
Isaka et al. BMC Pulm Med          (2021) 21:100  
https://doi.org/10.1186/s12890-021-01468-9

ARTICLE

Detection of EGFR mutation of pulmonary 
adenocarcinoma in sputum using droplet digital 
PCR
Tetsuya Isaka1,2*, Tomoyuki Yokose3, Hiroyuki Ito1, Haruhiko Nakayama1, Yohei Miyagi4, Haruhiro Saito5 and 
Munetaka Masuda2 

Abstract 

Background:  It is still unclear whether epidermal growth factor receptor (EGFR) mutation of primary lung adenocar‑
cinoma can be detected on sputum samples. This study aimed to examine EGFR mutations of primary lung adeno‑
carcinoma in sputum samples using droplet digital polymerase chain reaction (ddPCR) and compare it with an EGFR 
mutation in surgically resected lung cancer.

Methods:  Sputum was prospectively collected from the patients before complete resection of the primary lung 
cancer at Kanagawa Cancer Center from September 2014 to May 2016. ddPCR was performed to detect EGFR exon 21 
L858R point mutation (Ex21) and EGFR exon 19 deletion mutation (Ex19) in sputum samples from patients with lung 
adenocarcinoma. The concordance of EGFR mutation status in sputum samples and tumors in surgically resected 
specimen was evaluated for each positive and negative cytology group.

Results:  One hundred and eighteen patients with primary lung adenocarcinoma provided sputum samples. Sputum 
cytology was positive in 13 patients (11.0%). ddPCR detected two cases of Ex21 and two cases of Ex19 in sputum 
cytology positive cases. Compared to surgically resected specimens, the sensitivity, specificity, and positive predic‑
tive value of EGFR mutation (Ex19 and Ex21) detection were 80.0%, 100%, and 100%, respectively, in sputum cytology 
positive cases. In contrast, the sensitivity, specificity, and positive predictive value of EGFR mutation (Ex19 and Ex21) 
detection were 3.1%, 100%, and 100%, respectively, in sputum cytology negative cases.

Conclusions:  EGFR mutations in primary lung adenocarcinoma can be detected with high sensitivity in sputum 
samples if sputum cytology is positive.
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Introduction
Patients with advanced non-small cell lung cancer 
(NSCLC) harboring epidermal growth factor receptor 
(EGFR) mutations can experience improved progno-
sis when treated with EGFR-tyrosine kinase inhibitor 

[1, 2]. EGFR-mutated lung cancer is reported to com-
prise approximately 45% of the NSCLC cases in Asia 
and approximately 15% in Europe and the United States 
[3–6]. Approximately 90% of EGFR mutations are either 
EGFR exon 21 L858R point mutations (Ex21) or EGFR 
exon 19 deletion mutations (Ex19) [7]. Detection of EGFR 
mutations is the first process in deciding the treatment 
for patients with advanced NSCLC. Currently, bron-
choscopic biopsy, computed tomography (CT)-guided 
biopsy, and surgical biopsy are performed to collect 
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tumor samples. However, these methodologies have vari-
ous complications and are invasive for patients, which 
can be especially problematic for those in poor condition 
[8–11]. In addition to these biopsies, non-invasive liq-
uid biopsy using blood (liquid biopsy) has recently been 
performed to detect EGFR mutations. However, a meta-
analysis reported that the sensitivity and specificity of the 
detection of EGFR mutations in blood were 65% and 91%, 
respectively, with recurring low detection sensitivity [12]. 
Development of a methodology capable of more safely 
collecting tumor samples and more accurately detecting 
EGFR mutations in patients with lung cancer is needed.

Sputum can be collected non-invasively from patients. 
Whether EGFR mutation analysis can be performed 
accurately using sputum is unclear. The sensitivity of 
detecting lung cancer in sputum cytology is reported to 
be approximately 40 to 66% [13, 14]. However, sputum 
has been considered to be unsuitable for EGFR mutation 
analysis because it contains many normal cells, such as 
bronchial epithelium and inflammatory cells, with tumor 
cells comprising < 1% of the total number of cells in spu-
tum [15]. Furthermore, primary lung adenocarcinoma, 
for which molecular analysis is especially important 
in deciding the treatment protocol, was reported to be 
less likely to be detected via sputum cytology compared 
to central squamous cell carcinoma [16]. Therefore, an 
ultrasensitive method for detecting tumor EGFR muta-
tions in sputum sample is necessary. Furthermore, it is 
necessary to know the clinical characteristics of patients 
whose sputum contains a sufficient amount of tumor 
cells for the EGFR gene detection.

Droplet digital polymerase chain reaction (ddPCR) 
is a technology that can detect and quantify specific 
sequences with much higher sensitivity and specific-
ity than conventional real-time PCR [17, 18]. ddPCR is 
based on the limiting dilution of DNA sample in micro-
compartments within droplets of a water-in-oil emulsion 
[17]. The sensitivity of ddPCR was reported to be approx-
imately 0.03%-0.001% mutant DNA in the detection of 
EGFR T790M gene mutation and 0.0005% mutant DNA 
in the detection of KRAS gene mutation [19, 20]. Con-
sidering that it is difficult to detect ≤ 1% mutant DNA 
using conventional PCR [21, 22], ultrasensitive ddPCR 
is necessary to detect EGFR mutations in the tumor cells 
in sputum, because of the abundant normal cells or non-
mutated DNA in the background of a sputum sample. 
However, to date, few reports have described the use of 
ddPCR in EGFR mutation analysis in sputum samples.

This study aimed to examine EGFR mutations of pri-
mary lung adenocarcinoma in sputum samples using 
ddPCR and compare it with an EGFR mutation in surgi-
cally resected lung cancer. This study also analyzed the 
clinicopathological features of patients in which sufficient 

tumor cells were detected in sputum for EGFR mutation 
testing via ddPCR.

Materials and methods
Patients and sputum collection
Sputum was prospectively collected from the patients 
before complete resection of the primary lung cancer at 
Kanagawa Cancer Center from September 2014 to May 
2016. Patients with pure ground glass nodule, synchro-
nous multiple lung cancer, and uncontrollable other 
cancer were excluded from this study. Patients under-
going preoperative radiation therapy or chemotherapy, 
and bronchoscopy within one week were also excluded. 
All patients provided informed consent. This study was 
performed in accordance with relevant guideline and was 
approved by the Kanagawa Cancer Center institutional 
review board (25 Ken—64 and 2019 Eki-14).

Each patient was given a container with YM fixative 
solution (50% ethyl alcohol and 2% polyethylene) for col-
lection of sputum for 3 days before surgery [23]. Patients 
were instructed to collect early morning sputum just 
after gargling and to shake the container approximately 
20 times after each sputum collection so that the sputum 
mixed with the fixative. The patients were instructed to 
store the containers in a refrigerator.

