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Learning Objectives

• To discuss the role for circulating tumour DNA as a key 
correlative component of clinical trials

• To recognize the distinct scenarios where liquid biopsy can 
inform on patient outcomes or trial endpoints

• To assess the limitations of current liquid biopsy tests, and 
opportunities for future improvements



Lecture Overview

• Summary of liquid biopsy in oncology

• Types of ctDNA tests and practical considerations

• Evidence for ctDNA tests as tools to guide therapy
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How can biomarkers guide personalized treatment regimens? 

§ Risk stratification / prognostication
§ Prediction of response or toxicity
§ Dynamic monitoring of response
§ Surrogate endpoint for clinical trials

biomarkers
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Circulating tumor DNA (ctDNA): Cancer DNA in the 
bloodstream

deletions, copy number alterations, and rearrange-
ments.28,41,42 Detection of epigenetic alterations (eg, aber-
rant cytosine methylation within CpG motifs) is also
applicable to ctDNA analysis45 and can also be conducted
using PCR- or sequencing-based techniques. With
increased accuracy and decreased costs of sequencing over
the years, routine clinical implementation of ctDNA
analysis is becoming more feasible and is primed to achieve
greater impact for patients with RT-treated cancer.

Circulating tumor cells

CTCs were first observed in 186946 and are considered to
be the main contributors to distant site metastasis. Cells
from primary tumors extravasate into peripheral blood
circulation as single cells or microemboli, migrate to
distant organs, and establish secondary tumor foci.47

Although involvement of CTCs in metastasis has long
been recognized, recent technological advances in detec-
tion, enumeration, isolation, ex vivo expansion, and
molecular characterization of CTCs have opened new
avenues for their application as biomarkers for early
diagnosis, prognosis, risk stratification, and precision
medicine.

CTCs have been shown to be markers of poor prognosis
in many cancer types.48 Enumeration of CTCs in breast,
prostate, and colorectal cancers has been approved by the
US Food and Drug Administration (FDA) as a prognostic
marker for progression-free survival (PFS) and overall
survival (OS).49 Techniques for detection of CTCs rely on
biological (protein epitopes) and/or physical properties
(density, size) demonstrated specifically by tumor cells.50

The most widely used cell surface antigen for positive se-
lection is the epithelial cell adhesion molecule (EpCAM).
CellSearch System is currently the only method approved
by the FDA that can immunomagnetically enumerate
EpCAM expressing CTCs.49 Other techniques developed
on the principle of detecting EpCAMþ cells include
traditional flow cytometry,51 MagSweeper,52 and various
microfluidic platforms.53,54

A limitation of EpCAM-based positive selection is the
inability to capture a subset of CTCs that have undergone
epithelial to mesenchymal transition (EMT). EMT enables
tumor cells to extravasate and migrate to distant sites.55

EMT is marked by loss of EpCAM in CTCs and there-
fore may lead to underestimation of total CTCs in
blood when detected by methods relying on EpCAM-based
positive selection. For this reason, other recently described
techniques employ leukocyte depletion by negative selec-
tion, leaving the cells of interest label-free,56-62 or forgo
selection altogether. One such platform, popularized by
Epic Sciences, has been FDA approved for the detection of
CTCs from patients with metastatic castration-resistant
prostate cancer. CTCs are detected from whole blood
smears without any selection. Multichannel fluorescence
microscopy is used for parallel detection of multiple bio-
molecules (proteins and nucleic acids) including nuclear
AR-V7 expression, which when detected within CTCs
from patients with metastatic castration-resistant prostate
cancer is predictive for response to taxane therapy.63

Another approach is isolation by size of epithelial
tumor cells (ISET), which is a filtration-based method
that takes advantage of the larger size of epithelial tumor
cells compared with peripheral blood leukocytes;
one distinct advantage of ISET is that separation can be
achieved without damaging cell morphology.64,65

