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Several platforms for noninvasive EGFR testing are currently used in the

clinical setting with sensitivities ranging from 30% to 100%. Prospective

studies evaluating agreement and sources for discordant results remain

lacking. Herein, seven methodologies including two next-generation
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sequencing (NGS)-based methods, three high-sensitivity PCR-based plat-

forms, and two FDA-approved methods were compared using 72 plasma

samples, from EGFR-mutant non-small-cell lung cancer (NSCLC) patients

progressing on a first-line tyrosine kinase inhibitor (TKI). NGS platforms

as well as high-sensitivity PCR-based methodologies showed excellent

agreement for EGFR-sensitizing mutations (K = 0.80–0.89) and substantial

agreement for T790M testing (K = 0.77 and 0.68, respectively). Mutant

allele frequencies (MAFs) obtained by different quantitative methods

showed an excellent reproducibility (intraclass correlation coefficients 0.86–
0.98). Among other technical factors, discordant calls mostly occurred at

mutant allele frequencies (MAFs) ≤ 0.5%. Agreement significantly

improved when discarding samples with MAF ≤ 0.5%. EGFR mutations

were detected at significantly lower MAFs in patients with brain metas-

tases, suggesting that these patients risk for a false-positive result. Our

results support the use of liquid biopsies for noninvasive EGFR testing and

highlight the need to systematically report MAFs.

1. Introduction

Tyrosine kinase inhibitors (TKIs) have dramatically

changed the outcome of patients with EGFR-positive

non-small-cell lung cancer (NSCLC) [1–4]. Osimer-

tinib, a third-generation TKI, is currently the standard

of care as second-line treatment in patients with

T790M-positive tumors at progression to first- or sec-

ond-generation EGFR TKI [5] as well as for first-line

treatment of EGFR-positive NSCLC patients [6]. Bio-

marker testing using formalin-fixed, paraffin-embedded

(FFPE) samples remains the reference standard, yet

this approach may be limited by the availability of

tumor and quality of DNA. Conversely, there is con-

siderable evidence demonstrating that cell-free DNA

(cfDNA) genotyping represents a viable and faster

approach [7,8]. In this way, cfDNA testing is recom-

mended for guiding first- and second-line treatment in

specific clinical circumstances, most notably, when a

patient is medically unfit for invasive tissue sampling

or when following pathologic confirmation of a

NSCLC diagnosis, there is no sufficient material for

molecular testing. Indeed, guidelines recommend test-

ing the T790M resistance mutation in the blood after

progression to an EGFR TKI as a first choice, and

rebiopsies are suggested in case of a negative result [9].

As a result, EGFR genotyping using plasma samples is

becoming widely used in the clinical setting. However,

EGFR mutation detection in plasma samples is subject

to the sensitivity of the method used, which may limit

the access to targeted therapies.

Currently, several platforms are available for noninva-

sive EGFR testing in blood, some of which have received

approval from the U.S. Food and Drug Administration

(FDA) as well as European Medicines Agency (EMA) as

companion kits for EGFR TKIs. Notably, the reported

sensitivities of the different assays for EGFR mutation

detection in the cfDNA from patients with advanced

NSCLC vary as much as from 30% to 100% [10]. While

there are numerous reports on the sensitivity and speci-

ficity of different platforms using tissue as a gold stan-

dard [11,12], studies evaluating the agreement between

different methods for liquid biopsy analysis in large

prospective cohorts remain limited, and reports compar-

ing quantitative measurements of mutant allele frequen-

cies (MAFs) are particularly scarce.

In this study, we describe the results of an observa-

tional trial specifically designed to evaluate the agree-

ment between seven methods for the detection of EGFR

mutations in blood, including two next-generation

sequencing (NGS)-based methods, three high-sensitivity

PCR-based platforms, and two FDA-approved meth-

ods. To our knowledge, this is the largest study (in terms

of the number of platforms evaluated) so far to formally

compare available technologies designed for noninvasive

EGFR mutation testing and the first to comprehensively

evaluate the concordance between MAFs. In addition,

causes for discordant results are thoroughly investigated.
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2. Methods

2.1. Study cohort

This is a non-post-authorization (non-PAS) and nonin-

terventional prospective, multicentre, cross-sectional

study (ClinicalTrials.gov Identifier: NCT03363139) in

which 72 patients with EGFR-mutant NSCLC were

enrolled between July 2018 and January 2019 in

23 Spanish hospitals. There was no intention for vali-

dation of any technique in the study. The study proto-

col was approved by the Hospital Puerta de Hierro

Ethics Committee (internal code PI-154/17), and

informed consent was obtained from all participants.

Study monitoring was carried out by the Spanish Lung

Cancer Group (www.gecp.org). Inclusion criteria were

as follows: (a) patients diagnosed with EGFR-mutant,

stage IIIB and IV non-small-cell lung cancer, who

have progressed as assessed by CT scan according to

RECIST criteria v.1.1 to first- or second-generation

EGFR tyrosine kinase inhibitors (TKIs) (e.g., gefitinib,

erlotinib, afatinib), including patients who received a

chemotherapy line before TKI treatment. Samples

must be drawn before the patient starts a new treat-

ment. (b) Patients must sign the informed consent of

the study. (c) Patients aged ≥ 18 years. Exclusion crite-

ria were as follows: (a) patients progressing to third-

generation EGFR TKIs (e.g., osimertinib) and (b) no

possibility of venipuncture. The patients participating

in this noninterventional study did not receive treat-

ment in relation to the study. Prospective information

about treatments was not collected.

