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A B S T R A C T

Background: Inadequate tumour samples often hinder molecular testing in non-small cell lung cancer (NSCLC). 
Plasma-based cell-free DNA (cfDNA) sequencing has shown promise in bypassing these tissue limitations. 
Nevertheless, pleural effusion (PE) samples may offer a richer cfDNA source for mutation detection in patients 
with malignant PE.
Methods: This prospective study enrolled newly diagnosed advanced NSCLC patients with malignant PE. PE 
samples were collected for cfDNA NGS analysis. Meanwhile, PE cell pellet RNA was extracted for reverse tran
scription polymerase chain reaction (RT-PCR) for clinically relevant actionable mutations and then confirmed by 
Sanger sequencing. The concordance between PE cell pellet RT-PCR and PE cfDNA NGS analyses was analysed.
Results: Fifty patients were enrolled. The median age was 68.5 years, and the female-to-male ratio was 29:21. 
Most patients (74 %) were non-smokers. Notably, 45/50 patients (90 %) had actionable mutations, including 
EGFR exon 19 deletions (24 %), EGFR L858R mutations (36 %), HER2 exon20 insertions (10 %), ROS1 rear
rangements (4 %), EGFR exon20 insertions (2 %), ALK rearrangements (4 %), RET rearrangements (2 %), KRAS 
G12C mutations (2 %), and CD74-NRG1 fusions (2 %). Among the 50 enrolled patients, actionable mutations 
were detected in 44 (88 %) by PE cfDNA NGS, 39 (78 %) by PE cell pellet Sanger sequencing, and 33 (66 %) by 
clinical tissue genetic testing (P = 0.031). The detection of actionable mutations from PE cfDNA NGS remained 
consistently high across M1a to M1c stages.
Conclusions: PE cfDNA genotyping has clinical applicability for NSCLC patients and can serve as an additional 
source for molecular testing. Incorporating PE NGS cfDNA analysis into genetic testing enhances diagnostic yield 
and aids in identifying actionable mutations in clinical practice.

1. Introduction

Molecular testing of non-small cell lung cancer (NSCLC) specimens is 
important for the identification of potentially efficacious targeted 
therapies, but it is frequently limited by inadequate tumour samples. 
The limitations associated with tissue collection and tissue-based testing 
can be overcome by cell-free DNA (cfDNA) next-generation sequencing 
(NGS). Studies have demonstrated the feasibility of mutation detection 
in NSCLC through clinical plasma-based circulating tumour DNA 

(ctDNA) NGS [1–4]. The NSCLC treatment guidelines recognize the 
clinical utility of cfDNA assays but only for plasma cfDNA NGS as a 
complement to tissue testing for molecular diagnosis in advanced NSCLC 
[5,6]. However, the amount of tumour-derived DNA in the bloodstream 
can be low, especially in patients with low tumour burden, which may 
lead to false-negative results. Plasma ctDNA testing is also prone to 
lower sensitivity, depending on the tumour stage and burden, and this is 
a significant concern in treatment decisions making [7].

Pleural effusion (PE) samples may provide a more abundant source 
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of ctDNA in NSCLC patients with malignant PE. CfDNA in PE, even in 
haemorrhagic or cytologically negative samples, contains substantial 
tumour-derived genetic material [8]. The PE supernatant cfDNA may be 
a potentially superior source for molecular testing than traditional PE 
sediment for cell-block preparations in lung adenocarcinoma. Further
more, cfDNA in PE can be utilised to accurately detect epidermal growth 
factor receptor (EGFR) mutations, including those involved in resistance 
to tyrosine kinase inhibitor (TKI) treatment (e.g., EGFR T790M muta
tion) [9,10]. PE cfDNA has demonstrated comparable diagnostic accu
racy compared to tumour tissue, plasma cfDNA, or PE cell block for 
oncogenic mutation detection in lung adenocarcinoma [11]. Compared 
to DNA, RNA-based testing methodologies, such as targeted RNA 
sequencing and hybrid-capture RNA sequencing, play a pivotal role in 
identifying key alterations, such as gene fusions and splice variants. 
However, cell-free RNA (cfRNA) is yet to be clinically applied for NSCLC 
genetic alteration detection due to the lack of standardized protocols, 
unvalidated biomarker panels, and interference from non-cancer fac
tors. Challenges such as cfRNA degradation, extraction, and detection 
limitations hinder reliability and highlight the need for improved 
techniques and reference genes in the future [12].

