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ABSTRACT

Introduction: The implementation of bronchial washing fluid (BWF) as a diagnostic specimen may complement
the low diagnostic yields of plasma in detecting EGFR mutation (mEGFR) in non-small cell lung cancer. However,
the diagnostic value of BWF in detecting mEGFR has yet to be clarified.

Materials and Methods: From March 2021 to August 2022, patients with histologically confirmed NSCLC with
matched tumor tissue, BWF, and/or plasma samples were enrolled. Patients were classified into either initial
diagnosis or rebiopsy groups. Diagnostic yields of mEGFR in BWF and plasma were evaluated using droplet
digital polymerase chain reaction and compared to mEGFR in tumor tissue as standard.

Results: The study included 123 patients (74.1 %) in the initial diagnosis and 43 patients (25.9 %) in the rebiopsy
group. BWF showed higher sensitivity, specificity, and concordance rates than plasma in both the initial diag-
nosis (57.4 %, 96.4 %, and 74.0 % vs. 16.4 %, 96.2 %, and 53.1 %) and the rebiopsy group (87.9 %, 60.0 %, and
81.4 % vs. 25.0 %, 75.0 %, and 41.7 %). In the initial diagnosis group, mEGFR was detected in the BWF of 13 out
of 16 patients, even in the absence of tumor cells in the tissue biopsy. In these cases, EGFR test results obtained
from BWF showed concordance with EGFR test results from the tumor tissue obtained through repeated biopsy or
surgery later. In the rebiopsy group, T790M was detected in 16 patients (37.2 %) by tissue biopsy. The combined
use of tissue biopsy and BWF increased detection, confirming T790M in 22 patients (51.2 %).

Discussion: The detection of mEGFR using BWF shows higher diagnostic yields than plasma for both initial
diagnosis and rebiopsy. T790M was detected earlier in BWF than in tissue rebiopsy in some cases, providing
patients with an early opportunity to access third-generation EGFR-TKIs. The complementary use of BWF with
tumor tissue may improve precision in EGFR-mutated NSCLC treatment strategies.

1. Introduction

(hereafter: rebiopsy) is important for identifying resistance and
choosing further treatment after EGFR-TKI treatment failure.

The discovery of epidermal growth factor receptor (EGFR) mutations
has led to a dramatic paradigm shift in treatment for advanced non-
small cell lung cancer (NSCLC) [1]. As some 50 % of Asian and 20 %
of Caucasian patients carry EGFR mutations, molecular testing for EGFR
is recommended for treatment decisions in patients with metastatic
NSCLC [2,3]. EGFR tyrosine kinase inhibitors (TKIs) are a standard
treatment for EGFR-mutated advanced NSCLC [3]. Despite the strong
therapeutic effects, most patients experience disease progression within
1-2 years due to acquired resistance [4]. Repeated tumor biopsy
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However, it is difficult to obtain lung tumor tissue using bronchos-
copy or image-guided biopsy, and serious complications may occur with
these procedures [5,6]. Limited tissue volume can mean there is inad-
equate tumor DNA for comprehensive molecular analysis, including
assessment of EGFR mutations [7]. In particular, rebiopsy remains
diagnostically challenging as there can be progressive tissue changes
such as necrosis or fibrosis due to previous anti-cancer therapy [8].
There is growing interest in less invasive and high-sensitivity methods to
overcome current tissue biopsy limitations.
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Liquid biopsy is a non-invasive method that is convenient for
assessing tumor-derived material [9]. Non-invasive sampling of plasma
or body fluids, including urine, pleural fluid, and bronchial washing
fluid (BWF), can be applied in lung cancer diagnosis and detect target-
able genomic alterations and monitor therapeutic responses [10,11].
EGFR mutation testing using plasma samples is approved by the Food
and Drug Administration as a companion diagnostic test to determine
treatment options in NSCLC [12]. However, the level of detectable
circulating tumor DNA depends on tumor stage, tumor burden, and
biological and technical factors, whereby circulating tumor DNA in
plasma is typically less than 1 % [13].

