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Abstract. Circulating tumor DNA (ctDNA), i.e., DNA shed from tumor cells into the bloodstream, is emerging as one of
the most useful plasma biomarkers in patients with multiple types of cancer, including patients with non-small cell lung
cancer (NSCLC). Indeed, NSCLC was the first malignancy in which measurement of ctDNA was approved for clinical
use, i.e., mutational testing of EGFR for predicting response to EGFR tyrosine kinase inhibitors in patients with advanced
disease. Although historically the gold standard method for EGFR mutational analysis required tumor tissue, the use of
ctDNA is more convenient and safer for patients, results in a faster turn-around-time for return of results, provides a more
complete representation of genetic alteration in heterogeneous tumors and is less costly to perform. Emerging uses of ctDNA
in patients with lung or suspected lung cancer include screening for early disease, surveillance following initial treatment and
monitoring response to therapy in metastatic disease. For evaluating therapy response, ctDNA appears to be especially useful
in patients receiving targeted therapies against driver oncogenes or immunotherapy. Further work should not only validate
these emerging findings but also aim to optimize and standardize ctDNA assays.
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1. Introduction

Biomarkers play an important and sometime vital role in the management of patients with cancer
[1, 2]. However, until relatively recently, circulating biomarkers were not widely used in patients with
lung cancer. In the last decade this situation has changed, especially in the use of predictive biomarker
for targeted therapies and immunotherapy in patients with the most common form of lung cancer, i.e.,
non-small cell lung cancer (NSCLC) [3–5]. Indeed, NSCLC is one of the cancers pioneering the use
of predictive biomarkers for selecting molecularly targeted therapies [3–5].
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Of the various new blood-based biomarkers proposed for lung cancer, one of the most promising is
the measurement of DNA shed form tumors into the systemic circulating, i.e., circulating tumor DNA
or ctDNA [3–6]. NSCLC was the cancer in which ctDNA was first approved for clinical purposes, i.e.,
mutation testing of EGFR for predicting response to anti-EGFR therapies when tissue was unavailable.
The primary aim of this article is to discuss the use of ctDNA as a predictive biomarker for anti-EGFR as
well other therapies in patients with NSCLC. In addition, I discuss emerging data on the use of ctDNA
in screening for lung cancer, follow-up after curative surgery and monitoring therapy effectiveness.
As mutational analysis of EGFR is one of the most widely investigated NSCLC biomarkers and one
of the most widely used in clinical practice, the article will predominantly focus on it.

2. EGFR mutations for predicting response to EGFR tyrosine kinase inhibitor: The
prototype ctDNA therapy predictive biomarker

As mentioned above, the first ctDNA tests to enter clinical application was the use of EGFR mutations
for predicting benefit from EGFR tyrosine kinase inhibitor (TKIs) in patients with advanced NSCLC.
EGFR (also known as HER1) is a member of the HER/ErbB family of transmembrane proteins that also
includes the structurally related molecules, HER2 (c-erbB2), HER3 and HER4 [7]. These 4 proteins
contain an extracellular ligand-binding region, a transmembrane region and an intracellular domain
that contains tyrosine kinase (TK) activity. Activation of EGFR which is normally mediated by specific
ligand binding to the extracellular region leads to intracellular signalling, altered gene transcription
and ultimately increased cell proliferation. Aberrant EGFR signalling resulting from mutations in exon
18–24 of the tyrosine kinase domain leads to uncontrolled proliferation which can eventually culminate
in malignancy.

3. Prevalence and types of EGFR mutations in non-small cell lung cancer

One of the most frequent genetic alterations in NSCLC are mutations in EGFR [8]. The prevalence
of such mutations in NSCLC patients varies, depending on race or global location. Thus, in a com-
prehensive review of 136,533 EGFR mutation tests performed worldwide, Graham et al. [9] found a
mutation prevalence of 46% in southern Asia, 30% in northern Asia, 16% in Africa and the Middle
East, 13% in Europe, and 9% in North/South America.

The most frequently occurring mutations in EGFR are in exon 19 (exon19del) (44%) and exon 21
(L858R) (40%) [10]. The 3rd most frequent type of mutation involves insertions in exon 20 (ex20ins)
[9, 11]. Although ex20ins mutations are present in approximately 10% of mutant EGFR NSCLC
cases, they are found in only 1-2% of all NSCLC patients It is unclear however, if the prevalence of
this mutation varies by race. Other rare mutations in EGFR include S768I, G719X and L861Q [12].

