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Abstract
Introduction  Comprehensive next-generation sequencing (NGS) of non-small-cell lung cancer specimens can identify onco-
genic driver mutations and their corresponding targeted therapies. Plasma cell-free DNA (cfDNA) genotyping is easy to 
perform; however, false negatives cannot be overlooked. We explored malignant pleural effusion (MPE), a rich source of 
cfDNA, as a non-inferior alternative to tumor tissues for genotyping.
Methods  We conducted a prospective trial including 39 patients with newly diagnosed stage IV lung adenocarcinoma who 
presented with MPE. Tissue tests matching hotspot variants, including EGFR, ALK, and ROS1, were compared with the 
AlphaLiquid100 of PE-cfDNA.
Results  Among the 39 PE-cfDNA samples successfully sequenced, 32 (82.1%) had a PE cell-block tumor content of < 10%. 
Standard tissue or cell-block testing for EGFR, ALK, and ROS1 identified 20 mutations (51.3%), whereas PE cfDNA identi-
fied 25 mutations (64.1%). Five EGFR mutations were observed in PE cfDNA but not in Cobas EGFR owing to coverage 
or insufficient tumor content issues. The overall rate of oncogenic mutations identified in the PE cfDNA was 92.3%, and 
the mutation distribution was as follows: even with a very low cfDNA input, high detection rates could be achieved. Other-
wise, most patients harbored co-mutations. Comparison of pleural fluid NGS with traditional testing revealed differences in 
accuracy. We also followed up with patients with EGFR-sensitizing mutations who had a treatment response rate of 97.2% 
after 3 months.
Conclusions  Genotyping of MPE supernatant cfDNA is feasible in clinical practice, in addition to plasma and tumor testing, 
to improve diagnostic yield and extend patients’ benefit from targeted therapies.
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Key Points 

This study was one of the first in Taiwan to explore 
cfDNA-based next-generation genetic testing for 
malignant pleural effusion (MPE).

The success rate for identifying EGFR (Cobas), ALK 
(IHC), and ROS1 (IHC) using standard cell-block 
testing of pleural effusion sediments was approximately 
50%, while the AlphaLiquid® 100 target capture panel 
identified over 90% of oncogenic mutations in cfDNA.

cfDNA analysis from pleural effusion supernatant is a 
practical method that complements plasma and tumor 
testing, improving diagnostic accuracy and patient access 
to targeted therapies.

1  Introduction

Recent advancements in pathological diagnostic methods 
have led to a more precise classification of lung cancers 
based on pathology and genetics, thus improving treatment 
options [1]. Emphasizing the importance of obtaining an 
accurate diagnosis for small cytology and biopsy samples 
highlights the need to identify specific histological types 
and molecular characteristics of non-small-cell lung cancer 
(NSCLC). Tissue genotyping is considered the gold standard 
method for identifying human genomic changes in cancer 
diagnosis; however, this technique has many limitations. It 
is highly invasive, expensive, and time-consuming, making 
it impractical for small amounts of tumor tissues or follow-
up in cancer treatment regimens. Hence, liquid biopsy is 
considered a promising alternative to invasive diagnostic 
methods [2]. Liquid biopsy candidates, including circulat-
ing tumor cells (CTCs), circulating cell-free tumor DNA 
(cfDNA), tumor-educated platelets (TEP), and extracellular 
vesicles (EVs), contain cancer-derived biomolecules. They 
allow the identification of driver mutations that initiate can-
cer, acquired resistance due to the generations of therapeutic 
agents, refractory disease, prognosis, and surveillance [3]. 
In patients with cancer, the majority of cfDNA is released 
through apoptosis or necrosis of tumor cells. The clinical 
potential of noninvasive diagnostic tests using cfDNA is sig-
nificant. The fragmentation pattern of cfDNA can indicate 
the tissue origin in patients with cancer. Although next-gen-
eration sequencing (NGS) is extensively used in tumor tissue 
profiling, its analytical sensitivity for cfDNA applications is 
limited. This limitation typically arises from the efficiency 
of capturing or enriching genetic regions of interest from 
cfDNA and the higher error rate in sequencing reactions 

[4]. Plasma cfDNA is frequently used as a liquid biopsy 
for genetic testing across various cancers, but tumor-derived 
cfDNA within the total plasma cfDNA can be low [5].

