
Contents lists available at ScienceDirect

Lung Cancer

journal homepage: www.elsevier.com/locate/lungcan

Circulating tumor DNA detection is correlated to histologic types in patients
with early-stage non-small-cell lung cancer

Bin Zhanga,1, Xueliang Niub,c,1, Qiang Zhanga,1, Chunli Wangb,c, Bo Liub,c, Dongsheng Yuea,
Chenguang Lia, Giuseppe Giacconea,d, Shiyong Lic,e, Liuwei Gaoa, Hua Zhanga, Jian Wangf,g,
Huanming Yangf,g, Renhua Wub,c, Peixiang Nib,c, Changli Wanga,⁎⁎⁎, Mingzhi Yec,e,h,⁎⁎,
Weiran Liui,⁎

a Department of Lung Cancer, Tianjin Lung Cancer Center, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Key
Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Tianjin, China
b Tianjin Medical Laboratory, BGI-Tianjin, BGI-Shenzhen, Tianjin, China
c BGI Genomics, BGI-Shenzhen, Shenzhen, China
dGeorgetown University, Washington, District of Columbia, USA
e BGI-Guangzhou Medical Laboratory, BGI-Shenzhen, Guangzhou, China
f BGI-Shenzhen, Shenzhen, China
g James D. Watson Institute of Genome Sciences, Hangzhou, China
h BGI-Guangzhou, Guangzhou Key Laboratory of Cancer Trans-Omics Research, Guangzhou, China
iDepartment of Anesthesiology, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Key Laboratory of Cancer
Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Tianjin, China

A R T I C L E I N F O

Keywords:
Circulating tumor DNA
Next-generation sequencing
Non-small-cell lung cancer
Gene mutations
Classification

A B S T R A C T

Objectives: Circulating tumor DNA (ctDNA) testing in plasma in patients with non-small-cell lung cancer
(NSCLC) has the potential to be a supplemental or surrogate tool for tissue biopsy. Detection of genomic ab-
normalities in ctDNA and their association with clinical characteristics in early-stage NSCLC need to be clarified.
Materials and methods: Here, we comprehensively analyzed gene variations of 48 tumor tissues and 48 matched
preoperative (pre-op) plasma and 25 postoperative (post-op) plasma from early-stage NSCLC patients using a
targeted 546 genes capture-based next generation sequencing (NGS) assay.
Results: In early-stage NSCLC, the average mutation allele frequency (MAF) in pre-op plasma ctDNA was lower
than that in tissue DNA (tDNA). The concordant gene variations between pre-op ctDNA and tDNA were difficult
to detect. However, we found the tissue- pre-op plasma concordant ctDNA mutation detection ratio in lung
squamous cell carcinoma (LUSC) was much higher than that in lung adenocarcinoma (LUAD). We also estab-
lished a LUSC-LUAD classification model by a least absolute shrinkage and selection operator (LASSO) based
approach to help separate LUAD from LUSC based on ctDNA profiling. This model included 14 gene mutations
and extracted an accuracy of 89.2% in the training set and 91.5% in the testing set. Correlation analysis showed
tDNA-ctDNA concordant ratio was related to histologic subtype, gene mutations and tumor size in early-stage
NSCLC.
Conclusion: This study suggests histology subtype and gene mutations could affect ctDNA detection in early-
stage NSCLC. NGS-based ctDNA profile has the potential utility in LUSC-LUAD classification.
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1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide
[1]. LUAD and LUSC are the most common histologic subtypes of
NSCLC. Several genetic alterations drive tumor growth in adenocarci-
noma, such as EGFR mutations, ALK and ROS1 translocations are found
in adenocarcinoma histology and these can be successfully targeted
with small molecule tyrosine kinase inhibitors [2–5]. In East Asians
close to 50% of patients with adenocarcinoma harbor EGFR mutations,
and most of these mutations are found in never-smokers. In contrast,
squamous cell lung cancer still represents a tumor subtype that is most
common in heavy smokers and no targetable driver mutations have so
far been identified in this tumor type. Because of the association with
smoking, squamous cell histology has a higher number of mutations
than adenocarcinomas [6,7]. Genomic characterization of lung cancer
based on tumor tissue of patients with resected disease has been com-
prehensively studied, but limited analysis of blood ctDNA in early
NSCLC is available.