Liquid Biopsies for Localized Cancers Treated
With Radiation Therapy

Incorporation of liquid biopsies in various RT treatment
strategies represents an enormous opportunity to advance
precision medicine research. As opposed to cancer-specific
protein-based biomarkers, each of which may not be
implicated across a range of cancer types (eg, prostate-
specific antigen in prostate cancer),66 liquid biopsies may
be more widely applicable across cancers.67,68 This section
will explore various clinical contexts in which liquid
biopsies could have an impact on patients treated with RT
for localized cancers.
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Fig. 1. Components from both primary tumor and metastatic sites are represented in liquid biopsy and can be used to
extract tumor information. Comparisons between circulating tumor DNA and circulating tumor cells from liquid biopsy are
also made.
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ctDNA: Finding a needle in the haystack of normal 
non-cancer-derived cell-free DNA
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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ctDNA is associated with nucleosome complexes and has 
a characteristic size distribution and short half life



Levels of ctDNA vary across distinct phases of the 
cancer care continuum

Pascual, Turner et al. Annals Oncol 2022



Clinical factors influence ctDNA detectability & abundance

• Stage (M > N > T)
• Tumor volume (weak)
• Viability or necrosis
• Vascularization
• Blood brain barrier

Abbosh, Birkbak, Swanton. Nat Rev Clin Oncol 2018



Impact of tumor biology & host factors on ctDNA detectability

Chabon, Diehn, et al. Nature 2020
Avanzini, Reiter, et al. Sci Adv 2020
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Fig. S3: Detection probability of ctDNA mutant fragments in a 15 mL liquid biopsy
at a fixed tumor size depends on many parameters. Full lines denote the probability to
find at least 1 (blue), 2 (orange), 3 (purple), or 4 (red) mutant ctDNA fragments in a liquid
biopsy of 15 mL blood. Probability of finding mutant ctDNA fragments of a specific region
corresponds to haploid genome equivalents (hGE). Standard parameter values (if not otherwise
noted): birth rate b = 0.14 per cell per day, death rate d = 0.136 per cell per day, tumor
detection size M = 109, ctDNA half-life time t1/2 = 30 minutes, ctDNA shedding probability
per cell death qd = 1.4 · 10�4 hGE (Materials and Methods). A | Tumors with fewer than
109 cells (⇡ 1 cm3) rarely shed su�cient ctDNA that individual somatic mutations can be
robustly detected. B | Higher ctDNA half-life time t1/2 increases the number of mutant ctDNA
fragments at a given tumor size. C | Slower growing tumors lead to higher numbers of mutant
ctDNA fragments compared with fast growing tumor at the same size. Growth rate is varied by
changing the death rate and keeping the birth rate constant. D | A slightly increased ctDNA
shedding probability qd boosts the detection probability while for a reduced shedding probability
the detection probability quickly approaches zero.

ctDNA clearance rate



Sanz Garcia, Zhao, Bratman, Siu, et al.  Science Advances, 2022

Clinical actionability of on-treatment ctDNA kinetics 

Factors affecting ctDNA kinetics



Lecture Overview

• Summary of liquid biopsy in oncology

• Types of ctDNA tests and practical considerations

• Evidence for ctDNA tests as tools to guide therapy



Methods for ctDNA Detection & Analysis
• Targeting of genetic or epigenetic aberrations within cell-free DNA
• Accounting for tumor-derived signal as well as technical and biological noise

Wan…Rosenfeld et al. Nat Rev Cancer 2017 

Single-locus assays Targeted sequencing Genome-wide



Methods for ctDNA Detection & Analysis

§ Interrogates few targets at a 
time

§ High analytical sensitivity
§ Low cost & complexity
§ Rapid procedures
§ Mature technology

Polymerase chain reaction (PCR) Sequencing
§ Can interrogates many targets 

simultaneously
§ Analytical sensitivity is highly 

platform-dependent
§ High cost & complexity
§ Longer time-to-data
§ Emerging technologies



Plasma viral DNA is the archetypal ctDNA biomarker

Cescon, Bratman, Chan, Siu. Nature Cancer 2020
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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Classes of viral ctDNA detection methodologies

PCR

Covers limited number of loci from 
one or multiple HPV genotypes

Allows full genome coverage of 
multiple HPV genotypes

Sequencing

Han, Leung, Bratman et al. JCO Precis Oncol 2018
Leung, Han, Bratman et al. CCR 2021



