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Differential diagnosis of pulmonary nodules and prediction
of invasive adenocarcinoma using extracellular vesicle DNA

To the Editor:
The differential diagnosis of pulmonary nodules (PN)
poses significant challenges as they can be observed in both
benign andmalignant aetiology.1–3 Computed tomography
(CT)-based differentiation between malignant PN (MPN)
and benign PN (BPN) is moderately effective.4,5 Tissue
biopsy, while facilitating diagnosis, is hindered by small
size and sampling bias.6,7 Here, using identified high-
frequency mutations from MPN, we developed a compact
21-gene panel for liquid biopsy and a diagnostic nomo-
grammodel to predict the risk of invasive adenocarcinoma
(IAC).
A total of 79 patients with MPN confirmed by CT imag-

ing and pathological examinationwere enrolled. No signif-
icant differences were observed in age, sex or smoking sta-
tus among groups (Table S1). The genomic analysis ofMPN
tissueDNAwas performed (Figure S1A). Themedian value
of variants per sample was 10 (Figure S1B). Top 20mutated
genes were disclosed (Figure S1C). The data revealed no
significant differences in tumour mutation burden (TMB)
or mutation points across adenocarcinoma in situ (AIS),
minimally invasive adenocarcinoma (MIA) and IAC due
to a small sample size (Figure S1D). Significant pairs of
co-occurring driver genes and mutually exclusive genes
were observed in all samples, AIS, MIA and IAC, respec-
tively (Figure S2A–D). Subsequently, we found that EGFR,
TP53 andNOTCH3are prevalent drivers irrespective of sex,
while BLM, KRAS and MSH3 showed sex-specific differ-
ences (Figure S3A,B). Due to the similar composition of
these groups, the top mutated genes in nonsmokers were
identical to those in female, and the top mutated genes in
smokers were identical to those in male. Contrastingly, the
top mutated genes in nine male nonsmokers were largely
distinct. In addition, genomic analysis of nonsmokers and
smokers with MPN mirrored overall population results.
Eight smoking-related unfavourable mutant genes were
identified, along with nine mutant genes unaffected by
sex and smoking status, indicating pervasive driver gene
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effects (Figure S3C). Moreover, we observed that smok-
ers with MPN are more prone to developing mutations
in anti-oncogenes, while nonsmokers with MPN tend to
have mutations in oncogenes.8,9 This reflects the distinct
patterns in tumorigenesis between the two groups.
Next, we divided the IAC data into training and test-

ing sets at a 2:1 ratio (Figure 1A,B). Fisher’s exact test
confirmed no significant difference in gene mutation
frequency between the two. We recorded the prevalent
mutations identified by the 618-gene panel in the 79
patients. Through analysis of various gene combinations,
we fine-tuned a 21-gene panel that can identify 77 out of 79
patients. Enriched signal pathways (Figure S4A) and sig-
nificant gene ontologies (Figure S4B) were identified in
this gene set. Significantly mutated pathways were more
closely related to Wnt-beta catenin signalling, E2F tar-
gets pathway and Notch signalling. Previous studies have
reported similar findings, which substantiates the find-
ings of our study. Meanwhile, we developed a nomogram
model to predict likelihood of IAC occurrence using logis-
tic regression analysis (Table S2). Currently, IAC diagnosis
relies on postoperative histological examination, which
may be inaccurate due to biased sampling and imprecise
inspection, especially if subtle lesions are missed.10 Our
model aims to identify IAC prior to surgery. A higher
score prompts the surgeon to consider IAC occurrence,
perform lymph node removal, and closely monitor for
recurrence. We identified that PN diameter and TMB of
the 21 genes significantly predict the likelihood of IAC
occurrence. The calibration curve showed good agree-
ment in this cohort (Figure 1C). The concordance index
was .849, showing excellent discrimination, reconfirmed
at .809 through bootstrapping validation. The receiver
operating characteristic (ROC) demonstrated good predic-
tive accuracy (Figure 1D).Decision curve analysis (DCA)
showed that if the threshold probability was greater than
4%, the nomogram provides better diagnosis probability
(Figure 1E).
Finally, 18 MPN and two BPN were enrolled for val-

idation (Table S3). Preoperative circulating extracellular
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F IGURE 1 Significantly mutated genes and nomogram model for predicting invasive adenocarcinoma (IAC) risk. (A and B) The
mutation information of each gene in the training and testing sets. (C) Calibration plot. The prediction results (green solid line) were closer fit
to the ideal model (diagonal line). (D) ROC that shows a good predictive accuracy. (E) DCA for the diagnostic nomogram. The blue solid line
represents the IAC diagnostic nomogram. The red solid line represents the assumption that all patients are not diagnosed as IAC. Thin green
solid line represents the assumption that no patients are IAC.

