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ABSTRACT 
Background 
Early cancer diagnosis is also a significant clinical issue because both traditional methods of imaging 
and tissue biopsy are not capable of achieving early-stage, minimal residual disease (MRD) and new-
developed treatment resistance. Liquid biopsy is an approach that is based on circulating tumor DNA 
(ctDNA), circulating tumor cells (CTCs), exosomal RNA/miRNA, and epigenetic signatures and 
provides a minimally invasive instrument that can be used to profile tumors in real-time. The recent 
developments in high-throughput sequencing and methylation-based assays have greatly enhanced the 
level of analytical sensitivity and therefore, the detection of early malignancy is better and also 
therapeutic response can be effectively monitored. 
Objective 
To conduct a systematic review and synthesis of the evidence regarding the diagnostic accuracy, 
prognostic utility and treatment-monitoring performance of the liquid biopsy biomarkers in the detection 
of early cancer in the solid tumours, to evaluate the methodological trends and sources of heterogeneity 
on clinical applicability. 
Methods 
There was a systematic search of PubMed, EMBASE, Scopus, Web of Science, Cochrane Library, IEEE 
Xplore, and Google Scholar to identify different papers published during 2010-2025. Research 
evaluating ctDNA, CTCs, exosomes, or methylation analyzes in the diagnosis, prognostication, or MRD 
monitoring was included. Two reviewers were screening data and extracting data independently 
according to PRISMA 2020 guidelines. Quality of the methodology was evaluated based on the 
QUADAS-2 and ROBINS-I. Random-effects pooled meta-analyses were based on the sensitivity, 
specificity, odds ratios (ORs), and area under the receiver-operating curve (AUC). Correlations were 
used to examine correlations between variables of study design and diagnostic performance. 
Results 
Out of 6,812 original entries, 42 studies were taken into account according to which over 28,400 cancer 
patients and 33,000 controls were included, and ctDNA and methylation based assays proved to be the 
most successful in the diagnostic process with pooled sensitivity of 0.78 and specificity of 0.83 and AUC 
of 0.87. CtDNA panels utilizing methylation reached an AUC of as high as 0.92 and multi-omics 0.94. 
Exosomal miRNA biomarkers performed well (AUC 0.86 -0.92) and CTC tests were of moderate 
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accuracy (AUC 0.79). In treatment monitoring, early ctDNA clearance showed a therapeutic response 
(HR 0.42) and increasing levels of ctDNA predicted radiologic relapse 3-6 months before it happened. 
Diagnostic (r = 0.72) and serial (r = 0.68) sampling correlated with depth of sequencing, whereas pre-
analytic variability decreased the accuracy (r = - 0.54). External validation was only done in 36% of 
studies. 
Conclusions 
Liquid biopsy offers a solid and minimally invasive platform of early cancer diagnosis, therapeutic 
response, and MRD, and longitudinal ctDNA dynamics provides powerful predictive information of 
therapeutic response and recurrence. Nevertheless, large-scale clinical utilization is still hampered by 
inconsistencies in assay procedures, poor standardization and sub-optimal external validation. The future 
studies ought to focus on multi-center prospective research, integrative pipelines, and multi-omics to 
facilitate clinical translation. 
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Introduction 
Making early diagnoses of cancer is perhaps 
one of the greatest factors that can determine the 
survival of the patient, a successful treatment 
and the presence of a long-term clinical 
outcome. Even though oncologic imaging, 
targeted therapy, and molecular diagnostics 
have made truly remarkable achievements, a 
significant percentage of cancers are still 
diagnosed at intermediate- or advanced-stage 
stages, at which curative treatments are less 
effective, and their mortality rates shoot up 
exponentially. The classic tissue biopsy, the 
traditional gold standard of diagnosis has 
essential histopathological and genomic data, 
but is too invasive, biased in sampling, and 
unable to capture the spatial and temporal 
heterogeneity of tumors [1, 2]. Tumors do not 
stand still under the pressure of treatment, and a 
single biopsy at the diagnosis time will hardly 
represent this dynamic picture. This leads to the 
increased demand of diagnostic technologies 
that would be able to offer real-time, systemic, 
and minimally invasive measurements of tumor 
burden and biology. 
Liquid biopsy has become a game changer to 
these issues providing unprecedented 
opportunities in early cancer detection, 
treatment monitoring, and minimal residual 
disease (MRD) assessment. Liquid biopsy, 
through its ability to monitor tumor evolution 
with precision never previously possible, has 
shown itself to have high potential in detecting 
early-stage malignancies at low allele fractions 
in the blood (and other body fluids), and in 
monitoring tumor response to therapy by 
quantifying and qualifying changes in mutation 
patterns. Equally, exosomal biomarkers 
indicate an active process of cellular 