Three blood samples blood samples were collected per

patient upon disease progression after a first-line treat-

ment with a first- or second-generation TKI, assessed by

RECIST criteria v. 1.1, and before the initiation of sec-

ond-line treatment. Median time between the assessment

of progressive disease and blood extraction was below

4 weeks in all cases. Eligible patients were both male and

female, age > 18 years, with a pathologically confirmed

diagnosis of stage IV NSCLC harboring an EGFR muta-

tion, and who had progressed with first-line EGFR TKI

treatment. In all cases, whole-blood samples were col-

lected in a 10-mL Streck Cell-Free DNA BCT tube

(Streck, La Vista, NE, USA) and in two 8.5-mL PPTTM

tubes (Becton Dickinson, Franklin Lakes, NJ, USA).

Samples were first sent to a central laboratory 1 (L1) for

storage, processing, and distribution of the plasma sam-

ples to the other two central laboratories (L2 and L3). In

all cases, the oncologist was blinded to laboratory result.

L1, L2, and L3 were blinded for EGFRmutation status.

2.2. Laboratory procedures

Plasma was separated from the cellular fraction by

two consecutive centrifugations at 1600 g for 10 min

and at 6000 g for 10 min. Samples were then divided

into 6 aliquots of 2.0 mL and stored at �80 °C, until
further analysis or distribution to L2 and L3.

2.3. DNA extraction

In order to compare cfDNA yield between different

extraction methods, all samples were processed with

the following methods: (a) Maxwell� RSC (MR)

ccfDNA Plasma Kit (Promega Corporation, Madison,

WI, USA), (b) QIAamp Circulating Nucleic Acid

(QCNA) (QIAgen, Valencia, CA, USA), and (c)

QIAsymphony DSP Virus/Pathogen Midi Kit using a

QIAsymphony (QS) robot (QIAgen), in all cases fol-

lowing the manufacturer’s instructions. The input vol-

ume as well as the final elution volume per method is

presented in Table S1. cfDNA concentration was mea-

sured using the Qubit dsDNA HS Assay kit (Thermo

Fisher Scientific, Waltham, MA, USA) on a Qubit 2.0

Fluorometer (Thermo Fisher Scientific).

2.4. cfDNA genotyping

The presence of EGFR mutations in the purified

cfDNA was evaluated in the 72 samples using 7 differ-

ent methods, namely cobas� EGFR Mutation Test v2

(Roche Diagnostics, Penzberg, Germany), Therascreen

EGFR Plasma RGQ PCR Kit (QIAgen), OncoBEAM

EGFR (Sysmex Inostics, Hamburg, Germany), Quant-

Studio� 3D Digital PCR System (Applied Biosystems,

South San Francisco, CA, USA), a 50-nuclease real-time

PCR (TaqMan�, Thermo Fisher Scientific) assay in

presence of a peptic nucleic acid probe (PNA-Q-PCR),

and two NGS platforms (Ion S5TM XL and GeneReadTM)

using two different gene panels, OncomineTM Pan-Cancer

Cell-Free Assay (Thermo Fisher, Palo Alto, CA, USA)

and QIAact Lung DNAUMI Panel (QIAgen). Figure S1

shows the study flowchart, indicating which methods

were used in each of the three laboratories. The limit of

detection (LOD) of each method in terms of MAF is pre-

sented in Table S2.

2.4.1. FDA-approved methods

Cobas� EGFR Mutation Test v2 (Roche Diagnostics)

and Therascreen EGFR Plasma RGQ PCR Kit (QIA-

gen) were used according to the instructions of the

manufacturers.
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2.4.2. OncoBEAMTM EGFR kit (Sysmex�)

BEAMing is a highly sensitive and quantitative plat-

form based on multiplex PCR (mPCR) targeting

somatic alterations and followed by a second PCR

amplification performed on magnetic beads compart-

mentalized in millions of oil emulsions). All experi-

ments were performed according to the supplier’s

recommendations. Briefly, 125 lL of cfDNA samples

were employed for mPCR. After mPCR, six replicates

of each sample were mixed in another plate to perform

nested-PCR. Then, serial dilutions (1 : 50/1 : 60/1 : 50)

were carried out. The diluted samples were then trans-

ferred to the emulsion PCR plate, together with emul-

sion working reagents (one for each codon). After this

step, the EmulsiFIRE solution was added to induce

the emulsion, creating millions of PCR compartments

(hydrophilic droplets with a single magnetic bead

inside). After breaking the emulsion PCR, WT and

mutant-specific probes were hybridized and analyzed

by flow cytometry using the Cube 6i cytometer of Sys-

mex� (Sysmex Inostics). Plasma was considered posi-

tive by BEAMing for a given mutation if the mutation

was detected above thresholds used for clinical appli-

cation (Table S2).

2.4.3. QuantStudio� 3D Digital PCR (dPCR)

Cell-free DNA was analyzed using commercially avail-

able predesigned TaqMan� Liquid Biopsy dPCR

assays on a QuantStudio� 3D Digital PCR System

(Applied Biosystems). The dPCR was carried out on a

final volume of 18 lL and using 8.55 lL of cfDNA

template. Subsequently, 14.5 lL was loaded into a

QuantStudio 3D Digital PCR 20K chip. The cycling

conditions were as follows, initial denaturation at

96 °C for 10 min, followed by 40 cycles at 56 °C for

2 min, and at 98 °C for 30 s, a step of 72 °C for

10 min, and finally, samples were maintained at 22 °C
for at least 30 min. Chip fluorescence was read twice.