Cytology
After centrifugation, a total of two cytological specimens 
were prepared by rubbing the sputum sample between 
two glass slides. Each cytological specimen was stained 
with Papanicolaou stain after 95% ethyl alcohol fixation. 
Cytology was classified by an expert cytologist as follows: 
(1) Insufficient material; (2) Class I: absence of atypical or 
abnormal cells; (3) Class II: atypical cytology but no evi-
dence of malignancy; (4) Class III: cytology suggestive of, 
but not conclusive for, malignancy; (5) Class IIIa: prob-
ably benign atypia; (6) Class IIIb: malignancy suspected; 
(7) Class IV: cytology strongly suggestive of malignancy; 
and (8) Class V: cytology conclusive for malignancy. Final 
diagnosis was made by a pathologist in cases of class III 
or higher. Sputum cytology positive [SC (+)] was defined 
as patients whose sputum cytology was class III or 
higher. Sputum cytology negative [SC (−)] was defined as 
patients whose sputum cytology was lower than class III, 
including cases with insufficient material. SNC (sputum 
not collected) was defined as patients who could not col-
lect sputum because of a lack of sputum.

DNA extraction and ddPCR
ddPCR was performed to detect Ex21 and Ex19 in 
patients with lung adenocarcinoma using the same spu-
tum samples used for cytological examination. The 
cover glass was peeled off after immersing the glass slide 
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with the cytological specimen in xylene. After applying 
50% diluted Marinol in xylene, the Marinol was cured 
on the extender for 30 to 60  min. The sample was then 
immersed in Milli-Q® water for approximately 15  min 
to soften the encapsulant, and the sheet-like cells were 
peeled off with a knife and placed in a tube. After disso-
lution and removal of the encapsulant, the sample was 
washed with alcohol and dried. DNA was extracted using 
the QIAamp DNA FFPE Tissue Kit (Qiagen, Inc., Valen-
cia, CA, USA) according to the manufacturer’s protocol. 
In all samples, the concentration of DNA was measured 
using Qubit® (Life Technologies, Thermo Fisher Scien-
tific, Carlsbad, CA, USA).

ddPCR was performed using the QX200 Droplet Digi-
tal PCR System (Bio-Rad, Hercules, CA, USA) according 
to the manufacturer’s protocol. A total of 20 μL of ddPCR 
reaction mixture was prepared. The volume contained 10 
μL of 2 × ddPCR Supermix for Probe (no dUTP) (Bio-
Rad), 1 μL template DNA, 1.8 μL of forward and reverse 
primers (10 μM), 0.5 μL of FAM- and Hex-labeled probe, 
and 4.9 μL of nuclease-free water. A total of 20 μL/well 
of the sample solution was transferred to DG8 cartridges 
(Bio-Rad). After loading 70 μL/well of generator oil in 
the lower layer of the well, droplets were made using 
the Droplet Generator (Bio-Rad). After transferring 40 
μL to each well of a PCR plate, the plate was sealed with 
a foil heat seal using a PX1 PCR Plate Sealer (Bio-Rad). 
PCR was performed using a C1000 Touch thermal cycler 
(Bio-Rad). The droplet generator partitions samples into 
approximately 20,000 droplets of identical volume. How-
ever, 12,000 to 16,000 droplets were finally used for the 
reaction because some droplets were lost in the transfer 
step.

EGFR p.L858R c.2573T>G (Bio-Rad, Catalog 
#10,049,550, Assay ID: dHsaMDV2010021) was used as 
the primer/probe mix to detect the Ex21 using ddPCR. 
The ddPCR EGFR Exon 19 Deletions Screening Kit (Bio-
Rad, Catalog #12002392), which allows the quantifica-
tion and screening of 15 EGFR exon 19 deletions, was 
used to detect Ex19. The negative template control con-
tained reaction mixed with water, and the positive tem-
plate control contained EGFR-mutated DNA (Ex21 and 
Ex19). QuantaSoft software (version 1.7.4) was used for 
the analysis. The presence or absence of EGFR muta-
tions was determined by the threshold set automati-
cally in the analysis mode of the software based on the 
criterion optimized in the analysis of each sample. If the 
automatic analysis did not work because of the small 
quantity of sample DNA, the threshold was set manu-
ally, based on the fluorescence amplitude of the positive 
control. ddPCR was performed multiple times to con-
firm reproducibility if the initial ddPCR result was posi-
tive for EGFR mutation. Moreover, the sputum sample 

was determined to be an EGFR mutant if the EGFR gene 
mutation detection rate was above the detection limit 
validated using each reagent. The limit of detection of 
EGFR p.L858R c.2573T>G to detect the Ex21 was 0.1% 
and that for the EGFR Exon 19 Deletions Screening Kit to 
detect the Ex19 was 0.5%.

Pathological findings and EGFR mutation of surgically 
resected lung cancer specimens
The pathological diagnosis was made by an expert 
pathologist (Y.T.) based on hematoxylin and eosin (H&E) 
staining and Alcian blue staining of the tissue sections 
of formalin-fixed paraffin-embedded (FFPE) specimens. 
Elastica van Gieson staining was used to evaluate vas-
cular and pleural invasion. Immunostaining of thyroid 
transcription factor-1 was performed if necessary. Spread 
through air space (STAS) was defined as the spread of 
lung cancer cells into air spaces in the lung parenchyma 
beyond the edge of the main tumor [24, 25]. The exist-
ence of STAS was evaluated based on H&E stains of FFPE 
sections of the tumor.

FFPE sections of the resected tumor were used to 
extract the DNA from the samples. Eight to ten sec-
tions (5–10 μm thick) where tumor diameter was maxi-
mum were used to extract DNA. The fragment method 
(sensitivity < 5% mutant DNA) was used to examine Ex19 
[21]. The Cycleave method (sensitivity 1–5% mutant 
DNA) was used to examine Ex21 [21]. The concordance 
of EGFR mutation status detected in sputum samples and 
in surgically resected specimens was evaluated for SC (+) 
and SC (−) groups, respectively.

Sub‑analysis of risk factors of SC (+)
Sub-analysis of risk factors for SC (+) in patients with 
primary lung adenocarcinoma was performed because 
EGFR mutation cannot be detected if the sputum sam-
ple does not contain any malignant cells. The clinico-
pathological factors of SC (+) and SC (−) + SNC were 
compared between groups, and the risk factors for SC 
(+) were analyzed by multivariate analysis. Continu-
ous and categorical variables between the two groups 
were compared using Mann–Whitney U test and Fisher’s 
exact test, respectively. Receiver operating characteris-
tics (ROC) curve analysis was performed to discriminate 
SC (+) from SC (−) + SNC via radiological examination 
(CT tumor size and positron emission tomography maxi-
mum standardized uptake value [PET SUVmax]). CT 
tumor size was defined as the maximum tumor diameter 
measured using high resolution CT (level 600 Hounsfield 
units [HU]; width 1600 HU) of 1 to 2 mm thickness. The 
preoperative PET-CT scan calculated the SUVmax of 
the tumor lesion where fluorodeoxyglucose F 18 (18F-
FDG) accumulated. Logistic regression was performed to 
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analyze the clinicopathological characteristics of patients 
regarding SC (+). Significance was defined as p < 0.05. 
Statistical analyzes were performed using EZR on R com-
mander version 1.30 (Saitama Medical Center, Jichi Med-
ical University, Saitama, Japan).