All the above mutations are referred to as activating mutations as they lead to increased and consti-
tutive downstream signaling from EGFR, potentially resulting in cancer formation and progression.
Exon19del and L858R are also known as sensitizing mutations as they confer sensitivity to sev-
eral clinically approved EGFR TKIs including the first-generation TKIs, erlotinib and gefitinib, the
second-generation TKIs, afatinib and dacomitinib and the third generation TKI, osimertinib.

4. Mutant EGFR in tissue as a predictive biomarker for EGFR TKIs

Although early studies found no relationship between EGFR protein levels determined in tissue by
immunohistochemistry and response to EGFR TKIs, subsequent reports showed that the presence of
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EGFR exon19del or L858R point mutation were strongly associated with response [13–15]. In the first
proof concept showing this relationship, Lynch et al. [13] reported that 8/9 patients with EGFR TKI-
responsive NSCLC contained somatic mutations in the EGFR gene compared to 0/7 mutation-negative
patients who showed no response. Subsequently, large trials confirmed these finding, showing that
60–80% of EGFR-mutation-positive patients exhibited an objective response with median progression-
free survival periods of 9 to 12 months with the first generation of TKIs such as gefitinib and erlotinib. In
contrast, EGFR mutation-negative patients almost never benefited from these inhibitors. Subsequently,
several randomized prospective trials reported superior response rate and progression-free survival
with erlotinib or gefitinib versus standard platinum-based chemotherapy in patients with the EGFR-
sensitizing mutations [14, 15].

Unlike the findings with exon19del or exon 21 L858R mutations, most of the ex20ins mutations
do not confer sensitivity to the standard TKIs. More recent work however, found that the presence of
these mutations was associated with benefit from a newly introduced TKI known as mobocertinib [16]
or a bispecific antibody that targets both EGFR and MET, known as amivantamab-vmjw [17].

5. Use of circulating tumor DNA to detect EGFR mutations

All the early studies relating EGFR mutational status with response to TKIs used tumor tissue to
detect the relevant mutations. However, obtaining lung cancer tissue is an invasive procedure that may
lead to patient discomfort or possible harm. For example, the reported rate of pneumothorax following
lung biopsy was 17 to 38% of patients undergoing the procedure [18]. A further problem with biopsy is
that for 20–30% of patients with advanced NSCLC, adequate amounts of suitable tissue for biomarker
analysis cannot be obtained [18]. Even if suitable and adequate amounts of tissue are procured, a biopsy
taken from a single location within a tumor may not provide comprehensive molecular information,
especially in molecularly heterogeneous samples or when multiple metastases are present.

Many of these problems can be circumvented by using ctDNA, rather than tissue, for mutational
analysis. In addition to the relatively non-invasive procurement of plasma, use of this fluid enables a
more rapid turn-around time for results as well as being less costly to assay (for review, see ref. 4).
Furthermore, all tumor sites (e.g., multiple metastatic sites) might be expected to shed mutant DNA,
enabling ctDNA to potentially provide a more comprehensive overview of all the genetic alterations
present, than might be obtained with a single site biopsy. Interestingly, in one study, therapeutically
actionable mutations were found in ctDNA in 10–20% of NSCLC patients who had insufficient tissue
or failed tissue analysis [19].

Overall, good concordance has been found between the mutational status of tissue and correspond-
ing ctDNA, especially for the exon19del and L858R point mutations [4]. Thus, in a meta-analysis of
32 studies involving a total of 4527 patient with advanced NSCLC, the pooled sensitivity of ctDNAs
for detecting tissue mutations was 0.70 [95% confidence interval (CI), 0.63–0.75], the pooled speci-
ficity was 0.98 (95% CI, 0.96–0.99), the pooled positive predictive values (PPV) was 0.97 (95% CI,
0.95–0.99) and the pooled negative predictive values (NPV) was 0.75 (95% CI, 0.74–0.76)tumour [20].
Most of the individual studies investigated in the meta-analysis were small and retrospective in design.
However, in a single center prospective trial involving 180 patients with advanced non-squamous
NSCLC, ctDNA was found to have a specificity of 100% for both EGFR 19 del and L858R mutations
[21]. The sensitivity of ctDNA however was less good, i.e., was 82% for EGFR 19 del and 74% for
L858R mutations.

