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Abstract

Background Lung cancer remains the leading cause of cancer-related mortality worldwide, due to lacking effective early-
stage screening approaches. Imaging, such as low-dose CT, poses radiation risk, and biopsies can induce some complications.
Additionally, traditional serum tumor markers lack diagnostic specificity. This highlights the urgent need for precise and
non-invasive early detection techniques.

Purpose This systematic review aims to evaluate the limitations of conventional screening methods (imaging/biopsy/tumor
markers), seek breakthroughs in liquid biopsy for early lung cancer detection, and assess the potential value of Artificial
Intelligence (AI), thereby providing evidence-based insights for establishing an optimal screening framework.

Methods We systematically searched the PubMed database for the literature published up to May 2025. Key words include
“Artificial Intelligence”, "Early Lung cancer screening”, “Imaging examination”, “Innovative technologies”, “Liquid biopsy”,
and “Puncture biopsy”. Our inclusion criteria focused on studies about traditional and innovative screening methods, with
an emphasis on original research concerning diagnostic performance or high-quality reviews. This approach helps identify
critical studies in early lung cancer screening.

Conclusions Novel liquid biopsy techniques are non-invasive and have superior diagnostic efficacy. Al-assisted diagnostics
further enhance accuracy. We propose three development directions: establishing risk-based liquid biopsy screening protocols,
developing a stepwise "imaging-Al-liquid biopsy" diagnostic workflow, and creating standardized biomarker panel testing
solutions. Integrating traditional methodologies, novel liquid biopsies, and Al to establish a comprehensive early lung cancer
screening model is important. These innovative strategies aim to significantly increase early detection rates, substantially
enhancing lung cancer control. This review provides both theoretical guidance for clinical practice and future research.
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TBNA Transbronchial Needle Aspiration

WLB White Light Bronchoscopy

Introduction

Lung cancer is one of the most prevalent and lethal malig-
nant tumors worldwide and constitutes the primary cause
of tumor-related mortality [1]. Pathologically, lung cancer
can be categorized into Small-Cell Lung Cancer (SCLC)
and Non-Small Cell-Lung Cancer (NSCLC). Approxi-
mately 85% of lung cancers are NSCLC, including Lung
Adenocarcinoma (LUAD) and Lung Squamous Cell Car-
cinoma (LUSC), while the remaining 15% are identified
as SCLC [1, 2]. According to the most recent data from
the International Agency for Research on Cancer (IARC),
new cases of lung cancer accounted for about 12.4% of the
new cases of all malignant tumors, and the number of lung
cancer-related cases accounted for about 18.7% of deaths
from all malignant tumors [3]. Lung cancer exhibits the
highest incidence rate in malignant tumors among the male
population, while in the female population, its incidence
rate is second only after that of breast cancer [4]. Research
data show that the 5-year relative survival rate for lung
cancer is merely 23%, in contrast with 90% for breast can-
cer and 98% for prostate cancer [4, 5]. The 5-year survival
rate for patients with stage IV (advanced) lung cancer may
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be as low as 9%, whereas for those diagnosed with stage I
(early) lung cancer, it can reach around 65%. Because of
atypical symptoms and signs in the early stage, most lung
cancer patients have already progressed into the advanced
stage, accompanied by distant metastasis when they are
diagnosed, which contributes to the high mortality rate
and poor prognosis [6, 7]. Consequently, effective screen-
ing alongside prompt diagnosis and treatment for early-
stage lung cancer patients constitutes a crucial strategy for
enhancing survival rates and reducing the socio-economic
burden.

Traditional screening methods primarily encompass
three categories: imaging examinations, pathological
biopsies, and conventional serum tumor biomarker tests.
However, these conventional approaches face a technical
dilemma of "high invasiveness yet low accuracy." While
imaging examinations like Low-Dose Computed Tomogra-
phy (LDCT) can improve early detection rates, they carry
radiation exposure risks and exhibit high false-positive
rates, potentially leading to over diagnosis and healthcare
resource waste [8§—10]. Although needle biopsies remain
the diagnostic "gold standard" for pathological confirma-
tion, their invasive nature may cause complications and
preclude large-scale population screening [11, 12]. Serum
tumor markers (such as CEA and NSE), while conveni-
ent for dynamic monitoring, (about 60%) and poor benign
malignant differentiation capacity [13, 14]. These tech-
nical limitations have created a bottleneck in early lung
cancer screening characterized by "high procedural risk
yet suboptimal accuracy”, urgently necessitating innova-
tive diagnostic approaches that combine non-invasiveness
with high precision.

