SPECIAL ARTICLE

ESMO recommendations on the use of circulating tumour DNA assays for
patients with cancer: a report from the ESMO Precision Medicine Working
Group
J. Pascual1, G. Attard2, F.-C. Bidard3,4, G. Curigliano5,6, L. De Mattos-Arruda7,8, M. Diehn9, A. Italiano10,11,12, J. Lindberg13,
J. D. Merker14, C. Montagut15, N. Normanno16, K. Pantel17, G. Pentheroudakis18, S. Popat19,20, J. S. Reis-Filho21, J. Tie22,23,
J. Seoane24,25, N. Tarazona26,27, T. Yoshino28 & N. C. Turner19,20*
1

Medical Oncology Intercenter Unit, Regional and Virgen de la Victoria University Hospitals, IBIMA, Malaga, Spain; 2Urological Cancer Research, University College
London, London, UK; 3Department of Medical Oncology, Institut Curie, Paris; 4University of Versailles Saint-Quentin-en-Yvelines (UVSQ)/Paris-Saclay University, Saint
Cloud, France; 5Department of Oncology and Hemato-Oncology, University of Milano, Milan; 6Division of Early Drug Development, European Institute of Oncology,
IRCCS, Milan, Italy; 7IrsiCaixa, Hospital Universitari Trias i Pujol, Badalona; 8Germans Trias i Pujol Research Institute (IGTP), Badalona, Spain; 9Department of Radiation
Oncology, Stanford University School of Medicine, Stanford, USA; 10Early Phase Trials and Sarcoma Units, Institut Bergonie, Bordeaux; 11DITEP, Gustave Roussy, Villejuif;
12
Faculty of Medicine, University of Bordeaux, Bordeaux, France; 13Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Solna, Sweden;
14
Departments of Pathology and Laboratory Medicine & Genetics, UNC School of Medicine, Chapel Hill, USA; 15Medical Oncology Department, Hospital del Mar-IMIM,
CIBERONC, Universitat Pompeu Fabra, Barcelona, Spain; 16Cell Biology and Biotherapy Unit, Istituto Nazionale Tumori, ‘Fondazione G. Pascale’ e IRCCS, Naples, Italy;
17
Institute for Tumour Biology, University Medical Centre Hamburg-Eppendorf, Hamburg, Germany; 18Scientiﬁc and Medical Division, European Society for Medical
Oncology, Lugano, Switzerland; 19Royal Marsden Hospital, London; 20Institute of Cancer Research, London, UK; 21Department of Pathology, Memorial Sloan Kettering
Cancer Center, New York, USA; 22Department of Medical Oncology, Peter MacCallum Cancer Centre, Melbourne; 23Division of Personalised Oncology, Walter and Eliza
Hall Institute of Medical Research, Melbourne, Australia; 24Preclinical and Translational Research Programme, Vall d’Hebron Institute of Oncology (VHIO), ICREA,
CIBERONC, Barcelona; 25Medical School, Universitat Autònoma de Barcelona, Barcelona, Spain; 26Department of Medical Oncology, INCLIVA Biomedical Research
Institute, University of Valencia, Valencia; 27Instituto de Salud Carlos III, CIBERONC, Madrid, Spain; 28Department of Gastroenterology and Gastrointestinal Oncology,
National Cancer Center Hospital East, Chiba, Japan

Available online XXX

Circulating tumour DNA (ctDNA) assays conducted on plasma are rapidly developing a strong evidence base for use in
patients with cancer. The European Society for Medical Oncology convened an expert working group to review the
analytical and clinical validity and utility of ctDNA assays. For patients with advanced cancer, validated and
adequately sensitive ctDNA assays have utility in identifying actionable mutations to direct targeted therapy, and
may be used in routine clinical practice, provided the limitations of the assays are taken into account. Tissue-based
testing remains the preferred test for many cancer patients, due to limitations of ctDNA assays detecting fusion
events and copy number changes, although ctDNA assays may be routinely used when faster results will be
clinically important, or when tissue biopsies are not possible or inappropriate. Reﬂex tumour testing should be
considered following a non-informative ctDNA result, due to false-negative results with ctDNA testing. In patients
treated for early-stage cancers, detection of molecular residual disease or molecular relapse, has high evidence of
clinical validity in anticipating future relapse in many cancers. Molecular residual disease/molecular relapse
detection cannot be recommended in routine clinical practice, as currently there is no evidence for clinical utility in
directing treatment. Additional potential applications of ctDNA assays, under research development and not
recommended for routine practice, include identifying patients not responding to therapy with early dynamic
changes in ctDNA levels, monitoring therapy for the development of resistance mutations before clinical
progression, and in screening asymptomatic people for cancer. Recommendations for reporting of results, future
development of ctDNA assays and future clinical research are made.
Key words: circulating tumour DNA (ctDNA), liquid biopsy, precision medicine

INTRODUCTION
*Correspondence to: Prof. Nicholas Turner, ESMO Head Ofﬁce e Scientiﬁc and
Medical Division, Via Ginevra 4, Lugano CH-6900, Switzerland. Tel: þ41-91973-1999; Fax: þ41-91-973-1902
E-mail: education@esmo.org (N. C. Turner).
0923-7534/© 2022 European Society for Medical Oncology. Published by
Elsevier Ltd. All rights reserved.

Volume xxx

-

Issue xxx

-

2022

Liquid biopsies (LBs) are a broad concept that encompasses
the analysis of circulating nucleic acids, tumour cells or
exosomes as a tool to molecularly proﬁle tumours to guide
clinical decision making.1 LB technologies are rapidly
https://doi.org/10.1016/j.annonc.2022.05.520
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advancing with increasing evidence of clinical utility. To be
routinely implemented in the clinic, analytical and clinical
validity must be shown, clinical utility demonstrated, and
quality requirements must be met with reporting standards
clearly deﬁned and supported by evidence.2 In this recommendation manuscript, we address these critical considerations focusing speciﬁcally on assays for circulating tumour
DNA (ctDNA) detected in plasma as LB analyte, and highlight
the evidence that ctDNA assays have sufﬁcient evidence to
be used routinely in clinical practice to genotype advanced
cancers to direct molecularly targeted therapies. We
acknowledge the value of other LBs such as assays of
circulating tumour cells (CTCs) and different species of
circulating RNAs or extracellular vesicles as well as the use
of ctDNA detected in other biological ﬂuids like urine, saliva
or cerebrospinal ﬂuid, although these will not be covered by
this recommendation. We suggest the reader refer to the
glossary at the end of the document for detailed deﬁnitions
of commonly used terms in the ﬁeld of LBs.
METHODS
To provide some consensus over the many unstandardised
aspects of genomic testing using ctDNA and its potential use
in clinics, the European Society for Medical Oncology
(ESMO) Precision Medicine Working Group convened a
group of experts to provide recommendations. The group
reviewed the many different technical aspects of ctDNA
assays that need to be taken into account when interpreting
a positive or negative result, aiming to provide some quality
standards required for decision making when using laboratory developed or commercial ctDNA assays. The group of
experts then reviewed the evidence of ctDNA as a tool in
the many different phases of cancer care, giving some
general and tumour-speciﬁc recommendations. We also
give some insight about what to expect on ctDNA testing in
future scenarios like clinical trial design or cancer screening.
TECHNICAL CONSIDERATIONS OF CTDNA ANALYSIS
Introduction and challenges of ctDNA analysis
Plasma DNA constitutes DNA fragments bound to proteins
that protect the fragments from degradation in blood. In
healthy people, plasma DNA arises primarily from cells of
the haematopoietic lineage,3-6 with concentrations ranging
from negligible amounts to up to 100 ng of plasma DNA/ml
of plasma.7 The release of plasma DNA preferentially occurs
as a result of cell death, apoptosis and necrosis, however
other biological processes may contribute.8 In cancer patients, a variable fraction of plasma DNA derives from
tumour (i.e. ctDNA fraction).6 Theoretically, ctDNA represents a mix of DNA released by the many different tumour
subclones, capturing the heterogeneity of a given cancer,
and therefore giving a better description of the genomic
landscape that characterise the tumour.
The DNA fragments released by normal and tumour cells
appear to differ modestly in size; whilst normal cell-derived
plasma DNA fragments display a peak around 166bp,
consistent with the size of DNA wound on a nucleosome
2
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and linker, ctDNA fragments are enriched for smaller fragments, around 143-145bp, perhaps consistent with the size
of a mononucleosome without the linker.9,10 The size,
genomic location and epigenetic marks of ctDNA can provide information to distinguish normal from cancer samples
and to deﬁne the site of origin or location of the tumour.
Plasma DNA has a relatively short half-life. Studies of
foetal DNA in maternal plasma demonstrate clearance in
two phases (i.e. a rapid phase happening in the ﬁrst 10 min
to 1 h and a slow phase with a half-life of 13 h).11 In cancer
patients, the ctDNA half-life appears to be <2 h.12,13
Clearance of plasma DNA takes place primarily in the liver,
although kidney may clear smaller fragments.11
ctDNA has multiple potential clinical applications,
including its use for screening, characterisation of early
disease, detection of molecular residual disease (MRD) after
deﬁnitive local treatment, prediction of relapses, genotyping advanced cancer, early assessment of treatment efﬁcacy, monitoring of response and identiﬁcation of
mechanisms of resistance to therapy (Figure 1).
In cancer patients, the ctDNA fraction varies according to
tumour features, including tumour site, disease burden,
rates of proliferation and apoptosis, extent of necrosis,
inﬂammation, tumour microenvironment as well as hostrelated phenomena. Germane to the success of ctDNA analyses is the appropriate selection of the type of ctDNA
assays to address speciﬁc scientiﬁc and clinical questions. At
present, there is no single ctDNA assay that would be ﬁt for
all purposes (e.g. early detection, MRD analysis, genetic
alteration identiﬁcation and assessing tumour genetic heterogeneity, identifying molecular mechanisms of resistance
and subsequent decay). For example, ultrasensitive assays
(e.g. methylation pattern-based or patient-speciﬁc
sequencing assays) requiring limited amounts of ctDNA
may be needed in the context of early disease detection,
monitoring of patients with early-stage disease or MRD
analysis, whereas a different set of assays may be required
in the context of the identiﬁcation of therapeutic resistancerelated mutations and tumour genetic heterogeneity in the
metastatic setting. Different assays have distinct limits of
detection (LoD; the lowest analyte concentration likely to be
reliably distinguished from the noise) and limits of quantitation (LoQ; the lowest level of analyte where the concentration can be accurately determined), which ultimately
determine the amount of plasma DNA and ctDNA fraction
needed for an informative result to be provided.14
Pre-analytical variables
The analysis of ctDNA requires the comprehension of preanalytical and analytical parameters that may impact the
accuracy and reproducibility of the results in a given clinical
context. The main pre-analytical variables are patient-speciﬁc
factors affecting ctDNA release, sample volume, the collection tube, storage conditions and processing. Patient-speciﬁc
factors include physiological conditions (e.g. strenuous exercise), inﬂammation as well as acute and chronic medical
conditions. Levels of ctDNA and ctDNA fraction may be
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Figure 1. Clinical applications of ctDNA assays for patients with cancer and expected DNA levels in different phases of the disease.
ctDNA, circulating tumour DNA.

