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Abstract The gold standard test for detection of epidermal growth factor receptor (EGFR)

mutation is to genotype somatic DNA extracted from a tissue biopsy or cytology specimen.

Yet, in at least 20% of patients this is not possible for various reasons including insufficient

availability of neoplastic tissue, lack of fitness of the available tissue for a biopsy or that a bi-

opsy is not technically feasible. Consequently, there has been intense investigation of circu-

lating tumour DNA (ctDNA), released into the plasma fraction of blood from cancer cells

during apoptosis/necrosis, as a minimally invasive ‘liquid biopsy’ and surrogate for cancer tis-

sue. In 2014, the license for the EGFR tyrosine kinase inhibitor (EGFR-TKI), gefitinib, was

updated to allow the use of plasma to determine EGFR mutation status in patients where tis-

sue was not available. Then in 2016 the United States Food and Drug Administration (US

FDA) approved the first companion diagnostic plasma EGFR test. Herein, we review the ev-

idence for ctDNA as a diagnostic in patients with non-small cell lung cancer (NSCLC) and

describe steps needed to incorporate such ‘liquid biopsies’ into everyday routine practice.
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1. Introduction

Therapeutic decisions for patients with non-squamous,

non-small cell lung cancer (NSCLC) depend on the

presence or absence of sensitising mutations in the

epidermal growth factor receptor (EGFR) [1]. When an

activating tyrosine kinase domain mutation is present,
treatment with an EGFR tyrosine kinase inhibitor

(EGFR-TKI) -gefitinib, erlotinib, afatinib e is superior

to chemotherapy [2] but not when the mutation is absent

[3]. Subsequently, progression on a first-line EGFR-TKI

is associated with a resistance mutation (p.T790M) in

around 50% of patients [4] that predicts for response to

the third generation EGFR-TKI, osimertinib. [5]. The

gold standard test for EGFR mutation is to genotype
somatic DNA extracted from a tissue biopsy or cytology

specimen [6,7]. Audit data from the United Kingdom

has demonstrated that in the treatment naive setting this

is problematic in at least 20% of patients [8] and

attributed to various reasons including insufficient

availability of neoplastic tissue, lack of fitness of avail-

able for a biopsy or that a biopsy is not technically

feasible [9]. In the setting of progression on an EGFR-
TKI, a further limitation to the reliance on a biopsy

or cytology specimen is that of tumour evolution and

heterogeneity, whereby the presence of resistance gate-

keeper mutation T790M may be missed in a biopsy of a

single metastatic site [10]. Circulating tumour DNA

(ctDNA) is released into the plasma fraction of blood

from cancer cells undergoing apoptosis or necrosis and

is a minimally invasive ‘liquid biopsy’ [7]. In 2014, the
license for gefitinib was updated to state ‘If a tumour

sample is not evaluable, then ctDNA obtained from a

blood (plasma) sample may be used’ based on data for

the therascreen EGFR RGQ PCR Kit [11]. In 2016, the

first companion diagnostic plasma EGFR test to be
Fig. 1. When is a DNA test ready for the clinic? (Adapted from Haddo

genetic tests. In: Human Genome Epidemiology: A Scientific Foundati

Disease. New York: Oxford University Press; 2003. p. 217e33) [13].
approved was the Cobas EGFR mutation testing plat-

form [12]. Herein, we review the evidence for ctDNA as

a routine molecular diagnostic test in NSCLC, in

treatment naı̈ve patients and in the context of progres-

sion on a first-line EGFR-TKI, with a focus on the steps

required for routine implementation.

2. When is a molecular diagnostic test ready for the clinic?

An evaluation framework for emerging genetic tech-

nologies/tests, the well known ACCE framework

(Fig. 1) describes a process for the development and

introduction of a new molecular diagnostic test. This

encompasses analytical performance and validation (A),

clinical validation (C), clinical utility (C) and consider-

ation of the ethical, legal and social implications of the

test (E) [13]. These criteria were developed for germline
DNA and equally apply to tests for somatic mutations

including those detected in ctDNA. Analytical perfor-

mance and validation refers to the optimisation and

technical performance of the test including sensitivity,

specificity, limits of detection and the influence of

different sample processing conditions. Clinical valida-

tion includes the procedures and operational standards

from the point of sample collection through DNA
processing/extraction and clinical performance; concor-