Based on these and other reports [3, 4, 14], ctDNA appears to have excellent specificity for detecting
EGFR mutations present in NSCLC tissue. Thus, if a ctDNA result is positive for EGFR mutations,
patients should be considered for treatment with an EGFR TKI. On the other hand, a negative finding
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may not reliably reflect the tissue status. In this situation, tissue analysis should be performed where
possible. Despite the lower sensitivity for ctDNA, both types of assays when applied to the measurement
of exon19del and L858R mutations, were shown to have similar predictive value for response to EGFR
TKIs in patients with advanced NSCLC [22, 23].

Because of its convenience, relative non-invasive sampling, faster turn-around-times and good agree-
ment with tissue finding, several international expert panels state that ctDNA (at least in some situations)
may be used to assess the mutational status of EGFR for predicting benefit from EGFR TKIs. Indeed,
as far back as 2018, jointly published guidelines by the College of American Pathologists (CAP), the
International Association for the Study of Lung Cancer (IASLC) and the Association for Molecular
Pathology (AMP) stated that “in some clinical settings in which tissue is limited and/or insufficient for
mutation testing, physicians may use a ctDNA assay to identify EGFR mutations” [24]. The guidelines,
however, cautioned that because the sensitivity of ctDNA assay may be inadequate, a negative result
using ctDNA cannot provide reliable evidence that the corresponding tumor is also EGFR mutation-
negative.

In 2021, updated guidelines published by the International Association for the Study of Lung Cancer
(IASLC) stated that “in patients with oncogene addicted NSCLC, liquid biopsy is emerging as not
only complimentary to tissue analysis but is also acceptable as the initial approach (plasma first)” [25].
In contrast, the most recent National Comprehensive Cancer Network (NCCN) guidelines state that
ctDNA should not be used instead of a histological tissue diagnosis. However, the organization also
added that a ctDNA test could be considered if a patient was unfit for tissue sampling or if there was
insufficient tissue for analysis [26]. Finally, the 2022 European Society of Medical Oncology (ESMO)
states that ctDNA testing can be used “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”. ESMO however, cautions
that small-volume tumors such as intrathoracic tumours, or predominantly intracranial disease, can
result in high false-negative findings [27].

It was mentioned above that patients with ex20ins mutations tend to be resistant to the first gen-
eration of EGFR TKI but may respond to amivantamab-vmjw or mobocertinib. The US Food and
Drug Administration have approved the Guardant360 CDx ctDNA test for predicting response to
amivantamab-vmjw.

6. Use of circulating tumor DNA to detect EGFR Mutations conferring resistance to first or
second generation TKIs

Although EGFR TKI such a gefitinib or erlotinib are initially effective in inducing tumor regression in
most patients with EGFR-sensitizing mutation, resistance inevitable develops in effectively all treated
patients. In approximately 50% of cases, this acquired resistance is caused by a secondary mutation in
EGFR, i.e., T790M. Patients developing this specific mutation, however, can be treated with the 3rd
generation EGFR TKI, osimertinib [28].

Similar with the EGFR sensitizing mutations discussed above, T790M mutations can also be detected
using ctDNA [4]. Concordance between the EGFR T790M mutational status in plasma and tumor tissue
appears to be less strong than that found with the sensitizing mutations. Thus, following a systematic
review and meta-analysis, the pooled sensitivity of ctDNA for tissue mutations was 0.67 (95% CI:
0.64–0.70), the pooled specificity was 0.80 (95% CI: 0.77–0.83), the pooled positive PPV was 0.85
(95% CI: 0.82–0.87) and the pooled NPV was 0.60 (95% CI: 0.56–0.63) [29]. As with all analytes, the
sensitivity of ctDNA EGFR T790M mutations depend on the type of assay used. Indeed, using certain
PCR assays, the sensitivity for detecting T790M mutation in plasma reached 93% [3].
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Table 1

Biomarkers for predicting response to targeted therapies in the treatment
of advanced non-small cell lung cancer