affected by treatments including chemotherapy, targeted
therapy, immunotherapy and radiation therapy and can be
divided into two phases: acute changes (days to weeks) that
arise from the direct impact of treatment on tumour and
normal cells, and longer-term dynamics (weeks to months)
that relate to tumour shrinkage by treatment. Hence, the
timing of plasma collection should be carefully planned
depending on the scientiﬁc question and clinical context. The
quantity of plasma DNA available to test is directly proportional to the volume of plasma extracted from and therefore
volume sampling must be carefully planned in advance, to
ensure that sufﬁcient analyte is available to address the
clinical question. Cell preservation tubes that prevent the
ex vivo rupture of leukocytes and other cells can allow
extension of the time required to plasma extraction from 4
to 6 h (in EDTA K2 tubes15) to several days. Care should be
taken not only to avoid the lysis of leukocytes during sample
collection and processing, but also in the selection of
collection tubes and standard operating procedures (SOPs)
that would be compatible with the ctDNA assays to be
deployed. Variation in blood storage duration in ambient
temperature should be minimised as much as possible. The
methods for plasma DNA extraction and quantiﬁcation
should also be taken into account and selected on the basis
of their compatibility with the assays to be used. Processing
of the samples should always follow validated SOPs and be
preferentially carried out in dedicated areas of laboratories
minimising the risk of contamination.
Different modalities of ctDNA assays, based on the type of
alterations detected [e.g. copy number alterations (CNAs),
somatic point mutations, epigenetic features and fragmentomics] or detection technology [e.g. next-generation
sequencing (NGS), droplet digital PCR, mass spectrometrybased technology and others] may be differently inﬂuenced by pre-analytical variables. Studies by individual
investigators16,17 and consortia18,19 have sought to provide
guidance as to the pre-analytical parameters and SOPs.
Analytical variables and considerations
False-negative results. Many patients, even with relatively
extensive advanced cancer, may have low levels of ctDNA in
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their plasma. The inability to detect a variant in ctDNA testing
might be due to absence of the tested variant(s) in the patient’s cancer (a true negative) or low ctDNA levels or fraction
that prevent detection of the variant (a false-negative).
Multiple technical factors also need to be considered in
the possibility of a false-negative test result, such as the
amount of plasma DNA analysed, and the assay sensitivity
which could vary between different types of variants. For
example, the ability of a test to detect a single nucleotide
variant (SNV or mutation), may be different from a structural variant (e.g. gene fusion), or CNA (e.g. ampliﬁcation).
A ctDNA assay that detects SNVs, and small insertions or
deletions, with high sensitivity, may have reduced sensitivity for detection of copy number variations or gene fusions. In tissue-based testing, RNA-based assays are being
increasingly used for detection of gene fusions and splicing
variants, and such variants may be detected less sensitively
with ctDNA assays, even when sufﬁciently high purity
ctDNA is present. Variants such as loss of heterozygosity, as
well as low level copy number gains or losses, are technically more difﬁcult to detect in ctDNA assays, with low
sensitivity in many current assays.
The ctDNA concentration in plasma correlates with
tumour stage and volume.20,21 Several clinical and pathological factors are also associated with ctDNA levels. For
example, in non-small-cell lung cancer (NSCLC) higher plasma
ctDNA concentrations were found in patients with squamous
cell carcinomas versus adenocarcinoma, and in cases with
higher proliferation index and necrosis.21 The anatomical site
of the tumour also correlates with ctDNA levels in plasma
[intrathoracic versus extrathoracic for NSCLC; liver versus
peritoneum versus lung for colorectal cancer (CRC)], with
brain tumours associated with the lowest levels.20,22-25
Interpretation of ctDNA test results must therefore take
into account the possibility that the plasma sample does
not contain sufﬁcient levels of ctDNA to detect different
types of variants. New approaches based on tumour fraction estimation using, for example, CNAs, DNA methylation
patterns or plasma DNA fragment patterns, may increase
the possibility of giving conﬁdent negative results,26-28 by
ensuring that sufﬁcient tumour-derived DNA is present.
https://doi.org/10.1016/j.annonc.2022.05.520
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Some examples of non-informative and false-negative
results are given in Supplementary Figure S1, available at
https://doi.org/10.1016/j.annonc.2022.05.520.
Biological false positivesdclonal haematopoiesis and
germline variants. Throughout life, somatic alterations
accumulate in normal tissues due to multiple causes such as
environmental and chemical exposures, or replication errors
during cell division.29 If these somatic alterations confer a
selective growth advantage, it may cause clonal expansions,
resulting in somatic mosaicism, and increasing the probability for sequential driver mutations and potentially the
development of cancer. Plasma DNA in blood originates
mainly from apoptotic haematopoietic cells,30 and therefore
clonal expansions in these cells risk false-positive ctDNA results, and this risk is prone to change over time. The frequency of this clonal haematopoiesis of indeterminate
potential (CHIP) increases with age, previous systemic cancer
treatment and smoking.31-34 The presence of CHIP, and
certain associated ﬁndings (number of variants, allele fraction and genes involved), is associated with higher risk of a
subsequent haematologic malignancy and cardiovascular
disease, and possibly adverse outcome in advanced
cancers.33,35
Genes mutated in CHIP partially overlap with solid tumour
drivers. It has been conceptually demonstrated that CHIP
variants are detectable in plasma DNA and could lead to
false-positive calls in CHIP-related genes (e.g. TP53, ATM) in
genotyping assays of a large fraction of advanced prostate,
lung and breast cancer patients.6,36-38 These false positives
can be largely excluded with sequencing of white blood cell
(WBC) DNA, or minimised by paired sequencing of a tumour
tissue sample,6,36,37 although the vast majority of currently
commercially available assays approved for clinical use in
Europe and the USA only analyse plasma DNA. Recent papers
are developing lists of genes that are altered in CHIP.39 Many
gene alterations are very unlikely to be false-positive ﬁndings
due to CHIP even without analysing WBC DNA. Examples are
hotspot mutations in VHL or SPOP mainly occurring in kidney
and prostate cancer, respectively, EGFR mutations in lung
cancer patients and PIK3CA and ESR1 ligand-binding domain
mutations in breast cancer. Others, such as KRAS mutations
can occur in CHIP, but at low incidence, so that KRAS mutations in colorectal and lung cancer patients are substantially
more likely to be true positives than false.
In contrast, plasma DNA-only proﬁling is challenging for
many tumour suppressors (such as TP53) or genes associated with DNA repair (ATM and CHEK2), and essentially
uninterpretable for genes commonly mutated in CHIP such
as DNMT3A and TET2. This is a non-negligible problem, as
recently demonstrated in a small cohort of 69 men with
metastatic prostate cancer in which almost half of the
detected DNA repair deﬁciency variants originated from
CHIP.40 In addition, another clinically approved plasma DNAonly assay was applied on 3334 men with metastatic
prostate cancer in which variants in ATM and CHEK2
occurred with double frequency in ctDNA relatively to the
expected frequency from tumour tissue.41 For clinical
4
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genotyping ctDNA assays interrogating genes commonly
harbouring CHIP variants, or for clinically actionable tumour
suppressor genes such as DNA repair genes, synchronous
proﬁling of plasma DNA and WBC DNA is therefore recommended. If this is not possible, we encourage conservative reporting to encompass only those variants
estimated to occur in the same variant allele frequency
range as a conﬁdent disease-speciﬁc alteration (e.g. a
truncating ATM mutation with a similar variant allele frequency as a SPOP mutation in metastatic prostate cancer),
especially in the lower ctDNA fraction ranges (0.1%e5%) in
which CHIP variants will accumulate and the sensitivity to
detect disease-speciﬁc alterations will decrease.6,37 It is not
possible to use allele fraction alone to differentiate CHIP
from ctDNA, as true-positive tumour-derived variants are
often of low allele fraction. This was highlighted by the
median true-positive variant allele frequency of 0.41% in a
study on 21 807 patients using a clinically approved plasma
DNA-only assay for de novo genotyping of advanced cancer,42 and low VAF at this time cannot be interpreted as
inferring a variant is less likely to be somatic and clinically
relevant.
Consideration should also be given for variants being
biological true positives in patients being evaluated with a
ctDNA test (e.g. a patient with advanced carcinoma who has
a JAK2 V617F mutation in ctDNA may have an undiagnosed
myeloproliferative disorder). Indeed, ctDNA proﬁling has
the potential to identify speciﬁc alterations of occult second
malignancy in patients managed for another cancer.
Reporting standards
Reporting recommendations are inherently dependent on
the ctDNA assay type and intended use of the test. In
addition to general clinical molecular laboratory reporting
recommendations,43,44 recommended reporting elements
and approaches with particular relevance to ctDNA assays
are included in Table 1 and Supplementary Table S1,
available at https://doi.org/10.1016/j.annonc.2022.05.520.
Reporting of pre-analytical parameters, like sample acquisition date and treatment exposure at the time of acquisition, is recommended. Reporting language should convey
the potential for discordance with tumour testing, especially in cases where a variant is not detected in plasma
DNA, by using language such as ‘non-informative or not
detected’, instead of ‘negative’. Assays that are able to
measure ctDNA fraction/purity in plasma DNA should
communicate the ctDNA fraction and assist clinicians in
estimating the likelihood of whether failure to detect a
somatic variant is due to the variant not being present in
the tumour or from insufﬁcient ctDNA in the specimen.
It is likewise important to alert clinicians to variants
detected in ctDNA assays which may be germline or
contributed by non-tumour origins (e.g. CHIP). Analyses,
conﬁrmatory testing, patient counselling and reporting of
potential germline variants should generally follow ESMO
recommendations for germline-focused analysis of tumouronly sequencing45 (Table 1). Likewise, reporting of ctDNA
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Table 1. Recommended reporting elements and approaches for ctDNA
assays
Reporting element

