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Abstract
Background: Circulating tumor DNA (ctDNA) has made a breakthrough as an early
biomarker in operable early-stage cancer patients. However, the function of ctDNA
combined with cell-free DNA (cfDNA) as a predictor in advanced non-small cell lung
cancer (NSCLC) remains unknown. Here, we explored its potential as a biomarker for
predicting the efficacy of epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKIs) in patients with advanced NSCLC.
Methods: A retrospective analysis was undertaken. Plasma collected from 51 patients
with advanced NSCLC prior to and serially after starting treatment with EGFR-TKIs
was analyzed by next-generation sequencing (NGS). The performance of ctDNA,
cfDNA, and combining ctDNA with cfDNA were evaluated for their ability to predict
survival outcomes.
Results: Patients with early undetectable ctDNA and increasing cfDNA had a mark-
edly better progression-free survival (PFS) (p < 0.001) and overall survival
(OS) (p = 0.001) than those with early detectable ctDNA and decreasing cfDNA.
Patients with early ctDNA clearance were more likely to have the ctDNA persistent
clearance (p = 0.006). The early clearance rate of ctDNA in the normal carcinoem-
bryonic antigen (CEA) group was significantly higher than in the low and high groups
(p = 0.028). Patients with greater CEA decline had a higher early clearance rate of
ctDNA than those with minor CEA change (p = 0.016).
Conclusions: We based this study on ctDNA and cfDNA, explored its prognostic predic-
tive ability, and combined CEA to monitor EGFR-TKI efficacy. This study may provide
new perspectives and insights into the precise treatment strategies for NSCLC patients.
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INTRODUCTION

Molecular targeted therapy has been reported to have
an excellent outcome for driver gene mutant advancedJie Zheng and Yubo Wang contributed equally to this work.
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non-small cell lung cancer (NSCLC) patients,1–3 but the
effectiveness is greatly different among patients.4–7 How to
achieve efficacy stratification is important for implementing
individualized precision treatment and prolonging the over-
all survival. Radiological imaging fails to reflect clonal evolu-
tion at the molecular level timely.8,9 The rapid development
of circulating tumor DNA-molecular residual disease
(ctDNA-MRD) has made it possible to realize this.10–12 At
present, ctDNA-MRD is widely used in treating early-
operable cancer patients. Some studies have found that
ctDNA detection after operation provides direct evidence of
identifying patients with MRD and a higher risk of recur-
rence than undetectable ctDNA in operable early-stage
patients.13–16 Another recent study found that the accurate
MRD can be defined by blood ctDNA methylation or com-
bined ctDNA mutation.17 However, the potential of ctDNA-
MRD in advanced NSCLC is to be further developed.
Because of the high content of nontumor-derived DNA in
blood, the proportion of ctDNA in plasma is always low in
the vast majority of patients.18 In particular, some advanced
NSCLC patients exhibited clearance of ctDNA after using
epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKIs). The abundance of ctDNA was too low to be
detected by next-generation sequencing (NGS), which dra-
matically challenged the test’s sensitivity and accuracy. The
efficacy evaluation of EGFR-TKIs based on ctDNA clearance
will lead to false-negative and inaccurate results.

Cell-free DNA (cfDNA) constitutes short DNA frag-
ments released into the bloods-stream via apoptosis, necro-
sis, and active secretion, which carry genome-wide sequence
information.19–21 Previous studies found that higher cfDNA
in NSCLC patients was associated with worse progression-
free survival (PFS) and overall survival (OS).22 It has been
found that higher cfDNA heralds a higher likelihood of
bone/liver metastasis and more advanced M stages.8

Another analysis shows that decreased ctDNA/cfDNA ratio
was associated with a good prognosis in NSCLC patients.23

However, the ratio change cannot reflect the impact of the
dynamic process on the efficacy of EGFR-TKIs in detail. To
the best of our knowledge, there has been no report on the
efficacy prediction guided by the kinetics of ctDNA and
cfDNA. In this study, we reported the early dynamic
changes of ctDNA combined with cfDNA during EGFR-
TKI treatment in advanced NSCLC patients. We explored
the possibility of (ctDNA and cfDNA)-MRD model as a
biomarker for precisely predicting the efficacy of EGFR-TKIs.

