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Detecting EGFR mutations in plasma using droplet digital PCR (ddPCR) assay offers a promising 
diagnostic tool for lung cancer patients. The performance of plasma-based ddPCR assay relative to 
traditional EGFR mutation testing in tissue biopsies among Asian patients with suspected lung cancer 
remains underexplored. Consecutive patients admitted for diagnostic workup for suspected lung 
cancer were recruited. Peripheral blood samples were collected on the same day of tissue biopsies. 
Tissue samples were subjected to EGFR mutation analysis via real-time PCR, whereas plasma samples 
were processed for ddPCR assay to evaluate for EGFR mutation status. The tissue re-biopsy rate was 
43.8% while 0.7% of patients failed blood taking. Despite repeat biopsy, 15.2% of patients could not 
achieve histological diagnosis. Of the 202 patients newly diagnosed with lung cancer, EGFR mutations 
were detected in 13.4% of plasma samples, compared to 44.3% in tissue samples. Plasma ddPCR for 
EGFR mutations detection were barely detectable in stages I and II non-small cell lung cancer (NSCLC), 
but the sensitivity was 25.0%, 56.3%, and 75.0% in stages III, IVA, and IVB NSCLC, respectively. 
Plasma EGFR mutations were highly specific among all stages of lung cancer. Concordance rates of 
plasma ddPCR assay also rose with more advanced stages, recorded at 41.9% for stages I and II, 71.9% 
for stage III, 86.3% for stage IV. In stage IV lung cancer, the false negative rate for the plasma ddPCR 
assay was 34.4%, whereas that for the tissue testing was 19.2% due to insufficient tissue samples. 
Plasma-based EGFR genotyping using ddPCR is a non-invasive method that offers early diagnosis and 
serves as a valuable adjunct to tissue-based testing for patients with advanced-stage lung cancer. 
However, its usefulness is limited in the context of early-stage lung cancer, indicating a need for further 
research to improve its accuracy in these patients.
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Background
Identification of EGFR mutations is critical for tailoring treatment plans for patients with advanced-stage 
non-small cell lung cancer (NSCLC). The National Comprehensive Cancer Network (NCCN) NSCLC Panel 
recommends testing for tumor tissue EGFR mutations in patients with metastatic NSCLC or stage IB-IIIA NSCLC 
after resection1,2. However, acquiring sufficient tumor tissue for molecular testing remains challenging. Many 
patients have high-risk factors for tissue biopsy due to comorbidities and the invasive nature of the procedures. 
In addition, the scheduling for pathological and molecular diagnoses can be time-consuming in many healthcare 
systems, possibly delaying the initiation of therapy. Blood-based testing, a prevalent form of liquid biopsy, is 
emerging as a non-invasive alternative for both diagnostic genotyping and treatment monitoring3. Unlike tissue 
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biopsy, liquid biopsy allows for repeated sampling without increased risk and typically offers a much shorter 
turnaround time, usually measured in days4,5.

Circulating tumor DNA (ctDNA) is the DNA found in the bloodstream that originates from tumors. Reports 
have indicated a positive correlation between tumour burden and ctDNA mutant allele frequency6. The main 
challenges in early detection of EGFR mutations in NSCLC patients are from the low tumor burden and the 
difficulty in identifying the small quantity of ctDNA in the bloodstream7. In additional, plasma EGFR mutations 
may arise from non-tumor origin, such as clonal haematopoiesis of undetermined potential (CHIP) arising 
from haematopoietic progenitors6. Various platforms have been developed to identify circulating DNA in 
plasma, such as amplification-refractory mutation system PCR, next-generation sequencing, and droplet digital 
PCR (ddPCR)8–11. Studies utilizing CancerSEEK, an early cancer detection platform that incorporates NGS of 
cell-free DNA(cfDNA) plus protein biomarkers, or multiplex PCR (mPCR) assays, have shown that the largest 
proportion of patients with stage I NSCLC exhibit undetectable ctDNA6. Introduced in 1999, ddPCR is capable 
of quantifying absolute nucleic acids without using endogenous controls12. It has demonstrated high accuracy 
in detecting minute amounts of mutated DNA, enabling the identification of allele frequencies ranging from 
0.001–0.4%12,13. This method is highly sensitive for detecting EGFR mutations14–17.