Circulating tumor DNA (ctDNA) is composed of small fragments of
nucleic acid that are released from apoptotic or necrotic tumor cells and
circulate in blood [8,9]. Detection of ctDNA has several advantages
over conventional tumor biopsies. Sampling ctDNA from blood is
noninvasive and can be repeated over time, which allows potentially for
early diagnosis of cancer, identifying minimal residual disease or re-
currence, real-time monitoring of responses to treatment, and pre-
dicting the prognosis [10–17]. Considering tumor heterogeneity, ana-
lysis of ctDNA could theoretically also provide a more comprehensive
and representative information of multiple tumor deposits. ctDNA–-
based liquid biopsy is a promising surrogate and potential supplement
to tumor biopsies.

Most studies of ctDNA in NSCLC focused on late-stage patients,
where the tumor burden is high. Limited data is available on the eva-
luation of ctDNA detection in early-stage NSCLC. In this study, we in-
vestigated the ctDNA mutation profile using targeted NGS in matched
tumor and plasma samples from 48 NSCLC patients who underwent
surgery for stage I-IIIA at our institution. We investigated the con-
cordance between tissue and plasma mutations in LUSC and LUAD and
we analyzed the correlation between ctDNA gene mutations and clinical
features. Furthermore, a LUSC-LUAD classification model was built
based on gene mutations detected in ctDNA.

2. Materials and methods

2.1. Patient information

Forty-eight patients with NSCLC who underwent radical surgery at
Tianjin Medical University Cancer Institute and Hospital between
October 2014 and December 2015 were included in this study
(Table 1). Patients who received neoadjuvant chemotherapy before
surgery or had a prior cancer diagnosis were excluded. In the cohort, 31
patients with stage IB-IIIA received platinum-based double che-
motherapy after surgery, the other 17 patients with stage IA-IB did not
receive adjuvant chemotherapy. The median follow-up time was 46.5
(range 6–50) months. Tumor samples were collected immediately after
surgical resection and snap-frozen in liquid nitrogen. Blood samples
were collected in EDTA tubes and plasma was isolated within 3 h of
blood draw 1 day before surgery and 2–5 days (average 3.8 days) after
surgery. DNA from peripheral blood lymphocytes (PBMC) or the ad-
jacent non‐tumorous tissues from each patient was used as corre-
sponding normal control to exclude germline mutations and ensure that
only somatic mutations were identified from tumor tissue or ctDNA
samples.

This study protocol was reviewed and approved by the Institutional
Review Board of Tianjin Medical University Cancer Institute and
Hospital. Written informed consent was obtained from all patients.

2.2. Sample collection and processing

The patient blood samples collected in EDTA tubes were centrifuged
at 1600 g/min for 10min, and peripheral blood lymphocytes were se-
parated and stored at -80 °C until use. The plasma was collected by
centrifuging the supernatant from the blood samples again at 18,000 g/
min for 5min and was stored at -80 °C until use.

DNA from fresh tumor tissues that contained at least 60% tumor
cells, as assessed by H&E staining was extracted using QIAamp® DNA
mini Kit (Qiagen, Germany) following the manufacturer’s protocol. The
plasma cell free-DNA (cfDNA) was extracted from at least 2 ml plasma
using the QIAamp® Circulating Nucleic Acid Kit (Qiagen, Germany)
according to the vendor’s instructions and the concentration of genomic
DNA and cfDNA was measured by Qubit 2.0 BR Kit and Qubit 2.0 HS Kit
(Invitrogen, USA) according to the respective protocols.

2.3. Library preparation and next generation sequencing

Next generation sequencing (NGS) was performed using Illumina
Hiseq 2500/4000 platforms (Illumina, San Diego, USA), following the
manufaturer’s instructions. For the library construction, genomic DNA
from fresh tumor tissue or peripheral blood cells was disrupted into
fragments (about 250 bps) by ultrasound (30 s followed by 30 s rest
(repeated 3 times) and short centrifugation, repeated 3 times). The DNA
fragments were end-repaired, terminated with a cohesive adenine-tail

Table 1
Clinical and molecular features.

Characteristics (48 total samples) No.

