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Abstract

After the study of circulating tumor cells in blood through liquid biopsy (LB), this
technique has evolved to encompass the analysis of multiple materials originating
from the tumor, such as nucleic acids, extracellular vesicles, tumor-educated
platelets, and other metabolites. Additionally, research has extended to include
the examination of samples other than blood or plasma, such as saliva, gastric
juice, urine, or stool. LB techniques are diverse, intricate, and variable. They must
be highly sensitive, and pre-analytical, patient, and tumor-related factors
significantly influence the detection threshold, diagnostic method selection, and
potential results. Consequently, the implementation of LB in clinical practice still
faces several challenges. The potential applications of LB range from early cancer
detection to guiding targeted therapy or immunotherapy in both early and
advanced cancer cases, monitoring treatment response, early identification of
relapses, or assessing patient risk. On the other hand, gastric cancer (GC) is a
disease often diagnosed at advanced stages. Despite recent advances in molecular
understanding, the currently available treatment options have not substantially
improved the prognosis for many of these patients. The application of LB in GC
could be highly valuable as a non-invasive method for early diagnosis and for
enhancing the management and outcomes of these patients. In this comprehensive
review, from a pathologist’s perspective, we provide an overview of the main
options available in LB, delve into the fundamental principles of the most studied
techniques, explore the potential utility of LB application in the context of GC, and
address the obstacles that need to be overcome in the future to make this
innovative technique a game-changer in cancer diagnosis and treatment within
clinical practice.
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Core Tip: Liquid biopsy (LB) has the potential to revolutionize cancer diagnostics, offering reduced invasiveness and
improved understanding of tumor heterogeneity. Going beyond examining circulating tumor cells and cell-free DNA in
blood, LB studies now explore a variety of structures and non-blood samples. Despite advancements in LB for tumor
detection, prognostic assessment and treatment guidance, challenges remain, including complex and expensive techniques,
lack of standardization, and suboptimal scientific evidence. In the context of gastric cancer, LB represents a promising
approach, especially in advanced stages. This review navigates through LB intricacies, emphasizing its benefits while urging
for future improvements to achieve clinical impact.
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INTRODUCTION

Over the past few decades, remarkable technical and molecular advancements in the field of biological sciences, partic-
ularly in cancer research, have given rise to innovative techniques that improve conventional approaches. Liquid biopsy
(LB) has emerged as a groundbreaking method for detecting and analyzing specific molecules and cells in bodily fluids.
While the majority of LB studies have focused on circulating tumor cells (CTCs) or circulating tumor DNA (ctDNA) in
peripheral blood samples, other possibilities, such as the analysis of exosomes or tumor-educated platelets (TEPs), or the
utilization of non-blood samples, have come to the forefront. The primary objectives of LB in cancer encompass early
tumor diagnosis, treatment monitoring, timely detection of relapses, prognosis determination, and the identification of
therapeutic biomarkers in both early and advanced cancer cases. In contrast to conventional biopsy, LB holds the
advantages of being a minimally invasive technique that can capture the spatial and temporal tumor heterogeneity, by
reflecting various cell clones present in the body at a given moment. However, LB techniques must be highly sensitive,
and pre-analytic factors, patient and tumor features significantly impact the detection threshold, diagnostic methodology,
and potential outcomes. Additionally, LB techniques are complex, expensive, and currently lack standardization.
Consequently, the integration of LB into clinical practice faces several challenges.

On another note, gastric cancer (GC) is a disease with a poor prognosis, particularly in Western countries. Significant
differences exist between Western and Asian patients, with GC being more prevalent in Asian countries. Geographic
variability has been also observed in clinical, histological, prognostic, molecular and treatment response factors. While
some high-incidence countries like Japan and Korea have implemented screening strategies that improve patient
prognosis, these techniques are not considered to be cost-effective in Western countries, leading to the detection of most
cases at late stages. Furthermore, recent advances in molecular pathology and targeted therapies have not significantly
influenced the prognosis of GC patients. Therefore, there is a need to facilitate early diagnosis, improve patient selection
for various treatments, and identify new therapeutically relevant biomarkers. In this scenario, the application of LB holds
great potential for GC. Previous studies have assessed the utility of analyzing CTCs, ctDNA, and other molecules in
peripheral blood samples from GC patients in different contexts. The potential value of using non-blood samples, such as
gastric juice or urine, is also under investigation.

In this comprehensive review, from a pathologist’s perspective, we provide an overview of the main options available
in LB. We delve into the fundamental principles of the most studied techniques, explore the potential utility of LB in GC,
and address the obstacles that need to be overcome in the future to make this innovative technique a game-changer in
cancer diagnosis and treatment within clinical practice.

DEFINITION

LB is a term commonly used to refer to the detection and analysis of circulating DNA or cells in peripheral blood.
However, it encompasses laboratory examinations of various bodily fluids, and includes the detection of diverse tumor-
associated structures[1] (Figure 1).

Consequently, LB can be applicable to fluids such as blood, serum, plasma, urine, sputum, or cerebrospinal fluid. In
addition, it enables the identification of CTCs, cell-free DNA (cfDNA), ctDNA, cell-free RNA (cfRNA), long non-coding
RNA (IncRNA), microRNA (miRNA), extracellular vesicles, TEPs, proteins, or metabolites[2].
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Figure 1 Key specimens, analyzable structures, and information obtained through liquid biopsy techniques. Citation: The authors have
obtained permission to use the figure from BioRender.com (Supplementary material)[210].

HISTORICAL OVERVIEW

Exploring the theoretical foundations of LB reveals its historical roots in ancient Greece, where the belief in the diagnostic
potential of bodily fluids was prevalent[3]. Notably, in the 5th century B.C., Hippocrates formulated the humoral theory,
linking the onset of disease to imbalances among the four humors of the body[4].

Moving closer to the present, the subspecialty of cytology emerged in the 19th century in the field of pathology.
Cytology involves the analysis of fluids for diagnostic purposes, as opposed to the use of “solid” tissue fragments in
conventional histology. Exfoliative and aspiration cytology are the two primary branches[5] (Figure 2).

The evolution of cytology in pathology parallels advances in cancer knowledge: originally a tool for morphological
diagnosis under an optical microscope, it has become instrumental in the morphological-molecular diagnosis[6]. Despite
some overlap between cytology, when employed for current molecular diagnostic purposes, and LB, key distinctions
arise. Notably, blood, plasma, or serum samples are not typical subjects of cytological studies. Moreover, cytology enables
the correlation of findings from complementary techniques (molecular, immunohistochemical, or histochemical) with the
microscopic morphology of the cells present in the sample. Additionally, detection procedures in LB should exhibit
heightened sensitivity, owing to the scarcity of target molecules or cells in LB samples.

Narrowing the focus to the field of LB, its foundational contributions can be attributed to Dr. Thomas Ashworth in
1869. In that year, a study discovered the existence of CTCs in the plasma of a patient with metastatic cancer[7]. Sub-
sequent observations highlighted the prognostic value of CTCs in oncology, their presence in early-stage tumors, and
their potential utility in guiding patient prognosis or treatment[8]. The first commercial approval for CTC utilization in
clinical practice materialized in 2004, with the United States Food and Drug Administration (FDA) endorsing the
CellSearch® platform for isolating and enumerating CTCs in metastatic breast cancer patients. This approval extended in
2007 and 2008 to encompass patients with colorectal and prostate cancer[9]. While the CellSearch® system remained the
sole entity granted for capturing CTCs until 2022, other technologies, such as the Parsortix® PC1 system, have recently
garnered approval[10].

