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abstract

PURPOSE Circulating tumor DNA (ctDNA) genotyping on the basis of next-generation sequencing (NGS) may
guide targeted therapy for metastatic colorectal cancer (mCRC). However, the validity of NGS-based ctDNA
genotyping for RAS/BRAF V600E mutation assessment and the efficacy of anti-EGFR and BRAF-targeted
therapies on the basis of ctDNA results remains unclear.

PATIENTS AND METHODS The performance of NGS-based ctDNA genotyping for RAS/BRAF V600E mutation
assessment was compared with that of a validated polymerase chain reaction–based tissue testing in patients
with mCRC enrolled in the GOZILA study, a nationwide plasma genotyping study. The primary end points were
concordance rate, sensitivity, and specificity. The efficacy of anti-EGFR and BRAF-targeted therapies on the
basis of ctDNA were also evaluated.

RESULTS In 212 eligible patients, the concordance rate, sensitivity, and specificity were 92.9% (95% CI,
88.6 to 96.0), 88.7% (95% CI, 81.1 to 94.0), and 97.2% (95% CI, 92.0 to 99.4) for RAS and
96.2% (95% CI, 92.7 to 98.4), 88.0% (95% CI, 68.8 to 97.5), and 97.3% (95% CI, 93.9 to 99.1) for BRAF
V600E, respectively. In patients with a ctDNA fraction of ≥1.0%, sensitivity rose to 97.5% (95% CI, 91.2 to
99.7) and 100% (95% CI, 80.5 to 100.0) for RAS and BRAF V600E mutations, respectively. In addi-
tion to a low ctDNA fraction, previous chemotherapy, lung and peritoneal metastases, and interval
between dates of tissue and blood collection were associated with discordance. The progression-free
survival of anti-EGFR therapy and BRAF-targeted treatment was 12.9 months (95% CI, 8.1 to 18.5)
and 3.7 (95% CI, 1.3 to not evaluated) months, respectively, for matched patients with RAS/BRAF V600E
results by ctDNA.

CONCLUSION ctDNA genotyping effectively detected RAS/BRAF mutations, especially with
sufficient ctDNA shedding. Clinical outcomes support ctDNA genotyping for determining the use of
anti-EGFR and BRAF-targeted therapies in patients with mCRC.
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INTRODUCTION

In metastatic colorectal cancer (mCRC), assess-
ment of a growing number of biomarkers, such as
KRAS/NRAS (RAS) and BRAF V600E mutations,1-3

microsatellite instability (MSI) status,4,5 and HER2
amplifications6,7 is required for optimal treatment
selection. Hence, multigene next-generation se-
quencing (NGS) instead of sequential or parallel
polymerase chain reaction (PCR)–based testing for
each biomarker may be preferred; however, some

disadvantages, such as the lengthy time to return
results, the cost, invasiveness, and the difficulties
related to procedures, limit the use of tissue-based
NGS for biomarker testing before the initiation of
first-line treatment.

SCRUM-Japan GOZILA is one of the largest circulating
tumor DNA (ctDNA) genomic profiling studies. This
study demonstrated that ctDNA NGS had markedly
faster turnaround time than tissue NGS (within
two weeks),8 supporting the potential of ctDNA NGS for
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guiding first-line treatment of mCRC. Data from GOZILA also
validated ctDNA NGS for the assessment of MSI and HER2
amplification with the concordance of 98.2% and 82.7%,
respectively.7,9 Herein, we conducted a validation study by
comparing NGS-based ctDNA genotyping for RAS/BRAF
with tissue PCR-based RAS/BRAF testing, which has been
approved as a companion diagnostic for patients with mCRC
in Japan.

PATIENTS AND METHODS

Study Design and Patients

We aimed to compare the performance of ctDNA RAS/
BRAF assessment with that of tissue-based RAS/BRAF
assessment in the SCRUM-Japan GOZILA study. Patients
with mCRC enrolled in GOZILA between August 2018 and
February 2020 who had available plasma- and tissue-
based RAS/BRAF results before anti-EGFR therapy initia-
tion were included in this study.