Han, Leung, Bratman, et al. JCO PO 2018

Digital PCR for HPV ctDNA is limited to 1-2 markers



Leung, Han, Bratman, et al. CCR 2021

HPV sequencing (HPV-seq) allows for deeper characterization 
of HPV ctDNA

Han, Leung, Bratman et al. JCO 2024



Somatic genetic mutations represent the most common 
targets of commercial ctDNA assays REVIEW ARTICLENATURE CANCER

breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
given liquid-biopsy approach may be influenced by multiple tumor and host factors, which must be considered in assay and clinical-study design. These 
include anatomical factors (including the blood–brain barrier) associated with ctDNA shedding, tumor heterogeneity, tissue of origin, age-related clonal 
hematopoiesis and field defects (i.e., pre-malignant molecular aberrations related to a particular etiological factor) arising in the tissue of origin (right).
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Features & practical considerations for ctDNA-based MRD 
(molecular residual disease) & surveillance/monitoring assay

§ Sensitivity and specificity for cancer

§ Quantitative ctDNA assessment 

§ Precedes detection by standard imaging

§ Requirement of tumor tissue analysis

§ Off-the-shelf vs personalized “bespoke”

§ Turn-around-time to receive results



Abbosh, Birkbak, Swanton. Nat Rev Clin Oncol 2018

• Mutant allele fraction (MAF)
• Number of mutations targeted
• Amount of cell-free DNA

Features & practical considerations for ctDNA-based MRD 
(molecular residual disease) & surveillance/monitoring assay



Moding, Diehn, et al. Cancer Discov. 2021;11(12):2968-2986. 

Features & practical considerations for ctDNA-based MRD 
(molecular residual disease) & surveillance/monitoring assay



Moding, Diehn, et al. Cancer Discov. 2021;11(12):2968-2986. 

Features & practical considerations for ctDNA-based MRD 
(molecular residual disease) & surveillance/monitoring assay



Jaiswal et al. NEJM. 2014;371(26):2488-98
Razavi, et al. Nature Med 2019;25(12):1928-1937

Need to account for biological sources of false-positive 
signal within circulating cell-free DNA

Age-related clonal hematopoiesis WBC mutations in cell-free DNA



Epigenetic changes represent another promising class 
of biomarkers detectable within cell-free DNA REVIEW ARTICLENATURE CANCER

breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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Fig. 1 | Features of ctDNA and potential issues for liquid-biopsy testing in oncology. In addition to the identification of actionable somatic alterations 
(genotyping), ctDNA technologies permit the potential evaluation of other cancer-specific DNA-based features, including tumor mutational burden 
and mutational signatures, as well as tumor-associated epigenetic changes and the presence of viral sequences (left). The test characteristics for a 
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breast cancer, resistance to inhibitors of poly(ADP-ribose) poly-
merase and to platinum in cancers related BRCA, and resistance 
to immune-checkpoint blockade in solid tumors45. Thus, investi-
gational treatment-matching or rational combination strategies for 
these populations demand post-progression assessments for the 
identification and stratification of candidate patients on the basis of 
knowledge of the operant resistance mechanisms—an exercise that 
would probably be impossible to deploy widely if it depended on 
tissue biopsies. It is perhaps in this setting of acquired resistance to 
standard early-line therapies that ctDNA-based umbrella or basket 
‘platform’ studies hold the greatest potential. As with the genotyp-
ing approaches described above, an understanding of how liquid  
biopsy compares with conventional biopsy is needed for devel-
opment of the most widely applicable treatment paradigm, and  
the collection of both archival tumor biopsies and fresh tumor  
biopsies in at least a subset of patients screened for such studies 
would enable this.

The potential of identifying biomarker-only changes associ-
ated with metastatic disease progression in the absence of clinical 
or radiographic progression presents both opportunities and chal-
lenges, some of which parallel the applications of ctDNA in earlier-
stage disease discussed below. The design of any new interventional 
approach necessitates defined thresholds for action, which could be 
directed by foundational information from the banking and analy-
sis of serial liquid-biopsy specimens to characterize relationships 
among ctDNA changes, clonal evolution and clinical trajectories. 
For example, the decay of some resistance mutations over time fol-
lowing the withdrawal of targeted therapy46 has identified an oppor-
tunity for rechallenge with a previously effective agent47, a strategy 
that is being studied in the CHRONOS trial (Table 2).