Results
Of the 118 patients who enrolled in this study, the num-
ber of patients with SC (+), SC (−), and NC was 13 
(11.0%), 76 (64.4%), and 29 (24.6%), respectively. Table 1 
summarizes the radiological and cytopathological find-
ings, and the EGFR mutation status (sputum sample and 
surgical resected specimen) of 13 SC (+) cases. In addi-
tion, allel frequency in samples in which EGFR muta-
tion were detected in sputum samples was also shown. 
Classes III, IIIa, IIIb, IV, and V included 2, 2, 3, 1, and 5 
patients, respectively. STAS was detected in surgically 
resected specimens in 12 of 13 SC (+) cases. Ex21 and 
Ex19, and wild-type EGFR were observed in 2, 2, and 
9 cases, respectively, based on ddPCR of the sputum. 
Among SC (+) samples, the EGFR mutation status of the 
main tumors in FFPE sections and in sputum were iden-
tical in 12 cases, and the sensitivity, specificity, and posi-
tive predictive value to detect EGFR mutations (Ex19 and 
Ex21) were 80.0%, 100%, and 100%, respectively (Table 2). 
In one discordant case (Case 4), the cytological examina-
tion of sputum was Class IIIa with suspected squamous 
cell carcinoma. Figure  1 shows the results of ddPCR 
data analysis (1-D plot). Ex21 (Case 1) and Ex19 (Case 
7) were detected in sputum by ddPCR. The lowest allele 

frequency in the EGFR mutant SC (+) cases was 0.24% 
(Table 1).

Figure  2 presents the cytological findings of sputum 
and histological findings of resected specimen in Case 1 
to 3 of the 13 SC (+) patients. In all three patients, the 
EGFR mutation status of the main tumors in FFPE sec-
tions and in sputum were identical. In all three patients, 
STAS was detected in FFPE sections of the surgically 
resected tumors.

Among 76 patients of SC (−) group, there were 9 cases 
in which ddPCR could not be performed because of an 
insufficient amount of DNA collected. There was one 
case in which the Ex19 was detected in sputum sam-
ples in the SC (−) group. The EGFR mutation status was 
identical to that of FFPE sections of the tumor specimen. 
The sensitivity, specificity, and positive predictive value 
to detect EGFR mutations (Ex19 and Ex21) were 3.1%, 
100%, and 100%, respectively, in SC (−) cases (Table 2).

Table  3 presents the comparison of the clinicopatho-
logical features between 13 cases of SC (+) and 105 
cases of SC (−) + SNC. Compared to the SC (−) + SNC 
group, the CT tumor size was larger and PET SUVmax 
was higher in SC (+) group. Patients with SC (+) were 
in a more advanced stage (clinically and pathologically) 
compared to patients with SC (−). STAS was detected 
more frequently in FFPE sections of resected tumor in 
the SC (+) group compared to the SC (−) group (92.3% 
vs 34.3, p < 0.001). There was no significant difference 
in the EGFR mutation status between the two groups 
(p = 0.902); there were 61.5% and 43.8% of wild-type 
EGFR in SC (+) and SC (−) + SNC group, respectively.

Table 1  Radiological and cytopathological findings, and the EGFR mutation status (sputum sample and surgical resected specimen) 
of 13 sputum cytology positive cases

Ad, adenocarcinoma; SQ, squamous cell carcinoma; STAS, spread through air spaces; EGFR, epidermal growth factor receptor; ddPCR, droplet digital PCR; FFPE, 
formalin-fixed paraffin-embedded; Ex19, exon 19 deletion mutation; Ex21, exon 21 L858R point mutation

Patients Tumor 
size 
(mm)

PET SUV max Sputum cytology Subtype of adenocarcinoma STAS in 
permanent 
section

EGFR 
mutation in 
FFPE

EGFR 
mutation in 
ddPCR

Allele 
frequency 
(%)

Case 1 91 19.4 Class V (Ad) Invasive papillary adenocarcinoma (+) Ex21 Ex21 19.4

Case 2 23 4.3 Class IIIb (Ad) Invasive lepidic adenocarcinoma (+) Ex19 Ex19 0.6

Case 3 98 6.2 Class V (Ad) Invasive mucinous adenocarcinoma (+) Wild Wild (−)

Case 4 32 3.0 Class IIIa (SQ) Invasive lepidic adenocarcinoma (+) Ex21 Wild (−)

Case 5 38 9.2 Class IIIa Invasive mucinous adenocarcinoma (+) Wild Wild (−)

Case 6 29 7.8 Class III Invasive acinar adenocarcinoma (+) Wild Wild (−)

Case 7 29 3.1 Class V (Ad) Unknown (−) Ex19 Ex19 2.88

Case 8 37 8.7 Class IIIb Invasive papillary adenocarcinoma (+) Ex21 Ex21 0.24

Case 9 41 6.9 Class III Invasive solid adenocarcinoma (+) Wild Wild (−)

Case 10 21 7.4 Class V Invasive acinar adenocarcinoma (+) Wild Wild (−)

Case 11 87 19.3 Class IIIb (Ad) Invasive solid adenocarcinoma (+) Wild Wild (−)

Case 12 32 11.9 Class V (Ad) Invasive papillary adenocarcinoma (+) Wild Wild (−)

Case 13 52 5.4 Class IV (Ad) Invasive papillary adenocarcinoma (+) Wild Wild (−)
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Figure 3 depicts the results of ROC curve analysis for 
discrimination of the SC (+) and SC (−) + SNC groups. 
The area under the ROC curve (AUC) regarding CT 
tumor size was 0.823 (95% confidence interval [CI]: 
0.717–0.929). The AUC regarding PET SUVmax was 
0.809 (95% CI 0.718–0.901). There was no significant 
difference between the AUC of both groups (p = 0.809). 
The cut-off value of CT tumor size was 29 mm in ROC 
curve analysis, and the sensitivity and specificity were 
69.5% and 84.6%, respectively. The cut-off value of PET 
SUVmax was 3.02, and the sensitivity and specificity were 
58.1% and 100%, respectively.

Multivariate analysis based on a logistic regression 
model revealed that CT tumor size (odds ratio = 10.6, 
95% CI 1.85–61.0, p = 0.008) and STAS (odds ratio = 17.7, 
95% CI 1.97–158, p = 0.010) were independent potential 
predictive factors for SC (+) (Table 4).

Discussion
This is the first report of the detection of EGFR muta-
tions of primary lung adenocarcinoma using ddPCR 
from prospectively collected sputum samples and com-
pared it with an EGFR mutation in surgically resected 
lung cancer. EGFR mutations can be detected with high 
sensitivity by ddPCR from sputum sample if the sputum 
cytology is positive. Since a CT tumor size ≥ 29 mm is a 
potential predictive factor for sputum cytology positive, 
sputum should be collected in such cases for the EGFR 
mutation analysis.