communication and they contain RNA, protein, 
and lipid cargo that reflects the tumor 
microenvironment state [3, 4]. A combination 
of these circulating biomarkers has offered a 
wholesome understanding of the dynamics of 
the tumor, frequently weeks or months prior to 
the radiography being noticeable. 
Liquid biopsy has an ever-growing clinical 
promise due to recent technological 
advancements. Digital PCR (dPCR) and high-
resolution methylation profiling have improved 
assay sensitivity a lot, and now it is possible to 
observe even the smallest tumors. New multi-
omics methods combine genomic, epigenomic, 
transcriptomic and proteomic data to increase 
the precision and strength of early cancer 
identifying methods. Moreover, serial sampling 
facilitated by the less invasive characteristic of 
liquid biopsy can facilitate continuous 
monitoring of response to treatment, early 
readings of resistance mutation, and detection 
of MRD way before clinical relapse. These 
functionalities have far-reaching implications 
on the area of precision oncology, an 
opportunity to intervene earlier, to adoptive 
care, and to care that is really personal [5, 6]. 
However, as evidenced by such improvements, 
clinical translation of liquid biopsy is not 
uniform, which can be explained in part by the 
heterogeneity of study designs, assay platforms, 
pre-analytical procedures and analytic 
thresholds. There is a wide range in the 
diagnostic performance of cancer across 
different biomarkers, different types of cancer, 
and more so with varying technologies in 
sequencing, and most of the studies present in 
the literature have not been externally validated, 
have not been reported in a standardized 
fashion, and their protocols are not harmonized. 
Prior to analytical considerations (i.e., the blood 
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collection tubes, processing medium, and DNA 
extraction systems) can have a significant 
impact on the yield of ctDNA and its 
interpretation [7, 8]. This has been a challenge 
to the reproducibility and regulatory approval, 
which has led to the necessity of systematic 
synthesis of the available evidence to 
understand the actual diagnostic and prognostic 
worth of liquid biopsy technologies. 
Considering the fact that the liquid biopsy study 
is growing fast, and the clinical need in the non-
invasive detection instruments is increasing, a 
proper and systematized assessment is timely 
and necessary. The systematic review is an 
evidence synthesis of the last 15 years that 
provides an evaluation of the efficacy of liquid 
biopsy biomarkers in the setting of early cancer 
diagnosis and treatment follow-up of various 
solid tumors. In particular, it assesses diagnostic 
accuracy of ctDNA, CTCs, exosomal 
signatures, and methylation markers; evaluates 
their predictive ability of treatment response 
and relapse; and presents methodological 
strengths and limitations, which affect the 
applicability in clinical use [9, 10]. This review 
intends to shed light on the feasibility of liquid 
biopsy to be more broadly integrated into 
clinical practice and the actions that need to be 
taken in order to realize the dream of a reliable, 
standardized and practical liquid biopsy in the 
future of precision oncology. 
Literature Review 
Liquid biopsy remains an evolving field within 
the last 10 years due to both molecular 
diagnostic improvements and high-throughput 
sequencing and the increased understanding of 
tumor heterogeneity as a significant problem in 
oncology. The first concept that was proposed 
was that of detecting tumor-derived contents in 
blood by the identification of circulating tumor 
cells (CTCs). Initial research has shown that 
CTCs levels were associated with disease stage 
and prognosis in breast, prostate, and colorectal 
cancers but the low concentration of CTCs, 
particularly in the initial stages, reduced their 
application as sensitive biomarkers [11, 12]. 
This limitation prompted scientists to find other 
biomarkers that are discovered in the blood, and 
eventually, the circulating tumor DNA (ctDNA) 
was found as a more sequentially accessible and 
ample biomarker. A ground-breaking research 
found that ctDNA fragments harbor tumor-
specific mutations, methylation changes, and 
genomic changes that are representative of the 
underlying malignancy, making ctDNA a 
foundation of research in liquid biopsy. 
Further studies established that ctDNA can be 
used in the diagnosis of a wide range of cancers. 
Initial studies of colorectal cancer discovered 
that ctDNA-based tests were capable of 

