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ABSTRACT

Introduction: To compare the performance of droplet
digital polymerase chain reaction (ddPCR) and plasma next-
generation sequencing (NGS) in detecting clearance of
plasma EGFR (pEGFR) mutations.

Methods: Patients with treatment-naive advanced EGFR-
mutated lung cancer treated with first-line tyrosine kinase
inhibitors (TKIs) were included. pEGFR were measured at
baseline and first response assessment using ddPCR and
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NGS. Clearance of pEGFR was defined as undetectable levels
after a positive baseline result. Results were correlated with
time-to-treatment failure (TTF). In exploratory analysis,
corresponding change in carcinoembryonic antigen (CEA)
levels was evaluated.

Results: Between January 1, 2020, and December 31, 2021,
27 patients were recruited. Ex19del comprised 74% (20 of
27) and L858R 26% (seven of 27). Osimertinib was used in
59% (16 of 27), dacomitinib 4% (one of 27), and gefitinib/
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erlotinib 37% (10 of 27). Sensitivity of ddPCR and NGS in
detecting pEGFR mutation at baseline was 70% (19 of 27)
and 78% (21 of 27), respectively (p ¼ 0.16). All patients
with detectable pEGFR by ddPCR were detected by NGS. At
a median of 8 (range 3–24) weeks post-TKI initiation,
clearance of pEGFR was achieved in 68% (13 of 19) and
71% (15 of 21) using ddPCR and NGS, respectively.
Concordance between ddPCR and NGS was 79% (kappa ¼
0.513, p ¼ 0.013). Clearance of pEGFR was associated with
longer median TTF (not reached versus 6 months, p ¼ 0.03)
and median decrease in CEA levels by 70% from baseline. In
another cohort of 124 patients, decrease in CEA levels by
greater than 70% within 90 days of TKI initiation was
associated with doubling of both TTF and overall survival.

Conclusions: Plasma NGS trended toward higher sensitivity
than ddPCR in detecting pEGFR, although both had similar
concordance in detecting pEGFR clearance. Our results
support using NGS at diagnosis and interchangeability of
NGS and ddPCR for monitoring, whereas CEA could be
explored as a surrogate for pEGFR clearance.

� 2023 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Introduction
Clearance of plasma EGFR (pEGFR) mutations after

commencement of tyrosine kinase inhibitors (TKIs) has
been found to be predictive of improved survival among
patients with advanced EGFR-mutated NSCLC.1,2 Given
the expanding number of first-line treatment options,
there is an urgent need to improve risk stratification to
help select patients for combination therapy such as TKI
plus chemotherapy,3 and clearance of pEGFR is a po-
tential strategy. Although plasma next-generation
sequencing (NGS) is increasingly used at diagnosis and
to evaluate treatment resistance among advanced
NSCLC, cost-effectiveness remains a significant concern.4

To that end, droplet digital polymerase chain reaction
(ddPCR) is well established for both diagnosis and
monitoring treatment response in advanced EGFR-
mutated NSCLC,1,2 with sensitivity and specificity
reaching up to 80% and 100%, respectively,5 at a frac-
tion of the cost of NGS. Nevertheless, head-to-head
comparisons between the various assays are scarce
and there remains equipoise as to which assay is better
suited to assessing pEGFR. We sought to compare the
performance of ddPCR and Oncomine Pan-Cancer Cell-
Free Assay, a 52-gene NGS panel,6 in detecting clearance
of pEGFR as a predictor of outcomes to TKI. In
exploratory analysis, corresponding change in carci-
noembryonic antigen (CEA) levels was evaluated.

Materials and Methods
Data Collection

This study was conducted under the approval of
SingHealth Centralised Institutional Review Board. All
participants provided written informed consent. Data
collection was performed through manual electronic
database review.

