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Opinion statement

Isolation and analysis of circulating tumor DNA (ctDNA) have emerged as an effective and
promising tool for genomic profiling in non-small cell lung cancer. Analysis of ctDNA can be
particularly useful in situations where tissue biopsy is not safely obtainable due to poor
physical condition or inaccessible tumor biopsy location. In addition to identifying onco-
genic driver mutations which can be treated with targetable therapy in the treatment naïve
advanced non-small cell lung cancer (NSCLC) setting, ctDNA is being utilized in novel ways
including monitoring during an advanced NSCLC patient’s treatment course (real-time
monitoring), determining mechanisms of resistance and, lastly, as a tool to identify minimal
residual disease in early-stage NSCLC. Recent research demonstrates that ctDNA testing can
provide a useful adjunct to tissue genotyping in NSCLC. Utilization of ctDNA into routine
clinical practice for NSCLC should be strongly considered.

Introduction

Tumor molecular analysis has become an increasingly
important component of lung cancer evaluation and

management, particularly in the non-small cell lung
cancer (NSCLC) sett ing [1] . Once primari ly
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differentiated by histology (squamous versus non-squa-
mous), NSCLC is now recognized as a diverse and com-
plex group of malignancies with distinctive molecular
signatures. Since the initial identification of activating
mutations in the epidermal growth factor receptor
(EGFR) amongNSCLC patients who responded to EGFR
tyrosine kinase inhibitors (EGFR TKI) [2, 3], extensive
basic science and translational research has focused on
identification of other oncogenic driver mutations and
development of appropriate targeted therapies [1]. Rou-
tine testing of several oncogenic driver mutations with
U.S. Food and Drug Administration (FDA)-approved
targeted therapies is now recommended as standard of
care for all patients diagnosed with advanced non-
squamous NSCLC and in selected patients with ad-
vanced squamous NSCLC, which includes EGFR muta-
tions, anaplastic lymphoma kinase (ALK) rearrange-
ments, ROS1 rearrangements, and BRAF V600E muta-
tions [4]. In addition, several other emerging biomarkers
in NSCLC such as RET rearrangements, MET amplifica-
tions or mutations, and HER2 mutations have known
targeted therapies which are not FDA-approved or have
associated investigational agents which are being evalu-
ated in clinical trials [1, 4]. Accurate testing of genomic
alterations at the time of initial NSCLC diagnosis and at
disease progression for those with select oncogenic driv-
er mutations is a crucial aspect of therapeutic manage-
ment in this patient population.

Traditionally, solid tumor tissue biopsy has been
considered the gold standard for the detection of

molecular alterations in many malignancies including
NSCLC. More recently, isolation and analysis of circu-
lating tumor DNA (ctDNA) from the plasma has
emerged as an effective and promising tool for the per-
formance of this molecular testing [5••]. The term “liq-
uid biopsy” is commonly not only used to refer to
molecular assays performed on blood rather than tumor
tissue samples but can also include testing on other
body fluids such as urine, pleural fluid, saliva, and cere-
brospinal fluid. Liquid biopsy testing can measure cir-
culating tumor cells, exosomes, platelet RNA, circulating
tumor RNA (miRNA and long non-coding RNA), as well
as ctDNA. Themost robust research in the clinical setting
has evaluated ctDNA technologies, and several innova-
tive ctDNA platforms have been created to enhance the
reliability and breadth of thesemolecular techniques. As
ctDNA is thought to represent a relatively small propor-
tion of cell-free DNA present within the blood (G 1%),
technologies with high sensitivity are required in order
to detect ctDNA.While not considered a replacement for
tumor tissue testing, ctDNA analysis can act as a useful
adjunct for NSCLC management in myriad clinical situ-
ations. Although genomic profiling in NSCLC is most
applicable in the advanced disease setting, newer inno-
vative approaches are being evaluated including utiliza-
tion of plasma ctDNA as a tool to identify minimal
residual disease in early-stage NSCLC and as a predictive
biomarker for immunotherapy use.