METHODS

Study population

Clinical data were reviewed retrospectively from medical
records. Patients with advanced NSCLC harboring a driver
mutation in EGFR were treated with EGFR-TKIs, whether
first-line or posterior line therapy, in Daping Hospital
(Chongqing, China) between July 2016 and September 2021

and had at least one early dynamic plasma ctDNA test after
EGFR-TKI treatment. The study was approved by the Ethics
Committee for Human Study (Chongqing, China) in
Daping Hospital of Army Medical University (approval
no. 2020–117). This research was performed in accordance
with ethical principles in the Declaration of Helsinki and
will not affect future patient management.

Plasma response analysis

All patients participated in a charity project supported by
Burning Rock Company, the “COMPASS” plan.8 Patients
are only required to pay for the first genetic test, and they
can receive another six genetic tests free of charge during
follow-up treatment. A total of 51 patients with available
data had at least one early test of plasma ctDNA and were
recruited for plasma response analysis. Eligibility included
detection of EGFR driver mutation by NGS at pretreatment
baseline, and the availability of two subsequent plasma
draws (at cycle 1 and 2; within 2–4 months and ≥4 months).
Plasma ctDNA change was defined as the percent change of
ctDNA amount between consecutive timepoints after start-
ing therapy. Plasma ctDNA early change was defined as
the percent change of ctDNA amount between baseline
and cycle 1. ctDNA amount was obtained by maximum
mutant allele frequency (MAF) in ctDNA multiplied by
cfDNA amount measured directly, which was based on the
previously reported in the literature.8,23,24 All 51 eligible
subjects had metrics for early ctDNA change between base-
line and cycle 1, and 21 subjects had subsequent ctDNA
change between cycle 1 and 2. All the patients had an effec-
tive response to EGFR-TKIs throughout the dynamic
monitoring.

Sample processing and NGS analysis

Blood samples were collected in K3EDTA-containing tubes
(Cell-Free DNA BCT) and centrifuged at 2000 g at 4�C for
10 min within 72 h of their collection. The carefully aspi-
rated plasma supernatant was transferred into fresh 15 ml
centrifuge tubes without disturbing the buffy coat layer. The
plasma samples were centrifuged at 16000 g for 10 min, and
then the supernatant was removed to a new tube without
disturbing the pellet. The plasma was stored at �80�C until
further analysis. cfDNA was recovered from 4 to 5 ml of the
plasma samples using the QIAamp circulating nucleic acid
kit according to the manufacturer’s standard protocol
(Qiagen). cfDNA was quantified using the Qubit 2.0 Fluo-
rometer with dsDNA HS assay kits (Life Technologies). The
starting material for subsequent testing consisted of 50 ng
cfDNA prepared by the Qiagen method. DNA was profiled
using a commercially available capture-based sequencing
panel. Indexed samples were subjected to capture-based tar-
geted sequencing using a panel consisting of 168 lung
cancer-related genes.25,26 DNA was hybridized with the
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capture probe baits, selected with magnetic beads, and
amplified by polymerase chain reaction (PCR). A bioanaly-
zer high sensitivity DNA assay was then used to assess the
quality and size range, and 30 indexed samples were
sequenced onto a NextSeq 500 (Illumina, Inc.) with pair-end
reads.

Clinical outcomes

Fifty-one patients were followed up regularly after receiving
treatment with EGFR-TKIs, assessed typically every
2 months with physical examination, tumor marker testing,
and imaging. Complete response (CR), partial response
(PR), stable disease (SD), progressive disease (PD), objective
response rate (ORR), and PFS were determined using
Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 by a respiratory physician. PFS was defined as
the time from the start of EGFR-TKIs to progression, death,
or censoring. OS was defined as the time from the beginning
of EGFR-TKIs to death or censoring.

Statistical analysis

Descriptive statistics such as median, range (min to max),
mean, frequencies, and percentages were used for the base-
line demographic characteristics. The graphs were made
using the GraphPad 8 software, and the descriptive statistics
and statistical tests were conducted using the SPSS software
(version 20). Characteristics were analyzed using the
Chi-squared test and Fishers’ exact test. Continuous vari-
ables were analyzed using the t-test. Log-rank test and Cox’s
proportional hazard regression model were conducted for
univariate and multivariate survival analyses. The cutoff
value was calculated by the X-Tile tool. Differences were
defined as significant at p < 0.05.