Bronchoscopy is an easily performed procedure, and BWF is
routinely obtained for cytology. In contrast to peripheral blood, BWF is
in direct contact with the tumor and may reflect tumor heterogeneity
[14]. BWF recently emerged as a sample type for the detection of cell-
free DNA (cfDNA) in lung cancer. Detection of EGFR mutations in
BWEF is usually performed using quantitative polymerase chain reaction
(qPCR), which is widely available in medical settings. Recently, more
sensitive methods such as the droplet digital polymerase chain reaction
(ddPCR) have been introduced and are now being utilized in clinical
settings.

In this study, we aimed to evaluate the feasibility of using BWF for
EGFR mutation testing by ddPCR, employing matched tumor tissues as
standards. We aimed to explore whether the detection of the EGFR
T790M mutation in BWF using ddPCR could be useful for guiding pre-
cise treatment in patients after EGFR-TKI treatment failure.

2. Methods
2.1. Study population

From March 2021 to August 2022, a total of 421 BWF samples were
collected during bronchoscopy of patients with suspected or advanced
lung cancer and screened for this study. The inclusion criteria were as
follows: (1) patients with histologically confirmed NSCLC; (2) patients
who underwent testing for EGFR mutations on tissue samples; and (3)
patients with matched tumor tissue, BWF, and/or plasma samples. In
total, 166 patients were included and classified into initial diagnosis and
rebiopsy groups (Fig. 1). Among them, samples collected at the time of
initial diagnosis were used for 123 patients in the initial diagnosis group,
while samples collected at rebiopsy after EGFR TKI treatment failure
were used for analysis in 43 patients in the rebiopsy group. The
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participants in the two groups did not overlap. Information on age, sex,
smoking status, histology, tissue type from bronchoscopy, stage, EGFR
mutations, and first-line treatment received was collected. Tumor stage
was estimated using the TNM classification system (8th edition) [15].
The study was conducted in accordance with the 2008 Declaration of
Helsinki, and the study protocol was approved by the independent
Institutional Review Board of Severance Hospital (IRB number: 4-2021-
1223). Written informed consent was obtained from all patients.

2.2. BWF processing and sample preparation

Tumor tissue, BWF, and peripheral blood samples were collected
from each patient. All patients underwent bronchoscopy to obtain BWF.
Bronchoscopy was performed via the nasal or oral route under local
anesthesia and mild sedation with midazolam and fentanyl. A bron-
choscope was placed at a wedge position within the subsegmental
bronchus selected based on chest computed tomography findings for
suspected lung cancer. Sterile 0.9 % saline (20 mL) was slowly injected
into the segment and gently aspirated. At least 5 mL BWF was imme-
diately collected into a disposable specimen trap. BWF was processed
within 3 h by centrifugation at 3,000 rpm for 15 min at 4 °C, and the
supernatant was stored at — 80 °C until analysis. cfDNA was extracted
from 3 mL BWF supernatant using a QIAamp Circulating Nucleic Acid
Kit (Qiagen, Hilden, Germany).

Tumor tissues were prepared by formalin fixation and paraffin
embedding and cut into 10-pm sections for DNA extraction. DNA was
extracted using a Maxwell CSC DNA FFPE Kit (Promega, Madison, WI).
EGFR mutation analysis was performed using a GenesWell ddEGFR
Mutation Test (Gencurix, Seoul, South Korea).

Peripheral blood samples (10 mL) were collected in Streck tubes
(Streck, La Vista, NE) and centrifuged at 1,800 g for 10 min at 4 °C.
Plasma was isolated within 8 h and stored at — 80 °C until DNA
extraction. Plasma cfDNA was extracted from 2 mL plasma using a
QIAamp Circulating Nucleic Acid Kit (Qiagen) following the manufac-
turer’s instructions. Tumor tissue EGFR tests were performed at the
hospital pathology laboratory as part of clinical diagnosis. The plasma/
BWF EGFR test was conducted in our laboratory.