Study Population
Patients with treatment-naive, advanced-stage EGFR-

mutated NSCLC treated with first-line EGFR TKI at the
National Cancer Centre Singapore were included. EGFR
mutations were prospectively confirmed by NGS on tu-
mor tissue as per institutional standard of care, and only
patients with EGFR exon 19 p.E746_A750del (ex19del)
and exon 21 p.L858R (L858R) mutations were included.
Exclusion criteria included insufficient plasma volumes
for both ddPCR and NGS at baseline pretreatment and at
time of first radiological response assessment.

In exploratory analysis, an extended cohort of pa-
tients with advanced EGFR-mutated (ex19del or L858R)
NSCLC with paired CEA results within 90 days of
commencing first-line EGFR TKI and minimum 2 years of
follow-up was evaluated to correlate CEA dynamics with
treatment outcomes.

Patients were followed up from diagnosis to death or
date of last follow-up. The cutoff for data analysis was
February 27, 2023.

Outcomes
Primary outcome for this study was clearance of

pEGFR, defined as undetectable levels of pEGFR at time
of response assessment after a positive baseline result
with either NGS or ddPCR. Secondary outcome was time-
to-treatment failure (TTF) and overall survival (OS). TTF
was defined as time from treatment initiation to treat-
ment discontinuation or death (whichever occurred
first); surviving patients with no change in systemic
therapy were censored at their date of last follow-up. OS
was defined as time from initial diagnosis to date of
death, with surviving patients censored at their date of
last follow-up.

Preparation and Testing of Plasma Samples
Longitudinal plasma samples were serially collected

from each patient before and after initiation of EGFR TKI.
Plasma processing protocols, library preparation, and
sequencing and variant calling algorithms used for
ddPCR and plasma NGS (Oncomine Pan-Cancer Cell-Free
Assay) are detailed in the Supplementary Appendix.
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Figure 1. TTF by clearance of pEGFR status, revealing
significantly improved TTF among patients with clearance of
pEGFR. pEGFR, plasma EGFR mutation; TKI, tyrosine kinase
inhibitor; TTF, time-to-treatment failure.
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Statistical Analysis
Categorical variables were summarized as frequency

and percentage, and continuous variables were sum-
marized using median with range or mean with SD and
range. McNemar’s test was used to compare sensitivity
between ddPCR and NGS in detecting pEGFR at baseline.
Concordance between ddPCR and NGS was assessed
using the kappa-statistic measure of agreement. Chi-
square test or Fisher’s exact test was used to assess
the association between categorical variables. Survival
curves were estimated using Kaplan-Meier method. Dif-
ferences in survival curves were assessed using log-rank
test. Cox regression analyses were performed to assess
the association between CEA with clinicopathologic
characteristics and survival outcomes. A two-sided p less
than 0.05 was considered statistically significant. All
analyses were performed in STATA version 16.0.
Results
Patient Characteristics

A total of 27 patients were recruited from January 1,
2020, to December 31, 2021. Patient characteristics are
summarized in Supplementary Table 1. Median age at
diagnosis was 63 (range: 45–83) years, 19 (70%) were
males, and 17 (63%) were never smokers. Ex19del
comprised 74% (20 of 27) and L858R 26% (seven of
27). TP53 co-mutations were detected in 41% (11 of 27),
and median programmed death-ligand 1 tumor propor-
tion score was 1% (range: 0%–60%). Osimertinib was
used in 59% (16 of 27), dacomitinib in 4% (one of 27),
and gefitinib/erlotinib in 37% (10 of 27). Partial
response (PR) was achieved in 74% (20 of 27) and
stable disease in 26% (seven of 27).
Performance of ddPCR Versus NGS
Sensitivity of ddPCR and NGS in detecting pEGFR

mutation at baseline was 70% (19 of 27) and 78% (21 of
27), respectively (McNemar chi-square p ¼ 0.16). All
patients with detectable pEGFR by ddPCR were detected
by NGS. At a median of 8 (range 3–24) weeks post-TKI
initiation, clearance of pEGFR was achieved in 68% (13
of 19) and 71% (15 of 21) using ddPCR and NGS,
respectively, corresponding to persistence of pEGFR in
22% (six of 27) of patients regardless of assay used. The
concordance between ddPCR and NGS was 79%
(kappa ¼ 0.513, p ¼ 0.013). At a median follow-up of 19
(range: 13–37) months, clearance of pEGFR by either
ddPCR or NGS was associated with longer median TTF
(not reached versus 6 months, log-rank p ¼ 0.03), as
found in Figure 1.
Correlation With CEA Levels
Paired CEA results were available for 15 of 27 (56%)