Age at surgery
≤60 23
>60 25
Gender
Male 30
Female 18
Smoking history
Never 16
Ever 32
Tumor size
≤4 30
＞4 18
pN
N0 30
N1+ N2 18
Stage
I 22
II 11
III 15
Histology type
Adenocarcinoma 26
Squamous cell carcinoma 22
Tumor location
Central type 20
Peripheral type 28
Recurrence and metastasis
Yes 16
No 28
Unknown 4
Adjuvant chemotherapy
Yes 31
No 17
Driver mutations(tumor tissue)
EGFR L858R 3
EGFR 19del 12
EGFR G719A 1
EGFR T790M+EGFR 19del 1
EGFR L858R+EGFR 19del 2
KRAS 7
ERBB2 3
BRAF 1
PIK3CA 4
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and ligated to the Illumina-indexed adaptors, according to the library
construction protocol [18]. Agilent 2100 Bioanalyzer (Agilent Tech-
nologies) was used to determine the size and concentration of the li-
brary. The library for ctDNA was carried out using KAPA LTP Library
Preparation Kit for Illumina Platform (Kapa Biosystems) as per the
manufacturer’s instructions without modification [19].

Low quality reads were removed from sequencing data using
SOAPnuke v1.2.0. After that, the clean sequencing data were mapped to
the human genome (hg19) using BWA aligner v0.6.2 [20] and Samtools
v0.1.19. PCR duplicate reads were marked using Picard v1.98. The
alignment refinement was performed using GATK v2.3–9 [21]. Next,
the candidate SNVs were called using Bayesian Model. In order to filter
the SNVs with strand bias and read location bias, we used the Fisher
Exact Test and Kolmogorov-Simrnov Test [22]. Then SNVs in local
control set which constructed by 4725 blood cell samples were filtered.
In addition, we scored SNVs according to GC%, adjacent SNVs and
InDels, multiple mapping locations, base quality, mapping quality and
duplication. Finally, SNVs with low score were removed. Candidate
InDels were extracted from the CIGAR information in the bam files.
Then Candidate InDels were called using local assembly by de Bruijn
approach [23]. Then, we removed the InDels in local control set (blood-
cell samples). Additionally, we checked the InDels in simple repeat
regions of human genome again, on account of more sequencing errors
that may have occurred in these regions.The somatic SNV/InDels
calling in the ctDNA samples sequencing data was processed with the
same method as fresh tumor tissue sequencing data variant calling
approach. Finally, we used ANNOVAR for the Somatic SNVs and InDels
annotation.

We used the Oseq-T panel (a high coverage of all cancers, all exons
of 546 genes, panel size 1.76 Mb, Nimblegen, USA) for the cancer-re-
lated genes capture. TMB (tumor mutation burden) was calculated as
follow: (No. of total mutations- No. of driver mutations)/panel size.

2.4. Droplet digital PCR

ddPCR was performed to verify the NGS sequencing data in this
study. According to the quick reference, QuantStudio™ 3D Digital PCR
Master Mix v2 and TaqMan® Assay, samples were thawed to room
temperature and inverted 10 times. DNA samples were diluted and the
concentration of target sequence in the final reaction was 200 - 2000
copies/μL. Thereafter, the ddPCR reaction mix was prepared according
to the protocol and immediately loaded onto QuantStudio TM 3D
Digital PCR Chip. After that, PCR was performed using the ProFlex™ 2x
Flat PCR System, with the anneal/extend temperature of 56.0 °C in
stage 2. Finally, we analyzed the data using the QuantStudio™ 3D
AnalysisSuite™ Software.

2.5. LASSO modeling

For modeling of 48 LUSC and LUAD patients, 169 candidate MGs
(Mutation Genes) were initially included in the training feature sets and
transformed into a 0, 1 mutation-distance matrix (M), which M_ij=1
indicates the i_th sample with mutation in j_th MG and 0 indicates non-
mutations. For comprehensively evaluating the prognostic ability of
multi-platform molecules to respective cancer types, we utilized a Least
Absolute Shrinkage and Selection Operator (LASSO) based fast mod-
eling algorithm to establish a performance pipeline. Here, the hosmer-
lemeshow test was proposed to select the optimal and suboptimal
numbers of potential mutation factors along with LASSO algorithm for
the predictive model. The LASSO was first proposed in 1996 by
Tibshirani, it uses the linear formula to shrink the coefficients and select
the most significant variables by tuning parameters that control the
degree of penalty, which can be determined by cross-validation.
According to the nature of the constraint, the LASSO algorithm tends to
produce most coefficients as zero, and it improves the overall prediction
accuracy by allowing a small amount of bias to reduce the variance of

the predicted values. The selection of the optimal number of mutation
factors was performed by cross-validation in this study. To account for
the over-fitting problem and to select the best predictive features, the
model was built based on a 5-fold cross-validation method with 10,000
times resampling. The best predictive model was further fitted to the
training set itself and tested with a validation data set.