Exposing cures. While ctDNA liquid biopsy in the metastatic set-
ting has been focused mostly on informing the delivery of systemic 
therapies, this tool may also identify opportunities for de-escalation 
of treatment. Some highly effective cancer treatments can elicit 
complete and durable responses in patients with metastatic solid 

tumors, such that the value of long-term treatment (with its associ-
ated toxicities and costs) is unclear. For example, in HER2+ breast 
cancer, maintenance therapy with antibodies to HER2 is generally 
continued indefinitely, even when all clinical evidence of disease 
has been eliminated. Similarly, the optimal duration of mainte-
nance immune-checkpoint blockade for responding patients is not 
well defined. In these scenarios, it may be possible to identify those 
for whom treatment can be safely discontinued, on the basis of the 
clearance of detectable ctDNA. As with other applications involv-
ing the detection of molecular residual disease (MRD) (Box 2), the 
design of assays with adequate sensitivity and rigorous evaluation 
of potential de-escalation strategies in adequately powered clinical 
trials will be essential for preserving the remarkable durability these 
therapies have achieved.

Molecular residual disease
With the growing body of knowledge gained from ctDNA testing 
in the metastatic disease setting, a logical application is to pinpoint 
patients with potentially curable malignancies but at high risk of 
harboring MRD (Box 2). By the time recurrence or metastasis of a 
solid tumor is clinically evident by standard measures, the number 
of cancer cells present already exceeds tens of millions, and eradi-
cation is unlikely regardless of the treatment available. Extending 
the use of ctDNA as a surrogate marker of residual disease before 
metastases become radiographically or clinically detectable is 
attractive for early cancer interception48.

ctDNA as a monitoring tool in MRD. For validation of the use of 
ctDNA in the MRD setting, prospective investigations are needed 
to establish that the following are true at specific time points after 
standard definitive therapy: (i) ctDNA can be detected with high 
sensitivity and specificity; (ii) ctDNA detects a window of inter-
vention before conventional methods (such as protein-based blood 
markers (e.g., CEA or CA19.9) and/or medical imaging) do; and 
(iii) eradication of residual cancer cells (with clearance of ctDNA) 
by available therapy leads to long-term disease control or cure.
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DNA methylation patterns are specific to cell-of-origin

Loyfer et al, Nature, 2023; doi: 10.1038/s41586-022-05580-6
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To identify patterns shared by the progeny of early progenitors, we 
calculated average methylation within blocks of at least four CpGs 
and selected those showing the highest variability across all samples 
(21,000 blocks, top 1%; Supplementary Table 2). We then clustered all 
205 methylomes using an unsupervised agglomerative algorithm that 
iteratively identifies and connects the two closest samples regardless 
of their labelling23. This analysis systematically grouped biological 
samples of the same cell type (Fig. 2), similar to array-based clustering 
of purified human blood cells6. This supports the reproducibility of 
cell isolation and suggests that three or four replicates of each normal 
cell type are sufficient to infer its methylation patterns for practical 
applications such as biomarker identification.

Strikingly, the resulting fanning diagram recapitulates key elements of 
lineage relationships among human tissues. For example, pancreatic islet 
cell types (alpha, beta and delta), which originate from the same embry-
onic endocrine progenitor24, densely cluster together. Consistent with 
methylomes reflecting lineage rather than function, islet cells further clus-
ter with pancreatic duct and acinar cells, and then with hepatocytes, with 
whom they share endodermal origins. Conversely, endoderm-derived islet 
cells do not cluster with ectoderm-derived neurons25 despite common 
tissue-specific gene regulation and exocytosis machinery26.

Additional examples include the clustering of gastric, small intestine 
and colon epithelial cells; the clustering of all blood cell types; and the 
clustering of multiple mesoderm-derived cell types including vascular 
endothelial cells, adipocytes and skeletal muscle. Interestingly, lung bron-
chial epithelium clustered with oesophagus and oral epithelium whereas 
lung alveolar epithelium clustered with intestinal epithelium, consistent 
with evidence of early developmental origins of the alveolar cell lineage27.

Some methylation patterns were common to lineages that formed 
during early developmental stages. For example, 892 regions were 
unmethylated in epithelial cells derived from early endodermal deriva-
tives and methylated in mesoderm- and ectoderm-derived cells (Meth-
ods). We suggest that these were demethylated in the endoderm germ 
layer, with derived cell types retaining these patterns decades later 
(Extended Data Fig. 5a). Because endoderm derivatives do not share 

common function or gene expression, this provides yet another exam-
ple of methylation patterns as a stable lineage mark.