The latest molecular testing guideline from the College of American Pathologists, released in 2018, 
recommended that plasma DNA testing could be used to detect EGFR mutations in cases where tumor tissue 
samples are insufficient for molecular analysis. However, the effectiveness of ddPCR in determining plasma 
EGFR genotypes in patients with suspected lung cancer, spanning early to advanced stages, in comparison to 
tissue-based EGFR genotyping, remains uncertain This prospective study aims to evaluate the effectiveness of 
plasma ddPCR assay in detecting EGFR mutations among patients with suspected lung cancer and in those 
with confirmed lung cancer across various stages. Through a prospective design and pairing blood and tissue 
genotyping, the study seeks to address challenges related to temporal heterogeneity and provide insights into the 
clinical validity and practicality of using plasma ddPCR assay in the diagnosis and treatment of patients with 
lung cancer.

Methods
Subjects
Between July 2019 and November 2020, a total of 290 consecutive adult patients undergoing evaluation for 
potential lung cancer were enrolled to assess the effectiveness of plasma ddPCR assay in detecting EGFR 
mutations in patients with suspected lung cancer and those with confirmed lung cancer across various stages. 
Follow-up for all participants continued until March 31, 2023, or until their decease. The study was approved 
by the Ethics Committee of Kowloon Central Cluster in Hong Kong (Approval number: KC/KE-19-0041/ER-3), 
all research was performed in accordance with relevant guidelines/regulations and written informed consent 
was obtained from all participants. The inclusion criteria were patients aged 18 years or older with clinical 
or radiological findings suggestive of lung cancer pending biopsy confirmation. The exclusion criteria were 
patients with known history of lung cancer. Various diagnostic procedures were utilized to obtain a definitive 
histopathological diagnosis, such as endobronchial biopsy, transbronchial needle aspiration, CT-guided needle 
aspiration, thoracocentesis and pleural biopsy, pericardiocentesis, ultrasound-guided lymph node biopsy, and 
surgical biopsy. Tissue and pleural fluid samples were analyzed using standard histopathological and molecular 
services according to molecular testing guidelines18–20. In cases where NSCLC was confirmed, tissue or cell 
block samples underwent EGFR mutation testing using Therascreen®EGFR RGQ PCR Kit at tertiary hospitals 
in Hong Kong. Demographic and clinical characteristics of all enrolled subjects were documented. Cases where 
NSCLC could not be further classified were recorded as NSCLC. The results were recorded specifically as NSCLC, 
adenocarcinoma, lymphoepithelioma-like carcinoma or squamous cell carcinoma (SCC). The flowchart of this 
study is shown in Fig. 1.

Sample collection and DNA extraction
Patients who were recruited underwent blood collection on the same day as their tissue biopsy. A venous blood 
sample was collected using tripotassium ethylenediaminetetraacetic acid (K3EDTA) pre-filled polystyrene tubes 
(VACUETTE®, Greiner Bio-One, Kremsmünster, Austria) and was centrifuged within 2 h to prepare the plasma. 
The supernatant plasma was then separated and stored at -80 °C until analysis. Plasma DNA was extracted using 
the QIAamp Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. 
The extracted DNA was stored at -20 °C until genotyping was performed. All subsequent laboratory procedures 
were conducted at the respiratory research laboratory of the Department of Medicine at the University of Hong 
Kong.

Droplet digital PCR assay for plasma EGFR mutation detections
Plasma cfDNA was genotyped for EGFR mutations using ddPCR with the QX200 Droplet Digital PCR System 
(Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions15. Molecular probes (Bio-Rad, Hercules, 
CA, USA) were used to detect EGFR mutations for 19Del, L858R, T790M, G719A/C/S, and L861Q. ddPCR was 
applied with modification21. The 20ul PCR-mix was heated to 95 °C for 30 s to denature the dsDNA templates, 
then cooled down to 65 °C for 1 min to allow primer-template binding, and then further cooled down and held 
at 12  °C. After denaturation, droplets were generated using a QX100 droplet generator (Bio-Rad, Hercules, 
CA, USA), and PCR amplification was performed using a thermal cycler (Bio-Rad, Hercules, CA, USA). The 
cycling conditions for PCR reactions included an initial incubation at 95 °C for 9.5 min, 45 cycles of 94 °C for 
30 s and 55 °C for 60 s, prolonged incubation at 55 °C for 5 min, enzyme inactivation at 98 °C for 10 min, and 
hold at 12 °C overnight. After thermal cycling, the plates were transferred to a QX200 Droplet reader (Bio-Rad, 
Hercules, CA, USA) for counting fluorescence-positive and fluorescence-negative droplets.
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Data were processed using QuantaSoft software (Bio-Rad, Hercules, CA, USA). The thresholds for the 
ddPCR results were determined using QuantaSoft and manually inspected for further validation. All technical 
staff performing plasma ddPCR were blinded to tissue EGFR mutation results. In this study, positive plasma 
EGFR mutations referred to tyrosine kinase inhibitor (TKI)-sensitive mutations (i.e., 19 Del, L858R, G719X, and 
L861Q). Given the limitation of validated assays available from the manufacturer at the onset of our study, only 
19 Del multiplex assay reported wildtype results along with the mutant allele frequency (MAF). The endogenous 
control gene RPP3022 was used as an internal control within the assay panel, which enabled the quantification of 
the relative mutant amounts. The MAF of 19 Del was calculated as MAF (%) = mutant copies per µL / total copies 
per uL × 100, with the total copies representing the sum of mutant and wildtype copies. The relative mutant 
amount of EGFR mutations was calculated as Relative Mutant Amount (per k copies ref) = mutant copies per 
µL / RPP30 copies per µL × 1000, with the “per k copies ref ” means per 1000 copies of detected reference gene 
RPP30.