Results were analyzed with QUANTSTUDIO
� 3D ANALYSIS

SUITE
TM

CLOUD Software (Thermo Fisher Scientific).

The automatic call assignments for each data cluster

were manually adjusted when needed. The result of the

assay is reported as the ratio of mutant DNA mole-

cules relative to the sum of mutant and wild-type (wt)

DNA molecules. A negative control DNA was

included in every run. Details about assay performance

have been described elsewhere [13]. Mutations detected

by this assay include p.L747_T751>P c.2239_2251>C;
p.L747_A750>P c.2238_2248>GC; p.E746_T751delEL-

REAT c.2236_2253del18; p.L747_T751delLREAT

c.2238_2252del15; p.E746_A750delELREA c.2235_

2249del15 c.2236_2250del15; p.L747-S753>S c.2240_

2257del18; p.L858R c.2573T>G 2573_2574TG>GT;

p.G719A c.2156G>C; p.T790M c.2369C>T; p.G719S

c.2155G>A; p.G719C c.2155G>T; p.L747_T751delL-

REAT c.2239_2253del15; p.L747_S752delLREATS

c.2239_2256del18; p.L861Q c.2582T>A; p.C797S

c.2390G>C; 2389T>A; p.E746-S752>V c.2237_2255>T;
p.L747_P753>Q c.2239_2258>CA.

2.4.4. PNA-Q-PCR

The assay is based on quantitative real-time PCR

(TaqMan) in the presence of a PNA clamp (Eurogen-

tec, Seraing, Belgium) designed to inhibit the amplifi-

cation of the wild-type alleles. The assay has been fully

validated, has an ISO15189 accreditation, and allows

estimation of the absolute and relative abundances of

mutant alleles in positive samples. Briefly, amplifica-

tion is performed in a final volume of 12.5 lL, using
3 lL (~ 4.5 ng) for exon 21 analysis or 1 lL
(~ 1.5 ng) for exon 19 and p.T790M analysis of

cfDNA 6.25 lL of Genotyping Master Mix (Applied

Biosystems, Foster City, CA, USA) 0.96 pmol of each

primer 1.2 pmol of probes and 6.25 pmol (for exon 21

and p.T790M) or 62.4 pmol (for exon 19) of PNA.

Samples are submitted to 50 cycles of 15 s at 92 °C
and 1.5 min at 60 °C, in a QuantStudioTM 6 real-time

PCR System (Applied Biosystems/Thermo Fisher Sci-

entific). The sequence of the primers, probes, and

PNAs used and analytical performance has been

described elsewhere [10,14]. Specifically, the assay cov-

ers the following mutations: p.L747-T751 c.2238_

2252del15; p.L747_S753>S c.2240_2257del18; p.E746_

A750delELREA c.2235_2249del15, c.2236_2250del15;

p.L747_S752delLREATS c.2239_2256del18; p.E746_

S752>V c.2237_2255>T; p.E746_T751>A c.2237_

2244>T; p.L747_T751>P c.2239_2251>C; p.L747_

A750>P c.2239_2248TTAAGAGAAG>C; p.L858R

c.2573T>G 2573_2574TG>GT; p.G719A c.2156G>C;
p.T790M c.2369C>T; p.G719S c.2155G>A; p.G719C

c.2155G>T; p.L861Q c.2582T>A; p.C797S c.2390G>C.
Analyses were carried out in duplicate using one sam-

ple of purified cfDNA, when possible. In addition, all

samples were assayed in the absence of PNA to con-

firm the presence of cfDNA. Genomic DNAs from cell

lines at 1.5 ng�lL�1 were used as positive and negative

controls. Extraction and nontemplate controls were

added in each run. A sample was considered positive if

the same mutant allele amplified in the two duplicates

in the presence of PNA. If amplification was only

detected in one duplicate, samples were reanalyzed and

considered positive if again at least one of the dupli-

cates was positive for the same mutated allele.
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2.4.5. NGS with the oncomine pan-cancer cell-free

assay (Oncomine)

Library preparation was performed according to

manufacturer’s instructions. All the purifications were

made using AMPure XP magnetic beads (Beckman

Coulter, Brea, CA, USA). Library quantification was

performed using Ion Library TaqMan� Quantitation

kit (Thermo Fisher) in a StepOnePlusTM qPCR

machine (Thermo Fisher). The individual libraries

were diluted to a final concentration of 100 pM. The

final barcoded libraries were pooled and adjusted to

a final concentration of 50 pM. Template preparation

and chip loading were carried out on an Ion ChefTM

System (Thermo Fisher). Eight samples were loaded

onto an Ion 550TM chip. Finally, Ion 550TM chips were

sequenced on an Ion S5TM Sequencer (Thermo

Fisher). Analysis of raw sequencing data was per-

formed using TORRENT SUITE Software (v5.10.0,

Thermo Fisher). For sequencing coverage analysis,

the COVERAGEANALYSIS (v.5.10.0.3) plug-in was used

(Thermo Fisher). Raw reads were aligned to the

human reference genome hg19. Variant calling, anno-

tation, and filtering were performed on the Ion

Reporter (v5.10) platform using the Oncomine Taq-

Seq Pan-Cancer Liquid Biopsy workflow (v5.10). The

clinical significance of somatic variants was performed

according to Standards and Guidelines for the Inter-

pretation and Reporting of Sequence Variants in

Cancer.