Finally, we applied the same segmentation and clustering approach 
to a published methylation atlas from the Roadmap Epigenomics pro-
ject4. The algorithm did not group related cell types, and often clus-
tered samples based on donor identity. This further emphasizes the 
importance of careful purification of homogeneous cell types, avoiding 
mixed cell populations (Extended Data Fig. 5b).

Cell-type-specific methylation markers
We next turned to study genomic regions differentially methylated in a 
cell-type-specific manner. We organized the 205 samples into 39 groups 
of specific cell types, including blood cell types (B, T, natural killer (NK), 
granulocytes, monocytes and tissue-resident macrophages), breast epi-
thelium (basal and luminal), lung epithelium (alveolar and bronchial), 
pancreatic endocrine (alpha, beta and delta) and exocrine (acinar and 
duct) cells, vascular endothelial cells from various sources, cardiomyo-
cytes and cardiac fibroblasts and more. We also defined 12 supergroups 
in which related cell types were grouped, including muscle cells, gas-
trointestinal epithelium, pancreas and more (Supplementary Table 3).

We then focused on differentially methylated blocks comprising 
five or more CpGs that are unmethylated in one group of cell types but 
methylated in all other samples, or vice versa. Intriguingly, almost all 
regions (97%) were unmethylated in one cell type and methylated in all 
others. We then sorted these differential regions by absolute difference 
in methylation in target cell type versus all other samples (Methods 
and Supplementary Information).

The top 25 differentially unmethylated regions for each cell type 
comprise a human cell-type-specific methylation atlas of 1,246 markers 
(Fig. 3 and Supplementary Table 4). These regions are uniquely unmeth-
ylated in particular cell types (average methylation 13%) and methyl-
ated in all other samples (average methylation 91%), and can serve as 
sensitive biomarkers for quantification of the presence of DNA from a 
specific cell type in a mixture. The markers include 953 cell-type-specific 
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Cell-free DNA tissue-of-origin can be determined from 
analyzing DNA methylation patterns 

Non-Cancer Tissues
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other samples showed a highly heterogeneous composition, as previ-
ously reported based on array-based bulk tissue deconvolution algo-
rithms such as EpiDISH and EpiScore14,15,45. For example, heart ventricle 
samples comprised 29% cardiomyocytes, 41% endothelial cells and 18% 
cardiac fibroblasts (Fig. 6e); liver methylomes comprised around 60% 
hepatocytes, 21% blood and 20% endothelial cells; and colon methylomes 
comprised about 50% colon epithelium, 26% colon fibroblasts and 19% 
blood. Most strikingly, Roadmap lung samples were dominated by blood 
(40%), endothelium (34%) and smooth muscle (5%), with only 22% of DNA 
derived from lung epithelial cells (Fig. 6f–i and Supplementary Table 9). 
Importantly, a similar deconvolution of the 205 samples presented here 
yielded an average contribution of 94% for the expected cell type for each 
sample (median of 95%, Supplementary Table 10), or of 91% (median of 
92%) in a more stringent leave-one-out cross-validation analysis (Sup-
plementary Table 11), highlighting the purity of collected samples.

Naturally, fragment-level analysis is limited to cell types for which 
whole-genome sequencing data are available, and some cell types 
can be analysed only by array-based algorithms15,28. Nonetheless, the 
markers and algorithm presented here allow analysis of composite 
bulk tissue and plasma samples, across multiple cell types and with 
high accuracy.

Discussion
The comprehensive atlas of human cell type methylomes described 
here sheds light on principles of DNA methylation and provides a valu-
able resource for multiple lines of investigation, as well as translational 
applications.

Our analysis used whole-genome sequencing data to show that 
methyl ation patterns are strikingly similar among healthy replicates 

Fig. 6 | Fragment-level deconvolution using cell type-specific biomarkers. 
a, Cell-type-specific markers achieved less than 0.1% resolution. In silico 
simulations for five cell types, in which held-out samples were computationally 
mixed within leukocytes then analysed using 1,246 atlas markers plus 
25 additional megakaryocyte markers (red) or an array-based deconvolution of 
these mixes28 (grey). Box plots show average contribution in ten simulations, 
with error bars representing 1 s.d. b,c, Cell type composition in leukocytes (b) 
and plasma samples (c) from healthy donors. Box plots show overall proportions 
of leukocytes, megakaryocytes and erythroblasts (MEP) and other cell types.  
d, Analysis of low-coverage plasma samples from 52 patients with SARS-CoV-2 

