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A B S T R A C T

As precision oncology has become a major part of the treatment landscape in oncology, liquid biopsies have
developed as a particularly powerful tool as it surmounts several limitations of traditional tissue biopsies. These
biopsies involve most commonly the isolation of circulating extracellular nucleic acids, including cell-free DNA
(cfDNA) and circulating tumor DNA (ctDNA), as well as circulating tumor cells (CTCs), typically from blood.

The clinical applications of liquid biopsies are diverse, encompassing the initial diagnosis and cancer detection,
the application as a tool for prognostication in early and advanced tumor settings, the identification of potentially
actionable alterations, the monitoring of response and resistance under systemic therapy and the detection of
resistance mechanisms, the differentiation of distinct immune checkpoint blockade response patterns through
serial samples, the prediction of immune checkpoint blockade responses based on initial liquid biopsy charac-
teristics and the assessment of tumor heterogeneity. Moreover, molecular relapse monitoring in early-stage
cancers and the personalization of adjuvant or additive therapy via MRD have become a major field of
research in recent years.

Compared to tissue biopsies, liquid biopsies are less invasive and can be collected serially, offering real-time
molecular insights. Furthermore, liquid biopsies may allow for a more holistic evaluation of a patient's disease,
as they assess material from all tumor sites and can theoretically reflect tumor heterogeneity. Furthermore,
quicker turnaround-time also constitutes an advantage of liquid biopsies. Disadvantages or hurdles include the
challenge of detecting low amounts of tumor deposits in peripheral blood or other fluids and the potential of
different amounts tumor-shedding from different metastatic sites, as well as potentially false-positive from clonal
hematopoietic mutations of indeterminate potential (CHIP) mutations. The clinical utility of liquid biopsies still
must be validated in most settings and further research has to be done. Clinal trials including alternate bodily
fluids and leveraging AI-technology are expected to revolutionize the field of liquid biopsies.
1. Introduction

In the era of precision oncology, molecular diagnostics have had an
immense impact on patient diagnosis and treatment, thus leading to
improved patient outcomes [1]. Liquid biopsy has emerged as a particu-
larly powerful tool as it could potentially surmount several limitations of
traditional tissue biopsies. Liquid biopsies are minimally to non-invasive
and offer an easily-accessible alternative for molecular profiling, espe-
cially when tumor tissue is not available. Furthermore, they assess the
tumor-derived components across tumor sites, thus having the theoretical
potential to serve as a real-time, spatial and temporal cancer monitoring
approach [2]. Although there is promising data for the clinical validity of
liquid biopsies in various settings including cancer detection and disease
monitoring, clinical utility remains to be proven in most settings.
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The goal of this review is to provide an overview of the main potential
clinical applications of liquid biopsies, including current evidence and
recommendations, ongoing research and future perspectives, with a main
focus on circulating tumor deoxyribonucleic acid (ctDNA) and circu-
lating tumor cells (CTCs) in solid tumors.

2. Background

The term ‘liquid biopsy’ refers to the examination of biological fluids
through cellular and molecular techniques in order to derive information
about cancer biology and dynamics. The most widely examined and most
commonly used analyte is definitely blood. However, liquid biopsies
have been also explored and delivered promising results in a wide range
of alternative –more or less easily accessible-bodily fluids including urine
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Table 1
Advantages and disadvantages of liquid biopsy.

Advantages Disadvantages

✓Minimally- to non-invasive and
✓Low organizational effort
required
✓ Multiple assessments over

time possible
✓ Assessment of tumor

heterogeneity
✓ Lower cost that tissue

diagnostics (generally)
✓ Shorter turnaroundtimes

� Low shedding of tumor-derived materials may
hinder detection

� Tumor-shedding may differ across tumor sites
hindering heterogeneity assessment

� Clinical utility remains to be proven (in most
settings)
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[3–5], pleural effusion [6–8], ascites effusion [7,9], cerebrospinal fluid
[7,10–12] and saliva [13,14] (Fig. 1).

There are several cellular and molecular techniques that have been
studied in the assessment of liquid biopsies, offering different types of
information (Fig. 1). The most commonly employed approaches involve
the analysis of cell-free (cf) and ctDNA, which is the subset of cfDNA
directly derived from tumor.