2.3. ddPCR method

ddPCR was performed using the QX200 Droplet Digital PCR System
(Bio-Rad, Hercules, CA) and an EGFR mutation analysis kit (Droplex

A total of 421 BWF samples were collected during bronchoscopy
from patients with suspected or advanced lung cancer
between March 2021 and August 2022

* Patients with histologically confirmed NSCLC
* Patients who underwent testing for EGFR mutations on tissue samples
* Patients with matched tumor tissue, BWF and/or plasma

166 patients were included

I
Initial diagnosis of NSCLC
(n=123)

|

Rebiopsy after failure of EGFR-TKI treatment

(n=43)

Fig. 1. CONSORT diagram.
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EGFR Mutation Test v2, Gencurix) following the manufacturer’s in-
structions. Droplex EGFR Mutation Test v2 PCR master mixture and
patient DNA samples (BWF or plasma) were combined in an 8-strip PCR
tube (Axygen, Tewksbury, MA) to a volume of 20 pL, and mixtures were
loaded into DG8 Cartridge wells (Bio-Rad). Droplets were generated
using a QX200 Droplet Generator (Bio-Rad) following the manufac-
turer’s instructions. The droplets were transferred to a 96-well plate and
the plate placed in a thermal cycler (Veriti 96-Well Fast Thermal Cycler;
Thermo Fisher Scientific, Waltham, MA) for PCR. Thermocycling con-
ditions were as follows: one cycle of 30 min at 37 °C, 10 min at 95 °C; 40
cycles of 30 sec at 94 °C; 1 min at 58 °C, and 98 °C for 10 min, with
ramping at 2 °C/sec.

After thermal cycling, the droplet reader was connected to a com-
puter running QuantaSoft Software (v1.6.6.0320; Bio-Rad), and data
analysis was performed. Thresholds were set manually based on results
from a positive control containing wild-type genomic DNA and standard
positive DNA. Numbers of positive and negative droplets were distin-
guished using the threshold, and used to calculate the target concen-
tration as copies/pL. The kit detects 107 EGFR mutations related to
EGFR-TKIs using six reactions per specimen and includes primers and
probes for exon 18 (L718X, G719X, G724S), exon 19 (59 deletions),
exon 20 (S768I, T790M, C797X, 33 insertions), and exon 21 (L858R,
L861Q). Positive controls and internal controls were included in every
test.

2.4. Statistical analysis

Diagnostic yields for EGFR mutation detection in BWF and plasma
were compared for sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and concordance rate. McNe-
mar’s test was used to assess the significance of differences between
BWF and plasma samples. The ddPCR area under the curve (AUC) for
BWF and plasma was calculated, and outcomes were compared using Epi
and pROC packages in R software (version 4.2.1, Institute for Statistics
and Mathematics, Vienna, Austria). DeLong’s test was used to compare
AUC values for BWF and plasma and determine statistically significant
differences. A two-sided p < 0.05 was considered statistically signifi-
cant. Statistical analyses used SPSS software (version 19.0; SPSS, Chi-
cago, IL).

3. Results
3.1. Patient characteristics

There were 166 patients included in the study. Baseline character-
istics are summarized in Table 1. The median age was 66.6 years (range
31-84 years), and 92 patients (55.4 %) were female. More than half of
the patients (57.2 %) had never smoked, and most (95.8 %) were
diagnosed with adenocarcinoma.

We classified 123 patients (74.1 %) into the initial diagnosis group
and 43 patients (25.9 %) into the rebiopsy group. In the initial diagnosis
group, EGFR results were wild-type in 55 patients (44.8 %) and mutated
in 68 patients (55.2 %). Of the patients with EGFR mutations, 34 (50.0
%) had an exon 19 deletion (E19del) while 29 (42.6 %) had an L858R
mutation. In the rebiopsy group, E19del was the most common mutation
(53.5 %), followed by L858R (32.6 %).

