plays a crucial role in tumor staging
and treatment evaluation [55]. Their study demonstrated that
PET/CT is highly effective in monitoring the response to cancer
therapies such as radiotherapy and chemotherapy by tracking
dynamic changes in tumor metabolic activity. A reduction
in metabolic activity after treatment can serve as a marker of
therapeutic success, whereas persistently active metabolic regions
may indicate residual tumors or risk of recurrence. Additionally,
PET/CT is important for detecting cancer metastasis because it can
identify small metastatic lesions that are difficult to detect using
other imaging techniques.

Molecular imaging technology

Tumors can be imaged at the molecular level using molecular
imaging technologies and specific contrast agents. Advancements
in this technology allow not only the detection of tumors but
also the assessment of their molecular characteristics, such as
metabolic activity and receptor expression. According to a recent
study by Gao et al., HER2 receptor-based PET imaging agents
show great promise for detecting and monitoring HER2-positive
breast cancer [56]. This type of molecular imaging technology
enables individualized early cancer detection and contributes to
the development of more precise treatment plans for patients.

Molecular imaging technology is primarily applied in receptor-
targeted imaging, such as HER2 in breast cancer and PSMA in
prostate cancer, which are frequently expressed on the surface
of tumor cells. By utilizing molecular probes that exploit the
specific expression of these receptors, targeted imaging can be
performed. For instance, Yeh et al. demonstrated the significant
potential of PET imaging agents targeting the HER2 receptor
for detecting and monitoring HER2-positive breast cancer [57].
These probes can bind to tumor cells with strong HER2 receptor
expression, thus providing clear tumor imaging. This technology
not only allows for the accurate detection of tumor presence but
also assesses receptor expression levels, offering valuable data for
developing individualized treatment plans. An abnormally high
metabolic activity is a hallmark of tumor cells. By identifying
metabolic processes in tumor cells, such as glucose and amino
acid metabolism, molecular imaging techniques can be used to
visualize tumors. In PET imaging, fluorodeoxyglucose (FDG)
takes advantage of the high glucose uptake by tumor cells to
provide metabolic imaging of malignancies. This method has been
widely used for the postoperative surveillance and early detection
of various cancers, including lymphoma, colorectal cancer,
and lung cancer [58, 59]. Additionally, amino acid metabolism
imaging has shown significant advantages in the early detection
of neurological tumors. Molecular imaging technology has broad
potential for the early detection, diagnosis, and monitoring of
cancer [60]. Using molecular probes that bind to specific tumor
biomarkers, small tumor lesions, particularly in the early stages
of cancer, can be identified, which may not be detectable by
traditional imaging techniques. This capability is crucial for
improving the cure rates and overall prognosis.

Artificial intelligence and radiomics
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Table 1. The application of artificial intelligence in the study of influence.

Neural networks,

Improved MRI-based classification

Brain tumor MRI transfer learning accuracy for brain tumors (61
. Hybrid deep learning model outperforms
Lung cancer T Deep learning traditional methods in lung cancer detection [63]
.. . High efficiency in breast cancer detection
Breast cancer Digital mammography  Transfer learning with reduced false positive rates [67]
Brain tumor MRI Ensemble lea@lng, High accuracy and robustness in brain [62]
K-Nearest neighbors tumor detection
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Brain tumor MRI K-Nearest neighbors tumor detection [64]
Breast cancer MRI Deep learning Cascade deep learning network significantly [69]

improves detection efficiency

The integration of artificial intelligence (Al) and radiomics
has revolutionized imaging analyses. Through deep learning
algorithms, Al can automatically extract and analyze key features
from large volumes of imaging data. This not only accelerates the
diagnostic process but also significantly enhances the sensitivity
and specificity of detection. By performing high-throughput
feature extraction from imaging data, radiomics can reveal
intratumoral heterogeneity, aiding in the identification of early
cancer characteristics.

The application of these technologies has demonstrated notable
advantages in the early detection of various cancers, including
brain tumors [61-64], lung cancer [65, 66], and breast cancer [67-
69]. Several recent studies have highlighted the potential for
certain applications (Table 1).

Multimodal imaging technology

Current research focuses on the integration of multimodal imaging
technology, which combines several imaging modalities, such
as MRI-CT and PET-CT, to provide more detailed information
about tumors. Roberto et al. discovered that combining structural,
functional, and molecular imaging enhanced the accuracy of
malignant lesion identification, significantly increasing the success
rate of early detection [70]. By combining multiple imaging
modalities, a comprehensive understanding of the molecular
markers, metabolic activity, and physical characteristics of the
tumor can be obtained. Multimodal imaging is also crucial for the
dynamic monitoring of tumor treatment, allowing for the rapid
assessment of treatment effectiveness.