Currently, studies are investigating the use of tumor-
derived cfDNA isolated from different body fluids, includ-
ing plasma, pleural effusion (PE), cerebrospinal fluid, saliva, 
and urine, for cancer genomic profiling [6, 7]. Patients with 
advanced lung cancer develop malignant pleural effusion 
(MPE) owing to the impaired drainage of pleural fluid and 
increased leakage of plasma into the pleural space due to 
the tumor cell invasion of the pleural cavity [8]. PE samples 
can be collected simultaneously to avoid additional invasive 
sampling, which contain floating malignant cells and tumor-
derived cfDNA in the supernatant [9]. Previous studies have 
analyzed EGFR mutations by using cfDNA extracted from 
MPE supernatant samples, revealing that the supernatant 
from MPE exhibited a notably higher detection rate and 
sensitivity for tumor-specific mutations than the sediment-
containing tumor cells [10]. Diagnosing MPE can be chal-
lenging, with positive cytology findings in only 60–80% of 
adenocarcinoma cases. Furthermore, the potential for PE in 
patients with negative pleural aspiration cytology is largely 
unexplored in clinical diagnostic settings [11].

Molecular tests recommended for advanced NSCLC 
according to the NCCN guidelines are not routinely 
performed because of insufficient samples. In Taiwan, 
under the National Health Insurance system, the standard 
method for testing PE is the isolation of the sediment for 
cell-block staining or polymerase chain reaction (PCR), 
including the identification of EGFR (Cobas), ALK (IHC), 
and ROS1 (IHC). However, owing to the limited number 
of tumor cells in the PE sediment, sensitivity and accuracy 
are often questioned. To compare the genotyping of cfDNA 
extracted from PE and sediment for cell-block staining, we 
performed a prospective study at one medical center and 
three teaching hospitals in Taiwan. We aimed to determine 
whether pleural cfDNA can be used to assess targetable 
mutations in patients with lung adenocarcinoma having 
MPE. This was a pioneering study on the clinical application 
of next-generation genetic testing for MPE in Taiwan.

2 � Material and Methods

2.1 � Study Design and Patient Recruitment

This multicenter study prospectively recruited 39 patients 
between January 2022 and August 2023 who were newly 
diagnosed with stage IV lung adenocarcinoma and had 
MPE. The study protocol was approved by the Institutional 
Review Boards of Far Eastern Memorial Hospital (IRB No.: 
111267-F), National Yang Ming Chiao Tung University 
Hospital (IRB No.: 2022A011), National Taiwan University 
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Hospital Yunlin Branch (IRB No.: 202205102RIFD), and 
E-Da Hospital (IRB No.: EMRB-111-140). The study was 
conducted in accordance with the Declaration of Helsinki 
for biomedical research. All patients’ biopsied tissue or 
cell-block samples underwent standard care genotyping 
sponsored by the National Health Insurance for hotspot vari-
ants, including EGFR (Cobas V2), ALK (IHC D5F3), and 
ROS1 (IHC D4D6 or SP384). PE samples were obtained 
and sent to a CAP-certified laboratory for liquid biopsy 
NGS (IMBdx, Inc., South Korea). Written informed con-
sent was obtained from all patients prior to any study-spe-
cific procedures. The EGFR (Cobas V2) detection range 
includes: Exon 18: c.2156G>C (p.G719A), c.2155G>A 
(p.G719S), or c.2155G>T (p.G719C). Exon 19: In-frame 
deletions. Exon 20: c.2303G>T (p.S768I), c.2369C>T 
(p.T790M), and in-frame insertions. Exon 21: c.2573T>G 
or c.2573_2574TG>GT (p.L858R), and c.2582T>A 
(p.L861Q).

2.2 � Pleural Effusion Collection and Cell‑Free DNA 
Extraction

Each patient’s PE sample was collected after the cytological 
confirmation of malignancy. All the PE samples (40 mL) 
were collected and transferred to Cell-Free DNA BCT 
tubes (Streck, USA). Each PE sample was centrifuged at 
2000×g for 10 min. cfDNA was then extracted from the 
supernatant of PE using the Maxwell® RSC cfDNA Plasma 
Kit (Promega, USA) following the manufacturer’s protocol. 
The cfDNA was quantified using a 4200 TapeStation 
(Agilent Technologies, Santa Clara, CA, USA).