2.4.6. NGS with the GeneReader platform

(GeneReader)

Purified DNA (16.75 lL, ~ 10–70 ng) was used as a

template to generate libraries for sequencing with the

GeneRead TM QIAact Lung DNA UMI Panel,

according to manufacturer’s instructions. The panel is

designed to enrich specific target regions containing

550 variant positions in 19 selected genes frequently

altered in lung cancer tumors (AKT1, ALK, BRAF,

DDR2, EGFR, ERBB2/HER2, ESR1, KIT, KRAS,

MAP2K1, MET, NRAS, NTRK1, PDGFRA,

PIK3CA, PTEN, ROS1, FGFR1, and RICTOR),

including MET exon 14 skipping mutations. Libraries

were quantified using a QIAxcel Advanced System

(QIAgen) and Qubit dsDNA HS Assay kit (Thermo

Fisher Scientific), diluted to 100 pg/lL, and pooled in

batches of 6 (liquid biopsies). Clonal amplification was

performed on 625 pg of pooled libraries by the Gene-

Read Clonal Amp Q Kit (QIAgen) using the Gene-

Read QIAcube and an automated protocol. Following

bead enrichment, pooled libraries were sequenced

using the GeneRead UMI Advanced Sequencing Q kit

in a GeneReader instrument. QIAGEN CLINICAL INSIGHT

ANALYZE software (QIAgen) was employed to perform

the secondary analysis of FASTQ reads, align the read

data to the hg19 reference genome sequence, call

sequence variants, and generate a report for visualiza-

tion of the sequencing results. Variants were imported

into the QIAGEN Clinical Insight Interpret web inter-

face for data interpretation and generation of final cus-

tom report.

2.5. Statistical analysis

For the analysis of cfDNA extraction yield according

to extraction method, a Friedman test was carried

out to assess whether the measurements of the

amount of cfDNA (ng) normalized by milliliter of

plasma obtained by each methodology were equiva-

lent. The Friedman test is used for one-way repeated-

measures analysis of variance by ranks [15]. The dif-

ference in AFs between EGFR-sensitizing and

p.T790M mutation was assessed using the Wilcoxon

signed-rank test. The agreement between different

methodologies for the assessment of p.T790M status

as well as the original EGFR-sensitizing mutation

status (detected vs not detected) was evaluated using

the kappa coefficient values and the corresponding

95% confidence intervals (95% CI). The strength of

agreement is considered slight when the K values are

between 0.00 and 0.20 fair, 0.21 and 0.40 moderate,

0.41 and 0.60 good, 0.61 and 0.80 and almost perfect,

0.81 and 0.99 [16]. To evaluate the relative accuracy

of each method, EGFR mutation status using the

FFPE sample from the rebiopsy was considered the

gold standard. For this purpose, sensitivity, speci-

ficity, positive likelihood ratio, and negative likeli-

hood ratio were calculated.

The difference in MAFs between EGFR mutations

was assessed using the Wilcoxon signed-rank test and

the reliability between MAFs measured by different

methodologies was evaluated using the intraclass cor-

relation coefficient (ICC) through a two-way mixed-ef-

fects model, along with the 95% confidence interval.

Lin’s concordance correlation coefficient [17,18] was

estimated to assess the concordance between the mea-

sures two by two, interpreting the coefficient as poor if

< 0.90, 0.90–0.95 as moderate, 0.95–0.99 as substantial

and > 0.99 almost perfect [19].

In addition, Passing and Bablok [20] regression anal-

ysis was performed to assess the agreement and possi-

ble systematic bias between methods. Linear model
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validity was performed using the CUSUM test for lin-

earity. Similarly, AF measurements by NGS-based

methodologies employed were graphically displayed by

means of Bland–Altman plot [21].

Statistical significance was set at P < 0.05. The sta-

tistical analysis was performed using STATA v.15.1 soft-

ware (StataCorp. 2017; Stata Statistical Software:

Release 15, College Station, TX, USA: StataCorp

LLC.)

3. Results

3.1. Study cohort

Clinico-pathological characteristics of the study popu-

lation are presented in Table 1. Most patients were

women (66.67%), of Caucasian ethnicity (95.83%), age

range at diagnosis from 37 to 84 years, with an aver-

age of 65.5 years, and 58.33% of the patients were

never smokers. According to the pathology reports,

91.67% of the cases were adenocarcinomas; the rest of

the cases (8.33%) corresponded to adenosquamous

and large-cell carcinoma. All patients were stage IV,

with 69% being stage IVA. Regarding EGFR status,

48.61% harbored a deletion in exon 19, 45.83% a

point mutation in exon 21, 2.78% a point mutation in

exon 18, one tumor harbored S768I in exon 20, and

another tumor harbored an insertion in exon 20. There

were no significant differences in mutation distribution

according gender, age, or histology. Finally, the med-

ian number of metastatic lesions at disease progression

was 3 (range 1–12), and 27.8% of patients had central

nervous system (CNS) involvement.