detecting stage I-II disease with a high 
specificity and even cystic lesions. CtDNA 
mutation profiling of lung cancer identified 
early-stage non-small cell lung cancer 
(NSCLC) more accurately than either sputum 
cytology or low dose CT only. The use of 
ctDNA methylation signatures came into the 
limelight in the context of hepatocellular 
carcinoma (HCC) because of the drawbacks of 
alpha-fetoprotein (AFP) as a screening method. 
Research demonstrated that certain methylation 
signatures including SEPT9 or HOXA family 
gene methylation was more sensitive in 
detecting early HCC and could even be used to 
identify patients at high risk of getting cirrhosis 
who would later become cancerous [13, 14]. 
These pioneer studies formed the basis of the 
next generation of liquid biopsy platforms 
where there is a tendency to use multi-marker 
strategies to enhance precision. 
In parallel with the evolution of the ctDNA-
based diagnostics, exosomes and other 
extracellular vesicles were also considered as 
the biologically enriched carriers of the tumor-
specific information. Their contents, RNA, 
miRNA, DNA fragments, lipids, and proteins, 
are resistant to enzymatic degradation, and 
therefore, exosomes can be used as a stable and 
informative source of biomarkers. The 
exosomal miRNA signatures like miR-21, miR-
200 family and miR-122 were also identified by 
breast and ovarian cancer research as being very 
sensitive in early tumorigenesis. The same 
patterns were observed in gastrointestinal 
tumors, where exosomal cargo was used to give 
information regarding the presence of tumor 
cells, as well as the activation of oncogenic 
pathways [15, 16]. In contrast with ctDNA, 
exosomes provide an indication of active 
cellular processes and cell-cell communication 
and provides a unique layer of biological data, 
which supplements genomic biomarkers. With 
time, exosome-based diagnostics have 
improved to multiplexed microfluidic systems 
which can isolate tumor specific vesicles and 
they are more sensitive and specific. 
The other significant change in the study of 
liquid biopsy is the improvement of methylation 
profiling. Alterations of DNA methylation are 
seen at an early stage of cancer development, 
and they are usually more stable than point 
mutations, which can be highly variable even 
within a single tumor. Various innovative 
investigations have shown that the methylation-
based ctDNA assays exhibited superior results 
with regard to the detection of early cancerous 
cellular pathology. The Galleri multi-cancer 
early detection (MCED) test is a methylation 
pattern recognition-based test, which claimed to 
detect more than 50 types of cancer with high 
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specificity, and reliably detect the tissue of 
origin. Smaller single-cancer studies, of similar 
size, especially in colorectal, gastric, and lung 
cancer, have demonstrated that in the early 
stages, one can rely on the findings of the 
methylation-based biomarkers, which in most 
cases, are superior to the mutations-based tests 
[17, 18]. These discoveries aided in moving the 
field to epigenomics as a source of a stable and 
reliable biomarker. 
Liquid biopsy broadly has been the subject of 
treatment monitoring. The initial investigations 
in metastatic colorectal cancer have shown that 
ctDNA concentration in responders 
significantly decreased with the start of 
chemotherapy but did not change or even rose 
in non-responders. This has been since repeated 
in numerous different types of tumor such as 
breast, lung and melanoma. One of the most 
promising applications has been the detection of 
minimal residual disease (MRD) with ctDNA 
since several studies have shown that ctDNA 
positivity after curative-intent treatment 
forecasts relapse months prior to radiologic 
imaging. As an example, serial ctDNA 
monitoring has been established to reveal 
recurrence in breast cancer about 36 months 
before clinical indicators are detected. The 
dynamics of ctDNA in lung cancer is associated 
with the development of resistance mutations, 
including EGFR T790M or ALK fusions, which 
allows clinicians to more effectively and 
promptly change treatment [19, 20]. This is 
based on the evidence that the liquid biopsy is 
an actionable and real time reporting on tumor 
evolution. 
The recent advancement in the research is 
multi-omics liquid biopsy. With the realization 
of the shortcomings of single-analyte 
biomarkers, scientists have embarked on the 
strategies of combining genomics with 
transcriptomics, methylomics, and proteomics 
with the aim of developing integrated 
diagnostic signatures. Research that 
implements both ctDNA mutation and 
methylation profiling finds significantly high 
performance, usually with an AUC greater than 
0.94. There has been the growing integration of 
machine learning and artificial intelligence to 
examine complicated data distributions among 
several modalities of biomarkers so as to do 
better feature selection and classification. The 
goal of this integration is to decrease false 
positive, enhance sensitivity of very early-stage 
disease, and bring more biological insight of 
tumor behavior. 
Although the developments are exciting, a 
number of limitations are still present in the 
literature. Diversity in pre-analytic procedures, 
including blood collection time, centrifugation 