Bronchoscopic, CT-guided, and surgical biopsies 
are currently performed in clinical practice to obtain 
tumor tissue for molecular analysis. However, these 

methodologies are invasive. An overall complication rate 
of 1.55% was reported for bronchoscopic biopsy, and 
included bleeding (0.63%) and pneumothorax (0.44%), 
with a mortality rate of 0.003% [8]. The reported rates of 
mortality and serious complications for CT-guided per-
cutaneous needle biopsy were 0.07% and 0.75%, respec-
tively, with complication rates of 35% for pneumothorax 
[9, 10]. Furthermore, surgical biopsy requires general 
anesthesia and is more invasive. The reported mortality 
rate due to surgery was 0.5%, and the rate of complica-
tions that included pneumonia, air leakage, and atelecta-
sis was 9.6% [11]. Plasma can be collected with minimal 
invasion from lung cancer patients to detect EGFR muta-
tions in cfDNA. However, there is a possibility that EGFR 
mutations cannot be detected in patients with EGFR 
mutant lung cancer if the amount of cDNA is below 
the threshold of detection sensitivity [12]. For this rea-
son, liquid biopsy is performed if a tissue biopsy cannot 
be performed in patients with poor conditional status. 
Similar to plasma, sputum can be collected non-inva-
sively, which is a greater advantage for cancer patients 
compared to other biopsies. The use of sputum may be 
another option to detect EGFR mutations in patients who 
are in poor condition.

Tumor cells in sputum specimens were reportedly 
detected in < 1% of the cells contained in sputum [15], 
and sputum has been considered unsuitable for molec-
ular analysis. The present study demonstrates that 
ddPCR can detect EGFR mutations in primary lung 
adenocarcinoma with high sensitivity (80.0%) and high 
specificity (100%) in SC (+) cases. One discordant case 
in SC (+) (Case 4, invasive lepidic adenocarcinoma) 

Table 2  Sensitivity, specificity, and positive predictive value of EGFR mutation (Ex19 and Ex21) detection in sputum cytology positive 
and negative cases

Ex19, exon 19 deletion mutation; Ex21, exon 21 L858R point mutation

Sputum cytology positive cases EGFR mutation (+) in surgical resected 
specimen

EGFR mutation (−) in surgical resected 
specimen

Total

EGFR mutation (+) in sputum sample 4 0 4

EGFR mutation (−) in sputum sample 1 8 9

Total 5 8 13

Sensitivity = 80.0%
Specificity = 100%
Positive predictive value = 100%

Sputum cytology negative cases EGFR mutation (+) in surgical resected 
specimen

EGFR mutation (−) in surgical resected 
specimen

Total

EGFR mutation (+) in sputum sample 1 0 1

EGFR mutation (−) in sputum sample 31 44 75

Total 32 44 76

Sensitivity = 3.1%
Specificity = 100%
Positive predictive value= 100%



Page 6 of 11Isaka et al. BMC Pulm Med          (2021) 21:100 

was suspected to be squamous cell carcinoma (Class 
IIIa) according to the cytomorphologic features of 
sputum cytology. The discordance of EGFR mutation 
between sputum and surgical specimens might be due 
to the absence of tumor cells in the sputum. Case 4 
had a history of bronchial asthma, obstructive airway 
disease, and lung cancer surgery. Bronchial cell hyper-
plasia, reactive/atypical bronchial cell, or squamous 
metaplasia that might be misinterpreted as malig-
nancy, can often be observed in respiratory cytology 
specimens obtained from patients with asthma, chronic 
obstructive airway disease, inflammatory disease of the 

lung, and past history of lung disease chemotherapy/
radiation/surgical treatment [26, 27]. When performing 
EGFR mutation analysis in combination with sputum 
cytology, it is necessary to understand the cytomorpho-
logic features and past history of lung disease in these 
patients. In contrast, we observed that the sensitiv-
ity of EGFR mutation detection was as low as 3.1% in 
SC (−) cases, and it was considered irrelevant to per-
form EGFR mutation analysis unless the cytology was 
positive. Only one case in which the EGFR mutation 
(Ex19) was detected in the sputum sample in the SC 
(−) case. Malignant cells might not have been detected 

a

c

b

d

Fig. 1  Droplet digital PCR data analysis. a 1-D plot with each droplet from a sample plotted on the graph of fluorescence intensity versus droplet 
number is shown. Blue dots denote EGFR mutant droplets and gray dots denote wild-type EGFR droplets. a Ex21 in sputum sample (Case1), b 
positive control for Ex21, c Ex19 in sputum sample (Case7), and d positive control for Ex19
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by sputum cytology. Sputum cytology involves abun-
dant normal cells, which sometimes make it difficult to 
detect malignant cells. Endo et  al. reported that cyto-
technologists with less cytology experience under-
diagnosed significantly more frequently than those with 
considerable experience [28]. When performing EGFR 
mutation testing in combination with sputum cytol-
ogy, well-trained cytotechnologists are needed to make 
cytological diagnoses.

Hubers et  al. reported that the sensitivity of EGFR 
mutation detection was 30 to 50% in 10 sputum sam-
ples using four different EGFR mutation analyses 
(Cycleave PCR, COLD-PCR, Pangaea Biotech SL Tech-
nology, and High Resolution Melting) [29]. Su et  al. 
performed amplification refractory mutation system 
(ARMS)-PCR for 35 sputum samples containing tumor 
cells collected from stage III-IV lung cancer patients 
and reported a 90.9% sensitivity [30]. Wu et al. reported 
a 63% sensitivity when an EGFR sensitizing mutation 

was analyzed in 50 sputum samples using next-gener-
ation sequencing [31]. Presently, ddPCR analysis of 80 
sputum samples revealed an 80.0% detection sensitivity 
for EGFR mutations if the sputum cytology was posi-
tive. Recently, Wang et al. reported that detection sen-
sitivity and specificity for EGFR mutations of 46.2% and 
100%, respectively, as detected using SuperARMS using 
sputum cell-free DNA from 102 sputum samples [32]. 
It is necessary to prospectively examine in large scale 
which methodology can detect EGFR mutations more 
accurately in sputum.