Two primary methodologies have been explored for analyzing
ctDNA/cfDNA: targeted and untargeted strategies. The former concen-
trate on specific gene rearrangements or mutations, whereas the latter
provide a more comprehensive examination and surveillance of the
tumor genome, irrespective of prior information about the tumor [16].
Among the techniques applied to assess ctDNA/cfDNA on a genomic level
are digital droplet polymerase chain reaction (ddPCR) and BEAMing
(beads, emulsions, amplification, and magnetics) as well as sequencing
techniques like tagged-amplicon deep sequencing (TAm-Seq), cancer
personalized profiling by deep sequencing (CAPP-Seq), whole exome
sequencing (WES), and whole genome sequencing (WGS) [15,16]. These
approaches range from single-gene testing to large testing panels and can
be tumor-informed, i.e. assess specific alterations based on prior molec-
ular profiling of tumor tissue, or tumor-agnostic, which usually involves a
wider, less specific panel. Currently usedmethodologies of cfDNA/ctDNA
analysis are facing the challenge of low-shedding cancers, especially in
early-stage disease, as well as the potential of confounding by clonal
hematopoietic mutations of indeterminate potential (CHIP) and germline
mutations. CtDNA assays also tend to have reduced sensitivity for the
detection of gene fusions, as compared to tissue RNA testing [2]. These
are potential limitations that need to be taken into consideration when
interpreting ctDNA results [2]. On an epigenetic level, DNA methylation
analyses mainly through bisulfite sequencing have also been explored
[15,16]. CfDNA fragmentation analysis is an emerging technology that
has already delivered promising results. Another emerging analysis could
be the evaluation of nucleosome occupancy of cfDNA by deep sequencing
methods [15,16].

Circulating tumor cells (CTCs), which are cells shed by the tumor into
the bloodstream, were one of the first widely used liquid biopsy bio-
markers. While they facilitate a wide range of analyses including
genomic, transcriptomic, proteomic, methylation, functional and single-
cell analyses, their amount in blood in usually low and they are more
difficult to isolate [15,16]. Several other tumor-derived components that
have also been examined, however less widely than ctDNA and CTCs,
include cell-free ribonucleic acid (cfRNA), proteins, extracellular vesicles
as well as tumor educated platelets (TEP) and particularly tumor
educated platelets ribonucleic acidTEP-RNA [15–17]. The detailed
Fig. 1. cfDNA ¼ cell free DNA, CSF ¼ cerebrospinal fluid, CTCs

2

description of liquid biopsy techniques is beyond the scope of this review.
Excellent review papers focusing on this topic have been published in
several journals [15–17].

Probably the biggest advantage of liquid biopsies is that they are
minimally-to non-invasive and much easier to perform in contrast to
traditional tissue diagnostics that require a tumor biopsy and place the
patient at a significantly higher risk for procedure-related complications.
As a result, multiple liquid biopsies can be performed over time, enabling
real-time monitoring of cancer evolution. Furthermore, liquid biopsies
may allow for a more holistic evaluation of a patient's disease, as they
assess material from all tumor sites and can theoretically reflect tumor
heterogeneity. Finally, liquid biopsies tend to be less expensive and have
generally quicker turnaround times than tissue molecular diagnostics.
One major disadvantage of liquid biopsies is that tumors may shed low
amounts of components, making detection in peripheral blood more
challenging. Furthermore, shedding of tumor-derived components may
differ across various tumor sites and thus hinder the evaluation of tumor
heterogeneity. Although there is abundant evidence on the analytical and
clinical validity of numerous assays in a wide-range of tumor entities and
indications, their clinical utility in most settings has not been validated
yet [2,15,17]. (Table 1).

3. Potential clinical applications of liquid biopsies in oncological
practice

Liquid biopsies offer a wide range of potential clinical applications, as
summarized in Fig. 2. Their common objective is to complement standard
clinical, imaging and tissue assessments in order to optimize patient
management.
¼ circulating tumor cells, ctDNA ¼ circulating tumor DNA.



Fig. 2. Overview of clinical applications of liquid biopsies.
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3.1. Cancer screening and early cancer detection

One of the potential liquid biopsy applications of highest interest is
cancer screening and early cancer detection in asymptomatic pop-
ulations. Detecting cancer at an early stage, when it is still amendable to
curative therapies, may have tremendous impact on patient outcomes
and help reduce cancer mortality. As outlined by the European Society
for Medical Oncology (ESMO) Precision Medicine Working Group, a
reliable liquid biopsy screening tool would require high specificity
combined with clinically meaningful sensitivity and would ideally clas-
sify the tissue of origin [2]. This is particularly challenging with
cf/ctDNA techniques as especially early-stage tumors shed little ctDNA
[2]. Several methodological approaches yielding promising results have
been explored for this purpose.