3.2. Diagnostic yield of using BWF for initial diagnosis

Detection of EGFR mutations in patients at initial diagnosis showed
sensitivity and specificity, respectively, of 57.4 % and 96.4 % in BWF
and 16.4 % and 96.2 % in plasma, compared with tumor tissue.
Concordance rates for EGFR mutation detection, based on results in
tumor tissue, were 74.0 % for BWF and 53.1 % for plasma. BWF thus had
a higher diagnostic yield than plasma for detecting EGFR mutations (p
< 0.001) (Table 2). The AUC for EGFR mutation detection was 0.769
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Table 1
Baseline characteristics of the study population.

Variables All patients Initial diagnosis ~ Rebiopsy (N
(N =166) (N=123) =43)
N (%) or N (%) or mean N (%) or
mean + SD + SD mean + SD
Age (years) 66.6 + 10.1 66.1 + 9.6 68.1 +11.2
Gender
Male 74 (44.6) 62 (50.4) 12 (27.9)
Female 92 (55.4) 61 (49.6) 31 (72.1)
Smoking status
Never 95 (57.2) 63 (51.2) 32 (74.9)
Former 45 (27.1) 35 (28.5) 10 (23.3)
Current 26 (15.7) 25 (20.3) 1(2.3)
Histology
Adenocarcinoma 159 (95.8) 117 (95.1) 42 (97.7)
Other 7 (4.2) 6 (4.9) 1(2.3)
Tissue type
Bronchus 14 (8.4) 7 (5.7) 7 (16.3)
Lung 138 (83.2) 109 (88.6) 29 (67.4)
Lymph node 13 (7.8) 7 (5.7) 6 (14.0)
Other 1(0.6) 0 (0.0) 1(2.3)
Stage
Early stage (I-111A) 93 (56.0) 86 (69.9) 7 (16.3)
Advanced stage (I1IB-1V) 73 (44.0) 37 (30.1) 36 (83.7)
EGFR mutation types at
initial diagnosis
Wild-type 55 (33.1) 55 (44.8) 0(0.0)
EGFR mutation 111 (66.9) 68 (55.2) 43(100)
Exon 19 deletion 57 (51.4) 34 (50.0) 23 (53.5)
L858R 43 (38.7) 29 (42.6) 14 (32.6)
Other® 11 (9.9) 5(7.4) 6 (13.9)
EGFR mutation type after
failure of EGFR-TKIs
Wild-type - 10 (23.3)
EGFR mutation - 33(76.7)
Exon 19 deletion/T790M - 9 (27.2)
Exon 19 deletion - 9 (27.2)
L858R/T790M - 7 (21.2)
L858R - 5 (15.3)
1L861Q - 2(6.1)
G719X - 1(3.0)
First-line treatment
Surgery 68 (41.0) 63 (51.2) 5(11.6)
Radiation or CCRT 21 (12.7) 17 (13.8) 4(9.3)
EGFR-TKI 53 (31.9) 19 (15.4) 34 (79.1)
Platinum-based 10 (6.0) 10 (8.2) 0(0.0)
chemotherapy
Other 14 (8.4) 14 (11.49) 0(0.0)

Notes: “Two cases of exon 20 insertion, one G719X, one G719X/S768I, one
G719A, two L861Q, one L747P, one L858R/T790M, one L858R/S768I, and one
L858R/exon 20 insertion.

Abbreviations: CCRT, concurrent chemoradiotherapy; EGFR, epidermal
growth factor receptor; SD, standard deviation; TKI, tyrosine kinase inhibitor

(95 % confidence interval (CI): 0.704-0.833) in BWF and 0.563 (95 %
CI: 0.509-0.617) in plasma (Fig. 2A). BWF predicted EGFR mutations in
tumor tissue more accurately than did plasma (p < 0.001).