GOZILA is a nationwide plasma genomic profiling study in-
volving 31 core cancer institutions in Japan. Patients with
metastatic gastrointestinal cancers were eligible for en-
rollment. All enrolled patients provided written informed
consent, and ctDNA genotyping was conducted using
Guardant360 CDx (Guardant Health, Inc, Redwood City,
CA).10 To avoid ctDNA shedding suppression because of
chemotherapy, participants were required to have disease
progression during systemic chemotherapy and should
not have started subsequent therapy at the time of blood
sampling.

This study was conducted in accordance with the Decla-
ration of Helsinki and the Japanese Ethical Guidelines for
Medical and Biological Research Involving Human Sub-
jects. All study protocols were approved by the institutional
review board of each participating institution and registered
at the University Hospital Medical Information Network
Clinical Trials Registry (UMIN000046220).

ctDNA Genotyping in the GOZILA Study

NGS analysis of ctDNA was performed using Guardant360
CDx at Guardant Health, a Clinical Laboratory Improvement
Amendments–certified, College of American Patholo-
gists–accredited laboratory approved by the US Food and
Drug Administration, the Japanese Pharmaceuticals and
Medical Devices Agency, and New York State Department
of Health, as previously described.11 The assay detects
single-nucleotide variations (SNVs), indels, fusions, and
copy-number alterations in 74 genes, including the RAS
and BRAF mutations reported in RASKET-B, with report-
able ranges of ≥0.04, ≥0.02, and ≥0.004% and ≥2.12
copies, respectively, and MSI.

To estimate ctDNA clonality for somatic SNVs, indels, and
fusions, relative clonality was defined as the variant allelic
fraction (VAF) of the relevant mutation detected in ctDNA
divided by the maximum VAF detected in the plasma
sample. ctDNA fraction was estimated using the surrogate
of maximum VAF. RAS and BRAF V600E mutations were
also included in the ctDNA calculation if they had the
maximum VAF in plasma. All reported somatic variants,
including variants of uncertain significance, were used for
calculation of the ctDNA fraction and clonality, whereas
putative germline variants were excluded.

Tissue RAS/BRAF Testing

Tissue samples were analyzed using the RASKET-B kit
(MBL, Nagoya, Japan), an approved companion diagnostic
for cetuximab or panitumumab in mCRC. RASKET-B de-
tects 53 mutations, including those in codon 12 (G12S,
G12C, G12R, G12D, G12V, and G12A), codon 13 (G13S,
G13C, G13R, G13D, G13V, and G13A), codon 59 (A59T
and A59G), codon 61 (Q61K, Q61E, Q61L, Q61P, Q61R,
and Q61H), codon 117 (K117N), and codon 146 (A146T,
A146P, and A146V) in both KRAS and NRAS as well as
BRAF V600E. The assay uses PCR-reverse sequence-
specific oligonucleotide and Luminex system.12

CONTEXT

Key Objective
Using a large-scale plasma genomic profiling program (SCRUM-Japan GOZILA), we aimed to validate the performance of

next-generation sequencing–based circulating tumor DNA (ctDNA) genotyping for RAS and BRAF V600E in metastatic
colorectal cancer (mCRC) by comparing with a validated tissue polymerase chain reaction–based RAS/BRAF testing.

Knowledge Generated
Our findings demonstrated the concordance rate, sensitivity, and specificity of 92.9%, 88.7%, and 97.2% forRAS and 96.2%,

88.0%, and 97.3% for BRAF V600, respectively. Low ctDNA fraction, previous chemotherapy, lung and peritoneal
metastases, and long interval between dates of tissue and blood collection were associated with discordance. Patients with
wild-type RAS or BRAF V600E by ctDNA genotyping were likely to have the efficacy of targeted therapies similar to those
who received treatment on the basis of tissue testing.

