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ABSTRACT

Background: Tissue biopsy is the established diagnostic standard in oncology;
however, it is invasive, limited in spatial and temporal scope, and frequently
impractical for serial monitoring. Liquid biopsy provides a minimally invasive
and repeatable method for assessing tumour biology. Dependence on a singular
analyte, such as ctDNA, may overlook clinically significant signals attributable to
tumour heterogeneity, low shedding, and biological noise.

Objective: To synthesizeevidence that supports the use of multi-analyte liquid
biopsy, which integrates ctDNA, circulating tumour cells (CTCs), extracellular
vesicles/exosomes, microRNAs (miRNAs), and fragmentomics/epigenomics for
purposes including screening, diagnosis, treatment selection, response
assessment, and minimal residual disease (MRD) detection.

Methods: This narrative review examines peer-reviewed studies, guidelines, and
key trials across various analytes and disease contexts, focusing on integrative
methodologies and their relevance in diverse environments, particularly in Sub-
Saharan Africa.

Results: ctDNA has been verified for the selection of targeted therapies in
advanced NSCLC and for MRD risk stratification in colorectal cancer; its
integration with CTCs enhances MRD detection and prognostic evaluation.
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DNA methylation and fragmentomics, including DELFI, improve the ability to find things early. Exosomal PD-L1 and phenotyped
circulating tumour cells (CTCs) contribute to refined resistance profiling and immunotherapy monitoring. Also, circulating miRNAs
make early-signal sensitivity higher. Multi-analyte panels, such as Cancer SEEK/DETECT-A and methylation-based MCED paired with
fragmentomics, work better than single-analyte testing in some cases. Integrative models, on the other hand, give more accurate
forecasts of outcomes.

Conclusion: Multi-analyte liquid biopsy is emerging as an essential element of precision oncology. Standardised pre-analytics,
harmonised analytics, and Al-driven integration are essential for improving therapeutic utility across various populations. It is
important to prioritise future trials and implementation that is appropriate for the situation, even in Sub-Saharan Africa.

Keywords: Circulating Tumor Cells, Circulating Tumor DNA; DNA Methylation; Exosomes; Extracellular Vesicles; Fragmentomics;

Liquid Biopsy; MicroRNA; Minimal Residual Disease; Multi-Analyte; Precision Oncology.

Introduction

Liquid biopsy gets around a lot of the problems that come with
tissue-based genotyping. Single-site tissue sampling often
neglects tumour geographic and temporal variability; yet,
repeated biopsies may be invasive, hazardous, or impractical.
Genotyping based on plasma, on the other hand, speeds up the
start of treatment, makes it easier to pick targeted medicines,
and allows clinicians to keep an eye on the condition over time.
The prospective NILE research demonstrated that the analysis
of circulating tumour DNA (ctDNA) may reliably identify
actionable mutations in newly diagnosed advanced Non-Small
Cell Lung Cancer (NSCLC), occasionally more swiftly than a
conventional tissue sample. This demonstrates that ctDNA
analysis is effective in directing precision therapies. Further
studies on NSCLC have validated plasma-first methodologies,
showcasing a strong association with tissue testing, enhanced

detection rates for actionable mutations, and a significantly
reduced turnaround time [1-3].

However, relying solely on ctDNA has inherent limits, especially
in early-stage disease characterised by minimal tumour DNA
shedding, and is further complicated by clonal haematopoiesis
of indeterminate potential (CHIP). To address these challenges,
a multi-analyte strategy that incorporates complementary
biomarkers—such as circulating tumour cells (CTCs),
extracellular vesicles/exosomes, microRNAs, and methylation
or fragmentomic signatures—provides orthogonal biological
insights (e.g., cellular morphology, protein expression, vesicle
cargo, regulatory RNAs, and epigenomic profiles). This
integration improves both sensitivity and specificity
throughoutthe cancer care continuum [4].
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Scope: This study looks atimportantliquid biopsy analytes such
as ctDNA, CTCs, exosomes, and other biomarkers and talks
about how they can work together to improve cancer diagnosis
and treatment. It examines evidence from early detection to
treatment monitoring, MRD evaluation, and relapse forecasting,
while also addressing technological and operational challenges
such as sensitivity, specificity, standardisation, and scalability.
The review also talks about new technologies like Al-driven
analytics and single-cell multi-omics. It also talks about the
prospects and obstacles of employing these technologies in low-
and middle-income countries, notably in Sub-Saharan Africa.

