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BACKGROUND: Circulating cell-free tumor DNA (ctDNA)-based mutation profiling, if sufficiently sensitive and comprehensive, can 

 efficiently identify genomic targets in advanced lung adenocarcinoma. Therefore, the authors investigated the accuracy and clinical util-

ity of a commercially available digital next-generation sequencing platform in a large series of patients with non–small cell lung cancer 

(NSCLC). METHODS: Plasma-based comprehensive genomic profiling results from 8388 consecutively tested patients with advanced 

NSCLC were analyzed. Driver and resistance mutations were examined with regard to their distribution, frequency, co-occurrence, and 

mutual exclusivity. RESULTS: Somatic alterations were detected in 86% of samples. The median variant allele fraction was 0.43% (range, 

0.03%-97.62%). Activating alterations in actionable oncogenes were identified in 48% of patients, including EGFR (26.4%), MET (6.1%), 

and BRAF (2.8%) alterations and fusions (ALK, RET, and ROS1) in 2.3%. Treatment-induced resistance mutations were common in this 

cohort, including driver-dependent and driver-independent alterations. In the subset of patients who had progressive disease during 

EGFR therapy, 64% had known or putative resistance alterations detected in plasma. Subset analysis revealed that ctDNA increased the 

identification of driver mutations by 65% over standard-of-care, tissue-based testing at diagnosis. A pooled data analysis on this plasma-

based assay demonstrated that targeted therapy response rates were equivalent to those reported from tissue analysis. CONCLUSIONS: 

Comprehensive ctDNA analysis detected the presence of therapeutically targetable driver and resistance mutations at the frequencies 

and distributions predicted for the study population. These findings add support for comprehensive ctDNA testing in patients who are  

incompletely tested at the time of diagnosis and as a primary option at the time of progression on targeted therapies. Cancer 2020;126: 

3219-3228. © 2020 The Authors. Cancer published by Wiley Periodicals LLC on behalf of American Cancer Society This is an open access 

article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any  

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 
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INTRODUCTION
The practice of precision oncology in metastatic non–small cell lung cancer (NSCLC) requires analyzing a growing set 
of tumor alterations predictive of drug activity. To identify uncommon but actionable mutations, comprehensive next- 
generation sequencing (NGS) approaches are increasingly recommended.1,2 The National Comprehensive Cancer 
Network guidelines and the College of American Pathology/International Association for the Study of Lung Cancer/
Association for Molecular Pathology guidelines recommend up-front testing for epidermal growth factor receptor (EGFR) 
activating mutations, ALK and ROS1 fusions, and BRAF V600E.1,3 There is also a consensus for testing high-level MET 
copy number gain (CNG), MET exon 14 skipping (E14skip) mutations, and RET and NTRK rearrangements, each of 
which is associated with available therapies, and active clinical trials testing therapies that target ERBB2 (HER2) activat-
ing mutations. Although it is not currently linked to an approved targeted agent, the identification of KRAS activating 
mutations at diagnosis effectively rules out the presence of other actionable driver alterations.4,5

Although the initial efficacy of tyrosine kinase inhibitors (TKIs) is high in oncogene-driven NSCLC, eventual 
acquired resistance is almost universal. The use of liquid biopsy to identify mechanisms of resistance (MORs), such as 
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T790M, is already guideline-recommended regardless of 
tissue biopsy feasibility.1,3 As new generations of targeted 
agents—characterized by improved kinetics, target spec-
ificity, and brain metastasis control—receive US Food 
and Drug Administration (FDA) approval and transition 
into the front line, it has become evident that each agent 
generates a distinct resistance profile that differs from the 
profiles associated with first-generation inhibitors.1,6-8 
For instance, patients with cancers harboring ROS1 
fusions often acquire intragene resistance mutations, 
analogous to ALK resistance mutations, which may be 
treatable with alternative inhibitors.9 NSCLCs with RET 
fusions and MET E14skip mutations may acquire gate-
keeper mutations, necessitating a change in TKI.10,11 
Clearly, identifying the specific MOR at the time of 
progression is essential for continued personalized ther-
apy. Furthermore, identifying nontargetable MORs (ie, 
KRAS or RB1 mutations) may predict lack of response to 
a next-generation TKI and require pursuit of alternative 
strategies. Tools that increase the availability of informa-
tive biomarkers, both at baseline and at progression, will 
be instrumental to improved outcomes in NSCLC.