In recent years, the emergence of liquid biopsy and Al
technologies has brought revolutionary breakthrough to
early lung cancer screening. Liquid biopsy achieves a tech-
nological leap of "minimally invasive sampling-precise
detection" by analyzing Circulating Tumor Cells (CTCs),
Cell-Free DNA (cfDNA), exosomes, and DNA methyla-
tion markers in biological samples such as blood and spu-
tum [15]. Meanwhile, Al-assisted diagnosis significantly
can improve the efficiency of LDCT image analysis and
increase the accuracy of distinguishing benign from malig-
nant nodules [16]. These technological advancements lay
a scientific foundation for establishing a novel screening
system characterized by "non-invasive but precise”.

This review aims to evaluate the limitations of tradi-
tional screening methods, and explore the breakthrough
advancements of liquid biopsy and Al technologies, and
discuss their application value. It provides an evidence-
based basis for optimizing the early lung cancer screen-
ing pathway, and helps achieve the prevention and control
goals of "early detection, early intervention, and improved
prognosis”.
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Imaging examination
Chest X-ray screening (CXR)

CXR is a crucial imaging examination method for pul-
monary diseases due to its non-invasive, inexpensive, and
easy to operate [17]. However, the CXR imaging quality
is poor and susceptible to the structure of diseased tissues,
leading to low sensitivity and a high misdiagnosis rate
[18, 19]. Consequently, it is inadequate to screen for early
lung cancer effectively [20]. In recent years, many studies
have explored integrating CXR with other diagnostic tech-
niques to enhance early lung cancer screening accuracy
such as Sachithanandan et al. preliminarily demonstrated
that integrating CXR with Al can increase early lung can-
cer screening accuracy [21]. Kwak et al. also found that
the use of Al technology in CXR can improve diagnostic
efficiency while yielding more clinically significant diag-
nostic findings [22]. Further research is necessary to deter-
mine whether the advantage of CXR can be widely used in
the early screening of lung cancer.

Low-dose computed tomography (LDCT) imaging

LDCT, the most commonly used imaging method for early
lung cancer screening, has a significantly higher sensi-
tivity than CXR and can accurately localize normal and
cancerous tissues in patients [5, 23]. The lung nodule
diameter measurement using LDCT is unsuitable as an
imaging biomarker for effective lung cancer risk strati-
fication. However, volume doubling time can serve as a
valuable imaging biomarker to help distinguish between
benign and malignant tissue lesions [24]. LDCT exhibits
a high detection rate for early-stage lung cancer and is
regarded as a well-recognized method for the early screen-
ing of lung cancer, which can significantly reduce mortal-
ity rates [8, 25, 26]. Ideally, lung cancer screening should
be performed annually, but this poses a significant burden
for current radiological resources [27]. Therefore, LDCT
is more appropriate to implement a lung cancer screen-
ing for high-risk populations. For example, the United
States Preventive Services Task Force (USPSTF) updated
national screening guidelines in 2021, recommending
that asymptomatic individuals aged 50-55 years, who
have a 20-pack-year smoking history, and current or for-
mer smokers who quit within 15 years, should conduct
annual LDCT screening [8]. LDCT has been demonstrated
to decrease lung cancer-related mortality by 20-24% in
two pivotal randomized clinical trials: the public National
Lung Screening Trial (NLST) and the Dutch-Belgian Lung
Cancer Screening Trial (NELSON) [28]. It can be seen

that LDCT is effective in diagnosing lung cancer and
reducing its mortality, which has become an evidence-
based reality [24]. Some studies have combined LDCT
with other lung cancer screening techniques, such as the
study conducted by Pastorino et al., who combined LDCT
with blood microRNAs (miRNAs) testing to enhance the
accuracy of early screening [29]. However, LDCT also
has some disadvantages, for instance, it involves radia-
tion exposure and high false-positive rates, Furthermore,
LDCT can lead to over-diagnosis and over-treatment due
to a high detection rate [8, 9, 30, 31]. Therefore, there are
still numerous challenges in applying LDCT for lung can-
cer screening. These challenges include determining the
specific populations that should undergo LDCT screening,
establishing appropriate screening intervals to optimize
the balance between benefits and risks, and developing
specific models to assess which types of lung imaging fea-
tures are likely to progress into lung cancer. Addressing
these scientific problems is imperative for future research.

Magnetic resonance imaging (MRI)

MRI is a non-invasive and radiation-free imaging technique
that can provide morphological and functional informa-
tion about tumors [32]. It has been reported that MRI has
a high resolution of soft tissues, which can not only show
the morphological characteristics of the diseased issues but
also accurately identify the spectrum of the diseased issues
and their spatial relationship with the adjacent tissues, espe-
cially the surrounding vasculature [33]. Consequently, MRI
demonstrates significant value in identifying the lesion sites,
differentiating the benign and malignant lesions, classifying
the pathological subtypes, identifying the tumor stage and
metastasis, and evaluating the therapeutic efficacy [34-36].
MRI demonstrates high sensitivity and specificity in detect-
ing small solid nodules. However, its efficacy is limited in
identifying certain sub-solid and pure ground-glass nodules
[37]. The diagnostic efficacy of MRI and LDCT has no dif-
ference, except for emphysema or pulmonary bulla, bronchi-
ectasis, and reticular opacities [38]. The pulmonary density
is relatively low due to the lung tissue containing gas, which
leads to weak signal intensity in MRI [39]. Consequently,
MRI is rarely used for the assessment of respiratory dis-
eases. Furthermore, the sensitivity of MRI in detecting small
lesions within lung tissue is superior to that of LDCT, which
indicates that MRI serves as a valuable complement to the
LDCT in evaluating unknown pulmonary masses [40].