Components of Multi-Analyte Liquid Biopsies

Circulating Tumour DNA (ctDNA): Biology and Detection:
DNA fragments from tumours are released into the plasma and
can be detected using methods such as Digital Droplet
Polymerase Chain Reaction (ddPCR), Beads, Emulsion,
Amplification, and Magnetics (BEAMing), or hybrid-capture
Next-Generation Sequencing (NGS). Plasma-first genotyping in
advanced NSCLC routinely identifies guideline-recommended
biomarkers and expedites the initiation of targeted therapy
[5,6]. Clinical applications: Prospective experiments indicate
that this approach is comparable to tissue genotyping for
treatment selection and offers reduced turnaround times. The
DYNAMIC research showed that ctDNA-guided adjuvant
therapy for stage Il colon cancer reduced the need for
chemotherapy without compromising the 2-year recurrence-
free survival rate. Additionally, ctDNA positivity was a strong
predictor of recurrence [7, 8]

Circulating Tumour DNA (ctDNA)

Biology and detection: DNA fragments from tumours are
discharged into the plasma and can be found using techniques
like Digital Droplet Polymerase Chain Reaction (ddPCR), Beads,
Emulsion, Amplification, and Magnetics (BEAMing), or hybrid-
capture Next-Generation Sequencing (NGS). Plasma-first
genotyping in advanced NSCLC consistently reveals guideline-
recommended biomarkers and accelerates the commencement
oftargeted therapy [5,6].

Clinical applications: Prospective trials show that this method
is not worse than tissue genotyping for choosing a treatment
and has shorter turnaround times. The DYNAMIC study
demonstrated that ctDNA-guided adjuvant therapy in stage II
colon cancer lowered chemotherapy use without affecting 2-
year recurrence-free survival, and ctDNA positivity was a robust
predictor ofrecurrence [7,8].

Limitations: Sensitivity diminishes in early-stage disease
owing to minimal tumour DNA shedding, and clonal
haematopoiesis (CHIP) may produce false positives, needing
paired leukocyte sequencing or bioinformatic filtering [9].

Circulating Tumour Cells (CTCs)

The FDA has approved the CellSearch® system (EpCAM-based)
as the gold standard for isolating CTCs. Newer microfluidic and
label-free platforms are better at capturing CTCs. CTC counts are
reliably predictive across malignancies, including breast and
prostate cancer [10,11].

Functional insights: CTC genomic and phenotypic profiling
goes beyond just counting cells; it also gives information about
how likely a cancer is to spread and how resistant it is to
treatment. This works with ctDNA to help figure out who is at
risk[12].

Exosomes and Extracellular Vesicles (EVs) Their contents
and biology: Extracellular vesicles (EVs) include a variety of
proteins, nucleic acids, and lipids that reflect the normal and
abnormal conditions of the tumour cell from whence they came.
This molecular information offers significant insights into
tumour development and progression. The Minimal
Information for Studies of Extracellular Vesicles (MISEV)
standards have set up standard rules for EV separation,
characterisation, and reporting to make sure that studies are
rigorous and can be repeated [13].

Diagnostics and immuno-oncology: Exosomal PD-L1 is a key
player in how tumours avoid the immune system by stopping T-
cells from working. Dynamic monitoring of circulating
programmed death-ligand 1 (PD-L1) associated with
extracellular vesicles (EVs), including exosomes and
microvesicles, generated by tumour cells. Has been
demonstrated to correlate with the response of immune
checkpoint inhibitors, providing a non-invasive method for
monitoring therapy efficacy. When EV-based biomarkers are
used with ctDNA and CTC studies, they also give more biological
information that improves the accuracy of predictions and
makes risk stratification stronger [14,15].

