
Page 1 of 12

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(13):1080 | https://dx.doi.org/10.21037/atm-21-2579

Cell-free DNA from bronchoalveolar lavage fluid (BALF): a new 
liquid biopsy medium for identifying lung cancer
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Background: Differentiating malignant lung tumors from benign pulmonary nodules is a great challenge. 
While the analysis of bronchoalveolar lavage fluid (BALF) is used for diagnosing infections and interstitial 
lung diseases, there is limited evidence to support its use for lung cancer diagnosis. This study aimed to 
interrogate the potential of using BALF cell-free DNA (cfDNA) to discriminate malignant lesions from 
benign nodules. 
Methods: Fifty-three patients with solid pulmonary nodules (≤2 cm) were prospectively enrolled, including 
21 confirmed with benign disease and 32 with malignant tumors. Mutations were profiled for 30 tumor 
tissues and 40 BALFs. Paired BALFs and plasma from 48 patients underwent DNA methylation profiling. A 
methylome-based classification model was developed for BALF and plasma separately. 
Results: Among the 30 patients with paired tissues and BALFs, 96.7% and 70% had alterations detected 
from their tissues (79 alterations) and BALFs (53 alterations), respectively. Using tissues as references, BALFs 
revealed 14 new alterations and missed 41. BALF mutation displayed a sensitivity of 71%, specificity of 
77.8%, and accuracy of 72.5% in detecting lung cancer. BALF methylation achieved an accuracy of 81.3%, 
with both sensitivity and specificity being 81%. Plasma methylation showed a 66.7% sensitivity, 71.4% 
specificity, and 68.8% accuracy. BALF methylation also demonstrated 82.4% sensitivity in stage I patients. 
Parallel bronchoscopy, lavage cytology, and bronchial brushing demonstrated an inferior sensitivity of 23%, 
3.1%, and 9.7%, respectively, compared with BALF methylation and mutation (P<0.0001). 
Conclusions: BALF cfDNA can serve as a liquid biopsy media for both mutation and methylation 
profiling, demonstrating better sensitivities in distinguishing small malignant tumors from benign nodules 
than conventional methods. 
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Introduction 

As most lung cancer patients are diagnosed at an advanced 
stage when they present with symptoms, the option of 
curative treatment is often missed (1). Therefore, an 
effective screening method for early detection has been 
highly sought. As low-dose CT (LDCT) screening 
demonstrates a sensitivity of 93.7% for high-risk people 
defined as 55–75 years old with a smoking history of over 
30 pack-years and has been proved to reduce mortality 
from lung cancer by 20% (2,3), it has been recommended 
for high-risk individuals (4,5). When suspicious nodules 
are identified, subsequent medical procedures such as 
bronchoscopy, transthoracic needle biopsy and surgical 
excision, or a long-term follow-up with repeated CT 
examination are required depending on a number of factors, 
including but not limited to lesion size and location, the 
ability to biopsy, risks associated with surgery, as well as 
the patient’s preferences (6). However, LDCT introduces 
excessive false positives of up to 96% (3), resulting in 
unnecessary medical care and causing great anxiety, as 
even for patients with surgical interventions, 20–30% are 
diagnosed with benign nodules (3,7,8). Therefore, it is 
necessary to develop screening technologies with greater 
sensitivity and specificity (9).

Plasma peripheral circulating free DNA (cfDNA) 
mainly derives from apoptotic or necrotic cells and is 
often present in a minimal amount in healthy people. Its 
amount can increase in cancer patients and is associated 
with tumor burden. cfDNA often exists in double-
stranded DNA fragment with the size ranging from 18 to  
10,000 bp (10). cfDNA derived from tumor cells, known as 
cell-free circulating tumor DNA (ctDNA) carries tumor-
associated genetic and epigenetic alterations, making it 
a potential liquid biopsy material for tumor diagnosis, 
monitory and therapeutic evaluations (11). Plasma ctDNA 
has demonstrated its clinical utility in advanced lung cancer 
as a tissue biopsy surrogate for the noninvasive evaluation 
of tumor-associated alterations, therefore offering 
prognostic and predictive information (12). ctDNA-
based plasma testing assays have also been extensively 
investigated for screening and early detection of lung 
cancer, including quantification of ctDNA, detection of 
genomic abnormities, and cancerous methylation signatures 
(13-16). However, due to the limited amount of ctDNA 
present in early-stage patients, the sensitivities of such tests 
are limited. Investigators have also evaluated other source 
of liquid biopsy materials and biomarkers such as sputum, 

microRNA, and gene expression, but the diagnostic 
performance of these assays either remain unsatisfactory or 
unreliable due to the lack of large validation studies (16-19), 
and none have been recommended for clinical utility.