RESULTS

Patient characteristics

A total of 245 patients with advanced NSCLC harboring a
driver mutation in EGFR by plasma NGS testing received
EGFR-TKI treatment after pathological diagnosis in our
department from July 2016 to September 2021. A total of
183 patients without dynamic plasma ctDNA testing follow-
ing targeted therapy were excluded. We enrolled 51 patients
with baseline ctDNA and at least one early dynamic plasma
ctDNA test after EGFR-TKI treatment (Figure 1).

Table 1 showed the baseline characteristics of 51 patients.
Their mean age was 60.8 (range: 39–81). The proportion of
men and women was similar. Most were never smokers
(37, 72.5%). The pathological diagnoses were all adenocarci-
noma, and the majority (94.1%) of the clinical stages were
stage IV. A total of eight (15.7%) patients had brain metasta-
ses, 28 (54.9%) patients had bone metastases, and
10 (19.6%) patients had pleural effusion. 49 (96.1%) patients
had a performance status (PS) of 0–1. The median tumor
size (sum of target lesion diameters) was 3.6 cm (range 0.7–
12.2 cm). Among all 51 patients, 39 patients exhibited
abnormal serum carcinoembryonic antigen (CEA) levels
(>5.0 ng/ml), while the other 12 patients exhibited normal
serum CEA levels (≤5.0 ng/ml). A total of 21 patients
received osimertinib (9.8%), gefitinib (23.5%), or icotinib
(7.8%), respectively, as the first-line therapy and 30 patients
received the second-line osimertinib.

Baseline plasma ctDNA status of NSCLC and
kinetics of early plasma response

A total of 123 dynamic plasma samples were collected from
51 recipients. Among 51 patients with the baseline and early
subsequent ctDNA assessment, 21 had the baseline, cycle

F I G U R E 1 Study flow chart. NSCLC,
non-small cell lung cancer; EGFR-TKIs,
epidermal growth factor receptor-tyrosine
kinase inhibitors; NGS, next generation
sequencing; ctDNA, circulating tumor DNA.
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1, and cycle 2 data. At baseline, we identified 130 aberrations
spanning 34 genes. Somatic mutations detected in plasma
ctDNA were primarily point mutations (120, 92.3%),
whereas the rest nine copy number variations (CNVs) and
one gene fusion only contributed to a small proportion
(7.7%) (Figure S1). All patients had EGFR-TKI sensitive
mutations and other frequently mutated driver genes,
including TP53 (35%), PIK3CA (10%), CDKN2A (4%),
ARID1A (4%), PRKDC (4%), BRCA1 (4%), CCND1 (4%),
RB1 (4%), JAK2 (4%), and KRAS (4%). The overview of the
mutation spectrum was shown in Figure 2a. We provided an
overview of the dynamic change scatters plot of the maxi-
mum MAF in ctDNA. The median maximum MAF in
ctDNA at baseline, cycle 1 and cycle 2 were 1.4% (range:
0.1%–62.9%), 0 (range: 0%–46.4%), and 0 (range: 0%–
33.8%), respectively (Figure 2b). We further evaluated the
change of cfDNA amounts determined by Qubit. The
median cfDNA amounts of baseline, cycle 1 and cycle
2 were 50.0 ng/ml (range: 17.0–493.0 ng/ml), 41.0 ng/ml

(range: 18.0–172.0 ng/ml), and 39.0 ng/ml (range: 22.0–
154.0 ng/ml), respectively (Figure 2c). In 20 of the
51 patients, the cfDNA increased, whereas the remaining
(31/51) cfDNA decreased from baseline to cycle
1 (Figure 2c). Next, we derived the corresponding ctDNA
content of each sample by multiplying the cfDNA amounts
by the maximum MAF obtained from the mutation profile
of the ctDNA. The ctDNA content from baseline to cycle
2 were 0.7 ng/ml (range: 0–55.4 ng/ml), 0 ng/ml (range: 0–
29.7 ng/ml), and 0 ng/ml (range: 0–52.1 ng/ml), respec-
tively. A total of 58.8% (30/51) of patients had an early
clearance of ctDNA, while 41.2% (21/51) of patients’
ctDNA were still positive at cycle 1 (Figure 2d). In addi-
tion, we found that 21 patients had a repeated test at cycle
2. Of the 16 people who tested negative at cycle
1, 12 patients also tested negative at cycle 2. However, five
out of 21 patients without a ctDNA clearance at cycle
1 were still positive at cycle 2. Namely, patients with an
early ctDNA clearance were more likely to have a persis-
tent ctDNA clearance than patients without an early
ctDNA clearance (75% vs. 0, p = 0.006) (Figure 2e).