MicroRNAs (miRNAs) and Other Non-Coding RNAs
Stability and dysregulation: Circulating microRNAs (miRNAs)
exhibit significant stability in blood due to their encapsulation
into extracellular vesicles or association with protein
complexes, which safeguards them from enzymatic destruction.
Different dysregulation patterns have been seen in a number of
cancers, which shows that they can be used as biomarkers in
many different ways. For example, high levels of plasma miR-21
have been seen in breast, lung, and colorectal malignancies,
while miR-141 is significantly linked to the advancement of
prostate cancer. Groups of miRNAs have been shown to be quite
accurate at telling the difference between malignant and benign
lesions and at putting tumours into different categories. These
characteristics render circulating miRNAs significant
complements to ctDNA for early detection, tumour
classification, and molecular subtyping [16].

Fragmentomics and Epigenetic Analytes

Fragmentation Patterns: Analytical methodologies like DELFI
(DNA Evaluation of Fragments for Early Interception) evaluate
genome-wide characteristics of cell-free DNA (cfDNA)
fragmentation, encompassing fragment size, distribution, and
terminal patterns. These fragmentation profiles reflect the
intrinsic chromatin structure of the tissue of origin, facilitating
both cancer detection and tissue-of-origin prediction with
enhanced sensitivity in early-stage disease [17].

Methylation tests: Aberrant DNA methylation patterns
represent some of the earliest and most persistent epigenetic
modifications observed in cancer. Cell-free DNA methylation
profiling is the basis for the creation of multi-cancer early
detection (MCED) tests. The CCGA (Circulating Cell-free
Genome Atlas) and Galleri studies are two examples of these
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tests that showed high accuracy in determining the presence of
cancer and the tissue of origin in different types of tumour [18].

Synergistic Integration of Multiple Analyte Methodologies
The combination of complementary liquid biopsy analytes
shows the most potential for getting beyond the problems with
single-modality tests.

Early detection: Multi-parametric approaches considerably
improve detection sensitivity, especially when tumour fractions
are low and mutation-only tests are not working. For example,
combining methylation profiling with fragmentomics or miRNA
signatures makes it easier to sort samples accurately and
discover cancer earlier. The DETECT-A project, which coupled
mutation analysis with protein biomarkers in a population-
based setting, showed that multi-cancer screening was both
possible and had a good positive predictive value [19,20].

Minimal residual disease (MRD): ctDNA is widely
acknowledged as the standard for monitoring residual disease;
nevertheless, its integration with additional biomarkers
enhances predictive accuracy. Research integrating ctDNA
mutation profiling with CTC enumeration and PD-L1*
extracellular vesicles (EVs) has demonstrated that patients
positive for all three markers display the most unfavourable
overall survival, highlighting the cumulative prognostic
significance of a multi-analyte approach [14].

Therapy resistance and immuno-oncology: Multi-analyte
techniques improve the long-term monitoring of immune
resistance indicators. Exosomal PD-L1 and CTC phenotyping
offer dynamic insights into adaptive resistance during immune
checkpoint inhibition, but serial EV-PD-L1 measurements
surpass static tissue PD-L1 testing in forecasting persistent
immunotherapy responses [15].

Examples of cases

NSCLC: Plasma-first genotyping speeds up the start of
treatment and finds more actionable mutations than tissue-first
techniques®. Multi-cancer early detection (MCED): The
combination of methylation profiling and fragmentomics
typically beats mutation-only assays, showing that combined
methods are useful in the clinic [17,18].

Head and neck/lung cancers: Concurrent assessment of CTCs
with EV-PD-L1 improves risk categorisation and survival
forecasting vs the use of either biomarker alone [14].
These findings together underscore the developing paradigm
wherein multi-analyte liquid biopsy integration offers
enhanced diagnostic, prognostic, and predictive insights
relative to single-modality testing.