Among patients in the initial diagnosis group, 16 had no tumor cells
detected on tissue biopsy, but in some patients, EGFR mutations were
detected in BWF, and patients were later diagnosed with lung cancer by
surgery or repeat biopsy (Table 3). The concordance rate of ddPCR EGFR
test results between BWF and tumor tissues was 81.3 %. Of the 16 pa-
tients, 13 were in an early stage and three in an advanced stage at the
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Table 2

Comparison of EGFR mutation detection rates in BWF and plasma.
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Initial diagnosis group (N = 123)

Rebiopsy group (N = 43)

BWF Plasma p-value BWF Plasma p-value
EGFR mut EGFR WT EGFR mut EGFR WT EGFR mut EGFR WT EGFR mut EGFR WT

Tissue EGFR mut 39 29 10 51 29 4 2 6

Tissue EGFR WT 2 53 2 50 4 6 1 3

Sensitivity 57.4 % (39/68) 16.4 % (10/61) <0.001 87.9 % (29/33) 25.0 % (2/8) 0.016

Specificity 96.4 % (53/55) 96.2 % (50/52) 60.0 % (6/10) 75.0 % (3/4)

PPV 95.1 % (39/41) 83.3 % (10/12) 87.9 % (29/33) 66.7 % (2/3)

NPV 64.6 % (53/82) 49.5 % (50/101) 60.0 % (6/10) 33.3 % (3/9)

Concordance rate

74.0 % (91/123)

53.1 % (60/113)

81.4 % (35/43)

41.7 % (5/12)

Abbreviations: EGFR, epidermal growth factor receptor; mut, mutation; WT, wild type; BWF, bronchial washing fluid; PPV, positive predictive value; NPV, negative

predictive value
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Fig. 2. Comparison of receiver operator characteristic curves in bronchial washing fluid and plasma. (A) Initial diagnosis group (bronchial washing fluid
(BWF): area under the curve (AUC) = 0.769, 95 % confidence interval (CI) = 0.704-0.833; plasma: AUC = 0.563, 95 % CI = 0.509-0.617). (B) Rebiopsy group (BWF:
AUC = 0.739, 95 % CI = 0.569-0.909; plasma: AUC = 0.500, 95 % CI = 0.207-0.793).

time of diagnosis. Using analysis by stage, the concordance rate of BWF
EGFR results for patients in an advanced stage was 100 % (3/3), and that
for patients in an early stage was 76.9 % (10/13). The findings show that
BWF samples assessed by ddPCR reflect EGFR mutations in tumor tissue
even when tissue biopsies did not contain adequate tumor cell numbers.

3.3. Diagnostic yield of using BWF for rebiopsy

The patient characteristics in the rebiopsy group according to the
presence of EGFR T790M are shown in Supplementary Table 1. In the
rebiopsy group, most patients (95.4 %) had histologically confirmed
adenocarcinoma, and more than half (58.1 %) underwent rebiopsy at
the primary tumor site. All patients harbored EGFR mutations at diag-
nosis. There were 10 patients (23.3 %) with wild-type EGFR and 33
(76.7 %) with EGFR mutations in rebiopsied tissue samples. Reflecting a
change in the EGFR mutation status of tumor tissue at rebiopsy, 15
patients (34.9 %) had newly detected T790M mutations, one patient was
confirmed for de novo T790M identical to the initial finding, and 18
patients (41.9 %) only harbored the initial mutation, with 9 patients
(20.9 %) showing loss of activating EGFR mutations.