procedure, and DNA extraction kit, has created 
variability in studies [21, 22]. The previous 
works were not validated by external sources 
making the generalizability of their results low. 
In addition, the level of ctDNA in very early-
stage cancers is frequently low, making it a 
strong biomarker but requiring ultra-sensitive 
assays which, despite being costly and not as 
commonly available, are currently available. 
Changes in regulation are also still a major 
problem, since the sphere does not have 
common standards regarding assay 
sensitivities, reporting standards and validation 
systems. However, the multi-center trial 
process and the increased attention to 
standardization by such agencies as the FDA, 
ESMO and CAP still tend to shift the field 
towards clinical use. 
Combined, the available literature vastly 
affirms the claim that liquid biopsy is a 
disruptive technology in the field of early 
cancer detection and monitoring of its 
treatment. Taken together, the above evidence 
shows that ctDNA, CTCs, exosomes, and 
methylation-based biomarkers have their own 
merits. Combined with multi-omics and 
improved computational pipelines, such 
biomarkers can transform the diagnosis and 
therapeutic decision making process of cancer. 
In the coming years, once the technology is 
mature and has proven its standards, liquid 
biopsy is set to become an inseparable part of 
precision oncology, as the paradigm of 
precision oncology shifts to proactive and early 
treatment, rather than reactive. 
Methodology 
Study Design and Rationale 
The systematic review was performed to review 
the uses of liquid tumor biopsy assays such as 
circulating tumor DNA (ctDNA), circulating 
tumor cells (CTCs), exosomal biomarkers and 
methylation-based assays in early cancer 
detection and management monitoring in major 
solid tumors. The review was based on the 
PRISMA 2020 guidelines, which guaranteed 
methodological transparency, reproducibility, 
and full report. 
The design was to bring together evidence on 
the diagnostic accuracy, prognostic, minimal 
residual disease (MRD)s detection, and 
longitudinal treatment monitoring based on 
biomarkers through liquid biopsy. 
Search Strategy 
An extensive search of electronic databases was 
conducted on the studies published since 
January 2010 to December 2025. The databases 
that were included were as follows: 
• PubMed/MEDLINE 
• EMBASE 
• Scopus 
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•Two other databases were also used: 
• Web of Science Core Collection 
• Cochrane Library 
Xplore (methodological/technology-focused 
studies) IEEE Xplore. 
References to grey literature and conference 
abstracts were available in Google Scholar. 
The search strategy involved the combination of 
the MeSH terms and the free-text keywords 
with the Boolean operators and each database 
was adapted. One example search query was: 
AND (liquid biopsy OR "circulating tumor 
DNA" OR ctDNA OR "circulating tumor cells" 
OR CTC OR exosomes OR "cell-free DNA" 
OR cfDNA OR methylation). 
AND 
(early detection OR screening OR diagnosis OR 
prognostic OR monitoring OR minimal residual 
disease or "minimal residual disease") 
AND 
And (cancer OR tumor OR carcinoma OR 
neoplasm). 
Manual screening of reference lists of potential 
articles and systematic review papers was also 
done to identify more eligible studies. 
Study Selection 
Titles and abstracts were screened by two 
independent reviewers to be eligible. Relevant 
articles that had full texts were then assessed 
based on preset criteria. Differences were to be 
solved by consensus or consultation with a third 
reviewer. 
Table 1. Inclusion and Exclusion Criteria 

Criterion Inclusion Exclusion 
Populatio
n 

Human 
subjects with 
diagnosed 
cancer or 
under 
investigation 
for early-
stage disease; 
plasma/serum 
liquid biopsy 
available 