It is unclear which sputum collection method was 
appropriate for the analysis of EGFR mutations. 
Hubers et al. used Saccomanno’s fixative (2% polyeth-
ylene glycol in 50% ethanol) for 3-day pooled sputum 
[29, 33]. Su et  al. collected spontaneous sputum in a 
1.5  mL container [30]. Wu et  al. collected approxi-
mately 5 mL of spontaneous sputum in a mixed solu-
tion with an equal volume of Saccomanno’s fixative 

a b c

d e f

g h

Case1

Case2

Case3

Fig. 2  Cytological findings of sputum and histological findings of resected specimen in Case 1 to 3 of the 13 SC (+) cases. a–c Case 1 was 
diagnosed with invasive papillary adenocarcinoma with pT3N2M0 stage IIIA. a The sputum cytology revealed adenocarcinoma (class V). b, c 
STAS with solid nests or single cells features was detected in FFPE sections of the surgically resected tumors. d–f Case 2 was diagnosed with 
invasive lepidic adenocarcinoma with pT1cN1M0 stage IIB. d Adenocarcinoma was suspected (class IIIb) in the sputum cytology. e, f STAS with 
micropapillary feature was detected in FFPE sections of the surgically resected tumors. g, h Case 3 was diagnosed with invasive mucinous 
adenocarcinoma with pT3N2M0 stage IIIA. g The sputum cytology revealed adenocarcinoma (class V). h STAS with solid nests feature was detected 
in FFPE sections of the surgically resected tumors
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and 0.005% dithiothreitol solution at a 1:1 ratio [31, 
34]. We used YM fixative solution for 3-day pooled 
sputum. It has been reported that the detection sensi-
tivity of lung cancer in sputum is increased by a longer 
duration of sputum collection and with the induction 
of sputum by nebulization with hypertonic saline [33, 
35]. A future study should examine whether the sensi-
tivity of EGFR mutation detection can be improved by 
different sputum collection methodologies.

This study showed that EGFR mutation analysis of spu-
tum should be performed for SC (+). However, little is 
known about the risk factors for SC (+). Therefore, sub-
analysis of risk factors for SC (+) in patients with pri-
mary lung adenocarcinoma was performed in this study. 
As shown in Fig. 3 and Table 4, we found that CT tumor 
size was strongly associated with SC (+). Patients with 
CT tumors ≥ 29  mm were considered good candidates 
for EGFR mutation analysis. The detection sensitivity of 
lung cancer in sputum cytology was reported to be 40 to 
66% [13, 14]. Presently, the sensitivity was 11.0%. There 
are two reasons of the low sensitivity we observed. Firstly, 
all the patients had lung adenocarcinoma. Sputum cytol-
ogy is highly effective for central type squamous cell 
carcinoma in patients with hemoptysis [16]. Sing et  al. 
reported that the detection rate of sputum in adenocar-
cinoma in 64 patients was 25.0% [14]. Secondly, patients 
with early staged lung cancer were included. The sensitiv-
ity of sputum cytology for patients with advanced stages 
are reported to be higher than for early stage cancer [14]. 
The diagnostic sensitivity of bronchoscopic biopsy was 
reported to be 88% (78% for peripheral lung cancer) [36]. 
The sensitivity of percutaneous needle biopsy was 86.1% 
[37]. Although sputum can be collected non-invasively 
from lung cancer patients, the detection sensitivity of 
lung cancer was lower compared to other methodologies. 
In sub-analysis of this study revealed that the sensitivity 
increased to 69.5% in sputum cytology if the CT tumor 
size was ≥ 29 mm. Risse et al. similarly reported that the 
detection sensitivity of primary lung cancer was high 
when the tumor size exceeded 24 mm [16].

This is the first study to analyze the correlation 
between pathological findings of surgically resected 
specimens and SC (+). SC (+) status was strongly asso-
ciated with STAS. The presence of STAS was higher in 
patients with SC (+) than in patients with SC (−) (92.3% 
vs. 34.3%). STAS was a potential predictive factor for 
SC (+) in multivariate analysis (Table 4). STAS is a risk 
factor for recurrence of primary lung adenocarcinoma 
and squamous cell carcinoma [38, 39]. Previously, we 
examined the morphology and EGFR mutation status of 
tumor cells in airway secretions collected from segmen-
tal or lobar bronchus of surgically resected specimens 
and compared the results with FFPE tumor tissue. The 
study demonstrated that STAS may be spread to the res-
piratory tract as far as segmental or lobar bronchus of the 
tumor [40]. Because STAS was a risk factor for SC (+) in 
the present study, we suggest that malignant tumors can 
be efficiently detected from sputum if STAS is predicted 
in preoperative radiological findings. Toyokawa et  al. 
reported that the presence of notch and the absence of 
ground glass opacity were CT findings that were related 
to the presence of STAS [41]. Kim et  al. reported that 

Table 3  Comparison of the clinicopathological features 
between SC (+) and SC (−) + SNC

PET, positron emission tomography; STAS, spread through air spaces; EGFR, 
epidermal growth factor receptor; FFPE, formalin-fixed paraffin-embedded; 
Ex18, exon 18 mutation; Ex19, exon 19 deletion mutation; Ex20, exon 20 
insertion mutation; Ex21, exon 21 L858R point mutation; SC, sputum cytology; 
SNC, sputum not collected
a  Fisher’s exact test
b  Mann–Whitney U test

Total n = 118 SC (+)
(n = 13)

SC (−) + SNC
(n = 105)

P valuesa

Age (range) 73 (53—83) 68 (37—87) 0.711b

Male 7 (53.8%) 62 (59.0%) 0.711

Current or ex-smoker 11 (84.6%) 72 (68.6%) 0.340

Right side 9 (69.2%) 58 (55.2%) 0.389

Lobe

Upper 4 (30.8%) 62 (59.1%)

Middle 0 6 (5.7%)

Lower 9 (69.2%) 37 (35.2%) 0.675

Emphysema 1 (7.7%) 11 (10.5%) 1.000

Interstitial pneumonia 1 (7.7%) 1 (1.0%) 0.209

Tumor size (mm) (range) 37 (21—98) 22 (9—54)  < 0.001b

PET SUVmax (range) 7.4 (3.0—19.4) 2.3 (0—30)  < 0.001b

Clinical stage (8th edition) 0.011

cStage I 6 (46.2%) 83 (79.0%)

cStage II 4 (30.7%) 17 (16.2%)

cStage III 3 (23.1%) 5 (4.8%)

Pathological stage

pStage 0, I 4 (30.8%) 82 (78.1%)

pStage II 3 (23.1%) 8 (7.6%)

pStage III 5 (38.4%) 12 (11.4%)

pStage IV 1 (7.7%) 3 (2.9%) 0.002

Lymphatic invasion 2 (16.7%) 19 (18.3%) 1.000

Vascular invasion 6 (50.0%) 31 (29.8%) 0.191

Pleural invasion 4 (33.3%) 27 (26.0%) 0.487

Existence of STAS 12 (92.3%) 36 (34.3%)  < 0.001

EGFR status in FFPE

Ex18 0 4 (3.8%)

Ex19 2 (15.4%) 25 (23.8%)

Ex20 0 4 (3.8%)

Ex21 3 (23.1%) 26 (24.8%)

Wild-type 8 (61.5%) 46 (43.8%) 0.902
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solid component ratio ≥ 90% in CT was a potential pre-
dictive factor of STAS [42]. Performing sputum cytology 
for tumors that display these CT findings may increase 

the detection sensitivity of sputum cytology in patients 
with primary lung cancer.
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Fig. 3  ROC curve analysis for the discrimination between SC (+) and SC (−) + SNC. The cut-off value of CT tumor size was 29 mm. The sensitivity 
and specificity were 69.5% and 84.6%, respectively. The cut-off value of PET SUVmax was 3.02. The sensitivity and specificity were 58.1% and 100%, 
respectively