Statistical analyses
Continuous variables were reported as mean and standard deviation or median, and frequencies were reported 
as number and proportion. The sensitivity, specificity, positive predictive value (PPV), negative predictive value 
(NPV), and concordance of EGFR mutation between blood and tissue genotyping results were calculated using 
SPSS version 23.0 (SPSS, Inc., Chicago, IL, USA).

Results
Demographic characteristics
A total of 290 consecutive Asian patients with suspected lung cancer were recruited. Among them, 39 patients 
had repeated blood tests when they underwent repeated procedures. All patients were treatment naïve for TKIs. 
The characteristics of the enrolled cases are shown in Table 1. The mean age was 69.8 ± 11.8 years, with 118 
(40.7%) of patients being female. Out of the 290 patients, 157 (54.1%) patients were former or current smoker, 
83 (28.6%) had COPD, and 21 (7.2%) had concurrent cancers including thyroid carcinoma, prostate cancer, 
stomach cancer, nasal pharyngeal carcinoma, colonic cancer, corpus cancer, renal cell carcinoma, breast cancer, 
oral squamous cell carcinoma, and pancreatic neuroendocrine tumors. Initial tissue biopsy pathology confirmed 
primary lung cancer in 138 individuals out of the 290 patients, as detailed in Table 2. Final tissue pathology 
following repeat biopsies identified primary lung cancer in 202 (69.7%) patients, with 193 (95.5%) of these cases 
being NSCLC, as shown in Table 2. Benign lung diseases were diagnosed in 32 (11.0%) patients.

Of the 202 patients with a definitive diagnosis of lung cancer, 45 (22.3%) were at stage I, 13 (6.4%) at stage 
II, 38 (18.8%) at stage III, and 106 (52.5%) at stage IV of the disease. In addition, 12 patients (5.9%) were found 
to have other types of lung malignancies including lung metastases from other primary cancers, lymphoma, 
thymoma, and mesothelioma. Among the 202 patients with a diagnosis of lung cancer, 158 cases had tissue 
EGFR mutation testing results available. Among these, 88 (55.7%) were EGFR wild-type, while 70 (44.3%) had 
EGFR mutations. The most frequently identified EGFR mutations in tissue samples were L858R substitution (39 
cases), and exon 19 deletions (19Del, 26 cases). Rarer mutations such as L861Q and G719X were found in 2 out 
of 70 patients each, and there was one case of an exon 20 insertion mutation (Fig. 2A). T790M mutation was 
not detected in any of treatment-naïve NSCLC tissue samples, and no cases of double mutations were observed.

Fig. 1.  Flowchart outlining the study procedure.
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The presence of tissue EGFR mutations varied by sex, with a higher rate of 67.6% in females compared to 
26.7% in males. Variation in EGFR mutation rates was also observed across different stages of lung cancer, with 
the highest rate at 64.7% (22/34) in stage I NSCLC, decreasing to 40.0% (4/10) in stage II, 37.5% (12/32) in stage 
III, and 39.0% (32/82) in stage IV NSCLC, as shown in Fig. 2B. Variations in EGFR mutation rates were further 
observed when comparing patients with a history of smoking to non-smokers or those exposed to secondhand 
smoke. Non-smokers or second-hand smokers had a tissue EGFR mutation rate of 59.8%, whereas this rate 
dropped to 17% among former or current smokers. Among patients with tissue EGFR mutations, 25.7% were 
former or current smokers, while in those with wild-type EGFR, a higher proportion of 73.6% were former or 
current smokers.