Animal 
studies, in 
vitro 
experiments, 
purely 
computationa
l modeling 

Biomarke
r Type 

ctDNA 
mutations, 
methylation 
signatures, 
CTC counts, 
exosomal 
RNA/miRNA
, multi-omics 
panels 

Tissue-only 
biomarkers; 
imaging-only 
studies 

Study 
Design 

Cohort, case-
control, 
cross-
sectional, 
diagnostic 
accuracy 

Editorials, 
letters, 
narrative 
reviews 
without 
original data 

studies, 
longitudinal 
monitoring 
studies 

Outcomes Sensitivity, 
specificity, 
AUC, hazard 
ratios, 
longitudinal 
ctDNA/CTC 
kinetics, 
MRD 
detection 

Studies 
lacking 
quantitative 
performance 
outcomes 

Language English Non-English 
studies 

Time 
Frame 

2010–2025 Pre-2010 
studies 

 
Data Extraction and Management 
The standardized spreadsheet was used to 
extract the data independently. The extracted 
variables were: 
ID of the study, authors, year of publication. 
Cancer type and stage of clinical analysis. 
Size of the sample (patients/ controls) 
Intrinsic to exosomes, methylation, ctDNA, 
CTCs, and multi-omics  
Platform/technology employed (NGS, dPCR, 
ddPCR, methylation panel assays) 
Diagnostic performance under conditions of 
sensitivity, specificity, AUC, PPV/NPV. 
Prognostic (hazard ratio of survival/relapse) 
outcomes. 
Treatment monitoring data (kynamics of 
ctDNA, the intervals of MRD detection) 
Methods of validation (internal or external 
cohort) 
Quality Assessment 
Two quality assessment tools were 
complementary, and they were used: 

1. QUADAS-2(Quality Assessment of 
Diagnostic Accuracy Studies) 

 Studies that used AUC, sensitivity, and 
specificity. 
 Domains: patient selection, index test, 
reference standard, flow & timing. 
    2. ROBINS-I (Risk Of Bias In Non-
randomized Studies of Interventions) model       
modified. 
Applied to longitudinal research studies on 
MRD and treatment monitoring. 
Domains confounding, selection of 
participants, interventions classification, 
outcomes measurement. 
Research that addressed 3 or more low-risks 
domains was categorised as overall low-risk 
research. Any difference of opinion was settled 
through consensus. 
Synthesis of Data and Statistical Analysis. 
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Both narrative and quantitative syntheses were 
performed because biomarkers, platforms, and 
types of cancer are heterogeneous. 
Quantitative Synthesis 
The meta-analysis of diagnostic performance 
was pooled using random-effects: 
Sensitivity 
Specificity 
AUC 
Odds ratios (ORs) or hazard ratios (HRs) 
Subgroup analyses were done on the basis of: 
The type of biomarker (ctDNA, CTC, 
exosomes, methylation) 
Technology type (NGS vs. dPCR) 
Purpose of the study (screening vs. MRD vs. 
relapse prediction) 
Internal and external validation (method of 
validation) 
Graphs & Visualizations 
Figures generated include: 
already created forest plots of shared ORs and 
diagnostic measures (Figure 2) 
The longitudinal ctDNA kinetic changes of 
responders and non-responders (Figure 3) 
 Figure 4 Relative AUC bar charts of classes of 
biomarker. 
 Risk-of-bias (Summary) (Figure 5). 
  Figure 6 Correlation heatmap of 
methodological factors and the diagnostic 
performance. 
Handling Heterogeneity 
Heterogeneity was also measured by Cochran Q 
and I 2. 
I 2 greater than 50% was a sign of large 
heterogeneity. 
Sensitivity analyses were conducted by doing 
away with high-risk studies. 
Ethical Considerations 
Any data utilized in all of the studies included 
with this review was previously published and 
de-anonymized; hence, this review did not need 
any ethical approval or patient consent. Any 
original studies stated that they had received 
ethics approval where necessary. 
Analysis 
The systematic search helped to identify 42 
eligible studies that were published between 
2010 and 2025 that investigated the diagnostic 
and monitoring uses of a liquid biopsy as an 
early cancer detection tool. All these studies 
together analyzed a total of more than 28,400 
cancer patients and 33,000 controls comprising 
of a variety of cancer types such as lung, breast, 
colorectal, prostate, hepatocellular carcinoma 
(HCC), and pancreatic cancer. Circulating 
tumor DNA (ctDNA), circulating tumor cells 
(CTCs), exosomal RNA /miRNA and cancer-
related methylation signature were the most 
commonly-evaluated biomarkers. 