Drug target/ Genetic alteration Prevalence (%) Therapy
biomarker

EGFR Mutation (del19, L858R) 19 Gefitinib, erlotinib,
afatinib, dacominitib,
osimertinib

EGFR Mutation (T790M) Osimertinib
EGFR Mutation (ins20) 1-2 Amivanttamab-vmjw,

mobocertinib
ALK Translocation 6 Alectinib, brigatinib,

ceratinib, lorlatinib
MET Mutation (exon 14 skipping) 5 Capmatinib, tepotinib
ROS Translocation 1 Cerotinib, crizotinib
BRAF Mutation (V600E) 5 Dabrafenib + trametinib
RET Translocation 1 Selpercatinib, pralsetinib
KRAS Mutation (G12C) 23 Sotorasib

Data relating to the prevalence of the different genetic alterations taken from ref. 8. Data relating
to therapy as recommended by the National Comprehensive Cancer Center (NCCN) [26] and
The European Society of Medical Oncology (ESMO) [27].

According to the 2017 joint guidelines published by CAP, IASL and AMP, ctDNA may be used to
detect EGFR T790M mutations in lung adenocarcinoma patients following progression or acquired
resistance to first/second generation of EGFR TKIs. Again, reflexing to tumor tissue was recommended
if the plasma result was negative [24]. In 2021, the IASL stated that when acquired resistance to EGFR
TKIs develop, initial use of ctDNA is the preferable way to identify the T790M resistance mutation
[25].

Thus, in patients developing resistance to a first/second generation TKIs, an emerging practice is to
first test for the T790M mutation in plasma and if positive, administer osimertinib. On the other hand,
if the T790M mutation is undetectable in plasma, tissue analysis for the mutation should be carried
out if feasible.

7. Use of ctDNA to detect other therapy predictive biomarkers in NSCLC patients

While EGFR mutation analysis was the first therapy predictive biomarker used in patients with
NSCLC, several others were recently recommended for determining response to their specific matching
therapy (Table 1). Similar with EGFR mutations, most of these genetic alterations can also be detected
using ctDNA. Although less extensively investigated than EGFR mutations, good agreement between
tissue and ctDNA has also been obtained especially for ALK translocations, ROS translocations, BRAF
mutations, MET exon-14 skipping mutations and RET translocations [30]. Depending on the assay used
however, detecting translocation such as those of ALK or ROS may be difficult using ctDNA. Indeed,
these translocations may be best measuring using RNA-seq. Despite possible difficulties with ctDNA,
the 2021 IASL guidelines state that this fluid may be used to measure all of the above biomarkers [25].

Finally, ctDNA is undergoing investigation for predicting response to immunotherapy, especially
immune checkpoint inhibitors (ICI). For predicting response to ICI, the mutations detected in ctDNA
are usually converted to what is referred to as the tumor mutational burden (TMB). Tissue TMB
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(tTMB) is one of a small number of recommended biomarkers for identifying patients likely to benefit
from immune checkpoint inhibitors [5]. Although only a moderate correlation has been found between
tTMB and plasma TMB (pTMB) [31–33], several emerging studies suggest that high pTMB levels
are also associated with benefit from immune checkpoint inhibitors in patients with advanced NSCLC
[34–37]. However, due to lack of standardization, lack of a universally accepted cut-off value and lack
of adequate clinical validation, measurement of TMB using ctDNA is not currently recommended for
clinical use.

8. Emerging clinical uses of ctDNA in patients with NSCLC

8.1. Screening for early disease

Screening for lung cancer in high-risk patients using low dose computed tomography (CT) is cur-
rently performed in some countries. Compared to CT, blood-based biomarkers has several advantages
including convenience, high-throughput, lower costs and lack of exposure for participants to poten-
tially dangerous ionizing radiation. Conventional serum protein biomarkers for lung cancer such as
CYFRA 21-1, GRP, NSE and CEA however, lack specificity and sensitivity for the early detection
of lung cancer [38]. Thus, research for the identification of new lung cancer screening biomarkers in
recent years has shifted from protein to non-protein molecules. Of the various non-protein biomarkers
evaluated to-date, one of the most promising is the measurement of ctDNA.