(ref. 44) identified endothelial-derived cfDNA in patients with WHO ordinal 
scale seven or higher (requiring admittance to intensive care unit).  
e–i, Fragment-level deconvolution of Roadmap/ENCODE samples4,5 showing 
cell-type-specific contributions. e, Heart ventricle samples contained a 
mixture of cardiomyocytes, endothelial cells, fibroblasts and blood. f, Liver 
samples contained around 60% of hepatocyte DNA, plus blood and endothelial 
cells. g, Colon samples contained approximately 50% epithelium, plus 
fibroblasts and blood. h, Lung samples contained less than 30% of lung 
epithelial cells. i, Pancreatic islet samples contained beta, alpha, duct and 
acinar cells. Box plots denote median and IQR, with whiskers 1.5× IQR.

proportion of cancer deaths and are more likely than others
to shed more cfDNA into circulation.42 Indeed, sensitivity in
the pre-specified group of 12 cancer classes, most of which
currently lack screening tests, was higher than that
observed in all cancers. These 12 cancers account for
wtwo-thirds of US cancer deaths, underscoring the po-
tential for this test to provide population-scale benefits.40

Conversely, some indolent cancers, like early-stage pros-
tate cancer, shed less and are thus less detectable by this
approach. Together, this suggests that this MCED test has
the potential to minimize overdiagnosis.

As expected, accuracy of CSO prediction was slightly
lower in this substudy compared with the second substudy
(88.7% versus 93.3%),30 in part because indeterminate CSO
predictions were removed in the refined test. However,
accuracy was still high, and the few incorrect CSO calls were
often the result of a biological phenomenon that compli-
cated CSO assignment [e.g. mismatched CSO predictions
between human papillomavirus (HPV)-driven cancers, like
cervical and anal]. Providing CSO predictions is intended to
help health care providers define diagnostic workups after a
positive test result. One exception is the ‘Neuroendocrine
Cells of Lung or Other Organs’ CSO class, which may require
a whole-body computed tomography (CT) or positron
emission tomography (PET)-CT scan to localize the primary
tumor. Importantly, the estimated likelihood of having
cancer even with an unresolved positive signal (i.e. workup
of the CSO did not confirm a cancer diagnosis) was still
sufficiently high (8.0%, a PPV that is at least twice as high as

Table 2. Sensitivity of cancer signal detection by clinical stage

Clinical stage Total N Test positive Sensitivity % (95% CI)a

All 2823 1453 51.5 (49.6% to 53.3%)
I 849 143 16.8 (14.5% to 19.5%)
II 703 284 40.4 (36.8% to 44.1%)
III 566 436 77.0 (73.4% to 80.3%)
IV 618 557 90.1 (87.5% to 92.2%)
I-II 1552 427 27.5 (25.3% to 29.8%)
I-III 2118 863 40.7 (38.7% to 42.9%)
I-IV 2736 1420 51.9 (50.0% to 53.8%)
III-IV 1184 993 83.9 (81.7% to 85.9%)
Not expected to be staged 67 23 34.3 (24.1% to 46.3%)
Missing 20 10 50.0 (29.9% to 70.1%)

CI, confidence interval.
a Two-sided 95% Wilson CIs were calculated.

Figure 4. Accuracy of CSO prediction (confusion matrix).
The top panel indicates overall accuracy of CSO prediction. The bottom panel depicts a confusion matrix showing accuracy (top horizontal axis) and precision of CSO
prediction by CSO (right vertical axis) among true positive participants with a known cancer signal origin. The proportion of each call is indicated by the strength of the
colored signal within each individual box. Correct CSO calls are indicated on the diagonal.
CSO, cancer signal origin; Prop., proportion.

E. A. Klein et al. Annals of Oncology

Volume xxx - Issue xxx - 2021 https://doi.org/10.1016/j.annonc.2021.05.806 9

n=1,393

proportion of cancer deaths and are more likely than others
to shed more cfDNA into circulation.42 Indeed, sensitivity in
the pre-specified group of 12 cancer classes, most of which
currently lack screening tests, was higher than that
observed in all cancers. These 12 cancers account for
wtwo-thirds of US cancer deaths, underscoring the po-
tential for this test to provide population-scale benefits.40

Conversely, some indolent cancers, like early-stage pros-
tate cancer, shed less and are thus less detectable by this
approach. Together, this suggests that this MCED test has
the potential to minimize overdiagnosis.