In the literature, liquid biopsy detection 
revealed a high potential of early diagnosis, 
dynamic treatment, minimal residual disease 
(MRD), and pre-relapse identification. The 
most common technologies that were used were 
high-throughput sequencing (NGS), digital 
PCR (dPCR), and methylation-based platforms. 
PRISMA 2020 Flow 
There were 6,812 records found in the search of 
PubMed, Scopus, Embase, Web of science, 
Cochrane Library, and Google Scholar. 
Following the elimination of the duplicates, 
4,921 articles were left to be screened. The 
number of the reviewed full-text articles is 356, 
and 42 studies were included. 

 
Figure 1. PRISMA 2020 Flow Diagram of 
Study Selection 
(Shows overall records retrieved, screening, 
exclusions and inclusion of 42 studies in the 
end) 
Diagnostic Liquid Biopsy Biomarkers 
Performance. 
Early detection assays based on ctDNA had 
high diagnostic accuracy across included 
studies: 
Pooled Sensitivity: 0.78 (95% CI: 0.74–0.82) 
Pooled Specificity: 0.83 (95% CI: 0.79–0.86) 
Overall AUC: 0.87 
Methylation-based ctDNA assays showed even 
greater results in early-stage tumours 
(especially colorectal, lung and HCC) and AUC 
values of over 0.90 have been reported in 
several large cohorts. 
Assays using CTC-based were intermediate 
(AUC 0.75-0.81) and exosomal signatures of 
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miRNA gave high discriminative capacity 
(AUC 0.86-0.92) particularly in gastrointestinal 
and breas

t tumors. 
 
Figure 2. Pooled Diagnostic Accuracy of 
ctDNA, CTCs, and Exosomal Biomarkers 
(Shows overall records retrieved, screening, 
exclusions and inclusion of 42 studies in the 
end) 
Applications in Treatment Monitoring and 
Minimal Residual Disease (MRD) 
In the analysed studies, ctDNA-based early 
diagnosis detection tests demonstrated high 
levels of diagnostic accuracy: 
Pooled Sensitivity: 0.78 (95% CI: 0.74–0.82) 
Pooled Specificity: 0.83 (95% CI: 0.79–0.86) 
Overall AUC: 0.87 
Methylation-based ctDNA assays showed even 
greater results in early-stage tumours 
(especially colorectal, lung and HCC) and AUC 
values of over 0.90 have been reported in 
several large cohorts. 
Assays using CTC-based were intermediate 
(AUC 0.75-0.81) and exosomal signatures of 
miRNA gave high discriminative capacity 
(AUC 0.86-0.92) particularly in gastrointestinal 
and breast tumors. 

 
Figure 3. Early Treatment Response as 
Predicted by ctDNA Dynamics 
(Line graph of ctDNA levels of responders and 
non-responders decreasing and increasing 
respectively.) 
Category-Wise Biomarker Insights 

Biomarker 
Class 

Studie
s (n) 

Poole
d OR 
/ HR 
(95% 
CI) 

AUC 
(Early 
Detectio
n) 

ctDNA 
mutation 
assays 

22 OR 
1.95 
(1.62–
2.30) 

0.89 

Methylatio
n-based 
ctDNA 

15 OR 
2.12 
(1.74–
2.51) 

0.92 

Exosomal 
miRNA 

12 OR 
1.68 
(1.45–
1.95) 

0.86 

CTC 
enumeratio
n 

10 OR 
1.54 
(1.28–
1.80) 

0.79 

Multi-
omics 
liquid 
biopsy 
panels 

8 OR 
2.40 
(1.95–
2.85) 

0.94 

 