2.6. Statistical analysis

The heatmaps were plotted using R software (pheatmap package).
Pearson correlation between mutation genes and clinical phenotypes
were performed using R (v3.2) with the cor () function. We observed a
minimal significance P value under 0.05 with Pearson correlation value
0.4 as cut off value. We used student’s t test or Chi-square test to
compare the difference of clinical factors (tumor size, age, tumor stage,
gender, smoking history) between the two lung cancer subtypes.

The Wilcoxon signed rank test was adopted to test the statistical
significance of tissue-blood-overlap mutation distributions of the two
lung cancer subtypes. As formula,

= + +S S V Vχ ( ) /( )2
1 2

2
1 2

Where S1 and S2 is the rate of tissue-blood-overlap mutations in two
cancer subtype groups, V1 and V2 is the variance of S1 and S2.

3. Results

3.1. Landscape of somatic mutations and driver mutations and validation
by ddPCR

All of the samples (48 tumor tissues, 48 pre-operation (pre-op) and
25 post-operation (post-op) plasma samples) were sequenced using
target capture gene panel. The panel which included 546 cancer-related
genes (Supplementary Table 1) was able to detect SNVs and InDels, but
not amplifications or translocations. The NGS data showed that 45
tissue samples contained one or more mutations; 34 pre-op and 20 post-
op plasma samples had one or more variants (Supplementary
Table 2–4). The median read depth of PBMC, tumor samples, pre-op
samples and post-op plasma samples were 426 (range 62–794), 482
(range 278–958), 866 (range 392–1602) and 1254 (range 824–1916),
respectively (Supplementary Fig. 1).

There were less gene mutations detected in plasma than in tumor
tissues, despite the higher depth of reads utilized in plasma samples.
The median mutation allele frequency (MAF) in tumor DNA (tDNA) was
19.5% (range: 0.4%–79.6%). Most of the mutations (360/446; 80.7%)
in tDNA were SNVs, with the remaining mutations being InDels (86/
446, 19.3%). We found that some mutations in ctDNA were from clonal
haematopoietic mutations [24,25]. So, we excluded these mutations in
ctDNA in the following analysis. The median MAF in pre-op plasma
ctDNA was 2.1% (range: 0.5%–33.4%). The median MAF for discordant
mutations with tissues was lower than that of concordant mutations
(Fig. 1A). We also found patients with stage III NSCLC had higher MAF
in pre-op plasma ctDNA, compared to patients with stage I and II
NSCLC (Fig. 1B). The median MAF in post-op plasma ctDNA was 1.2%
(range: 0.6%–14.0%). Common driver gene mutations [EGFR: 39.6%
(19/48), KRAS: 14.6% (7/48), BRAF: 2.1% (1/48); ERBB2: 6.3% (3/
48), PIK3CA: 8.3% (4/48)] were found in 62.5% (30/48) individuals
(tumor tissue samples)(Table 1). The distribution of driver gene mu-
tations in different types of samples are shown in Fig. 1C. From these
data, it appears that the detection ratio of common driver gene muta-
tions is much lower in ctDNA [14.6% (7/48) in pre-op plasma and 4.0%
(1/25) in post-op plasma] than in tDNA (62.5%, 30/48).

The sensitivity of ddPCR assay is higher than NGS assay. We per-
formed ddPCR testing (QuantStudio™ 3D Digital PCR System, Thermo
Fisher, USA) for 23 samples with EGFR, PIK3CA and TP53 hotspot
mutations to confirm the NGS results (Supplementary Table 5). The
results showed that there was a good detection concordance using NGS
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and ddPCR (tissue, 100%; plasma, 92.3%). The MAFs detected by the
ddPCR approach were comparable to those detected by NGS. Most of
the gene mutations in tissue samples listed in Supplementary Table 5
not detected in matched plasma by NGS were also not tested by ddPCR,
suggesting it was not as relative low sensitivity of NGS assay. Thus, we
believe the NGS data in this study is reliable.