Correlation between the baseline ctDNA/cfDNA
ratio and EGFR-TKI response at baseline

To compare the effect of the baseline ctDNA/cfDNA ratio
(the maximum MAF of ctDNA) on EGFR-TKI treatment,
we used X-tile software to calculate the most efficient cutoff
value of 2.2% of the maximum MAF in ctDNA. According
to the cutoff value, we defined maximum MAF in ctDNA
less than or equal to 2.2% as the low ratio group and those
with more than 2.2% as the high ratio group. In Table S1,
patient characteristics between the two groups were well-
balanced. We found that the low ratio group had a better
PFS (median PFS 14.2 months vs. 9.0 months, p = 0.006)
and OS (median OS 49.2 months vs. 24.7 months,
p = 0.002) (Figure 3a,b) than the high ratio group. Similarly,
the low ratio group was significantly associated with a
higher objective response rate (ORR) (58.6% vs. 18.2%,
p = 0.004) (Figure 3c).

ctDNA and cfDNA dynamics evaluate the effect
of EGFR-TKI treatment

We next investigated the early kinetics of ctDNA and
cfDNA in response to EGFR-TKIs. We first examined the
ctDNA alone. Detailed early kinetics of ctDNA over time in
patients with CR, PR, SD, and PD are shown in Figure 4a–c.
We observed that the clearance incidence rate of ctDNA
(at cycle 1) was significantly higher in patients with CR and
PR than in patients with SD and PD at their best response
to EGFR-TKI treatment (81.0% vs. 48.2% vs. 0, p = 0.007)
(Figure 4d,e). We further looked at the correlation between
the early clearance of ctDNA and the response to EGFR-
TKIs. Basic characteristics were balanced between the two

T A B L E 1 Clinical characteristics of patients

Age (years) n 51

Mean 60.8

SD 9.7

Min 39

Max 81

Sex, n (%) Male 25 (49.0)

Female 26 (51.0)

Smoking status, n (%) Yes 14 (27.5)

No 37 (72.5)

PS, n (%) 0 32 (62.8)

1 17 (33.3)

2 2 (3.9)

Disease stage, n (%) IV 48 (94.1)

IIIb 3 (5.9)

Malignant pleural effusion, n (%) Yes 10 (19.6)

No 41 (80.4)

Brain metastasis, n (%) Yes 8 (15.7)

No 43 (84.3)

Bone metastases, n (%) Yes 28 (54.9)

No 23 (45.1)

Tumor size (cm) Median 3.6

Min 0.7

Max 12.2

CEA, n (%) ≤5.00 ng/ml 12 (23.5)

>5.00 ng/ml 39 (76.5)

First-line treatment of EGFR-TKIs, n (%) Osimertinib 5 (9.8)

Gefitinib 12 (23.5)

Icotinib 4 (7.8)

Posterior treatment of EGFR-TKIs, n (%) Osimertinib 30 (58.8)

Abbreviations: CEA, carcinoembryonic antigen; EGFR-TKIs, epidermal growth factor
receptor-tyrosine kinase inhibitors; PS, performance status.
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groups whose ctDNA was detectable (ctDNA+) and not
(ctDNA�) at cycle 1 (Table S2). Figure 5a,b show that the
ctDNA+ group was significantly associated with inferior
PFS (median PFS 16.8 months vs. 9.1 months, p < 0.001)
and OS (median OS 51.0 months vs. 29.2 months, p = 0.002)
than ctDNA� group. The same trend was true for ORR
(56.7% vs. 19.0%, p = 0.007) (Figure 5c). Of note, from base-
line to cycle 1, patients with increased cfDNA have a better
PFS (median PFS 16.3 months vs. 10.1 months, p = 0.003)
and OS (median OS 36.1 months vs. 29.0 months, p = 0.019)
than those with decreased cfDNA (Figure 5d,e). The ORR
was not statistically significantly different between them
(Figure 5f). Next, we combined ctDNA with cfDNA in an
early dynamic joint analysis. The patients were divided into
four subgroups as follows: whose ctDNA not detected
(ctDNA�) and cfDNA increased (group 1), ctDNA not
detected (ctDNA�) and cfDNA decreased (group 2), ctDNA
detected (ctDNA+) and cfDNA increased (group 3), ctDNA