 
Figure 4. Category-Wise Performance of 
Liquid Biopsy Biomarkers 
(Bar graph of diagnostic AUC and predictive 
value by the classes of biomarkers) 
Quality and Bias Assessment 
Risk-of-bias assessment (Adapted version of 
QUADAS-2 and ROBINS-I) demonstrated: 
External validation was done in 36% of the 
research; 
High sensitivity (NGS, dPCR) applied in 78%; 
blinded outcome assessment present 53; 
Risk of bias: 
Low in patient selection (72%) 
Averagely low in index test interpretation 
(57%) 
Flow/timing and pre-analytic variability (high 
risk 41%). 
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Figure 5. Risk of Bias Summary Across 
Included Studies 
(Low risk, moderate risk, high risk plot of 
Traffic-light of QUADAS-2 domains) 
Predictive Correlation Patterns 
Correlation analysis has shown that there are 
significant methodological and clinical 
correlations: 
Increased sequencing depth was strongly 
positively related with increased diagnostic 
accuracy(r = 0.72). 
Studies that used serial sampling demonstrated 
much higher MRD detection (r = 0.68). 
Sample size was positively related with the 
performance of external validity (r = 0.61). 
Produced inversely correlated variability 
Preanalytic (e.g., lag time in plasma processing) 
with accuracy (r = -0.54). 

 
Figure 6. Heatmap of Correlations Between 
Methodological Variables and Diagnostic 
Accuracy 
(Heatmap of positive/negative correlations 
between variables) 
Section-Wise Summary Table 

Domain Key Findings Pooled / 
Median 
Value 

Diagnostic 
Accuracy 

ctDNA & 
methylation 
assays high 
AUC (0.87–
0.92) 

High 

Monitoring 
& MRD 

Early ctDNA 
dynamics 
strongly 

Strong 

predict 
response 

Biomarker 
Strength 

Multi-omics > 
Methylation > 
Exosomal > 
CTCs 

High–
Variable 

Validation & 
Bias 

External 
validation 
only in 36% 

Moderate 

Predictive 
Correlations 

Depth & serial 
sampling 
improve AUC 

Strong 

 
Key Takeaways 
Liquid biopsy is a strong early-cancer detection 
instrument, particularly, methylation-based 
ctDNA and multi-omics panels, which have 
steadily high AUC of above 0.90. 
ctDNA monitoring has high predictability of 
treatment response, MRD, early relapse and 
usually several months before radiographic 
progression. 
Exosomal biomarkers are extremely sensitive in 
malignancies that are aggressive, and CTCs are 
also sensitive but not as sensitive as exosomal 
biomarkers in detecting the disease at an early 
stage. 
Issues of standardization still exist, such as 
preanalytic processing, sensitivity of assays and 
infrequent external validation. 
Future research: The following should be given 
priority: 
Integration of the multi-omics (ctDNA + 
methylation + exosomal RNA) 
Homogeneous MRD levels. 
Serial sampling prospective trials. 
Standardized assay procedures to be used in the 
clinic. 
DISCUSSION 
This review of literature illustrates that liquid 
biopsy has become a highly potential and fast 
developing platform to detect early tumors as 
well as treatment follow-up and minimal 
residual disease (MRD) in various solid tumors. 
Through the ctDNA, CTCs, exosomal marker 
studies and the methylation signatures, the 
reviewed studies have a consistent theme that 
liquid biopsy may complement or even 
outperform the old diagnostic tools especially 
cancer where early symptoms are low and 
imaging is ineffective [23, 24]. The best 
indication was the ctDNA mutation panels and 
methylation-based assays which had a pooled 
diagnostic AUC ranging between 0.89 and 0.94, 
which indicated high level of discriminating 
capability within early malignancies. 
The all-purpose diagnostic measurements in the 
literature reviewed support the clinical potential 
of liquid biopsy. The sensitivity was 0.78 with 
specificity of 0.83 and AUC of 0.87 which is 
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also in par or higher than the existing screening 
tests of colorectal, lung and liver cancers. 
Interestingly, the ctDNA assays using 
methylation-based methods, notably in the case 
of colorectal and hepatocellular carcinoma, 
showed AUCs of over 0.92, which establishes a 
superb level of detection of stage I–II 
carcinoma. Exosomal miRNA also 
demonstrated strong findings especially in 
gastrointestinal and breast cancers with AUCs 
ranging between 0.86 and 0.92. Conversely, 
CTC enumeration, although clinically 
informative in terms of prognosis, showed 
diminished sensitivity in the early cancer stage, 
and this is consistent with biological limitations 
of the CTC release in the early cancer stage [25, 
26]. 
The performance difference among the studies 
was highly correlated with the study design, 
sequencing depth, the size of cohort, and 
biomarker platform. Studies with a deep 
sequencing method (NGS, targeted methyl-seq) 
with serial sampling strategies were always 
more likely to have a high diagnostic accuracy. 
Correlations showed that sequence depth and 
AUC (r = 0.72) and serial sampling and 
predictive power (r = 0.68) had significant 
correlations [27, 28]. Similarly, the size of the 
sample was also positively associated with 
diagnostic validity (r = 0.61), which suggests 
that multi-center cooperations and large 
biobank-associated cohorts also make a 
significant contribution to the liquid biopsy 
functioning. 
However the most tenacious problem 
encountered in the research was the absence of 
standardization and external validation. 
Independent validation was only done in 36 
percent of included studies, which raises some 
doubts on reproducibility [29, 30]. Moreover, 
inconsistency in the detection of biomarkers 
was caused by heterogeneity of pre-analytic 
variables, including blood collection tubes, 
centrifugation protocols, nucleic acids 
extraction kits, and sequencing thresholds. This 
is similar to issues of reproducibility that are 
found in other more advanced biomarker fields 
such as genomics and proteomics in which 
variations in sample handling and assay 
platforms can cause large variations in 
performance. 
The results hold significant future suggestions 
of precision oncology. Liquid biopsy was not 
meant to substitute other diagnostic imaging or 
tissue biopsy but serve as a complement to them 
and give a non-invasive dynamic view of tumor 
dynamics, ctDNA clearance post-treatment, 
which was found to be predictive of response 
and relapse and in many cases, preceded 
radiographic progression by 3-6 months. This 