Potential advantages of ctDNA analysis

Genomic profiling using ctDNA offers a significantly less invasive testing ap-
proach compared to tumor tissue biopsy. Among patients who are considered
unfit to undergo an invasive tumor tissue biopsy due to medical comorbidities
or inaccessible tumor location, ctDNA analysis provides an opportunity for
biomarker analysis to be performed [5••]. Rates of successful tissue genotyping
vary, with significantly lower rates among small tumor tissue samples such as
fine needle aspiration. For lung cancers associated with certain oncogenic driver
alterations such as EGFR mutations which can progress during initial targeted
treatment and may be eligible for subsequent targeted therapies, repeat tissue
biopsy is indicated to evaluate for tumor evolution and development of resis-
tance mutations and therefore may present a diagnostic challenge. Re-biopsy is
not always considered feasible or safe. For example, a recent study showed that
among 69 patients with advanced EGFRmutation-positive NSCLC with disease
progression while on EGFR TKI therapy, the feasibility of re-biopsy was
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dependent on the anatomical site of relapse, with progression of metastatic
disease sites assessed as difficult to re-biopsy in a substantial portion of study
participants (42% at time of RECIST-progressive disease (PD)) [6]. Use of
ctDNA assays would allow for less invasive serial genomic assessments over
the course of a patient’s treatment, sparing patients from having to undergo
potentially difficult or unsuccessful procedures.

Utilization of ctDNA technology is also a more cost-effective means of
performing molecular analysis, as a blood draw is significantly less expensive
than an invasive tissue biopsy procedure. Patients may decline invasive tumor
tissue biopsies, opting for non-invasive blood testing. Turnaround times for
plasma genotyping are also shorter than tissue genotyping [7].

In addition, genetic heterogeneity within different areas of a given tumor as
well as between primary andmetastatic sites in NSCLC is well described [8–10],
which may limit the accuracy of a single tumor tissue biopsy in detecting an
actionable genomic alteration. Analysis of ctDNA can better address this issue of
tumor heterogeneity by allowing for a more comprehensive assessment of a
tumor’s molecular landscape.

Shortcomings and challenges of ctDNA analysis

Despite many advantages of ctDNA analysis, several possible issues with use of
this technology exist. Molecular analysis using ctDNA cannot provide informa-
tion on histology; therefore, formal tissue biopsy is required to obtain this
information at the time of a lung cancer diagnosis. A positive plasma genotyp-
ing result relies on the fact that a tumor is actively shedding ctDNA into the
systemic circulation; therefore, false negative results are possible in the setting of
low tumor burden or low degree of tumor shedding [11]. Diagnostic accuracy
of ctDNA is also influenced by the location of a patient’s metastatic disease. A
pooled analysis in EGFR-mutated NSCLC demonstrated that the sensitivity of
ctDNA EGFR mutation testing was significantly higher in patients with
extrathoracic versus intrathoracic metastases [12].

As a result of improved sensitivity of this technology, testing of ctDNA can
have the unintended consequence of identifying alterations which were not
being evaluated for. For example, clonal hematopoiesis of indeterminate po-
tential is a phenomenon in which somatic mutations result in a clonal expan-
sion of cells detectable in the peripheral blood among those without a hema-
tologic malignancy [13]; these alterations can be identified through ctDNA
testing. This clonal hematopoiesis may be a possible recurrent source of discor-
dance between plasma and tissue genotyping and may lead to false positive
plasma genotyping results [14]. Among patients with EGFR-mutant NSCLC,
most JAK2 mutations, some TP53 mutations and rare KRAS mutations identi-
fied in ctDNA were thought to be derived from clonal hematopoiesis rather
than tumor [14]. It is also possible to identify incidental germline mutations
among cancer patients who are undergoing ctDNA analysis for somatic muta-
tion evaluation. Among 10,888 unselected patients with advanced malignancy
(41% were lung cancers) who underwent ctDNA analysis, 1.4% were found to
have suspected hereditary cancer mutations in 11 genes [15]. Identification of
unintended germline mutations during ctDNA evaluation requires disclosure
and referral for genetic counseling services.
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In addition, the quality of ctDNA specimen handling and processing can
affect accuracy of the results. In a multicenter study evaluating liquid biopsy
workflow optimization in a clinical setting among EGFR-mutated NSCLC
patients, longer transit time resulted in increased sample hemolysis and lower
temperatures negatively impacted reached assay sensitivity [16].

Methods of ctDNA mutational analysis

Several laboratory techniques have been developed to evaluate for targetable
alterations in NSCLC and can be utilized in ctDNA analysis. These methods can
be broadly categorized into two groups, which include single gene testing and
multiplex testing.