2.3 � Targeted Panel Sequencing

A DNA NGS library was established using an IMBdx 
NGS DNA Library Prep Kit. At IMBdx, Inc. (Seoul, South 
Korea), solution-based target enrichment was performed 
using the AlphaLiquid® 100 target capture panel [12–14]. 
This panel was specifically designed to cover all the exons 
of 118 cancer-related genes. Subsequently, the captured 
DNA libraries were subjected to sequencing on an Illumina 
Novaseq 6000 platform (Illumina, San Diego, CA, USA) in 
the 2 × 150 bp paired-end mode (https://​doi.​org/​10.​1038/​
s41416-​022-​01837-z). The initial output of the sequencing 
data from the samples was in the bcl format. Then, to 
process and analyze the data, the Burrows-Wheeler Aligner 
(BWA, version 0.7.17-r1188) was used for demultiplexing 
(https://​doi.​org/​10.​1093/​bioin​forma​tics/​btp324). Adaptor 
sequences were trimmed from the fastq files, followed by 
alignment to the human reference genome (hg38) performed 
using BWA (version 0.7.10) with the “mem” algorithm. 
Reads that were mapped to the AlphaLiquid® 100 target 
regions were extracted. Initial variant calls were generated 

based on fragment counts, which included both single-
strand consensus sequences (SSCS) and duplex consensus 
sequences (DCS). Subsequently, a series of in-house 
filtering steps specific to IMBdx was applied. The variant 
calls obtained were then scored using a machine-learning 
model designed to distinguish true from false variants. 
Subsequently, the variants were annotated to predict their 
functional effects.

2.4 � Identifying ctDNA Variants (SNV‑INDEL, Fusion, 
and CNV)

After the initial variant calling process on the cell-free DNA 
(cfDNA) samples, a series of filtering steps were applied to 
improve the accuracy and specificity of the results.

To minimize the influence of noise, contamination, and 
sequencing errors, we set specific thresholds for ctDNA 
mutations. These thresholds required a variant allele fre-
quency (VAF) of at least 0.1% and a minimum of four 
altered duplex consensus sequence (DCS) counts. These 
criteria ensured that only the mutations with sufficient 
evidence and confidence were retained for further analy-
sis. Then, we performed a manual review and curation of 
unexpected false positives by visually examining the lon-
gitudinal ctDNA mutation profiles. This step allowed us to 
identify and exclude any potential false positives that may 
arise due to technical artifacts or other confounding factors, 
thus ensuring the accuracy and reliability of the final muta-
tion calls.

For copy number variations (CNVs), we established 
specific criteria to identify amplifications and gains. Gains 
were defined as having a copy number (CN) of 4 or greater, 
or when the CN ranged from 2.2 to 4, applying statistical 
criteria with a p-value below 0.001. For gene fusion, the 
computational time was optimized by selecting paired-end 
reads that overlapped with the targeted regions. Candidate 
fusion genes were identified using the dual-fusion caller 
approach with two software tools, Genefuse (https://​doi.​
org/​10.​7150/​ijbs.​24626) and SViCT (https://​doi.​org/​10.​
1093/​nar/​gkz067). To ensure high-confidence fusion gene 
detection, only the fusions supported by two or more reads 
with a mapping quality of 60 were considered. In addition, 
the predicted transcript resulting from the fusion event must 
be considered functional.

3 � Results

This study included 39 patients (30.8 % male) with stage 
IV non-small-cell lung cancer who presented with PE. The 
median age at diagnosis was 67.7 years (range 48–84 years), 
and 25 patients (64.1%) were non-smokers. Among them, 26 
(66.7%) were diagnosed with distant metastases (stage IVB). 

https://doi.org/10.1038/s41416-022-01837-z
https://doi.org/10.1038/s41416-022-01837-z
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.7150/ijbs.24626
https://doi.org/10.7150/ijbs.24626
https://doi.org/10.1093/nar/gkz067
https://doi.org/10.1093/nar/gkz067
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All 39 PE cfDNA samples were successfully sequenced. 
Among them, 32 (82.1%) had less than 10% tumor content 
in the PE. We analyzed these patients, of whom only 18 
(46.2%) were able to undergo tissue biopsy successfully and 
21 (53.8%) were unable to undergo tissue biopsy (Table 1).

Standard cell-block testing of PE sediments for EGFR 
(Cobas), ALK (IHC), and ROS1 (IHC) identified 20 muta-
tions (51.3%), whereas the AlphaLiquid 100 panel detected 
25 mutations (64.1%). The five additional patients detected 

using cfDNA technology included one with EGFR L858R 
mutation, two with EGFR L747_P753 del-insS mutation, 
one with EGFR E746_S752del-insV mutation, and one 
with EGFR E746_A750 del-insIP mutation. This suggests 
the improved mutation detection capability of PE cfDNA 
compared with that of standard tissue testing methods. The 
AlphaLiquid 100 panel detected 36 patients (92.3%) with 
all oncogenic mutations, including non-hotspots in the 
EGFR (Cobas) test. Compared with traditional cell-block 
testing, the 11 additional patients included three with non-
hotspot EGFR mutations, three with KRAS mutations, two 
with Met-14 skipping, one with an NRAS mutation, one 
with a BRAF mutation, and one with ERBB2 amplifica-
tion (Table 2; Fig. 1). Moreover, even with a very low 
cfDNA input, high detection rates were achieved (Fig. 2). 
Similar to other tissue-based NGS studies, analysis of PE 
cfDNA revealed the main driver mutations and various 
co-occurring alterations (Fig. 3).