detected (ctDNA+) and cfDNA decreased (group 4). We
found that group 1 showed the maximal benefit while group
4 showed the minimal benefit. Group 1 had a markedly bet-
ter PFS and OS than group 4 (median PFS 20.2 months
vs. 8.1 months, p < 0.001; median OS 62.3 months
vs. 25.2 months, p = 0.001) (Figure 5g,h). Meanwhile, group
1 exhibited a great higher ORR than group 4 (63.6%
vs. 16.7%, p = 0.036) (Figure 5i).

Correlations between ctDNA early changes and
serum biomarkers

In this study, we sought to correlate the level of tumor
markers, including CEA, CYFRA21-1, CA125, CA199, and
NSE with the early changes of ctDNA to explore the possi-
bility of tumor markers guiding ctDNA detection. The
results confirmed that CEA has a certain correlation with

F I G U R E 2 (a) OncoPrint of mutations identified at baseline. Different colors represent different types of mutations. The left side bar shows the percent
of a specific mutation in 51 patients; the top bar shows the number of mutations a patient carries. (b) Dotplots comparing the change of the maximum MAF
in ctDNA, (c) the amounts of cfDNA, and (d) the amounts of ctDNA across consecutive intervals following treatment initiation for the EGFR-TKIs. (e) The
clearance of ctDNA at cycle 1, and subsequent clearance of ctDNA at cycle 2. ctDNA, circulating tumor DNA; cfDNA, cell-free DNA. MAF, mutant allele
frequency; EGFR-TKIs, epidermal growth factor receptor tyrosine kinase inhibitors.
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ctDNA. ctDNA detailed kinetics based on different baseline
levels of CEA are shown in Figure 6a–c. In ROC curve anal-
ysis for the baseline CEA level, the best cutoff point elected
was 62.5 ng/ml, the area under the curve was 0.639, the sen-
sitivity was 45.5%, and the specificity was 82.8% (95% confi-
dence interval [CI]: 0.480–0.799) (Figure S2a). Patients were
then divided into three groups. The baseline level of CEA
was categorized as normal (CEA ≤5.0 ng/ml), low (5.0 ng/ml
< CEA ≤62.5 ng/ml), and high (CEA >62.5 ng/ml). The
early clearance rate of ctDNA was highest in the normal
group (83.3%) and decreased significantly from low (62.5%)
to high group (33.3%) (Figure 6d,e). Additionally, with the
same methods, the cutoff value of the magnitude of the
change in CEA was calculated as 23.0%, the area under the
curve was 0.661, the sensitivity was 50.0%, and the specific-
ity was 79.3% (95% CI: 0.508–0.815) (Figure S2b). Two

groups were categorized according to the degree of CEA
decline (cutoff value: 23.0%) at the best response following
EGFR-TKI therapy. ctDNA detailed kinetics based on differ-
ent changes of CEA in two groups are shown in Figure 6f,g.
Patients with greater CEA decline had an early clearance
rate of ctDNA than those with minor CEA change (70.6%
vs. 35.3%, p = 0.016) (Figure 6h,i).

Cox regression analysis for PFS and OS in
patients with advanced NSCLC

Finally, we performed univariate and multivariate Cox
regression analyses to identify the prognostic factors. Inde-
pendent univariate analysis showed that the pretherapy
ctDNA/cfDNA ratio and the early dynamics of ctDNA and