dance of the test with the gold standard test, if appli-

cable, as well as sensitivity, specificity, positive and

negative predictive value. Clinical utility refers to the

value of the test for an individual patient and specifically

whether the test and any subsequent interventions lead

to an improved health outcome. The risks, benefits,

social, ethical, legal and cost implications are also inte-
gral to the assessment of clinical utility. Finally, for a

predictive test for therapy selection there must be a

licensed indication and the new test should have
w JE PG. ACCE: a model process for evaluating data on emerging

on for Using Genetic Information to Improve Health and Prevent
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advantages over the gold standard test where one exists.

The advantage can be in one or more aspects of test

performance e.g. sensitivity, specificity, acceptability,

speed or cost and can be limited to a subgroup of pa-

tients. The above aspects can be considered as two main

questions for clinical implementation:

1. Is ctDNA reliable for determining the presence or absence

of EGFR mutation?

2. Does the test result from ctDNA have the same clinical

benefit as that from tissue?

3. Is ctDNA reliable for determining the presence or

absence of EGFR mutation?

The reliability of the ctDNA test starts with sample

processing as suboptimal ctDNA quality and quantity

will impair test performance. It is now established that

extraction from plasma compared to serum provides a
higher yield [14e16]. Storage of blood at non-ambient

temperatures for long periods increases lymphocyte

haemolysis that ‘swamps’ ctDNA with germline DNA

and reduces sensitivity [17,18]. Plasma can be separated

and frozen within 1 h from phlebotomy to avoid this but

is not ‘clinic friendly’. Proprietary blood collection tubes

stabilise lymphocytes, prevent lysis at ambient temper-

ature and accommodate delay in processing for several
days [19]. Conventional methods of DNA extraction do

not efficiently isolate the full range of ctDNA because
Table 1
Genotyping Methods assessed for detection of EGFR mutation in ctDNA

Genotyping method (Abbreviation) C

Scorpion Amplification Refractory Mutation System (ARMS) R

High Resolution Melting (HRM) P

Mutant Enriched Liquid chip (MEL)

Peptide Nucleic Acid (PNA)-mediated PCR clamping (PNA) P

Denaturing High-Performance Liquid Chromatography (DHPLC) P

Peptide Nucleic Acid-Locked Nucleic Acid PCR (PNA-LNA) P

Mutant Enriched PCR (ME-PCR) P

Allele-Specific Arrayed Primer Extension (ASeApex) M

Digital Polymerase Chain Reaction (dPCR) D

Beads, emulsion, amplification, and magnetics (BEAMing) D

Mass spectrometry genotyping (MSGA) M

Restriction fragment length polymorphism (RFLP) P

Pyrosequencing P

Sequenom A

Cobas EGFR blood test R

Qiagen Therascreen� EGFR RGQ PCR kit A

DxS EGFR mutation test kit for research use only A

Multiplex 50 nuclease real-time PCR (Taqman) e PNA clamp R

Peptide nucleic acid-zip nucleic acid polymerase chain reaction

clamp method (PNA-ZNA PCR clamp)

P

BEAMIng digital PCR (BEAMing dPCR) D

Roche Cobas� EGFR Mutation Test R

Roche Cobas EGFR Mutation Test v2 F

Short footprint mutation enrichment next generation

sequencing (NGS)

N

Droplet DigitalTM PCR D

Cycleave� R
the DNA size profile differs markedly from that of nu-

clear DNA. Large ctDNA fragments of several kilo-

bases (kb) in size are believed to arise from necrosis

whereas small fragments (180e540 bp in size) are

thought to originate from apoptosis [20]. A technical

comparison of four proprietary kits demonstrated su-

perior extraction efficiency and recovery of small frag-

ments for the Qiagen QIAamp CNA kit [21]. Using this
kit the sensitivity of the same plasma genotyping

method for EGFR improved from 17% to 52% [22].