The analysis of nucleic acids in blood was addressed later, beginning with ¢fDNA. The first detection of this molecule
in plasma occurred in 1948[11]. Decades later, it was observed that the amount of cfDNA is higher in cancer patients, and
it was confirmed that these molecules could originate from tumor cells. In the 1990s, a significant stride was made as
mutations began to be discerned using cfDNA extracted from blood and other samples of patients with solid and hemato-
logical tumors, followed by the performance of methylation studies[12]. Clinical determination of genetic alterations in
cfDNA became possible in 2005, but it was not until 2014 and 2016 that cfDNA-based mutational tests secured approval
from two pivotal international regulatory bodies: European Medicines Agency (EMA) and FDA. In 2014, the EMA
authorized the identification of EGFR mutations in cfDNA extracted from blood samples of lung carcinoma patients, with
the aim of guiding gefitinib treatment when no tissue sample was available[13]. In 2016, the FDA approved the detection
of specific EGFR mutations in blood samples to facilitate patient selection for erlotinib treatment[14]. Simultaneously, in
2016, the use of cfDNA was approved to detect the EGFR T790M mutation and guide treatment with osimertinib in lung
cancer patients[15].
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Figure 2 Main branches of cytology. A: Exfoliative cytology; the study of cells shed from body surfaces, collected either spontaneously or mechanically; B:
Aspiration cytology; analysis of fluids obtained via fine-needle aspiration, from both superficial and deep tissues, with or without image-guided control. Image created
by Tony Punk (contacto@tonypunk.es).

ADVANTAGES AND DISADVANTAGES OF LB

Advantages

LB offers notable advantages, including: (1) The non/minimal invasiveness of the technique; (2) the ability to investigate
both the spatial and temporal heterogeneity of tumors; and (3) the possibility of conducting serial studies[16].
Considering the molecular divergence between primary tumors and various metastatic sites, it is advisable to study the
profile of each of them[17]. This approach proves particularly valuable in patients with already diagnosed primary
tumors and metastatic lesions in challenging locations, in order to tailor specific treatments for each cell subclone and
enhance the likelihood of eradicating all tumor cells in the body.

Disadvantages

However, LB is not without its drawbacks. A significant limitation arises from the substantial methodological variability
observed across different studies, hindering the standardization of LB procedures and the comparison of research results.
Further exploration of these disadvantages is provided in the section addressing “future challenges”.

TYPES OF DETERMINATION AND TECHNICAL FOUNDATIONS

As previously mentioned, LB can analyze CTCs, circulating nucleic acids, extracellular vesicles, TEPs, proteins, or
metabolites[2]. Among these, the most studied structures are CTCs and cfDNA.

CTCs
Metastases are the leading cause of therapeutic failure and cancer-related deaths. The metastatic process involves the
steps depicted in Figure 3[18,19].

CTCs are tumor cells that detach from the primary tumor and circulate in the blood. They generally constitute a very
small percentage of blood-circulating cells, which are predominantly leukocytes[20]. Remarkably, CTCs are considered as
rare as one in a billion circulating cells[21]. Furthermore, only a small percentage of these cells will survive and give rise

to metastases, underscoring the crucial interaction between the blood and metastatic niche microenvironment and CTCs
[22].

Blood circulation and interaction with immune cells: CTCs circulate in the peripheral blood both individually and in
clusters, and can interact with various immune cells. This interaction may protect CTCs from the aggressive blood
microenvironment and promote their survival, proliferation, migratory capacity, and metastatic potential[23].

Interaction with neutrophils: Neutrophils are the most abundant leukocytes in the blood. The CTC-neutrophil
interaction can support tumor progression, either through direct neutrophil-CTC interaction (via adhesion molecules) or
indirectly, through the release of certain substances or the formation of structures by neutrophils, including neutrophil
extracellular traps (NETs)[24,25].

Interaction with macrophages: In vitro studies have shown that the interaction between CTCs and circulating
monocytes in the blood can promote their differentiation into macrophages, the secretion of various mediators for
leukocyte recruitment, and the migration and invasiveness of CTCs[26]. Moreover, this interaction may enhance the
intravasation of CTCs and epithelial-mesenchymal transition (EMT), boosting tumor heterogeneity and improving the
metastatic potential of CTCs[27].
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Figure 3 Metastatic process. (1) Local invasion of tumor cells into adjacent tissues; (2) intravasation; (3) transportation and survival through the blood as
circulating tumor cells; (4) extravasation; and (5) colonization, survival, and growth in distant organs until detectable metastases develop. Citation: The authors have
obtained permission to use the figure from BioRender.com (Supplementary material)[210].

Interaction with platelets: Activated circulating platelets promote the survival of CTCs and their colonization and
growth in secondary sites[28]. CTC-platelet aggregates appear to protect CTCs from mechanical stress and NK cells[29].
Additionally, CTC-platelet interactions can promote vascular permeability and CTC adhesion to endothelial cells,
facilitating tumor extravasation to metastatic locations[30].

Interaction with myeloid-derived suppressor cells (MDSCs): MDSCs have immunosuppressive and metastasis-
promoting capabilities. The MDSC-CTC interaction seems to help CTCs evade T-cell-mediated responses and promote
their proliferation[31].

Interaction with cancer-associated fibroblasts (CAFs): Preliminary studies indicate that CTCs can transport CAFs to

metastatic locations, and CAFs could protect CTCs from mechanical stress and promote their survival, invasion, and EMT
[32,33].

Isolation and detection: As mentioned earlier, CTCs are extremely rare, occurring at a frequency of approximately 1 in a
billion peripheral blood cells. This poses a significant technological challenge for their isolation. Advances in detection
techniques, as reflected in recent studies, are anticipated to continue progressing[9,23]. Due to their scarcity, enrichment
strategies become essential for separating CTCs from blood cells, enabling the acquisition of a CTC-enriched fraction for
CTC purification or downstream analyses.

For the isolation and detection of CTCs, various methods have traditionally been employed, including physical
methods based on density, deformability, or cell size, magnetic techniques, or immune-based methods[34] (Figure 4). In
addition to antibody-based strategies, other techniques such as fluorescence in situ hybridization, cytometric methods, or
nucleic acid-based detection (RT-qPCR) can be utilized for CTC detection. Many systems combine these approaches to
directly isolate and detect CTCs. These methods can also be categorized as “negative” if they remove immune cells to
isolate CTCs or “positive” if they actively select CTCs[35].

It is crucial to note that while the immune positive approach is commonly used, it comes with limitations. The primary
challenge lies in the potential loss of CTCs, as a significant number may lose EpCAM expression, due to the EMT
phenomenon, the acquisition of stemness features or a histologic type-dependent decrease in expression[36-39]. To
overcome this limitation, antigen-based negative methods can be employed, including antibodies to identify blood cells
such as CD45. Moreover, novel platforms utilizing microfluidics and/or nanomaterials have emerged[40]. Examples
include CTC-iChip, which combines leukocyte marking with antibodies and cell selection based on size, enhancing CTC
purity and viability[41]. The main challenges for these new systems lie in their long analysis time and high cost,
prompting efforts to automate the process and to reduce costs in subsequent studies[42-45].

Main applications of the study of CTCs: Initially, CTC isolation platforms were used to detect the presence or absence of
CTCs in blood, count them, and correlate these counts with patient prognosis or treatment response. For instance, in the
years 2004, 2007 and 2008, the CellSearch® system was approved for determining the prognosis of metastatic breast,
colorectal and prostate cancer patients, respectively[9] (Figure 5). The identification and enumeration of CTCs in
peripheral blood was associated with decreased progression-free and overall survival (OS) in various studies[46,47].
Subsequently, technological advances enabled the study of the genome, transcriptome, and proteome of CTCs. In 2022,
the FDA approved the use of the Parsortix® PC1 platform for isolating CTCs in patients with metastatic breast cancer,
allowing downstream analysis using validated molecular techniques[10] (Figure 6). This approval specifically pertained
to CTC enrichment, and it did not include the identification and enumeration of CTCs with prognostic or patient
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Figure 4 Principal methods developed for the isolation and detection of circulating tumor cells. CTCs: Circulating tumor cells. Citation: The
authors have obtained permission to use the figure from BioRender.com (Supplementary material)[210].
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Figure 5 CellSearch® platform. The system analyzes a 7.5 mL blood sample using a ferrofluidic capture reagent, immunofluorescent reagents, and a magnetic
field. The ferrofluid reagent comprises a magnetic core surrounded by a polymer layer coated with EpCAM antibodies to capture circulating tumor cells. Fluorescent
reagents (CK-PE, DAPI, and anti-CD45) are added, and the sample is loaded into a cartridge within a strong magnetic field. The platform scans the surface of the
cartridge, acquires images, and presents them in a gallery format for final classification. Citation: The authors have obtained permission to use the figure from
BioRender.com (Supplementary material)[210].

management purposes. Characterizing and analyzing isolated CTCs can be useful for diagnosis, prognosis determination,
treatment response, patient management, and for identifying clinically relevant CTC subtypes, as seen in previous studies
including patients with lung, breast, colorectal, hepatocellular, prostate cancer or melanoma[48-57]. Interestingly,
differences have been observed between the genomic, transcriptomic, and proteomic profiles of the primary tumor and
CTCs[58].