There are clear benefits to using multimodal imaging
technology for early cancer detection. The sensitivity and

resolution limitations of individual imaging modalities can make
it challenging to detect small tumors at an early stage. However,
by merging the information from multiple modalities, multimodal
imaging can increase the likelihood of successful early detection.
Hofman et al. found that PET-CT can simultaneously identify
anatomical abnormalities and metabolic activity in malignancies
[71]. It has proven to be sensitive in detecting cancers, including
lung, breast, and colorectal cancers. The combination of metabolic
and structural imaging with PET-CT allows for a more accurate
tumor diagnosis, particularly in the early stages when other
imaging modalities may miss malignant lesions [72].

Furthermore, comprehensive imaging can identify microtumors
or precancerous lesions at an earlier stage, allowing for earlier
diagnosis and treatment strategies based on molecular markers.
Assessing the location and size of tumors is crucial for cancer
staging. This imaging technique provides physicians with a
complete evaluation of the tumor's invasion depth, lymph node
involvement, and distant metastases by combining high-precision
anatomical imaging with functional tumor data. A thorough
assessment directly affects accurate staging and treatment
decisions, helping medical professionals make the best choices
and predict patient outcomes. In addition to its importance in
early detection, multimodal imaging technology is also valuable
for dynamic monitoring during therapy. Kim N et al. showed that
PET-CT can measure real-time tumor metabolic changes during
chemotherapy or radiation therapy, allowing for the assessment of
treatment effectiveness [73].

Their study showed that changes in metabolic absorption, such
as decreases in the maximum standardized uptake value (SUVmax)
of tumors, are strongly correlated with treatment progress and
can be identified during therapy. This real-time evaluation helps
minimize medication side effects, avoids ineffective therapies,
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Figure 2. Multi-omics integration for cancer detection.

and allows for early adjustments to treatment regimens. By
utilizing comparative imaging methods, clinicians can track
changes in tumor size and angiogenesis, providing deeper insights
into treatment effectiveness. Cancer treatment often requires
timely adjustments based on dynamic tumor changes, and the
multidimensional information provided by multimodal imaging
supports these adjustments. By tracking metabolic activity, blood
flow, and structural alterations in tumors, clinicians can assess
whether the tumor responds to treatment and make the necessary
changes if resistance or recurrence is observed. For patients
undergoing targeted immunotherapy, multimodal imaging can
capture molecular and metabolic changes in the tumor, helping to
identify treatment effectiveness or reasons for failure.

Early detection: clinical applications and challenges
Multi-omics integration strategies

Multi-omics integration strategies combine genomic, epigenomic,
proteomic, and imaging data to provide a comprehensive
perspective for early cancer detection (Figure 2). This approach
enables a more thorough capture of the biological characteristics
of tumors, thereby improving both the sensitivity and specificity
of detection. However, the integration and interpretation of multi-
omics data present significant challenges, particularly in clinical
translation. Ensuring data standardization and reproducibility of
the results during this process requires further investigation.

Application of early detection in different types of tumors

The requirements and technological applications for early detection
vary across different tumor types. For instance, early screening for
breast cancer is relatively well established, with mammography
(breast X-ray) and MRI being widely utilized [74, 75]. For lung
cancer, Jonas DE demonstrated that low-dose spiral CT (LDCT)
has been proven effective for screening high-risk populations

[76]. Early detection of colorectal cancer typically relies on the
fecal occult blood test (FOBT) and colonoscopy. However, in
recent years, stool-based DNA methylation testing has also shown
promising potential.

Challenges in clinical translation

Despite technological advancements that offer greater possibilities
for early cancer detection, several challenges remain in their
clinical application. First, it is critical to improve the specificity
and sensitivity of detection methods to reduce false positives
and negatives. False negatives can delay diagnosis and result in
missed opportunities for optimal care, whereas false positives can
lead to unnecessary follow-up tests and treatments, increasing
both financial and psychological burdens on patients. Second,
concerns regarding accessibility and cost-effectiveness hinder
the widespread use of early detection systems. The high cost of
these tests makes them difficult to implement in low resource
areas. Additionally, further improvements are required in the
standardization and clinical validation of emerging technologies,
such as multi-cancer detection, to ensure their broad applicability
and effectiveness across diverse populations [77].

Ultimately, there are technological barriers to the clinical
adoption of cutting-edge technologies, such as liquid biopsy.
Accurately identifying the tumor origin and integrating multi-
omics data to enhance diagnostic accuracy remains a challenge.
Overcoming these barriers will require extensive clinical studies
and continued technological advancements [78]. Additionally, the
integration of complex multi-omics datasets necessitates advanced
computational tools and standardized protocols to ensure
consistency and reliability in clinical practice.