Bronchoalveolar lavage (BAL) is a technique for sampling 
the cellular and non-cellular components of epithelial lining 
fluid from the alveolar and bronchial airspaces with both 
non-bronchoscopic and bronchoscopic types. Analysis of 
the returned fluid is used for the diagnosis of infections 
and interstitial lung diseases by evaluating microbiological 
and/or cellular components (20,21). Due to its minimal 
invasiveness and vicinity to tumor cells, BAL fluid (BALF) 
may represent an alternative source of more sensitive lung 
cancer biomarkers. However, BALF cytology alone displays 
a low sensitivity, ranging from 29–69% (22-25). Limited 
studies have explored the role of BALF for identifying lung 
cancer beyond cytology purposes (26-28). Carstensen et al. 
for the first time demonstrated the feasibility of isolating 
cell-free DNA (cfDNA) qualified for the detection of tumor 
genomic alterations from BALF supernatants of lung cancer 
patients (29). The present study aims to interrogate the 
potential of using BALF cfDNA to discriminate malignant 
lesions from benign solid nodules at both genetic and 
epigenetic levels. 

We present the following article in accordance with the 
STARD reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-2579).

Methods

Patient information and study design 

Consecutive patients were prospectively recruited from 
the Department of Respiratory Medicine of the First 
Affiliated Hospital of Soochow University according to 
the following criteria: (I) presence of 8 mm–2 cm solid 
pulmonary nodules detected by CT scan; (II) bronchoscopy 
was recommended by the physician. The exclusion criteria 
included: (I) intolerance to bronchoscopy; (II) failed to 
provide written informed consent; (III) recovered BALF 
<20 mL. Patients were followed until a diagnosis was 
established, and a diagnosis of lung cancer was confirmed 
by a histopathological test using a surgical biopsy, 
bronchoscopy, or a transthoracic needle. Ultimately, a total 
of 53 patients with solid pulmonary nodules (1–2 cm in 
diameter) were enrolled, including 49 patients with solitary 
pulmonary nodules at initial diagnosis and four patients 
with pulmonary nodules after curative surgery or complete 

https://dx.doi.org/10.21037/atm-21-2579
https://dx.doi.org/10.21037/atm-21-2579


Annals of Translational Medicine, Vol 9, No 13 July 2021 Page 3 of 12

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(13):1080 | https://dx.doi.org/10.21037/atm-21-2579

response to anti-tumor treatment (Table 1). The study was 
approved by the institutional review board of the First 
Affiliated Hospital of Soochow University (No. 2020188) 
and all patients provided written informed consent, in 
accordance with the Declaration of Helsinki (as revised  
in 2013).

DNA extraction 

We used a QIAamp Circulating Nucleic Acid kit and 
QIAamp DNA FFPE tissue kit to extract cfDNA and 
genomic DNA from plasma/BALF and tissue samples, 

respectively, according to the manufacturer’s standard 
protocol (Qiagen, Hilden, Germany). DNA was quantified 
using the Qubit dsDNA assay (Life Technologies, Carlsbad, 
CA, USA).

DNA sequencing and genomic profiling

Capture-based targeted sequencing for somatic mutation 
profiling was carried out using a panel including 168 lung 
cancer-related genes (Burning Rock Biotech, Guangzhou, 
China). The next-generation library was prepared as 
described previously (30) and subsequently sequenced on a 
NextSeq 500 (Illumina, Inc., San Diego, CA, USA) with a 
median depth of 2,104X for genomic DNA and a median 
depth of 47,304X for cfDNA. We used BWA aligner 0.7 (31) 
to align the FASTQ sequencing data to the human genome 
(hg19). Genome Analysis ToolKit (GATK) 3.2 (32), Picard 
(http://picard.sourceforge. net/) and VarScan (33) were used 
to perform local alignment optimization, mark duplication, 
and variant calling. Gene translocations were analyzed using 
FACTERA (34) and the copy number variation (CNV) was 
identified using an in-house algorithm based on sequencing 
depth (35). 