The sequencing of circulating cell-free tumor DNA 
(ctDNA), if sufficiently sensitive and comprehensive, can 
efficiently identify genomic targets in advanced NSCLC. 
Although the spectrum and frequency of NSCLC onco-
genic driver mutations have been described in tissue4,12 
and their concordance with plasma ctDNA has been well 
published,13,14 questions remain regarding how well they 
can consistently be recapitulated in ctDNA and whether 
additional information stemming from metastatic tumor 
heterogeneity may improve diagnostic utility. Here, we 
describe the spectrum of mutations found in a cohort of 
more than 8000 patients with NSCLC who were analyzed 
using a commercially available, comprehensive ctDNA 
NGS panel (Guardant360; Guardant Health, Inc). We also 
report results of a pooled analysis of published TKI response 
rates in ctDNA-identified driver mutation-positive cases, 
supplemented by a patient cohort newly reported herein.

MATERIALS AND METHODS

Patients
Clinical history and molecular test results from all indi-
viduals with a diagnosis of advanced (defined on the test 
request form as stage IIIB-IV) lung adenocarcinoma 
(LUAD) or NSCLC not otherwise specified (NSCLC-
NOS) who underwent ctDNA analysis using clinical 
Guardant360 testing between June 2014 and October 
2016 were reviewed for inclusion (see Supporting 
Methods). The generation of de-identified data sets by 

Guardant Health for research purposes was approved by 
the Quorum Institutional Review Board.

Clinical outcomes data were collected by chart review 
and analyzed for a subset of patients who consented to 
the Clinical Outcomes of Cancer Patients with Cell Free 
DNA Tumor Sequencing study (Science37 Registry) (see 
Supporting Methods). Response rates were assessed using 
modified Response Evaluation Criteria in Solid Tumors 
(RECIST) criteria (version 1.1).

ctDNA Analysis
ctDNA for the Guardant360 assay, a New York State 
Department of Health-approved test, was isolated from 
plasma, and NGS was performed as previously described at 
Guardant Health Inc, a Clinical Laboratory Improvement 
Amendments-certified, College of American Pathologists-
accredited laboratory.13,15 These data span 3 versions of 
Guardant360, which included additions to the genes and/
or variant types detected, without changing the underly-
ing test methodology. Point mutations were analyzed in 
54 to 70 genes, CNG was analyzed in up to 18 genes, 
fusions were analyzed in up to 6 genes, and small inser-
tions and/or deletions (indels) were analyzed in up to 3 
genes, depending on the panel version performed (see 
Supporting Table 1). Detailed descriptions of the assay 
and its validation were published previously.13,15

Data Analysis
Demographic data, mutation frequencies, and variant 
allele fractions (VAFs) were analyzed and reported for 
the full cohort. VAFs were defined as the proportions of 
variant alleles relative to wild-type alleles. Detailed analy-
ses regarding oncogene mutation prevalence and resist-
ance landscape were conducted on the subset of patients 
tested using the 70-gene panel (N = 6087; 70% of total; 
Table 1). An oncoprint was constructed using data from 
the 2844 patients who had an alteration in ≥1 oncogenes 
of interest (n  =  3956 alterations), including only ≥3 
CNGs.16,17 A 2-tailed chi-square test was used to assess 
the mutual exclusivity of EGFR and KRAS mutations, 
and a Fisher exact test was used to compare frequencies of 
classic and nonclassic EGFR and KRAS mutations.

A literature review was conducted for MORs occur-
ring in NSCLC after treatment with an EGFR TKI, and 
the frequencies of these MORs were calculated among 
patients tested with the 70-gene panel whose blood was 
known to have been drawn at progression on an EGFR 
TKI (N = 447).