Examples and considerations

Pre-analytical variables

Date of sample acquisition and treatment
exposure (on/off treatment) at time of
acquisition should be reﬂected.
Cases where a variant is not detected are
reported as ‘non-informative’ or ‘not detected’,
instead of ‘negative’.
Follow recommendations from ESMO Precision
Medicine Working Group on germline-focused
analysis of tumour-only sequencing.45 This
includes:
 Flagging deleterious and/or pathogenic variants in genes associated with heritable cancer predisposition that are identiﬁed at an
allele frequency consistent with germline
origin.
 Providing patient informed consent before
follow-up clinical testing of germline DNA
to determine whether the variant is
germline or somatic.
Variants in genes commonly implicated in CHIP
should be ﬂagged to caution the clinician about
the potential non-tumour origin of these
variants.
Variant allele fractions should be reported as
they may provide information suggestive of
possible germline origin, clonal relatedness of
variants in the same panel and the potential for
a false-positive result.
This could range from a single variant for digital
PCR assays (e.g. EGFR, c.2369C>T, p.T790M) to
hundreds of genes for an expanded NGS-based
panel.
SNVs, small insertions/deletions,
ampliﬁcations, copy number losses, gene
fusions, MSI, TMB and LOH.
The limit of detection for each variant type
should be determined and reported, ideally
with an associated conﬁdence interval. In cases
where input plasma DNA is limiting, the
reported sensitivity is adjusted or a warning is
inserted in the report.
Currently, many ctDNA assays have a
substantial amount of discordance with tumour
testing, so reporting language should
communicate this potential discordance,
especially in cases where a variant is not
detected.

Result

Potential germline
variants

Variants potentially
associated with CHIP

Variant allele fractions
for quantitative assays

Targeted variant or
regions examined by
assay
Variant type and/or
genomic features
detected by assay
Limit of detection for
different variant types

Assay limitations

CHIP, clonal haematopoiesis of indeterminate potential; ctDNA, circulating tumour
DNA; LOH, loss of heterozygosity; MSI, microsatellite instability; NGS, next-generation
sequencing; SNVs, single nucleotide variants; TMB, tumour mutation burden.

variants in genes commonly implicated in CHIP should alert
and caution the clinician about the potential non-tumour
origin of these variants.6,31 If follow-up testing of leukocyte DNA is available to determine whether the variant is
associated with CHIP, this should be noted in the report.
Technical considerations of ctDNA analysis
recommendations
 The timing of blood sampling intended for ctDNA analysis
should be carefully selected depending on the clinical
question, as different factors can affect release of ctDNA
(e.g. treatments being received, concurrent inﬂammatory
processes, surgery). For the purpose of detecting MRD after surgery this should ideally happen at least 1 week after
surgery, and likely 2 weeks or longer for major surgeries
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that have longer healing times. For the purpose of
advanced cancer genotyping, blood sampling should be
avoided during active therapy of responding or nonprogressing tumours to minimise false-negative results.
Care should be taken in choosing collection tubes for
blood samples, which will depend on time-toprocessing and the assay used.
If plasma is stored before DNA extraction, this should be
at 80 C for long-term storage, with minimal temperature variation and successive freeze-thaw processes
should be minimised as much as possible.
False negatives (non-identiﬁcation of a variant of interest
when actually present in the tumour) is an important
issue for ctDNA assays, and can be a result of low levels
of plasma DNA analysed, insufﬁcient assay sensitivity or
‘non-shedding’ from the tumour.
CHIP is a common cause of false positives in ctDNA
testing, when interrogating genes that commonly
harbour CHIP variants. For clinically actionable testing
of tumour suppressor genes such as DNA repair genes,
synchronous proﬁling of plasma DNA and WBC DNA is
recommended. For such testing, routine collection of
buffy coat (enriched for WBC) from patients undergoing
plasma ctDNA testing is recommended, to have available
material to rule out CHIP if necessary.
Pathogenic germline variants in cancer susceptibility
genes may be detected in ctDNA (such as BRCA1,
BRCA2, PALB2), and detection of such variants requires
reﬂex germline testing with a validated assay to conﬁrm
somatic versus germline nature.
Clinical genotyping assays should in the future be adapted to assess tumour purity to allow conﬁdent predictions
of undetected results, and allow conﬁdent true-negative
predictions. This could occur through informatic analysis,
for example detection of an alternative tumour, and not
CHIP, derived mutation at sufﬁciently high allele fraction,
or orthogonal purity analysis.