Many of the studies investigating ctDNA as a screening test for lung cancer have used “pan-cancer”
assays in which lung cancer was one of several different cancer types included in the analysis. In
one of these early studies on this topic, Phallen et al. [39] compared the ctDNA mutational profile of
58 cancer-associated genes from 200 patients with a previous diagnosis of several different types of
cancer and 44 apparently healthy controls. In this study 71 patients had lung cancer (histology type
not specified) and of these 44 (62%) were positive for ctDNA. Similar to the situation with standard
biomarkers, sensitivity increased with increasing disease stage, i.e., 45% in stage I, 72% in stage
II, 75% in stage III and 83% in stage IV. Importantly, all the 44 healthy controls investigated were
negative for the driver gene mutations analyzed. However, 16% of healthy controls had mutations in
genes associated with a benign condition known as clonal haematopoiesis of indeterminate potential
(CHIP) (see below).

Rather than detecting mutations, Klein et al. [40] investigated targeted methylation of ctDNA in
combination with artificial intelligence as a pan-cancer screening test. Specificity was investigated in
2069 “non-cancer” controls and set at 99.5%. At this specificity, 302/404 patients with lung cancer
were deemed positive, i.e., a sensitivity of 75%. Positivity was 20.9% in stage I disease, 79.5% in stage
II, 90.7% in stage III and 95.2% in stage IV. As in the study of Phallen et al. [39] mentioned above,
the histology type of the lung cancers investigated in this study was not specified.

In a study that focused specifically on patients with NSCLC, Chabon et al. [41] developed and
prospectively validated a machine-learning ctDNA test which they dubbed ‘lung cancer likelihood
in plasma’ (Lung-CLiP). The authors initially trained Lung-CLiP using samples from a discovery
group of 104 patients with early-stage NSCLC and 98 non-cancer controls (56 of which were risk-
matched controls undergoing CT screening for suspected lung cancer). At 98% specificity, sensitivity
was 41% in patients with stage I disease, 54% in patients with stage II disease and 67% in patients
with stage III disease. Using the 98% specificity threshold obtained in the training set, Lung CLiP was
validated using a different population of early stage NSCLC patients (n = 46) and risk-matched controls
(n = 48). According to the authors, performance in the validation cohort was statistically similar with
that observed in the training set as evaluated using area under the curve (AUC) analysis and sensitivity
metrics.
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In another study specifically on lung cancer (all histological types), Mathios et al. [42] used a machine
learning model for detecting genome-wide ctDNA fragmentation patterns, known as DELFI (DNA
evaluation of fragments for early interception). Validation of DELFI was performed in a prospective
study of 385 non-cancer individuals and 46 lung cancer patients. At 80% specificity, the sensitivity
for cancer by combining fragmentation profiles, clinical risk factors, CEA and CT imaging, was 94%
across all disease stages. At 80% specificity, the sensitivity was 91% for stages I/II and 96% for stages
III/IV disease.

A limitation of all of the above screening studies is that they were retrospectively performed in
patients with an established diagnosis of lung cancer. Sensitivity might thus be lower in an unscreened
asymptomatic population. Furthermore, in the studies that used apparently healthy subjects as controls,
specificity might be less if patients with benign lung disease or other benign diseases were included.
In summary, although ctDNA assays appear to have reasonably high specificity for lung cancer, its
sensitivity, especially for stage 1 disease is limited. However, because of its relative high specificity, it
could complement low dose CT in screening for lung cancer.

Because of the less than ideal sensitivity of ctDNA for lung cancer detection, Nair et al. [43] measured
mutations present in bronchoalveolar lavage (BAL). Using samples from 38 cases and 21 high-risk
control individuals without detectable cancer, mutations were detected more frequently in BAL than in
plasma cfDNA in all disease stages (P < 0.001). Using a Random Forest model with leave-one-out cross-
validation, preliminary results suggested that the BAL DNA assay identified lung cancer with 69%
sensitivity and 100% specificity and importantly detected more cancers than BAL cytology. Clearly,
these promising preliminary findings require validation in studies with larger numbers of samples.