Another literature review was conducted for 
NSCLC studies that used the Guardant360 assay and 
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reported response rates for ≥3 patients. EGFR activating 
mutations; ALK, ROS1, and RET fusions; BRAF V600E; 
ERBB2 exon 20 insertions; MET E14skip mutations; 
and MET high-level CNGs were included in counts of 
targetable driver mutations, and patients were subse-
quently treated in the first or second line and beyond. 
Case-specific data were abstracted, and pooled objective 
response rates (ORRs) and disease control rates (DCRs) 
were calculated. Treatment data and line of treatment sta-
tus were only available for a subset of patients with driver 
mutations. In some cases, necessary patient-specific data 
were not published, and the authors were contacted and 
shared the necessary data. Patients without line of therapy 
data were excluded from analyses regarding line of ther-
apy but were included in gene-specific and therapy-spe-
cific calculations. Response was assessed by RECIST ver-
sion 1.1 unless otherwise specified. The z ratio was used 
to assess differences between the ORRs of patients treated 
based on Guardant360 results and those treated based 
on tissue results, with a 2-tailed P value <.05 indicating 
significance.

RESULTS
From June 2014 through October 2016, 9202 consecu-
tive plasma samples from 8388 patients with advanced 
NSCLC underwent Guardant360 testing (for demo-
graphics, see Table 1). The mean number of days between 

initial diagnosis and ctDNA collection was 467  days 
(median, 177 days). The submitting sites indicated that 
all patients had NSCLC, with an additional 49% further 
described as LUAD. Most samples (70%) were assessed 
using the 70-gene panel (Table 1), and all gene-specific 
and mutation-specific analyses were conducted with this 
largest subcohort unless otherwise noted.

Somatic alterations were detected in 86% of all sam-
ples and increased with each assay iteration, with alter-
ations detected in 78%, 84%, and 87% of samples for 
the 54-gene, 68-gene, and 70-gene panels, respectively. 
The median number of alterations per sample for all 
panels was 3 (range, 0-93 alterations), and the median 
VAF was 0.43% (range, 0.03%-97.62%) (see Supporting  
Fig. 1 and Supporting Methods).

Oncogene Mutation Detection
Driver oncogene mutations were identified in 2948 
of 6087 patients (48.4%), or 57.2% of those who had 
≥1 alteration detected (2948 of 5151 patients) (see 
Supporting Table 2). In this cohort, EGFR driver muta-
tions were most frequent (26.4%), followed by KRAS 
mutations (17.2%), MET CNG (5.7%), BRAF mutations 
(2.8%), ERBB2 (HER2) mutations (2.3%), ALK fusions 
(1.3%), RET fusions (0.9%), MET E14skip mutations 
(0.4%), and ROS1 fusions (0.2%) (see Fig. 1).

EGFR driver mutations included exon 19 deletions 
(E19dels) (51.8%), L858R (34.4%), exon 20 insertions 
(E20ins) (4.5%), other commonly accepted activators 
(G719A, G719C, G719D, G719R, and G719S, L861Q 
and L861R; S768I; 9.0%), and other previously reported 
abnormalities (4.5%) (see Supporting Table 3). Sixty-
four percent (n  =  454) of E19dels were the canonical 
E746_A750del; however, the remaining 36% were com-
posed of 50 distinct sequence variants (see Supporting 
Table 4). Similarly, 22 unique E20ins were observed, led 
by S768_N770 duplications (S768_N770dup) (23.0%) 
and A767_V769dup (16.4%) (see Supporting Table 5). 
In 65 cases, rare mutations occurred in tandem with other 
activating EGFR mutations (see Supporting Table 6). 
Notably, 35 of 66 G719 mutations, 16 of 19 S768I muta-
tions, and 19 of 19 E709 mutations were accompanied 
by a second known EGFR activating mutation (see 
Supporting Table 6).