patients, of which 12 of 15 (80%) were raised at baseline
(defined as >4.8 ng/mL as per institutional standards).
Median baseline CEA was 15.7 ng/mL (range <1.8–
5974). All three patients with undetectable baseline
pEGFR by NGS had CEA levels less than 20 ng/mL. There
was no correlation between raised baseline CEA levels
and EGFR mutation allele frequency by NGS or ddPCR
(p ¼ 0.52 and p ¼ 0.64, respectively).

Clearance of pEGFR was achieved in nine patients
with paired CEA results, which was associated with
median decrease in CEA levels by 70% from baseline
(range 57%–81%). Of the three patients who had
persistently detected pEGFR, corresponding change in
CEA levels was 31.8 ng/mL to 9 ng/mL (75% decrease),
9.8 ng/mL to 3.7 ng/mL (62% decrease), and 1.8 ng/mL
to 2.0 ng/mL (11% increase), respectively.
Survival Outcomes Analyzed by Change in CEA
Levels

In exploratory analysis, change in CEA levels was
correlated with survival outcomes to first-line EGFR TKI
in a separate cohort of patients. A total of 124 patients
diagnosed between May 12, 2008, and December 1,
2020, had paired CEA results at baseline and within 90
days of starting EGFR TKI. For patients with multiple
CEA results, the nadir reading was used for analysis.

Patient characteristics and treatment responses are
summarized in Supplementary Table 2. CEA was raised
at baseline in 74% (92 of 124), with median levels of
32.5 (range 1.2–1952) ng/mL. Baseline CEA levels
greater than 30 ng/mL were significantly associated
with age above 65 years (64% versus 43%, p ¼ 0.02),
liver metastases (93% versus 48%, p < 0.01), and bone
metastases (77% versus 30%, p < 0.01). There was no



Figure 2. (A) TTF by decrease in CEA levels and (B) OS by
decrease in CEA levels, both revealing improved survival
among patients with CEA level decrease greater than 70%
from baseline. CEA, carcinoembryonic antigen; OS, overall
survival; TTF, time-to-treatment failure.
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significant association between baseline CEA levels and
smoking status (p ¼ 0.85), sex (p ¼ 0.12), EGFR muta-
tion subtype (p ¼ 0.57), or brain metastases (p ¼ 0.20).

Median time from TKI initiation to CEA nadir was 54
(range 14–90) days. Among 66 of 124 (53%) patients
with baseline CEA levels greater than 30 ng/mL,
decrease in CEA levels by greater than 70% within 90
days of TKI initiation was significantly correlated with
improved TTF (median 18 months versus 9 months, p <

0.01) as found in Figure 2A. These patients were more
likely to achieve PR compared with patients who did not
have decrease in CEA level by greater than 70% (58%
versus 25%, Fisher’s exact p ¼ 0.02). OS was similarly
doubled among patients with decrease in CEA levels by
greater than 70% as found in Figure 2B, although this
was of borderline statistical significance (median 34 mo
versus 17 mo, p ¼ 0.06). In contrast, seven of 66 (11%)
patients whose CEA levels increased after commencing
TKI experienced shorter TTF (median 10 mo versus 13
mo, p ¼ 0.06) and significantly worse OS (median 11 mo
versus 34 mo, p < 0.01) as compared with patients with
decrease in CEA levels post-TKI.
Discussion
We found that plasma NGS trended toward higher