Problems with Technology and Analysis

Pre-analytical variables, such as the kind of blood collection
tube (stabilised vs. EDTA), time to processing, storage
temperature, and cfDNA yield, have a big effect on how well the
assay works. Extracellular vesicle (EV) extraction techniques,
including ultracentrifugation, size-exclusion chromatography,
and immunoaffinity capture, exhibit variations in recovery and
purity, hence requiring compliance with international
standards such as MISEV for reproducibility [21].
It is still hard to find the right balance between sensitivity and
specificity because non-tumor cfDNA from clonal
haematopoiesis of indeterminate potential (CHIP) and normal

physiological processes can make identification more difficult.
To reduce false positives, more and more complementary
methods are being used, such as paired leukocyte sequencing,
methylation profiling, and fragmentomics [22].
Finally, multi-omics integration needs coordinated pipelines for
calling variants and features, as well as calibrated thresholds for
making therapeutic decisions. To be able to apply to all groups of
people, Al and ML models need to be trained on huge, diverse
groups of people. Current ESMO recommendations stress that
ctDNA is useful in some situations, but it needs to be
standardised and validated more before it can be used widely
[23].

Clinical Applications and Emerging Trials

Synergistic Integration of Multi-Analyte Approaches: The
integration of complementary liquid biopsy analytes shows
strong potential in overcoming the limitations of single-
modality assays.

Early detection: Multi-parametric approaches enhance
sensitivity, particularly at low tumor fractions where mutation-
only assays may fail. Studies demonstrate that combining
methylation profiling with fragmentomics or microRNA
(miRNA) signatures improves cancer classification accuracy
and enables earlier detection. The DETECT-A trial, which
combined mutation analysis with protein biomarkers in a
population-based screening setting, confirmed both feasibility
and a favorable positive predictive value for multi-cancer
detection screening [24,25].

Minimal residual disease (MRD): Circulating tumour DNA
(ctDNA) is still the best way to monitor MRD, but combining it
with additional biomarkers makes it more useful for predicting
outcomes. Research integrating ctDNA mutation profiling with
circulating tumour cell (CTC) enumeration and PD-L1-positive
extracellular vesicles (EVs) revealed that patients exhibiting
positivity for all three biomarkers experienced markedly
inferior overall survival, underscoring the cumulative
prognostic advantage of multi-analyte evaluation [26].

Therapy resistance and immuno-oncology: Multi-analyte
approaches yield significant insights into mechanisms of
immune resistance. Exosomal PD-L1 and CTC phenotyping
enable dynamic assessment of resistance during immune
checkpoint therapy, but serial EV-PD-L1 measures surpass
static tissue-based PD-L1 testing in forecasting sustained
immunotherapy responses [27].

Examples of cases:

NSCLC: Plasma-first genotyping speeds up the start of
treatment and makes it easier to find actionable mutations than
tissue-first workflows [28].

Multi-cancer early detection (MCED): The combination of
methylation and fragmentomic analysis routinely beats
mutation-only techniques, showing that they are useful in
clinical settings [29,30].

Head and neck/lung cancers: The combination of CTC and EV-
PD-L1 evaluation provides better risk stratification and survival
prediction than using only one biomarker [26].
Together, these results indicate a new way of thinking in which
combining multiple analytes improves the accuracy of
diagnosis, prognosis, and prediction compared to single-
modality liquid biopsy testing.
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Problems with technology and analysis

Pre-analytical parameters, including the kind of blood collection
tube, processing time, storage conditions, and cell-free DNA
(cfDNA) yield, substantially influence test results. In the same
way, different methods for isolating EVs (ultracentrifugation,
size-exclusion chromatography, immunoaffinity capture)
provide different amounts of recovery and purity. This shows
how important it is to follow international MISEV criteria for
reproducibility [31].

It is still hard to get high sensitivity without losing specificity
because of confusing signals from clonal haematopoiesis of
indeterminate potential (CHIP) and normal physiological
processes. Methods including paired leukocyte sequencing,
methylation analysis, and fragmentomics can help cut down on
erroneous positives [32].