For EGFR mutation detection, relative to results in tumor tissue, the
sensitivity and specificity, respectively, were 87.9 % and 60.0 % for BWF
and 25.0 % and 75.0 % for plasma. Concordance rates were 81.4 % for
BWF and 41.7 % for plasma. Similar to results in the initial diagnosis
group, the diagnostic yield for EGFR mutation detection was higher in

BWF than in plasma in the rebiopsy group (p = 0.016) (Table 2). The
AUC for EGFR mutation detection in the rebiopsy group was 0.739 (95 %
CI: 0.569-0.909) for BWF and 0.500 (95 % CI: 0.207-0.793) for plasma
(Fig. 2B).

3.4. EGFR T790M detection in BWF for rebiopsy

Of 43 patients in the rebiopsy group, 16 (37.2 %) were T790M-
positive in BWF and 27 (62.8 %) were T790M-negative in BWF. As
compared with results in tumor tissue, sensitivity, specificity, PPV, and
NPV of T790M detected in BWF were 68.8 %, 66.7 %, 55.0 %, and 78.3
%, respectively. In tumor tissue, T790M was detected in 16 patients
(37.2 %). The combined use of tissue biopsy and BWF increased the
detection rate for T790M compared with tissue biopsy alone, confirming
T790M in 22 patients (51.2 %) (Fig. 3). Six patients were identified as
T790M-negative in tumor tissue but positive in BWF (Supplementary
Table 2). In two patients, EGFR mutations were detected in BWF despite
the absence of malignant cells in tumor tissue. In three patients, T790M
was detected earlier in BWF than in other samples, such as tumor tissue
or plasma.

A representative case of a patient testing negative for T790M in
tumor tissue but positive in BWF is shown in Supplementary Fig. 1. A 56-
year-old woman was diagnosed with stage IV lung adenocarcinoma with
bone and brain metastases. She was confirmed to have an E19del and
was administered gefitinib. Two years later, the primary lung tumor
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Table 3
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Detailed information for initial diagnosis group patients with no tumor cells in tissue biopsy and EGFR mutation detected in BWF.

No.  Stage® Initial diagnostic test results Final diagnostic test results
Modality Tissue Pathologic result EGFR mutation Modality Tissue Pathologic results EGFR mutation in
type in BWF type tissue sample
1 Early TBLB Lung No evidence of Exon 19 deletion ~ CT-guided gun Lung Adenocarcinoma Exon 19 deletion
malignancy biopsy
2 Early TBLB Lung No evidence of Exon 19 deletion ~ CT-guided gun Lung Adenocarcinoma Exon 19 deletion
malignancy biopsy
3 Advanced  TBLB Lung No evidence of L858R RP-EBUS-TBLB Lung Adenocarcinoma L858R
malignancy
4 Early TBLB Lung No evidence of G719X, S768I Surgery Lung Adenocarcinoma G719X, S768I
malignancy
5 Early TBLB Lung No evidence of Wild-type CT-guided gun Lung Adenocarcinoma L858R
malignancy biopsy
6 Advanced  TBLB Lung No evidence of Wild-type CT-guided gun Lung Sarcomatoid Wild-type
malignancy biopsy carcinoma
7 Early TBLB Lung No evidence of Wild-type RP-EBUS-TBLB Lung Adenocarcinoma Wild-type
malignancy
8 Early TBLB Lung No evidence of Wild-type Surgery Lung Adenocarcinoma Wild-type
malignancy
9 Early TBLB Lung No evidence of Wild-type Surgery Lung Adenocarcinoma Wild-type
malignancy
10 Early TBLB Lung No evidence of Wild-type Surgery Lung Adenocarcinoma L858R
malignancy
11 Early TBLB Lung No evidence of Wild-type Surgery Lung Adenocarcinoma Wild-type
malignancy
12 Early RP-EBUS-TBLB Lung No evidence of Wild-type Surgery Lung Adenocarcinoma Wild-type
malignancy
13 Early RP-EBUS-TBLB Lung A few atypical cells Wild-type Surgery Lung Adenocarcinoma Exon 19 deletion
14 Early EBUS-TBNA Lymph No evidence of Exon 19 deletion  Surgery Lung Adenocarcinoma Exon 19 deletion
node malignancy
15 Advanced  EBUS-TBNA Lymph No evidence of Wild-type Surgery Lung Adenocarcinoma Wild-type
node malignancy
16 Early CT-guided gun Lung Material Wild-type Surgery Lung Adenocarcinoma Wild-type
biopsy insufficiency