Re-biopsy rate and time to final diagnosis
Out of 290 patients, 163 (56.2%) had a pathological diagnosis after the first tissue biopsy, while the remaining 
127 (43.8%) required a repeat biopsy. Despite extensive investigations, 44 individuals (15.2%) remained without 
a histological diagnosis. The likelihood of requiring a repeat biopsy was lower in those with radiological stage IV 
lung cancer (34.2%) compared to those with stages I/II (52.3%). The median time from initial enrollment to the 
final diagnosis was 55.5 days. When stratified by cancer stages, the median time to diagnosis was at 131 days for 
stage I/II lung cancer patients, shorter for stage III (52 days) and stage IV (34 days) lung cancer patients, and 50 
days for patients diagnosed with other thoracic malignancies.

Characteristics Total

Tissue EGFR mutations Plasma EGFR mutations*

Negative Positive Negative Positive

Number 290 88 70 259 29

Gender (F %) 118 (40.7) 22 (25) 46 (65.7) 95 (36.7) 22 (75.9)

Age(years) 69.8 ± 11.8 70.6 ± 10.8 69.0 ± 12.3 70.0 ± 11.6 69.2 ± 14.0

BMI, kg/m2 22.5 ± 3.9 22.5 ± 4.1 22.9 ± 3.6 22.4 ± 4.0 23.6 ± 3.8

ECOG

0–2 273 (94.1) 84 (95.4) 68 (97.2) 248 (95.8) 24 (82.8)

3–4 17 (5.9) 4 (4.6) 2 (2.8) 11 (4.2) 5 (17.2)

Smoking

Never smoker 104 (35.9) 18 (20.5) 42 (60.0) 86 (33.2) 18 (62.1)

2nd hand smoke 
exposure 29 (10) 5 (5.7) 10 (14.3) 23 (8.9) 5 (17.2)

Former smoker 81 (27.9) 27 (30.7) 11 (15.7) 77 (29.7) 4 (13.8)

Current smoker 76 (26.2) 38 (43.2) 7 (10) 73 (28.2) 2 (6.9)

Hx of COPD 83 (28.6) 42 (47.7) 7 (10) 81 (31.1) 1 (3.4)

Hx of TB 29 (10) 8 (9.1) 6 (8.6) 26 (10.0) 3 (10.3)

Current Cancera 21 (7.2) 7 (8) 3 (4.3) 20 (7.7) 0 (0)

Serum CEA level 
(ng/ml) 55.7 ± 336.6 48.7 ± 144.4 78.1 ± 198.3 26.6 ± 99.0 317.0 ± 996.5

Tumor volume (cm3) 62.4 ± 146.3 79.0 ± 172.1 27.2 ± 58.7 62.1 ± 149.2 69.4 ± 127.0

SUVs 8.2 ± 5.4 10.6 ± 6.2 6.8 ± 3.4 8.2 ± 5.6 9.2 ± 3.2

Stages

I/II/III 144 (49.7) 38 (43.8) 38 (54.3) 140 (54.1) 3 (10.3)

IV 146 (50.3) 49 (56.3) 32 (45.7) 119 (45.9) 26(89.7)

Final Tis EGFR

Wild 88 (55.7) 88(100) 0 (0) 87 (64.4) 0 (0)

L858R 39 (24.7) 0 (0) 39 (55.7) 25 (18.5) 13 (54.2)

19Del 26 (16.5) 0 (0) 26 (37.1) 16 (11.9) 10 (41.7)

Uncommonb 5 (3.2) 0 (0) 5 (7.1) 3 (2.9) 1 (4.2)

Final Tis Patho

No malignancy 32 (13.0) 0 (0) 0 (0) 32 (14.7) 0 (0.0)

Adenocarcinoma/
NSCLCc 174 (70.7) 83 (95.4) 70 (100) 146(67.3) 26 (96.3)

Other malignancyd 40 (16.3) 4 (4.6) 0 (0) 39 (18.0) 1 (3.7)

Table 1.  Baseline characteristics of the study population. *2 patients declined to provide blood samples. a 
active cancer originating from a primary tumor other than lung cancer. b including G719x, L861x, Ins20. c 
adenocarcinoma and NSCLC were mutually exclusive. d including SCC, SCLC, metastatic tumors, thymoma, 
mesothelioma and lymphoma. RG, reference group; Mets, metastases; Blank, not applicable.
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Plasma EGFR mutation status in patients with suspected lung cancer
Plasma genotyping using ddPCR assay was successfully conducted for 288 of the 290 patients, with 2 patients 
declining to provide blood samples. MAF and relative mutant amount detected by ddPCR in plasma of the 
EGFR mutant cases are displayed in supplementary data. Of the analyzed cases, 259 (89.9%) exhibited no 
EGFR mutations in plasma, while 29 (10.1%) showed EGFR mutations. Specifically, 17 patients had the L858R 
substitution, 11 had 19Del, and 1 had the G719X mutation, as illustrated in Fig.  3. Out of 202 lung cancer 
patients, 27 (13.5%) demonstrated EGFR mutations in plasma, including 15 cases of the L858R substitution, 
11 of 19Del and 1 of the G719X mutation. In contrast, none of the 32 patients with benign lung conditions had 
detectable plasma EGFR mutations. In the 44 patients with radiological lung cancer but lacking a definitive 
histological diagnosis, 2 cases (4.5%) had EGFR mutations in their plasma, both being the L858R substitution. 
One patient with SCC, representing 5.3% of the SCC group, had L858R substitution detected in plasma.