We simultaneously analyzed the response to EGFR-TKI 
treatment in patients with EGFR mutations 3 months after 
treatment. Among the 18 patients who tested positive for 
EGFR in both cell blocks and cfDNA, 17 (94.4%) showed 
a partial tumor response 3 months after receiving EGFR-
TKI treatment. In contrast, among the eight patients who 
tested negative for EGFR in the cell block but positive 
for cfDNA, all (100%) showed a partial tumor response 
3 months after receiving EGFR-TKI treatment (Table 3).

Table 1   Patient and tumor characteristics

N (39) Percentage (%)

Age, years (mean)
 67.74

Sex
 M 12 30.8
 F 27 70.2

Tissue biopsy availability at Dx
 Available 18 46.2
 Not available 21 53.8

Cytology (%)
 ≧ 10% 7 17.9
 < 10% 32 82.1

Smoking history
 Never 25 64.1
 Ex-smoker 9 23.1
 Current smoker 5 12.8

Stage
 IVA 13 33.3
 IVB 26 66.7

Table 2   Comparison of traditional cell-block test and PE cfDNA test (AlphaLiquid 100 panel)

Total samples (N = 39) Cell block 
(EGFR, ALK, 
ROS1)

AlphaLiquid 100 panel in MPE (EGFR, ALK, 
ROS1) (EGFR was only compared to Cobas 
detectable sites)

AlphaLiquid 100 panel in MPE (all oncogenic 
mutations: EGFR, ALK, ROS1, RAS, ERBB2, 
MET, BRAF, RET)

Detected numbers 20 25 36
Detection rate 51.3% 64.1% 92.3%
Additional mutation 

detected MPE cfDNA
P03: EGFR L858R P02: EGFR N771dup

P14: EGFR L747_P753delinsS P06: NRAS Q61L
P19: EGFR E746_A750delinsIP P09: KRAS G12V
P22: EGFR L747_P753delinsS P12: MET c.2888-16_2888-4del (ex14skip)
P29: EGFR E746_S752delinsV P13: KRAS G12A

P15: BRAF V600E
P20: EGFR H773L, V774M
P31: KRAS G12V
P34: EGFR R776H, L858R
P36: ERBB2 amp
P39: MET D1010N (ex14skip)
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4 � Discussion

To the best of our knowledge, this is the first study to 
assess the diagnostic potential of oncogenic mutations 
in cfDNA extracted from PE. We compared these 
results with those of clinically available specimens from 
various centers across Taiwan. The prevailing method for 
identifying targetable genetic mutations in the pleural fluid 
of lung adenocarcinoma patients involves PCR or NGS, 
using malignant cells isolated from the sediment. In our 
study, if tissue samples were not obtained via PE, only 

18 of 39 patients (46.2%) successfully underwent tissue 
biopsy, whereas 21 (53.8%) were unable to undergo a 
tissue biopsy. This finding highlights the important role 
of PE in sample acquisition.

Prior research has utilized cellular sediments or superna-
tants of PE to detect EGFR mutations using various meth-
ods, including Sanger sequencing, amplification refractory 
mutation system (ARMS) PCR, mutant-specific PCR, digital 
PCR, and NGS [15, 16]. In patients with the corresponding 
tissue biopsies, cfDNA showed sensitivities of 93, 90, and 
63% for mutation detection in the supernatant, sediment, 
and plasma, respectively. The concentration of cfDNA was 
higher in the supernatant than in the sediment or plasma and 
showed more distinctive mutational profiles than the other 
samples [17]. This indicates that cfDNA extracted from the 
supernatant provides superior sensitivity and mutational pro-
file diversity compared with sediment or plasma samples. 
In a recent study involving patients with MPE and positive 
cytology for lung adenocarcinoma, pleural cytology identi-
fied targetable mutations in approximately 71.4% of cases 
[18]. In another study, the diagnostic accuracy of pleural 
fluid cytology for detecting malignancies in patients with 
lung adenocarcinoma was 80.2% [19]. In our study, standard 
cell-block testing of PE sediments for EGFR (Cobas), ALK 
(IHC), and ROS1 (IHC) identified mutations in approxi-
mately 51.3% of cases, whereas PE cfDNA analysis using 
the AlphaLiquid 100 panel detected mutations in 64.1% of 
cases. Under Taiwan’s National Health Insurance coverage, 
if only conventional tests were included, we might have 
missed many patients who could benefit from targeted drug 
therapies. An additional five patients were detected using 
cfDNA technology in the hotspots of EGFR mutations 
(L858R, L747_P753 del-insS, E746_S752del-insV, and 
EGFR E746_A750 del-insIP). In other words, more onco-
genic mutations were detected by the method of PE-cfDNA 
NGS than sediment cell block using Cobas EGFR mutation 
test. The overall rate of oncogenic mutations identified using 