Relevance
Our study supports the use of ctDNA genotyping in the assessment ofRAS andBRAF V600Emutations in patients with mCRC.
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End Points

The primary end points were the concordance rate, sen-
sitivity, and specificity between plasma RAS/BRAF geno-
typing and tissue RAS/BRAF testing. At the planning stage,
plasma RAS/BRAF testing was considered effective if the
concordance rate, sensitivity, and specificity were ≥85%,
≥80%, and ≥90%, respectively. The threshold values were
determined on the basis of previous studies that compared
ctDNA-based genotyping with tissue-based genotyping
and showed that the concordance rate, sensitivity,
and specificity were 82.5%-93.3%, 76.0%-92.6%, and
82.4%-98.2% for RAS mutations and 93.2%-100%,
71.4%-100%, and 97.3%-100% for BRAF V600E muta-
tions, respectively.13-19

Because detection of RAS/BRAF mutations may be less
efficient in plasma samples with a low ctDNA fraction (as
estimated by the surrogate of maximum VAF), concor-
dance, sensitivity, and specificity were assessed in a patient
subset defined by various ctDNA fraction cutoff values
(≥0.1%, ≥0.2%, and ≥1.0%) as secondary end points. In
addition, the concordance rate, sensitivity, and specificity
were also assessed for each codon of KRAS and NRAS,
according to the site of metastatic disease, and between
patients who had received chemotherapy before plasma
collection and those who did not. The best objective

response and progression-free survival (PFS) were evalu-
ated in patients without RAS mutation by tissue or ctDNA
testing who received anti-EGFR therapy and in patients with
BRAF V600Emutations detected by tissue or ctDNA testing
who received encorafenib plus cetuximab with or without
binimetinib.

Statistical Analysis

All analyses were conducted on all patients. Quantitative
data are represented as median and range. The concor-
dance rate between the plasma- and tissue-based tests for
RAS/BRAF mutational status and their 95% CIs on the
basis of the exact binomial distribution for each condition
were estimated. Tumor response was assessed in patients
with measurable lesions using the RECIST version 1.1. PFS
was measured from the date of therapy initiation to the date
of disease progression by investigator judgment or death
from any cause. The PFS rate was estimated by the Kaplan-
Meier method. All statistical analyses were performed using
SAS Release version 9.4 (SAS Institute, Cary, NC).

RESULTS

Patients

Of the 953 patients with mCRC enrolled in GOZILA between
August 2018 and February 2020, 212 underwent both
tissue RASKET-B and Guardant360 CDx testing and had
not been treated with an anti-EGFR antibody before ctDNA
testing (Fig 1). The patients’ characteristics are presented
in the Data Supplement ([Table S1]). The median age was
61.5 years, and 115 patients (54.2%) were male. In 63.7%
of patients, the primary tumor site was at the left color-
ectum, and the liver was the most common metastatic site
(125 patients, 59%). Meanwhile, 146 (68.9%) patients
received chemotherapy before ctDNA blood collection. The
median time from shipping samples to reporting results was
7 days for both tissue and plasma genotyping.

Clinical Validation

RAS mutations were detected in 106 of 212 (50.0%) pa-
tients by tissue testing; ctDNA analysis confirmed RAS
mutations in 94 of 106 tissue RAS-mutant patients (88.7%;
95% CI, 81.1 to 94.0) and did not detect RASmutations in
103 of 106 patients with a tissue RAS wild-type result
(97.2%; 95% CI, 92.0 to 99.4; Table 1A). Using the tissue-
based kit, BRAF V600E mutations were detected in 25 of
212 patients (11.8%). On ctDNA genotyping, BRAF V600E
mutations were detected in 22 of 25 patients with tissue
BRAF V600E mutations (88.0%; 95% CI, 68.8 to 97.5) and
were not detected in 182 of 187 patients with a tissueBRAF
wild-type tumor (97.3%; 95% CI, 93.9 to 99.1; Table 1B).
Therefore, there were concordance rates of 92.9% and
96.2%, sensitivities of 88.7% and 88.0%, and specificities
of 97.2% and 97.3% for RAS and BRAF V600E mutations,
respectively (Tables 1A and 1B).