Notes: “Early stage refers to stages I-1IIA, and advanced stage refers to stages IIIB-IV
Abbreviations: CT, computed tomography; EBUS-TBNA, endobronchial ultrasound-guided transbronchial needle aspiration; RP-EBUS-TBLB, radial probe endo-
bronchial ultrasound-guided transbronchial lung biopsy; TBLB, transbronchial lung biopsy.

BWF

T790M positive T790M positive J

Tissue [
\"

6 patients 6 patients

T790M positive in tissue biopsy : 37.2% (16/43)
T790M positive in tissue biopsy + BWF : 51.2% (22/43)

Fig. 3. Number of patients with T790M detected by sample type in the
rebiopsy group. Of the 43 patients in the rebiopsy group, 10 had a T790M
mutation detected in both tumor tissue and BWF. Six patients were T790M-
positive in tumor tissue only, and six were T790M-positive in BWF only. The
combined use of tissue biopsy and BWF increased the detection rate for T790M
compared with the use of tissue biopsy alone, confirming T790M in 22 patients
(51.2 %).

progressed, and leptomeningeal metastases developed. The patient un-
derwent bronchoscopy for rebiopsy; however, it was difficult to obtain
tumor tissue because of bronchial stenosis caused by fibrotic changes
after EGFR-TKI treatment. On tissue biopsy, only E19del was detected in
the rebiopsied tumor tissue, but both E19del and T790M were detected

in BWF. A plasma EGFR mutation test at the time of rebiopsy performed
at the clinic showed loss of E19del and no T790M by Cobas EGFR Mu-
tation Test v2 (Roche Molecular Systems Inc., Branchburg, NJ). As
leptomeningeal metastasis progressed, treatment was switched from
gefitinib to osimertinib. Four months after initiation of osimertinib
treatment, the leptomeningeal metastases had almost disappeared, and
the primary lung tumor size decreased. Depending on the response to
osimertinib, the detection of T790M in BWF using ddPCR can be
considered a reliable true-positive result. This case suggests that detec-
tion of T790M in BWF using ddPCR may be helpful in guiding treatment
decisions when tumor tissue acquisition is difficult.

4. Discussion

Here, we investigated the detection of EGFR mutations in BWF using
ddPCR, which was found to give high diagnostic yields for both initial
diagnosis and rebiopsy of NSCLC. We found that using ddPCR, T790M
was detected earlier in BWF than in tumor tissue, being detected even
when biopsied tissue did not have adequate tumor cell numbers. Our
results suggest that BWF can compensate for the low sensitivity of
rebiopsy in EGFR-mutated NSCLC on progression after EGFR-TKI
therapy.

Third-generation EGFR-TKIs are the standard regimen for subse-
quent therapy when EGFR-mutated NSCLC patients acquire a T790M
mutation with resistance to first-line EGFR-TKIs [16]. T790M detection
has been reported in 55-60 % of patients with disease progression after
first-line EGFR-TKIs [17,18]. Patients with T790M who are treated with
osimertinib have a progression-free survival (PFS) of 10.1-14.2 months
[19-21]. However, the median PFS of T790M-negative patients treated
with platinum-based chemotherapy was only 4.4 months in the AURA3
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phase III clinical trial [19], indicating that the presence of T790M is
crucial for survival benefit when disease progresses during first-line
EGFR-TKI therapy.