F I G U R E 3 (a) Overall response rate to EGFR-TKIs in patients with the maximum MAF in ctDNA ≤2.2% versus the maximum MAF in ctDNA>2.2% in
plasma at baseline. (b) Progression-free survival (PFS) and (c) overall survival (OS) to EGFR-TKIs in patients with the maximum MAF in ctDNA ≤2.2%
versus the maximum MAF in ctDNA>2.2% in plasma at baseline. ctDNA, circulating tumor DNA; MAF, mutant allele frequency; EGFR-TKIs, epidermal
growth factor receptor-tyrosine kinase inhibitors.
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cfDNA were significant predictive factors for PFS and OS of
EGFR-TKI responders. The impact of these positive vari-
ables was confirmed after forwarding step-wise Cox regres-
sion analysis. Table S3 showed the variable assignment of
the Cox model. The early kinetics of ctDNA and cfDNA
were the independent prognostic factors of PFS. The early
kinetics of ctDNA and the baseline ctDNA/cfDNA ratio
were the independent prognostic factors for OS. The result
indicated that patients with detectable ctDNA following
EGFR-TKI treatment compared to undetectable ctDNA
confer a 4.6- or 2.4-fold risk of disease progression or death.
In addition, patients with an early decreased cfDNA level

had a 2.7 times greater risk of disease progression than those
with an early increased cfDNA level after EGFR-TKI treat-
ment (Table 2).

DISCUSSION

For advanced NSCLC patients, accurate evaluation of clon-
ing progress at the molecular level is the key to realizing
individualized precision medicine and drug holiday.
ctDNA-MRD has great potential for the accurate efficacy
prediction of EGFR-TKIs in advanced NSCLC. ctDNA and

F I G U R E 4 ctDNA change over time in patients with (a) partial or complete response (PR/CR), (b) stable disease (SD), and (c) progressive disease
(PD) to EGFR-TK therapy by RECIST version 1.1. (d) Scatter plot and (e) bar graph comparing the number of patients with ctDNA clearance based on
PR/CR, SD, PD from baseline to cycle 1. ctDNA, circulating tumor DNA; RECIST, response evaluation criteria in solid tumors; EGFR-TKIs, epidermal
growth factor receptor-tyrosine kinase inhibitors.
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cfDNA showed some degree of reactivity to MRD and
reflected the micrometastases unseen by radiological imag-
ing.8,21 This study applied ctDNA combined with cfDNA
dynamic changes to the accurate efficacy prediction of
EGFR-TKIs in advanced NSCLC. On the one hand, com-
pared with the changes of ctDNA ratio, ctDNA, and cfDNA
dynamic changes can more clearly show the specific impact
of their respective status changes on the efficacy of EGFR-
TKIs at the early time after EGFR-TKI treatment. On the
other hand, we distinguished between true positive (cfDNA

reduced after EGFR-TKI treatment, but ctDNA could still
be detected) and true negative (cfDNA increased after
EGFR-TKI treatment, but ctDNA could not be detected) in
advanced NSCLC patients. Of course, the positive rate of
ctDNA is closely related to the size of the panel in genotyp-
ing and the sensitivity of the detection method. By strictly
controlling the sample quality and using an ultra-high depth
sequencing panel consisting of 168 lung cancer-related
genes, this study circumvented false negatives caused by
samples and testing methods, thus ensuring the accuracy

F I G U R E 5 (a) Overall response rate to EGFR-TKIs in patients with detectable ctDNA versus undetectable ctDNA at cycle 1. (b) Progression-free
survival (PFS) and (c) overall survival (OS) to EGFR-TKIs in patients with ctDNA detected versus not detected at cycle 1. (d) Overall response rate to EGFR-
TKIs in patients with cfDNA increase versus cfDNA decrease from baseline to cycle 1. (e) Progression-free survival (PFS) and (f) overall survival (OS) to
EGFR-TKIs in patients with cfDNA increase versus cfDNA decrease from baseline to cycle 1. (g) Overall response rate to EGFR-TKIs in patients with ctDNA
undetected and cfDNA increase (group 1) versus ctDNA detected and cfDNA decrease from baseline to cycle 1 (group 4). (h) Progression-free survival (PFS)
and (i) overall survival (OS) to EGFR-TKIs in patients with ctDNA undetected and cfDNA increase (group 1) versus ctDNA undetected and cfDNA decrease
(group 2) versus ctDNA detected and cfDNA increase (group 3) versus ctDNA detected and cfDNA decrease (group 4) from baseline to cycle 1. ctDNA,
circulating tumor DNA; cfDNA, cell-free DNA; EGFR-TKIs, epidermal growth factor receptor tyrosine kinase inhibitors.
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and comprehensiveness of the detection. In this study, the
predictive model based on ctDNA and cfDNA showed four
different types prognoses of patients. The best curative effect

was patients with an early ctDNA clearance combined with
cfDNA increased, and the worst was patients without an
early ctDNA clearance combined with cfDNA decreased.