Of all 212 patients, 204 patients had reportable variants in
ctDNA, with the remaining eight patients in whom passed

Patients with metastatic CRC enrolled in the 
GOZILA study from August 2018 to February 2020

(N = 953)

Withdrawal                      (n = 6)
No ctDNA result            (n = 10)

RAS/BRAF analysis in ctDNA performed
(n = 937)

ctDNA testing after
anti-EGFR antibody initiation

or unknown initiation date
(n = 399)

RAS/BRAF analysis in ctDNA performed
before anti-EGFR antibody initiation

(n = 538)

No RASKET-B results (n = 326)

Included in concordance analysis
(n = 212)

FIG 1. Flow diagram of patient selection. Among 953 patients with met-
astatic CRC enrolled in the GOZILA study from August 2018 to February
2020, 212 patients with RASKET-B and ctDNA results before anti-EGFR
therapy were included in this concordance analysis. CRC, colorectal
cancer; ctDNA, circulating tumor DNA.
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quality control, but no variants were detected. In 204 pa-
tients with available ctDNA fraction results, we evaluated
concordance according to various cutoff values. RAS and
BRAF detection by ctDNA genotyping was better for
samples with ctDNA fraction of ≥0.1%, ≥0.2% and ≥1.0%
(Table 2, Data Supplement [Tables S2 and S3]). In patients
with a ctDNA fraction of ≥1.0%, the concordance rate was
98.1% (95% CI, 94.4 to 99.6) and 96.8% (95% CI, 92.6 to
98.9), the sensitivity was 97.5% (95% CI, 91.2 to 99.7) and
100% (95% CI, 80.5 to 100.0), and the specificity was
98.7% (95% CI, 92.8 to 100.0) and 96.4% (95% CI, 91.7
to 98.8) for RAS and BRAF V600E mutations, respectively.
In addition, the negative predictive value (NPV) also in-
creased for RAS and BRAF V600E mutations (Tables 2A
and 2B). The analysis of sensitivity in correlation with the
continuous variable of ctDNA fraction revealed an im-
provement in the sensitivity of ctDNA testing for RAS and
BRAF V600E mutations as the ctDNA fraction cutoff in-
creased (Data Supplement [Figs S1A and S1B]). In addi-
tion, the sensitivity and concordance for both RAS and
BRAF were better in patients previously untreated or with
liver metastases (Data Supplement [Tables S4 and S5]). We
evaluated specific KRAS and NRAS mutations and found
that most showed a concordance rate of 100% except for
some variants, including KRAS G12D, G12A, Q61L, Q61H,
and A146T and NRAS Q61E and Q61R (Data Supplement
[Table S6]).

We also investigated the characteristics associated with
discordance of RAS/BRAF status between tissue and
ctDNA testing. The median ctDNA fraction of patients with
RAS and BRAF V600E mutations detected on both tissue
and ctDNA (tissue+/ctDNA+) was 9.4% and 6.6%, re-
spectively, whereas the median ctDNA fraction among
patients with tissue+/ctDNA– was 0.2% and 0.6%, re-
spectively (P = .002 for RAS, P = .117 for BRAF V600E;
Fig 2). The median ctDNA relative clonality of RAS mu-
tations was 0.77 in the tissue+/ctDNA+ group and 1.00 in
the tissue–/ctDNA+ group (P = .519). For BRAF V600E, the
relative clonality was 0.92 in the tissue+/ctDNA+ group
and 0.98 in the tissue–/ctDNA+ group (P = .923; Fig 3).
There is no significant correlation between the presence of
RAS/BRAF mutations in tissues and the median relative
clonality of the corresponding mutations in ctDNA.

The median interval between the dates of tissue and
ctDNA collection was significantly shorter in patients with
concordant results for RAS mutation than in those with
discordant results (274.5 v 365 days; P = .045). As for
BRAF V600E mutation, the interval was also shorter in
patients with concordant v discordant results (282.5 v
328 days; P = .372) although the difference was not
significant. Indeed, in treatment-naı̈ve patients with
blood and tissue collected within 3 months, the con-
cordance rate was 98.0% for both RAS and BRAF
mutation, which was better than overall results (Data
Supplement [Table S7]).