A plethora of genotyping methods to detect EGFR

mutations in blood have been evaluated (Table 1). In

four meta-analyses that collectively included more than

3000 patients and 30 studies, the specificities of EGFR

testing ranged from 88 to 97% and sensitivities from 62

to 67.5% for ctDNA with tissue as reference [23e26].
The studies were highly heterogeneous with respect to

the patients included, were retrospective, used different

protocols for blood processing and DNA extraction,

and comprised at least 13 different genotyping methods.

While higher specificity than sensitivity was relatively

consistent, independent of the method used, variable

results for the same method were obtained in these and

other analyses calling the reliability of ctDNA for
routine clinical use to be questioned. For example,

sensitivities reported for denaturing high-performance

liquid chromatography (DHPLC) and amplification-re-

fractory mutation system (ARMS) ranged from 63.5%

[27] to 81.2% [28] and 43.1% [29] to 70%, respectively
.

omment p.T790M detection Reference

eal time PCR Yes [54]

CR [23e26]

[23e26]

CR [23e26]
CR Yes [54]

CR [23e26]

CR [23e26]

inisequencing [23e26]
igital PCR Yes [54]

igital PCR [38]

ass spectrometry [23e26]
CR [23e26]

yrosequencing [23e26]

gena. Mass spectrometry [55]

eal time PCR [44]

RMS based Yes [22,33,41]

RMS based [29]

eal time PCR [43]

CR [22,49]

igital PCR Yes [33,38]

eal time PCR Yes [22,33]

DA approved [12]

GS [37]

igital PCR Yes [33]

eal time PCR [22]
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[30]. ARMS compared to non-ARMS-based methods

was less sensitive as per one meta-analysis [26], more

sensitive than DHPLC and mutant-enriched polymerase

chain reaction (ME-PCR) according to another study

[31]and of similar sensitivity (65%) to peptide nucleic

acid-clamp in a further study [22,32]. These discrep-

ancies were most likely due to heterogeneous clinical

populations, sample processing and differences in lab-
oratory practice.

In an effort to reduce such confounders, there was a

study involving 56 centres on newly diagnosed patients

with locally advanced or metastatic treatment naı̈ve

advanced NSCLC; ASSESS was a large, non-

interventional study that enrolled 1311 patients (881 in

Europe) with advanced NSCLC from 56 centres in

Europe and Japan [22] to evaluate ‘real-world’ diag-
nostic performance of various plasma ctDNA di-

agnostics compared to tissue/cytology based testing. The

latter was performed according to local practice and

plasma testing was centralised in seven designated lab-

oratories with a standard protocol for ctDNA process-

ing and a prespecified protocol (one of five methods) for

genotyping. The concordance of EGFR mutation status

in tissue/cytology samples versus plasma ctDNA was
89%, specificity was 97%, and sensitivity was 46%. Of

the five methods used for plasma testing the Qiagen

therascreen EGFR RGQ PCR kit and the Roche cobas

EGFR Mutation test were more sensitive (73% and 75%

respectively).

There have been few direct comparisons of different

genotyping methods on the same samples. The afore-

mentioned studies were conducted in the ‘pre-T790M’
era with a focus on sensitising mutations. Thress et al.

[33] provide results of a study designed to compare four

genotyping methods for sensitising mutations and

T790M on the same samples. In this study, there was

variation in technical performance according to the

precise EGFR mutation with sensitivities of 78%e100%

for the commonest sensitising exon 19 deletions and the

p.L858R mutation; and sensitivities of 29%e71% for the
p.T790M resistance mutation. Overall the Cobas EGFR

mutation test and Beads, Emulsion, Amplification and

Magnetics type digital polymerase chain reaction

(BEAMing dPCR) were most sensitive [33]. The Cobas

EGFR mutation v2 testing platform was approved

based on preclinical performance data and clinical data

submitted from the ENSURE [34], Aspiration [35] and

AURA2 trials [36]. Other tests continue to evolve. A
short footprint mutation enrichment next generation

sequencing method demonstrated sensitivities of 93%

for p.T790M, 100% for p.L858R and 87% for exon 19

deletions in plasma ctDNA [37]. In a similar analysis

with BEAMing dPCR sensitivities of 70%, 82% and 86%

were obtained for plasma for p.T790M, exon 19 de-

letions and p.L858R mutations respectively [38].