F I G U R E 6 ctDNA change over time in patients with (a) CEA ≤5.0 ng/ml, (b) 5.0 ng/ml < CEA ≤62.6 ng/ml, and (c) CEA>62.6 ng/ml in serum before
EGFR-TKI therapy. (d) Scatter plot and (e) bar graph comparing the number of patients with ctDNA clearance at cycle 1 based on different level of CEA.
ctDNA change over time in patients with (f) percentage declines in CEA >23.0%, (g) percentage declines in CEA ≤23.0%, at best response to EGFR-TKI
therapy. (h) Scatter plot and (i) bar graph comparing the number of patients with ctDNA clearance at cycle 1 based on different changes of CEA from
baseline to best response to EGFR-TKI therapy. ctDNA, circulating tumor DNA; CEA, carcinoembryonic antigen; EGFR-TKIs, epidermal growth factor
receptor-tyrosine kinase inhibitors.
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Our findings may provide new ideas into the personalized
and precise EGFR-TKI treatment strategies for NSCLC
patients.

NGS can be monitored more intensively in patients with
the worst curative effect. Timely adjustments of treatment
plans are expected to improve the prognosis and prolong
the survival time of patients. Our research observed patients
who benefited most from EGFR-TKIs survived for as long
as 5 years. Nowadays, patients have a longer duration of
EGFR-TKI therapy of up to many years, and targeted ther-
apy usually starts with identifying sensitive mutations until
the disease progresses.27 Periodic reexaminations and drug
side effects during targeted therapy increase medical costs,
waste medical resources, and reduce their quality of life.28,29

An increasing number of studies suggest that drug holidays
play a vital role in delaying the evolution of drug resistance

and realizing drug circulation in patients with advanced
NSCLC.30,31 Therefore, it is of great significance for these
patients who have been treated with EGFR-TKIs for many
years to enjoy a drug holiday. However, the realization of
drug holidays requires a high precision assessment of effi-
cacy and is still in the preliminary exploratory stage in
advanced NSCLC patients treated with EGFR-TKIs. A
recent study suggested that a drug holiday is allowed if
patients achieved CR with MRD negative and CEA nega-
tive.32 In our study, we screened out the patients with MRD
true negative, that is, patients with ctDNA clearance and ele-
vated cfDNA. We identified the implementable population
of drug holidays. After a period of time of treatment,
patients have no measurable lesion on radiological imaging
(CT, MRI, or PET/CT), ctDNA clearance, elevated cfDNA,
and CEA-negative.

T A B L E 2 Univariate and multivariate Cox regression analyses

Variable Num

Univariate analysis Multivariate analysis

HR 95% CI (p-value) HR 95% CI (p-value)

Variable and PFS

Age (≤60 vs. >60) 31 vs. 20 1.055 0.601–1.852 0.850

Sex (male vs. female) 25 vs. 26 0.977 0.561–1.703 0.934

Smoking (yes vs. no) 14 vs. 37 0.947 0.507–1.767 0.864

PS (≤1 vs. >1) 49 vs. 2 0.909 0.235–3.520 0.893

Disease stage (IIIB vs. IV) 3 vs. 48 0.587 0.231–1.489 0.351

Malignant pleural effusion (yes vs. no) 10 vs. 41 1.086 0.534–2.211 0.813

Brain metastasis (yes vs. no) 8 vs. 43 1.555 0.639–3.783 0.241

Bone metastases (yes vs. no) 28 vs. 23 0.766 0.435–1.351 0.338

CEA (≤5.0 ng/ml vs. >5.0 ng/ml) 12 vs. 39 0.681 0.370–1.251 0.246

Tumor size (≤3.6 cm vs. >3.6 cm) 26 vs. 25 1.437 0.818–2.524 0.189

ctDNA/cfDNA (≤2.2% vs. >2.2%) 29 vs. 22 2.100 1.126–3.914 0.0064**

ctDNA (clear vs. not clear) 30 vs. 21 2.576 1.318–5.032 0.0003*** 4.633 2.322–9.242 <0.0001***

cfDNA (increase vs. decrease) 20 vs. 31 2.249 1.283–3.944 0.0028** 3.739 1.923–7.271 <0.0001***