vesicles (EVs) were isolated, followed by electron micro-
scope analysis (Figure S5A), size measurement (Figure
S5B) and Western blot analysis of CD9 (Figure S5C). Sub-
sequently, EVs, tumour tissue and normal adjacent tissue
samples were analysed using the 21-gene panel, which pro-
vides an overall coverage of 99.7%. Over approximately 92%
of reads were identified to index. Mutations were detected
in 19 genes in tissue DNA and in 17 genes in EV DNA
(Figure 2A). In contrast, only EP300, BPN and TP53 muta-
tions were detected in BPN tissue and EV DNA. Missense
mutations predominated in MPN and BPN (Figure 2B).
Subsequent analysis was conducted on 16 MPN and two
BPN with paired tissue and EV DNA. Significant differ-
ence in TMB, mutation type and number of mutated gene

were found between MPN and BPN in both tissue and EV
DNA (Figure 2C). TMB displayed an increasing trend from
T1a to T1c, showing promise in MPN staging (Figure 2D).
A paired bar chart of the mutation gene count for the 18
sampleswas further generated (Figure 2E), and the average
concordance of genemutations was 75.3% inMPN and 50%
in BPN (Figure 2F). In brief, the 21-gene panel can identify
MPN using EV DNA. Calculated in 20 patients, the aver-
age risk score for IAC occurrence in MPN tissue and EV
samples was 93.98 ± 25.07 and 89.60 ± 23.3, respectively,
with a predicted risk of .72 ± .26. In contrast, the average
risk score for BPN tissue and EV samples was 57.11± 27.98,
corresponding to a predicted risk of .34 ± .33 (Figure 3A).
The findings align with existing clinicopathological data.
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F IGURE 2 Validation of the 21-gene panel with tumour tissue DNA and extracellular vesicle (EV) DNA. (A and B) The waterfall plots
demonstrate the mutation information of each gene in malignant pulmonary nodules (MPN) and benign pulmonary nodules (BPN) samples,
respectively. (C) Tumour mutation burden (TMB) in tissue DNA and EV DNA derived from 18 samples, respectively. (D) TMB among stage
T1a, T1b and T1c in tissue DNA and EV DNA, respectively. (E) Paired bar chart of the mutation gene count for the 18 samples. (F) The average
concordance of gene mutations in MPN and BPN samples, respectively.

No significant difference across stages T1a, T1b andT1cwas
observed (Figure 3B). In two patients without tissue sam-
ples, IAC occurrence risk, determined fromEVDNATMB,
was 60.64 and 71.5, corresponding to risks of .34 and .5,
respectively. The lower score in one IAC-diagnosed patient
(57 years, T1b, 1.1 cm) was mainly attributed to low TMB.
Moreover, we found a strong correlation between the TMB

score of tissue DNA and EVDNA samples inMPN patients
(Figure 3C).
In summary, this study delves into the genomic

landscape and mutational signatures in MPN. The
21-gene panel with EV DNA can identify MPN in a
short turnaround time, while remaining affordable for
patients. The nomogram can evaluate the risk of IAC, thus
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F IGURE 3 Validation of the diagnostic nomogram model with paired tissue DNA and extracellular vesicle (EV) DNA samples. (A)
Predicting points using the diagnostic nomogram model for malignant pulmonary nodules (MPN) and benign pulmonary nodules (BPN)
samples based on tissue DNA and EV DNA, respectively. (B) Predicting points among stage T1a, T1b and T1c using tissue DNA and EV DNA,
respectively. (C) Conducting correlation analysis of tumour mutation burden (TMB) scores between tissue DNA and EV DNA using the
Pearson method.

providing valuable insights for healthcare decision-
making. The diagnostic strategy holds promise for clinical
translation pending a large-scale study.
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