8.2. ctDNA in surveillance following treatment with curative-intent surgery

For some cancers such as those of the prostate, colon-rectum and ovary, biomarkers are widely used
in surveillance following initial curative-intent treatment. The main aim of measuring biomarkers in
this setting is the early detection of emerging recurrences/metastases, the assumption being that the
early detection of recurrent disease, followed with an early salvage course of treatment, improves
outcome. At least 3 studies have investigated the potential value of serial ctDNA determinations in
NSCLC patients treated with curative-intent [45–47]. Across the studies, the sensitivity of the first
post-treatment ctDNA value for predicting early recurrence varied between 36% and 100%, while the
specificity varied from 71% to 100%. However, when using all the post-treatment follow-up time-
point values, the sensitivity for detecting relapse increased to >80% while the specificity remained
unchanged.

The median lead-time provided by serial ctDNA measurements over clinical and/or radiological
finding in this setting was found to vary from approximately 2 to 7 months [45–47]. Whether initiating
early therapy based on this lead-time versus waiting for clinical/radiological evidence of recurrence,
improves outcome is currently unclear. However, a preliminary report involving 65 patients with
locally advanced NSCLC showed that early treatment with consolidation immunotherapy improved
outcome in those with ctDNA-positive disease but had no significant benefit in those with ctDNA-
negative findings [48]. Although this study included a relatively small number of patients with a short
follow-up period and involved retrospective analysis, the results are sufficiently encouraging to merit
validation in a larger prospective randomized trial.

In summary, the measurement of ctDNA following initial treatment may identify patients at high
risk of relapse who may benefit from additional courses of adjuvant therapy. Similarly, it may be able
to identify patients at low risk of relapse for whom it might be possible to administer less intensive
or possibly no systemic therapy. Trials addressing these questions such as the MERMAID-2 trial
(NCT04642469) and the MERMAID phase III (NCT04385368) are ongoing [3].
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8.3. ctDNA in monitoring response to systemic therapy in advanced disease

For evaluating therapy effectiveness in patients with advanced NSCLC, ctDNA has been best investi-
gated in patients receiving anti-EGFR inhibitors or immunotherapy. One of the most consistent findings
in this setting is that an early decline in ctDNA following the commencement of therapy correlates
with good outcome [48–53]. Conversely, a failure to clear ctDNA is generally associated with a poor
outcome.

While T790M mutations are amongst the most frequent mechanisms of acquired resistance to
first/second generation TKI, see above, the secondary resistance mutations are more variable for the
third generation, TKI, osimertinib. Amongst the mechanisms causing acquired resistance to osimer-
tinib in the advanced disease setting are the emergence of the EGFR C797S mutation, amplification
of MET and histological transformation to small cell lung cancer [54]. While the latter cannot be
detected using ctDNA, amplified MET has been determined using ctDNA [55, 56]. Several trials are
currently investigating novel drugs for targeting MET in this setting, including savolitinib, tepotinib
and capmatinib [57].

In addition to targeted therapies, ctDNA has also been investigated for evaluating response to
immunotherapy with immune checkpoint inhibitors in patients with metastatic NSCLC. Indeed, for
monitoring response to immunotherapy in patients with advanced NSCLC, ctDNA is one of the most
widely investigated circulating biomarkers [51, 52]. In this setting, patients with high pre-therapy levels
(VAFs) of ctDNA tend to a have a poor outcome, but as with anti-EGFR therapy, an early decline in
levels is also generally associated with a favourable response [52, 53]. Emerging findings suggest that
the use of ctDNA in monitoring response to immunotherapy may be particularly useful in patients with
radiologically-stable disease [52, 53] and in those exhibiting pseudoprogression [58], i.e., where tran-
sient enlargement of tumors based on radiology is found that is not accompanied by clinical evidence
of progression.

Finally, in the context of using ctDNA to monitor therapy efficacy, it is important to bear in mind that
as with the classical protein biomarkers, spikes or transient increases in ctDNA can occur following
the initiation of therapy in patients with advanced NSCLC [59].

9. Limitations of ctDNA as a biomarker for lung cancer

Although ctDNA has multiple attractive features and indeed has potential to be a transformative
biomarker for lung cancer, it also has limitations. These limitations include lack of specificity for
cancer, i.e., when genetically altered DNA shed from white blood cells (WBC) is detected. This can
occur when CHIP is present [60]. The prevalence of CHIP depends on age of patient (increasing
frequency with increasing age), cut off value selected for the variant allele frequency (VAF) value and
sensitivity of assay used. Indeed, according to some publications, CHIP may be universal in aging
subjects when highly sensitive assays are employed [61, 62]. The shedding of DNA from WBC may
contribute to an incorrect interpretation of ctDNA mutations, especially when the (VAF) is low. The
potential problem of interference by CHIP can however, be overcome by performing paired sequencing
of DNA from peripheral blood mononuclear cells. Alternatively, employment of specific bioinformatic
algorithms that filter out potential CHIP mutations may be used, although this procedure may miss
genetic alterations that are infrequently associated with CHIP.