Molecular alterations can be evaluated individually with single gene testing,
in which a specific alteration of interest is evaluated for and identified within a
relatively small region of DNA. Single gene testing can be performed using
polymerase chain reaction (PCR) technology such as quantitative PCR (qPCR)
[17, 18]; droplet digital PCR (ddPCR) [19, 20]; and beads, emulsions, ampli-
fication, and magnetics (BEAMing) [21]. In contrast to qPCR, ddPCR, and
BEAMing techniques also have the ability to provide direct quantification of
mutant alleles, known as the variant allele fraction (VAF), which can play an
important role in monitoring of a patient’s disease status over time and is
particularly attractive in EGFR-mutated NSCLC [20, 21]. Currently, the cobas®
EGFR mutation test v2 (Roche Molecular Diagnostics, Branchburg, NJ) is the
only FDA-approved test for blood-based molecular analysis available [18],
although this test’s sensitivity has already been surpassed by other platforms.
Specifically, the sensitivities of this method for the detection of EGFR T790M
mutation varied were 41% and 73% in the AURA1 trial [22] and 42% in the
AURA17 trial [23], lower than newer advanced technologies.

In contrast to single gene evaluation, next-generation sequencing (NGS) or
massive parallel sequencing represents a more comprehensive approach to
molecular analysis, in which larger regions of multiple genes are evaluated
simultaneously using focused malignancy-specific gene panels (Fig. 1) [24].
PCR capture or “hotspot” testing is one NGS approach, which sequences
predefined areas of genes and focuses on point mutations within several
hotspot regions [5••, 24]. Hybrid capture NGS is an alternative approach in
which more extensive gene sequencing is performed and can detect mutations
along both introns and exons, insertions, deletions, amplifications, and rear-
rangements [5••, 24].

While PCR-based approaches typically have more rapid turnaround times,
NGS technology can provide information on several different genetic abnor-
malities simultaneously, allowing for a more comprehensive picture of the
genome from a single collected specimen. Important considerations when
evaluating and comparing NGS platforms include type of assay (laboratory
developed versus commercial), depth of coverage (number of bases, genes,
exons, VAF), validation and quality controls, limit of detection, sensitivity/
specificity, turnaround time, and costs.

Despite the wide application of this technology in clinical practice, there is
no well-defined standard for ctDNA isolation. Blood collection for ctDNA
isolation can involve use of either ethylenediaminetetraacetic acid (EDTA)
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tubes or specialized preservative tubes [5••]. Preservative tubes provide the
ability to maintain the quality of small DNA fragments for several days prior
to processing, while less expensive and readily available EDTA tubes require
immediate processing within 1–2 h of sample collection. Plasma testing is
preferred over serum, as sensitivity is higher with plasma-based approaches.
Concordances rates between ctDNA and tissue genotyping vary depending on
the method of ctDNA analysis and the specific panel used.

In order to formally assess the clinical implications of adding plasma-based
ctDNA NGS to tissue-based NGS in the real-world setting, a prospective cohort
study of 323 advanced NSCLC patients who underwent plasma ± tissue NGS
testing was performed [25••]. Among included patients who underwent both
plasma and tumor genotyping, tissue testing alone detected targetable alter-
ations in 20.5% of patients, while the addition of plasma NGS testing increased
targetable mutation detection to 35.8% of patients [25••]. Tissue–plasma
concordance was 88.9% of patients at initial diagnosis and 70.2% for patients
at the time of progression [25••].

Analysis of ctDNA in treatment-naïve NSCLC

Several studies have evaluated the use of baseline plasma ctDNA prior to first-line
advanced NSCLC treatment in order to identify targetable alterations. Douillard
et al. collected baseline tumor tissue and two plasma ctDNA samples (plasmas 1
and 2) from treatment-naïve EGFR-mutated NSCLC patients prior to gefitinib
treatment [26]. Concordance between 652matched tumor and plasma 1 samples

Fig. 1. Schematic representation of the components, applications, and special considerations of liquid biopsy in NSCLC patients.
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was 94.3%; plasma 1 ctDNA testing yielded a sensitivity of 65.7% and a speci-
ficity of 99.8% [26]. There was high concordance inmutation status between 224
matched collected plasma ctDNA samples (96.9%) [26]. This study provided
further support for EGFR mutation status assessment using ctDNA.