Bisulfite sequencing and data analysis 

We used a capture-based bisulfite sequencing panel to 
sequence cfDNA extracted from plasma and BALF as 
described previously (36). The brELSATM method 
(Burning Rock Biotech, Guangzhou, China) was used to 
prepare the bisulfite sequencing (BS-seq) library. Briefly, 
sodium bisulfite treatment first converted unmethylated 
C was into U. The converted single-strand DNA was 
subsequently ligated to an adapter and amplified with an 
uracil-tolerating DNA polymerase. The amplified whole-
genome BS libraries were subjected to target enrichment 
using methylation profiling RNA probes covering  
80,672 CpG sites and spanning 1.05 megabase of the 
human genome (Burning Rock Biotech, Guangzhou, 
China). The target libraries were subsequently quantified 
by real-time PCR (Kapa Biosciences Wilmington, MA, 
USA) and sequenced on NovaSeq 6000 (Illumina, San 
Diego, CA, USA) with an average 2,000× sequencing 
depth. Custom adaptor sequences and low-quality bases 
were removed using Trimmomatic (v.0.32). BWA-meth 
(v.0.2.2) (37) aligned paired-end reads to C to T- and G to 
A-transformed hg19 genome. After alignment, samblaster  
(v.0.1.20) (38) marked duplicate reads, and sambamba 

Table 1 Clinical characteristics of patients (N=53)

Characteristics Value

Age, years

Median [range] 57 [32–84]

Sex, n (%)

Male 29 (54.7)

Female 24 (45.3)

Smoking history, n (%) 

Current (1–20 packs/day) 5 (9.4)

Current (>20 packs/day) 3 (5.7)

Former 2 (3.8)

Never 42 (79.2)

Unknown 1 (1.9)

Nodule diameter, cm

Median (range) 1.3 (1.0–2.0)

Clinical diagnosis, n (%)

Benign 21 (39.6)

Stage I adenocarcinoma 20 (37.7) 

Stage II–IIIA adenocarcinoma 5 (9.4)

Stage IIIB–IV adenocarcinoma 7 (13.2)

Treatment history, n (%) 

Treatment naïve 49 (92.5) 

Relapse after surgery/anti-tumor therapy 4 (7.5)

Other complemental assay, n (%) 

Bronchoscopy biopsy 38 (71.7)

Bronchial brushing cytology 51 (96.2)

Lavage cytology 53 (100.0)
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(v.0.4.7) (39) removed low mapping quality (MAPQ <20) or 
improper pairing reads from further downstream analyses. 
To avoid double-counting of methylation calls, paired reads 
were merged by clipping overlapping reads. 

Methylome-based classification model 

MethylDackel (v.0.2.1) was used to quantify the methylation 
status of CpG sites. Each site was covered with reads that 
contributed either the methylated signal noted as M or 
the unmethylated signal noted as U, and the methylation 
level of each CpG site was calculated as M/(M+U), where 
both forward and reversed strands were comprised. Lung-
specific markers were achieved from an internal database, 
where 31 pairs of lung cancer tissues and normal tissues 
were sequenced, and the methylation level of each CpG 
site was collected. Using software “limma (v2.0)”, each 
group of CpG sites close in position which showed either 
continuously higher or continuously lower methylation 
level in cancer tissues compared to normal tissues were 
gathered into one differentially methylated region (DMR) 
and the cutoff was set as adjusted FDR <0.05. As a DMR 
can contain only one CpG site, the minimal length of 
DMR was set as 10 bp. Ultimately, 3,420 regions including 
42,176 CpG sites were chosen as candidate features to 
develop classification models of malignant/benign lesions. 
The average methylation level of all CpG sites in each 
DMR was applied to represent the signal of each feature in 
the model. The differential signal was visually confirmed 
by a supervised clustering heatmap (metric for clustering: 
“euclidean” distance) using R packages of “FactoMineR” 
and “heatmap. plus” respectively, and the heatmap 
represents the DNA methylation level with red denoting 
hyper-methylation and blue denoting hypo-methylation. 

The DMR signal features of the plasma/BALF samples 
were collected from both malignant and benign lung tumor 
patients and Scikit-learn (v.0.20.4) was used to perform 
a machine learning algorithm and build the classification 
model to distinguish malignant and benign samples (40). As 
five-fold cross-validation was repeated five times, all data in 
the held-out folds were accessed independently of training. 
The classification model was built for plasma and BALF 
separately. The plasma model was trained with the feature 
vectors of plasma from training subjects with cancer (labeled 
with 1) and the feature vectors of plasma from training 
subjects without cancer (labeled with 0). The model thereby 
generated a function that computes the cancer prediction 
using learned weights for each DMR feature. The function 

obtained from the current fold of training subjects was 
further applied to provide the cancer prediction (cancer as 1 
and non-cancer as 0) for the current fold of testing subjects 
according to their feature vectors. Similarly, the BALF 
model was trained with the training group of BALF feature 
vectors and applied to predict testing groups of BALF 
subjects.