sensitivity than ddPCR in detecting EGFR mutations at
baseline among patients with advanced EGFR-mutated
NSCLC, although both had similar concordance in
detecting clearance of pEGFR. Our results are consistent
with previous studies in the treatment resistance setting,
revealing that NGS has slightly higher sensitivity than
ddPCR although both tests are highly concordant and
correlate well with tissue-based results.7,8 Given the
paucity of data comparing the performance of ddPCR
against NGS for detecting pEGFR in the treatment-naive
setting, relevant considerations in the real-world
include cost, turnaround time, and accessibility.
Although NGS has the potential to provide more infor-
mation such as co-mutations, it is disadvantaged by
higher costs, longer turnaround time, and more complex
bioinformatics analyses. ddPCR, however, is limited by
the ability to detect limited genomic aberrations.7 Our
results support performing NGS at diagnosis and the
interchangeability of NGS and ddPCR in monitoring
response to EGFR TKI, for which ddPCR may be
preferred given lower cost and shorter turnaround time.

Clearance of pEGFR by either ddPCR or NGS was
significantly predictive of improved TTF, similar to prior
reports.1,2 Although FLAURA2 revealed improved
progression-free survival with the addition of chemo-
therapy to first-line osimertinib, this is at the expense of
added toxicities and the need for 3-weekly hospital visits
for intravenous infusions.3 Whether persistence of
pEGFR after osimertinib initiation can be used as a
biomarker to predict the benefit of adding chemotherapy
to osimertinib is currently being evaluated prospectively
in a randomized phase 2 trial (NCT04410796). Besides
the potential to adapt treatment strategies on the basis
of clearance of pEGFR, longitudinal plasma profiling also
avails the opportunity to detect T790M among patients
treated with first-/second-generation EGFR TKI before
radiological progression and hence facilitate earlier
switch to osimertinib. This strategy was evaluated in the
APPLE trial, with promising results albeit limited by
small patient numbers.9 Considering that both ddPCR
and NGS may not be widely available and the challenges
of real-time longitudinal monitoring in the clinical
setting, we explored the role of CEA as a surrogate
measure of pEGFR clearance.

Elevated CEA levels are associated with EGFR-
mutated NSCLC, and dynamic changes have been found
to correlate with TKI response, although factors that
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predict for elevated baseline CEA levels remain poorly
understood.10 We found that age above 65 years, liver
metastases, and bone metastases were significantly
associated with baseline CEA levels greater than 30 ng/
mL. Notably, decrease in CEA level from baseline by
greater than 70% within 90 days of TKI initiation was
associated with doubling of both TTF and OS and
achieving PR in these patients. Conversely, patients with
increase in CEA levels post-TKI experienced inferior
survival outcomes. A study of 51 patients found that
patients with CEA level decrease of greater than or equal
to 23% from baseline post-EGFR TKI had a higher rate of
pEGFR clearance on NGS compared with patients with
less than 23% decrease (70.6% versus 35.3%, p ¼
0.016), although survival outcomes by CEA levels were
not analyzed.11 Taken together, our results support
exploring the role of decrease in CEA levels as a surro-
gate measure for clearance of pEGFR, particularly when
access to NGS or ddPCR is a concern.

Limitations of our study include the small sample
size, retrospective nature, and not all patients had cor-
responding NGS, ddPCR, and CEA data available at the
same time points. Uncommon EGFR mutations were not
evaluated, and being a single-center study could also
limit the generalizability of the data, although reassur-
ingly our results are generally consistent with what has
been reported in the literature.
Conclusions
In conclusion, we found that plasma NGS trended

toward higher sensitivity than ddPCR in detecting pEGFR
at baseline, although both had similar concordance in
detecting clearance of pEGFR. Clearance of pEGFR by
either ddPCR or NGS was predictive of improved TTF.
Among patients with baseline CEA greater than 30 ng/
mL, decrease in CEA levels from baseline by greater than
70% within 90 days of TKI initiation was associated with
doubling of both TTF and OS. Our results support using
NGS at diagnosis and the interchangeability of NGS and
ddPCR in monitoring response to EGFR TKI, whereas
decrease in CEA levels could be explored as a surrogate
for pEGFR clearance.
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