As expected, accuracy of CSO prediction was slightly
lower in this substudy compared with the second substudy
(88.7% versus 93.3%),30 in part because indeterminate CSO
predictions were removed in the refined test. However,
accuracy was still high, and the few incorrect CSO calls were
often the result of a biological phenomenon that compli-
cated CSO assignment [e.g. mismatched CSO predictions
between human papillomavirus (HPV)-driven cancers, like
cervical and anal]. Providing CSO predictions is intended to
help health care providers define diagnostic workups after a
positive test result. One exception is the ‘Neuroendocrine
Cells of Lung or Other Organs’ CSO class, which may require
a whole-body computed tomography (CT) or positron
emission tomography (PET)-CT scan to localize the primary
tumor. Importantly, the estimated likelihood of having
cancer even with an unresolved positive signal (i.e. workup
of the CSO did not confirm a cancer diagnosis) was still
sufficiently high (8.0%, a PPV that is at least twice as high as

Table 2. Sensitivity of cancer signal detection by clinical stage

Clinical stage Total N Test positive Sensitivity % (95% CI)a

All 2823 1453 51.5 (49.6% to 53.3%)
I 849 143 16.8 (14.5% to 19.5%)
II 703 284 40.4 (36.8% to 44.1%)
III 566 436 77.0 (73.4% to 80.3%)
IV 618 557 90.1 (87.5% to 92.2%)
I-II 1552 427 27.5 (25.3% to 29.8%)
I-III 2118 863 40.7 (38.7% to 42.9%)
I-IV 2736 1420 51.9 (50.0% to 53.8%)
III-IV 1184 993 83.9 (81.7% to 85.9%)
Not expected to be staged 67 23 34.3 (24.1% to 46.3%)
Missing 20 10 50.0 (29.9% to 70.1%)

CI, confidence interval.
a Two-sided 95% Wilson CIs were calculated.

Figure 4. Accuracy of CSO prediction (confusion matrix).
The top panel indicates overall accuracy of CSO prediction. The bottom panel depicts a confusion matrix showing accuracy (top horizontal axis) and precision of CSO
prediction by CSO (right vertical axis) among true positive participants with a known cancer signal origin. The proportion of each call is indicated by the strength of the
colored signal within each individual box. Correct CSO calls are indicated on the diagonal.
CSO, cancer signal origin; Prop., proportion.

E. A. Klein et al. Annals of Oncology

Volume xxx - Issue xxx - 2021 https://doi.org/10.1016/j.annonc.2021.05.806 9

Actual Cancer Type

Pr
ed

ic
te

d 
Ca

nc
er

 T
yp

e
Klein, et al. Annals Oncol 2021

Cancer Type



Complete Response à Remission

Partial Response à Progression

Methylated ctDNA for Tissue-agnostic MRD Detection

radiation surgeryrelapselast f/u

Time (days)

Time (days)

R
ec

ur
re

nc
e-

Fr
ee

 S
ur

vi
va

l

MRD+ HNSC Patients Have Rapid Relapse

Burgener, De Carvalho, Bratman, et al. Clin Cancer Res 2021



How could cell-free DNA epigenetic profiling potentially 
impact clinical decisions?

• Enable tissue-agnostic detection in screening or MRD settings

• Distinguish between distinct cancer types in unknown primary or 
early detection settings

• Uncover mechanisms of therapeutic resistance such as histologic 
transformation

• Reveal tissue damage that reflects treatment toxicity



Lecture Overview

• Summary of liquid biopsy in oncology

• Types of ctDNA tests and practical considerations

• Evidence for ctDNA tests as tools to guide therapy



Could ctDNA have utility across the cancer care continuum?

Pascual, Turner et al. Annals Oncol 2022



Could ctDNA have utility across the cancer care continuum?

Pascual, Turner et al. Annals Oncol 2022

§ Approved & guideline-recommended tests for therapy selection
§ Advanced stage cancers with higher levels of ctDNA
§ Studies demonstrating (and testing) ability to avoid tissue biopsy



Could ctDNA have utility across the cancer care continuum?