POTENTIAL CLINICAL INDICATIONSdEVIDENCE FOR
CLINICAL UTILITY
Advanced cancer genotyping
Precision medicine relies on identiﬁcation of genomic aberrations in the tumour to reﬁne prognosis and therapeutically target tumour-driver biomolecular traits. This is
traditionally accomplished via tumour tissue biopsies that
have several limitations. In addition to patient discomfort,
risk and morbidity, tumour biopsies may not be feasible. In
patients requiring urgent treatment, delays in obtaining
tissue biopsies and their molecular results may restrict
treatment options, with LBs providing faster results.46 Tissue biopsy-based genotyping may be limited by low tumour
cellularity and ﬁxation problems, such as bone biopsies and
NSCLC biopsies, and in some situations ctDNA testing may
allow a greater informative yield through consistent
coverage and fewer assay failures.46,47 In addition, ctDNA
testing is appropriate when tissue is not available, or it is
https://doi.org/10.1016/j.annonc.2022.05.520
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foreseen to be technically challenging, or prone to delay, in
sample acquisition. The molecular portrait depicted by a
tumour biopsy is limited to single site (space) and ‘frozen’ in
time. Spatial and temporal heterogeneity are established
features of malignancies.48 ctDNA has the advantage of
being easier to access serially, and provide access to a
‘genomic pool’ originating from several metastatic sites in
the patient. LBs may provide more accurate genotyping in
patients with metachronous metastases, when tissue
testing is only implementable in the primary tumour.
ctDNA release is believed to be proportional to tumour
growth, which is linked to cell death and turnover, with the
fastest-growing tumour clones shedding the most ctDNA,
which are theoretically the most clinically relevant.49 There can
be exceptions, however, and there is still confounding evidence50 and more research is needed to understand the molecular basis of ctDNA shedding into blood. Repeat LBs may
allow detection of acquired resistance variants, for example to
selective pressures from kinase inhibitors, to allow best selection of the next line of therapy on the basis of acquired resistance genotype and relationship with parental driver.
ctDNA testing also has some limitations compared with
tissue testing, mainly higher rates of false negatives and
positives as discussed in prior sections, but also low tumour
fraction present in the sample, which limits reliable
assessment of variant allele fraction (VAF) and limits copy
number alteration analysis.
Evidence for ctDNA in advanced cancer genotyping. Technologies used for liquid genotyping can be broadly classiﬁed
to sensitive PCR-based technologies whether real time PCR
(RT-PCR) or digital PCR or NGS platforms. Digital PCR can
only identify a restricted set of genomic alterations at lower
cost. In contrast, error-corrected NGS approaches enable
high throughput detection of a variably broad set of mutations, though at higher cost. Multiple prospective and
retrospective studies have reported excellent speciﬁcity and
positive predictive values between ctDNA LB and tissuebased PCR and NGS testing in advanced malignancies
(95%-99%).51-54 Recent large prospective studies of LBs
have conﬁrmed high accuracy of LBs in breast,47 gastrointestinal (GI)46 and lung cancer51,53 for SNVs, and when used
in the patient populations recruited into the studies.
Although most targeted therapies were licensed on the
basis of tissue testing, the high positive predictive value of
ctDNA testing provides conﬁdence in assumed evidence of
clinical utility for ctDNA testing. Of note, the ‘clinical’ accuracy parameters of LB platforms essentially refer to result
comparisons with tissue-based assays, and should not be
confused with analytical accuracy parameters. Interpretation of clinical accuracy parameters of LBs is challenged by
tumour heterogeneity/evolution, and in these comparisons
tissue-based sequencing of a single biopsy may not always
reﬂect the gold standard, due to limited sampling.
The level of evidence for the clinical validity of ctDNA assays
is such that validated and adequately sensitive ctDNA testing
can be used in routine practice for advanced disease genotyping, provided that limitations are understood and taken into
6

https://doi.org/10.1016/j.annonc.2022.05.520

account (see prior section on technical considerations of ctDNA
analysis). This recommendation applies to testing for single
nucleotide and small insertion and deletion variants. This
recommendation is supported by prospective studies from
lung,51 cholangiocarcinoma,55,56 breast,47 GI cancer57 and
others,58-60 demonstrating similar efﬁcacy using LB only to
guide therapy.The evidence base is now sufﬁciently strong that
assays with evidence of clinical validity can be assumed to have
clinical utility in guiding therapy for tier I actionable variants, an
approach endorsed by some specialist societies.61 Tumourspeciﬁc recommendations for LBs are listed in Table 2.
The VAF may provide information on the likely subclonal
nature of the variant, and in theory subclonal variants may
be less likely to beneﬁt from a therapy targeting that
variant. At this time, however, VAF should not be used to
make decisions in clinical practice because (i) it is unclear
whether LBs can assess subclonality accurately and (ii) there
is limited evidence to suggest that true subclonal variants
predict for lack of response.
Limitations of LBs for advanced cancer genotyping. As
mentioned before, a major potential clinical limitation of LB is
incomplete sensitivity, with risk of false-negative results. If an
assay is used when interrogating for an actionable genetic
aberration and shows an undetected result, this should be
considered a ‘non-informative’ result and conﬁrmation with
tissue testing (reﬂex tissue testing) is advised.
Reﬂex testing may not be required in certain circumstances, which assists in differentiation of a true ‘negative’
result from a ‘non-informative assay’, although evidence
that these can robustly reduce false-negative results is
limited cautioning use in routine clinical practice.
 Molecular conﬁrmation of sufﬁcient levels of ctDNA
(ctDNA fraction) in the assay to detect the variant if it
is present in the tumour. For example, detection of a somatic mutation at high levels of VAF, when such a mutation is conﬁdently not arising from CHIP or germline.
When such an SNV with moderate/high VAF is identiﬁed
there can be reasonable assumption that other SNVs
would also have been identiﬁed, and variants not identiﬁed represent a true ‘negative’ result. This should only
be carried out by expert users, who are conﬁdent in their
understanding of characteristics of the assay used, such
as the limit of detection, and consideration of confounding variables such as the potential impact of copy number variation on VAF. Interpretation of a sample as ‘truly
negative’ for fusion variants, or copy number variations,
using ctDNA remains difﬁcult.
 Molecular conﬁrmation of the presence of high levels of
ctDNA using an orthogonal approach, discussed in the
technical considerations section. Although assays for
detection of tumour fraction are in development, they
are still experimental, and not available for routine clinical practice.
LBs may have limitations for the detection of speciﬁc
aberrations. Somatic copy number variations in ctDNA
samples can only be robustly identiﬁed with high ctDNA
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Table 2. Tumour-speciﬁc table for advanced cancer genotyping
Tumour type

Indications

ESCAT tier and level of
evidence

Recommendation

Non-small-cell lung
cancer

EGFR (for common, uncommon, exon 20 insertions,
T790M and other resistance mutations e.g. C797X).
ALK (for fusions and acquired resistance kinase
domain mutations).
MET (for exon 14 splice site mutations, and acquired
resistance mutations)
KRAS (for G12C and non-tier 1 other KRAS
mutations)
BRAF (for V600E)
RET (for fusions and acquired resistance kinase
domain mutations)
ROS1 (for fusions and acquired resistance kinase
domain mutations)
NTRK 1/2/3 (for fusions and acquired resistance
mutations)
MET (for high-level copy number gain/ampliﬁcation)
ERBB2 (for exon 20 insertions and transmembrane
mutations, and ampliﬁcation)
BRAF (for non-V600E class I-III mutations)
PIK3CA mutations
ERBB2 ampliﬁcation
BRCA1/2 mutations
ESR1 mutations
MSI-H
NTRK 1/2/3 fusions
ERBB2 ampliﬁcation
MSI-H
NTRK 1/2/3 fusions
NTRK 1/2/3 fusions
MSI-H
MSI-H
NTRK 1/2/3 fusions
IDH1 mutations
FGFR2 fusions
MSI-H
NTRK 1/2/3 fusions
BRAF (for V600E mutation)
MSI-H
NTRK 1/2/3 fusions
KRAS/NRAS mutations (exon 2,3,4)
ERBB2 ampliﬁcation
EGFR-ECD (for mutations in the extracellular domain
S492, G465, S464, V441)
BRCA1/2 mutations
MSI-H

IA120

ctDNA genotyping recommended in treatment-naive
cancer patients and resistance upon prior TKIs.
Caution should be kept as ctDNA assays will miss
histological trans-differentiation.
ctDNA testing may not have adequate sensitivity to
detect MET true high copy number gain as
resistance mechanism to osimertinib or lorlatinib.
Ampliﬁcation and fusion detection is suboptimal
with ctDNA assays, and should be repeated in tissue
where possible.

MSI-H
BRCA1/2 mutations
MSI-H
ATM mutations
PTEN mutations/deletions
PALB2 mutations
FGFR mutations
FGFR3 (FGFR3-TACC3) fusions
NTRK 1/2/3 fusions
BRAF mutations
RET mutations
NTRK 1/2/3 fusions
NTRK 1/2/3 fusions

IC147
IA156
IC147
IIA156
IIA157
IIB156,158
IB159
IB159
IC134
IB160,161
IB162,163
IC134
IC134

Breast cancer

Gastric cancer

Pancreatic cancer
Hepatocellular cancer
Cholangiocarcinoma

Colorectal cancer

Ovarian cancer

Endometrial cancer
Prostate cancer

Urothelial cancers

Thyroid cancer

Soft tissue sarcoma

IA

121-125

IB126,127
IB128
IB129,130
IB131
IB132,133
IC134
IIA135
IIB136-138
IIB139
IA140
IA141,142
IA143,144
IB145,146
IC147
IC134
IA148
IC147
IC134
IC134
IC147
IC147
IC134
IA149
IA150
IC147
IC134
IA151
IA147,152
IC134
N/A (resistance biomarker)
IB57,153,154
IB73
IA155
IC147

ESR1 mutations should preferentially be tested in
ctDNA. ERBB2 ampliﬁcation and NTRK fusions only
when advanced tissue biopsy not available.

ctDNA testing if tissue not available or when fast
turnaround time is needed for urgent therapeutic
decision making.
ctDNA testing if tissue not available.
ctDNA testing if tissue not available.
ctDNA testing if tissue not available or when fast
turnaround time is needed for urgent therapeutic
decision making.
KRAS/NRAS/BRAFV600E/MSI for chemotherapy-naive
metastatic colorectal cancer is recommended when
tissue testing is not feasible or urgent therapeutic
decision making.
KRAS/NRAS/BRAF/EGFR-ECD for pretreated patients
if EGFR rechallenge is planned.
In women with no germline pathogenic BRCA1/2
variant found, testing for BRCA1/2 pathogenic or
likely pathogenic somatic variants may be carried
out if tissue not available.
ctDNA testing if tissue not available.
BRCA1/BRCA2/ATM for potential PARPi therapy.
Caution is needed when interpreting results of
ctDNA assays due to false-positive CHIP mutations in
DNA repair genes.
ctDNA testing if tissue not available.

ctDNA testing if tissue not available.

ctDNA testing if tissue not available.