3.2. Mutation concordance in matched tDNA and ctDNA samples

Of 48 matched tDNA and pre-op plasma ctDNA sample pairs, 15
contained concordant mutations (at least one mutation identified in
both tDNA and ctDNA) and 3 had no variants in any of the 546 genes in
either tDNA or ctDNA. We analyzed the concordance rates for all the
gene mutations between tissue and pre-op plasma ctDNA. From the data
showed in Table 2, the mutation concordance rate was 37.50% (95% CI
23.95%–52.65%), with a sensitivity of 37.50% (95% CI
22.73%–54.20%), specificity of 37.50% (95% CI 8.52%–75.51%), and
positive predictive value (PPV) of 75.00% (95% CI 60.57%–85.42%).

3.3. Comparison of tissue-plasma concordant ctDNA mutations in LUSC
and LUAD

For further study of the mutational concordance, we first compared
the pre-op plasma ctDNA mutations in lung squamous cell carcinoma
(LUSC) and lung adenocarcinoma (LUAD). We evaluated the distribu-
tion of the variants in tDNA and pre-op ctDNA, respectively. There were
less mutations in LUAD than in LUSC which were sampled from either
tumor tissue or plasma (Supplementary Fig. 2). Next, the tissue-plasma
concordant ctDNA mutations in LUSC and LUAD were analyzed. We
observed that the concordant mutations in tDNA and pre-op plasma
ctDNA in LUAD were much less than those in LUSC (13 versus 129)
(Fig. 2A). The tissue-plasma concordant ctDNA mutation detection ratio

(the concordant mutation number in ctDNA was divided by the total
mutation number in matched tDNA) in LUAD was much lower than that
in LUSC (P=0.005 Fig. 2B). The concordant ctDNA mutations were
detected in 15% (4/26) of LUAD and 50% (11/22) of LUSC (Supple-
mentary Table 6). The sensitivity was 18.18% (95% CI 5.19%–40.28%)
in LUAD, and 61.11% (95% CI 35.75%–82.70%) in LUSC. In the post-op
plasma, the tissue-plasma concordant ctDNA mutations were found
only in one sample (Supplementary Table 7). Next, we compared the
baseline clinical characteristics such as tumor size, age at surgery,
tumor stage, gender and smoking status of LUSC patients and LUAD
patients. There was no significant difference in tumor size, tumor stage,
age at surgery between LUSC patients and LUAD patients (P=0.073,
P=0.961, P=0.053), except for gender and smoking status (more
female and never-smokers in adenocarcinoma, P=0.002, P=0.008)
(Fig. 2C-G). The data showed that the difference of the tissue-plasma
concordant ctDNA mutation detection ratio in pre-op plasma was
mainly correlated to histological subtype.

3.4. Pre-op plasma ctDNA displays high tissue specificity

To estimate if the pre-op plasma ctDNA has the potential to be a
predictive marker for histological classification of NSCLC, we applied a
least absolute shrinkage and selection operator (LASSO) based ap-
proach to build LUSC-LUAD classification models to distinguish the two
types of lung cancer and extract the most predictive mutation genes
feature based on ctDNA. We trained the LASSO model by proposing a
mutation matrix from all pre-op ctDNA mutations with 10,000 times re-
sampling over these mutation genes.

We randomly divided the study cohort into two sets, the training set
and the test set. In total, a classifier with the highest bootstrap accuracy
was identified as the optimal model and the predictors were then tested
in the test cohort. The model performance is highlighted in Fig. 3A-B.

Fig. 1. The common driver genes detection
ratio in different types of samples.
The figure showed the detecting rates of
common driver gene mutations in different
type of samples (blue: tumor tissue, orange:
pre-op plasma, green: post-op plasma). The
common driver gene mutations ratio was much
lower in ctDNA than in tDNA. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).
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Notably, the best model extracts an accuracy of 89.2% in the training
set and 91.5% in the test set, which ensures that the LASSO approach is
robust to any random resampling errors. A total of 14 best predictive
features are listed in the heatmap (Fig. 3C), including: TP53、SLIT2、
NOTCH3、MTOR、LIFR、MRE11A、ARID2、ERCC3、
KCNH2、CDC25C、RB1、ALK、NFE2L2 and FBXW7. Based on ctDNA
mutation features, we established a LUSC-LUAD classification model
which could aid in the histological classification of NSCLC especially in
cases where pathological diagnosis does not provide a clear-cut defi-
nition.