Plasma EGFR mutations varied across lung cancer stages (Fig. 3), with no detectable plasma EGFR mutations 
in stages I (n = 67) and stage II (n = 18) suspected lung cancer, a rate of 5.2% in patients with stage III suspected 
lung cancer (3 out of 58), and 17.9% in those suspected of stage IV lung cancer (26 out of 145). This trend was 

Fig. 2.  Tissue EGFR genotyping and mutation rates by lung cancer stage. The prevalent EGFR mutations 
identified in tissue samples were L858R and Exon 19 deletions. EGFR mutation rate varied across different 
stages of lung cancer; the rate was highest at 64.7% in stage I NSCLC and decreased to 40.0% in stage II, 37.5% 
in stage III, and 39.0% in stage IV NSCLC.

 

Pathological diagnoses Paired tissue (No.) Paired tissue (%) Final tissue (No.) Final tissue (%)

No malignancy 88 30.3 16 5.5

NSCLC 26 9.0 32 11.0

Adenocarcinoma 89 30.7 138 47.6

SCC 15 5.2 19 6.6

SCLC 6 2.1 9 3.1

LELC 2 0.7 4 1.4

Mesothelioma 2 0.7 2 0.7

Lymphoma 1 0.3 1 0.3

Thymoma 0 0 1 0.3

2nd carcinoma 2 0.7 8 2.8

IgG4 related disease 0 0 1 0.3

Chronic inflammation 0 0 2 0.7

Abscess/necrosis 3 1.0 3 1.0

Granulation tissue 5 1.7 8 2.8

Organized pneumonia 1 0.3 2 0.7

Unknown/atypical cells 7/43 2.4/14.8 44 15.1

Total 290 100 290 100.0

Table 2.  Pathological diagnoses according to paired tissues and final tissues. LELC, lymphoepithelioma-like 
carcinoma.
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consistent in patients with a confirmed NSCLC, where stages I (n = 44) and stage II (n = 13) patients exhibited 
no detectable plasma EGFR mutations, while stage III patients had a plasma EGFR mutation rate of 8.6% (3 out 
of 35), and stage IV patients had a rate of 24.2% (24 out of 99). Differences in plasma EGFR mutation rates were 
observed between patients with a history of smoking and nonsmokers or those exposed to secondhand smoke. 
Non-smokers or second-hand smokers had a plasma EGFR mutation rate of 15.9%, whereas this rate dropped 
to 7.1% among former or current smokers. Among patients with plasma EGFR mutations, 55.6% were non-
smokers or second-hand smokers, while in those with wild-type plasma EGFR, a higher proportion of 56.6% 
were former or current smokers.

In a subset of 39 patients whose initial tissue biopsy did not yield a cancer diagnosis, matched blood and 
tissue samples were collected both at initial recruitment and during the repeat biopsy, with plasma ddPCR 
assays performed on both plasma samples. Among these patients, 5 showed EGFR mutation on first plasma 
ddPCR assessment, which were consistently present upon repeat testing. These mutations were subsequently 
confirmed through analysis of tissue samples with which the diagnosis of lung cancer was confirmed. Among 
the 21 patients with concurrent cancer, none of them showed EGFR mutations in plasma.

Diagnostic performance of ddPCR in plasma samples
Tissue-based EGFR genotyping in NSCLC patients was conducted in accordance with the 2018 guidelines for 
molecular testing in lung cancer20. The sensitivity, specificity, PPV, NPV, and kappa statistics of plasma ddPCR 
assay in NSCLC patients were shown in Table 3. The sensitivity of the plasma ddPCR assay increase with the 
stage of lung cancer, being 0% for stages I and II, 25.0% for stage III, 65.6% for stage IV, 56.3% for stage IVA, 
and 75.0% for stage IVB NSCLC. The PPV remained consistently high at 100% across all lung cancer stages. 
Concordance rates of plasma ddPCR assay also rose with advanced stages, with rates recorded at 41.9% for stages 
I and II, 71.9% for stage III, 86.3% for stage IV, 82.9% for stage IVA, and 89.7% for stage IVB. Kappa statistics, 
which assessed agreement beyond chance, improved from 0 in stages I and II (no agreement) to 0.29 in stage 
III (fair agreement), 0.70 in stage IV (substantial agreement), 0.61 in stage IVA, and 0.78 in stage IVB. These 
findings were consistent with results obtained when paired tissue-based genotyping was used as the reference 
for NSCLC patients (Table 3).