Table 4  Logistic regression model analysis of sputum cytology positive patients

PET, positron emission tomography; SUV, standard uptake value; STAS, spread through air spaces; EGFR, epidermal growth factor receptor; Ex19, exon 19 deletion 
mutation; Ex21, exon 21 L858R point mutation; OR, odds ratio; CI, confidence interval

Univariate analysis Multivariate analysis

OR 95% CI p value OR 95% CI p value

Age (65 ≤) 0.70 0.21–2.31 0.560

Gender (male) 0.81 0.25–2.58 0.720

Smoking (current or ex-smoker) 2.52 0.53–12.0 0.246

Right side 0.55 0.56–1.89 0.342

Lobe (upper) 3.24 0.94–11.2 0.063

Emphysema 0.71 0.08–6.01 0.755

Interstitial pneumonia 8.67 0.51–148 0.136

CT tumor size (29 mm ≤) 12.5 2.63–59.9 0.002 10.6 1.85–61.0 0.008

PET SUVmax (3.1 ≤) 5.73 2.30–14.3  < 0.001 4.54 0.43–48.4 0.211

Clinical stage (II ≤) 4.23 1.73–10.3 0.002 1.47 0.31–6.91 0.627

Pathological stage (II ≤) 6.09 2.49–14.9  < 0.001 1.87 0.37–9.59 0.451

Lymphatic invasion 0.90 0.18–4.42 0.891

Vascular invasion 2.35 0.70–7.87 0.164

Pleural invasion 1.43 0.40–5.12 0.586

STAS 23.0 2.87–184 0.003 17.7 1.97–158 0.010

Ex19 or Ex21mutation 0.66 0.20–2.16 0.493
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There were several limitations in our study. First, this 
study was conducted at a single institution with a small 
number of patients. Second, we have not investigated 
the efficacy of EGFR-tyrosine kinase inhibitor based 
on the EGFR status detected in sputum samples. Third, 
the methodology of detecting EGFR mutation differed 
between surgical resected tumor samples and sputum 
samples. The discordance of EGFR mutations between 
the two samples might have occurred if the number of 
tumor cells harboring EGFR mutations with mutations 
was too small to detect these mutations, due to hetero-
geneity in FFPE tumor sections by conventional PCR. 
Fourth, it is unclear whether performing EGFR muta-
tion testing of sputum based on sputum cytology results 
is valid. Further studies are needed to investigate the 
clinicopathological factors of lung cancer patients who 
are clinically relevant for sputum-based EGFR muta-
tion testing. Fifth, this study examined only the Ex21 
and Ex19. Future studies will need to detect other EGFR 
mutations, such as T790M, and other driver gene muta-
tions by ddPCR from sputum, and evaluate the useful-
ness of ddPCR for sputum in clinical practice. Detection 
of T790M for the indication of Osimertinib is especially 
important in clinical practice. The detection of T790M 
from sputum may play an important role similar to that 
of cell-free DNA in plasma. Further studies are needed 
to demonstrate the clinical usefulness of T790M detec-
tion in sputum using ddPCR in patients with primary 
lung cancer undergoing EGFR-TKI treatment. Further 
research also is necessary to compare the detection rates 
of EGFR mutations between sputum and cell-free DNA 
in plasma.

Abbreviations
NSCLC: Non-small cell lung cancer; EGFR: Epidermal growth factor receptor; 
Ex21: EGFR exon 21 L858R point mutation; Ex19: EGFR exon 19 deletion muta‑
tion; CT: Computed tomography; ddPCR: Droplet digital polymerase chain 
reaction; SC (+): Sputum cytology positive; SC (−): Sputum cytology negative; 
SNC: Sputum not collected; H&E: Hematoxylin and eosin; FFPE: Formalin-fixed 
paraffin-embedded; STAS: Spread through air space; ROC: Receiver operat‑
ing characteristics; PET SUVmax: Positron emission tomography maximum 
standardized uptake value; 18F-FDG: Fluorodeoxyglucose F 18; AUC​: Area 
under curve.

Acknowledgements
Ms. Yoshihara Mitsuyo, Kanagawa Cancer Center Research Institute and Ms. 
Yoshihara Kazue, Yokohama City University are acknowledged for their excel‑
lent technical assistance.

Authors’ contributions
TI: Conceptualization, Data curation, Methodology, Software, Writing—Origi‑
nal Draft, Formal analysis. TY: Data curation, Methodology, Supervision. HI: 
Data curation, Methodology, Supervision. HN: Conceptualization, Data cura‑
tion, Methodology, Supervision. YM: Data curation, Methodology, Supervision. 
HS: Data curation. MM: Supervision. All authors read and approved the final 
manuscript.

Funding
This study was funded by a Grant from Kanagawa Cancer Foundation.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Kanagawa Cancer Center institutional review 
board (25 Ken—64 and 2019 Eki-14). This study was performed in accordance 
with the Declaration of Helsinki. All patients gave written informed consent.

Consent for publication
Not applicable.

Competing interest
The authors declare that they have no competing interests.

Author details
1 Department of Thoracic Surgery, Kanagawa Cancer Center, 2‑3‑2 Nakao, 
Asahi, Yokohama, Kanagawa 241‑8515, Japan. 2 Department of Surgery, 
Yokohama City University, 3‑9 Fukuura, Kanazawa, Yokohama, Kanagawa 
236‑0004, Japan. 3 Department of Pathology, Kanagawa Cancer Center, 2‑3‑2 
Nakao, Asahi, Yokohama, Kanagawa 241‑8515, Japan. 4 Molecular Pathology 
and Genetics Division, Kanagawa Cancer Center Research Institute, 2‑3‑2 
Nakao, Asahi, Yokohama, Kanagawa 241‑8515, Japan. 5 Department of Tho‑
racic Oncology, Kanagawa Cancer Center, 2‑3‑2 Nakao, Asahi, Yokohama, 
Kanagawa 241‑8515, Japan. 

Received: 24 November 2020   Accepted: 15 March 2021

References
	1.	 Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo N, Sunpaweravong 

P, Han B, Margono B, Ichinose Y, Nishiwaki Y, Ohe Y, Yang JJ, Chewasku‑
lyong B, Jiang H, Duffield EL, Watkins CL, Armour AA, Fukuoka M. Gefitinib 
or carboplatin-paclitaxel in pulmonary adenocarcinoma. N Engl J Med. 
2009;361(10):947–57.

	2.	 Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, Tsurutani J, Seto 
T, Satouchi M, Tada H, Hirashima T, Asami K, Katakami N, Takada M, 
Yoshioka H, Shibata K, Kudoh S, Shimizu E, Saito H, Toyooka S, Nakagawa 
K, Fukuoka M; West Japan Oncology Group. Gefitinib versus cisplatin plus 
docetaxel in patients with non-small-cell lung cancer harbouring muta‑
tions of the epidermal growth factor receptor (WJTOG3405): an open 
label, randomised phase 3 trial. Lancet Oncol. 2010;11(2):121–8.