It can be concluded from studies conducted in
treatment naı̈ve patients and in the context of
progression on an EGFR-TKI that ctDNA can reliably

detect an EGFR mutation with methods that are now

available for plasma processing, ctDNA extraction and

genotyping. Using the tissue test as the reference, the

plasma ctDNA test is less sensitive in both the treatment

naı̈ve and progression settings. For this reason, current

licenses for EGFR-TKIs and for the Cobas method

state that a tissue biopsy should be considered where
possible when the plasma result is negative. Although

the Cobas assay is approved there are other methods

currently, and in the future that may have comparable

and improved sensitivity. Also, some rare mutations are

not covered in the Cobas panel. With the increasing use

of third generation EGFR-TKIs and potential for other

resistance mutations to emerge plasma genotyping

technologies will need to evolve in parallel. As a case in
point, acquisition of a p.C797S mutation is demon-

strated to confer acquired resistance to osimertinib, and

this mutation is currently not tested for within the

Cobas EGFR mutation testing platform [12,39].
4. Does the ctDNA test have the same clinical benefit as

the tissue-based test?

Independent of the method used to establish the pres-

ence of an EGFR mutation, evidence of clinical utility

and health outcome benefit is required for approval by

payers and regulators [13,40]. Ideally results from
randomised studies that include test negative and posi-

tive populations allocated to different treatments are

needed although the license update for gefitinib to be

prescribed using a ctDNA result in the absence of a

tissue result came from the single cohort IFUM study

[41]. With respect to randomised trials the IPASS

(gefitinib versus carboplatin/paclitaxel in clinically

selected patients with advanced non-small-cell lung
cancer in Asia) trial [5] included a pre-planned, explor-

atory analysis in a subgroup of 233 Japanese patients. A

false negative result in blood was obtained in 57% of

cases, but there were no false positive results for plasma

with tissue as the reference. Among patients ctDNA

positive for an EGFR mutation the progression-free

survival (PFS) was significantly longer and the response

rate (RR) higher for gefitinib compared to chemo-
therapy [29], mirroring the results previously obtained

for the tissue positive population [42]. Similarly, in the

EURTAC trial in a prespecified analysis of 76 patients

with both positive plasma and tissue for EGFR muta-

tion only erlotinib treatment was an independent pre-

dictor of longer PFS in multivariate analysis (HR, 0.41

[95% CI, 0.23e0.74]; p Z 0.003) [43]. The First-line

Asian Sequential Tarceva and Chemotherapy Trial
(FASTACT-2)trial [44] assessed the efficacy of erlotinib

or placebo intercalated with gemcitabine and platinum

chemotherapy followed by maintenance erlotinib or

placebo. A preplanned, exploratory analysis in 238
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patients for whom both tumour tissue and blood sam-

ples were available demonstrated a significantly longer

median PFS of 13.1�months for erlotinib intercalated

with chemotherapy compared to 6�months for treat-

ment with placebo and chemotherapy (HR 0.22. 95% CI

0.14e0.33, p < 0.0001). Together the results for first-line

EGFR-TKI therapy in patients with positive ctDNA for

EGFR mutation infer the same clinical utility as for
tissue derived EGFR mutation status. With respect to

the United States Food and Drug Administration (US

FDA) approval of EGFR Cobas v2 as a plasma com-

panion diagnostic, the evidence for clinical utility and

equivalent health benefit of the plasma test was bridged

from the clinical outcomes based on tissue diagnosis of

EGFR mutation. Accompanying plasma samples were

analysed and the clinical outcome inferred from the
tissue-based result. As outlined earlier with respect to

the lower sensitivity of plasma testing compared to tis-

sue testing it is important to note that in the case of a

plasma negative result but a tumour-positive result the

plasma result is non-informative for clinical utility. This

is best illustrated in treatment naı̈ve patients by the re-

sults for the LUX LUNG 3 and 6 trials [16] in which all

patients were mutation-positive in tissue and a sub-
stantial proportion were plasma-negative but still

benefited from the EGFR-TKI (Table 2); reinforcing

why tissue testing is still required in patients who are

plasma-negative. Similarly, in the context of progression

on an EGFR-TKI, the response rates and survival in

patients with a positive plasma ctDNA test for p.T790M

who were treated with a third generation EGFR-TKI

mirror those with a positive p, T790M tissue test and
plasma-negative, tissue-positive patients are again un-

informative for clinical utility [5,37,38].
Table 2
Results for clinical outcomes of patients according to plasma EGFR muta

and the IFUM phase IV study.