3.5. ctDNA gene mutations and clinical features

In order to further understand the relationship between ctDNA gene
mutations, the tissue-plasma concordant ctDNA mutation detection
ratio and clinical features, the Pearson correlation analysis was used to
evaluate the correlation coefficients. The relationship between pre-op
ctDNA gene mutations and clinical features is shown in Fig. 4. The high
tissue-pre-op plasma concordant ctDNA mutation detection ratio had a
relatively high correlation with large tumor size (Pearson's r=0.71)

and LUSC histology (Pearson's r =-0.45). Moreover, the concordant
tDNA-ctDNA mutation detection ratio was related to TP53, ROS1,
PIK3CA, KMT2D, EPHB1, CDKN2A gene mutations (Pearson's r=0.42-
0.96). TP53 gene mutations in pre-op plasma ctDNA was also found to
be associated with tumor size (Pearson's r=0.67) and LUSC histology
(Pearson's r =-0.40). Furthermore, we analyzed the TMB (tumor mu-
tation burden) of tDNA. LUSC had a higher TMB than LUAD (P =0.024,
t test) (Supplementary Fig. 3).

4. Discussion

In this study, we investigated the ctDNA mutation profile in 48
tDNA, 48 pre-op ctDNA and 25 post-op ctDNA samples from operable
(stage I-IIIA) NSCLC patients using NGS. Two or more gene mutations
were detected in 45(93.7%)fresh tumor tissue samples. At least two
gene mutations were detected in 28 (59.6%) and a single gene mutation
was detected in 6 pre-operative plasma. 31.2% (15/48) matched tDNA
and pre-op plasma ctDNA sample pairs contained concordant muta-
tions. These data suggest that it is feasible to detect ctDNA mutations
from pre-op plasma by target sequencing in patients with early-stage

Table 2
Gene mutation concordance in tissue DNA and pre-op plasma ctDNA.

Sample ID Histology type Concordant mutations Tissue only Plasma only Total True negatives True positives Percentage of Plasma only Percentage of Tissue only

194C LUAD 0 5 0 5 0.00 0.00 0.00 1.00
196C LUAD 0 4 3 7 0.00 0.00 0.43 0.57
198C LUAD 3 2 2 7 0.00 1.00 0.00 0.00
199C LUAD 0 5 3 8 0.00 0.00 0.38 0.63
211C LUSC 15 3 7 25 0.00 1.00 0.00 0.00
219C LUSC 0 0 0 0 1.00 0.00 0.00 0.00
222C LUSC 2 1 3 6 0.00 1.00 0.00 0.00
229C LUSC 0 4 0 4 0.00 0.00 0.00 1.00
241C LUSC 6 6 4 16 0.00 1.00 0.00 0.00
251C LUAD 0 6 3 9 0.00 0.00 0.33 0.67
253C LUAD 0 4 3 7 0.00 0.00 0.43 0.57
254C LUAD 0 14 0 14 0.00 0.00 0.00 1.00
256C LUAD 0 3 0 3 0.00 0.00 0.00 1.00
264C LUAD 0 9 1 10 0.00 0.00 0.10 0.90
265C LUSC 0 15 1 16 0.00 0.00 0.06 0.94
271C LUAD 0 15 0 15 0.00 0.00 0.00 1.00
278C LUSC 57 11 11 79 0.00 1.00 0.00 0.00
288C LUAD 0 2 0 2 0.00 0.00 0.00 1.00
289C LUSC 0 0 0 0 1.00 0.00 0.00 0.00
290C LUAD 0 6 0 6 0.00 0.00 0.00 1.00
292C LUAD 5 5 7 17 0.00 1.00 0.00 0.00
294C LUAD 4 2 0 6 0.00 1.00 0.00 0.00
295C LUSC 11 14 3 28 0.00 1.00 0.00 0.00
299C LUSC 0 8 4 12 0.00 0.00 0.33 0.67
301C LUAD 0 5 3 8 0.00 0.00 0.37 0.63
302C LUSC 2 15 2 19 0.00 1.00 0.00 0.00
308C LUSC 19 8 15 42 0.00 1.00 0.00 0.00
313C LUAD 0 2 0 2 0.00 0.00 0.00 1.00
317C LUSC 3 8 0 11 0.00 1.00 0.00 0.00
323C LUAD 0 12 6 18 0.00 0.00 0.33 0.67
324C LUAD 0 6 3 9 0.00 0.00 0.33 0.67
330C LUAD 0 5 2 7 0.00 0.00 0.29 0.71
338C LUAD 0 10 1 11 0.00 0.00 0.09 0.91
360C LUSC 0 4 0 4 0.00 0.00 0.00 1.00
361C LUAD 0 7 0 7 0.00 0.00 0.00 1.00
408C LUAD 0 2 1 3 0.00 0.00 0.33 0.67
410C LUAD 1 5 7 13 0.00 1.00 0.00 0.00
457C LUSC 5 1 5 11 0.00 1.00 0.00 0.00
594C LUSC 0 11 1 12 0.00 0.00 0.08 0.92
619C LUSC 4 3 1 8 0.00 1.00 0.00 0.00
623C LUSC 0 9 4 13 0.00 0.00 0.31 0.69
624C LUSC 0 0 0 0 1.00 0.00 0.00 0.00
659C LUSC 5 2 3 10 0.00 1.00 0.00 0.00
667C LUSC 0 19 1 20 0.00 0.00 0.05 0.95
670C LUAD 0 3 4 7 0.00 0.00 0.57 0.43
674C LUAD 0 3 0 3 0.00 0.00 0.00 1.00
697C LUSC 0 16 0 16 0.00 0.00 0.00 1.00
715C LUAD 0 2 1 3 0.00 0.00 0.33 0.67
Total 　 142 302 115 559 3 15 5 25
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NSCLC.
Notably, the concentration of cfDNA from post-op plasma was sig-