Among KRAS-mutant samples, codon 12 substi-
tutions were most common (80.6%), followed by G13 
and Q61 (8.1% each). Within codon 12, the smoking- 
associated G12C (35%) and G12V (17%) represented the 
most common substitutions, followed by G12D (14%)  
(see Supporting Table 7). KRAS exon 4 activating 

TABLE 1. Demographics

Variable No. (%)

Patient characteristics, N = 8388  
Sex  

Women 4799 (57)
Men 3589 (43)

Pathology  
Adenocarcinoma 4142 (49)
NSCLC-NOS 4246 (51)

ctDNA alterations detected  
Yes 7301 (87)
No 1087 (13)

Panel versiona  
54-Gene panel 358 (4)
68-Gene panel 2230 (26)
70-Gene panel 6087 (70)

Sample characteristics, N = 9202  
Panel version  

54-Gene panel 361 (4)
68-Gene panel 2345 (25)
70-Gene panel 6496 (71)

ctDNA alterations detected  
Yes 7921 (86)
No 1281 (14)

Abbreviations: ctDNA, circulating tumor DNA; NSCLC-NOS, non–small cell 
lung cancer, not otherwise specified.
aSome patients had ctDNA analysis at more than 1 time point, some with 
different panel versions.
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mutations (K117, D119, and A146) were observed in 
1.3% of the cohort, along with other weakly activating 
alterations comprising nearly 3%.18 In 22 samples, mul-
tiple KRAS mutations were detected simultaneously (see 
Supporting Table 8), of which 9 consisted of 2 commonly 
mutated loci (ie, codon 12, 13, or 61).

Among BRAF mutations, V600E was the most fre-
quent (40.3%) followed by G469A, G469V, G469R, and 
G469E (22.3%) substitutions (Table 2; see Supporting 
Table 9). NRAS mutations (n = 56) were observed in 55 
samples (1.1%) and were largely comprised of substitu-
tions at codons 12, 13, and 61 (91%) (see Supporting 
Table 10), whereas HRAS mutations were seen in 15 sam-
ples (0.3%). Activating mutations in MEK1 (MAP2K1) 
were observed in 17 samples, dominated by K57E, 
K57N, K57T substitutions (n =  8) and Y130C substi-
tutions (n = 4). In all but 1 sample, MAP2K1 mutations 
were mutually exclusive with each other and with other 
drivers (Fig. 2A).

Activating alterations in PIK3CA were observed 
in samples from 253 patients. In total, 37 unique sub-
stitutions known to constitutively activate PI3K were 
observed, dominated by E545 (34.2%), E542 (22.5%), 
and H1047 (13.5%). In addition, 9 AKT1 activating 
mutations were seen at E17K or E40K. As observed pre-
viously in NSCLC, PI3K-AKT alterations were mutually 
exclusive with each other but were not mutually exclusive 
with the driver oncogenes listed in Table 2 (see Fig. 2A).

Activating alterations in ERBB2 (HER2) and MET 
were observed in 2.3% and 6.1% of samples, respec-
tively. Small, in-frame insertions in the tyrosine kinase 
domain accounted for 61.3% of ERBB2 mutant cases (see 
Supporting Table 2). MET E14skip mutations and gene 
CNGs were seen in 19 and 295 samples, respectively, and 
2 samples were positive for both.

Fusion events were underrepresented in this cohort 
(collectively, 2%). The most frequent fusion partners 
were EML4 (89.2% of ALK fusions), KIF5B (62.2% 
of RET fusions), and CD74 (55.6% of ROS1 fusions), 
respectively (Table 2). In addition, FGFR3-TACC3 
fusions were seen in 6 samples, and NTRK1 fusions 
in 2 samples (LMNA-NTRK1, SQSTM1-NTRK1).  
The spectrum of additional mutation frequencies 
(excluding synonymous alterations and variants of 
uncertain significance) are shown in Supporting 
Table 11.