The BENEFIT trial was a prospective multicenter phase 2 study in which
advanced lung adenocarcinoma patients with EGFR mutations detected in
plasma ctDNA by ddPCR were treated with the first-generation EGFR TKI
gefitinib [27]. Objective response was achieved in 72.1% of patients. Clearance
of EGFRmutation in ctDNA occurred at week 8 of gefitinib treatment in 88%of
patients with evaluable blood samples, with median overall survival (OS)
found to be superior in patients who exhibited EGFRmutation ctDNA clearance
compared to those with persistently detected ctDNA [27].

The FLAURA trial is a phase III randomized study evaluating the third-
generation EGFR TKI osimertinib versus standard of care EGFR TKI (gefitinib
or erlotinib) as first-line treatment for advanced EGFR-mutated NSCLC [28].
Baseline plasma ctDNA samples were collected and analyzed for EGFR muta-
tions via cobas. Good concordance was noted between tissue and plasma
genotyping (87% for EGFR exon 19 deletion, 88% for EGFR exon 21 L858R)
[28]. Among plasma EGFR-positive patients, osimertinib resulted in decreased
risk of progression or death (hazard ratio 0.44, 95% CI 0.34–0.57) [28]. This
study supports plasma ctDNA use for determination of eligibility for first-line
osimertinib treatment.

Analysis of ctDNA in NSCLC progressing on targeted therapy

Analysis of ctDNA has also proved useful in the setting of advanced EGFR-
mutated disease which progressed on EGFR TKI therapy. As mentioned previ-
ously, the low sensitivity of cobas testing for the detection of EGFR T790M
mutations motivated researchers to explore other detection technologies. One
study evaluated serial plasma ctDNA samples with ddPCR to look for T790M
mutations in advanced/recurrent EGFR-mutated NSCLC patients treated with
EGFR TKI therapy [29]. Of 117 evaluable patients who developed acquired
EGFR TKI resistance after initial EGFR TKI therapy, 47% had plasma ctDNA
positive for T790M. Plasma T790M was detected a median 2.2 months prior to
clinical PD among patients with acquired T790M-mediated TKI resistance and
pre-PD plasma samples. In patients receiving second-line or later EGFR TKI
treatment, plasma T790M detection was associated with decreased median OS
(p = 0.0489) [29].

Ramalingam et al. exploredmechanisms of acquired resistance using ctDNA
among patients who progressed on first-line osimertinib therapy in the FLAURA
trial [30]. Interestingly, the mechanisms of EGFR resistance noted in this pop-
ulation differed from those which typically develop in the setting of first- or
second-generation EGFR TKI therapy. No acquired EGFR T790M mutations
were identified. MET amplification was the most common acquired resistance
mechanism detected, followed by EGFR C797S mutation [30].

Oxnard et al. performed plasma ctDNA genotyping with BEAMing prior to
treatment with osimertinib in patients with a common EGFR-sensitizing mu-
tation and acquired EGFR TKI resistance [31]. In patients with T790M-positive
tumor testing, the sensitivity of plasma genotyping for T790Mwas 70%. Plasma
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T790M was detected in 31% of patients with T790M-negative tumors. Compa-
rable overall response rates (ORR) or median progression-free survival (PFS)
among patients with plasma T790M-positive and tumor T790M-positive results
[31•]. The authors proposed a paradigm in which plasma and tumor genotyp-
ing have complementary roles for T790M testing in advanced EGFR-mutated
NSCLC. Those who progress on EGFR TKI therapy can first undergo plasma
genotyping, with initiation of osimertinib if plasma T790Mmutation is detect-
ed; tissue biopsy would be performed only if plasma T790M testing returns
negative [31•].

ALK rearrangements and resistancemutations can also be identified through
ctDNA analysis. Longitudinal plasma ctDNA analysis was performed using
hybrid capture NGS among 22 ALK-positive NSCLC patients who developed
acquired resistance to ALK TKIs [32]. Plasma genotyping identified an ALK
fusion in 86% of included patients and identified an ALK resistance mutation
in 50% of patients. There was high concordance between plasma and matched
tissue genotyping. Changes in plasma ALK mutation status and mutational
allelic frequency were noted during longitudinal analysis [32]. This study
supports further exploration of plasma genotyping in ALK-positive NSCLC.
Furthermore, the identification of new ALK mutations such as G1202R,
F1174, and L1196M as a mechanism of resistance plays an important role in
treatment selection for ALK-positive PD [33]; these alterations can be identified
through plasma genotyping.