Positron emission tomography-computed
tomography (PET-CT)

PET-CT is an advanced medical imaging technology
that integrates PET and CT technology, and is presently

@ Springer



212 Page 4 of 16

Clinical and Experimental Medicine (2025) 25:212

considered as an optimal functional molecular imaging
technique for diagnosing lung cancer. This approach enables
the integration of anatomical imaging with metabolic func-
tional imaging of tissues, thereby providing comprehensive
information for the physiology, pathology, and biochemical
metabolism of the tissue [41, 42]. Sun et al. demonstrated
that PET-CT exhibits a high specificity of 89% and a sensi-
tivity of 70% in distinguishing benign and malignant lung
tumors [42]. In a word, PET-CT can not only show the pri-
mary lesion of the tumors but also detect metastatic lesions
through hematogenous or lymphatic pathways, which con-
tributes to identifying the pathological nature and stage of
the tumor [43]. Tumor tissue exhibits vigorous metabolic
activity, particularly characterized by an elevated rate of gly-
colytic process [44, 45]. Therefore, metabolic imaging is
one of the most sensitive methods for the early diagnosis of
malignant tumors. PET-CT indicates that the tumor is malig-
nant when it demonstrates increased metabolic activity; con-
versely, the absence of such metabolic elevation may suggest
a benign nature [46, 47]. In addition, the metabolic informa-
tion obtained from PET-CT can provide critical guidance
in selecting optimal sites for lesion biopsy [48]. However,
PET-CT has some limitations, such as its high cost, suscepti-
bility to respiratory motion artifacts, and fluorodeoxyglucose
(FDG) metabolism not exclusive to tumor cells, resulting in
a high false-positive rate [49]. Therefore, PET-CT is not rec-
ommended for routine early lung cancer screening in large
populations.

Pathological examination

Pathological examination was regarded as a “gold standard”
for lung cancer diagnosis and can be divided into cytological
examination and histological biopsy [50, 51]. Cytological
examination primarily involves sputum cytology, whereas
histological biopsy includes bronchoscopy biopsy and per-
cutaneous lung aspiration biopsy [51].

Sputum exfoliative cytological examination

Sputum has long been recognized as an ideal medium for
early screening of lung cancer. Compared with other invasive
screening methods, sputum exfoliative cytological examina-
tion has the advantages of easy access and non-invasiveness
[52]. It was reported that lung cancer can be diagnosed if
cancerous cells are detected in sputum, with sputum cytol-
ogy being noted for its high specificity [53]. However, the
sensitivity of sputum exfoliative cytological examination for
early lung cancer screening is limited due to some factors,
such as the method of sputum collection, sputum quality,
and other variables. Consequently, it has not achieved the
anticipated efficacy in clinical application [54]. Currently,
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most studies on sputum exfoliative cytological examination
focus on exploring the clinical efficacy of combining it with
other examinations, including Al to screen early-stage lung
cancer comprehensively [52, 55]. It has also been reported
that an approach with high accuracy that combines sputum
exfoliative cytological examination by flow cytometry and
machine learning techniques for diagnosing lung cancer
[52]. In the future, it is necessary to further explore how
to apply the advantages of sputum exfoliative cytological
examination to the early screening of clinical lung cancer.

Bronchoscopic biopsy

Although LDCT screening has shown efficacy in reducing
mortality among individuals at high risk for lung cancer,
bronchoscopic biopsy exhibits significantly greater sensitiv-
ity, exceeding 95%, in diagnosing early-stage central lung
cancer [49, 56]. Consequently, bronchoscopic biopsy is con-
sidered as an optimal screening tool for the early detection
of central lung cancer. Bronchoscopy encompasses conven-
tional White Light Bronchoscopy (WLB), and newly devel-
oped bronchoscopic techniques such as Autofluorescence
Bronchoscopy (AFB) and Narrow-Band Imaging (NBI).
Compared with ordinary WLB, AFB and NBI can signifi-
cantly improve the accuracy and sensitivity of diagnosis
[57, 58]. Particularly, AFB exhibits superior sensitivity in
the detection of hyperplasia and chemosis compared to spu-
tum cytology. Numerous studies reported that AFB can be
effectively utilized in high-risk patients regardless of sputum
cytology outcomes [53]. However, AFB has not been widely
accepted, primarily due to the necessity for special equip-
ment and the high cost [59]. NBI demonstrates superior effi-
cacy compared to WLB in detecting early-stage and invasive
lung cancer [49]. This research datum shows that NBI holds
greater potential for development in the early detection of
lung cancer. Some studies have also found that Transbron-
chial Needle Aspiration (TBNA) significantly enhances the
detection rate of lung cancer [60]. However, this technique
primarily utilizes suction-generated negative pressure to
obtain tissue samples, which may exacerbate local tissue
damage and carries a potential risk of concurrent infection
[61]. Consequently, implementing bronchoscopic biopsy for
the early screening of lung cancer on a large scale remains
challenging in practical applications.