Lastly, successful multi-omics integration needs standardised
bioinformatics pipelines, optimised thresholds for variant
calling, and strong Al and ML models that have been trained on a
wide range of datasets. Current ESMO guidelines emphasise
that while ctDNA has recognised clinical applications, the wider
adoption of liquid biopsy necessitates thorough validation and
standardisation [33]. (Figure 1)

Amber

Amber

Amber

Figure 1: Multi-Analytes Liquid Biopsies: Comparative Evidence

The traffic-light chart comparing Global, Western, and Sub-
Saharan African evidence for multi-analyte liquid biopsies. Green
= strong evidence, Amber = emerging/limited evidence, Red =
minimal evidence

Strong Evidence (Green)

Meansthere are large-scale trials, multi-center validations, and in
some cases,regulatory approvals (e.g., FDA, EMA). Clinical
integration is happening orimminent.

Emerging Evidence (Amber)

Suggests that pilot trials, smaller cohorts, or feasibility research
are present, but the evidence is not yet adequate for standard
clinical implementation. Integration into practice is still being
tested.

Minimal Evidence (Red)

This indicates that either significant research has not yet been
conducted in the area, or that the necessary infrastructure and
funding are lacking.

Equity gap: If SSA doesn't make an effort to include everyone, it
could miss out on the MCED revolution, which would make it
harder to find and cure cancer early and tailor therapy to each
person.

Future Directions in Multi-Analyte Liquid Biopsies
Single-cell multi-omics: New platforms make it possible to
analyse circulating tumour cells (CTCs) at the single-cell level.
These systems combine genomic, transcriptomic, and
epigenomic profiles with proteomic information from
extracellular vesicles (EVs), like exosomes. This multi-modal
profiling allows for the mapping of tumour evolutionary paths,
the delineation of intratumoral heterogeneity, and the
identification of treatment vulnerabilities with unmatched
resolution®. Integrated transcriptome study of individual CTCs
highlights the viability and translational potential of this
methodology [34].

Al-driven integration of multiple analytes: Artificial intelligence
(AI) and machine learning (ML) models are being utilised more
and more to combine liquid biopsy data—methylation patterns,
fragmentomics, point mutations, copy-number changes, and
non-coding RNAs—into ensemble prediction frameworks. This
integration improves sensitivity for small tumour fractions and
reduces false positives from sources such as clonal
haematopoiesis (CHIP) [35,36].

Regulatory frameworks and reimbursement pathways: Liquid
biopsy has become standard practice in specific scenarios,
including plasma-first EGFR genotyping for advanced NSCLC
and ctDNA-guided adjuvant treatment for stage II colorectal
cancer (e.g., DYNAMIC trial). However, the broader
implementation of multi-analyte platforms relies on
compatibility with regulatory and payer frameworks.
International organisations, such as ESMO and ISLB, stress the
necessity for prospective outcome studies, direct comparisons,
cost-effectiveness data, and standardised test protocols to
facilitate FDA/EMA approvals and reimbursement, particularly
inresource-constrained environments [37,38].

Conclusion

Multi-analyte liquid biopsy offers a transformative, minimally
invasive approach to cancer detection, monitoring, prognosis,
and recurrence assessment. Advances in fragmentomics,
methylation profiling, exosomal proteomics, and single-cell
multi-omics, supported by Al integration, are enhancing
diagnostic precision. While large trials like DETECT-A,
Galleri/PATHFINDER, DELFI, and DYNAMIC drive clinical
adoption in high-resource settings, Sub-Saharan Africa remains
in early implementation stages due to infrastructural and
economic barriers. Regional research, capacity building, and
policy alignment are essential to ensure equitable access and
utilization of these technologies.

Recommendations

The is a call for integrating liquid biopsy into national cancer
strategies with affordable pricing models, infrastructure
investment, and regional centres of excellence. They stress
workforce training, international collaboration, and
public-private partnerships. Priorities include multicentre
research, biobanks, genomic databases, and economic
evaluations to prove cost-effectiveness. Integration with Al,
digital health, and patient engagement is emphasized, alongside
strong ethical, legal, and regulatory frameworks. A phased
rollout under universal health coverage, supported by
continuous monitoring and KPIs, is proposed to improve cancer
care outcomes.
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