3.2. Comparison of DNA extraction methods

Plasma samples were aliquoted and used for cfDNA

extraction using three different methods: MR, QCNA,

and QS. There was a moderate to strong correlation

between the amount of cfDNA (ng�mL�1 plasma)

obtained by each methodology (Pearson correlation

coefficients: 0.85, 0.89, and 0.98 for QCNA-MR, MR-

QS, and QCNA-QS comparisons, respectively;

P < 0.05 in all cases). The median total amounts of

cfDNA (ng) normalized by plasma input volume, as

well as the P25 and P75 yielded by each method, are

presented in Table 2. There were significant differences

in the cfDNA isolation yield between the methods

evaluated (P < 0.001), being lower for MR method

compared to QCNA and QS. Total amount of cfDNA

obtained for each patient and according to each

methodology is presented in Table S3.

3.3. Agreement between methods for EGFR

mutation detection

Purified cfDNA samples were analyzed in three central

laboratories using a total of seven methods. The pro-

portion of observed agreement and Cohen’s kappa

index (K) between methods is shown in Table 3. The

agreement between all methods was almost perfect for

the detection of deletions in exon 19 (K = 0.87;

95% CI: 0.78–0.96) and substantial for exon 21 point

mutations (K = 0.76; 95% CI: 0.63–0.89). Regarding

the T790M resistance mutation, concordance was

lower but still substantial (K = 0.68; 95% CI: 0.57–
0.79). The comparison of two FDA-approved methods

(cobas� and Therascreen) showed almost perfect

agreement for the detection of exon 19 deletions and

T790M mutation (K = 0.81; 95% CI: 0.65–0.97 and

Table 1. Clinicopathological characteristics of the study population.

Feature Value %

Age (years) 66

Sex (N)

Male 24 33

Female 48 67

Smoking status (N)

Current/ex 30 42

Never 42 58

Histology (N)

Adenocarcinoma 66 92

Other 6 8

Stage

IVA 50 69

IVB 22 31

EGFR mutation (N)

Deletion exon 19 35 49

Point mutation exon 21 33 46

Other 4 6

Treatment

Afatinib 20 28

Erlotinib 19 26

Gefitinib 31 43

Other 2 3

Table 2. Extraction yield. Median, P25 and P75 of the amount (ng)

of cfDNA obtained per mL of plasma.

Extraction method

QCNA MR QS

Median 19.71 12.25 18.25

P25 13.91 6.78 13.47

P75 28.68 24.06 25.50
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K = 0.83; 95% CI: 0.66–1.00, respectively) and sub-

stantial agreement for the identification of point muta-

tions in exon 21 (K = 0.61; 95% CI: 0.40–0.82).
Remarkably, the agreement between NGS platforms

for the detection of EGFR-activating mutations as well

as the T790M mutation was particularly good (Fig. 1)

(K = 0.84; 95% CI: 0.68–1.00, K = 0.83; 95% CI:

0.66–1.00 and K = 0.77; 95% CI: 0.59–0.95 for the

detection of mutations in exon 19, 21, and T790M,

respectively). Finally, high-sensitivity PCR-based

methodologies showed perfect to substantial agreement

(K = 0.89; 95% CI: 0.78–0.99, K = 0.80; 95% CI:

0.67–0.92 and K = 0.68; 95% CI: 0.54–0.83 for the

detection of mutations in exon 19, 21, and T790M,

respectively).

3.4. Investigation of discordant results

The possible causes of discordant results were investi-

gated by elucidating the relationship between the

detection of EGFR mutations and cfDNA input (ng)

and time between assessment of progressive disease

and blood drawn, but no significant differences in

cfDNA input or withdrawn timing were found

between concordant and discordant samples. Next, we

examined whether discordant results were related to

differences in the limits of detection (LOD) of the dif-

ferent assays and, consequently, if discordant calls

occurred mostly at low MAFs. We thus performed an

agreement analysis discarding samples in which EGFR

mutations were detected at MAFs ≤ 0.5%. It is note-

worthy that, in this subset of samples, the agreement

between high-sensitivity PCR-based methods was

perfect for the detection of exon 19 deletions and the

T790M mutation and increased to K = 0.93 (95% CI:

0.83–1.00) in the case of point mutations in exon 21

(Table S4). The agreement for exon 21 and T790M

mutations also improved in the case of NGS-based

methods when samples with MAFs ≤ 0.5% were

excluded from the analysis.

Finally, we investigated whether any clinico-patho-

logical feature of the patients was associated with

lower MAFs and could be a potential indicator of

tumor shedding. In this study, ctDNA levels were not

dependent on age, sex, histology, sum of metastatic

lesions, or metastasis location, except for the presence

of CNS metastasis. EGFR-sensitizing mutations were

detected at significantly lower MAFs in patients pro-

gressing exclusively at the CNS level compared to

patients with disease progression assessed at other

anatomical locations (Fig. S2). The T790M detection

rate was also lower in the subset of patients progress-

ing at CNS exclusively (Table S5).

3.5. Correlation between MAFs obtained by

different methods

In our patient cohort, MAFs of positive samples ran-

ged from 0.02% to 63.9%. A list containing all

detected mutations and corresponding MAFs is avail-

able in Data S1. We assessed the reliability of MAFs

obtained using quantitative techniques by first calculat-

ing the intraclass correlation coefficients (ICCs). As

shown in Table 4, the MAF results determined by the

two NGS-based methods, OncomineTM Pan-Cancer

Cell-Free Assay and GeneReadTM QIAact Lung DNA

UMI Cancer Panel, were almost identical (ICC = 0.98;

95% CI: 0.96–0.99 for EGFR-sensitizing mutations

and ICC = 0.97; 95% CI: 0.95–0.98 for T790M). Simi-

larly, MAFs estimated using high-sensitivity PCR-

based platforms showed an excellent agreement

(ICC = 0.93; 95% CI: 0.90–0.96 for EGFR-sensitizing

mutations and ICC = 0.86; 95% CI: 0.79–0.91 for

T790M).