will give the opportunity of earlier therapeutic 
intervention and more adaptive treatment 
strategies. Exosomal miRNA signatures and 
CTC phenotyping are also both promising in the 
stratification of treatment resistance to allow 
oncologists to customize therapy as tumor 
biology evolves. 
In spite of these positive indications, there are 
still big gaps. More than one-third of the articles 
failed to provide such important 
methodological parameters as assay sensitivity 
limits, variant allele frequency (VAF) cutoffs, 
sequencing depth, and library preparation 
procedures. There was also a lot of insufficient 
transparency in many studies about the 
pipelines that they used to analyze, or they 
failed to open-source their bioinformatic 
pipelines. Unless there is a transparent reporting 
guideline, like those in use in other initiatives 
like STARD, TRIPOD-AI, and ESMO ctDNA, 
the introduction of liquid biopsy into the 
mainstream clinical practice will not be 
homogeneous. Also, the evidence base, 
although growing, remains heterogeneous with 
regard to cancer types, types of biomarkers and 
technologies of assays. A majority of the studies 
were retrospective and none of them assessed 
cost-effectiveness which is a critical aspect of 
the population-wide early detection programs. 
Overall, this review has identified a great 
potential and the existing shortcomings of 
liquid biopsy as an early predictor and 
treatment-follow-up technology in a variety of 
cancers. Although ctDNA and methylation 
assays are the most robust biomarkers, multi-
omics liquid biopsy panels, such as ctDNA, 
exosomal RNA, and epigenetic signatures, can 
provide the most detailed information on tumor 
biology in clinical systems of the future. 
CONCLUSION 
This systematic review shows that liquid biopsy 
is a revolutionary technology in the detection of 
early cancer and during treatment monitoring 
and MRD and pooled AUCs of 0.87-0.94 
indicate it has a high potential to identify 
various malignancies at an early stage. Liquid 
biopsy can also give dynamic data of treatment 
response and risk of relapse and ctDNA kinetics 
often predicts treatment outcome several 
months prior to radiographic progression. 
There are however, considerable challenges 
especially associated with standardization, 
assay harmonization, external validation and 
transparent reporting that is considered as 
impediments to a common clinical use. The 
next step in research must be large and 
multicentric prospective studies, setting up of 
the unified pre-analytic and analytic protocols, 
and implementing multi-omics and longitudinal 
sampling models. Provided that these 
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methodological and regulatory gaps are 
resolved, liquid biopsy could be developed into 
a regular and regularly incorporated, highly 
informative part of precision oncology, which 
would allow intervening earlier, treating with a 
tailored treatment, and improving patient 
outcomes. 
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