Ultrasound or CT-guided percutaneous lung
aspiration biopsy

Ultrasound or CT-guided percutaneous lung aspiration
biopsy, currently recognized as the "gold standard" for
determining the benign or malignant characteristics of lung
masses, is primarily utilized to diagnose advanced-stage
lung cancer [11]. However, the puncture is an invasive
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examination, and tumor heterogeneity exists within and
between tumors, which leads to poor reproducibility of
results [51]. Additionally, puncture may also induce seri-
ous complications, such as hemorrhage and pneumothorax,
making it difficult to apply for early screening of clinical
lung cancer [62—-64]. Numerous researchers are still explor-
ing the factors contributing to serious complications induced
by puncture and seeking the optimal solution to enhance the
clinical value of this technique [12, 65]. In summary, percu-
taneous lung aspiration biopsy is mainly used for diagnos-
ing advanced-stage lung cancer; however, its application in
large-scale early lung cancer screening continues to present
challenges.

Commonly used serum diagnostic marker
in clinical practice

Imaging examinations have limitations such as high false-
positive rates and over-diagnosis, while pathological biop-
sies are invasive, rendering them unsuitable for screening
in large populations [8, 60, 66]. In contrast, liquid biopsy is
a non-invasive alternative that can identify cancer-related
biomarkers in peripheral blood and can be performed repeat-
edly at multiple time points, with the potential to determine
spatiotemporal heterogeneity [67]. The detection of com-
monly used serum tumor markers and seven TAAbs are
crucial assistive technique for early lung cancer screening
in clinical practice. When integrated with the LDCT, these
approaches can increase the accuracy of early-stage lung
cancer screening [68, 69].

Serum tumor markers

Serum tumor markers are relatively specific substances
produced by tumor cells [70]. Elevated expression levels
of tumor markers may partially indicate the presence of
tumors within the body and serve as valuable observational
indicators for evaluating therapeutic efficacy and prognos-
tic outcomes [13]. At present, the serum tumor markers of
lung cancer routinely detected in clinical practice primarily
include Cytokeratin-19 Fragment Antigen 21-1 (CYFRA
21-1), Carcinoembryonic Antigen (CEA), Neuron-Specific
Enolase (NSE), Carbohydrate Antigen-199 (CA-199), and
Squamous Cell Carcinoma-Associated Antigen (SCC-A)
[71-74]. CEA, a surface glycoprotein involved in cell adhe-
sion processes, is a commonly used biomarker for lung can-
cer, especially lung adenocarcinoma. However, its diagnostic
specificity is limited, as elevated CEA levels may also be
observed in colorectal cancer, breast cancer, and benign lung
tumors [75]. CYFRA21-1, a keratin intermediate filament
protein, is a critical component of the eukaryotic cytoskel-
eton. Elevated levels of CYFRA21-1 can reflect tumor

necrosis caused by aggressive growth and are associated
with poor survival rates [71]. NSE is a glycolytic enzyme
that is predominantly expressed in neuroendocrine tumors,
including small-cell lung cancer and large-cell neuroendo-
crine carcinoma. Elevated levels of NSE may display the
neuroendocrine characteristics of lung cancer [71]. CA-199
is mainly utilized for the diagnosis and treatment of pancre-
atic cancer; in addition, its levels are frequently elevated in
cases of lung cancer. The elevated concentration of CA-199
may indicate the progression of lung cancer [71]. SCCA is
a tumor marker used to monitor squamous cell carcinoma
and plays an important role in the diagnosis and treatment
of lung squamous cell carcinoma [76, 77]. Individual tumor
markers exhibit limited specificity in diagnosing lung can-
cer, and early lung cancer screening can be performed by
combining the detection of multiple lung cancer serum
markers. Compared with other alternative screening meth-
ods, combined detection of numerous lung cancer serum
markers has advantages such as low cost, high sensitivity,
and greater patient acceptance [78]. In contrast with Alpha-
Fetoprotein (AFP), which functions as a specific serum
biomarker for hepatocellular carcinoma, no specific serum
biomarker for early lung cancer screening currently exists
[79, 80]. Consequently, identifying and developing precise
serum markers for lung cancer holds significant prospects
in early lung cancer screening.