Initial approaches for cancer detection through liquid biopsies were
cfDNA based. Phallen et al. utilized targeted error correction sequencing
to examine cfDNA and were able to detect somatic mutations in the
plasma of solid tumor patients with early-stage disease at a rate ranging
from 59 to 71% [18]. Analysis of cfDNA in pregnant women who sub-
mitted blood for noninvasive prenatal testing showed an abnormal
genomic profile not consistent with fetal abnormalities in about 10 of
100,000 cases. In 18 of 43 of these cases, the mother was eventually
diagnosed with a malignancy, suggesting that cfDNA can be an early
biomarker for cancer detection [19]. Assessment of mutations in cfDNA
combined with circulating proteins as performed in CancerSEEK testing
has been able to detect non-metastatic, clinically detected solid malig-
nancies with fairly high sensitivity of 69–98% for cancers of the ovary,
liver, stomach, pancreas, and esophagus, and specificity greater than
99% [20].

DNA methylation-based approaches have also been extensively
explored in this setting. Epi proColon®, which is an FDA approved blood-
based test for colorectal cancer (CRC) screening, utilizes real time PCR to
detect methylated septin 9 -a biomarker for CRC- in cfDNA. In the pro-
spective PRESEPT Study (NCT00855348), Epi proColon® demonstrated
a standardised sensitivity of 48.2% (35%, 63% and 46% for Stage I, II,
and III, respectively) with a specificity of 91.5% [21]. The test is
currently intended for persons aged 50 and older who are unwilling or
unable to be screened by standard methods [22]. Methylation analyses of
cfDNA using different methods including targeted and genome-wide
bisulfite sequencing have also been employed by different research
groups for cancer detection across several malignancies, exhibiting
robust performance with high specificity and encouraging sensitivity
[23–28]. Methylation analysis has also been shown to be a useful tool in
tumor classification through liquid biopsies [25,26,28]. DNA fragmen-
tation analyses have also been employed to detect cancer, including the
evaluation of genome-wide fragmentation patterns of cfDNA [29] as well
as fragmentation size [30].
3

Non-ctDNA-based approaches that have been explored for cancer
screening include extracellular vesicle analyses. In a case-control study
including cancer cases of the pancreas, ovary and bladder, Hinestrosa
et al. used an extracellular vesicle protein measurement approach that
yielded a specificity of 99.5% with sensitivity of 71.2%. Detection rates
for Stage I cancer ranged from 43.8% in bladder cancer to 95.5% in
pancreatic cancer [31]. Tumor educated platelet RNA analyses have also
been explored in this setting yielding promising results regarding cancer
detection and classification [32–34].

This encouraging data of different liquid biopsy approaches as cancer
screening tools needs to be further evaluated in large-scale screening
studies to assess not only their reliability as screening tools but also their
clinical utility and impact on clinical outcome. Currently, the use of
multi-cancer liquid biopsy screening tools is not considered part of
standard clinical practice by the ESMO Precision Medicine Working
Group [2].

3.2. Initial cancer diagnosis and cancer genotyping (when tissue biopsy is
not feasible), early stage or advanced cancers

In most cases, a suspected solid cancer diagnosis on imaging is
confirmed by tissue biopsy. Nevertheless, identification of pathogenomic
mutations in ctDNA can assist in the initial cancer diagnosis and cancer
genotyping in patients with tumors that are difficult to biopsy or patients
with contraindications for tissue sampling [15,35].

Jensen et al. [36] conducted a study involving patients with tumors
deemed arduous to biopsy. They successfully isolated cfDNA and
employed low-coverage genome-wide sequencing techniques. Findings
from this study, as well as others, underscore the potential of liquid bi-
opsy to offer molecular insights in cases where the acquisition of suffi-
cient tissue for molecular profiling is challenging. The ESMO Precision
MedicineWorking Group has recommended ctDNA analysis for advanced
cancer genotyping in several entities, including breast, gastric, hepato-
cellular, and non-small cell lung cancer (NSCLC), in cases where tissue
analysis is not possible [2].

However, in this context the differentiation of pathogenomic and
CHIP mutations is of utmost importance, requiring a high level of
expertise in the use and interpretation of the applied genomic test. In case
of negative liquid biopsy results, the potential of false negatives needs to
be taken into consideration and guide further management of the patient
on an individualized basis [2]. Also, the use of alternate bodily fluids
apart from blood like urine, pleural, ascites and cerebrospinal fluid,
needs to be further explored in this setting [15].

3.3. Clinical applications in early-stage cancer

Blood ctDNA is the most widely studied liquid biopsy approach for



Table 2
ctDNA-MRD in early-stage cancer – Ongoing trials.