Although PE cfDNA can provide a high yield of tumour DNA, sig
nificant clinical gaps persist in the implementation of molecular analysis 
using physiological fluids. Testing protocols for biological fluids, such as 
pleural effusion and cerebrospinal fluid, lack standardization and chal
lenges remain in achieving optimal sensitivity and specificity. Addi
tionally, data on the clinical utility of fluid-based testing in real-world 
settings are sparse. Given the growing importance of molecular testing 
throughout the course of lung cancer, optimizing the use of diagnostic 
minute specimens such as PE or cytology is critical for advancing indi
vidualised therapy. To gather more real-world clinical experience, we 
initiated a prospective trial to evaluate the diagnostic performance and 
feasibility of using PE cfDNA NGS in molecular profiling for lung 
adenocarcinoma with malignant PE. Previous studies have shown that 
RNA-based mutation analysis enhances sensitivity in malignant PE 
cytology samples by minimizing interference from non-tumor cells with 
low or absent mutant gene expression [13]. Building on this, our study 
aims to utilize PE cell pellets for RT-PCR and Sanger sequencing and 
compare the diagnostic yield to PE cfDNA NGS in identifying genetic 
alterations in treatment-naïve lung adenocarcinoma patients.

2. Material and methods

2.1. Study design and patients

This prospective study was conducted between February 2023 and 
May 2024 at National Taiwan University Hospital (NTUH) and Cancer 
Centre. Patients with treatment-naïve advanced lung adenocarcinoma 
and aged ≥ 20 years were enrolled. All patients were cytologically 
confirmed to have malignant PE. The pleural fluids were acquired 
aseptically in vacuum bottles by thoracentesis in the ultrasonography 
examination room, and the presence of adenocarcinoma was confirmed 
by the pathologist. Driver mutations of cancer cells from PE samples 
were assessed using both cell pellet Sanger sequencing and PE cfDNA 
NGS. The clinical characteristics and tissue or plasma genetic testing 
results, as determined by the clinician in routine clinical practice, were 
collected from medical records. Tissue-based genetic testing in the 
standard-of-care clinical setting at NTUH included EGFR, ALK, ROS1, 
and BRAF mutation analysis. Tissue NGS was optional based on the 
clinician’s and patient’s decisions [3]. (Supplementary Table 1)

This study was approved by the Institutional Review Board of Na
tional Taiwan University Hospital. (202212007RIPB). Informed consent 
was obtained from all patients enrolled.

2.2. Pleural effusion samples preparation and genetic testing

2.2.1. Cell pellet for Sanger sequencing
Cancer cells obtained from the PE samples of patients diagnosed with 

lung adenocarcinoma were collected and centrifuged at 800 × g for 
10 min at room temperature. The cell pellet was washed with red blood 
cell lysis buffer until it was clear of blood. It was then immersed in 
RNAlater (Qiagen) for storage until RNA isolation, which was carried 
out using the TRIozl reagent (Molecular Research Center, Cincinnati, 
OH) following the manufacturer’s instructions. Exons of EGFR, HER2, 
ALK, ROS1, RET, KRAS, BRAF, and MET were amplified using specific 
forward and reverse primers (Supplementary Table 2). Reverse 
transcription-polymerase chain reaction (RT-PCR) was conducted uti
lizing the Qiagen One-Step RT-PCR Kit. Amplicons were purified and 
subjected to Sanger sequencing using the BigDye Terminator 
Sequencing Kit (Applied Biosystems, Foster City, CA). Sequencing 
products were subjected to electrophoresis on an automatic ABI PRISM 
3730 genetic analyser (Applied Biosystems). The sequencing results 
were analysed using the Vector NTI Advance 10 software (Invitrogen, 
Thermo Fisher Scientific Inc.) (Figure1a). The procedure was performed 
as previously reported [14].