Seven tumor-associated antigen autoantibodies
(TAAbs)

TAAbs, which exist in the bloodstream, are immunoglob-
ulins synthesized by the immune system in response to
specific antigens expressed on tumor cells. TAAb can be
identified after being released into the circulatory peripheral
blood [81]. The common seven TAAbs include Tumor Sup-
pressor Gene p53 (p53), Protein Gene Product 9.5 (PGP9.5),
Sex-Determining Region Y Box2 (SOX2), Globoside Bind-
ing Unit 4-5 (GBU4-5), Melanoma Antigen A1 (MAGE
Al), Cancer-Associated Gene (CAGE), and G Antigen 7
(GAGE7) [69, 82—-84]. TAAbs have the following charac-
teristics: They already exist before imaging diagnosis; their
levels are significantly elevated in patients with lung cancer
compared to healthy individuals; they possess a long half-
life and remain stable in serum [85-88]. However, the use of
a single TAAD alone is insufficient for the accurate screening
of early-stage lung cancer. Interestingly, the sensitivity of
the combined detection of seven TAAbs is much higher than
that of a single TAAb detection, indicating that the com-
bined detection of TAAbs holds substantial clinical value
and prospects for early lung cancer screening [86]. In addi-
tion, a large number of studies have revealed that the com-
bination detection of seven TAAbs and LDCT significantly
enhances the sensitivity for early screening of lung cancer
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[69]. Nevertheless, the elevated false-positive rate associated
with LDCT warrants further consideration [14]. Therefore, it
is imperative to investigate a detection methodology that is
more compatible with the integrated detection of the seven
TAADbs and has higher accuracy in the future applications.

Research advances in novel liquid biopsy
approaches

Current methodologies for early lung cancer screening
exhibit certain limitations in practical application. Recent
studies have increasingly employed liquid biopsy techniques
to identify effective biomarkers for the early detection of
lung cancer [15, 89]. Liquid biopsy techniques, including
Circulating Tumor Cells (CTCs), Cell-Free DNA (cfDNA),
exosomes, and DNA methylation, are increasingly gaining
prominence [2]. These liquid biopsy approaches provide
comprehensive information into the genomic, transcrip-
tomic, and proteomic landscapes of tumors, thereby play-
ing pivotal roles in early diagnosis and therapeutic strategies
[15].

Circulating tumor cells (CTCs)

CTCs are neoplastic cells derived from either the primary
tumor or metastatic sites and subsequently enter the circula-
tory system [90]. In healthy individuals, CTCs barely exist
in the bloodstream. In contrast, patients with solid tumors
exhibit approximately one CTC per 10°~107 leukocytes [91].
The morphology of CTCs is similar to that of primary tumor
cells. Nonetheless, CTCs possess the Epithelial-Mesenchy-
mal Transition (EMT) characteristic, facilitating their dis-
sociation from the primary tumor site and entry into the
periphery bloodstream, subsequently forming secondary
tumors at new metastatic sites [92]. Therefore, the capture
of CTCs holds significant importance for the early diag-
nosis of cancer [93]. Nevertheless, the content of CTCs
is extremely low in peripheral blood, and it is challenging
to separate CTCs from many circulating peripheral blood
cells directly [94]. Traditional CTC separation technologies
have been significantly impacted by challenges such as cell
viability and fragility, leading to poor separation efficacy.
But the recent breakthroughs in the molecular/morphology/
immunology-based characterization of CTCs aim at can-
cer precision medicine through a “virtual and a real-time
biopsy,” empowering them to be a minimally-manipulated
ones for cancer clinical research [95]. With the continuous
innovation and improvement of current separation technolo-
gies, CTCs are expected to serve as predictive biomarkers
for practical early screening of lung cancer in clinical set-
tings in the near future.
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Circulating free DNA (cfDNA)

cfDNA refers to DNA fragments released by cancer cells
during apoptosis, necrosis, or active secretion of cancer
cells, and is widely present in body fluids such as peripheral
blood and urine [89, 96]. It has been reported that the con-
tent of cfDNA in the serum of patients with tumors, includ-
ing lung cancer, is markedly elevated compared to that in
healthy individuals [97, 98]. The detection of cfDNA is non-
invasive and exhibits high sensitivity, making it a promising
biomarker for early lung cancer screening [99]. The primary
techniques for cfDNA detection include Polymerase Chain
Reaction (PCR) and Next-Generation Sequencing (NGS),
with NGS being particularly noted for its high sensitiv-
ity and large throughput, thus establishing it as an effec-
tive analytical method [100]. In addition to evaluating the
fundamental information of cfDNA, including concentra-
tion, integrity, and fragment length, the current study also
assessed the methylation level of cfDNA, which provides
clues for early screening of lung cancer by comparing the
cfDNA profiles between lung cancer patients and a healthy
control group [101-103]. The sensitivity of cfDNA testing is
influenced by various pre-analytic and post-analytic factors.
Current studies often fail to adequately control pre-analytical
variables, resulting in a lack of reliability. Addressing this
issue is essential for extending the application of cfDNA
testing to clinical screening [104].