Study [ref] (TKI) Method

(see Table 1 for

abbreviations)

ctDNA test performance

(tissue as reference)

Specificity

(PPV)

Sensitivity

(NPV)

Co

Studies evaluating first-line EGFR-TKIs

IPASS [29] (G) DxS ARMS 100% 43.1% 66.

IFUM [41] (G) Therascreen RGQ 99.8%

(98.6%)

65.7%

(93.8%)

94.

EURTAC [43] (E) Taqman 100% 78% 72.

FASTACT-2 [44] (E)

(note CT � E)

Cobas blood 96%

(94%)

75%

(85%)

88%

LUX-LUNG 3 [16] (A)

LUX-LUNG 6 [16] (A)

Therascreen 29 e e 60.

ENSURE [12,34] (E) Cobas v2 (96.8%) (81.4%) 77%

AURA3 [5,12] (O) Cobas v2 e e e

Abbreviations: TKI: tyrosine kinase inhibitor, PPV: positive predictive valu

O:osimertinib, RR: response rate, PFS: progression free survival (median m

stated, *significant interaction test for biomarker p value < 0.05, **E indep

EGFR mutation status.
The question then is what about tissue-negative,

plasma-positive patients? In the treatment naı̈ve setting,

data is lacking for outcomes of patients with positive

plasma and negative tissue as most studies have

excluded tissue-negative patients from analysis. In the

progression setting, and using tissue as a reference, a

lower specificity for plasma testing has been reported

meaning a higher ‘false positive’ rate for plasma. Yet,
the clinical outcomes of patients with p.T790M positive

plasma but negative tissue are the same as those ob-

tained for patients with both positive plasma and tissue.

The tissue result is therefore misleading and a ‘false

negative’ most likely due to tumour heterogeneity.

Interestingly, patients with negative plasma and positive

tumour for p.T790M were noted to have inferior

response rates and survival on treatment with osi-
mertinib when compared to patients with positive

plasma [38]. The plasma ctDNA result may provide a

superior overall ‘picture’ of the mutational burden of

the tumour on progression. Clinical outcome on treat-

ment with the appropriate targeted therapy is the most

relevant reference for further development of ctDNA

tests [38].

5. What else do we need for routine implementation of

ctDNA testing?

The approvals for the use of EGFR-TKIs on the basis

of EGFR mutation status obtained from ctDNA [11,12]

open the door for long awaited, less invasive and
logistically easier ‘liquid’ biopsies in place of tissue bi-

opsies. Methods to optimise blood sample processing

and efficiency of ctDNA extraction alongside technol-

ogies with better analytical and clinical performance are
tion status in randomised trials of EGFR-TKIs versus chemotherapy

Clinical outcome for TKI versus chemotherapy (CT)

Tissue þ Plasma þ
ncordance RR % PFS

(Hazard

ratio)

RR % FS

(Hazard

ratio)

3% 69 versus 48.5% 0.70 75 versus 64% 0.29*

3% 60 NA 77 NA

7% 65.1 versus 16.1% 0.34 No difference 0.36**

e 0.25 66.vs24.2%*** 0.22

5% e e e 0.35

0.25

62.7 versus 33.6% 0.34 NA NA

71% versus 31% 0.3 77% versus 39% 0.42

e, NPV: negative predictive value, G: gefitinib, E: erlotinib, A: afatinib,

onths) HR: Hazard Ratio, NA: not assessed (single arm study), NS: not

endent predictor in multivariate analysis, ***based on cycle 3 ctDNA
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now available. However, a ‘best’ test and ‘optimal’

criteria are not established. The specificity should be as

high as possible, approaching 99e100%, in order to

avoid giving an ineffective treatment (i.e. an EGFR-TKI

to a patient with a false positive result). The sensitivity

should also be as high as possible but a lower sensitivity

of approximately65% can still be clinically useful pro-

vided the treating clinician understands the probability
of a false negative result. Currently, ctDNA testing is

complementary to tissue testing.