2.2.2. PE supernatant cfDNA for NGS
PE fluid (~40 ml) was collected in Streck Cell-Free DNA BCT® 

(Streck, USA). The PE sample processing was performed consistently 
within 1 day of PE arrival to prevent cfDNA degradation and release of 
genomic DNA from blood cell lysis. Each PE sample Cell-Free was 
checked before proceeding with the experimental protocol and sepa
rated by centrifugation at 2000 ×g for 10 min to remove cell debris. PE 
cfDNA was extracted using a Maxwell® RSC cfDNA Plasma Kit (Prom
ega, USA) following the manufacturer’s instructions. They were then 
quantified using a 4200 TapeStation System (Agilent Technologies, 
USA). DNA NGS library construction and target enrichment were per
formed at IMBdx, Inc. (Seoul, South Korea) using the AlphaLiquid® 100 
target capture panel. The targeted gene panel included 118 cancer- 
related genes (Supplementary Table 3) and was designed to cover the 
entire exon of the genes. Captured DNA libraries were sequenced using 
the NovaSeq™ 6000 platform (Illumina, USA) in 150 bp paired-end 
mode (Figure1b). The cfDNA variant, including SNV/InDel, fusion and 
copy number variations, were identified as previously described [15].

2.2.3. Data and statistical analysis
Clinically relevant actionable mutations were identified for each 

patient through comprehensive genetic profiling. They were defined as 
tier-1 variants according to the European Society of Medical Oncology 
Scale for Clinical Actionability of Molecular Targets classifications and 
the joint Associated of Molecular Pathology, American Society of Clin
ical Oncology, and College of American Pathologists [16].

Descriptive statistics were employed to summarize the clinical 
characteristics of the patients. Continuous variables were reported as 
medians with their corresponding ranges, while categorical variables 
were expressed as percentages. The concordance in detecting driver 
mutations between cell pellet Sanger sequencing and PE cfDNA NGS 
testing was analyzed. Kappa statistics were calculated to measure the 
agreement between different testing methods. The detection rates of 
clinically relevant actionable mutations by cell pellet Sanger 
sequencing, PE cfDNA NGS, and standard clinical tissue genetic testing 
were calculated and compared using a chi-square test. Failure of mu
tation detection in one test indicated that the mutation was identified by 
one or more alternative genetic testing methods.

Treatment response to targeted therapy based on the detected 
actionable mutations was evaluated using the Response Evaluation 
Criteria in Solid Tumors1.1 criteria. Statistical analyses were performed 
using IBM SPSS Statistics, version 22.00 (SPSS Inc., Chicago, IL, USA). A 
two-sided p-value of < 0.05 was considered statistically significant.
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3. Results

3.1. Patient characteristics

Altogether, 51 patients with malignant PE were enrolled in the study. 
However, one patient who was initially included based on positive 
cytology suggesting adenocarcinoma in PE was subsequently excluded 
upon confirmation of colon cancer. Thus, the final analysis involved 50 
patients. The median patient age was 68.5 years, 29 (58 %) patients 
were female, and 37 (74 %) patients were nonsmokers. The distribution 
of M stages was as follows: M1a, 38 %; M1b, 4 %; and M1c, 58 %. 
Histologically, all patients had adenocarcinoma based on PE cytology at 
enrolment, although one patient (2 %) was ultimately diagnosed with 

large cell NSCLC based on tissue pathology. Table 1 shows the baseline 
patient characteristics.

3.2. Actionable mutation

Clinically actionable mutations were identified in 45 (90 %) patients 
(Fig. 2a). EGFR mutations were found in 31 patients (62 %): exon 19 
deletions, 12 (24 %); L858R mutations, 16 (32 %); L858R compound 
mutations, 2 (4 %); and exon 20 insertion, 1 (2 %). HER2 exon 20 
insertion mutation was detected in 5 patients (10 %). Other rare muta
tions of ALK, ROS1, RET, KRAS, and NRG1 were found in two (4 %), two 
(4 %), one (2 %), three (6 %), and one (2 %) patient, respectively. The 
genomic alterations, including the main actionable mutations and 
pathogenic or likely pathogenic co-occurring mutations, identified in PE 
cfDNA NGS analysis are summarised in Figure 3.

3.3. Mutation detection performance

The detailed genetic mutations detected through different methods 
are shown in Supplementary Table 4.

Among the 50 enrolled patients, actionable mutations were detected 
in 44 (88 %) by PE cfDNA NGS, 39 (78 %) by PE cell pellet Sanger 
sequencing, and 33 (66 %) by clinical tissue genetic testing (P = 0.031, 
Chi-square). (Table 2 and Fig. 2b)

For the PE cfDNA NGS assays, the median total reads per sample 
were 11766, with a range of 4124–58316. The median target coverage 
depth was 10406X. The median variant allele frequency (VAF) was 
23.22 % (range: 0.07–95.3 %).