TABLE 1. Comparison of Tissue and ctDNA Results for RAS and BRAF V600E Mutations in all Participants
(A) RAS mutation

Tissue Testing

Predictive Value, % (95% CI) Total, No.RAS Mut Present RAS Mut Absent

ctDNA genotyping

RAS mut present, No. 94 3 PPV, 96.9 (91.2 to 99.4) 97

RAS mut absent, No. 12 103 NPV, 89.6 (82.5 to 94.5) 115

Sensitivity and
specificity, %
(95% CI)

Sensitivity,
88.7
(81.1 to 94.0)

Specificity,
97.2
(92.0 to 99.4)

Concordance rate,
92.9 (88.6 to 96.0)

Total, No. 106 106 212

(B) BRAF V600E mutation

Tissue Testing

Predictive Value, % (95% CI) Total, No.BRAF V600E Present BRAF V600E Absent

ctDNA genotyping

BRAF V600E present, No. 22 5 PPV, 81.5 (61.9 to 93.7) 27

BRAF V600E absent, No. 3 182 NPV, 98.4 (95.3 to 99.7) 185

Sensitivity and
specificity, %
(95% CI)

Sensitivity,
88.0 (68.8 to 97.5)

Specificity,
97.3 (93.9 to 99.1)

Concordance rate,
96.2 (92.7 to 98.4)

Total, No. 25 187 212

Abbreviations: ctDNA, circulating tumor DNA; NPA, negative predictive value; PPV, positive predictive value.
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Efficacy of Targeted Therapies according to ctDNA

Genotyping Results

To evaluate the clinical utility of plasma-based RAS/BRAF
assessment, we investigated the efficacy of anti-EGFR
therapy in patients without ctDNA RAS mutations. The
anti-EGFR antibody was given to 22 patients in first-line

therapy, all of whom had RAS/BRAF wild-type status
according to both tissue and ctDNA testing. All but one of
the 22 patients with first-line anti-EGFR therapy received an
anti-EGFR antibody combined with chemotherapy. In all 22
patients, the overall response rate and median PFS were
54.5% (95% CI, 32.2 to 75.6) and 12.9 months (95% CI,

TABLE 2. Comparison of Tissue and Plasma ctDNA Results for RAS and BRAF V600E Mutations in Patients With a ctDNA Fraction of ≥1.0%
(A) RAS mutation

Tissue Testing

Predictive Value, % (95% CI) Total, No.RAS Mut Present RAS Mut Absent

ctDNA genotyping

RAS mut present, No. 77 1 PPV, 98.7 (93.1 to 100) 78

RAS mut absent, No. 2 74 NPV, 97.4 (90.8 to 99.7) 76

Sensitivity and
specificity, %
(95% CI)

Sensitivity,
97.5 (91.2 to 99.7)

Specificity,
98.7 (92.8 to 100)

Concordance rate,
98.1 (94.4 to 99.6)

Total, No. 79 75 154

(B) BRAF V600E mutation

Tissue Testing

Predictive Value, % (95% CI) Total, No.BRAF V600E Present BRAF V600E Absent

ctDNA genotyping

BRAF V600E present, No. 17 5 PPV, 77.3 (54.6 to 92.2) 22

BRAF V600E absent, No. 0 132 NPV, 100 (97.2 to 100) 132

Sensitivity and
specificity, %
(95% CI)

Sensitivity,
100 (80.5 to 100)

Specificity,
96.4 (91.7 to 98.8)

Concordance rate,
96.8 (92.6 to 98.9)