Variable and OS

Age (≤ 60 vs. > 60) 31 vs. 20 0.813 0.420–1.573 0.521

Sex (male vs. female) 25 vs. 26 0.591 0.316–1.108 0.089

Smoking (yes vs. no) 14 vs. 37 1.348 0.638–2.850 0.391

PS (≤1 vs. >1) 49 vs. 2 0.712 0.173–2.929 0.189

Disease stage (IIIB vs. IV) 3 vs. 48 0.393 0.151–1.027 0.164

Malignant pleural effusion (yes vs. no) 10 vs. 41 1.727 0.714–4.175 0.137

Brain metastasis (yes vs. no) 8 vs. 43 2.211 0.739–6.618 0.047

Bone metastases (yes vs. no) 28 vs. 23 1.162 0.624–2.163 0.638

CEA (≤5.0 ng/ml vs. >5.0 ng/ml) 12 vs. 39 1.009 0.480–2.123 0.981

Tumor size (≤3.6 cm vs. >3.6 cm) 26 vs. 25 0.810 0.435–1.506 0.702

ctDNA/cfDNA (≤2.2% vs. >2.2%) 29 vs. 22 2.553 1.261–5.167 0.0015** 2.393 1.215–4.717 0.012*

ctDNA (clear vs. not clear) 30 vs. 21 2.439 1.214–4.899 0.0021** 2.434 1.184–5.004 0.016*

cfDNA (increase vs. decrease) 20 vs. 31 2.081 1.118–3.871 0.0185*

Abbreviations: CEA, carcinoembryonic antigen; cfDNA, cell free DNA; CI, confidence interval; ctDNA, circulating tumor DNA; HR, hazard ratio.
*p < 0.05.

**p < 0.01.

***p < 0.001.
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Studies have revealed that elevated CEA levels might be
a more sensitive predictor of explosive progression in lung
adenocarcinoma patients harboring mutant EGFR.33 How-
ever, the investigation of tumor biomarkers and ctDNA is
limited at present. We tried to find a method to use tumor
markers to guide ctDNA monitoring. The results showed
that ctDNA clearance differed at variant baseline CEA levels
and diverse decline degrees in CEA at the best response.
Furthermore, our analysis showed that patients with the first
clearance of ctDNA were more likely to have continuous
clearance. Therefore, for patients during drug holidays, with
an early ctDNA clearance, if the baseline value of CEA was
lower than the normal range and the CEA decreased greatly
at the best curative effect, the detection of NGS did not rush.
When CEA increased significantly, the ctDNA negative rate
would be greatly reduced. For the best benefit groups of
EGFR-TKIs, they may take the drug holiday, and drug resis-
tance would be delayed. At the same time, the frequency of
NGS monitoring during the stable phase of CEA level could
be decreased.

Finally, our study demonstrated that ctDNA and cfDNA
early dynamic change could be used as an independent pre-
dictor of accurate identification of different responses to
EGFR-TKIs. Interestingly, our results suggested that patients
with early increasing cfDNA levels had better EGFR-TKI
efficacy. The possible reason was that increasing cfDNA
levels provided patients with an environment in which the
ctDNA relative level was lower. It also indicated that com-
bined ctDNA and cfDNA played a more critical role as a
reliable predictive biomarker than either ctDNA alone or
cfDNA alone. Our analysis was inherently limited by the
cohorts of advanced NSCLC with EGFR-mutant genotypes
treated with EGFR-TKIs. Because this was a retrospective
study, time points for ctDNA detection were inconsistent.
Due to the limited number of samples, the predictive value
remains to be further verified. We are planning a prospec-
tive large sample study to further explore the predictive
potential of tumor markers for MRD and prognosis, and
drive the clinical applications of the drug holiday in
advanced NSCLC patients.

In conclusion, this study demonstrated that the early
dynamic changes of ctDNA combined with cfDNA accu-
rately identified different outcomes and provided a rationale
that informs clinical decisions for drug holidays in the man-
agement of advanced NSCLC patients treated with EGFR-
TKIs. We further demonstrated that combination monitor-
ing of CEA and ctDNA may provide a convenient and feasi-
ble way to observe drug effects for patients on drug
holidays. The cleverer strategy for surveillance methodology
and targeted drugs may give us some surprises for clinical
practice.
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