Laboratories delivering ctDNA tests will first need to

conduct a validation or verification for implementation

of a laboratory-developed test or commercial diagnostic,

respectively. A verification process ensures that ‘the test

is being performed correctly’ [45]. Ideally the laboratory

should have: (1) previous experience in the analysis of
tumour tissue and preferably, germline and circulating

free DNA; (2) accreditation as a Medical Laboratory to

ISO15189 or equivalent; (3) conduct internal validation

quality assurance (QA), maintain on-going validation

and verification of the ctDNA test and develop a clinical

test report that can be easily interpreted by the treating

clinician [EMQN]; (4) participate in external QA pro-

grammes [e.g. EMQN] to identify process errors [46]; (5)
analyse a sufficiently large number of cases per year to

monitor the clinical utility and health economic impact

of the test and metrics such as turnaround times

compared to tissue testing. Collection and analysis of

outcomes of patients with a negative result; how often a

biopsy is attempted, the result, and their outcomes will

also be relevant for health economic analyses. Clinical

characteristics such as poor performance status and
comorbidity that might occur more frequently in pa-

tients for whom biopsy is not feasible should be factored

into outcomes [38]. Further data on the influence of

disease distribution, tumour burden and heterogeneity;

and factors that increase the chance of a false negative

result will help to refine clinical diagnostic algorithms

and guidelines.

Currently two clinical scenarios are proposed for a
ctDNA test; in newly diagnosed patients in whom tissue

is not available and in patients on progression on a first-

line EGFR-TKI. In newly diagnosed patients, more

data are needed to determine the proportion who have a

plasma positive test in the absence of tissue to test. In

the latter context in the AURA3 trial of osimertinib

versus chemotherapy 23% of patients with a negative

T790M tissue test had a positive plasma test [47]. This
result reinforces inadequacy of reliance on tissue alone

in the progression setting and the clinical algorithm of

first plasma testing, then only if negative to perform a

biopsy for a tissue test [38].

A scenario for ongoing investigation is whether an

individual’s treatment can be tailored more precisely

according to the type, level and dynamic change of the

mutation in the circulation. The presence of p.L858R in
blood [43], the level of mutation [48], persistence of
mutation after commencing treatment [49] and emer-

gence of p.T790M on first-line treatment [50] have been

associated with poorer outcomes. The possibility to

monitor serially for p.T790M also raises several ques-

tions. Does p.T790M emerge prior to radiological pro-

gression? When and how often should serial monitoring

be performed? Does switching therapy on detection of

p.T790M prior to radiological progression improve
outcome? Can serial plasma EGFR monitoring replace

conventional imaging of disease status? Finally, there is

potential to assay DNA in urine with results comparable

to those derived from blood [37].

While there has been considerable progress in estab-

lishing liquid biopsies for assessment of EGFR muta-

tion, future development would be enhanced by

standards for reporting on predictive biomarkers from
liquid biopsy. Although STARD [51], REMARK [52],

CONSORT [53] and ACCE guidelines [13] exist they do

not encompass all the data and evidence required.

Anecdotally more recent publications have provided

levels of detail required by regulatory authorities (FDA,

NICE) with that of Reckamp et al. (2016) an exemplar

[37]. Such standards would facilitate more accurate cross

study comparisons of technologies and outcomes.
To conclude, the ACCE framework mandates that a

new test should have advantage over the gold standard

[13]. The ease and convenience of a blood test compared

to a biopsy is clear. Increased use of ctDNA testing

where clinically appropriate will widen access to mo-

lecular testing, reduce risks from invasive biopsy,

improve patient experience, ease pressure on interven-

tional resource and in the case of p.T790M detection
identify more patients who can benefit from a third

generation EGFR-TKI than tissue biopsy alone. The

turnaround time of ctDNA testing appears to be shorter

than for tissue [37] and as technology continues to

evolve plasma (and/or urine) could replace tissue for

diagnosis of EGFR mutation. To this end the next step

is to implement ctDNA into everyday practice to fully

realise the potential for liquid biopsy as a diagnostic tool
for precision medicine.
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