Total, No. 17 137 154

Abbreviations: ctDNA, circulating tumor DNA; NPA, negative predictive value; PPV, positive predictive value.
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FIG 2. Box plot of ctDNA fraction compared between patients with ctDNA–/tissue+ and ctDNA+/tissue+ for RAS and BRAF V600E mutations. The ctDNA
fraction was lower in patients with tissue+/ctDNA– for (A) RASmutation and (B) BRAF V600E mutation. •Signifies an outlier. ctDNA, circulating tumor DNA.
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8.1 to 18.5), respectively (Data Supplement [Fig S2]). We
also investigated the efficacy of anti-EGFR therapy on the
basis of wild-type RAS in ctDNA in four patients who did not
have tissue results in GOZILA. Of these, treatment of two
patients was still ongoing, one with the best of response
(BoR) of partial response (PR) and a PFS of 24.4 months
and the other with BoR of stable disease (SD) and a PFS of
11.8 months (Data Supplement [Table S8]). In three pa-
tients who received anti-EGFR antibody on the basis of wild-
type RAS in ctDNA before the return of tissue results, the PFS
was more than 8.1 months and PR as BoR was achieved in
two patients, one of whom successfully underwent conversion
surgery (Data Supplement [Table S9]).

To evaluate the clinical utility of plasma-based BRAF as-
sessment, we investigated the efficacy of encorafenib plus
cetuximab with or without binimetinib in patients with
ctDNA BRAF V600E. This regimen was given to five pa-
tients with BRAF V600E mutation confirmed in both tissue
and ctDNA and to one patient with BRAF V600E mutation
confirmed by tissue testing alone. The median PFS in six
patients with BRAF mutant in tissue-based testing and
treated with BRAF-targeted therapy, including five patients
with BRAF mutant in ctDNA, was 3.7 months (95% CI, 1.3
to not evaluated (NE); Data Supplement [Fig S2]). Of four
patients who received BRAF-targeted treatment on the basis
of BRAF V600E in ctDNA and had no tissue results, three
patients had PR as BoR with the PFS ranging from 3.6 to
14.2 months (Data Supplement [Table S10]).

DISCUSSION

This validation study of RAS/BRAFmutation assessment by
ctDNA genotyping compared with tissue-based testing met
its primary end point as shown by the concordance rate,

sensitivity, and specificity of 92.9%, 88.7%, and 97.2%
and 96.2%, 88.0%, and 97.3% for RAS and BRAF V600E
mutations, respectively. For patients without detectable
RAS mutations and for those with BRAF V600E mutations
detected by ctDNA genotyping, the efficacy of appropriate
targeted therapies was suggested to be similar to that
observed for patients who received treatment on the basis
of tissue testing although further investigation is necessary.

In our study, ctDNA genotyping for RAS and BRAF V600E
mutations demonstrated concordance with tissue-
based testing. Previously, PCR-based ctDNA testing
for point mutations showed the concordance rate,
sensitivity, and specificity of 86.4%-93.3%, 82.1%-
92.6%, and 90.4%-94.0% and 93.2%-100%, 71.4%-
100%, and 97.3%-100% for RAS and BRAF V600E
mutations, respectively.13-16 By contrast, NGS-based
ctDNA genotyping showed a slightly lower sensitivity
compared with PCR-based ctDNA testing, with the
concordance rate, sensitivity, and specificity of 82.5%-
85.2%, 76.0%-82.8%, and 82.4%-98.2% and 97.3%-
98.4%, 76.7%-83.3%, and 98.9%-100% for RAS and
BRAF V600E mutations, respectively.17-19 Unlike pre-
vious reports of NGS-based ctDNA assays, which were
limited by their small sample size and analytical sen-
sitivity of the specific assays used, we successfully
demonstrated relevant sensitivity from a sufficiently
sized clinical study sample. Our results are qualitatively
similar to those from a study comparing the same ctDNA
testing platform with the physician’s choice of standard
tissue testing in 155 patients with untreated mCRC.20 In
that study, the sensitivity and specificity for ctDNA NGS
were 87.7% and 88.6% for RAS mutations and 100%
and 97.6% for BRAF V600E, respectively.
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We showed 12 of 106 (11.3%) patients and 3 of 25
(12.0%) patients with tissue+/ctDNA– for RAS and BRAF
V600E mutations respectively, which was possibly related
to low tumor shedding. Supporting this hypothesis, the
sensitivity reached 97.5% and 100% for RAS and BRAF
V600E mutations, respectively, in patients with a ctDNA
fraction of ≥1.0%. These results were consistent with our
previous study on MSI concordance, demonstrating that
the sensitivity of MSI in patients with gastrointestinal cancer
with a ctDNA fraction of ≥1.0% was 100% compared with
overall patients whose sensitivity was 71.4%.9 Subse-
quently, the NPV for RAS and BRAF V600E mutations also
improved in these patients. Furthermore, the sensitivity was
higher in patients with liver metastases who had high
ctDNA shedding, consistent with previous reports.21,22