Advantages and disadvantages of CTCs: Studying CTCs within the context of LB presents several advantages over
investigating other cells or molecules[23]. Firstly, as CTCs are considered pre-metastatic populations, delving into their
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Figure 6 Parsortix® PC1 system. This platform is a physical method for detecting circulating tumor cells from a blood sample, suitable for subsequent user-
validated downstream analyses. It incorporates single-use cell separation cassettes, allowing blood to pass through until reaching a critical gap where circulating
tumor cells are captured. Citation: The authors have obtained permission to use the figure from BioRender.com (Supplementary material)[210].

study has the potential to significantly enhance our comprehension of the cancer life cycle and the development of
metastases. Secondly, CTCs provide an opportunity for cell cultures or can be implanted in mice to establish tumor
models, thereby greatly facilitating the personalization of treatment[59].

However, the challenges in analyzing CTCs in blood lie in their scarcity, the absence of entirely sensitive and specific
markers for their detection, the difficulty in obtaining viable cells for culture, and the lack of standardization, in addition
to high associated costs and large processing times[60,61].

Addressing the first obstacle necessitates the development and enhancement of highly precise technologies for both
isolating and detecting CTCs and subsequently analyzing them. As for the second challenge, rescuing the inadequate
isolation of CTCs by EpCAM-based technologies is feasible by incorporating both epithelial and mesenchymal cancer
markers, or by using marker-independent detection methods[62,63]. The utilization of mesenchymal markers alongside
epithelial markers offers the potential to identify distinct CTC populations. Despite the drawback of including circulating
mesenchymal cells associated with the tumor as CTCs, some studies suggest that these cells also correlate to patient
prognosis and enhance the metastatic potential of CTCs[64]. Concerning the third challenge, most platforms currently in
use fail to yield cells suitable for culturing or mouse models due to processes that compromise their viability, primarily
during cell labeling and immobilization. Certain technologies, however, enable the retrieval of cells with enhanced
viability for subsequent studies[41]. As for the fourth challenge, it is foreseeable that these techniques will evolve, become
more automated, and undergo standardization in the coming years. In this process, digital pathology could play an
essential role[61].

cfDNA/ctDNA

cfDNA consists of double-stranded DNA fragments found in bodily fluids, originating from both normal and
pathological cells[65]. cfDNA typically circulates bound to proteins that shield it from degradation, and it primarily arises
from cell death phenomena, including necrosis and apoptosis. Other significant sources of cfDNA include NETosis or
extracellular vesicles[66-68]. Elevated levels of cfDNA have been observed in patients with benign lesions, inflammatory
diseases, or tissue trauma[69]. cfDNA also holds value in the non-invasive prenatal diagnosis of fetal genetic diseases, as
a percentage of fetal DNA is present in the peripheral blood of pregnant women[70]. In cancer patients, fDNA comprises
a mixture of DNA from normal cells and, theoretically, DNA from different tumor subclones and locations, forming
ctDNA[71]. Moreover, the presence of cell-free mitochondrial DNA circulating as small fragments has been identified,
correlating with the severity of physical or psychological trauma, cancer detection and burden, as well as the occurrence
and severity of other diseases[72,73].

Origin and characteristics: According to previous studies, the majority of circulating cfDNA fragments in blood are 150-
180 base pairs long, aligning with the DNA content of a nucleosome[74]. The relationship between fragment length and
the presence or absence of cancer is contradictory. In various cancer types, both an increase and a decrease in cfDNA
integrity have been observed. Generally, it is accepted that ctDNA is more fragmented than cfDNA. Some studies have
shown that ctDNA is longer in tumors with a high necrotic rate and shorter in cases with increased apoptosis[75,76].

The percentage of cfDNA is typically low but varies among patients. This percentage is higher in cancer patients, yet,
in most cases, it remains below 100 ng/mL. Additionally, in most cancer patients the majority of cfDNA comes from non-
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tumor cells, including both blood cells and infiltrating non-tumor cells[77]. The reported range of ctDNA relative to
cfDNA varies between < 0.5% to 95.0%, being lower in early stages (around 1%) and higher in advanced stages (up to
40%)[78-80]. This percentage varies not only with disease burden but also with features such as proliferation and
apoptosis rates, necrosis, inflammation, tumor microenvironment, patient and treatment-related factors.

Finally, cfDNA undergoes rapid turnover, resulting in a very short half-life. Pioneering studies in pregnant women
observed that fetal cfDNA in maternal blood has a half-life of approximately 15 min post-partum, becoming undetectable
after 2 h[81]. Currently, cfDNA is considered to undergo a two-phase clearance, with a rapid phase within the first 10 min
to the first hour and a slow phase with a half-life of 13 h. However, in cancer patients, the half-life of ctDNA seems to be
less than 2 h[82].

Main applications of ctDNA analyses: As observed with CTCs, ctDNA has multiple potential clinical applications,
including screening, characterizing early disease, detecting molecular residual disease (MRD), predicting relapses,
genotyping advanced cancer, early assessment of treatment efficacy, monitoring response, and identifying mechanisms of
resistance to therapy.

To date, the FDA has approved several ctDNA-based companion diagnostic assays for the safe and effective use of
various targeted therapies, mainly in metastatic tumors[83]. These indications include PCR-based techniques for
detecting EGFR or PIK3CA alterations in NSCLC and breast cancer, respectively, as well as the use of next-generation
sequencing (NGS) platforms in various cancers, such as metastatic breast, prostate, lung, or ovarian carcinomas.
However, a key limitation of currently FDA-approved ctDNA-based assays is that a proportion of patients with
mutation-positive tumors in tissue-based testing may not be detected[84].

Ongoing studies aim to validate the analysis of ctDNA in early-stage patients and other clinical contexts, exploring
additional genetic alterations and applications beyond specific drug treatments in metastatic patients. For example, in
early stages, the detection of MRD can prove valuable in identifying patients at risk of relapse and tailoring treatment
accordingly. Across different tumor types, the use of ctDNA has shown high positive predictive value with an acceptable
negative predictive value[85,86]. Interestingly, serial ctDNA determinations can enhance the sensitivity of MRD
detection. Additionally, relapse can be detected in LB before it becomes visible in other clinical or radiological tests. In the
metastatic context, ctDNA determination can be useful for monitoring tumor evolution, assessing treatment resistance,
determining patient management, or indicating other treatments, such as immunotherapy[87-89].

Advantages and disadvantages: As advantages over CTCs, ctDNA is more abundant, making its study less technolo-
gically complex and potentially more sensitive and specific[90]. CTCs reflect more of the metastasis-initiating cells, while
ctDNA represents more of the tumor burden. Thus, ctDNA carries the evolutionary information of both primary and
metastatic tumors as cancer cells dynamically evolve in response to intermittent drug treatment. Moreover, in recent
years, there has been progress in ctDNA analysis, transitioning from mostly discrepant results to having validated tools
that can be implemented in clinical practice.

However, the drawbacks of ctDNA analysis should be considered. Firstly, there is currently no platform that serves all
potential applications of ctDNA, as technologies vary depending on whether they are used to detect cancer in early
stages, monitor patients in advanced stages, detect genetic alterations for treatment resistance, or other purposes[84]. Pre-
analytical variables such as tumor-related factors, patient characteristics, treatment history, collection tube, storage
conditions, and processing methods significantly impact results[91]. Secondly, despite the higher abundance of ctDNA
compared to CTCs, false negatives may occur due to concentration variations and technique-related issues. Thirdly, false
positives have also been detected with cfDNA studies, as normal cells can present somatic alterations and clonal
expansion[92]. Finally, the clotting process during serum preparation induces cell lysis, so ctDNA analysis might be
hampered by increased levels of high-molecular cfDNA when using serum instead of plasma. Due to this, plasma has
been suggested as the better specimen type for ctDNA analysis[93].