Setting Disease Examples of ongoing trials

MRD-guided
adjuvant
treatment

Bladder cancer IMvigor011 (NCT04660344)
Breast cancer LEADER (NCT03285412)
Colorectal cancer MEDOCC-CrEATE (NL6281/

NTR6455)
DYNAMIC-Rectal
(ACTRN12617001560381)
CIRCULATE (NCT04089631)
CIRCULATE- PRODIGE 70
(NCT04120701)
CIRCULATE JAPAN – VEGA
(jRCT1031200006)
CIRCULATE-US (NCT05174169)
COBRA (NCT04068103)
CIRCULATE-Spain (EudraCT 2021-
000507-20)
DYNAMIC-III (ACTRN-
12617001566325)
TRACC (Part C) (NCT04050345)
SYNCOPE (NCT04842006)
BNT122-01 (NCT04486378)
PEGASUS (NCT04259944)a

NCT03803553a

NSCLC MERMAID-1 (NCT04385368)
LUN0115 (NCT04585477)
LUN0114 (NCT04585490)

Solid tumors,
microsatellite instability-
high (MSI-H)

NCT03832569a

Molecular
relapse
monitoring

Breast cancer DARE (NCT04567420)
ZEST (NCT04915755)
TRAK-ER (NCT04985266) c-TRAK-
TN (NCT03145961)

Colorectal cancer CIRCULATE JAPAN – ALTAIR
(NCT04457297)
IMPROVE-IT2 (NCT04084249)
NCT04752930

NSCLC MERMAID-2 (NCT04642469)

a Intervention (also) guided by ctDNA assessment after adjuvant therapy.

Table 3
Monitoring of treatment response and guiding therapy decisions –Ongoing trials.

Setting Disease Examples of ongoing
trials

Monitoring of treatment
response

Breast cancer MONDRIAN
(NCT04720729)
NCT03947736
NCT05816642

Colorectal cancer NCT04555369
NSCLC ELUCID

(NCT03926260)
PRELUCA
(NCT05889247)
LIBERTYLUNG
(NCT04790682)
NCT05415358

Renal Cell Carcinoma NCT05816642
Castrate Resistant
Prostate Cancer
(CRPC)

NCT05116579

Solid tumors FLUIDO
(NCT04793061)

Monitoring of treatment
response and guiding therapy
decisions

Breast cancer NCT05770531
NCT05770531

Colorectal cancer RAPID-1
(NCT04786600)
OPTIMIZE
(NCT04680260)
TACT-D
(NCT03844620)

NSCLC NCT05816642
CRPC PROTRACT

(NCT04015622)
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the assessment of early-stage cancer. As early-stage cancers are known to
shed lower levels of ctDNA compared to metastatic disease, specialized
assays with high sensitivity and the ability to detect very low ctDNA
levels need to be employed in this setting [2].

3.3.1. Prognostication
Detection of ctDNA by various methodologies including tumor-

informed and -agnostic techniques prior or after curative-intent ther-
apy has been consistently shown to have a negative prognostic value and
has been linked to high risk of recurrence/relapse in patients with early-
stage cancer, with clinical validity shown in many studies [2,37]. Recent
meta-analyses demonstrated a fairly high specificity (>90%) but mod-
erate sensitivity in this setting [38–40]. Current evidence suggests that
serial ctDNA testing may improve sensitivity in the (post-)adjuvant
setting [41–44]. Tumor-informed personalized ctDNA assays like Sig-
natera™ or TARDIS that assess multiple known mutations have been
developed in this setting, showing robust testing performance [44–46].

In patients with resectable colon cancer (localized or oligometa-
static), several studies as well as a series of recent meta-analyses indicate
that detectable ctDNA after surgery as well as after adjuvant chemo-
therapy are associated with a higher risk of recurrence [47–56]. In
early-stage breast cancer, ctDNA detection at baseline and after curative
treatment has also been linked to relapse [57–59]. Studies in other solid
tumors including pancreatic, bladder, lung, and esophageal cancer as
well as melanoma have yielded similar results, indicating the association
of ctDNA detection directly after curative-intent therapy or during sur-
veillance with high risk of recurrence across tumor types and ctDNA
assays [37,42,43,60–65]. Further observational studies investigating the
prognostic role of ctDNA in early-stage cancer are underway in several
entities, including NSCLC (ex. NCT05382052, NCT05167604), breast
(ex. NCT04353557), gastric (ex. NCT04943406), endometrial (ex.
NCT05955079), and pancreatic cancer (ex. NCT04246203,
NCT05400681, NCT05853198).