Fig. 1   Mutation distribution

Fig. 2   Distribution of the input cfDNA amount
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the PE cfDNA was 92.3%. Therefore, cfDNA technology 
has greater clinical utility for detecting mutations in pleural 
effusion compared to using cell block Cobas test.

Additional patients included those with non-hotspot 
EGFR mutations, KRAS, Met-14 skipping, NRAS, BRAF 
mutations, and ERBB2 amplification. Rare mutations 
can be identified using cfDNA, enabling more effective 

targeted therapies. Our study suggests that analyzing cfDNA 
extracted from PE can offer valuable genomic insights into 
an individual’s cancer, complementing and enriching the 
data obtained from tissue biopsies.

A previous study reported that 5 mL of pleural fluid is 
sufficient to confirm malignancy [20]. In our study, 82.1% of 
the patients had PE with less than 10% tumor content; however, 
cfDNA mutational analyses were conducted successfully in all 
cases. Most patients in our study had PE with a low tumor 
burden; however, cfDNA analysis was still feasible.

Previous a study has shown that MPE is suitable for the 
detection of EGFR and ALK mutations in cell blocks [21]. 
To validate our accuracy, we observed tumor shrinkage in 
patients who tested positive after treatment with targeted 
drugs for 3 months. In our study, 59% of patients carried 
EGFR L858R or exon 19 deletion mutations, all of whom 
received treatment with either second- or third-generation 
EGFR inhibitors. Remarkably, 96.2% of these EGFR-
positive patients exhibited a response duration exceeding 
3 months, with only one patient exhibiting primary 
resistance. These results suggest that supernatants from 
MPE are as effective as precipitate samples in detecting 

Fig. 3   Landscape of heterogeneous mutations

Table 3   Objective response rate after 3 months of EGFR-TKI treat-
ment in patients with EGFR-mutant non-small-cell lung cancer

a One primary resistance

Assay Patient with sensitizing 
EGFR mutation (n)

Duration of 
response > 3 
months

PE cfDNA (+) and 
tissue/cell block 
EGFR Cobas (+)

18 17/18 (94.4%)a

PE cfDNA (+) and 
tissue/cell block 
EGFR Cobas (−)

8 8/8 (100%)

Total 26 97.2%
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genetic alterations, despite the presence of gene mutation 
heterogeneity. Studies have shown that mutations in TP53 
and CTNNB1 or amplifications in EGFR, MET, MYC, and 
MDM2 may correlate with a shorter EGFR-TKI response 
duration and poorer clinical prognosis [22, 23]. Further 
analysis of these risk factors in relation to first-line EGFR-
TKI treatment duration in our cohort is required.

Cytology remains the gold standard for diagnosing PE. 
However, establishing an MPE diagnosis in individuals 
with cytology-negative effusions can be challenging [24]. 
Cytology-negative PE specimens are often considered 
inadequate for EGFR testing because of the low number 
of tumor cells. Previous studies have shown that EGFR 
mutations cannot be detected in cfDNA samples from 
non-malignant cells [25]. However, our study found that 
although as many as 82.1% of patients had fewer than 10% 
tumor cells in the cytology cell block, the overall rate of 
oncogenic mutations identified by PE cfDNA achieved a 
high detection rate of 92.3%.

This study has some limitations that should be addressed. 
The study acknowledges that the small sample size (39 sub-
jects) is a limitation, which may affect the generalizability of 
the findings. Future research with a larger cohort is needed to 
validate and confirm these results. Simultaneous NGS test-
ing of both PE supernatant and PE sediment block was not 
performed due to limited research resources. We were unable 
to investigate the concordance among tissue DNA, plasma 
cfDNA, PE supernatant, and sediment. To validate the accu-
racy of our results, we observed tumor shrinkage and an objec-
tive treatment response rate of 97.2% in patients who tested 
positive for EGFR after being treated with EGFR-TKI for 3 
months. However, not all patients with genetic alterations, 
except those with EGFR mutations, were treated with targeted 
therapy. Additional studies are required to validate these find-
ings. Furthermore, we could not comprehensively compare 
the competencies of each sample type. The nature of the liquid 
cfDNA may limit the detection of rare fusion events. However, 
the amplification threshold for PE requires further validation.