	3.	 Shi Y, Au JS, Thongprasert S, Srinivasan S, Tsai CM, Khoa MT, Heeroma 
K, Itoh Y, Cornelio G, Yang PC. A prospective, molecular epidemiology 
study of EGFR mutations in Asian patients with advanced non-small-cell 
lung cancer of adenocarcinoma histology (PIONEER). J Thorac Oncol. 
2014;9(2):154–62.

	4.	 Isaka T, Ito H, Nakayama H, Yokose T, Yamada K, Masuda M. Effect of 
epidermal growth factor receptor mutation on early-stage non-small 
cell lung cancer according to the 8th TNM classification. Lung Cancer. 
2020;145:111–8.

	5.	 Rosell R, Moran T, Queralt C, Porta R, Cardenal F, Camps C, Majem M, 
Lopez-Vivanco G, Isla D, Provencio M, Insa A, Massuti B, Gonzalez-Larriba 
JL, Paz-Ares L, Bover I, Garcia-Campelo R, Moreno MA, Catot S, Rolfo C, 
Reguart N, Palmero R, Sánchez JM, Bastus R, Mayo C, Bertran-Alamillo J, 
Molina MA, Sanchez JJ, Taron M; Spanish Lung Cancer Group. Screening 
for epidermal growth factor receptor mutations in lung cancer. N Engl J 
Med. 2009;361(10):958–67.

	6.	 D’Angelo SP, Pietanza MC, Johnson ML, Riely GJ, Miller VA, Sima CS, 
Zakowski MF, Rusch VW, Ladanyi M, Kris MG. Incidence of EGFR exon 19 
deletions and L858R in tumor specimens from men and cigarette smok‑
ers with lung adenocarcinomas. J Clin Oncol. 2011;29(15):2066–70.

	7.	 Pao W, Miller VA. Epidermal growth factor receptor mutations, small-
molecule kinase inhibitors, and non-small-cell lung cancer: current 
knowledge and future directions. J Clin Oncol. 2005;23(11):2556–68.



Page 11 of 11Isaka et al. BMC Pulm Med          (2021) 21:100 	

	8.	 Asano F, Aoe M, Ohsaki Y, Okada Y, Sasada S, Sato S, Suzuki E, Senba H, 
Fujino S, Ohmori K. Deaths and complications associated with respiratory 
endoscopy: a survey by the Japan Society for Respiratory Endoscopy in 
2010. Respirology. 2012;17(3):478–85.

	9.	 Tomiyama N, Yasuhara Y, Nakajima Y, Adachi S, Arai Y, Kusumoto M, Eguchi 
K, Kuriyama K, Sakai F, Noguchi M, Murata K, Murayama S, Mochizuki 
T, Mori K, Yamada K. CT-guided needle biopsy of lung lesions: a survey 
of severe complication based on 9783 biopsies in Japan. Eur J Radiol. 
2006;59(1):60–4.

	10.	 Ibukuro K, Tanaka R, Takeguchi T, Fukuda H, Abe S, Tobe K. Air embolism 
and needle track implantation complicating CT-guided percutaneous 
thoracic biopsy: single-institution experience. AJR Am J Roentgenol. 
2009;193(5):W430–6.

	11.	 Jiménez MF; Spanish Video-Assisted Thoracic Surgery Study Group. 
Prospective study on video-assisted thoracoscopic surgery in the resec‑
tion of pulmonary nodules: 209 cases from the Spanish Video-Assisted 
Thoracic Surgery Study Group. Eur J Cardiothorac Surg. 2001;19(5):562–5.

	12.	 Biaoxue R, Shuanying Y. Tissue or blood: which is more suitable for detec‑
tion of EGFR mutations in non-small cell lung cancer? Int J Biol Markers. 
2018;33(1):40–8.

	13.	 Rivera MP, Mehta AC; American College of Chest Physicians. Initial diag‑
nosis of lung cancer: ACCP evidence-based clinical practice guidelines 
(2nd edition). Chest. 2007;132(3 Suppl):131S-148S.

	14.	 Sing A, Freudenberg N, Kortsik C, Wertzel H, Klosa B, Hasse J. Comparison 
of the sensitivity of sputum and brush cytology in the diagnosis of lung 
carcinomas. Acta Cytol. 1997;41(2):399–408.

	15.	 Thunnissen FB. Sputum examination for early detection of lung cancer. J 
Clin Pathol. 2003;56(11):805–10.

	16.	 Risse EK, van’t Hof MA, Vooijs GP. Relationship between patient charac‑
teristics and the sputum cytologic diagnosis of lung cancer. Acta Cytol. 
1987;31(2):159–65.

	17.	 Taly V, Pekin D, El Abed A, Laurent-Puig P. Detecting biomarkers with 
microdroplet technology. Trends Mol Med. 2012;18(7):405–16.

	18.	 Watanabe M, Kawaguchi T, Isa S, Ando M, Tamiya A, Kubo A, Saka H, Takeo 
S, Adachi H, Tagawa T, Kakegawa S, Yamashita M, Kataoka K, Ichinose Y, 
Takeuchi Y, Sakamoto K, Matsumura A, Koh Y. Ultra-sensitive detection 
of the pretreatment EGFR T790M mutation in non-small cell lung cancer 
patients with an EGFR-activating mutation using droplet digital PCR. Clin 
Cancer Res. 2015;21(15):3552–60.

	19.	 Pekin D, Skhiri Y, Baret JC, Le Corre D, Mazutis L, Salem CB, Millot F, El Har‑
rak A, Hutchison JB, Larson JW, Link DR, Laurent-Puig P, Griffiths AD, Taly V. 
Quantitative and sensitive detection of rare mutations using droplet-
based microfluidics. Lab Chip. 2011;11(13):2156–66.

	20.	 Wang Z, Chen R, Wang S, Zhong J, Wu M, Zhao J, Duan J, Zhuo M, An T, 
Wang Y, Bai H, Wang J. Quantification and dynamic monitoring of EGFR 
T790M in plasma cell-free DNA by digital PCR for prognosis of EGFR-TKI 
treatment in advanced NSCLC. PLoS ONE. 2014;9(11):e110780.

	21.	 Yatabe Y, Hida T, Horio Y, Kosaka T, Takahashi T, Mitsudomi T. A rapid, sensi‑
tive assay to detect EGFR mutation in small biopsy specimens from lung 
cancer. J Mol Diagn. 2006;8(3):335–41.

	22.	 Young EC, Owens MM, Adebiyi I, Bedenham T, Butler R, Callaway J, 
Cranston T, Crosby C, Cree IA, Dutton L, Faulkes C, Faulkner C, Howard E, 
Knight J, Huang Y, Lavender L, Lazarou LP, Liu H, Mair D, Milano A, Sandell 
S, Skinner A, Wallace A, Williams M, Spivey V, Goodall J, Frampton J, Ellard 
S; Clinical Molecular Genetics Society (CMGS) Scientific Subcommittee. A 
comparison of methods for EGFR mutation testing in non-small cell lung 
cancer. Diagn Mol Pathol. 2013;22(4):190–5.