Exosomes

Exosomes are intracellular vesicles ranging from 30 to
150 nm in size, secreted by various cell types, and widely
exist in numerous body fluids, including plasma, saliva,
urine, breast milk, and so on [105]. These vesicles carry
specific biological information, such as proteins, lipids,
DNA, and RNA (mRNA and non-coding RNA), and play
an important role in intercellular communication processes
[106-108]. KHAN et al. found that the contents of Lung
Cancer Cells-Derived Exosomes (LCCDE) differed from
those of healthy individuals, and the exosomes present in the
peripheral blood of lung cancer patients exhibited elevated
expression levels of various miRNAs [106]. In addition,
LCCDE can modulate the tumor micro environment and
the physiological functions of adjacent tissue cells, thereby
influencing the progression and metastasis of lung cancer.
These exosomes can also regulate the anti-tumor immune
response to help cancer cells evade the host immune sys-
tem [109-111]. The above studies indicate that LCCDE
represents a promising candidate biomarker for lung cancer
screening and prognosis. Moreover, exosomes are stable and
have vesicle-coating properties, which may serve as drug
delivery carriers, thereby expanding the prospects for their
application in lung cancer treatment [49]. Nevertheless, the
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efficient extraction and purification of exosomes remain
challenging due to their nanometer-scale size, it needs to be
further solved in the future [112].

DNA methylation

DNA methylation refers to the Methyl Group (CH;) cova-
lently integrated into the C-5 position of cytosine within
Cytosine—Phosphate—Guanine (CpG) dinucleotides in the
genomic DNA by DNA Methyltransferase (DNMT) [113].
DNA methylation is a prevalent epigenetic modification,
and dysregulation of DNA methylation is implicated in the
pathogenesis of numerous diseases, notably cancer [114].
Among them, high methylation levels of tumor suppressor
genes or low methylation levels of oncogenes are impor-
tant to promote tumor occurrence and development [115].
Therefore, analyzing the abnormal DNA methylation lev-
els of tumor suppressor genes or oncogenes may provide
valuable information for early lung cancer screening. For
instance, Liang W et al. developed a diagnostic model based
on DNA methylation sequencing to identify patients with
pulmonary nodules, and the results showed that DNA meth-
ylation analysis was superior to PET-CT in distinguishing
between benign and malignant pulmonary nodules [116].
Non-invasive DNA methylation detection holds significant
potential for clinical benefits and may develop as an effec-
tive early diagnostic tool for lung cancer in the future [117].
However, the absence of standardized detection methodolo-
gies for DNA methylation is a limiting factor in its applica-
tion for early screening and diagnosis of lung cancer [118].
This issue needs to be further addressed in the future.

Other liquid biopsy components

In addition to the aforementioned novel markers, numerous
other potentially valuable liquid biopsy components have
also been studied in recent years. These include miRNAs,
which can regulate the expression of specific target genes;
Long Non-Coding RNAs (IncRNAs), which can influence
epigenetic and post-transcriptional regulation; Circular
RNAs (circRNAs), which can regulate gene expression at
the pre-transcriptional, post-transcriptional, and transla-
tional levels [119—-121]. Non-coding RNAs such as miRNAs,
IncRNAs, and circRNAs are widely present in various body
fluids in the human body and are easily accessible and non-
invasive. They can affect the proliferation and metastasis
of tumor cells through multiple pathways [70]. Numerous
studies have shown that these liquid biopsy components pos-
sess significant diagnostic potential for lung cancer, whether
used independently or in combination with other detection
techniques, they hold considerable prospects for early lung
cancer screening [2, 122, 123]. However, due to the inher-
ent instability of RNA in blood and its rapid degradation by

RNases present in the bloodstream or external environment,
developing techniques to preserve its stability over extended
periods remains a significant challenge that needs further
addressing [124].

Artificial intelligence (Al)