5 � Conclusions

This groundbreaking real-world study conducted in Taiwan 
verified that PE supernatants collected from patients with 
advanced NSCLC were highly reliable and effective in 
detecting mutations. Genotyping of PE supernatant cfDNA 
is feasible in clinical practice, in addition to plasma and 
tumor testing, to improve diagnostic yield and extend the 
patients’ potential to benefit from targeted therapies.

Acknowledgements  We extend our gratitude to TSH Biopharm Cor-
poration Ltd and IMBdx Corporation Ltd for their invaluable analytical 
insights, guidance, and facility support.

Declarations 

Funding  No funding was obtained for this study.

Conflict of interest  The authors S.C. Chang, C.Y. Chen, Y.F. Wei, Y.C. 
Lai, P.W. Hu, J.C. Hung, and C.Y. Chang declare that they have no 
conflicts of interest that might be relevant to the contents of this article.

Ethics approval  The study protocol was approved by the Institutional 
Review Boards of Far Eastern Memorial Hospital (IRB No.: 111267-
F), National Yang Ming Chiao Tung University Hospital (IRB No.: 
2022A011), National Taiwan University Hospital Yunlin Branch (IRB 
No.: 202205102RIFD), and E-Da Hospital (IRB No.: EMRB-111-140). 
The study was conducted in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki and its later amendments.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication  Not applicable.

Data availability statement  The data that support the findings of this 
study are available on request from the corresponding author.

Code availability  Not applicable.

Author contributions  Yu-Feng Wei, Chung-Yu Chen, and Shih-Chieh 
Chang contributed to data collection and analysis. Cheng-Yu Chang and 
Yu-Feng Wei helped finalize study concept and study design. Yi-Chun 
Lai, Po-Wei Hu, and Jui-Chi Hung contributed to acquisition of data. 
Cheng-Yu Chang and Shih-Chieh Chang drafted the manuscript. All 
authors contributed to the article and approved the submitted version.

Open Access  This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s Creative 
Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons 
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by-nc/4.0/.

References

	 1.	 Nicholson AG, Tsao MS, Beasley MB, Borczuk AC, Brambilla E, 
Cooper WA, et al. The 2021 WHO classification of lung tumors: 
impact of advances since 2015. J Thorac Oncol. 2022;17:362–87. 
https://​doi.​org/​10.​1016/j.​jtho.​2021.​11.​003.

	 2.	 Heitzer E, Haque IS, Roberts CES, Speicher MR. Current and 
future perspectives of liquid biopsies in genomics-driven oncol-
ogy. Nat Rev Genet. 2019;20:71–88. https://​doi.​org/​10.​1038/​
s41576-​018-​0071-5.

	 3.	 Padinharayil H, Varghese J, John MC, Rajanikant GK, Wil-
son CM, Al-Yozbaki M, et al. Non-small cell lung carcinoma 
(NSCLC): implications on molecular pathology and advances in 
early diagnostics and therapeutics. Genes Dis. 2023;10:960–89. 
https://​doi.​org/​10.​1016/j.​gendis.​2022.​07.​023.

http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1016/j.jtho.2021.11.003
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1016/j.gendis.2022.07.023


	 S.-C. Chang et al.

	 4.	 Xu T, Kang X, You X, Dai L, Tian D, Yan W, et al. Cross-plat-
form comparison of four leading technologies for detecting EGFR 
mutations in circulating tumor DNA from non-small cell lung 
carcinoma patient plasma. Theranostics. 2017;7:1437–46. https://​
doi.​org/​10.​7150/​thno.​16558.

	 5.	 Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, 
et al. Circulating mutant DNA to assess tumor dynamics. Nat 
Med. 2008;14:985–90. https://​doi.​org/​10.​1038/​nm.​1789.

	 6.	 Santarpia M, Liguori A, Daveni A, Karachaliou N, Gonzalez-Cao 
M, Daffinà MG, et al. Liquid biopsy for lung cancer early detec-
tion. J Thorac Dis. 2018;10(Suppl 7):S882–97. https://​doi.​org/​10.​
21037/​jtd.​2018.​03.​81.