	23.	 Yamagishi K, Koketsu H, Tajima M, Suemasu K. A new method of 
preparing specimens for cytodiagnosis of lung cancer. Jpn J Clin Oncol. 
1985;15(2):415–21.

	24.	 Travis WD, Brambilla E, Nicholson AG, Yatabe Y, Austin JHM, Beasley MB, 
Chirieac LR, Dacic S, Duhig E, Flieder DB, Geisinger K, Hirsch FR, Ishikawa Y, 
Kerr KM, Noguchi M, Pelosi G, Powell CA, Tsao MS, Wistuba I; WHO Panel. 
The 2015 World Health Organization classification of lung tumors: impact 
of genetic, clinical and radiologic advances since the 2004 classification. J 
Thorac Oncol. 2015;10(9):1243–1260.

	25.	 Morales-Oyarvide V, Mino-Kenudson M. Tumor islands and spread 
through air spaces: distinct patterns of invasion in lung adenocarcinoma. 
Pathol Int. 2016;66(1):1–7.

	26.	 Crapanzano JP, Zakowski MF. Diagnostic dilemmas in pulmonary cytol‑
ogy. Cancer. 2001;93(6):364–75.

	27.	 Idowu MO, Powers CN. Lung cancer cytology: potential pitfalls and 
mimics—a review. Int J Clin Exp Pathol. 2010;3(4):367–85.

	28.	 Endo C, Nakashima R, Taguchi A, Yahata K, Kawahara E, Shimagaki 
N, Kamio J, Saito Y, Ikeda N, Sato M. Inter-rater agreement of spu‑
tum cytology for lung cancer screening in Japan. Diagn Cytopathol. 
2015;43(7):545–50.

	29.	 Hubers AJ, Heideman DA, Yatabe Y, Wood MD, Tull J, Tarón M, Molina MA, 
Mayo C, Bertran-Alamillo J, Herder GJ, Koning R, Sie D, Ylstra B, Meijer GA, 
Snijders PJ, Witte BI, Postmus PE, Smit EF, Thunnissen E. EGFR mutation 
analysis in sputum of lung cancer patients: a multitechnique study. Lung 
Cancer. 2013;82(1):38–43.

	30.	 Su F, Fu Y, Wu Q, Zheng K, Tang Y, Su X, Wang Y, Jiang L. High concordance 
of EGFR mutation status between sputum and corresponding tissue 
specimens of late-stage lung cancers using amplification refractory 
mutation system-PCR. Int J Clin Exp Pathol. 2018;11(5):2683–90.

	31.	 Wu Z, Yang Z, Li CS, Zhao W, Liang ZX, Dai Y, Zeng J, Zhu Q, Miao KL, 
Cui DH, Chen LA. Non-invasive detection of EGFR and TP53 mutations 
through the combination of plasma, urine and sputum in advanced non-
small cell lung cancer. Oncol Lett. 2019;18(4):3581–90.

	32.	 Wang Z, Zhang L, Li L, Li X, Xu Y, Wang M, Liang L, Jiao P, Li Y, He S, Du J, 
He L, Tang M, Sun M, Yang L, Di J, Zhu G, Shi H, Liu D. Sputum cell-free 
DNA: valued surrogate sample for detection of EGFR mutation in patients 
with advanced lung adenocarcinoma. J Mol Diagn. 2020;22(7):934–42.

	33.	 Hubers AJ, Heideman DA, Herder GJ, Burgers SA, Sterk PJ, Kunst PW, 
Smit HJ, Postmus PE, Witte BI, Duin S, Snijders PJ, Smit EF, Thunnissen 
E. Prolonged sampling of spontaneous sputum improves sensitivity of 
hypermethylation analysis for lung cancer. J Clin Pathol. 2012;65(6):541–5.

	34.	 Wu Z, Yang Z, Li CS, Zhao W, Liang ZX, Dai Y, Zhu Q, Miao KL, Cui DH, Chen 
LA. Differences in the genomic profiles of cell-free DNA between plasma, 
sputum, urine, and tumor tissue in advanced NSCLC. Cancer Med. 
2019;8(3):910–9.

	35.	 Agustí C, Xaubet A, Montón C, Solé M, Soler N, Carrión M, Rodriguez RR. 
Induced sputum in the diagnosis of peripheral lung cancer not visible 
endoscopically. Respir Med. 2001;95(10):822–8.

	36.	 Rivera MP, Mehta AC, Wahidi MM. Establishing the diagnosis of lung can‑
cer: diagnosis and management of lung cancer, 3rd ed: American College 
of Chest Physicians evidence-based clinical practice guidelines. Chest. 
2013;143(5 Suppl):e142S-e165S.

	37.	 Lacasse Y, Wong E, Guyatt GH, Cook DJ. Transthoracic needle aspiration 
biopsy for the diagnosis of localised pulmonary lesions: a meta-analysis. 
Thorax. 1999;54(10):884–93.

	38.	 Kadota K, Nitadori JI, Sima CS, Ujiie H, Rizk NP, Jones DR, Adusumilli PS, 
Travis WD. Tumor spread through air spaces is an important pattern of 
invasion and impacts the frequency and location of recurrences after 
limited resection for small stage I lung adenocarcinomas. J Thorac Oncol. 
2015;10(5):806–14.

	39.	 Lu S, Tan KS, Kadota K, Eguchi T, Bains S, Rekhtman N, Adusumilli PS, Travis 
WD. Spread through air spaces (STAS) is an independent predictor of 
recurrence and lung cancer-specific death in squamous cell carcinoma. J 
Thorac Oncol. 2017;12(2):223–34.

	40.	 Isaka T, Yokose T, Miyagi Y, Washimi K, Nishii T, Ito H, Nakayama H, Yamada 
K, Masuda M. Detection of tumor spread through airspaces by airway 
secretion cytology from resected lung cancer specimens. Pathol Int. 
2017;67(10):487–94.

	41.	 Toyokawa G, Yamada Y, Tagawa T, Kamitani T, Yamasaki Y, Shimokawa 
M, Oda Y, Maehara Y. Computed tomography features of resected lung 
adenocarcinomas with spread through air spaces. J Thorac Cardiovasc 
Surg. 2018;156(4):1670-1676.e4.

	42.	 Kim SK, Kim TJ, Chung MJ, Kim TS, Lee KS, Zo JI, Shim YM. Lung adenocar‑
cinoma: CT features associated with spread through air spaces. Radiol‑
ogy. 2018;289(3):831–40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Detection of EGFR mutation of pulmonary adenocarcinoma in sputum using droplet digital PCR
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Patients and sputum collection
	Cytology
	DNA extraction and ddPCR
	Pathological findings and EGFR mutation of surgically resected lung cancer specimens
	Sub-analysis of risk factors of SC (+)

	Results
	Discussion
	Acknowledgements
	References