Discordance between plasma and tissue EGFR mutation genotyping in patients with 
suspected lung cancer
Discordance was observed when comparing genotyping results for EGFR mutations in plasma and tissue samples. 
Specifically, 24 patients had EGFR mutations detected in both tissue and plasma, 45 had EGFR mutations solely 
detected in tissue samples, while no patient had EGFR mutations detected exclusively in plasma. Using tissue 
EGFR mutation results as the standard, the overall false negative rate of plasma ddPCR assay was 65.2% (45/69). 
Among patients with stage IV lung cancer, the false negative rate was lower, at 34.4% (11/32). While using 
plasma EGFR results as the standard, tissue-based testing resulted in false negatives, primarily attributed to 
inadequate tissue sampling for molecular testing. The overall false negative rate of initial paired tissue-based 
testing was 31.0% (9 out of 29 patients) and the false negative rate of final tissue-based testing was 17.2% (5 out 
of 29 patients). Among patients with stage IV lung cancer, the false negative rate of tissue-based testing was 
19.2% (5/26).

Fig. 3.  Plasma EGFR genotyping and mutation rates by lung cancer stage. The prevalent EGFR mutations 
identified in plasma samples are L858R and Exon 19 deletions. EGFR mutations were not detected in the 
plasma of patients with stage I and II lung cancer, but detection rates were notably higher in stage IV lung 
cancer, similar findings were found in patients with suspected lung cancer.
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Discussion
In this prospective study, we assessed the effectiveness of ddPCR assay, a highly sensitive method for detecting 
EGFR mutations in plasma, in patients with suspected lung cancer. Our findings indicated that plasma ddPCR 
assay could facilitate earlier detection of EGFR mutations in patients with suspected advanced lung cancer 
compared to traditional tissue-based testing. Given the high PPV of plasma-based EGFR genotyping, this 
approach could serve as an alternative to tissue biopsy when sufficient tissue sampling is unavailable in advanced 
lung cancer cases. However, for early-stage lung cancer, plasma-based EGFR genotyping using ddPCR did not 
detect any EGFR mutation even when EGFR mutations were identified in tissue samples. Our study underscores 
the limited sensitivity of plasma ddPCR analysis in the detection of EGFR mutations compared to tumor tissue 
analysis in early-stage lung cancer.

Tissue biopsy has traditionally served as the standard method for detecting targetable mutations. However, 
the accuracy of tissue-based EGFR genotyping may be compromised by insufficient tissue samples, potentially 
leading to missed detections of EGFR mutations. A prospective study in 2016 showed that ddPCR-based plasma 
genotyping assay could rapidly and accurately detect EGFR mutations in a real-world clinical setting, supported 
the potential use of this assay to guide clinical decisions23. Our research confirmed these findings by employing 
a prospective approach that incorporated the simultaneous collection of paired blood and tissue specimens, 

EGFR mutation status (Count)

Plasma

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Concordance (%) Kappa statisticsWT Mutated