	 7.	 Haber DA, Velculescu VE. Blood-based analyses of cancer: cir-
culating tumor cells and circulating tumor DNA. Cancer Discov. 
2014;4:650–61. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​13-​1014.

	 8.	 Stathopoulos GT, Kalomenidis I. Malignant pleural effusion: 
tumor-host interactions unleashed. Am J Respir Crit Care Med. 
2012;186:487–92. https://​doi.​org/​10.​1164/​rccm.​201203-​0465PP.

	 9.	 Benlloch S, Martí-Ciriquián JL, Galbis-Caravajal JM, Martín C, 
Sánchez-Payá J, Rodríguez-Paniagua JM, et al. Cell-free DNA 
concentration in pleural fluid and serum: quantitative approach 
and potential prognostic factor in patients with cancer and pleu-
ral effusions. Clin Lung Cancer. 2006;8:140–5. https://​doi.​org/​10.​
3816/​CLC.​2006.n.​043.

	10.	 Tong L, Ding N, Wang X, Li J, Zhang Y, Xu X, et al. Tumor-
derived DNA from pleural effusion supernatant as a promising 
alternative to tumor tissue in genomic profiling of advanced lung 
cancer. Theranostics. 2019;9(19):5532–41. https://​doi.​org/​10.​
7150/​thno.​34070.

	11.	 Ong KC, Indumathi V, Poh WT, Ong YY. The diagnostic yield of 
pleural fluid cytology in malignant pleural effusions. Singap Med 
J. 2000;41:19–23.

	12.	 Yi H, Youk J, Lim Y, Roh H, Roh D, Kyung D, et al. Analytical 
and clinical validation of a highly sensitive NGS-based ctDNA 
assay with real-world concordance in NSCLC. Cancer Res Treat. 
2024. https://​doi.​org/​10.​4143/​crt.​2023.​1294.

	13.	 Jeong SH, Kyung D, Yuk HD, Jeong CW, Lee W, Yoon JK, 
et al. Practical utility of liquid biopsies for evaluating genomic 
alterations in castration-resistant prostate cancer. Cancers. 
2023;15:2847. https://​doi.​org/​10.​3390/​cance​rs151​02847.

	14.	 Kim S, Lim Y, Kang JK, Kim HP, Roh H, Kim SY, et  al. 
Dynamic changes in longitudinal circulating tumour DNA pro-
file during metastatic colorectal cancer treatment. Br J Cancer. 
2022;127:898–907. https://​doi.​org/​10.​1038/​s41416-​022-​01837-z.

	15.	 Zhang X, Zhao Y, Wang M, Yap WS, Chang AY. Detection and 
comparison of epidermal growth factor receptor mutations in cells 
and fluid of malignant pleural effusion in non-small cell lung can-
cer. Lung Cancer. 2008;60:175–82. https://​doi.​org/​10.​1016/j.​lungc​
an.​2007.​10.​011.

	16.	 Gu J, Zang W, Liu B, Li L, Huang L, Li S, et al. Evaluation of 
digital PCR for detecting low-level EGFR mutations in advanced 
lung adenocarcinoma patients: a cross-platform comparison study. 

Oncotarget. 2017;8:67810–20. https://​doi.​org/​10.​18632/​oncot​
arget.​18866.

	17.	 Tong L, Ding N, Tong X, Li J, Zhang Y, Wang X, et al. Tumor-
derived DNA from pleural effusion supernatant as a promising 
alternative to tumor tissue in genomic profiling of advanced lung 
cancer. Theranostics. 2019;9:5532–41. https://​doi.​org/​10.​7150/​
thno.​34070.

	18.	 Demaio A, Clarke JM, Dash R, Sebastian S, Wahidi MM, Shofer 
SL, et al. Yield of malignant pleural effusion for detection of 
oncogenic driver mutations in lung adenocarcinoma. J Bronchol-
ogy Interv Pulmonol. 2019;26:96–101. https://​doi.​org/​10.​1097/​
LBR.​00000​00000​000534.

	19.	 Dorry M, Davidson K, Dash R, Jug R, Clarke JM, Nixon AB, 
et al. Pleural effusions associated with squamous cell lung car-
cinoma have a low diagnostic yield and a poor prognosis. Transl 
Lung Cancer Res. 2021;10:2500–8. https://​doi.​org/​10.​21037/​
tlcr-​21-​123.

	20.	 Mahmood K, Jampani P, Clarke JM, Wolf S, Wang X, Wahidi 
MM, et  al. High yield of pleural cell-free DNA for diagno-
sis of oncogenic mutations in lung adenocarcinoma. Chest. 
2023;164:252–61. https://​doi.​org/​10.​1016/j.​chest.​2023.​01.​019. 
(Epub 2023 Jan 21).