Next, we used Passing–Bablok regression analysis to

estimate the agreement and possible systematic bias

between NGS-based methods and obtained equations

of Y = 1.107 (95% CI: 1.029–1.200) X for EGFR-acti-

vating mutations and Y = 1.059 (95% CI: 0.974–
1.585) X for MAFs of the T790M mutation (Fig. 2A).

A CUSUM test indicated no significant deviation from

linearity (P > 0.20), while the Bland–Altman plot

(Fig. 2B) showed little bias between the two NGS-

based methods for EGFR-sensitizing mutation and

T790M MAF quantification (bias = 0.85, 95-

% CI = �12.99 to �14.69 and bias = 0.013,

Table 3. Agreement between methodologies for the detection of

deletions in exon 19, point mutations in exon 21 and the T790M

mutation. Percentage of agreement, Cohen’s kappa index (K), and

corresponding confidence intervals.

Comparison group Mutation Agreement Kappa 95% CI

All techniques Exon 19 95.50 0.87 0.78–0.96

Exon 21 91.26 0.76 0.63–0.89

T790M 86.83 0.68 0.57–0.79

IVD-approved Exon 19 92.86 0.81 0.65–0.97

Exon 21 85.71 0.61 0.40–0.82

T790M 94.29 0.83 0.66–1.0

High-sensitivity PCR

based

Exon 19 96.15 0.89 0.78–0.99

Exon 21 91.67 0.80 0.67–0.92

T790M 85.19 0.68 0.54–0.83

NGS-based Exon 19 94.37 0.84 0.68–1.00

Exon 21 94.2 0.83 0.66–1.00

T790M 91.55 0.77 0.59–0.95
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95% CI = �3.12–3.14, respectively), with only three

measurements lying outside the confidence interval in

both cases. Similar results were obtained for PCR-

based platforms (Fig. S3).

Finally, there was a significant but weak positive

correlation between MAFs and total cfDNA concen-

tration (Spearman’s correlation coefficient below 0.4 in

all cases).

3.6. Comparison with tissue biopsies

A rebiopsy at disease progression was obtained from 35

(48.61%) patients. According to the pathology report,

the original EGFR-sensitizing mutation was detected in

all FFPE samples, while the T790M mutation was pre-

sent in 15 tumor samples (43%). The T790M mutation

was more frequent in patients whose tumors harbored a

deletion in exon 19 (77%) than in those with other sen-

sitizing mutations (54%). Of note, in cases in which

rebiopsy was not possible (N = 37), the T790M muta-

tion was detected in the plasma sample by at least one

method in 18 cases. Overall, T790M mutation was

detected by at least one method in 39 (54%) plasma

samples. The detection of the T790M mutation in the

plasma was not associated with the TKI received nor

with any clinic-pathological features analyzed (gender,

age, histology, smoking status).

The sensitivity, specificity, and positive and negative

likelihood ratios for each method, considering the

results of rebiopsy as the gold standard, are shown in

Table 5. Of note, the G719X and S768l mutations,

which were reported to be present in two rebiopsies

from two independent patients, were not detected by

any of the methodologies. As shown, all parameters

were superior for EGFR-sensitizing mutations com-

pared with the T790M mutation. Remarkably, the

T790M was systematically detected at lower MAF in

the plasma sample than the original EGFR-sensitizing

mutation (P < 0.001; Wilcoxon test) (Fig. S4), suggest-

ing that the lower MAF values for T790M could limit

assay performance.

Sensitivity and specificity of each methodology, for

the detection of the original EGFR sensitizing consid-

ering the gold standard the original tissue specimen is

presented in Table S6.

4. Discussion

Biomarker testing using liquid biopsies is becoming

the standard of care in many clinical laboratories as a

noninvasive procedure with a short turnaround time.

However, studies assessing the agreement between dif-

ferent platforms and, more importantly, exploring bio-

logical and technical factors responsible for discordant

results are still limited. Here, we present the results of

an observational trial specifically designed to evaluate

the agreement between seven methods used for the

detection of EGFR mutations in the cfDNA. Samples

from 72 patients with stage IV NSCLC progressing to

a first- or second-generation TKI were prospectively

collected in 23 Spanish hospitals under a strict proto-

col. The study was monitored by the Spanish Lung

Fig. 1. Venn diagrams showing concordance among NGS-based methodologies and PCR-based platforms for T790M detection. L2 NGS:

OncomineTM Pan-Cancer Cell-Free Assay performed in laboratory 2. L3 NGS: GeneReadTM QIAact Lung DNA UMI Cancer Panel performed in

laboratory 3. L2 dPCR: QuantStudio�3D Digital PCR System, performed in laboratory 2. L3 TaqMan in-house 5-nuclease real-time PCR assay

in presence of PNA carried out in laboratory 3. L1 BEAMing OncoBEAMEGFRperformed in laboratory 1.

Table 4. ICC and corresponding confidence intervals for equivalent

MAF measurements.