Other molecules or structures to analyze in LB
While ctDNA and CTCs dominate LB research, several other structures in body fluids hold potential clinical value, albeit
with challenges due to limited evidence and procedural standardization.

cfRNA: cfRNA reaches the blood mainly through passive release due to apoptosis and necrosis phenomena, active
secretion by microvesicles, and secretion with nucleoproteins or protein-RNA complexes. It is usually found in
association with extracellular vesicles and lipoprotein complexes that prevent its degradation and can be secreted by both
normal and pathological cells[94]. Free RNA is unstable and degrades within seconds of incubation, requiring these
vehicles for stabilization[66].

Beyond serving as a prognostic marker or aiding in early cancer and relapse diagnosis, cfRNA allows the analysis of
the expression signature of a tumor. This is particularly valuable for identifying biomarkers, gene expression patterns,
understanding intercellular communication, the tumor immune environment, and determining the tissue of origin and/
or subtype of a tumor through specific markers[95]. However, challenges include the low quantity of cfRNA in blood, its
susceptibility to degradation, and the complexity of its extraction.

Clinical implementation of cfRNA has seen fewer trials compared to ctDNA, with limited available evidence. Notably,
the FDA approved one platform in 2012, the PROGENSA PCA3 assay, which detects PCA3 RNA in urine and is useful
for determining the risk of prostate cancer[96,97].

Extracellular vesicles: These structures are secreted by all living cells and can be detected in any fluid. They are hetero-
geneous, represent their cells of origin, and contain associated molecules (proteins, nucleic acids, lipids, and metabolites)
relevant for diverse applications in LB[98].
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EVs can be classified as exosomes if they come from the intracellular endosomal system, or ectosomes/microvesicles
formed directly from the plasma membrane[99]. Additional categories include “apoptotic bodies”, “large oncosomes”,
and “migrasomes”[100]. On the other hand, EVs can also be classified as “small EVs” if they are 200 nm or less and “large
EVs” if they are larger[101]. In recent years, exomers, small non-membranous particles of 50 nm or less, have also been
described, which seem to be related to the regulation of metabolic pathways[102].

The main function of EVs is intercellular communication, with their specific function varying depending on the type
and state of the originating cell[100]. In cancer, EVs seem to promote metastasis, angiogenesis, immune evasion,
adaptation, and resistance to treatment[103]. Interestingly, they not only serve for communication with nearby cells but
also seem to reach distant cells.

For their isolation and detection, techniques similar to those used for CTCs have been developed[104,105]. For their
characterization, transmission electron microscopy can be used, or quantification and characterization can be done with
methods such as dynamic light scattering technique or nanoparticle tracking analysis[105]. After their isolation, the
molecules present in EVs can be studied with lipid, proteomic, transcriptomic, or genomic analysis[98].

The study of EVs holds clinical potential in detecting biomarkers for cancer diagnostics, treatment monitoring,
predicting disease progression, and assessing therapy resistance. However, only three platforms for EV analysis have
been commercialized: ExoDx™ Lung, ExoDx™ Prostate IntelliScore, and MedOncAlyzer™ 170[98,104,106] (Figure 7).

The study of EVs has the advantage of encompassing multiple types of molecules, enabling its use in multi-analyte
platforms to detect various alterations. In addition, EVs are more abundant than CTCs in all body fluids and more stable
than cfDNA due to the protection of their lipid membranes, so EV-based techniques could be more sensitive than these
other two approaches. However, EVs are very heterogeneous structures, and there are no detailed characterization
techniques available. They are highly variable depending on the physiological or pathological process, and the available
evidence is generally scarce.

TEPs: Platelets are anucleated blood cells derived from megakaryocytes that, when activated, form aggregates and secrete
a considerable amount of substances into the environment. Traditionally recognized for their role in hemostasis,
thrombosis, and wound healing processes, platelets have also been observed to play roles as mediators in cancer
development, particularly in the onset of metastasis[107]. TEPs alter their function depending on signals produced by
tumor cells, developing a distinctive phenotype and releasing substances that promote cell growth and survival,
neoangiogenesis, immune escape, and extracellular matrix remodeling, thereby facilitating tumor progression, migration,
and spread[108].

Concerning their potential clinical value, the analysis of TEPs has shown utility in cancer detection, monitoring
treatment response, and studying RNA profiles[109].

MAIN TYPES OF SAMPLES

While blood and its derivatives, such as plasma or serum, are the most commonly used samples, studies on LB can be
conducted using various other sample types[110,111]. Depending on the tumor type and/or its anatomical location, these
alternative fluids may offer greater sensitivity and specificity compared to blood sources. This is due to their increased
contact with the tumor, resulting in a higher concentration of tumor-derived molecules like ctDNA. Additionally, these
alternative samples can complement plasma studies, and some can be self-collected by the patient. However, their clinical
implementation is complex due to the need to standardize pre-analytical factors, the lack of commercially available kits,
and the requirement for invasive procedures to obtain certain samples, such as effusions or cerebrospinal fluid. This
complexity may limit their serial use for monitoring purposes. Table 1 summarizes the main applications, advantages,
and limitations of non-blood samples, according to the review by Tivey et al[112] and recent research articles[113-115].

GASTRIC CANCER

Overview

GC ranks as the fifth most common cancer worldwide, with over one million new cases diagnosed in 2020[116]. It exhibits
significant geographical variability, being more prevalent in Asian countries and some Eastern European nations, while
less common in Western regions[117]. Certain countries, such as Japan and Korea, have implemented screening strategies
based on imaging techniques that have improved early diagnosis and prognosis for GC patients[118,119]. However,
disparities not only exist between Asian and Western countries regarding GC incidence and early detection. Geographical
variations have also been observed in clinical, morphological and molecular features, prognosis, and risk factors for GC
[120-122]. In terms of patient outcomes, GC is an aggressive tumor ranking as the third leading cause of cancer death
globally. In Western countries, it is often diagnosed at advanced stages, presenting 5-year survival rates of 20%-30%[123,
124].

In recent years, significant advances in technical tools have enhanced the understanding of the molecular features and
immune environment of tumors, and their potential prognostic and therapeutic roles. This knowledge has led to an
expanded therapeutic arsenal, focusing on immunotherapy and targeted therapies, which generally exhibit better efficacy
and fewer side effects than conventional treatments. However, these advancements have not significantly improved the
prognosis for a substantial portion of GC patients[125].
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Table 1 Main non-blood specimens for liquid biopsy studies

Sample Tumor Main features
Cerebrospinal fluid Primary and metastatic Helpful due to the frequent metastatic seeding, the difficulty in obtaining tissue biopsies from this
CNS location, and the obstruction of the blood-brain barrier

Urine and seminal ~ Prostate, urothelial, renal ~ Renal cancer-derived structures may be limited by glomerular filtration; cfDNA concentration and

fluid fragment size in seminal fluid seem to differ between healthy and prostate cancer patients

Stool Colorectal ctDNA extraction can be complex; ctDNA may be present in low concentrations (mixed with DNA
from the bacterial flora)

Pleural or Lung, mesothelioma, Determination of predictive biomarkers in lung cancer; detection of minimal residual disease or early

peritoneal fluid peritoneal spread involvement of the peritoneum

Saliva Oral cancers Monitoring of minimal residual disease and treatment response; low ctDNA concentration, limited

fragment size
Bile Biliary tract Useful in difficult-to-biopsy cases; invasive procedure

Gastric juice Gastric Improvement of diagnostic sensitivity; invasive procedure (endoscopy)

CNS: Central nervous system; ctDNA: Circulating tumor DNA; cfDNA: Cell-free DNA.

ExoDx™ lung

EML4-ALK fusion
Exoxomal RNA
Non-small cell lung cancer patients

ExoDx™ Prostate IntelliScore

Detection of PCA3, ERG, and SPDEF

Exoxomal RNA

Discrimination of high-grade prostate carcinoma from low-grade cancer
and benign lesions

MedOncAlyzer™ 170

Analysis of SNVs, indels, fusions, CNVs
Exosomal RNA and ctDNA
Pan-cancer

Figure 7 Primary platforms approved for the analysis of extracellular vesicles in liquid biopsy. SNV: Single nucleotide variant; CNV: Copy number
variant; ctDNA: Circulating tumor DNA. Citation: The authors have obtained permission to use the figure from BioRender.com (Supplementary material)[210].