These findings suggest that tissue testing may be re-
quired when ctDNA genotyping fails to detect RAS and
BRAF mutations because of a low ctDNA fraction (eg, ,
1.0%).

Conversely, some patients had ctDNA+/tissue– results.
ctDNA testing results can reflect the molecular charac-
teristics of all tumor cells throughout the body, which may
be heterogeneous within and between primary and met-
astatic sites. Intratumoral or intertumoral spatial hetero-
geneity of RAS/BRAF in mCRC has been reported.23-25

Previously, we have shown that lower clonality (,30%)
results in a lower positive predictive value, which may re-
flect the spatial heterogeneity of the tumor.8 However, in the
present study, clonality in patients with ctDNA+/tissue–

profiles was not necessarily low, suggesting a false-negative
result from tissue-based testing. In addition to spatial
heterogeneity, temporal heterogeneity may contribute to
testing discordance. In our study, the median interval
between the tissue and ctDNA collection dates was sig-
nificantly shorter in patients with concordant RAS findings
than those with discordance. These findings suggest that
changes in the tumor molecular profile might have oc-
curred over time because of either natural tumor pro-
gression or exposure to selective pressures caused by
chemotherapy.

The high performance of ctDNA testing for detection ofRAS
and BRAF V600E mutations suggests the potential of

ctDNA-guided anti-EGFR and BRAF-targeted therapies
although the efficacy for patients who have biomarker
positivity only in ctDNA was still unknown since patients
who received these treatments on the basis of tissue and
ctDNA results were overlapped. Some patients each with
RAS and BRAF V600E mutation who received targeted
therapy on the basis of only ctDNA results without tissue-
based testing achieved a long PFS, but a further validation
study in a large number of patients would be needed.

There are several limitations in our study. First, we included
patients who had been treated with chemotherapy before
blood collection for ctDNA testing, but tumor samples used
for tissue testing were collected before chemotherapy.
Despite lower sensitivity and concordance for ctDNA col-
lected from such patients, the overall study results
exceeded the prespecified threshold for the primary end
points. Second, we compared ctDNA-based profiling with
PCR-based tissue testing currently used in practice, not
with the NGS-based tissue testing. Indeed, the failure of the
PCR test is one possible reason for the discordance be-
tween ctDNA and tissue tests. However, because no pa-
tients with RAS and BRAF V600E mutations detected in
ctDNA but not in tissue had undergone an NGS test in our
cohort, we could not address this issue. Further compar-
isons between ctDNA- and tissue-based NGS will be
needed in the future. Finally, our study included a small
number of patients treated with anti-EGFR therapy and
BRAF-targeted treatment after ctDNA genotyping and most
of them had consistent tissue-based results. Further in-
vestigations are required to clarify the correlation between
results of ctDNA genotyping and treatment efficacy.

In conclusion, our findings validated the use of ctDNA
genotyping for the detection of RAS and BRAFmutations in
patients with mCRC. ctDNA NGS assay demonstrated high
concordance rate, sensitivity, and specificity with an ap-
proved tissue-based test. Particularly, for patients with
tumors that sufficiently shed DNA, the NPV for RAS and
BRAF mutations provides confidence for the use of anti-
EGFR therapy. As ctDNA can provide accurate, compre-
hensive, and real-time information that reflects the spatial
and temporal heterogeneities of the tumor, it has the po-
tential to guide appropriate therapy for patients with mCRC.
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