Mutual Exclusivity of Oncogenic Drivers
NSCLC driver mutations in 18 known lung-associated 
oncogenes showed a pattern of mutual exclusivity (Fig. 2A),  
consistent with prior analysis on a smaller subset.5 Of the 
5151 patients, 1361 harbored EGFR mutations, and 888 
harbored KRAS mutations; however, only 25 were positive 
for both (P  <  .0001). Of these, 14 patients (56%) har-
bored nonstandard EGFR or KRAS abnormalities, includ-
ing KRAS A146T, V14I, Q22R, L19F, and T50I mutations 

FIGURE 1. Non–small cell lung cancer tumorigenesis pathways and mutation frequencies are illustrated. Pathway representations 
show the genes assessed and the number of patients who had mutations identified. Mutation counts are of pathogenic single 
nucleotide variants unless otherwise specified.
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MEK1
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and/or EGFR R451C, T725M, D761N, and E330K 
mutations. Thus the few samples that were positive for 
both EGFR and KRAS mutations had significantly more 
nonstandard mutations than the single-mutant samples 
(P < .0001). Seven of these also harbored EGFR T790M 
mutations, suggesting that, in many cases, the presence of 
a KRAS mutation may be associated with emergent resist-
ance. To further assess this, we evaluated the clonality of 
these mutations by calculating the relative VAF and cor-
recting for copy number, as previously described.5 The 
results showed that KRAS was subclonal in 5 of 7 patients, 
suggesting acquired resistance, and was not subclonal in 
the other 2 patients, suggesting possible innate resistance 
or possibly the presence of 2 different primary cancers.

Acquired Resistance in EGFR-Mutant and ALK-
Mutant Cases
Among patients whose blood was known to have been 
drawn at the time of progression while they were receiving 
an EGFR TKI (N = 447), 310 (69%) had received prior 
erlotinib, 87 (19%) had received prior afatinib, 2 (0.4%) 
had received prior gefitinib, 32 (7%) had received prior 
osimertinib, 10 (2%) had received prior rociletinib, and 6 
(1%) had received another unspecified, third-generation 
EGFR TKI on a trial.

A typical distribution of EGFR intragene resistance 
mutations was identified (Fig. 2B). EGFR L747S (n = 2) 
and T854S (n = 1) mutations were also observed but in 
patients who had unknown treatment status and thus 
are excluded from Figure 2B. All 5 C797S-positive cases 
also harbored T790M and occurred in patients who were 
receiving a third-generation TKI (3 osimertinib, 1 rocile-
tinib, and 1 trial drug not specified), accounting for 10% 
of the 48 patients who had samples drawn at the time of 
progression on a third-generation TKI. Among previously 
recognized bypass MORs, the largest subgroups were 
MET CNG, PIK3CA activating mutations, and ERBB2 
CNG. Activation of BRAF (3 V600E, 3 G469A/G469R, 
and 1 L485F) and KRAS secondary activating fusions and 
loss of RB1 also were detected.

Among the 65 patients who had ALK fusions, 32 
(49%) were naive to ALK inhibitor therapy, and 11 had 
unknown prior treatment status. Five occurred in patients 
who progressed on an EGFR TKI at VAFs that were sub-
clonal to a primary EGFR mutation, likely as an acquired 
MOR, as described previously.19 Of the remaining 17 
patients, 7 (41%) had ≥1 ALK single-nucleotide variant 
(SNV) known to confer acquired resistance, including 
G1202R (N = 4), I1171T (N = 2), L1196M (N = 2), 
and 1 each of F1174C and F1174V. Two patients had 

TABLE 2. Key Oncogene Mutation Spectrum

Oncogene Mutation No.a %b Oncogene Mutation No.a %b

EGFR driver mutations, n = 1418 mutations in 1361 patientsc     ERBB2 mutations, n = 126 mutations in 124 patients    
Exon 19 deletions 705 51.8 Exon 20 insertion 76 61.3
L858R 468 34.4 S310F, S310Y 16 12.9
G719A, G719C, G719D, G719R, G719S 66 4.8 V659E 7 5.6
Exon 20 insertion 61 4.5 L755P, L755S, L755A 6 4.8
L861Q, L861R 38 2.8 V777L 4 3.2
S768I 19 1.4 V842I 3 2.4
L833V 9 0.7 D769Y, D769D 3 2.4
Others 52 3.8 Others 11 8.9