Comparison group Mutation ICC 95% CI

All techniques Sensitizing 0.94 0.92–0.96

T790M 0.94 0.91–0.96

High-sensitivity PCR based Sensitizing 0.93 0.90–0.96

T790M 0.86 0.79–0.91

NGS-based Sensitizing 0.98 0.96–0.99

T790M 0.97 0.95–0.98
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Fig. 2. Comparison of MAFs obtained by NGS-based platforms. (A) Passing-Bablok regression showing close concordance between the two

methods for the assessment of T790M MAFs and Bland–Altman plot showing low level of bias between both methods for quantifying

T790M allele frequency. (B) Passing–Bablok regression and Bland–Altman plot showing the agreement between NGS-based platforms for

the quantification ofEGFR-sensitizing mutations.

Table 5. Sensitivity, specificity positive predictive value (PPV) and negative predictive value (NPV) of each methodology and according to the

type of mutation.

Methodology

T790M Exon 21 Exon 19

Sensitivity

(%)

Specificity

(%)

PPV

(%)

NNV

(%)

Sensitivity

(%)

Specificity

(%)

PPV

(%)

NNV

(%)

Sensitivity

(%)

Specificity

(%)

PPV

(%)

NNV

(%)

BEAMing 54 73 81 42 80 100 100 92 71 100 100 70

dPCR 58 73 82 44 90 100 100 96 62 100 100 64

PNA-Q-PCR 54 73 81 42 70 100 100 89 53 100 100 58

NGS

Oncomine

42 90 91 40 89 100 100 96 62 92 93 60

NGS

GeneReader

42 82 83 40 70 100 100 89 61 100 100 57

Cobas 42 91 91 42 80 100 100 92 65 93 100 65

Therascreen 25 90 86 33 50 100 100 82 50 100 100 58
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Cancer Group (GECP) to minimize the variability

due to preanalytical conditions. Overall, the propor-

tion of observed agreement among all the methods

for the detection of EGFR mutations was good and

particularly high for NGS-based and high-sensitivity

PCR platforms. Interestingly, concordance was

slightly lower for T790M mutation compared to

mutations in exons 19 and 21, which always presented

higher MAFs (P < 0.001; Wilcoxon test) (Fig. S4),

consistent with the idea that T790M mutation is sub-

clonal and arises later in tumor evolution and suggest-

ing that the lower MAF values for T790M mutation

could limit assay performance. A cross-platform com-

parison including 38 samples from patients with

EGFR-mutated lung cancer from the phase 1 AURA

trial analyzed the concordance between the results

obtained with BEAMing, ddPCR, Therascreen, and

cobas� EGFR Mutation Test using tissue results as a

nonreference standard [22]. Consistent with our

results, the authors found that the concordance was

lower for T790M (57%, 48%, 74%, and 70% for

T790M vs 97%, 95%, 97%, and 95% for the L858R

mutation using cobas, Therascreen, ddPCR, and

BEAMing, respectively). In a recent study analyzing

EGFR mutations in plasma from patients recruited in

the AURA3 trial using the cobas EGFR Mutation

Test v2 (cobas plasma), droplet digital polymerase

chain reaction (ddPCR), and an NGS-based test

(Guardant360), a lower positive percent agreement

was observed for the detection of T790M mutation

compared with EGFR exon 19 deletion or L858R

mutation [23].

In our study, rebiopsies were obtained from 35

(48.61%) patients, highlighting the limited tissue avail-

ability after disease progression due to patient safety

concerns. Of note, the T790M mutation was detected

in 18 cases in which rebiopsy was not feasible.

Considering tissue genotyping as a nonreference

standard, in our study sensitivity ranged from 25% to

58% for the detection of T790M mutation. Consistent

with our results, T790M mutation detection rates in

blood samples collected upon disease progression have

been reported to range as broadly as from 18% to

78% [10]. Specificity, however, was acceptable for real-

world applications, which supports the use of blood as

a first choice for assessing EGFR mutations and rele-

gating tissue tests to cases of negative plasma results.

NGS, dPCR, PNA-Q-PCR, and BEAMing detected a

higher number of T790M-positive samples than cobas

and Therascreen as was observed previously, but with

fewer number or cross comparisons than in our study

[10,22,23]. It is important to point out that EGFR-sen-

sitizing mutations landscape is complex and

uncommon clinically relevant EGFR mutations in

exons 18, 19, 20, 21 might not be detected by qPCR-

based technologies. In this way, singleplex approaches

such as dPCR are limited by the number of mutations

that can be interrogated in a given sample and might

require to prioritize the order of mutations to be

tested. On the contrary, NGS-based approaches permit

to interrogate a wide number of mutations simultane-

ously saving time and sample material.

We explicitly examined the effect of the input quan-

tity DNA and MAF for discordant calls. First, we

were not able to demonstrate an improvement in the

agreement between methods when samples with low

cfDNA input were discarded from the analysis. Con-

versely, the agreement ranged from almost perfect to

perfect (K = 1) when excluding samples in which an

EGFR mutation was detected at MAFs ≤ 0.5%. This

observation could also explain the higher agreement

and better sensitivity and specificity of methods when

analyzing EGFR-sensitizing mutation compared to the

concomitant T790M mutation. As mentioned, the

T790M mutation was always detected at lower MAFs

with respect to the original EGFR-sensitizing mutation.