Stage I/II

Paired Tissuea

 WT 10 0 0 100 UD 37.0 37.0 0.00

 Mutated 17 0

Final tissueb

 WT 18 0 0 100 UD 41.9 41.9 0.00

 Mutated 25 0

Stage III

Paired Tissuea

 WT 14 0 27.3 100 100 63.6 68.0 0.30

 Mutated 8 3

Final tissueb

 WT 20 0 25.0 100 100 69.0 71.9 0.29

 Mutated 9 3

Stage IV

Paired Tissuea

 WT 43 0 68.0 100 100 84.3 88.2 0.73

 Mutated 8 17

Final tissueb

 WT 48 0 65.6 100 100 81.4 86.3 0.70

 Mutated 11 21

Stage IVA

Paired Tissuea

 WT 23 0 58.3 100 100 82.1 85.7 0.65

 Mutated 5 7

Final tissueb

 WT 25 0 56.3 100 100 78.1 82.9 0.61

 Mutated 7 9

Stage IVB

Paired Tissuea

 WT 19 0 76.9 100 100 86.4 90.6 0.80

 Mutated 3 10

Final tissueb

 WT 23 0 75.0 100 100 85.2 89.7 0.78

 Mutated 4 12

Table 3.  Sensitivity, specificity, PPV, NPV and kappa statistics of plasma ddPCR assay in patients with stages 
I/II, III, IV, IVA and IVB lung cancer, respectively. aCollected on enrollment with paired blood samples. 
bTissue with final diagnosis achieved either at initial biopsy tissue with pathological diagnosis achieved or at 
repeat biopsy tissue with pathological diagnosis achieved. WT, wild-type; PPV, positive predictive value; NPV, 
negative predictive value; UD, undefined.
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precise documentation of clinical data, and blinding of laboratory personnel involved in both tissue and plasma 
genotyping assessments. In our study, plasma genotyping was successfully performed in 99.3% of patients with 
presumed lung cancer. Among the 44 patients with radiological lung cancer lacking histological confirmation, 2 
cases exhibited EGFR mutations in their plasma, providing valuable information for making treatment decisions 
regarding the use of TKI treatment options. In contrast, only 56.2% of patients received a histological and 
molecular diagnosis following the initial tissue biopsy. Furthermore, plasma genotyping facilitated an earlier 
diagnosis, with a median duration of 55.5 days, compared to tissue-based genotyping.

The prevalence of EGFR mutations is known to differ among various ethnic groups24. Liang et al. analysed 
data from 1134 advanced NSCLC patients in China and found a tissue EGFR mutation rate of 44.1%25. Similarly, 
Zhou et al. examined 261 NSCLC patients in Western China and reported an EGFR mutation rate of 48.7%26. 
In our study, the overall tissue EGFR mutation rate among NSCLC patients was 44.3%, with the highest rate 
observed in stage I and II patients at 59.1%. The rate decreased to 39% in stage IV patients. This finding aligns 
with a previous report that the EGFR mutation rate was 51.5% (16/33) in early-stage NSCLC patients in 
Taiwan27. Lung cancer in never smokers ranks the fifth most common cause of cancer-related deaths worldwide 
in 2023, preferentially affecting in women and Asian populations28. Previous studies suggested lung cancer in 
never smokers may be driven by distinct driver mutations which were different from the genetic pathways in 
smokers29. Our study found formal or current smokers had higher rate of tissue EGFR mutation and plasma 
EGFR mutation, consisting with previous study in Chinese patients30.

A highly sensitive method for EGFR mutation detection is essential to increase the detection rate of patients 
who would benefit from EGFR-TKIs. The ddPCR assay used in this study has demonstrated to be more sensitive 
than Sanger sequencing and amplification-refractory mutation system PCR technology, making it a valuable 
tool for detecting EGFR mutations in liquid biopsies11,31,14–17. However, there are limitations of digital PCR. 
Due to its probe-based PCR design, the performance of digital PCR can be affected by factors such as primer/
probe design and thermal cycling conditions, similar to traditional PCR methods32. For instance, the melting 
temperature of the manufacturer designed assays is at a relatively low 55 ℃, which can yield higher signal-to-
background ratio but result in a more scattered cloud of droplets. To address these issues, minor optimizations 
of protocols were applied to partially mitigate these limitations in this study21. Furthermore, the determination 
of a valid positive signal is a common concern in digital PCR. The sensitivity of most assays could be as low 
as 0.1% when conducting absolute quantification on diluted positive control specimen. However, samples 
with very low DNA input or those with few positive droplets in the results can pose challenges in accurately 
determining the genotype33,34. Despite the use of ddPCR assay, our study did not detect significant EGFR 
mutations in plasma samples from early-stage lung cancer patients. This contrasts with a retrospective study 
where ddPCR identified EGFR mutations in the serum of 12.0% (12/100) of early-stage lung cancer patients who 
had tissue-confirmed EGFR mutations35. Our findings suggest that plasma ddPCR plays a very limited role in 
the diagnosis of early-stage lung cancer. These results support the latest NCCN guidelines, which advise against 
the routine use of ctDNA for clinical decision-making outside of advanced or metastatic disease scenarios2. The 
application of plasma ddPCR assay for EGFR mutation detection in early-stage lung cancer remains a challenge, 
with the scarcity of ctDNA in the blood creating a bottleneck that limits the ddPCR sensitivity. The amounts of 
cfDNA and ctDNA in the circulation are regulated by factors such as cell turnover, degradation, and clearance 
mechanisms like nuclease digestion, renal excretion, and uptake by macrophages and the phagocyte system in 
the liver. The rapid clearance of cfDNA means that a blood draw of 10 ml yields a limited amount of cfDNA. 
Efforts to enhance sensitivity have primarily focused on ex vivo strategies, such as sampling, analytical processes 
and bioinformatics36. Martin-Alonso et al. reported an alternative strategy of transiently attenuating cfDNA 
clearance in vivo to increase its concentration in blood samples37. Two priming agents, liposomal nanoparticles 
and DNA-binding antibody, given 1–2 h before blood collection, improved the sensitivity and robustness of 
ctDNA testing in tumor bearing mice37. This approach led to in a more than 10-fold increase of ctDNA recovery 
and improved the sensitivity for detecting small tumors from less than 10% to over 75%37.