Diagnosis and treatment of GC

GC diagnosis relies on the interpretation of tissue biopsies by a pathologist. Microscopically, it can be classified according
to the latest World Health Organization (WHO) system from 2019, into four main types: Tubular, poorly cohesive,
papillary, and mucinous[126]. According to the Laurén classification, described in 1965 and still used in clinical practice,
GC can be divided into intestinal, diffuse, and mixed types[127]. As observed by our research team in a previous study,
supporting findings from other investigators, there are differences in clinical, molecular, and prognostic characteristics
between intestinal and diffuse GC[128]. Therefore, studying Laurén subtypes separately could enhance patient strati-
fication both in clinical practice and in clinical trials. Other microscopic findings, such as tumor budding or tumor infilt-
ration by inflammatory cells, may also have prognostic implications or aid in treatment selection[129].

After diagnosis, the only curative treatment available for GC is surgery. In early GC cases, which are scarce in Western
countries, endoscopic surgery techniques, such as endoscopic mucosal resection or endoscopic submucosal dissection,
can be performed[130]. In other resectable cases, total or subtotal gastrectomy, usually associated with D2 lymphaden-
ectomy, is commonly performed. However, in advanced cases, treatment primarily relies on chemotherapy regimens. The
only specifically approved targeted therapies for GC are trastuzumab for cases with amplified HER2 and anti-VEGF/
VEGER drugs[131]. Furthermore, GC is included in the FDA-approved indication for pembrolizumab (anti-PD-L1) for all
solid tumors in cases with high microsatellite instability (MSI) or deficiency in the DNA mismatch repair system[132].
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Molecular characteristics of GC
A broad spectrum of molecular alterations has been identified in GC, owing to the wealth of information generated by
new genomic and transcriptomic studies[133]. These alterations can be categorized into isolated changes, disregulation of
pathways involved in GC pathogenesis, gene expression profiles, and molecular classifications integrating available
molecular information[134-136].

Isolated alterations primarily include mutations and copy number alterations (CNAs), although heterozygosity and
gene fusions have also been observed[133]. Mutations in genes such as TP53, BRCA2, cell adhesion genes, or genes
encoding proteins in chromatin regulatory complexes or histone regulatory complexes are notable. Affected pathways
include the WNT/beta-catenin pathway, alterations in CTNNBI, or different tyrosine kinase receptor pathways (HER,
PI3K, etc.). Regarding CNAs, amplifications in genes associated with tyrosine kinase receptor pathways, such as HER?2,
EGFR, MET, KRAS, or FGFR2, are prominent[137,138]. Amplification of PD-L1 and PD-L2, genes related to the cell cycle,
and various transcription factors has also been observed. Epigenetic alterations include the inactivation of various tumor
suppressor genes by promoter methylation, such as CDH1, MLH1, CDKN2a, or PTEN.

On the other hand, the most important molecular classifications in GC have been published by the Cancer Genome
Atlas (TCGA) and the Asian Cancer Research Group (ACRG)[137,138] (Figures 8 and 9). These systems have been
associated with clinical, prognostic and predictive factors. Additionally, other molecular classifications have been
published by Shah et al[139], Tan et al[140], Lei et al[141], Wang et al[142], Wang et al[143], or Furukawa et al[144].

Unfortunately, these categorizations have not been translated into clinical practice, primarily due to the need for
extensive molecular studies and the variety of alterations included in each molecular group. Our research team and other
investigators have managed to formulate stratification systems derived from these classifications, primarily those of
TCGA and ACRG, using immunohistochemistry as a surrogate marker[145]. However, validation studies are needed to
identify the most sensitive and specific markers and cutoff points for their implementation in clinical practice.

LBIN GC

Given the previously discussed aspects regarding prognosis, therapeutic options, and the molecular landscape of GC,
there is a need to optimize patient classification, identify easily implementable prognostic or therapeutic biomarkers, and
enhance the understanding of GC tumorigenesis and progression. These efforts aim to improve patient prognosis and
treatment cost-effectiveness. In this context, LB emerges as a non-invasive option to enhance theoretical knowledge with
potential immediate clinical impact. However, it should be noted that while research on LB applications is more
advanced in other tumors, it is still in early stages for GC. The main applications of LB in GC are outlined in Figure 10.
Tables 2 and 3 present the key findings from previous studies regarding the use of CTCs, cfDNA/ctDNA, RNA and
proteins in the early detection, prognostic determination, and therapy response of GC. These tables summarize and adapt
the data presented in the reviews by Zhang et al[146], Ma et al[147], and Ha et al[148].

CTCsin GC

GC detection: Previous studies demonstrated an elevated number of CTCs in GC patients compared to healthy controls,
and this count tends to increase with the progression of the disease[149]. Concerning the use of CTCs for GC detection,
there is generally a high specificity (> 95%), while sensitivity varies depending on the method, patient factors, and tumor
characteristics, mainly GC stage. A 2013 meta-analysis showed a pooled sensitivity and specificity of CTC detection for
GC diagnosis of 42% and 99%, respectively[150]. It is worth noting that most studies included in this analysis employed
LB techniques based on RT-PCR for detecting CK or carcinoembryonic antigen (CEA) expression[151]. The cutoff point
for considering a result as positive has not been standardized, although a previous study found that the limit of 2 CTCs
per 7.5 mL of blood presented the highest sensitivity and specificity at 85.3% and 90.3%, respectively[152]. Interestingly,
this study included resectable patients, mostly in stage pT1 (54%), and without nodal metastasis (59%). These researchers
detected CTCs using a centrifugal microfluidic system with a fluid-assisted separation technique.

Unfortunately, due to the scarcity of CTCs detected with currently available methods, the application of LB for early
detection of GC is limited.

Characterization of GC: CTCs in GC also hold potential for assessing prognostic or predictive biomarkers. Biomarkers
associated with approved targeted therapies are particularly valuable, as LB enables their non-invasive analysis in GC
patients. In cases with metastatic disease, where accessing metastases can be challenging, these biomarkers become
especially crucial. CTCs may better represent systemic tumor heterogeneity, and LB techniques serve as a valuable
complement to the study of tissue samples from the primary tumor. Additionally, LB allows for serial determinations
during the disease course, which can be useful for monitoring genotypic and phenotypic changes in the tumor cell
burden of the body. Previous studies have highlighted the utility of evaluating PD-L1 expression or HER2 status in CTCs
from GC patients[153,154].

Correlation with clinicopathological data and prognosis: Previous research has established correlations between the
number of CTCs and various clinicopathological factors, including Laurén type, histological grade, perineural infiltration,
lymphovascular invasion, TNM stage, and cellular proliferation (Ki-67 index). Diffuse cases according to the Laurén
classification, tumors with high histological grade, perineural and vascular infiltration, higher proliferation rate, and at
more advanced stages are associated with a higher likelihood of detectable CTCs[153,155].
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Table 2 Liquid biopsy and early detection of gastric cancer. Summary of the main published studies[146-148]

Role Structure Approach Accuracy Findings/challenges
Diagnosis  CTCs Count S: 42-85%; E: 90%-99% Low sensitivity; diverse cutoffs
CD44+ S:92%; E: 100% Small sample size

cfDNA/ctDNA  Methylation

S: 50%-69%; E: 75%-92%

Diverse markers

Quantification S: 79%-96%; E: 91%-94% Diverse methodology

RNA MiRNA S: 67%-99%; E: 66%-95% Diverse markers
CircRNA S: 78%-89%; E: 45%-84% Diverse markers
LncRNA S: 65%-84%; E: 53%-87 % Diverse markers

EVs RNA MiRNA S: 26%-95%; E: 56 %-100% Up or down expression; diverse markers
CircRNA S: 41%-87%; E: 68%-98% Down expression; diverse markers
LncRNA S: 70%-88%; E: 60%-98% Up expression; diverse markers

Proteins TTF1-3, CDH17, TFE3, and TXNRD1 S: 62%-96%; E: 57 %-83% Diverse markers; panels

CTC: Circulating tumor cells; S: Sensitivity; E: Specificity; EV: Extracellular vesicle.