3.3.2. Personalization of adjuvant/additive therapy guided by minimal
residual disease (MRD)

Regarding clinical utility, ctDNA positivity directly after curative-
intent therapy -also referred to as minimal residual disease (MRD)- is
of special interest, as it may have the potential to personalize adjuvant
patient management. In a subset analysis of the IMvigor010-trial
(NCT02450331), a randomized phase III trial comparing atezolizumab
to observation after surgical resection for operable urothelial cancer,
clinical benefit of immunotherapy in terms of disease-free survival was
shown to be restricted to patients with detectable ctDNA after surgery
[66]. Several studies and a meta-analysis in early-stage NSCLC have
demonstrated that patients with detectable MRD benefited from adjuvant
therapy including chemotherapy, targeted therapy, and immunotherapy
in terms of recurrence-free survival while MRD-negative patients did not
confer relevant benefit [41,62,65,67,68]. At the same time, MRD nega-
tivity could potentially guide de-intensification of adjuvant/additive
treatment in a subset of patients, thus avoiding overtreatment and
sparing patients of unnecessary toxicity. In the randomized DYNAMIC
trial in stage II colon cancer comparing adjuvant treatment decisions
guided by ctDNA MRD results vs. standard clinicopathological features,
the use of adjuvant therapy was reduced in the MRD-guided group
without compromising recurrence-free survival [69]. Although this data
is highly suggestive of the potential of MRD-status to refine adjuvant
management both through intensification and de-intensification of
treatment, further evidence from ideally randomized clinical trials is
required to thoroughly evaluate this notion. Currently, several ongoing
clinical trials aim to examine MRD-driven adjuvant/additive therapy in
different tumor entities (Table 2).

3.3.3. Molecular relapse monitoring
Another clinical application of particular interest in early-stage can-

cer is ctDNA-based monitoring during surveillance in patients with
4
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macroscopically no evidence of disease after curative-intent treatment.
The prognostic value of ctDNA detection during surveillance has been
shown in several studies and has been extensively discussed above.
However, how “ctDNA relapse” could meaningfully affect patient man-
agement remains unclear. For instance, ctDNA relapse could potentially
trigger closer monitoring through clinical and imaging evaluations in
order to detect radiographic relapse earlier when the tumor might still be
amendable to curative-intent treatment. Furthermore, earlier systemic
treatment targeting MRD might potentially delay treatment progression
in analogy to the approved hormonal therapies that are routinely applied
in biochemically-recurrent prostate cancer. Currently, there is very
limited evidence in this field. In the recently published c-TRAK TN study,
patients with moderate- and high-risk early-stage triple-negative breast
cancer underwent ctDNA surveillance via tumor-informed ddPCR after
curative-intent therapy and ctDNA positive patients were randomized 2:1
to pembrolizumab vs. observation. Interestingly, the authors reported a
very high rate of metastases in imaging at the time of ctDNA detection
(23/32, 72%), highlighting the need for more sensitive testing [70].
Further studies evaluating how molecular relapse monitoring may affect
patient management are underway (Table 2).

Due to the absence of robust evidence from prospective clinical trials
regarding the clinical utility of MRD-guided decisions after curative-
intent treatment and during surveillance, the ESMO Precision Medicine
Working Group does not currently recommend the adoption of MRD-
testing in the routine clinical practice of early-stage cancer [2].

3.3.4. CTCs
Apart from ctDNA-based approaches, CTC-based approaches have

also been studied in the early-stage cancer setting, mainly focusing on
prognostication. Most evidence comes from early-breast cancer studies,
with many of them using the CellSearch assay, and suggests that high
CTC levels and/or a CTC level increase prior, during or directly after
curative-intent treatment have a negative prognostic value in terms of
relapse-free and/or overall survival [71–77]. Baseline CTCs and maximal
CTCs were also shown to be associated with relapse and shorter overall
survival in patients with oral and oropharygeal squamous cell cancer
undergoing induction chemotherapy followed by curative surgery com-
bined with postoperative radiotherapy [78].

3.4. Clinical applications in advanced cancer

3.4.1. Evaluation of targetable alterations
Although standard-of-care genomic profiling to detect targetable al-

terations still includes tissue-based testing, numerous prospective and
retrospective studies have proven a high specificity and positive pre-
dictive values, ranging from 95% to 99%, when comparing ctDNA liquid
biopsy results with those obtained through tissue-based testing in
advanced tumors [79–83]. Therefore, its application in this clinical
setting has been considered valuable and has led to the approval of
several single- and multigene tests by the FDA.

The first Food and Drug Administration (FDA) -approved liquid bi-
opsy assay, known as the cobas epidermal growth factor receptor (EGFR)
mutation test v2, utilizes PCR-based technology and was approved as a
companion diagnostic test for EGFR mutations present in plasma cfDNA
from patients with advanced-stage NSCLC who could potentially benefit
from the EGFR tyrosine kinase inhibitor (TKI) erlotinib [46]. The second
PCR-based assay to be approved as a companion diagnostic test was the
therascreen phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) RGQ PCR kit. The underlying data for approval
was retrieved from the phase III SOLAR-1 trial. The test is designed to
assess the eligibility for treatment with the PIK3CA inhibitor alpelisib in
combination with fulvestrant in hormone receptor–positive advanced
breast cancer [84]. For both PCR-tests, reflex testing of tumor tissue is
advised in case of negative test results [46,84].