ESCAT tier I refers to evidence for tissue target-drug match resulting in improvement of meaningful clinical outcomes (synonymous to clinical utility). ESCAT tier II refers to
investigational targets that likely deﬁne a patient population that beneﬁts from a targeted drug, but additional data are needed. Readers are directed to individual ESMO practice
guidelines for detailed discussion of individual tumour types.
CHIP, clonal haematopoiesis of indeterminate potential; ctDNA, circulating tumour DNA; EGFR, epidermal growth factor receptor; ESCAT, ESMO Scale for Clinical Actionability of
molecular Targets; MSI, microsatellite instability; PARPi, poly(ADP-ribose) polymerase inhibitor; TKI, tyrosine kinase inhibitor.

fraction,62,63 and copy number assessment should only
replace tissue assessment when tissue assessment is not
possible. Given their potential roles as predictive biomarkers for immunotherapy, microsatellite instability (MSI)
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status and tumour mutation burden (TMB) have been
studied in ctDNA by tailored methodologies. MSI status
analysis with plasma samples has shown high clinical validity, and therefore the potential to be used to guide
https://doi.org/10.1016/j.annonc.2022.05.520
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therapy.64 Several targeted panel-based sequencing assays
of ctDNA offer to measure blood TMB (bTMB) as a surrogate of tissue-based TMB. At this time, evidence suggests
that patients should not be selected for immunotherapy on
the basis of bTMB alone. bTMB is highly correlated with the
amount of ctDNA and thus a minimum amount of ctDNA is
required for valid scoring (this problem similarly applies to
tissue-based testing when there is low tumour cell content).
CHIP and subclonal mutations may elevate bTMB compared
with tissue TMB. Moreover, the clinically relevant cut-off for
prediction of immunotherapy response may vary according
to the type of assay used and the tumour type. Nonetheless, initial evaluation of tumour burden with ctDNA assays
is an active area of research and hopefully could help better
select patients for immunotherapies, in particular in cases
with difﬁcult or questionable imaging ﬁndings.
Tumour-speciﬁc aspects. A summary of tumour-speciﬁc
recommendations for tier I and II variants can be found in
Table 2.
Lung cancer. Current ESMO Clinical Practice Guidelines for
metastatic NSCLC recommend genotyping in all patients with
non-squamous NSCLC and squamous subtype NSCLC with
special clinical characteristics (e.g. never smokers). ctDNA
assays can be undertaken in treatment-naive patients and is
especially recommended when a signiﬁcant delay is expected
in obtaining tumour tissue for genotyping, when invasive
procedures may be risky or contraindicated, or bone is the
only site that could be biopsied.65 In treatment-naive NSCLC,
ctDNA can be considered complementary or alternative to
tissue NGS for biomarker evaluation. Small-volume predominantly intrathoracic tumours, or predominantly intracranial disease, are associated with high false-negative
results. ctDNA assay tends to have reduced sensitivity for
gene fusions. In addition, it must be noted that tissue RNA
sequence may identify a greater breadth of splice site variants
such as MET exon 14 ‘skipping’ mutations and fusion variants
(e.g. ALK, RET, ROS1 or NTRK 1/2/366). If available, tissue
testing with such assays remains the gold standard compared
with ctDNA, although any tissue assay can be limited by low
tumour cellularity or quality.
For patients with pretreated disease, resistance EGFR
T790M mutation enabling osimertinib treatment67 established a clinical paradigm of ctDNA assay ﬁrst for T790M
mutation detection with tissue sampling and tissue genotyping if T790M is not detected in blood, thereby avoiding
an invasive tissue sampling procedure. Histological change,
such as neuroendocrine or squamous differentiation,
cannot currently be identiﬁed by this approach and ctDNA
should not be relied on if clinical suspicion arises. ctDNA
NGS is now well established as a tool to identify acquired
resistance mechanisms in patients with oncogene-addicted
NSCLC following on from this T790M strategy, especially in
EGFR-mutant, ALK- or ROS1-positive disease. Therefore, for
oncogene addicted NSCLC, LBs can be an acceptable initial
approach for identiﬁcation of mechanisms of resistance to
targeted therapies. Whilst MET ampliﬁcation is recognised
8
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as a resistance mechanism for a number of kinase inhibitors, including osimertinib and lorlatinib, robust identiﬁcation in ctDNA remains an area of research.
Breast cancer. Testing may be indicated for PIK3CA and
ESR1 mutations in oestrogen receptor (ER)-positive, human
epidermal growth factor receptor 2 (HER2)-negative disease, and for MSI detection. Testing may be indicated for
detection of HER2 ampliﬁcation only in situations where
HER2 testing cannot be carried out on an advanced disease
biopsy, as HER2 ampliﬁcation detection is suboptimal in
ctDNA (varies by assay). ESR1 mutations are acquired subclonally in the cancer, and robust identiﬁcation of the
presence of an ESR1 mutation is more likely when done
through an LB, with tissue biopsies often reporting falsenegative results. Testing for BRCA1/2 variants may be carried out with ctDNA assays, but as currently the indication
of poly(ADP-ribose) polymerase (PARP) inhibitors in breast
cancer is restricted to germline variants, reﬂex germline
testing is indicated to conﬁrm if the variant is present in
germline. Irrespectively, given the actionability of BRCA1/2
germline variants in breast cancer, germline testing is recommended even in the case of a negative LB ﬁnding. Details
of other variants recommended as options for testing are
given in recent guidance.68
Upper GI cancers. In view of their incidence and availability of approved therapies, liquid testing for ERBB2 in
gastric cancer, IDH1 and FGFR2 in cholangiocarcinoma are
recommended when tissue testing is not feasible or when
urgent decision making for fast therapeutic intervention is
required.
Colorectal cancer. An initial liquid test including at least
KRAS/NRAS/BRAFV600E/MSI for chemotherapy-naive metastatic colorectal cancer is recommended when tissue testing
is not feasible, or when quick therapeutic decisions are
required, and longitudinal KRAS/NRAS and epidermal
growth factor receptor (EGFR) extracellular domain (EGFRECD, mutations in S492, G465, S464 and V441) tests are
recommended when a rechallenge is considered with an
anti-EGFR monoclonal antibody.69-73 Although KRAS mutations may occur as a result of CHIP, the true rate of KRAS
mutation detection is substantially higher than the contribution from CHIP, such that the detection of KRAS mutation
in LB is considered sufﬁcient to not give anti-EGFR monoclonal antibody treatment.
Prostate cancer. Aberrations of DNA damage repair
genes are important to identify in patients with advanced
prostate cancer, as w20% of patients with castrationresistant prostate cancer have been shown to harbour
germline and/or somatic alterations in DNA damage repair
genes, such as BRCA1, BRCA2 or ATM.74 CHIP may cause
false-positive results, however, and additionally ctDNA assays cannot robustly detect homozygous deletions (a common feature in BRCA1/2 and other tumour-suppressor
genes). Tissue testing is still recommended for decision
making to direct PARP inhibitor therapy.
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General tumour site recommendations. Sensitivity of
ctDNA assays is reduced in central nervous system only
metastatic disease, and in primary brain tumours, and LBs
are generally unsuited to genotyping such patients,
although can be attempted if this is the only source of
sample for genotyping. Data suggest that genotyping may
be obtained from cerebrospinal ﬂuid analysis (not reviewed
in this recommendation25). In oligometastatic, and nodal
only disease, the burden of disease implies potential low
shedding of ctDNA, and high false-negative results. Tissue
testing should be especially considered, or interval ctDNA
testing when higher tumour bulk is present.
Advanced cancer genotyping recommendations
 LB assays with very high analytical and clinical speciﬁcity,
and therefore positive predictive values, may be used in
routine practice when the results will affect standard
treatment options. The limitations of ctDNA assays, however, must be taken into account.
 Given the important practical advantages of LBsdfaster results, the ability to test most patients regardless of access to
interventional radiologydan LB ﬁrst strategy is recommended as an alternative option to tissue genotyping, in particular for aggressive tumour types where time to result is
clinically important, such as advanced NSCLC. The same