T790M molecular testing is mainly performed in tumor tissue or
plasma using real-time PCR. In reports on T790M tests in rebiopsy and
plasma, T790M detection was 30-40 % in tumor tissue/cytology sam-
ples when adequate numbers of tumor cells were acquired, and
approximately 20 % in plasma samples [22]. For tumors located in the
center of the lung and accessible only by transbronchial lung biopsy
(TBLB), the accuracy and T790M detection rate are lower than for tu-
mors in other locations. For these difficult-to-access tumors, cell-free
tumor DNA within BWF, obtained from areas containing the tumor,
can be easily collected during bronchoscopy, even without precise
tumor targeting.

BWF and BALF (bronchoalveolar lavage fluid) have been routinely
obtained during bronchoscopy using standardized methods and have
long been used in the diagnosis of respiratory diseases. Coupled with
highly sensitive assays such as PCR, BWF testing is widely used for ac-
curate and rapid diagnosis of lung diseases including tuberculosis [23]
and pneumonia and can be used to guide treatment decisions [24].

BWF and BALF are emerging as enriched cfDNA sources with ad-
vantages over plasma for identifying lung cancer-derived mutations
[25]. Several studies have shown that BWF and BALF have better yields
than plasma in liquid biopsy for detection of EGFR mutations including
T790M [26-28]. In our study, the allele frequency of mutant EGFR in
each sample was generally higher in BWF compared to the paired
plasma (Supplementary Fig. 2). In addition, BWF better reflects tumor
heterogeneity than does small-biopsy tissue. Given these advantages,
studies have been conducted to determine the feasibility of identifying
EGFR mutations in BWF and BWF/BALF using diverse methods.

In this study, we employed ddPCR for the detection of EGFR in BWF.
Generally, ddPCR is known as a more sensitive method for detecting
variants, even when allele frequencies are low. Previous studies have
reported that ddPCR can rapidly and accurately detect EGFR mutations
in circulating tumor DNA in lung cancer, demonstrating high sensitivity
and specificity [29-31]. Enhanced detection of EGFR-TKI-sensitizing
mutations using ddPCR in BWF, as compared to plasma, has been re-
ported in previous studies [13]. In the present study, we focused on
T790M detection by ddPCR in rebiopsy after EGFR-TKI therapy. As
discussed above, rebiopsy through TBLB is performed in poorly acces-
sible tumors, and tumors are surrounded by dense fibrosis after EGFR-
TKI treatment, making tissue biopsy difficult. Owing to the limitations
of rebiopsy, it is advantageous to obtain tumor DNA from a range of
sources and use highly sensitive assays that can detect EGFR mutations
even with small amounts of tumor DNA. We consider that BWF ddPCR
using cfDNA is a powerful complementary test in bronchoscopic
rebiopsy. The frequency of T790M in tissues obtained by TBLB is
approximately 30-40 % in clinical practice, but additional use of BWF
increased the detection rate of T790M to more than 50 % in the current
study. The strength of our study is that BWF ddPCR using cfDNA can be
applied without additional equipment in institutions where bronchos-
copy is currently performed and where tumor DNA is analyzed by
ddPCR.

This study has some limitations. First, BWF acquisition by bron-
choscopy was performed by several doctors, including trainee pulmo-
nologists at a university-affiliated training hospital. Second, this was a
retrospective study conducted at a single institution. While BWF
acquisition is a simple procedure, if BWF is collected prospectively by
experienced pulmonologists, better diagnostic yields can be expected.

5. Conclusions

In conclusion, we demonstrated that detection of EGFR mutations in
BWF using ddPCR showed a high diagnostic yield for both initial diag-
nosis and rebiopsy of NSCLC. In cases of EGFR-TKI treatment failure,
T790M can, in some cases, be detected earlier in BWF than in tissue
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rebiopsy, providing patients with an early opportunity to access third-
generation EGFR-TKIs. Given the ease of acquiring BWF and the accu-
racy of ddPCR results, the complementary use of BWF along with tumor
tissue samples will improve precision in EGFR-mutated NSCLC treat-
ment strategies.
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