The concordance rate and Cohen’s kappa coefficient were 90 % and 
0.65 (95 % confidence interval [CI], 0.38–0.92, substantial agreement) 
between PE cfDNA and cell pellet Sanger sequencing, and 78 % and 0.42 
(95 % CI, 0.17–0.67, moderate agreement) between PE cfDNA and 
clinical tissue genetic testing, respectively. For the discordant cases, a 
total of five discrepancies were observed, where mutations were 
detected by PE cfDNA NGS analysis but were not identified in the cell 
pellet Sanger sequencing. In one case, L858R, and in another case, RET 
fusion, the presence of these mutations was confirmed by additional 
plasma cfDNA analysis ordered by the clinician. A case with KRAS G12C 

Fig. 1. Study design. This is a prospective trial to evaluate the diagnostic performance and feasibility of using (b) PE cfDNA NGS for molecular profiling in lung 
adenocarcinoma with malignant pleural effusion in comparison to (a) Sanger sequencing using cell pellet RNA. Pleural effusion samples from patients with newly 
diagnosed lung adenocarcinoma are collected and simultaneously analysed using both methods.

Table 1 
Baseline patient characteristics.

Value

Total 50
Age (years), median (range) 68.5 (44.5–91.2)
Sex ​
​ Female 29
​ Male 21
Smoking ​
​ Nonsmokers 37
​ Former/current smokers 13
Stage ​ ​
​ IVa 21
​ IVb 29
T ​ ​
​ 1 2
​ 2 9
​ 3 11
​ 4 28
N ​
​ 0 12
​ 1 5
​ 2 13
​ 3 20
M ​ ​
​ 1a 19
​ 1b 2
​ 1c 29
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was confirmed following repeated PE RNA extraction and RT-PCR 
analysis, after improving RNA quality. Additionally, a rare ROS1 
fusion variant was validated by tissue ROS1 fluorescence in situ hy
bridization and PE cell pellet Sanger sequencing, following a redesign of 
the primer location (Figure 4). Only in one case with KRAS Q61H, the 
presence of this mutation could not be confirmed after repeating PE 
Sanger sequencing, and there was no suitable clinical tissue available for 
further examination.

The influencing factors of false negative results for genetic mutations 
varied. In PE cfDNA NGS analysis, only one patient had a non-detected 
result for actionable mutations. This patient was ultimately found to 
have the CD74-NRG1 fusion, which was not covered by the AlphaLi
quid® 100 target capture panel and was detected through Foundatio
nOne Liquid CDx plasma cfDNA analysis as assigned by the clinician in 
the clinical setting. In PE cell pellet Sanger sequencing, three patients 
showed no bands on RT-PCR sequencing, likely owing to RNA quality 
issues. In one patient with the CD74-NRG1 fusion, the mutation was not 
identified because NGR1 was not included in the initial primer design 
for RT-PCR. Two-thirds of the patients with KRAS mutations also had 
false negative results. For clinical tissue genetic testing, two patients did 
not have sufficient tissue available for genetic analysis. Additionally, 
some rare mutations, such as NRG fusion, RET fusion, ERBB2, and KRAS, 
were not tested in routine practice.

3.4. Treatment response to targeted therapy based on PE cfDNA analysis

All 30 patients with EGFR-mutated NSCLC received EGFR-targeted 
therapy, equally distributed across first-, second-, and third-generation 
TKIs. Overall, 26 patients achieved a partial response, and 3 patients 
showed stable disease, yielding an objective response rate of 86.7 %. All 

patients with ALK, RET, and ROS1 fusions showed partial response to 
targeted therapy. Among the 5 patients with HER2 mutations, two of 
three patients who received trastuzumab deruxtecan as either first- or 
second-line therapy showed partial response, while the other had stable 
disease. (Supplementary Table 4)