	21.	 Yao Y, Peng M, Shen Q, Hu Q, Gong H, Li Q, et al. Detecting 
EGFR mutations and ALK/ROS1 rearrangements in non-small 
cell lung cancer using malignant pleural effusion samples. Thorac 
Cancer. 2019;10:193–202. https://​doi.​org/​10.​1111/​1759-​7714.​
12932.

	22.	 Wang N, Zhang Y, Wu J, Zhu Y, Wu Y, Huang B, et al. MET over-
expression correlated with prognosis of EGFR-mutant treatment-
naïve advanced lung adenocarcinoma: a real-world retrospective 
study. Clin Transl Oncol. 2024;2:1–2. https://​doi.​org/​10.​1007/​
s12094-​024-​03391-x. (Online ahead of print).

	23.	 Sun D, Zhu Y, Zhu J, Tao J, Wei X, Wo Y, et al. Primary resist-
ance to first-generation EGFR-TKIs induced by MDM2 amplifica-
tion in NSCLC. Mol Med. 2020;26:66. https://​doi.​org/​10.​1186/​
s10020-​020-​00193-z.

	24.	 Bedrossian CW. Diagnostic problems in serous effusions. Diagn 
Cytopathol. 1998;19:131–7. https://​doi.​org/​10.​1002/​(sici)​1097-​
0339(199808)​19:2%​3c131::​aid-​dc14%​3e3.0.​co;2-g.

	25.	 Kimura H, Fujiwara Y, Sone T, Kunitoh H, Tamura T, Kasahara 
K, et al. EGFR mutation status in tumour-derived DNA from pleu-
ral effusion fluid is a practical basis for predicting the response to 
gefitinib. Br J Cancer. 2006;95:1390–5. https://​doi.​org/​10.​1038/​
sj.​bjc.​66034​28.

https://doi.org/10.7150/thno.16558
https://doi.org/10.7150/thno.16558
https://doi.org/10.1038/nm.1789
https://doi.org/10.21037/jtd.2018.03.81
https://doi.org/10.21037/jtd.2018.03.81
https://doi.org/10.1158/2159-8290.CD-13-1014
https://doi.org/10.1164/rccm.201203-0465PP
https://doi.org/10.3816/CLC.2006.n.043
https://doi.org/10.3816/CLC.2006.n.043
https://doi.org/10.7150/thno.34070
https://doi.org/10.7150/thno.34070
https://doi.org/10.4143/crt.2023.1294
https://doi.org/10.3390/cancers15102847
https://doi.org/10.1038/s41416-022-01837-z
https://doi.org/10.1016/j.lungcan.2007.10.011
https://doi.org/10.1016/j.lungcan.2007.10.011
https://doi.org/10.18632/oncotarget.18866
https://doi.org/10.18632/oncotarget.18866
https://doi.org/10.7150/thno.34070
https://doi.org/10.7150/thno.34070
https://doi.org/10.1097/LBR.0000000000000534
https://doi.org/10.1097/LBR.0000000000000534
https://doi.org/10.21037/tlcr-21-123
https://doi.org/10.21037/tlcr-21-123
https://doi.org/10.1016/j.chest.2023.01.019
https://doi.org/10.1111/1759-7714.12932
https://doi.org/10.1111/1759-7714.12932
https://doi.org/10.1007/s12094-024-03391-x
https://doi.org/10.1007/s12094-024-03391-x
https://doi.org/10.1186/s10020-020-00193-z
https://doi.org/10.1186/s10020-020-00193-z
https://doi.org/10.1002/(sici)1097-0339(199808)19:2%3c131::aid-dc14%3e3.0.co;2-g
https://doi.org/10.1002/(sici)1097-0339(199808)19:2%3c131::aid-dc14%3e3.0.co;2-g
https://doi.org/10.1038/sj.bjc.6603428
https://doi.org/10.1038/sj.bjc.6603428

	Profiling Cell-Free DNA from Malignant Pleural Effusion for Oncogenic Driver Mutations in Patients with Treatment-Naive Stage IV Adenocarcinoma: A Multicenter Prospective Study
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Material and Methods
	2.1 Study Design and Patient Recruitment
	2.2 Pleural Effusion Collection and Cell-Free DNA Extraction
	2.3 Targeted Panel Sequencing
	2.4 Identifying ctDNA Variants (SNV-INDEL, Fusion, and CNV)

	3 Results
	4 Discussion
	5 Conclusions
	Acknowledgements 
	References