KRAS mutations, n = 910 mutations in 888 patientsc     ALK fusions, n = 65    
G12C, G12V, G12D, G12A, G12S, G12F, G12R, G12E 716 80.6 EML4-ALK fusion 58 89.2
G13C, G13D, G13E, G13F, G13P, G13R, G13V 72 8.1 STRN-ALK fusion 3 4.6
Q61H, Q61L, Q61R, Q61K 72 8.1 KLC1-ALK fusion 2 3.1
V14I 10 1.1 KIF5B-ALK fusion 1 1.5
A146V, A146T, A146P 10 1.1 TFG-ALK fusion 1 1.5
Others 30 3.4      

BRAF mutations, n = 142 mutations in 139 patients     ROS1 fusions, n = 9 mutations    
V600E, V600K 56 40.3 CD74-ROS1 fusion 5 55.6
G469A, G469V, G469R, G469E 31 22.3 EZR-ROS1 fusion 2 22.2
G466V, G466R, G466A 12 8.6 SDC4-ROS1 fusion 1 11.1
N581S 11 7.9 TPM3-ROS1 fusion 1 11.1
K601E 7 5.0 RET fusions, n = 45    
D594G, D594A 5 3.6 KIF5B-RET fusion 28 62.2
G596R, G596 4 2.9 CCDC6-RET fusion 13 28.9
Others 16 11.5 NCOA4-RET fusion 4 8.9

aNo. indicates the number of mutations identified.
bThe percentage (%) indicates the proportion of patients with a mutation in that gene who had the respective mutation.
cDouble mutation profiles are detailed in Supporting Tables 6 and 8.
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alternative drivers suggestive of ALK-independent resis-
tance. An additional 3 patients had ≥1 ALK resistance 
SNV without a detectable ALK fusion at progression 

(detected on tissue testing at diagnosis). An expanded 
description of ALK fusions and MORs was previously 
published.19

FIGURE 2. Driver and resistance mutation distribution and co-occurrences are illustrated. (A) An oncoprint illustrates the mutual 
exclusivity of the oncogenes studied (n = 3956 alterations, n = 2844 patients). Percentages shown are of the 2844 patients who 
had ≥1 mutation in ≥1 gene(s) of interest. (B) The epidermal growth factor receptor (EGFR) resistance landscape is illustrated. 
This analysis was limited to patients tested with the 70-gene panel whose blood was known to have been drawn at progression 
when receiving an EGFR tyrosine kinase inhibitor (TKI) according to test request form notes (N = 447). Treatment at the time of 
blood draw was erlotinib (n = 310 patients; 69%), afatinib (n = 87 patients; 19%), gefitinib (n = 2 patients; 0.4%), osimertinib (n = 32 
patients; 7%), rociletinib (n = 10 patients; 2%), or other not specified, third-generation EGFR TKI on a trial (n = 6 patients; 1%). The 
5 C797S events all occurred among patients who were receiving a third-generation TKI (3 osimertinib, 1 rociletinib, 1 trial drug not 
specified) for a prevalence of 10% among the 48 patients who had blood drawn at the time of progression on a third-generation TKI.

A
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Expanded Mutation Detection at Diagnosis
Chart review of consecutive patients identified a subset 
(n  =  1288) for whom tissue biomarker analysis results 
were available or were reported as incomplete because 
of insufficient tissue. Among these, 32% had a National 
Comprehensive Cancer Network-listed or KRAS driver 
mutation (Fig. 3A) reported or had a completely negative 
finding on a comprehensive test. The remaining 68% were 
considered undergenotyped, defined as a lack of results for 
at least 1 of the 7 guideline-recommended genes in tissue 
analysis. ctDNA analysis identified 252 additional patients 
who had an actionable biomarker missed or not evaluated 
by tissue analysis (Fig. 3B). This represents a 65% increase 
in biomarker detection beyond what was initially achieved 
in tissue. One-half of these patients became eligible for 
targeted therapy. The other one-half excluded targeted 
therapy based on KRAS mutation identification.