Statistical analysis 

Receiver operating characteristic (ROC) curves were 
plotted for both BALF and plasma methylation signatures 
to determine the optimal cut-offs. For BALF mutation, 
we defined patients who had mutations detected from 
BALF cfDNA as positive. The performance of assays was 
evaluated by using the estimates of sensitivity and specificity 
and differences in the groups were calculated and presented 
using Fisher’s exact test. Statistical analysis was performed 
with R software, version 3.01 (R Project for Statistical 
Computing). 

Results 

Patient characteristics

BALF and plasma samples were collected from 53 and 48 
patients, respectively. Mutation profiling was performed 
on 30 tumor tissues and 40 BALF samples with 30 paired 
samples for comparison and BALF and plasma samples 
from 48 patients were subjected to DNA methylation 
profiling. A methylome-based classification model was 
developed for BALF and plasma separately based on a 
training set of 44 patients after excluding the four patients 
with recurrent diseases. The discriminating performance of 
BALF mutation was assessed in the 40 patients with BALF 
mutation profiling available. This study design is shown in 
Figure 1. Of the 53 patients enrolled, 54.7% were male and 
45.3% were female (Table 1). The cohort had a median age 
of 57 years and a median nodule size of 1.3 cm in diameter, 
and the majority (79.2%) had no smoking history. Solitary 
pulmonary nodules were identified in 49 (92.5%) patients 
at initial diagnosis and in another four (7.5%) after curative 
surgery or complete response to anti-tumor treatment. 
Ultimately, 21 (39.6%) patients were diagnosed with benign 
diseases, and 32 (60.4%) were confirmed with malignant 
tumors, with 25 at early stages and seven at advanced stages 
(IIIB–IV). Of the 25 patients with early-stage diseases, 20 
were at stage I. 
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Mutations in tissue and BALF

The genomic profile between tumor tissue and paired 
BALF cfDNA from 30 patients with a definitive lung cancer 
diagnosis were compared. We found that 96.7% (29/30) 
and 70% (21/30) patients had genomic alterations detected 
from their tissue and BALF samples, respectively, resulting 
in a concordance of 70%. A total of 79 and 53 alterations 
were identified from tissue and BALF samples, respectively. 
Using tissue samples as references, BALF samples revealed 
14 new alterations (13 mutations and one CNV) and missed 
41 alterations (33 mutations and eight CNVs). For EGFR 
mutation, BALF exhibited a detection rate of 66.7% (14/21). 
All three KRAS mutations and one ROS fusion identified 
in tissue samples were detected in BALF cfDNA samples, 
and one ERBB2 amplification, one ALK fusion and one RET 
fusion were missed in BALF (Figure 2A,B). 

Methylome-based classification models 

Targeted bisulfite sequencing was performed with 
BALF and plasma cfDNA from 48 patients to profile 
DNA methy l a t ion  s i gna tu re s  (Figure  1A ) .  The 
supervised clustering heatmap for BALF revealed that 
a higher frequency of cancer patients presented with a 
hypermethylated pattern in certain regions compared 

with benign patients (Figure 3A). On the other hand, the 
methylation signature derived from plasma cfDNA lacked 
significant differential patterns between malignant and 
benign patients (Figure 3B). To eliminate the impact of 
systemic treatment on the baseline methylation profile 
of patients, we developed methylome-based classification 
models for both BALF and plasma based on the 44 patients 
with solid nodules at initial diagnosis (21 benign and 
23 malignant) using a machine learning algorithm and 
performed cross-validations. The ROC analyses showed 
an area under curve (AUC) of 0.82 (95% CI: 0.75–0.89) 
for BALF methylation signature compared with an AUC 
of 0.68 (95% CI: 0.45–0.91) for plasma signature (P=0.56)  
(Figure 3C,D). 