Concerning next-generation sequencing-(NGS)-based multigene
liquid biopsy tests, Guardant360® as well as FoundationOne® Liquid
5

CDx have been approved as companion diagnostics for general molecular
profiling and for several targeted therapies in recent years [85,86].
Guardant360® was primarily intended for the detection of EGFR muta-
tions for eligibility assessment for Osimertinib [87]. FoundationOne®
Liquid CDx was first approved for patients with advanced prostate cancer
and NSCLC. The approval was extended to breast and ovarial cancer [88].

Apart from the approved tests and indications, the detection of
actionable alterations has been studied in several other entities, such as
cancer of unknown primary (CUP), gastroesophageal and colorectal
cancer as well as gynecological tumors, with a percentage of at least 1
pathogenetic alteration detected ranging from 68 to 82% [89–94]. These
high detection rates support the assessment of alterations using liquid
biopsy testing.

The ESMO Precision Medicine Working Group has stated that the
degree of supporting evidence regarding the clinical validity of ctDNA
assays is substantial enough that validated and suitably sensitive ctDNA
testing can be incorporated into standard clinical practice for the purpose
of genotyping in advanced disease [2].

3.4.2. Prognostication
As for early-stage cancers, liquid biopsies have been assessed for

potential prediction of outcome in various tumor entities [90–95]. Pre-
dictors of poorer outcome were shown to include the following:
concordance between tissue and liquid ctDNA alterations, elevated levels
of ctDNA (in %) and higher numbers of ctDNA alterations [96–98].

3.4.3. Assessment of baseline tumor mutational burden (TMB) and
microsatellite status to predict checkpoint inhibitor (CPI) response

Response to CPI therapy has been shown to be associated with TMB
and high microsatellite instability (MSI) detected by tumor tissue-based
tests [99–101]. Several studies have been performed to assess this asso-
ciation also for blood-derived TMB and MSI status. Georgiadis et al. as
well as Gandara et al. both detected a positive correlation [102,103]. For
the validation of MSI detection using the cfDNA-based Guardant360®
test, Willis et al. performed a study with 1145 samples of cfDNA that were
correlated with tissue samples. The overall accuracy found was 98.4 %
[104].

For TMB detection via liquid biopsy, the ESMO acknowledges its
importance as a highly relevant field of research, but does not currently
recommend the selection of patients for CPIs based solely on its result
[2].

3.4.4. Assessment of response and prediction outcome of CPI-based therapy
Early assessments under CPI are needed in the clinical routine in

order to better differentiate tumor response. Especially pseudo-
progression, the initial increase in tumor size in radiographic images
probably fueled by immune inflammation, can be frequently detected at
the beginning of CPI treatment, in spite of overall clinical response. Cf/
ctDNA have therefore been examined as a potential tool for assessing
therapy response under CPI in several trials.

In a study performed by Kato et al. [90] that employed serial
cfDNA-assessments for patients undergoing CPI-treatment in various
tumor entities, patients were divided into a cohort with high or low
cfDNA-derived average adjusted changes in variant allele frequency
(VAF). The factor served as an independent predictor of clinical benefit
rate, PFS and OS. Zhang et al. assessed ctDNA-levels in patients receiving
durvalumab � tremelimumab and could detect a correlation of
on-treatment reductions of VAF with longer PFS, OS and objective
response rate [105]. Ricciuti et al. assessed the % change in ctDNA in
patients treated with pembrolizumab � platinum/pemetrexed. A reduc-
tion of detectable ctDNA correlated with higher response rates,
progression-free survival (PFS) andmedian overall survival (mOS) [106].

Together with imaging tools, the usage of quantitative ctDNA and
VAF assessment could hence offer additional information especially for
early response assessment and prediction of outcome.
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3.4.5. Serial sampling for monitoring treatment response for targeted therapy
and chemotherapy

Apart from CPI-treatment, additional tools for the assessment of
treatment response in patients receiving targeted therapy or chemo-
therapy are also in demand. Several studies have therefore analysed the
use of ctDNA or CTCs in this setting. In a study by Tie et al., 53 metastatic
colorectal cancer (mCRC) patients receiving standard first-line chemo-
therapy were included. (25851626) ctDNA was assessed before treat-
ment initiation and before the second cycle. Significant ctDNA reduction
was found to be associated with responses in the staging imaging ex-
amination after 8–10 weeks. Cao et al. evaluated mutational changes in
ctDNA in patients with advanced CRC and could detect that dynamic
changes could predict disease progression [107]. Concerning CTCs, a
phase II trial performed by Punnoose et al. showed that a reduction of
CTCs was in accordance with radiographic response and longer PFS
[108].