Current recommendations

Several practice guidelines and professional societies have provided statements or
recommendations regarding ctDNA integration into clinical practice. The most
recent National Comprehensive Cancer Network (NCCN) practice guidelines
state that ctDNA use can be considered if a patient is medically unfit for invasive
tissue sampling or in the initial diagnostic setting after pathologic confirmation of
NSCLCon tissue biopsy if there is insufficient tissue to performmolecular testing;
a caveat is that follow-up tissue testing should be planned for all patients inwhich
an oncogenic driver mutation is not identified [4]. The American Society of
Clinical Oncology (ASCO) 2017 Clinical Cancer Advances Report stated that
among cancer patients who are unable to undergo tumor tissue biopsy, liquid
biopsy may be “safer, quicker and more convenient–and perhaps even more
informative” [34], providing support for continued evaluation of this technology
in the future. The Updated Molecular Testing Guideline for the selection of lung
cancer patients for treatment with targeted TKIs published by the College of
American Pathologists (CAP), the International Association for the Study of Lung
Cancer (IASLC), and the Association for Molecular Pathology (AMP) advocated
for the use of “cell-freeDNA to “rule in” targetablemutations” in situationswhere
tumor tissue is difficult to obtain or limited [35].

Additionally, IASLC released a statement paper on use of liquid biopsy for
Advanced NSCLC in 2018 [5••]; a multidisciplinary panel of experts in thoracic
oncology concluded that use of liquid biopsy has “significant potential to
improve patient care, and immediate implementation in the clinic is justified
in a number of therapeutic settings relevant to NSCLC” [5••]. In the advanced
treatment naïve NSCLC setting, IASLC consensus recommendation is to
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perform molecular analysis on ctDNA (preferably using NGS) if tumor biopsy
specimen is insufficient for molecular testing; if a targetable alteration is iden-
tified, one should treat with standard of care therapy for that alteration; if a
targetable alteration is not identified on ctDNA analysis, tissue re-biopsy should
be performed [5••]. In NSCLC patients with progressive or recurrent disease
during TKI therapy, IASLC recommendation is to perform molecular analysis
on ctDNA (preferably cobas/ddPCR for EGFR mutations, NGS for ALK and
ROS1 alterations); if a targetable resistance mutation is identified, treatment
with standard of care therapy targeting this mutation is indicated; and if a
targetable resistance mutation is not identified, then tissue re-biopsy should
be performed if feasible [5••].

Future directions
Detection of minimal residual disease

Recent research efforts evaluated ctDNA analysis as a tool for detection of
minimal residual disease (MRD) among treated early-stage NSCLC patients.
One group of investigators usedmultiplex exome sequencing of primary tumor
tissue to develop an individualized panel of single nucleotide variants for each
included patient and thenmonitored ctDNA from those patients longitudinally
[36]. Among 24 patients in subgroup analysis, 13 of 14 patients (93%) with
relapsed disease had detectable ctDNA before or at the time of disease relapse.
Themedian interval between ctDNA detection and radiographic NSCLC relapse
was 70 days [36]. Another study investigated the reliability of deep sequencing
(CAPP-seq) ctDNA from 40 patients with stage I–III lung cancer after treatment
with curative intent therapies [37]. There was ctDNA detected in the first
posttreatment blood sample of 94% of evaluable patients experiencing disease
recurrence. Detection of ctDNA in posttreatment blood samples preceded
radiographic progression in 72% of patients and by a median of 5.2 months
[37]. Evaluation of MRD using plasma ctDNA is an important area of future
investigation, as detection of ctDNA after definitive treatment of early-stage
disease can help predict for disease recurrence. One limitation of MRD evalu-
ation is the capacity of current technology to identify ctDNA in early-stage
NSCLC. The low VAF required to identify MRD is far below the detection of
many current technologies [38].