Al is a branch of computer science that includes research in
robotics, language recognition, image recognition, natural
language processing, and expert systems [125]. Al algo-
rithms, including Natural Language Processing (NLP),
machine learning, deep learning, and reinforcement learn-
ing, play an important role in lung cancer imaging [126,
127]. Pulmonary nodules are frequently identified during
physical examinations. Although most lung nodules are
benign, the incidence of early-stage malignant lung tumors
remains substantial, particularly for lung nodules exceeding
3 cm in diameter [128, 129]. Radiologists should accurately
distinguish benign and malignant nodules after detecting
them by imaging examination, and provide strategies for
the subsequent treatment. However, identifying benign and
malignant nodules usually relies on pathological examina-
tion. Recent literature has reported that Al can quickly locate
suspicious nodules and provide accurate diagnostics, thereby
reducing misdiagnoses and missed diagnoses [16, 130].
Various Computer-Aided Diagnosis (CAD) tools have been
developed to assist radiologists in the early detection and
identification of suspicious nodules, as well as in the assess-
ment of their malignancy [126, 131, 132]. Several studies
have indicated that radiologists exhibit a true-positive rate
of 46.53% in detecting pulmonary nodules via CT scans,
which is lower than 98.54% by combining CT and Al tech-
nology. The discrepancy is primarily attributed to the fact
that radiologists could miss certain micro-nodules and atypi-
cal nodules in the lung [133]. Therefore, Al can contribute
to elevating the true-positive rate of lung nodule diagnosis.

Furthermore, Al facilitates the pathological classification
of lung cancer. Still, there are some limitations in the appli-
cation of Al in pathology, such as the lack of standardized
procedures for specimen handling and slide staining, as well
as the absence of an authoritative lung cancer pathologi-
cal image database, these deficiencies may adversely affect
the diagnostic accuracy of Al systems [126]. In addition,
in terms of explainability, Al is deficient in conducting
comprehensive outcomes analyses and cannot explain pre-
cise disease mechanisms like a specialist doctor [27, 126].
Consequently, significant advancements are required before
Al technology can fully replace medical professionals. In a
word, Al technology has improved the efficiency of early
screening and diagnosis of lung cancer and presents promis-
ing potential applications in the future.
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Imaging examination (including CXR, LDCT, MRI,
and PET-CT) and pathological examination (including
sputum exfoliative cytological examination, bronchoscopic
biopsy, ultrasound or CT-guided percutaneous lung aspira-
tion biopsy) are depicted in Fig. 1. Commonly used serum
tumor markers (such as CYFRA 21-1, CEA, NSE, CA-199,
and SCC-A) and TAAbs are shown in Fig. 2. Novel liquid
biopsy methods (such as CTCs, cfDNA, exosomes, and
DNA methylation alteration), as well as the characteris-
tics of Al are also depicted in Fig. 2. Table 1 summarizes
and lists the advantages and disadvantages of the above
screening techniques.
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Fig. 1 Imaging examination, pathological examination, and Al for
lung cancer screening techniques. The figure depicts two types of tra-
ditional lung cancer screening technologies: imaging examination and
pathological examination. Imaging examination is important for diag-
nosing lung diseases, and it mainly includes CXR, LDCT, MRI, and
PET-CT. Among them, CXR has the advantages of being non-inva-
sive, inexpensive, and easy to operate, but it has poor sensitivity and
a high misdiagnosis rate. LDCT, the most commonly used imaging
method for early lung cancer screening, can reduce the mortality rate
of lung cancer. However, LDCT also causes radiation exposure and a
high false-positive rate, so the high-risk group of lung cancer should
be identified before LDCT application. MRI is non-invasive and radi-
ation-free; it can provide both morphological and functional informa-
tion about tumors and has a high resolution of soft tissues. PET-CT
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Discussion

Compared with existing reviews on early lung cancer screen-
ing, this review systematically outlines the limitations of tra-
ditional technologies, including imaging examinations (e.g.,
LDCT and PET-CT), tissue biopsies (e.g., bronchoscopy and
TBNA), and conventional tumor markers, while focusing on
the "high invasion and low accuracy" technical bottleneck.
We deeply analyze the breakthrough progress of novel lig-
uid biopsy technologies (e.g., cfDNA and DNA methyla-
tion testing) in non-invasiveness and diagnostic efficacy. The
review also demonstrates that novel liquid biopsies, such as
capturing circulating tumor components, can enhance sen-
sitivity compared to traditional screen technologies, while
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rd procedures

enables the integration of anatomical imaging with metabolic func-
tional imaging of tissues, thereby providing comprehensive informa-
tion for the physiology, pathology, and biochemical metabolism of
the tissue. Meanwhile, PET-CT has some limitations, such as its high
cost, susceptibility to respiratory motion artifacts, and high false-pos-
itive rate. Pathological examination can be divided into sputum exfo-
liative cytology, bronchoscopic biopsy, and ultrasound or CT-guided
percutaneous lung aspiration biopsy. Among them, sputum exfolia-
tive cytology is convenient and non-invasive. The ultrasound or CT-
guided percutaneous lung aspiration biopsy is the “gold standard” for
determining benign or malignant characteristics of lung masses. Still,
it is invasive, similar to the bronchoscopic biopsy, which may exac-
erbate tissue damage at the biopsy site and carry a risk of concurrent
infection
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Fig.2 The commonly used serum tumor markers, TAAbs, and novel
liquid biopsy markers for lung cancer screening techniques. This fig-
ure summarizes the commonly used serum tumor markers, TAAbs,
and novel liquid biopsy markers. The left part of the figure shows
the commonly used clinical tumor biomarkers and seven types of
TAAbs. The serum markers that are routinely detected for lung can-
cer include CYFRA 21-1, CEA, NSE, CA-199, and SCC-A. Early
lung cancer screening can be performed by the combined detection
of multiple lung cancer serum markers, with some advantages such
as low cost, high sensitivity, and greater patient acceptance. TAAbs
are immunoglobulins produced by the immune system in response to
specific antigens expressed on tumor cells, which possess a long half-
life and remain stable in the serum. Seven types of TAAbs include
p53, PGP9.5, SOX2, GAGE7, GBU4-5, MAGE Al, and CAGE.
Combined detection of TAAbs holds substantial clinical value and
prospects for early lung cancer screening. The right part of the figure
shows novel liquid biopsy markers, mainly including CTCs, cfDNA,
and exosomes, as well as hypermethylation of tumor suppressor genes