Although traditional tumor markers find widespread application for
treatment monitoring in current clinical practice, ctDNA has been shown
to be superior in this setting in different tumor entities. Dawson et al.
evaluated the correlation of imaging results with cancer antigen 15-4
(CA15-4) compared to ctDNA results in patients with breast cancer.
ctDNA was found to more precisely correspond to tumor burden and to
establish a greater dynamic range [15,109] Parikh et al. showed that a
decrease in ctDNA after 4 weeks of chemotherapy more accurately pre-
dicted partial response and clinical benefit than carcinoembryonic anti-
gen (CEA) [110]. It was furthermore evaluated by Parkinson et al. that
the decrease of ctDNA more precisely predict time to progression than
cancer antigen 125 (CA-125) levels in patients with ovarian cancer [111]
(Table 3).

3.4.6. Detection of resistance mechanisms under systemic treatment
Another important field of interest in the application of ctDNA is the

potential detection of resistance mechanism that evolve under treatment.
Plasma ctDNA analysis allows for the monitoring of various resistance
mechanisms to targeted therapy [46]. These resistance mechanisms
include co-mutations that can influence treatment decisions across
multiple cancer types, with particular significance observed in patients
with NSCLC and colorectal cancer (CRC) [112,113]. The appearance of
kirsten rat sarcoma virus (KRAS)mutations has proven to be of particular
interest in this regard, serving as a resistance mechanism to EGFR-tar-
geted therapy in patients with CRC. This mutation can be detected via
plasma cfDNA analysis [114,115]. In a recent trial, Topham et al.
compared the acquisition of different alterations between patients with
refractory mCRC with or without prior anti-EGFR-based therapy [116].
The result showed a higher significant mutation frequency among the
anti-EGFR-cohort than the control-group (12 vs. 2). KRAS and EGFR
mutations were detected in 56% and 58% of patients having received
anti-EGFR-therapy. Similarly, cfDNA analysis can also identify EGFR
resistance mutations in patients with EGFR-mutant NSCLC, aiding in the
selection of the most appropriate subsequent treatment option [117].

It has been shown in prior studies that acquired RAS and EGFR mu-
tations are not statically detectable but may decay after the withdrawal of
anti-EGFR-therapy [116,118]. Therefore, ctDNA may prove to be an
important tool when considering a re-challenge with
anti-EGFR-treatment. Several trials have been performed to assess this
issue, among them the CHRONOS trial that could detect clinical benefit
in cases of a re-challenge without ctDNA-based detection of rat sarcoma
(RAS), V-Raf Murine Sarcoma Viral Oncogene Homolog B (BRAF) or
EGFR-extracellular domain (ECD) mutations [118–121]. The ESMO has
acknowledged ctDNA-guided anti-EGFR rechallenge in mCRC [2].

In a phase I/II trial of the PI3K-alpha inhibitor alpelisib, administered
alongside an aromatase inhibitor for patients with hormone receptor-
positive breast cancer, Razavi et al. [122] used ctDNA analysis and
identified that the development of resistance was associated with the
presence of loss-of-function Phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) mutations and activating mutations in estrogen
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receptor 1 (ESR1). Serial ctDNA assessment in patients with human
epidermal growth factor receptor 2 (HER2) -positive metastatic breast
cancer treated with oral anti-HER1/HER2 tyrosine kinase inhibitors
showed a correlation of HER2-amplification and disease progression
[123]. Other clinical trials have further highlighted the potential of serial
ctDNA evaluation for detection of progression [109,111].

Next to assessing known resistance mechanisms, detecting unknown
mechanisms through cfDNA has been studied in several trials, either
using large panels or a targeted approach in cases where some probable
association with resistance to a specific treatment is known [124,125].
However, CHIP mutations may limit tumor agnostic-strategies [2].

CTC-based assessments have also been applied for identifying
mechanisms of resistance during therapy. An important variant to
highlight in this context is the androgen receptor splice variant 7 (AR-
V7). Detection of this variant in CTCs has been associated with worse
prognosis in patients with metastatic castration-resistant prostate cancer,
as demonstrated by Antonarakis et al. [126] and Scher et al. [127]. The
PROPHECY study, a prospective, multicenter trial, further showed it to
be linked to lower PFS and OS [46,128].

3.4.7. Assessment of ctDNA/CTCs originating from multiple metastatic sites
and tumor heterogeneity

Heterogeneity of tumor cells, especially in the metastatic setting, may
play an important role in treatment approaches. Tissue-derived tumor
samples can only provide the assessment of a limited amount of tumor
material at a specific timepoint. Liquid biopsies could therefore poten-
tially act as an additional tool for complementing the genetic landscape
of the tumor, as ctDNA/CTCs can originate from the shedding of several
tumor sites and can be evaluated serially [15,96]. However, different
tumor sites may shed variable amounts of tumor-derived components,
which may be a limiting factor [2].