Table 3 Liquid biopsy, gastric cancer prognosis and therapy. Summary of the main published studies[146-148]

Role Structure Approach Association Findings/challenges
Prognosis CTCs Count 1OS/D-RFS Diverse cutoffs
EpCAM, CEA, CD44, CD133, TWIST, ploidy, |OS/D-RFS Diverse methodology
FR, PD-1
cfDNA/ctDNA Quantification 10S/D-RFS Diverse methodology
Amplification: BRAF, FGFR2, MET; 10S Diverse methodology
mutation: TP53, ARAF
Methylation 1O0S/DFS Diverse markers
EVs RNA MiRNA 10S/D-RFS 1 or | expression; Diverse markers
CircRNA 1OS/RFS 1 or | expression; diverse markers
LncRNA 10S/DFS tExpression; diverse markers
Predictive CTCs Count Response to ST

HER2, PD-L1 status Trastuzumab resistance/IT

cfDNA/ctDNA Quantification Response to ST-CT/anti PD-1
Panels Targeted therapy; response to ST; trastuzumab resistance;
Amplification: HER2; mutation: PIK3CA, treatment monitoring; IT
NF1, HER2, EGFR, TP53, BRCA
MsI

CTCs: Circulating tumor cells; FR: Folate receptor; OS: Overall survival; D-RFS: Disease free survival/relapse free survival; EV: Extracellular vesicle; ST:

Systemic therapy; IT: Immunotherapy; CT: Chemotherapy; MSI: Microsatellite instability.

According to some authors, the CTC count correlates better with GC prognosis than other currently available markers
in clinical practice[152]. CTC detection has been variably correlated with the OS and recurrence-free/disease-free survival
(RFS/DEFS) of GC patients, with cutoff points generally between 1-5 CTCs[156-158]. A recent meta-analysis including 14
retrospective studies and over 1000 patients showed that CTC-positive patients, with a cutoff of 2.8, had significantly
lower OS. The relationship between OS and CTCs depended on factors such as the chosen cutoff, the sample size of the
study, the type of treatment (mainly resected vs. unresected GC), and the method employed for CTC detection.
Furthermore, CTC-positive patients showed higher TNM stage, high histological grade, and more frequent distant
metastases[159].

Treatment monitoring: The serial determination of CTCs proves valuable in assessing treatment response in various
tumors. In GC, patients with a higher CTC count tend to exhibit a poorer response to chemotherapy and a worse
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P
TCGA High mutation rate: PIK3CA, ERBB2,
ERBB3, EGFR
Promoter methylation (MLH1)
No V600E BRAF mutation

PIK3CA (80%), ARID1A, BCOR mutation
ERBB2, JAK2 amplification
PD-L1 / PD-L2 overexpression
DNA hypermethylation
No MLH1 promoter hypermethylation

CDH1, RHOA, ARID1A mutations
CLDN18-ARHGAP26 fusion

I Microsatellite instability
Epstein-Barr virus-positive Amplification of RTK and cell-cycle

Genomically stable . related genes _
Chromosomal instability TP53 (71%), ARID1A, KRAS, PIK3CA mutations

Figure 8 Molecular classifications of gastric cancer. Main molecular features of The Cancer Genome Atlas classification. TCGA: The Cancer Genome
Atlas; MSI: Microsatellite instability; EBV: Epstein-Barr virus; GS: Genomically stable; CI: Chromosomal instability.

ACRG High mutation rate: PIK3CA-AKT-mTOR

pathway, KRAS, ALK, ARID1A
Loss of MLH1 expression
DNA methylation

PIK3CA, ARID1A, KRAS, SMAD4, APC
mutations
TP53 mutation (23.7%)

Loss of CDH1 expression
Low mutation events

I Microsatellite instability
TP53-active Amplifications: ERBB2, EGFR, CCNE1,
Mesenchymal-like CCND1, MDM2, ROBO2, GATA6, MYC
TP53-inactive TP53 mutation (60%)

Figure 9 Molecular classifications of gastric cancer. Main molecular features of the Asian Cancer Research Group classification. MSI: Microsatellite
instability; ACRG: The Asian Cancer Research Group; EMT: Epithelial-mesenchymal transition.

prognosis compared to those with a lower count[160]. Additionally, the rapid decline of CTCs following treatment
initiation is associated with a better prognosis, and the conversion to a higher number of CTCs may be an early indicator
of treatment failure.

cfDNA/ ctDNA in GC

Main approved tests: ctDNA analysis stands out as the predominant LB approach for gastrointestinal tumors, with
approved indications in GC, particularly for biomarker determination. For instance, ctDNA can be employed to assess
HER? status in GC cases where tissue testing is impractical or urgent treatment decisions are required[84].

GC detection: For the detection of GC, quantitative analysis of ctDNA (total copy number analysis in blood or serum) or
qualitative detection, involving the identification of tumor-specific genetic changes, can be utilized (Table 2)[161]. Similar
to CTCs, the cfDNA/ctDNA load is found to be higher in GC patients compared to healthy controls or those with preneo-
plastic lesions, escalating with tumor stage[162].

Overall, ctDNA analysis has demonstrated higher sensitivity than CTCs for GC detection[163]. Notably, the study by
Kim et al[163] achieved a sensitivity and specificity exceeding 90%. Similarly, Qian et al[164] observed that cfDNA concen-
tration was more sensitive than conventional markers like CEA, carbohydrate antigen (CA) 19-9, CA72-4, or CA50 in
distinguishing between patients with benign gastric disease or healthy individuals and those with early GC. However,
other studies have shown contradictory results. Cabel et al[165] observed limited sensitivity of ctDNA testing in resectable
patients. A meta-analysis published in 2017 calculated a pooled sensitivity and specificity of the presence of certain
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Figure 10 Key applications of analyzing circulating tumor cells, cell-free DNA/circulating tumor DNA, and extracellular vesicles in gastric
cancer. CTC: Circulating tumor cell; cfDNA/ctDNA: Cell-free DNA/circulating tumor DNA. Citation: The authors have obtained permission to use the figure from
BioRender.com (Supplementary material)[210].

ctDNA markers of 62% and 95%, respectively[166]. It should be noted that the sensitivity of these determinations, as seen
with CTCs, is influenced by factors related to the detection technique and the tumor, particularly its size and extension
[167]. In early-stage tumors, the sensitivities observed in previous studies are not yet sufficient to recommend the
implementation of these tests in clinical practice[161].

In addition to assessing ctDNA levels, as previously mentioned, a qualitative study of ctDNA can also be conducted.
For instance, the analysis of DNA methylation patterns for GC screening, such as the Galleri multicancer detection test,
has been explored[168]. However, the sensitivity of this technique is notably influenced by the disease stage, ranging
from 16.7% in stage I GC to 100% in stage IV tumors[162].

Characterization of GC: The study of ctDNA proves particularly valuable for determining prognostic or therapeutic
biomarkers. ctDNA sequencing has been useful in gastrointestinal tumors, revealing various genetic and epigenetic
alterations, such as alterations in EGFR, HER2, TP53, PIK3CA, MSI, or germline mutations of BRCA[169]. Similar to
CTCs, ctDNA analysis offers the advantages of non/minimal invasiveness and representation of tumor heterogeneity
compared to tissue biopsy, with higher sensitivity than CTCs, although it should be noted that the sensitivity of detecting
mutations in ctDNA may also be influenced by the tumor stage.

Regarding the study of HER2 amplification by LB, of clinical importance in GC, a previous study published by Gao et
al[170] analyzed 70 patients and found a 91.4% correlation between tumor tissues and ctDNA, indicating that LB is a good
surrogate for HER2 analysis in GC.

As seen with CTCs, the presence of certain ctDNA markers has been variably associated with various clinicopatho-
logical factors, including tumor size, level of infiltration, number of lymph node metastases, presence of distant
metastases, or Helicobacter pylori infection[166].