Clinical applications of early detection

In clinical practice, early cancer identification is crucial as it can
significantly increase patient survival rates and reduce treatment
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costs. Currently, some of the most widely used early screening
methods include Pap smears for cervical cancer, colonoscopy for
colorectal cancer, fecal occult blood tests for breast cancer, and
low-dose spiral CT for lung cancer. These screening techniques
have significantly reduced the cancer mortality rates. However,
they also have drawbacks, such as high false-positive rates and the
invasiveness of certain procedures [77].

In recent years, liquid biopsy has gained increasing popularity
as an early cancer detection technique. Liquid biopsy enables
noninvasive detection and captures tumor heterogeneity and
dynamic changes by identifying biomarkers in the blood, such
as circulating tumor cells (CTCs) and circulating tumor DNA
(ctDNA). Traditional tissue biopsy has not been entirely replaced
by liquid biopsy but currently serves as a complementary tool. This
is largely due to limitations in sensitivity and specificity, which are
particularly problematic when ctDNA levels are extremely low,
making detection more challenging in the early stages of cancer [2].

Despite their great potential in early cancer diagnosis, liquid
biopsies still face technological challenges in clinical applications.
First, pure and efficient extraction of tumor-derived exosomes
from complex physiological fluids, such as blood, remains difficult.
Additionally, exosome identification is complicated by their
significant variability, which differs based on the tumor source
in terms of size, composition, and biological function. Therefore,
improvements in exosome separation, identification techniques,
and exploration of their specific applications across different
cancer types are required.

Tumor-educated platelet (TEP) detection is notable for its
high sensitivity and specificity, particularly in the early stages of
cancer when changes in TEP RNA transcriptomes provide critical
information for early diagnosis. Furthermore, TEP detection
is relatively simple and requires minimal sample collection,
particularly when combined with liquid biopsy. However, clinical
challenges with TEPs remain, particularly the need to exclude
transcriptome anomalies unrelated to cancer and to standardize
RNA sequencing protocols. Further research is needed to confirm
the specificity of TEPs across various cancer types for broader
clinical applications.

Future prospects

In the future, the development of early cancer detection
technologies will continue to focus on improving the detection
sensitivity and specificity. The application of nanotechnology and
microfluidic technology in detecting tumor markers holds great
promise, potentially enabling more precise and convenient testing.
Additionally, the discovery of novel biomarkers such as non-
coding RNAs and metabolic products will provide new targets for
early cancer detection.

With advancements in precision medicine, personalized cancer
detection strategies have become a major focus. By integrating
patients' genomic information, epigenetic features, and lifestyle
data, individualized screening and detection programs can be
designed to identify early stage cancers more effectively while
avoiding overdiagnosis and overtreatment. From a global health
perspective, promoting and implementing early cancer detection
technologies in low-income countries and regions is a critical
research area. International collaboration and technology transfer
are the key factors. By reducing costs, simplifying processes,
and enhancing training, it will be possible to improve the early
detection capabilities in these regions, ultimately reducing cancer-
related mortality rates.

Exosomes and TEPs are two emerging biomarkers in liquid
biopsies that offer new directions for early cancer detection. Future
research should explore the combined application of these two
markers, utilizing the molecular information within exosomes and
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the transcriptomic changes in TEPs to develop more sensitive,
multidimensional early detection technologies. Furthermore, with
the advancement of multi-omics analysis techniques, integrating
exosomes and TEPs with ctDNA, CTCs, and other biomarkers is
expected to improve the accuracy and comprehensiveness of early
cancer diagnoses.

By studying the mechanisms of exosomes and TEPs and their
specificity in various cancers, liquid biopsy has become a crucial
tool for clinical cancer screening, early diagnosis, and longitudinal
monitoring. This progress holds great promise for the advancement
of precision oncology research.

Conclusion

This review summarizes major advances in tumor diagnosis
and early detection, including molecular diagnostic techniques,
imaging technologies, and multi-omics integration strategies.
Although significant progress has been made in laboratory
research and early clinical applications, these technologies still
face numerous challenges in achieving widespread clinical use.
Future research should focus on improving the clinical feasibility
and cost-effectiveness of these emerging technologies, particularly
in the context of global health, to facilitate the broader adoption of
early tumor detection.

Additionally, the development of novel biomarkers and the
integration of multi-omics data analysis will continue to drive
advancements in early tumor detection technologies, offering more
precise diagnoses and more effective treatment options for patients.
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