Diagnostic performance of different assays 

We next evaluated the performance of BALF ctDNA 
mutation profiling and methylation signatures in both 
BALF and plasma in differentiating malignant from 
benign pulmonary nodules. For BALF mutation, we 
defined patients who had mutations detected from BALF 
cfDNA as positive. A total of 40 patients including 31 with 
malignant nodules (six with stage IIIB or IV; 25 with stage 
IA–IIIA, and nine with confirmed benign nodules) were 
included in mutation profiling (Figure 1), resulting in a 

Patients with solid pulmonary nodules

(n=53)

Tumor tissue samples

(n=30)

Mutation profiling 

(n=30)

Mutation profiling 

(n=40)

BALF samples

(n=53)

Plasma samples

(n=48)

Methylation 

profiling (n=48)

Methylation 

profiling (n=48)

Comparative 

mutation profile 

(n=30)

Evaluate the classification 

performance of BALF 

mutation (n=40)

Build classification 

model based on BALF 

methylation signature 

(n=44)

Build classification 

model based on 

plasma methylation 

signature (n=44)

Recurrent 
patients excluded 

(n=4)

Recurrent 
patients excluded 

(n=4)

Figure 1 Flowchart of the study design. 
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sensitivity of 71%, a specificity of 77.8% and an accuracy 
of 72.5% (Figure 4A). On the other hand, the model for 
BALF ctDNA-derived methylation profiling demonstrated 
both sensitivity and specificity of 81% and an accuracy of 
81.3% in the 48 patients with methylation profiling, while 

the plasma-derived ctDNA methylation model showed a 
sensitivity of 66.7%, specificity of 71.4%, and accuracy of 
68.8%. The difference in discriminating performance was 
not significant between any two of the three assays. Notably, 
in the 21 benign patients, BALF and plasma methylation 

Figure 2 Mutational landscapes of paired tumor tissue genomic DNA and BALF cfDNA (N=30). (A) Tumor tissue genomic DNA; (B) 
BALF cfDNA. BALF, bronchoalveolar lavage fluid; cfDNA, cell-free DNA.
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profile misdiagnosed four and six patients with malignant 
disease (Figure 4B), respectively, and all false-positive 
cases had no smoking history. In addition, all three benign 
patients with a smoking history were classified as benign by 
both methylation profiles, suggesting that the methylation 
methodology used in this study has high specificity to 
discriminate cancer-specific signatures from tobacco use-
related methylation signatures.

We also compared ctDNA-based mutation and DNA 
methylation profiling with several conventional methods, 
including bronchoscope biopsy (N=38), bronchial 
brushing (N=51), and lavage cytology (N=53), and the 
sensitivity, specificity and accuracy of each method are 
summarized in Figure 4A. Collectively, conventional 
methods (bronchoscopy, brushing, and lavage) have very 
high specificity but very low sensitivity, especially brushing 

Figure 3 Visualization and ROC curves of methylation signatures in plasma and BALF cfDNA. (A) BALF supervised clustering heatmap; 
(B) plasma supervised clustering heatmap; (C) BALF ROC curve; (D) plasma ROC curve. ROC, receiver operating characteristic; BALF, 
bronchoalveolar lavage fluid; cfDNA, cell-free DNA.
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and lavage, which had a sensitivity of 9.7% and 3.1%, 
respectively. In comparison, ctDNA-based mutation 
and DNA methylation profiling offered a much higher 
sensitivity ranged from 66.7% to 81%. (0.001<P<0.0001). 
The diagnostic results of different assays for each patient 
are summarized in Figure 4B. 

Furthermore, we analyzed the performance of these 
methods in patients with stage I diseases (Figure 4A) 
and found both BALF and plasma ctDNA methylation 
signatures demonstrated comparable sensitivities in stage I 
patients compared with that in all cancer patients (82.4% 
vs. 81.6% and 70.6% vs. 66.7%, respectively). Of note, 
BALF methylation profiling exhibited a trend of superior 
sensitivity (82.4% vs.52.6%, P=0.06) and accuracy (81.6% 
vs. 60.7%, P=0.06) than BALF mutation profile in the 
subset of stage I patients. 

Discussion

Compared with other potential diagnostic biomarkers, the 
advantage of DNA methylation include its stability, its early 
occurrence during carcinogenesis, and that it provides a 
greater magnitude of markers since the number of CpG 
sites in the human genome is huge (9,15). Accordingly, 
DNA methylation has emerged as a promising biomarker 
for cancer detection and is being actively investigated in 
multiple cancers including lung cancer. Earlier studies 
often focused on examining the DNA methylation levels 
of pre-selected tumor-specific candidate genes in blood 
and have identified a number of potential biomarkers 
for lung cancer diagnosis, including RASSF1A, APC, 
and SHOCK2 (41-44). However, most studies enrolled 
rather late-stage patients and/or asymptomatic normal 