Fifty patients who had targetable driver mutations 
consented to participate in the Science37 Registry. Data 

regarding outcomes of targeted therapy were available for 
12 of these patients (see Supporting Table 12). Among 8 
patients who were identified by ctDNA but not tissue, 
2 had stable disease, and 6 had a partial response (see 
Supporting Fig. 2).

ctDNA-Directed Therapy and Response Rates
To expand our analysis of the relation between plasma-
based biomarker identification and treatment outcomes 
after appropriate, targeted therapy, a pooled analysis of 
published literature was conducted to supplement the 
patients identified in this study (see Supporting Fig. 2). 
Ten publications met criteria for inclusion.19-28 Line of 
therapy was available for 130 patients, with an ORR of 
68.8% (95% CI, 53.6%-80.9%) and a DCR of 93.8% 
(95% CI, 81.8%-98.4%) in the first-line setting and 
ORR of 58.5% (95% CI, 47.1%-69.2%) and a DCR 
of 86.6% (95% CI, 76.9%-92.8%) in the second-line 
and beyond (see Supporting Table 12). Pooled response 

FIGURE 3. The clinical utility of circulating tumor DNA (ctDNA) genotyping is illustrated in patients who had undergenotyped 
non–small cell lung cancer. The analysis was limited to patients for whom tissue biomarker analysis results were available or 
reported as incomplete because of insufficient tissue (n =  1288). (A) Tissue genotyping status is illustrated (biomarker positive, 
30%; undergenotyped, 68%). QNS indicates quantity/quality not sufficient; UG, undergenotyped (not evaluated for all guideline-
recommended genes because of insufficient tissue or test not ordered). (B) Genotyping of ctDNA increases biomarker identification 
by 65%. This analysis identified 252 biomarkers not previously detected in tissue QNS and undergenotyped cases. Neg indicates 
negative; Pos, positive.

A
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rates also were stratified by gene and targeted therapy 
(n = 186). For ALK and ROS1 fusions, EGFR activating 
mutations, and EGFR T790M-positive patients, ORRs 
were not significantly different from those in the FDA 
registrational study for each drug (Fig. 4).

DISCUSSION
Here, we present the largest investigation of liquid biop-
sies in advanced NSCLC conducted to date, drawn from 
a consecutive series of over 8000 real-world patients from 
typical clinical settings across the United States. Larger 
NGS landscape studies were pancancer studies, relied on 
tissue biopsies rather than blood samples, and only a por-
tion included LUAD or NSCLC.29,30

Previous tissue sequencing studies of patients with 
metastatic NSCLC reported similar mutation spectra, 
providing corroboration for this assay’s ability to detect 
mutations.12,31 Higher rates of EGFR mutations and 
concomitantly lower rates of other driver mutations were 
anticipated because of the frequent clinical use of this test 
in patients progressing on EGFR TKIs.32,33 Another 
recent study prospectively assessed the detection of targe-
table driver mutations in first-line advanced NSCLC with 
the same liquid biopsy assay and confirmed its ability to 
detect driver mutations at frequencies equivalent to those 
detected in tissue.14 The significant structural diversity 
among E19dels and E20ins and the identification of 

rare KRAS mutations highlight the benefits of compre-
hensive NGS because rare variants often are not detected 
by hotspot mutation panels. In addition, variants were 
detected at allele frequencies as low as 0.03% (median, 
0.43%), emphasizing the need for a highly sensitive test 
in this arena, as previous studies have demonstrated that 
patients who have driver mutations with a low VAF have 
response rates to targeted therapy similar to the rates 
among patients who have driver mutations with a higher 
VAF.25,34

The clinical utility of liquid biopsies is enhanced by 
the identification of actionable biomarkers that are not 
detected in the diagnostic tissue specimen. This may result 
from insufficient tissue availability, failed quality control, 
or the use of a biomarker panel with inadequate depth 
or breadth of analysis (undergenotyping). In a subset of 
1288 patients from the current series, comprehensive liq-
uid biopsies provided a 65% increase in driver oncogene 
detection, giving 252 additional patients the opportunity 
to consider targeted therapy and/or clinical trials enroll-
ment. This finding is consistent with a recent study in 
which the addition of comprehensive liquid biopsy nearly 
doubled the number of targetable alterations identified in 
an NSCLC cohort.28

The optimal indicator of biomarker clinical utility 
is its ability to predict response to appropriately targeted 
therapies. Because our data set was largely divorced from 