A further disadvantage of ctDNA is limited sensitivity when tumor volume/burden is low. This is
especially the situation when only intrathoracic tumors or brain metastasis are present [27]. Further-
more, the detection of gene fusions and alteration in gene copy numbers is more difficult with ctDNA
than with tissue [27]. Thus, the reported values using ctDNA may have been underestimated. The
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limited sensitivity in the presence of low volume disease however, may be negated/reduced by simul-
taneously measuring epigenetic alterations, by performing combined measurements at both the ctDNA
and the mRNA level [4, 63] or combined measured with standard protein biomarkers. Yet another poten-
tial strategy for increasing sensitivity is to measure mutations in fluids close to metastatic sites rather
than in plasma, see above.

Finally, it should be stated that compared with the measurement of standard biomarkers, detection
of ctDNA requires relative labour-intensive assays, has relative slow turn-around times for results and
are expensive to measure (compared to standard biomarkers).

10. Conclusion

NSCLC is the tumor type leading the way with the clinical use of ctDNA assays. As mentioned above,
mutational analysis of EGFR using ctDNA can be currently used to predict response or resistance
to specific EGFR TKIs, especially when suitable tissue is not available. Considerably further work
is required before ctDNA can be used in screening for lung cancer, surveillance following initial
treatment or monitoring therapy effectiveness. This additional work requires standardization of the
pre-analytical steps as well as standardization of ctDNA assays. In addition, it will be necessary to
demonstrate clinical utility for ctDNA in surveillance following initial treatment and in monitoring
response to systemic therapy in metastatic disease. Achieving success in these areas should result in
ctDNA being a widely used biomarker for patients with NSCLC.
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A, Tikoo N, Ju C, Achenbach HJ, Krügel R, Palma JF. Plasma-based longitudinal mutation monitoring as a potential
predictor of disease progression in subjects with adenocarcinoma in advanced non-small cell lung cancer. BMC Cancer.
2020;20(1):885. doi: 10.1186/s12885-020-07340-z.

[51] Nabet BY, Esfahani MS, Moding EJ, Hamilton EG, Chabon JJ, Rizvi H, Steen CB, Chaudhuri AA, Liu CL, Hui AB,
Almanza D, Stehr H, Gojenola L, Bonilla RF, Jin MC, Jeon YJ, Tseng D, Liu C, Merghoub T, Neal JW, Wakelee
HA, Padda SK, Ramchandran KJ, Das M, Plodkowski AJ, Yoo C, Chen EL, Ko RB, Newman AM, Hellmann MD,
Alizadeh AA, Diehn M. Noninvasive early identification of therapeutic benefit from immune checkpoint inhibition.
Cell. 2020;183(2):363-76.e13. doi: 10.1016/j.cell.2020.09.001.

[52] Zhang Q, Luo J, Wu S, Si H, Gao C, Xu W, Abdullah SE, Higgs BW, Dennis PA, van der Heijden MS, Segal NH,
Chaft JE, Hembrough T, Barrett JC, Hellmann MD. Prognostic and predictive impact of circulating tumor DNA in
patients with advanced cancers treated with immune checkpoint blockade. Cancer Discov. 2020;10(12):1842-53. doi:
10.1158/2159-8290.CD-20-0047

[53] Mu Y, Hao X, Xing P, Hu X, Wang Y, Li T, Zhang J, Xu Z, Li J. Acquired resistance to osimertinib in patients with
non-small-cell lung cancer: Mechanisms and clinical outcomes. J Cancer Res Clin Oncol. 2020;146(9):2427-33. doi:
10.1007/s00432-020-03239-1

[54] Kim CG, Shim HS, Hong MH, Cha YJ, Heo SJ, Park HS, Kim JH, Lee JG, Lee CY, Cho BC, Kim HR. Detection
of activating and acquired resistant mutation in plasma from EGFR-mutated NSCLC patients by peptide nucleic acid