4. Future perspectives

Although several liquid biopsy assays have demonstrated clinical
validity in various settings, clinical utility remains to be proven. In order
to generate robust evidence of clinical utility, a prospective randomized
design or in some cases a prospective-retrospective design, using archival
blood samples from a previously conducted prospective trial, needs to be
applied [2]. In early-stage cancer, numerous randomized clinical trials
are currently investigating the clinical utility of MRD-guided adjuvant
treatment and molecular relapse monitoring, while in the advanced
disease setting, the focus of ongoing trials is serial liquid biopsy testing to
monitor disease response and resistance. Emerging evidence of these
studies is expected to address the question how liquid biopsies can inform
treatment decisions in a meaningful way and thus improve patient
outcome.

The studies on liquid biopsy testing in alternative analytes other than
blood such as urine, pleural/ascites effusion or saliva have provided
preliminary yet very promising evidence with regard to cancer diagnosis
[5,129–131], monitoring of treatment response and relapse [3,132], as
well as molecular profiling [6,9]. Ongoing trials in this field are expected
to deepen our understanding on the potential of these analytes. Some
examples of ongoing trials include NCT05453591 (urine, breast cancer),
NCT05141383 and NCT04079699 (urine, prostate cancer),
NCT05122507 (saliva, head and neack cancer), and NCT05461430 (as-
cites and pleural fluid, tumoragnostic).

Artificial intelligence (AI) has many clinical applications and is ex-
pected to play an integral role in medical scientific development,
including biomolecular research. AI has been already widely employed in
liquid biopsy assay development and has thus contributed substantially
to the evolution of this field. For instance, machine learning has been
used to improve the performance for CTC assessment [133] as well as for
early cancer detection and differentiation of cancer origin through
several techniques including cf/ctDNA, methylation, RNA, extracellular
vesicle and protein analyses [28,134,135]. The Lung- CLiP algorithm is
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an example of a machine-learning approach that integrates targeted
sequencing of plasma cfDNA and matched leukocyte DNA to robustly
discriminate early-stage lung cancer patients from risk-matched controls
[136]. Furthermore, machine learning has also been applied to incor-
porate molecular liquid biopsy with clinical and radiological patient data
in order to assist clinical decisions [137]. Several machine-learning
platforms dedicated to analyze liquid biospy data have been devel-
oped, with the potential to further improve their performance as they
receive additional information input [138,139]. Overall, AI is expected to
be an integral part of liquid biopsy analytics and facilitate integration
into clinical decision making.

5. Conclusion

Liquid biopsies constitute a modern and promising technology with
increasing usage that can potentially further facilitate the integration of
precision medicine into clinical routine. Both ctDNA/cfDNA and CTCs
allow for serial collection and provide real-time molecular and response
data, especially for patients in which tissue biopsies are not recom-
mended. Numerous trials have shown promising results in various fields,
such as for predicting CPI response, monitoring response and detecting
resistance under chemotherapy or targeted therapy as well as MRD-
detection and monitoring, suggesting a valuable prognostic and poten-
tially predictive tool in early and advance cancer settings. In numerous
cases, liquid biopsies could therefore be used as a complementary tool to
standard tissue biopsies during the course of the disease or for more
detailed analysis. Moreover, in patients for whom tissue biopsies are not
feasible, liquid biopsies already play an important role for genotyping
and guiding therapy decisions.

Several FDA-approved liquid biopsy companion diagnostics are
already available, such as those for EGFR and PIK3CA alterations as well
as multigene panels. These authorizations signify a turning point in the
extensive adoption of liquid biopsy within clinical settings, particularly
among patients with advanced-stage cancer. The subsequent horizon for
employing liquid biopsy in clinical practice is anticipated to focus on the
systemic treatment of individuals with MRD. Further trials are needed to
gain approval by health technology authorities and be granted
reimbursement.

However, several potential limitations, especially false-positive re-
sults from ctDNA assessments due to CHIP mutations as well as low
shedding of tumor-derived materials that potentially hinder detection of
ctDNA/CTCs, still have to be taken into account. Challenges for the
integration of liquid biopsies into clinical practice include standardiza-
tion, analyte validation and demonstration of clinical utility as well as
regulatory considerations. Emerging data from ongoing clinical trials in
various setting, also including alternate bodily fluids than blood and
leveraging AI-technology, are expected to revolutionize the liquid biopsy
field in the near future.
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