Correlation with prognosis: Previous studies have demonstrated that the detection of ctDNA correlates with a worse
prognosis, linking it to OS, DFS/RFS, and/or the presence of recurrences or distant metastases[171,172]. The 2017 meta-
analysis conducted by Gao, encompassing 16 studies and over 1000 GC patients, further confirmed the relationship
between a high level of ctDNA and significantly worse OS and DFS in GC[167]. Subsequently, the meta-analysis by Min
et al[173] included 34 articles with more than 5000 subjects, revealing a significant association between ctDNA detection
in blood and OS, DFS, and PFS, with hazard ratios of 2.74, 3.13, and 3.04, respectively.

Therefore, the study of ctDNA holds promise for detecting MRD and predicting the likelihood of recurrences after
treatment. In the study by Yang et al[167], it was noted that all patients with detectable ctDNA after surgery experienced
recurrences, with ctDNA detected in blood an average of 6 months before recurrence detection by imaging methods.
Additionally, the investigation of various genetic or epigenetic alterations in ctDNA can also correlate with patient
prognosis. For example, a previous study analyzed CBLB mutations in ctDNA, revealing that patients with these
alterations presented significantly shorter OS and DFS[171].

Treatment monitoring: In the realm of treatment monitoring, Zhou et al[171] observed that combining the analysis of
ctDNA levels with traditional tumor markers and radiological control improved the accuracy of the latter. Kim et al[174]
studied cancer-specific rearrangements in ctDNA and observed positive ctDNA detection 4 months before detecting a
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clinical recurrence. Moreover, previous studies have shown that postoperative ctDNA detection, the persistence of high
ctDNA levels, or their increase can be an early indicator of recurrence in patients with resected GC[175,176]. Lastly,
ctDNA analysis shows potential for monitoring the response to immunotherapy with anti-PD-1 agents or resistance to
trastuzumab in patients with metastatic GC[177,178] (Table 3).

Extracellular vesicles in GC

As mentioned earlier, exosomes hold significant interest because they are composed of multiple structures derived from
tumors, enabling studies beyond genomic analysis. Notably, they are more abundant and stable than ctDNA and can be
found in non-blood fluids, making them particularly valuable when analyzing non-blood samples[179].

In GC, exosomes seem to play an important role in tumorigenesis and tumor progression, influencing angiogenesis,
immune evasion, cell proliferation, invasiveness, and therapy resistance[180-182]. Additionally, exosomes are implicated
in the peritoneal dissemination of GC[183].

Concerning their clinical application, several studies have analyzed exosomes and exosomal-derived RNAs and
proteins[184-187]. The detection of these molecules has shown diagnostic, prognostic, predictive, or therapeutic potential.
In the diagnostic domain, miRNAs, IncRNAs, circRNAs, and proteins such as TRIM 3 have been studied[188]. Generally,
miRNAs have been studied in combination (as profiles), while IncRNAs and circRNAs have been investigated
individually[179]. For prognostic value, various miRNAs, IncRNAs, circRNAs, and proteins such as TGF-p1, apolipo-
protein E, or MET have been analyzed[187,189,190]. Interestingly, the exosomal PD-L1 content has been found to be an
independent predictor of OS and negatively correlated with the CD4+ and CD8+ T cell count in a cohort of metastatic GC
patients[191].

An intriguing aspect of exosomes, apart from the previously described functions, is their potential role as a drug
delivery method in GC[192].

Non-blood samples in GC

A comprehensive systematic review performed by Lopes et al[115] compiled over 80 articles related to the use of LB for
GC detection utilizing non-blood samples. The majority of articles included Asian patients, and they mainly focused on
samples of gastric juice and urine, and to a lesser extent, salivary or stool samples. It should be noted that studies on
peritoneal LB for purposes beyond diagnosis were excluded from the review.

Regarding gastric juice, Yamamoto et al[193] analyzed the BARHL2 methylation in ctDNA and exosomes, observing
differences between GC samples and controls and concluding that this alteration could assist in the early diagnosis of GC,
with high sensitivity and specificity. Other researchers have analyzed different types of RNA, proteins, amino acids,
microbiota, or metabolites in gastric juice, primarily aiming to detect GC and improve the sensitivity of upper
gastrointestinal endoscopy. Proteins such as pepsin A and gastricsin, along with miR-21 and miR-133a, have shown
promising discriminatory value[115].

In urine samples, according to the review by Lopes et al[115], the markers with the best diagnostic value in isolation
were the metabolite glycerol and endothelial lipase. Profiles including combinations of metabolites or amino acids have
also been published, showing good diagnostic accuracy in these samples. Studies using saliva have focused on detecting
lectins and RNA molecules, while stool analysis has explored several proteins, TERT promoter methylation (DNA), or
microbiota profiles.

In patients with peritoneal involvement, an increase in certain exosome-derived miRNAs in peritoneal fluid, such as
miR-21-5p, miR-92a-3p, miR-223-3p, and miR-342-3p, has been detected[179]. Furthermore, previous studies have
observed that the levels of various miRNAs correlate with OS and RFS.

It is worth noting that despite the scarcity of studies on non-blood samples, molecules with diagnostic value have been
detected, which could also be used in disease monitoring. These samples present potential value as a source of molecules
for determining prognosis, treatment, or patient management[194]. As mentioned earlier, analyzing these fluids can offer
heightened sensitivity as they are in direct proximity to tumor cells, potentially yielding distinct information from blood
samples. Additionally, certain samples like urine can be self-collected by patients, leading to an improvement in their
quality of life and simplifying the process of conducting serial LBs for follow-up purposes.

The use of artificial intelligence

In some clinical specialties, such as radiology or pathology, digitization and artificial intelligence (AI) tools have substan-
tially improved the workflow and diagnostic accuracy of various techniques where they have been integrated[195,196].
Specifically in pathology, the digitization of slides and the utilization of algorithms have opened an almost infinite world
of possibilities, facilitating not only the morphological analysis of samples but also the management of large amounts of
data. For instance, it is now feasible to identify and quantify cancer cells, intratumoral and peritumoral stromal cells, or
inflammatory cells separately[197]. Additionally, algorithms have been developed for standardizing the interpretation of
complementary techniques such as PD-L1 expression[198]. In the field of molecular pathology, Al is useful for combining
genomic, transcriptomic, proteomic and metabolomic information, and due to its ability to integrate various types of data,
it can also serve as a bridge between clinical and molecular features, advancing personalized cancer management[199].
Many of these advancements are potentially applicable to LB. Although published studies on this topic are not abundant,
some authors have highlighted the potential of Al-assisted LB, mainly regarding the interpretation of results from
cfDNA/ctDNA analyses[200-204]. The application of Al in the study of CTCs would be more similar to current digital
pathology, allowing the identification of tumor cells and accompanying stromal or immune cells both by morphology
and by the expression of various markers, decreasing inter- and intra-observer variability[205]. Combining our experience
as pathologists and the findings of previous studies, we have summarized the potential applications of Al in LB in
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Figure 11.

The multi-omics approach

The genomic, transcriptomic, proteomic, and metabolomic information that LB can provide, coupled with the
development of high-throughput techniques such as NGS or mass spectrometry, and the ability to integrate vast amounts
of data through Al tools, facilitates the integration of LB into the multi-omics era. Consequently, cfDNA/ctDNA emerges
as a significant source of genomic data, cfRNA as a source of transcriptomic data, and CTCs or EVs as reservoirs of
multiple sources of molecular information. Multi-omics studies of GC tissues have been pivotal in integrating molecular
information and elucidating the molecular landscape of GC, as observed in the ACRG or TCGA classifications. In LB,
novel biomarkers have been identified that could be useful in the early diagnosis or treatment of GC. These biomarkers
encompass a range of elements such as plasma proteins, somatic mutations, genomic or proteomic signatures.
Additionally, ongoing multi-omics clinical trials are investigating diverse blood-based biomarkers for diagnosing GC or
detecting peritoneal involvement in GC patients[206,207].

Ongoing clinical trials of LB in GC

Several clinical trials are currently underway to assess the efficacy of LB in diagnosing, determining patient prognosis, or
assessing treatment response in GC[146,208]. The majority of these studies have been designed in China, with a smaller
proportion occurring in European countries and the United States. While most of these trials focus on analyzing ctDNA
using blood specimens, some also evaluate CTCs and samples from peritoneal lavage or gastric fluid. The primary
objectives of these trials include predicting prognosis, with a smaller subset aimed at assessing response to
chemotherapy, immunotherapy, and/or trastuzumab, primarily in the adjuvant or advanced settings.