Evaluation of predictive biomarkers for immunotherapy use
Plasma ctDNA analysis has also been utilized to evaluate predictive biomarkers
for immunotherapy use. Retrospective evaluation of the relationship between
blood-based tumor mutational burden (bTMB) and clinical outcomes with
atezolizumab in advanced NSCLC was performed utilizing baseline plasma
samples collected from the intention-to-treat populations of the POPLAR and
OAK trials [39]. Among 583 patients with sufficient ctDNA for analysis in the
OAK trial, the prevalence of high bTMB (defined as bTMB ≥ 16) was 27%. High
bTMB patients had improved PFS benefit from atezolizumab versus docetaxel
(HR 0.65, 95% CI 0.47–0.92, p = 0.013); the interaction between high bTMB
score and treatment was statistically significant for PFS.High bTMBpatients had
a median OS of 13.5 months with atezolizumab versus 6.8 months with
docetaxel [39]. The study also demonstrated that bTMB is not associated with
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high PD-L1 expression and independently predicts for PFS benefit [39].
The B-F1RST trial is a prospective study evaluating bTMB as a predictive

biomarker for immunotherapy use in NSCLC. This trial sought to evaluate the
clinical utility of bTMB as a predictive biomarker for the use of the PD-L1
inhibitor atezolizumab in first-line advanced NSCLC treatment [40]. Among
119 included patients with adequate ctDNA, the ORR was 28.6% in high bTMB
patients (defined as bTMB ≥ 16) and 4.4% in low bTMB patients; median PFS
was 4.6 months in high bTMB patients and 3.7 months in low bTMB patients,
although not statistically significant [40]. These trials highlight the need for
future studies to explore bTMB and other predictive biomarkers for immuno-
therapy use in NSCLC. One of themajor issues of TMB (in tissue and plasma) is
the lack of standardization for its detection and lack of consensus regarding an
appropriate cutoff of mutations/Mb. For this reason, this biomarker is not yet
appropriate for wide use in clinical practice. Several other biomarkers such as
VAF determination, “ctDNA velocity” during immunotherapy treatment, or
hypermutated ctDNA have been studied as potential predictive tools to evaluate
the response to immune checkpoint inhibitors in cancer patients [41, 42].

Evaluation of ctDNA in non-blood body fluids in NSCLC
Although ctDNA is often performed on plasma, some research has evaluated
ctDNA testing in other body fluids such as urine or cerebrospinal fluid (CSF).
EGFR genotyping of matched urine, plasma, and tumor tissue specimens was
performed in advanced EGFR-mutated NSCLC patients enrolled in the TIGER-X
trial and treated with the EGFR TKI rociletinib [43]. Using tissue as a reference,
EGFR T790M resistance mutation testing in urine samples of recommended
volume of 90–100 ml had sensitivity of 93% and specificity of 96%, whereas
plasma testing had sensitivity of 93% and specificity of 94% [43]. Another
group of investigators postulated that dynamic changes in EGFR mutation
levels within urine ctDNA could be indicative of tumor response in patients
receiving second-line osimertinib therapy [44]. Urine ctDNA was analyzed
daily, with an overall trend of spikes in ctDNA levels noted during the first
week of treatment followed by subsequent overall decrease in ctDNA levels by
day 7 [44]. Serial monitoring of urine ctDNA may be explored further as a
means to evaluate patient responsiveness to treatment.

Analysis of ctDNA within the CSF has also been investigated. NGS was per-
formed onmatched plasma and CSF ctDNA of 40 NSCLC patients with suspected
leptomeningeal disease [45]. ctDNA was detected in 93.8% of CSF and 66.7% of
plasma. CSF ctDNA analysis identified several copy number variations which were
not found in plasma, and the average maximum allelic fraction of CSF ctDNAwas
significantly higher than in plasma (56.7% versus 4.4%) [45]. This study demon-
strated the potential utility of CSF in liquid biopsy in the future.

Conclusion

Liquid biopsy including plasma ctDNA analysis has emerged as a promising
new tool in the diagnosis and monitoring of lung cancers, specifically in
NSCLC. Although genomic profiling in NSCLC has been most extensively
studied in the advanced NSCLC setting, newer innovative approaches are being
evaluated including utilization of plasma ctDNA as a tool to identify minimal
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residual disease in early-stage NSCLC and as a predictive biomarker for immu-
notherapy use. Plasma ctDNA can provide an important adjunct to tissue-based
genotyping in clinical practice, and further research efforts should investigate
novel uses of this emerging technology.
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