3.5. A case with rare SLC34A2-ROS1 fusion

We presented a case of a rare ROS1 fusion variant detected by PE 
cfDNA NGS, which was not identified by other methods, to emphasize its 
clinical utility. A 44-year-old nonsmoker woman was diagnosed with 
stage IV adenocarcinoma (T4N3M1c) with multiple brain, pleural, and 
bone metastases. Following a computed tomography-guided biopsy, 
formalin-fixed paraffin-embedded tumour tissues were analysed using 
the IntelliPlex Lung Cancer Panel assay (PlexBio, Taipei, Taiwan). No 
actionable mutation was detected. Cell pellet Sanger sequencing of 
malignant PE sample yielded negative results, but PE cfDNA NGS 
detected a SLC34A2-ROS1 fusion with breakpoint at exon 13 of 
SLC34A2 and intron 32 of ROS1 (Figure 4a). Reviewing the IntelliPlex 
Lung Cancer Panel datasheet revealed that this panel covers SLC34A2- 
ROS1 fusion variants with breakpoints at SL4;R32 and SL4;R34 only. 
The forward and reverse primers used for cell pellet RNA RT-PCR were 
also located at SLC34A2 exon 4 and ROS1 exon 34 (Figure 4b). This 
explained the undetected results in these two assays. After redesigning 
the forward primer to target SLC34A2 exon 12 and exon 13, cell pellet 
Sanger sequencing confirmed the presence of the SLC34A2-ROS1 fusion 
transcript, joining SLC34A2 exon 13 to ROS1 exon 34 (Figure 4c,d). The 
patient received entrectinib and initially showed a partial response, but 
the tumour progressed after approximately 6 months of therapy 
(Figure 4e).

4. Discussion

This prospective study shows the high diagnostic yield of PE cfDNA 
NGS analysis, confirming the feasibility of its clinical utility. PE cfDNA 
NGS analysis demonstrated higher mutation detection performance than 
PE cell pellet Sanger sequencing and real-world clinical tissue genetic 
testing. Additionally, the response rates were as expected for targeted 
therapies determined based on actionable mutations identified through 
PE cfDNA NGS. These findings establish PE cfDNA NGS as a reliable and 
effective method for detecting genetic mutations in lung 
adenocarcinoma.

In our study, 90 % of the patients tested positive for clinically rele
vant actionable mutations, exceeding the previously reported preva
lence of 68–84 % in Asian patients with NSCLC [17–20]. Specifically, a 
tissue-based targeted NGS analysis in Taiwan identified driver muta
tions in 69 % of cases, while a plasma cfDNA NGS analysis reported an 
incidence of 76 % [3,21]. Previous studies on patients with malignant 
PE, have reported that targetable mutations, including EGFR, KRAS, 
BRAF, ALK, and ROS1 rearrangements, were detected in approximately 
59–79.6 % of cases [11,15,22–24]. However, these findings were 
significantly influenced by variations in testing methods, the types of 
mutations included, and the characteristics of the enrolled populations. 
By employing a prospective design and highly sensitive NGS techniques, 
our study may provide a more accurate estimate of the mutation prev
alence in NSCLC patients with malignant PE within the Asian popula
tion. Several factors may explain the high mutation rate detected in 
NSCLC patients with malignant PE in our study. First, we exclusively 
enrolled patients with adenocarcinoma, a subtype more likely to harbor 
driver mutations. Additionally, malignant PE is more common in NSCLC 
with EGFR mutations [25–27]. The presence of actionable mutations is 
often linked with a more aggressive disease course, which can lead to a 
higher risk of PE development [28,29]. We cannot also rule out the 
possibility that clinicians tend to enroll patients with a higher likelihood 
of actionable mutations, based on clinical characteristics, in genetic 
testing trials.

Fig. 2. (a)Distribution and frequency of clinically relevant actionable muta
tions in the study cohort (b) Rate of actionable mutations detected by 
different methods.
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The EGFR L858R mutation was more prevalent than exon 19 deletion 
in the this study, consistent with previous results in studies evaluating 
the EGFR mutation rate in malignant PE samples of lung adenocarci
noma. The L858R mutation is more frequently observed in malignant 
PE, while exon 19 deletions are more common in surgically resected 
solid NSCLCs [25]. From a biological behaviour perspective, the EGFR 
L858R mutation enhances cell invasive ability and promotes malignant 
PE formation through activation of the CXCL12-CXCR4 pathway [30]. 
These differences in EGFR mutations may reflect the distinct nature of 
carcinogenesis, which poses varying risks of pleural involvement and 
malignant effusion development.