applies when tissue biopsy is unavailable or inappropriate.
 LB assays for genotyping should be collected when cancer is progressing, either treatment naive or after prior
lines of therapy. Samples collected when a tumour is
responding to therapy will have decreased sensitivity.
 For genotyping of advanced cancer, the choice between
RT-PCR, digital PCR and NGS assays in a clinical practice
setting should be deﬁned by availability, reimbursement
status and the number of tier I actionable genetic aberrations in a tumour-speciﬁc context.
 Caution should be carried out in interpretation of pathogenic variants in high penetrance cancer susceptibility
genes (such as BRCA1, BRCA2, PALB2); validated germline testing should be carried out to conﬁrm germline
or somatic nature.
 Given the modest clinical sensitivity and negative predictive value, a not-detected LB result for an actionable
variant should prompt reﬂex tissue testing. For expert
users, reﬂex testing may not be required if the presence
of sufﬁcient ctDNA purity in the sample can be conﬁrmed.
 ctDNA assays have lower sensitivity for detection fusions
and copy number events, and these variants should be
tested in tissue when this is available.
 All oncology physicians should have access to a molecular tumour board, for education early in use to ensure
correct interpretation of results, and for discussion of
difﬁcult cases to ensure appropriate decisions are made.
Advanced cancer ctDNA dynamics for cancer monitoring
ctDNA dynamics for early assessment of treatment efﬁcacy. Due to the short half-life of ctDNA12 and the possibility of non-invasive repeated sampling, blood ctDNA
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allows real-time monitoring of disease during therapy.
Studies monitoring cancer patients through therapy have
shown that ctDNA dynamics correlate with treatment
response, and may identify responses earlier than clinical/
radiological detection.12,75-77 Across multiple different
tumour types, and type of treatment (chemotherapy, targeted therapy and immunotherapy), patients who respond
to treatment drop ctDNA levels within weeks of starting
therapy. The initial early drop may reﬂect reduced release of
ctDNA as a result of cell cycle arrest, and later reﬂects
reduced tumour bulk. It should be noted that in addition, a
few days after starting cytotoxic therapy, there may be a
short-time rise in ctDNA levels, possibly reﬂecting a brief
period of increased release.78
In metastatic breast cancer, ctDNA provided more accuracy than standard serum markers such as cancer antigen 15-3 (CA 15-3),76 with ctDNA dynamics associated
with progression-free survival (PFS) in chemotherapy,78
endocrine-based79 and targeted combination therapies.80 In ovarian cancer, pretreatment ctDNA levels and
the extent of ctDNA decrease after chemotherapy initiation were signiﬁcantly associated with time to progression, and were more informative than CA 125
levels.81 In advanced NSCLC, ctDNA dynamics can stratify
patients with radiologically stable disease who are
responding versus not responding to immunotherapy,77,82
and in EGFR mutation-positive NSCLC early ctDNA dynamic changes associated with outcomes.83 In metastatic
colorectal cancer, a prospective trial showed that a 10fold decrease in ctDNA after cycle 2 of ﬁrst-line chemotherapy was associated with PFS, and another study
showed that evolution in ctDNA concentration after one
or two cycles of chemotherapy predicted response and
PFS.84,85 In GI malignancies, decreased ctDNA after 4
weeks of chemotherapy predicted partial response and
clinical beneﬁt more effectively than carcinoembryonic
antigen (CEA) tumour marker, with a sensitivity of 60%
versus 24%, respectively.86
There is increasing evidence that tracking changes in
ctDNA levels in serial plasma samples of patients receiving
immune checkpoint inhibitors for metastatic cancer can
enable assessment of prognosis and therapeutic beneﬁt.87-89
In a pan-cancer analysis of immune checkpoint inhibition
that evaluated almost 1000 patients with locally advanced/
metastatic tumours treated with immune checkpoint
blockade, on-treatment ctDNA dynamics appear to be predictive of long-term beneﬁt from immunotherapy across
tumour types.89 Analysis of serial ctDNA allowed early
identiﬁcation of patients with molecular response, which
was associated with RECIST response and improved survival
among patients with initially radiologically stable disease.
A clinical utility of monitoring ctDNA levels could be to
differentiate between true clinical radiologic progression
and pseudoprogression to anti-programmed cell death
protein 1 and anti-programmed death-ligand 1 antibodies,
which are observed in 5%-10% of patients receiving
immunotherapy.90,91
https://doi.org/10.1016/j.annonc.2022.05.520
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Longitudinal monitoring for emergent resistance mutations. Sequential ctDNA analysis can also be used to assess
for the emergence of genomic mechanisms of drug resistance before clinical progression. Several studies in cohorts
of patients with different tumour types treated with targeted therapies have shown the ability of longitudinal
ctDNA analysis to detect the early emergence of mutations
of resistance before clinical progression. For example, in
colorectal cancer patients treated with an anti-EGFR
monoclonal antibody, RAS and EGFR-ECD mutations are
detected in ctDNA up to 10 months before radiological
progression, and diminish after anti-EGFR drug withdrawal.71,92-94 In this setting, several clinical trials are
including ctDNA to guide anti-EGFR rechallenge decision,
and the CHRONOS trial has shown clinical beneﬁt of antiEGFR rechallenge in patients with no detection of RAS,
EGFR-ECD and BRAF in ctDNA before rechallenge. Other
studies have shown similar results.73,95,96 For patients with
advanced breast cancer on aromatase inhibitor (AI) and
cyclin-dependent kinase 4/6 (CDK4/6) inhibitor therapy,
monitoring for ESR1 mutation development has potential
clinical utility. In the PADA-1 trial, at the time of ESR1
mutations detection, patients randomised to fulvestrant
and continued on CDK4/6 inhibitor had improved PFS
compared with continued AI and CDK4/6 inhibitor.97 The
PFS gain observed with the early use of fulvestrant,
following ESR1 mutation detection, might not be caught up
by a later use of fulvestrant given after disease progression.
These data suggest resistance-associated mutations might
be more actionable when detected sooner by ctDNA rather
than later, at radiological progression, maybe due to a lower
burden of resistant cells. Additional conﬁrmatory trials are
recruiting.
The optimal assay for monitoring advanced cancer patients has not been established, with both tumour-informed
versus tumour-agnostic strategies investigated. In the
former, sequencing of tumour tissue biopsies identiﬁes key
mutations that will be used in LBs for serial molecular
proﬁling, while in the latter, ctDNA genotyping assays are
used without prior knowledge of the tumour mutational
proﬁle. A tumour-informed strategy may be most accurate
in tracking molecular response, but incurs the additional
cost/time of baseline tumour tissue sequencing, and if too
restrictive, may not identify emerging resistance mutations.
A tumour-agnostic strategy can identify the emergent molecular heterogeneity of the tumour if a broad gene panel is
used, but detection of CHIP mutations may complicate
ctDNA dynamic assessment.
Areas for future research. Further studies are needed to
deﬁne the optimal timing of ctDNA dynamic assessment
and the most accurate threshold for response prediction.
For monitoring for emergence of resistance mutations
before clinical progression, further studies on the frequency
of monitoring would be required.
Randomised interventional studies are required to assess
whether changes of treatment on the basis of ctDNA dynamics assessment can improve outcome, or improve
10
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quality of life through avoidance of unnecessary sideeffects, or minimising economical costs.98 These could
include studies randomising patients with an insufﬁcient fall
in ctDNA to a switch in therapy, or to augmentation of
therapy.
Advanced cancer monitoring recommendations
 There is insufﬁcient evidence to use regular monitoring
of ctDNA during therapy. Although early ctDNA dynamics
associate strongly with outcome, and resistance mutations may be identiﬁed many months before clinical progression, there is insufﬁcient evidence that acting on
such ﬁndings improves outcome. We note one trial
assessing clinical utility of ESR1 mutation monitoring
during AI and CDK4/6 inhibitor therapy for breast cancer,
and ctDNA-guided anti-EGFR rechallenge in CRC. Randomised interventional clinical trials are required to assess
the utility of ctDNA monitoring.