Figure 4 Comparison of diagnostic performances of different assays. (A) The accuracies, sensitivities, and specificities of different assays in 
the whole cohort (all stage) and in the subset of stage I patients; (B) overview of the diagnostic outcomes of different assays in 53 patients.
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individuals, which tended to overestimate the sensitivity and 
specificity. With the rapid advancement of next-generation 
sequencing, high-throughput epigenomic studies provide 
a deeper characterization of methylation signatures in 
cancer along with the potential of discovering more robust 
markers. Diaz-Lagares et al. used two genome-wide DNA 
methylation datasets including early-stage lung cancers 
to identify a specific methylation signature including four 
genes: BCAT1, CDO1, TRIM58, and ZNF177, and validated 
its diagnostic value into independent cohorts with diverse 
sample types, including FFPE tissues, bronchial aspirates, 
and sputum from patients with lung cancer and cancer-
free individuals (45). More recently, Liang et. al developed 
a blood-based diagnostic assay for lung cancer early 
detection by high throughput DNA bisulfite sequencing 
which demonstrated a sensitivity of 79.5% and a specificity 
of 85.2% for differentiating lung cancers from benign 
pulmonary nodules (15). 

In the present study, we conducted a similar high 
throughput methylation sequencing study and developed 
parallel classification models for both plasma and BALF 
ctDNA samples. We also investigated the feasibility of 
using BALF ctDNA mutation profiling for classification. 
Our results revealed that the methylation and mutation 
profiling of BALF ctDNA demonstrated comparable 
sensitivities (81% vs. 71%, P=0.38) and specificities (81% 
vs. 77.8%, P=0.84). Interestingly, BALF methylation 
profiling exhibited a trend of superior sensitivity (82.4% 
vs. 52.6%, P=0.06) compared to BALF mutation on 
detecting early-stage cancer patients. On the other hand, 
the performance of the BALF methylation signature to 
differentiate malignant from benign lesions was comparable 
with that of the plasma methylation signature (sensitivity: 
81% vs. 66.7%, P=0.24) and specificity: 81% vs. 71.4%, 
P=0.29) (Figure 4A), although the absolute numerical values 
for BALF were higher. Therefore, future studies in larger 
cohorts are required to further investigate whether BALF 
could serve as a superior liquid biopsy material over plasma 
for lung cancer early detection. 

While in patients detected with chest radiographic 
abnormalities suspected to be lung cancer, bronchoscopy 
is a relatively safe approach for diagnostic tissue sampling 
and has been widely used (46), in approximately 30% of 
cases, it is non-diagnostic (47). Accordingly, cytology-
based sampling techniques such as lavage and bronchial 
brushings are normally included with histopathological 
confirmation by biopsy to increases the diagnostic yield 
of bronchoscopy (26,48). In this study, the majority of our 

cohort also underwent bronchoscopy biopsy and cytology-
based assays in parallel for comparing the performance 
of our newly developed assays with these clinically used 
techniques. Bronchoscopy biopsy and cytology analyses of 
lavage and bronchial brushing all demonstrated a specificity 
of 100% in our cohort. However, sensitivities were 
extremely low with 23% for bronchoscopy and 3–9% for 
cytology-based assays (Figure 4A), which were significantly 
inferior to that of BALF methylation (P<0.0001) and 
BALF mutation profiling (P<0.001), which suggests a large 
portion of malignant lesions would have been missed by 
these screenings. Our results clearly reveal the advantage of 
ctDNA-based profiling over cytology analysis of BALF for 
differentiating early-stage lung cancers from benign lung 
disease. 

Compared to the invasive tissue-based test, BALF 
cfDNA provides a semi-invasive alternative for detecting 
genetic and epigenetic alterations in lung cancer. It also has 
the advantage of overcoming the intra-tumor heterogeneity 
to a certain extent. However, the ctDNA released in BALF 
may be limited especially in early stage-patients, which 
compromise its sensitivity in detecting early-stage diseases. 

As a proof-of-principle investigation, our study has 
the major limitation of lacking an independent validation 
cohort, especially for the methylome-based classification 
model. Further studies recruiting larger cohorts are 
warranted to verify and improve the performance of the 
model we developed. 

Conclusions 

BALF can serve as liquid biopsy media for both mutation and 
DNA methylation profiling to distinguish small malignant 
tumors (≤2 cm in diameter) from benign pulmonary 
nodules, even in patients with early-stage disease. Both 
BALF mutation and methylation profiles demonstrated 
better sensitivities than conventional methods and have 
potential diagnostic value.
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