Liquid biopsy has emerged as an effective alternative for detecting 

mutations in NSCLC, particularly when tissue samples are unavailable. 
Blood samples are now a commonly used source for liquid biopsy. 
However, plasma cfDNA genetic testing in advanced NSCLC demon
strates sensitivities between 70 % and 90 %, and they are strongly 
correlated with the stage of metastasis [3,31,32]. In a Taiwanese cohort 
evaluated using the FoundationOne Liquid CDx, driver mutations were 
present but not detected in plasma cfDNA analysis in 32 %, 21.9 %, and 
3 % of patients with M1a, M1b, and M1c diseases, respectively. This 
high rate of non-detection in patients with limited metastasis presents a 
substantial challenge to the routine use of plasma cfDNA analysis in 
clinical practice [3]. Our study revealed that the detection of actionable 
mutations from PE cfDNA analysis via NGS remained consistently high 
across M1a to M1c stages. All patients with M1a and M1b disease with 
actionable mutations were successfully identified through PE cfDNA 
NGS analysis. Only one M1c patient had mutations that went undetected 
and this was owing to limitations in the NGS panel design. These find
ings support that PE cfDNA is an ideal alternative source to plasma for 
genetic mutation identification, particularly in patients with M1a dis
ease with limited metastasis.

Our study have some strengths. This is the first study to prospectively 
compare the use of PE cfDNA NGS in real-life clinical practice. The study 
design mirrors typical clinical processes, demonstrating the utility of PE 
cfDNA NGS across various stages of metastasis. This robustly supports 
integrating PE cfDNA NGS into routine clinical workflows. This study 
has some limitations. First, NGS was employed for the PE cfDNA anal
ysis, whereas Sanger sequencing was used for the cell pellet analysis. 
The mutations analysed via the Sanger sequencing approach were 

Fig. 3. Overview of genomic alterations identified by PE ctDNA NGS analysis. Oncoplot showing the genomic alterations identified in each sample through PE ctDNA 
NGS analysis, highlighting the main actionable mutations (middle row) and pathogenic or likely pathogenic co-occurring mutations (lower row).

Table 2 
Diagnostic performance for detecting actionable mutations.

PE-ctDNA 
NGS

Cell pellet Sanger 
sequencing

Clinical 
testing

Total number of samples 50 50 50
Positive no. 44 (88 %) 39 (78 %) 33(66 %)
Failure of mutation 
detectiona

1 (2 %) 6 (12 %) 12 (24 %)

Insufficient sampleb 0 (0 %) 3 (6 %) 2 (4 %)

a Failure of mutation detection in one test indicated that the mutation was 
identified by one or more alternative genetic testing methods.

b Three patients had inadequate RNA quality for RT-PCR and two patients had 
no tissue for genetic testing.
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limited to EGFR, HER2, ALK, ROS1, RET, KRAS, BRAF, and MET, as 
determined by our primer designs. The higher performance of PE cfDNA 
NGS than of cell pellet analysis via Sanger sequencing can be partly 
attributed to the differing methodologies applied to these two speci
mens. Ideally, a comprehensive comparison would involve performing 
both cell pellet DNA/RNA NGS and PE cfDNA NGS. However, due to 
economic and funding constraints, we could not perform NGS on all cell 
pellet samples. Thus, Sanger sequencing was utilized for cell pellet RNA 
as a more cost-effective alternative. Further, several critical questions 
remain unresolved in our study. We included only patients who pre
sented with positive malignant cytology in their PEs. Consequently, we 
were unable to determine the diagnostic yield of actionable mutation 
detection in PEs exhibiting negative cytology. Furthermore, our cohort 
exclusively included treatment-naïve patients. Thus, the clinical utility 
and value of PE-cfDNA in detecting acquired resistance during the 
course of disease progression remain unclear. Additionally, clonal hae
matopoiesis of indeterminate potential (CHIP) mutations have emerged 
as potential sources of background noise, leading to false positives in 
plasma ctDNA analyses and complicating the interpretation of true so
matic mutations in advanced NSCLC [33–36]. However, the presence 
and impact of CHIP mutations in PE cfDNA analyses for calling NSCLC 
somatic mutations have yet to be determined.

5. Conclusions

PE cfDNA NGS has superior mutation detection performance 
compared to PE cell pellet Sanger sequencing for detecting actionable 
mutations in NSCLC. As an easily accessible and valuable source for 
genetic testing, PE samples provide a promising alternative for identi
fying clinically relevant mutations. Although tissue-based genetic 
testing remains the standard in routine clinical practice, our findings 

strongly support the integration of PE cfDNA NGS as a reliable and 
effective tool for molecular diagnosis in treatment-naïve lung 
adenocarcinoma.
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