Early-stage cancer MRD and molecular relapse monitoring
Substantial evidence suggests that detection of ctDNA
following potentially curative treatment is associated with a
high risk of future relapse, with two terms commonly used.
MRD is a term used in solid tumours to describe the molecular evidence of residual cancer cells soon after curativeintent treatment of the primary tumour with surgery and/or
chemo-radiation.99 MRD may be detected only by molecular techniques such as PCR or sequencing or CTC analysis,
but is not detectable by conventional tests such as current
blood-based protein tumour markers or imaging. Molecular
relapse (MR) refers to the molecular detection of occult
disease at a later timepoint during adjuvant treatment or
surveillance.
Clinical evidence for MRD and MR monitoring in earlystage cancer. A rapidly growing body of evidence supports
the clinical validity of ctDNA analysis for MRD detection and
MR monitoring. Data stemming mainly from case/control
and longitudinal cohort studies have demonstrated that
detection of ctDNA immediately after completion of therapy or during surveillance predicts a high risk of recurrence
in early-stage breast,100-102 colorectal,103-106 lung107 and
bladder cancers,108 among many other studies.109 Detection
of MRD/MR requires assays speciﬁcally optimised for this
settingdassays developed for advanced cancer genotyping
do not offer sufﬁcient sensitivity, along with the risk of
false-positive CHIP mutations.
Across both ctDNA assay and cancer types, clinical speciﬁcity of ctDNA detection for predicting relapse in the absence
of further treatment is high, often 90% if no further
treatment is given after the positive test result.106-108,110 In
most studies, however, clinical sensitivity of MRD detection,
with current assays, shortly after completion of therapy is
suboptimal and often 50%.103,104,111 Furthermore, even
tumour-informed (i.e. detection of molecular alterations in
ctDNA with a highly sensitive assay that speciﬁcally targets
alterations found previously on tissue), bespoke ctDNA
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assays generally display lead-times from ctDNA detection to
clinical relapse of <6 months. Existing ctDNA MRD assays,
therefore, mainly detect patients destined to experience
early relapses (i.e. relapses occurring in the ﬁrst year after
the primary treatment) and may not detect disease that will
result in late recurrences. To maximise lead-time and limit
false-negative cases, it is critical that the most sensitive
ctDNA detection techniques are used and the development
of assays that can detect ultra-low ctDNA concentrations (i.e.
<0.01%) remains an important area of research.112
Unlike clinical validity, the clinical utility of ctDNA MRD
and MR monitoring remains to be established, and prospective randomised trials are needed. The most obvious
potential utility of ctDNA MRD detection is that it could
allow personalisation of adjuvant or consolidation systemic
therapies. Speciﬁcally, MRD-positive patients might beneﬁt
most from additional treatment. Indeed, data from earlystage lung and bladder cancer suggest that the beneﬁt of
adjuvant/consolidation immunotherapy is potentially
restricted to ctDNA-positive patients.111,113 Deﬁnitive proof
of clinical utility will require randomised trials, as it is unknown to this point whether treating on the basis of an
MRD-positive result can affect the natural history of such
patients, and prospective studies testing personalisation of
adjuvant therapy based on ctDNA MRD are underway.
Separately, adjuvant therapies might theoretically be deintensiﬁed in patients without MRD. The suboptimal
sensitivity and high rate of false-negative results with
currently available ctDNA MRD assays, however, suggests
caution with using assays to guide de-intensiﬁcation. Longitudinal post-treatment MR monitoring, which consists of
serial ctDNA testing during surveillance, could potentially
address the issue of false negatives shortly after completion of curative therapy by detecting MRD at later time
points but still before clinical recurrence. MRD-based deintensiﬁcation strategies, whether based on ctDNA testing
immediately after curative therapy or during surveillance,
will need to be carefully compared with the current standard of care in randomised trials with non-inferiority designs in order to demonstrate clinical utility in a deﬁnitive
manner.
Considerations for future clinical trials
Level of evidence. Evidence to prove clinical utility
(whether ctDNA testing can improve clinical outcomes and
add value to clinical decision making compared with not
using the test) in the adjuvant setting should be of the
highest level (Level 1) generated with one of the following
two approaches as suggested by Hayes114:
 A prospective randomised clinical trial, where the primary objective is to assess ctDNA testing and the test
result is used to direct adjuvant treatment or surveillance strategy.
 A prospective-retrospective study, using archival blood
samples collected within a previously conducted prospective trial which is not designed primarily to assess
ctDNA-directed management (often as an exploratory
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endpoint). Two or more independent studies producing
similar results are required to establish clinical utility.
Design and endpoints. It is noteworthy that the clinical
utility of ctDNA is very much context-dependent, contingent
on disease types and stages, available treatment that could
effectively eradicate MRD and intended use (e.g. guiding
adjuvant therapy after surgery or following standard adjuvant treatment, monitoring). Multiple ctDNA-based randomised clinical trials are currently underway to establish the
clinical utility of ctDNA in early-stage solid tumours. Broadly,
ctDNA-guided trials can be conducted in the following
clinical settings (Table 3):
 A few weeks after deﬁnitive treatment: to examine if
ctDNA testing can be used to de-intensify adjuvant treatment in ctDNA-negative patients and/or to escalate/
intensify treatment in ctDNA-positive patients. Both
non-inferiority (for de-intensiﬁcation strategy) and superiority (for escalation strategy) designs can be used.
 Soon after completing standard adjuvant therapy: the
primary objective is to investigate if additional ‘secondline’ or ‘post-adjuvant’ novel therapy can improve cure
rate in patients with detectable ctDNA but no evidence
of disease on imaging.
 During surveillance: to determine whether ctDNA-guided
surveillance compared with standard surveillance protocol will result in earlier detection of recurrence, more patients undergoing curative intent resection of metastases
or improvement in survival.
The value of a diagnostic ctDNA analysis in addition to
post-surgery analysis remains uncertain. Hypothetically,
excluding patients with a negative ctDNA before any
deﬁnitive treatment (low-shedding tumour) may reduce
the rate of false-negative results after deﬁnitive treatment.
The turnaround time of the ctDNA results may also affect
the study design particularly in the immediate post-surgery
setting where oncologists are often eager to commence
adjuvant treatment 4-6 weeks after surgery.
Early cancer MRD/MR recommendations
 Detection of ctDNA following curative therapy for earlystage cancers, with validated assays optimised for the
setting, is associated with a high risk of future relapse,
with clinical validity shown in multiple studies.
 There is insufﬁcient evidence for adoption in routine
practice, in the absence of prospective clinical trial evidence of clinical utility such as improved outcome, or
safe de-intensiﬁcation, with MRD/MR-guided therapy

Early or advanced stagedassisting in initial diagnosis of
cancer
ctDNA assays may be integrated as part of the diagnostic
workﬂow for patients suspected as having cancer on imaging. In individuals with tumours that are difﬁcult to
https://doi.org/10.1016/j.annonc.2022.05.520
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Timing of ctDNA testing/intended use

Clinical context

Potential trial designs

Objectives/potential endpoints

Examples of ongoing trials

A few weeks after deﬁnitive treatment
of primary tumour/guide adjuvant
therapy

Disease type/stage with sufﬁciently
high recurrence risk (for example
>10%) but no or modest beneﬁt with
standard adjuvant treatment (e.g. stage
II colon cancer, stage I NSCLC)

ctDNA-guided strategy design
All patients randomised to:
 Control (blinded to ctDNA result)d
observation or standard chemotherapy based on standard pathologic features
 ctDNA-guideddctDNA-positive
cases receive standard treatment;
ctDNA-negative cases are observed

Potential dual objectives to demonstrate noninferiority for relapse-free survival and
reduction in treatment use with ctDNA-guided
approach
Endpoints
 Number of patients treated with adjuvant
treatment
 Time-to-recurrence
 Recurrence-free survival
 Overall survival
 QoL/QALY
Superiority of treatment compared with
observation in ctDNA-positive patients
Endpoints
 ctDNA clearance rate
 Time-to-recurrence
 Recurrence-free survival
 Overall survival

Stage II colorectal
 DYNAMIC (ACTRN-12615000381583)
 MEDOCC-CrEATE (NL6281/NTR6455)
Rectal cancer
 DYNAMIC-Rectal (ACTRN-126170015
60381)

Disease type/stage with established
beneﬁt with standard adjuvant
treatment (e.g. stage III colon cancer,
stage II/III NSCLC, breast cancer)

Volume xxx

After completing standard adjuvant
therapy or with molecular relapse
monitoring

Disease type/stage with established
adjuvant therapy

-

Potential dual objectives to demonstrate noninferiority for RFS and reduction in treatment
use with ctDNA-guided approach
Endpoints
 Number of patients treated with adjuvant
treatment
 Time-to-recurrence
 Recurrence-free survival
 Overall survival
 QoL/QALY
ctDNA-positive: superiority of novel strategy
compared with standard treatment
ctDNA-negative: non-inferiority of observation
compared with standard treatment
Endpoints
 ctDNA clearance rate
 Time-to-recurrence
 Recurrence-free survival
 Overall survival
Superiority of novel strategy compared with
observation
Endpoints
 ctDNA clearance rate
 Time-to-recurrence
 Recurrence-free survival
 Overall survival

Stage II colorectal
 CIRCULATE (NCT04089631)
 CIRCULATE- PRODIGE 70
(NCT04120701)
 COBRA (NCT04068103)
 CIRCULATE Spain (EudraCT 2021-000
507-20)
Bladder cancer
 IMvigor011 (NCT04660344)
Stage III þ/- high-risk stage II colorectal
 DYNAMIC-III (ACTRN-12617001566
325)
 TRACC (Part C) (NCT04050345)