or hypomethylation of oncogenes. Among them, CTCs are tumor
cells that are shed from primary tumors or metastatic sites and enter
into the blood circulation, and they are almost absent in healthy indi-
viduals. cfDNA is a DNA fragment released by cancer cells during
apoptosis, necrosis, or active secretion of cancer cells, and cfDNA
is widely present in human body fluids, such as blood, urine, and so
on. Exosomes are intracellular vesicles carrying specific biological
information such as protein, lipids, DNA, RNA, etc. The contents of
exosomes derived from lung cancer cells are significantly different
from those of normal individuals; DNA methylation disorders, such
as hypermethylation of tumor suppressor genes or hypomethylation
of oncogenes, play a critical role in cancer progression and provide
effective information for early lung cancer screening. In addition to
the aforementioned novel markers, numerous other potentially valu-
able liquid biopsy components such as miRNAs, IncRNAs, and cir-
cRNAs also played significant roles in early lung cancer screening.
The above liquid biopsy components show significant potential and
may be suitable for widespread screening in large populations
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avoiding the complications of needle biopsies. Furthermore,
this review provides a novel integration of Al-assisted diag-
nostic applications, emphasizing that deep learning tech-
niques applied to imaging features can effectively reduce the
false-positive rate of LDCT. Unlike previous reviews that
merely list screening technologies, this study further pro-
poses three development strategies: A liquid biopsy-based
pre-screening model incorporating risk factors such as age
and smoking history, which can reduce excessive imaging
examination in healthy populations; a "imaging-Al-liquid
biopsy" laddered workflow integrated with liquid biopsy
can improve diagnostic efficiency; and the development of
standardized biomarker panels (e.g., cfDNA combined with
DNA methylation profiles). These strategies are expected
to surpass the limitations of the traditional single screening
technique and provide molecular-level evidence for person-
alized screening. More importantly, the optimized strategies
of combining traditional screening methods with emerging
technologies not only offer theoretical guidance for con-
structing precise clinical screening models but also pave a
new path for early lung cancer diagnosis. Of course, this
review also has some limitations, mainly in that the proposed
comprehensive screening model of "imaging-Al-liquid
biopsy" has not been validated by large-scale clinical prac-
tice, and its applicability and operability in different medical
environments need further exploration. In the future, we will
pay attention to and carry out prospective clinical studies
to provide sufficient evidence for optimizing the early lung
cancer screening strategy.

Conclusion and perspective

The high mortality rate of lung cancer urgently demands a
breakthrough in current screening technologies to overcome
the bottleneck of “high invasiveness yet low accuracy”. This
systematic review demonstrates that conventional screening
methods, including imaging (e.g., LDCT), tissue biopsies,
and serum tumor biomarkers, have significant limitations.
In contrast, emerging liquid biopsy techniques (e.g., cfDNA
and DNA methylation assays) offer a non-invasive approach
with superior diagnostic performance, exhibiting higher sen-
sitivity than traditional serum biomarkers while eliminating
the risks associated with invasive procedures. The integra-
tion of Al-assisted diagnostics further optimizes screening
protocols. Al can utilize deep learning to analyze imaging
features, then reduce LDCT false-positive rates and signifi-
cantly improve the distinction between benign and malig-
nant nodules. The strategic combination of conventional and
novel technologies can facilitate constructing a precise and
efficient screening framework, which not only minimizes
unnecessary examination and radiation exposure in healthy
populations but also enables personalized screening through

molecular-level profiling. To translate these advancements
into clinical practice, future efforts must prioritize interdisci-
plinary collaboration (among clinical oncologists, personal-
ized medicine specialists, cellular and molecular medicine
specialists, and so on) and large-scale clinical validation.
These actions will accelerate the implementation of these
innovative strategies, ultimately enhancing early lung cancer
detection rates, improving patient outcomes. This review
provides a critical theoretical foundation for technological
innovation in lung cancer screening.
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