Pascual, Turner et al. Annals Oncol 2022

§ No tests yet approved and guideline-recommended
§ Emerging evidence supporting use in certain contexts
§ Many ongoing clinical trials seeking to demonstrate utility





ESMO recommendations on the use of ctDNA
• For advanced cancers, 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

• For early-stage cancers, detection of MRD has high evidence of clinical 
validity in anticipating future relapse, but MRD detection cannot be 
recommended in routine clinical practice due to lack of clinical utility 
studies

• Additional potential applications of ctDNA assays are not 
recommended for routine practice

Pascual, Turner et al. Annals Oncol 2022



Therapeutic targets and resistance mechanisms potentially 
detectable within ctDNA

Alix-Panabières and Pantel, Cancer Discov. 2021;11(4):858-873. 



Potential applications of post-treatment ctDNA-based 
MRD in tailoring the aggressiveness of adjuvant therapy

Dasari et al. Nat Rev Clin Oncol 2020



Moding, Diehn, et al. Cancer Discov. 2021;11(12):2968-2986. 

Assay characteristics impact accuracy for MRD detection; 
Longitudinal ctDNA analysis boosts sensitivity & NPV



Emerging clinical utility of ctDNA-based MRD-guided cancer therapy

Tie, et al. NEJM 2022. doi: 10.1056/NEJMoa2200075



ctDNA-guided approach in stage II colon cancer reduced 
adjuvant chemotherapy use without compromising RFS

Tie, et al. NEJM 2022. doi: 10.1056/NEJMoa2200075
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• Phase 2 RCT with noninferiority design
• Primary endpoint: 2-yr RFS
• Noninferiority margin: −8.5%



EBV

Lessons from studies on plasma Epstein-Barr Virus 
(EBV) in endemic nasopharynx cancer patients





Zhang W, Chen Y, Chen L, et al. Medicine (Baltimore) 2015;94:e845.

Plasma EBV DNA detectability and levels are prognostic in patients 
with EBV-associated nasopharynx cancer

§ EBV DNA levels in plasma pre-, mid-, 
and post-treatment are prognostic

§ Stronger association with distant 
metastasis than locoregional 
recurrence

§ Results become more strongly 
prognostic during and after treatment



Zhang Y, et al. J Clin Oncol 2022. 40(22):2420-2425

Potential utility: Benefit of neoadjuvant chemotherapy restricted to 
patients with high pre-treatment plasma EBV DNA levels

≥4,000 copies/mL <4,000 copies/mL

This exploratory analysis of a phase 3 trial should be 
confirmed in future prospective studies 



A cautionary tale: Randomized trial testing utility of post-treatment 
detectable plasma EBV DNA to escalate adjuvant chemotherapy

Chan ATC et al. J Clin Oncol 2018 doi: 10.1200/JCO.2018.77.7847

Hong Kong NPC Study 
Group 0502 trial:



A cautionary tale: Randomized trial testing utility of post-treatment 
detectable plasma EBV DNA to escalate adjuvant chemotherapy

Chan ATC et al. J Clin Oncol 2018 doi: 10.1200/JCO.2018.77.7847

• Validated prognostic value of plasma 
EBV DNA following chemoRT



A cautionary tale: Randomized trial testing utility of post-treatment 
detectable plasma EBV DNA to escalate adjuvant chemotherapy

• Validated prognostic value of plasma 
EBV DNA following chemoRT

• No benefit to adjuvant chemotherapy in 
MRD+ patients following chemoRT

• Role of resistance to prior agents?
• Need new treatment options for MRD+ 

patients

NRG-HN001 randomized phase 2 study is current testing 
alternative adjuvant chemotherapy in MRD+ patients

Chan ATC et al. J Clin Oncol 2018 doi: 10.1200/JCO.2018.77.7847



Hong et al. Cancer; 2004, 100(7):1429-1437

Plasma EBV DNA surveillance detects distant but not locoregional 
recurrence with an average of ~6 months lead time

Distant Recurrence Locoregional Recurrence



Take Home Messages
• ctDNA is increasingly utilized in clinical practice and trials, 

particularly for noninvasive genotyping of advanced 
disease

•Many early-stage cancers and post-treatment recurrences 
are below detection limits of available assays

• ctDNA testing can enable serially updated prognostication

• ctDNA-based MRD detection has potential clinical utility, 
but rigorous prospective studies are needed