FIGURE 4. Pooled response rates of patients identified by circulating tumor DNA (ctDNA) compared with the US Food and Drug 
Administration (FDA) label. No statistically significance differences in the overall response rate (ORR) were identified between 
Guardant360-directed therapy and the FDA registrational study (P > .12 for each therapy). Note that, for drugs without an FDA label, 
the ORR in a pivotal trial was used as a reference comparison. CR indicates complete response; PR, partial response.
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patient outcomes, we supplemented the available, fully 
annotated patients with a pooled analysis of the litera-
ture using this assay in which outcome associations were 
reported. The analysis demonstrated response rates statisti-
cally equivalent to the expected outcomes for each targeted 
agent, as observed in their respective FDA registrational 
studies. This provides additional support for the use of com-
prehensive liquid biopsy to identify patients for targeted 
therapy in the first-line and progression settings. Similarly, 
a recent prospective study reported a disease control rate 
of 85.7% among patients receiving targeted therapy for 
mutations identified using ctDNA NGS.28 CNG events 
detected in plasma are a function of the number of gene 
copies in the tumor, how much ctDNA is shed into the 
peripheral circulation, and the basal levels of normal cell-
free DNA in circulation. Recent studies have developed 
and validated a method for calculating an adjusted plasma 
copy number that statistically correlates with patient out-
comes on targeted therapy.35,36 The predictive utility of 
this assay in identifying effective therapies for patients who 
progress on targeted agents strongly suggests that the posi-
tive identification of an actionable biomarker by ctDNA is 
sufficient evidence for treatment decision making without 
the need for further confirmation in tissue. Because not 
all tumors shed adequate quantities of ctDNA for detec-
tion, lack of detection of oncogenic driver mutations in 
plasma would require follow-up testing by tissue biopsy in 
patients with newly diagnosed, advanced NSCLC. Thus 
clinicians may consider a plasma-first option, defaulting 
to a new tissue biopsy only in the absence of a clinically 
meaningful finding in plasma.

By its nature, this resource does not represent a ran-
dom cross-section of NSCLC in the United States; rather, 
it is composed largely of patients with a significant pre-
treatment history who were analyzed at the time of progres-
sion on a targeted therapy, which influenced the mutation 
patterns, as discussed above. Another key limitation is the 
availability of patient treatment outcomes and matched 
tissue genotyping for only a limited subset, an observa-
tion that led us to conduct the pooled outcome analysis 
(Fig. 4; see Supporting Table 12).3,16 Some alterations 
identified by NGS may be caused by clonal hematopoiesis 
of indeterminant potential (CHIP), not arising from the 
tumor. Mutations caused by CHIP have been identified 
both in ctDNA and in tissue sequencing37 and are most 
frequently identified in the DNMT3A, TET2, ASXL1, 
SF3B1, and PPM1D genes, which are not sequenced in 
the assay studied here, as well as JAK2 and TP53, which 
are included in this assay but are not clinically action-
able in solid tumors (see Supporting Table 1).38,39 KRAS 

and IDH2 mutations are clinically relevant and may be 
CHIP-derived, but this is very rare.38,39 Of the 15,801 
patients tested by Jaiswal et al, only 3 each had CHIP-
based KRAS and IDH2 mutations.38

In summary, we conducted a large-scale assessment 
of the Guardant360 digital NGS platform in more than 
8000 consecutively tested patients with NSCLC and 
identified actionable driver mutations and emergent 
resistance mutations in patient plasma at frequencies 
and distributions matching expectations for this clin-
ical setting. Subset analyses showed that liquid biopsies 
markedly increased the number of actionable/informative 
biomarkers detectable at baseline and that abnormalities 
identified by plasma, both in the first line and at progres-
sion, respond to matched targeted therapy at rates similar 
to published results based on tissue assessment. Thus, at 
diagnosis, plasma NGS may be useful to obtain com-
plete genotyping when tissue is insufficient or incomplete 
(undergenotyped) for all recommended biomarkers and 
can identify targetable driver and resistance mutations in 
NSCLC, supporting the concept of a plasma-first algo-
rithm at progression on targeted therapy.
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