Stage II/III NSCLC
 MERMAID-1 (NCT04385368)
ERþ/HER2-BC
 LEADER (NCT03285412)
High-risk stage II/low-risk stage III
colorectal
 CIRCULATE JAPAN e VEGA
(jRCT1031200006)

-

2022

HRþ HER2-BC
 DARE (NCT04567420)
 ZEST (NCT04915755)
 TRAK-ER (NCT04985266)
Triple-negative BC
 c-TRAK-TN (NCT03145961)
 ZEST (NCT04915755)
Stage II/III colorectal
 CIRCULATE JAPAN e ALTAIR
(NCT04457297)
 ACT-3 (NCT04259944)
 NCT04486378
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Issue xxx

ctDNA-by-treatment interaction design
ctDNA-positive patients randomised to:
 Control: observation
 Experimental: standard adjuvant
treatment (if available) or novel
therapy
ctDNA-negative patients are:
 Managed off trial OR
 Observed on trial
ctDNA-guided strategy design
All patients randomised to:
 Control (blinded to ctDNA result)d
standard adjuvant treatment
 ctDNA-guideddctDNA-positive
cases receive escalated treatment or
standard treatment; ctDNA-negative
cases receive a de-intensiﬁed
treatment regimen (e.g. single agent
rather than combination
chemotherapy, shorter duration, or
no treatment)
ctDNA-by-treatment interaction design
ctDNA-positive patients randomised to:
 Control: standard treatment
 Experimental: standard treatment þ
novel therapy
ctDNA-negative patients randomised
to:
 Control: standard treatment
 Experimental: observation
ctDNA-positive patients are
randomised to:
 Control: placebo/standard therapy
 Experimental: novel therapy with
emerging or established efﬁcacy in
the metastatic setting for that
tumour type
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Table 3. Potential randomised clinical trial designs to establish the clinical utility of ctDNA as a marker of MRD and MR

Potential trial designs

Patients randomised to:
 Control: standard surveillance protocol with tumour markers and/or
imaging
 Experimental: ctDNA-guided
surveillancedimaging only for
patients with positive ctDNA during
surveillance
Disease type/stage with established
surveillance strategy

Volume xxx

During surveillance/ monitor for
molecular relapse
-

Issue xxx

-

2022

BC, breast cancer; ctDNA, circulating tumour DNA; ER, oestrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; MR, molecular relapse; MRD, molecular residual disease; NSCLC, non-small-cell lung cancer;
QALY, quality-adjusted life-year; QoL, quality of life; RFS, recurrence-free survival.

Dual objectives to demonstrate non-inferiority
of overall survival (or alternatively weaker
survival endpoints) but reduction in imaging
with ctDNA-guided surveillance and superiority
in overall survival with ctDNA-guided
surveillance
Endpoints
 Time to detection of recurrence
 Percentage of patients undergoing curative
intent resection of metastases (if applicable
for the tumour type)
 Overall survival

NSCLC
 MERMAID-2 (NCT0464246)
Stage III/high-risk stage II colorectal
 IMPROVE-IT2 (NCT04084249)

Annals of Oncology

Clinical context
Timing of ctDNA testing/intended use

Table 3. Continued

Objectives/potential endpoints

Examples of ongoing trials

J. Pascual et al.

biopsy, identiﬁcation of a pathogenomic mutation using
advanced cancer ctDNA genotyping assay may conﬁrm the
presence of cancer.115 CHIP mutations must not be
confused with pathogenomic mutations in this context, and
expertise in using assays for this purpose is essential. In
patients with aggressive tumours, ctDNA assays may result
in faster start of targeted therapy, compared with tissue
biopsies. If ctDNA assays are used to augment tissue biopsies for diagnosis, the false-negative rate must be taken
into consideration.
Screening asymptomatic populations for cancer
The ultimate application of ctDNA for cancer care is the
potential for identifying early-stage cancers and precancerous conditions in asymptomatic individuals with a view
to take actions to increase cure rates or even prevent
invasive cancer development. Large population studies are
required to provide sufﬁcient level of evidence for this
concept to become a reality. A requisite for a standardised
and reliable screening tool is to achieve high levels of
speciﬁcity while maintaining clinically useful levels of
sensitivity. This remains technically challenging using ctDNA,
particularly as early-stage cancers shed low amounts of
ctDNA. Ideally, ctDNA-based screening should also be
informative of the cancer tissue of origin, which is far from
optimal at this stage.
Sensitivity mainly depends on the ability to detect ctDNA
conﬁdently at very low purity, with no prior knowledge of
mutations present in the cancer, and with an ability to
discriminate population level single nucleotide polymorphisms and CHIP mutations.32 Large efforts have been
conducted in this ﬁeld so far, with studies demonstrating
high speciﬁcity and encouraging sensitivity with errorcorrected sequencing116 that may be combined with protein biomarkers,117 genome-wide fragmentation patterns118
and methylation-based ctDNA assays.119 Data are awaited
from large studies conducted in true screening populations,
to assess ctDNA assays as a multi-cancer screening tool, but
at this point screening cannot be considered as a validated
use for ctDNA assays.
CONCLUSION
LBs, and in particular ctDNA assays, are increasingly used in
clinical practice and there is already sufﬁcient evidence of
clinical utility for genotyping advanced cancer to guide
therapies as an alternative to a tumour-guided strategy,
especially in situations where tissue biopsies are suboptimal
or time is crucial. Incomplete sensitivity must be factored
into clinical use, in particular lower sensitivity for gene fusions and copy number events. Further assay development
to robustly differentiate ‘true’ from possibly ‘false’ positive
or negative results, is a major priority for future advanced
genotyping assays. The potential for ‘false’ positive results
arising from CHIP mutations remains a signiﬁcant weakness
of ctDNA genotyping assays. ctDNA testing has the theoretical advantage of capturing intra-patient spatial and
temporal tumour heterogeneity more accurately than tissue
https://doi.org/10.1016/j.annonc.2022.05.520

13

J. Pascual et al.

Annals of Oncology
sequencing, and major clinical trials are now required to
assess how detection of such heterogeneity can provide
clinically useful information to improve treatment.
Lack of evidence of utility prevents a recommendation to
incorporate ctDNA assays for other possible purposes like
screening, MRD assessment, MR monitoring and early
assessment of treatment response. New technologies
currently in development, such as methylation patternbased
sequencing,
fragmentation
pattern-based
sequencing or novel ultra-sensitive mutation detection
methods, have the potential to optimise utility in these new
settings. Multiple clinical trials are underway that may
provide the evidence base to adopt ctDNA assays for decision making in multiple clinical scenarios.

Purity: the fraction of DNA found in circulation coming
from tumour cells relative to the total amount of DNA from
multiple origins; can also be termed ctDNA fraction.
Reﬂex tissue testing: testing again the molecular alteration of interest in a tissue sample.
Somatic: present exclusively in tumour cells from an
individual.
Tumour-informed assay: detection of molecular alterations in ctDNA with a highly sensitive assay that speciﬁcally
targets alterations found previously on tissue.
VAF: variant allele frequencydthe fraction of counts of
an assay attributed to the mutation of interest relative to
the reference counts of an assay, often wild-type counts.
ACKNOWLEDGEMENTS

GLOSSARY
CHIP: clonal haematopoiesis of indeterminate potentialdsomatic mutations that accumulate in cells of haematopoietic lineage as a result of age and environmental
processes, easily picked up by plasma sequencing and can
be wrongly attributed to tumour origin.
CTCs: circulating tumour cellsdtumour cells that can be
detected in the bloodstream.
ctDNA: circulating tumour DNAdsmall fragments of DNA
released by a tumour cell into circulation.
ctDNA fraction: the fraction of DNA found in circulation
coming from tumour cells relative to the total amount of
DNA from multiple origins; can also be termed purity.
Fragmentation pattern-based sequencing: a DNA
sequencing approach that utilises DNA fragment patterns
commonly associated with tumour origin to reﬁne sensitivity in mutation ﬁnding.
Germline: present in all cells from an individual as a
result of inheritance.
LB: liquid biopsy.
LoD: limit of detectiondthe quantitative limit of an assay
to reliably distinguish the target information from noise.
LoQ: limit of quantitationdthe quantitative limit of an
assay to consistently determine concentration and therefore allow for dynamic assessments.
Methylation-based ctDNA assays: a DNA sequencing
approach that utilises DNA methylation patterns associated
with cancer and tumour origin to reﬁne sensitivity in mutation ﬁnding.
Molecular response: a drop in ctDNA levels suggesting
clearance or shrinkage of tumour.
MR: molecular relapsedmolecular detection of occult
disease at a later timepoint during adjuvant treatment or
surveillance (not yet identiﬁed by standard radiological
assessments).
MRD: molecular residual diseasedthe presence of minimal amounts of detectable ctDNA suggesting some degree
of tumour persistence even when not detectable with
radiographic methods.
Plasma DNA: the fraction of DNA found in plasma.
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