M.J. Duffy / Circulating tumor DNA (ctDNA) as a biomarker for lung cancer S295

(PNA) clamping-assisted fluorescence melting curve analysis. Oncotarget. 2017;8(39):65111-22. doi: 10.18632/onco-
target.17786

[55] Kumaki Y, Olsen S, Suenaga M, Nakagawa T, Uetake H, Ikeda S. Comprehensive genomic profiling of circulat-
ing cell-free DNA distinguishes focal MET amplification from aneuploidy in diverse advanced cancers. Curr Oncol.
2021;28(5):3717-28. doi: 10.3390/curroncol28050317

[56] Rosner S, Spira AI. Has the Enemy “MET” Its Match? Subgroup Analysis Results from VISION Study. Clin Cancer
Res. 2022;28(6):1055-7. doi: 10.1158/1078-0432.CCR-21-4109

[57] Lee JH, Long GV, Menzies AM, Lo S, Guminski A, Whitbourne K, Peranec M, Scolyer R, Kefford RF, Rizos H, Carlino
MS. Association between circulating tumor DNA and pseudoprogression in patients with metastatic melanoma treated
with anti-programmed cell death 1 antibodies. JAMA Oncol. 2018;4(5):717-21. doi: 10.1001/jamaoncol.2017.5332

[58] Mok T, Wu YL, Lee JS, Yu CJ, Sriuranpong V, Sandoval-Tan J, Ladrera G, Thongprasert S, Srimuninnimit V, Liao
M, Zhu Y, Zhou C, Fuerte F, Margono B, Wen W, Tsai J, Truman M, Klughammer B, Shames DS, Wu L. Detection
and dynamic changes of EGFR mutations from circulating tumor DNA as a predictor of survival outcomes in NSCLC
patients treated with first-line intercalated erlotinib and chemotherapy. Clin Cancer Res. 2015;21(14):3196-203. doi:
10.1158/1078-0432.CCR-14-2594

[59] Yaung SJ, Fuhlbrück F, Peterson M, Zou W, Palma JF, Patil NS, Jiang Y. Clonal hematopoiesis in late-stage non-small-
cell lung cancer and its impact on targeted panel next-generation sequencing. JCO Precis Oncol. 2020:1271-9. doi:
10.1200/PO.20.00046

[60] Zink F, Stacey SN, Norddahl GL, Frigge ML, Magnusson OT, Jonsdottir I, Thorgeirsson TE, Sigurdsson A, Gudjonsson
SA, Gudmundsson J, Jonasson JG, Tryggvadottir L, Jonsson T, Helgason A, Gylfason A, Sulem P, Rafnar T, Thorsteins-
dottir U, Gudbjartsson DF, Masson G, Kong A, Stefansson K. Clonal hematopoiesis, with and without candidate driver
mutations, is common in the elderly. Blood. 2017;130(6):742-52. doi: 10.1182/blood-2017-02-769869

[61] Young AL, Challen GA, Birmann BM, Druley TE. Clonal haematopoiesis harbouring AML-associated mutations is
ubiquitous in healthy adults. Nat Commun. 2016;7:12484. doi: 10.1038/ncomms12484

[62] Pleasance E, Bohm A, Williamson LM, Nelson JMT, Shen Y, Bonakdar M, Titmuss E, Csizmok V, Wee K, Hosseinzadeh
S, Grisdale CJ, Reisle C, Taylor GA, Lewis E, Jones MR, Bleile D, Sadeghi S, Zhang W, Davies A, Pellegrini B, Wong
T, Bowlby R, Chan SK, Mungall KL, Chuah E, Mungall AJ, Moore RA, Zhao Y, Deol B, Fisic A, Fok A, Regier DA,
Weymann D, Schaeffer DF, Young S, Yip S, Schrader K, Levasseur N, Taylor SK, Feng X, Tinker A, Savage KJ, Chia
S, Gelmon K, Sun S, Lim H, Renouf DJ, Jones SJM, Marra MA, Laskin J. Whole-genome and transcriptome analysis
enhances precision cancer treatment options. Ann Oncol. 2022;33(9):939-49. doi: 10.1016/j.annonc.2022.05.522