As NGS becomes more prevalent, the significance of ddPCR for single gene evaluations has diminished, 
given that high-throughput NGS-based multigene liquid biopsy tests can detect a range of genomic alterations. 
However, NGS typically requires a higher allele frequency compared to ddPCR38. Blood-based NGS might not 
detect driver alterations due to insufficient shedding of tumor DNA28. Whether the use of multigene panels 
offers improved clinical outcomes compared to single-gene assays remains to be determined36.

Our study revealed an ascending sensitivity in ddPCR plasma assay from early-stage (I/II) to advanced-
stage (IVB) lung cancer. The sensitivity increased from 25% for stage III, 56.3% for stage IVA, and to 75% for 
stage IVB lung cancer. The assay demonstrated a high PPV of 100% in stage III and IV lung cancer patients, 
consisting with earlier trials involving Asian populations39,40. In the Asia-centric LUX-Lung 6 trial, the plasma 
EGFR mutation detection rate using the Therascreen real-time PCR assay was 60.5% for stages III and IV lung 
cancer patients39,40. Studies from Japan and India have reported sensitivities ranging from 75.8 to 81.8% and a 
specificity from 87.5 to 100% in advanced lung cancer patients using plasma ddPCR assay14–17. Furthermore, 
our study revealed that the ddPCR plasma assay exhibited a high PPV of 100%. However, both plasma and tissue 
testing demonstrated considerable false negative rates in stage IV lung cancer − 34.4% for plasma ddPCR assay 
and 19.2% for tissue testing approach, the latter primarily due to insufficient tissue samples. These findings 
suggest that integrating plasma and tissue testing in advanced stage lung cancer could potentially expedite the 
detection of actionable mutations, thereby facilitating the prompt initiation of targeted therapies.

This study represents the largest cohort of data evaluating plasma ddPCR assay for EGFR genotyping in 
patients with suspected lung cancer. However, there were several limitations. Firstly, the cohort included 
a relatively small number of patients with early-stage lung cancer compared to advanced stage lung cancer. 
Further research, incorporating larger-scale studies and exploring novel diagnostic methods, or an integration 
of multiple approaches, are essential to enhance our understanding of early-stage lung cancer detection. 
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Secondly, while paired blood and tissue samples were collected on the same day, 45.7% of the blood samples 
were obtained immediately following tissue sampling, potentially introducing interference in the blood test 
results due to the invasive nature of the procedure. In future studies, ensuring that blood is collected prior 
to any invasive procedure would filter out potential interference. Lastly, EGFR mutations are not exclusive to 
lung cancer. EGFR was upregulated in glioblastoma, head and neck squamous cell carcinoma, kidney renal 
cell carcinoma, and NSCLC, while it was downregulated in breast invasive carcinoma, colon adenocarcinoma, 
pheochromocytoma and paraganglioma, prostate adenocarcinoma, rectum adenocarcinoma, and uterine 
corpus endometrial carcinoma41,42. In our study, EGFR mutation testing from concurrent tumor tissues in 
patients with multiple cancers were beyond the scope of our research. However, none of the 21 patients with 
concurrent cancers exhibited EGFR mutations in plasma. Moreover, EGFR mutation detected in plasma may 
not always indicate a tumor origin. In cases of CHIP, where haematopoietic progenitor lead to clonal expansion 
without haematological neoplasia, genes such as DNMT3A, TET2, PPM1D and TP53 were commonly mutated6. 
Screening white blood cell DNA and cfDNA can filter out CHIP-related mutations. As far as our knowledge 
goes, no EGFR mutations linked to CHIP have been reported. In our study, all the EGFR mutations detected in 
plasma were consistent with positive findings in lung cancer tumor tissues.

Conclusions
This prospective study underscores the clinical utility of a plasma-based ddPCR assay for identifying EGFR 
mutations in patients with suspected advanced lung cancer, particularly beneficial for those unable to undergo 
tissue biopsy. This non-invasive approach has the potential to influence treatment decisions, ultimately improving 
the quality of life for patients with advanced lung cancer. However, its usefulness is limited in the context of 
early-stage lung cancer, indicating a need for further research on novel priming agents or combined diagnostic 
strategies to enhance detection accuracy43.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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