FUTURE CHALLENGES

In the following section, we outline the primary challenges related to LB, with a focus on GC. It is important to note that
while the authors concentrate on GC, many of the challenges discussed are also applicable to other tumor types.

Improve the sensitivity of available techniques

Due to recent technical advances, the sensitivity of LB studies has increased progressively. However, in GC, it is still not
sufficient for clinical application, except for limited approvals, such as the use of blood specimens as a rescue sample
when a traditional sample is unavailable for specific indications. The strong dependence of LB sensitivity on the disease
stage makes it nearly impossible to use it as a screening tool without improving the detection capacity of available
techniques.

Reduce false positives and indeterminate results

Deep analyses and broad-spectrum molecular tools, such as whole-genome sequencing, have been more frequently used
in LB than in conventional tissue sample analysis in clinical practice. This may lead to the detection of variants of
undetermined significance or even false positives. In this regard, some researchers suggest that the use of algorithms or
machine learning tools could be useful to improve the quality of the data obtained in LB studies[209].

Increase the number of patients in research studies

A major limitation of applying LB in clinical practice for GC is the poor quality of the available evidence, largely due to
the small sample size of the majority of conducted studies. Another added problem is the heterogeneity of the patients
included, especially concerning the stage at diagnosis, a factor that, as previously noted, substantially influences
technique sensitivity.

Assess geographical variations

Western and Asian GC patients exhibit differences in multiple aspects, including clinical, histological, prognostic, or
molecular features. While most studies have been conducted in Asian patients, LB studies in low-prevalence populations,
such as Western populations, are necessary to analyze the accuracy and validate different techniques. This requires inter-
institutional collaboration and the establishment of shared, high-quality databases to collect a significant number of cases.

Decrease variability between detection methods

Standardization of sample collection, maintenance, processing procedures, and detection and characterization methods
for different molecules is essential in LB. However, there is considerable variability in LB technologies, making it almost
impossible to compare results between most of the published studies. The development of protocols by scientific societies
and responsible entities has the potential to improve the comparability between studies and the quality of the results
obtained.

Improve tumor representativity

Although LB is assumed to represent the total tumor burden of the body better than targeted biopsies, it is unclear
whether LB may overrepresent a specific cell clone, limiting its value as a broadly representative test. Therefore, the
combination of LB with traditional biopsies, imaging techniques, and analytical values, along with the performance of
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Figure 11 Main applications of artificial intelligence techniques in liquid biopsy. Citation: The authors have obtained permission to use the figure
from BioRender.com (Supplementary material)[210].

serial LB studies, may be useful to improve the capture of tumor heterogeneity.

Study of markers beyond CTCs and ctDNA

Most LB studies have focused on the analysis of CTCs or ctDNA. However, exosomes and other cells and molecules
present differences and certain advantages compared to CTCs and ctDNA, with great diagnostic, therapeutic and
management potential. Therefore, technical improvement, standardization of detection methods, and biomarker studies
using these samples are necessary to exploit their full potential.

Improve studies in non-blood samples

In GC and other tumor types, peripheral blood is the most commonly used sample in LB. Despite some advantages
associated with non-blood samples, their exploration has been limited. Fewer studies have been published, often with
small sample sizes. Additionally, the methods for collecting, maintaining, and processing non-blood samples, as well as
the technologies for detecting molecules of interest, exhibit wide variations across studies. It is crucial to acknowledge
that the conditions of non-blood samples differ from those of peripheral blood (e.g., pH or density), so procedures
commonly used in blood might need to be modified for other sample types. Furthermore, in GC, most studies have been
conducted for diagnostic purposes, and the analysis of non-blood samples to detect molecules with prognostic or
therapeutic value would also be interesting.

Develop and apply Al techniques
LB can provide a vast amount of information at various molecular levels. In this context, the utilization of AI methodo-
logies offers numerous advantages in both pre-analytical and analytical stages, as well as in result interpretation.

HIGHLIGHTS

LB has emerged as a non- or minimally invasive technique for studying various molecules and cells in bodily fluids,
offering advantages in capturing spatial and temporal tumor heterogeneity. It is particularly interesting in patients with
advanced tumors and multiple metastatic locations.

Despite its advantages, LB faces challenges, including complex and expensive techniques, lack of standardization and
scientific evidence of suboptimal quality due to small sample sizes and procedure variability.

LB presents numerous analytic approaches, serving multiple potential purposes such as early tumor diagnosis,
prognostic stratification, treatment monitoring, detection of therapeutic resistance, or analysis of predictive biomarkers.

Various components, including CTCs, cfDNA/ctDNA, RNA, extracellular vesicles, or TEPs can be analyzed in LB,
using peripheral blood or other fluids like urine, seminal fluid, saliva, effusions, cerebrospinal fluid, bile, or gastric juice.

CTC analysis offers insights into pre-metastatic cell populations and the genome, transcriptome, proteome, and
metabolome of tumor cells. Challenges include enhancing sensitivity, improving capture techniques for better cell
viability, identifying more sensitive and specific markers for cell isolation, or developing antigen-independent platforms.
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cfDNA/ctDNA is more abundant than CTCs, requires less technological complexity and generally provides greater
sensitivity and specificity. Challenges include the use of different platforms depending on the analytic context, the
occurrence of false negatives and positives and the inability to conduct transcriptomic, proteomic or metabolomic
analyses.

The use of non-blood samples has potential advantages, including greater sensitivity and specificity than peripheral
blood samples, depending on the circumstances. Furthermore, some of these samples can be collected by the patients
themselves. However, the available evidence on the use of these samples in LB is very limited.

GC is an aggressive tumor that presents clinical, histological, and molecular differences between Western and Asian
countries. It is generally diagnosed at advanced stages and has a poor prognosis.

The only curative option for GC is surgery. In advanced tumors, the main therapeutic approach is chemotherapy, and
in recent years, a few targeted therapies (anti-HER2 and anti-VEGF/VEGFR) and immunotherapy (anti-PD-L1) have been
added to the therapeutic arsenal.

Molecular classifications of GC have been developed and have shown potential prognostic and therapeutic value.
Unfortunately, these classifications have not yet been translated into clinical practice.

In GC, there is a need to develop cost-effective screening tools for countries with lower prevalence, improve patient
stratification for treatment and clinical trials, increase knowledge about tumor progression mechanisms, and identify new
biomarkers with therapeutic value.

CTC studies in GC have shown that both their count and characterization can be useful for detecting GC, determining
patient prognosis, monitoring the disease, and identifying therapeutic biomarkers, generally with high specificity.

cfDNA/ctDNA analysis is the predominant LB approach in gastrointestinal tumors. In GC, HER2 status can be
assessed using ctDNA in cases where a tissue sample is not available or treatment initiation is urgent.

cfDNA/ctDNA analysis in GC can be useful for determining prognosis and treatment monitoring. Still, for its
implementation as a screening tool, the sensitivity of detection techniques needs improvement since its concentration is
highly dependent on the tumor stage.

Future advancements in LB should prioritize enhancing technique sensitivity, minimizing false positives, deciphering
the pathogenicity of variants of uncertain significance, increasing sample sizes and follow-up times, accounting for
geographical disparities, standardizing detection methodologies, developing specific Al techniques, and exploring
alternative structures beyond CTCs and cfDNA/ctDNA in both blood and non-blood specimens.

CONCLUSION

In conclusion, LB emerges as a promising tool in GC research, offering significant advantages in terms of reduced
invasiveness and enhanced capture of tumor heterogeneity. Despite challenges such as technical complexity and lack of
standardization, the diverse analytical approaches in LB open a broad range of possibilities for early diagnosis,
prognostic stratification, treatment monitoring, and identification of therapeutic biomarkers. The analysis of CTCs,
cfDNA/ctDNA and other structures in blood and non-blood samples provides unique insights into GC and other tumors.

Despite recent advances in the molecular understanding of GC and the application of LB, fundamental challenges
persist. These include the standardization of methods and platforms, improvement of sensitivity, reduction of false
positives, and the need to increase the number of patients included in research studies to enhance the available evidence.
International collaboration and the establishment of high-quality shared databases are essential to comprehensively
address these challenges and propel the field forward.
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