Consistent with this, in a recent paper comparing

BEAMing and ddPCR for ctDNA analysis using

plasma samples from advanced breast cancer patients

enrolled in the PALOMA-3 trial, the authors showed

that discordant calls occurred at MAFs < 1% [24].

Likewise, in the above-mentioned study analyzing sam-

ples from the AURA3 trial, the authors reported that

discordant results between NGS and ddPCR always

occurred in cases where mutations were detected at

MAFs ≤ 1% [23]. Nevertheless, this study did not

explore the patient’s outcome according to MAFs, as

it was conceived a non-post-authorization (non-PAS),

noninterventional study where participants did not

receive treatment in relation to the study. Further

studies addressing the impact on MAF in treatment

outcome would be of particular interest.

We were not able to demonstrate a significant asso-

ciation between DNA input and discordant results,

but the opposite hypothesis cannot be ruled out.

Indeed, there was a significant but weak positive corre-

lation between MAFs and total cfDNA concentration.

Other researchers have previously reported this obser-

vation [25], meaning that EGFR mutations can be

detected in the cfDNA at AF > 0.5%, even when the

amount of cfDNA is low. Therefore, in our hands,

MAFs is the best parameter for evaluating how trust-

worthy the result of a plasma test is and should be

always informed in clinical reports. Clinical guidelines

should stress the fact that plasma genotyping is less

informative when MAFs are missing.
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Despite emerging evidence suggesting that quantita-

tive information from plasma genotyping is clinically

relevant [24,25], the available data evaluating the con-

cordance between quantitative MAF values are still

limited to small sets. Here, we compared MAF mea-

surements assessed by each method using statistical

methods common in laboratory medicine, namely the

Passing-Bablok regression and Bland–Altman plots.

However, these methods are scarcely used for compar-

ing the performance of molecular biology-based tech-

niques [26,27]. Nevertheless, we believe that MAFs can

be considered as a clinical chemistry analyte, such as

glucose or cholesterol, and therefore, methods should

be compared using statistical approaches specifically

designed for this aim. Importantly, our data indicate

that there was an excellent concordance between

MAFs obtained by NGS-based techniques and

obtained by high-sensitivity PCR-based methods. With

an analytic sensitivity like that of dPCR or BEAMing,

NGS-based assay would be the best option for study-

ing oncogenic drivers in the ctDNA as a wider number

of somatic mutations can be interrogated. A limited

number of studies have evaluated the concordance

between NGS-based assays using clinical samples and

conflicting results have been reported. While some

researchers have found very low congruence between

platforms for same-patient-paired samples [28], others

have reported a high rate of concordance in direct

comparisons between NGS-based platforms, with dis-

cordant somatic mutations being mostly subclonal

[29]. This suggests that discordant calls mostly occur

at low MAF values.

Driver mutation MAFs varied from patient to

patient by as much as 0.02% to 54.4%. To elucidate

which factors could determine such a difference, we

evaluated several clinical variables. In our hands, the

presence of CNS metastasis was the only factor affect-

ing MAFs, suggesting that biomarker testing using liq-

uid biopsies could be limited by the anatomical

location of the cancer lesions and that assay sensitivity

might be compromised in patients with CNS metasta-

sis. Indeed, it is well established that ctDNA is more

frequently detected in patients with solid tumors out-

side the brain [30], and we have recently demonstrated

that pleural effusion, ascites, and cerebrospinal fluid

are superior to blood for detecting somatic mutations

in patients with pleural, peritoneal, or CNS involve-

ment [31]. On the other hand, since our cohort was

very homogenous in terms of the type of patients

included (i.e., all patients had stage IV disease, samples

were all collected at the first disease progression after

first-line treatment with TKI, most cases were adeno-

carcinoma, etc.), we were unable to analyze the impact

of other clinical factors affecting tumor shedding (i.e.,

tumor stage).

The strengths of our study include the comparison

of many platforms, in contrast with previously pub-

lished studies, sample anonymization and blind analy-

sis by the participating laboratories and, finally, that

samples were prospectively collected under a strict pro-

tocol, with all enrolled patients being at the same clini-

cal treatment stage, immediately after progression to a

first-line TKI treatment. Moreover, the study was

monitored by a contract research organization (Span-

ish Lung Cancer Group) to minimize clinical variabil-

ity. One limitation is that we did not measure

potential contamination from somatic mutations attri-

butable to clonal hematopoiesis, although, to our

knowledge, somatic mutations in the EGFR gene due

to clonal hematopoiesis are very rare events at best

[32,33].

5. Conclusion

This prospective multicenter study demonstrates that

NGS, digital PCR, and RT-PCR-based methodologies

show good to excellent agreement for the detection of

EGFR mutations in cfDNA, including the T790M

mutation, with most discordant calls occurring at

MAFs ≤ 0.5%. With NGS enabling the simultaneous

testing of multiple mutations, our results support the

use of this technology for noninvasive biomarker test-

ing and suggest that MAFs and the limits of detection

of the assay used should always be reported in the

clinical setting.
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Fig. S1. Flowchart of the procedure work.
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Fig. S3. Comparison of MAFs obtained by NGS-

based platforms.
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sensitizing and the T790M mutation according to each

platform.
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to extraction method.

Table S2. Analytical sensitivities for each platform.
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mL of plasma for each patient and according to each
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Table S4. Agreement between methods for the detec-
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21 and the T790M mutation.

Table S5. T790M detection rate in patients with and

without CNS metastases according to method.
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allele frequency according to methodology.
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