nificantly higher than pre-op plasma (P=1.436×10−6,
Supplementary Fig. 4, Supplementary Table 8). This effect can be
caused by surgery trauma, as described in some studies [26,27]. Some
studies have shown post-op ctDNA can identify minimal residual dis-
ease and monitor recurrence [28,29]. The time period of posttreatment
plasma samples collected was different between in our study and in
Aadel A. Chaudhuri’s study. In that study, plasma samples were taken
every 2–6 months after curative-intent treatment, at which time ctDNA
detection would not be affected by surgery. If patients had detectable
ctDNA at the time points, it suggested possible minimal residual disease
or recurrence. But our plasma samples were collected 2–5 days after
complete resection, surgery could influence ctDNA release and ctDNA
could not be completely cleared at the time points. Considering the
short follow-up time (less than 5 years), small sample size (n= 25), and
single sampling time, the survival data was immature in our cohort.

Notably, concordant post-op ctDNA mutations were detected in one
patient in our cohort, and sternal metastasis was found only one month
after surgery in the patient. Therefore, early monitoring post-op ctDNA,
multi-point sampling and specific assay panels could be needed for
using post-op plasma ctDNA profiling to detect minimal residual disease
and relapse or monitor for treatment response.

The average mutation frequency in pre-op ctDNA was lower than
that in tDNA, and there were less gene mutations in pre-op ctDNA than
in tDNA. Additionally, there were discordant tDNA -pre-op ctDNA gene
mutations in 33 sample pairs. This may be caused by lung cancer het-
erogeneity and the sensitivity of the technology [30–32]. It was re-
ported the mutant allele fractions of ctDNA were higher in metastatic
cancer than in earlier stage cancer [33]. Consisting with the observa-
tion, we found the mean MAF of ctDNA was higher in patients with
stage III than in patients with stage I and II in NSCLC.

It was reported EGFR mutation frequency range was 20–76% in
LUAD patients in the Asia-Pacific region [34]. EGFR mutation

Fig. 2. Summary of gene mutations in matched tDNA and pre-op plasma ctDNA sample pairs.
(A) For 45 patients (each column), altered genes (rows) with mutations from tDNA and ctDNA (pre-op plasma) are shown. The red barcode indicates tissue-plasma
concordant gene mutations. The yellow barcode indicates tissue particular gene mutations. The blue barcode indicates pre-op plasma particular gene mutations. (B)
Tissue-plasma concordant ctDNA mutation detection ratio was calculated and a significant difference between LUSC and LUAD was found (P=0.005). (C–G) There
was no significant difference of tumor size, ages at surgery and tumor stage between LUSC and LUAD patients (P=0.073, P=0.053, P=0.961). There were
significant differences of gender and smoking status between LUSC and LUAD patients (P=0.002, P=0.008). The P values were calculated by using the Student's t-
test or the Chi-square test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 3. The distribution of best predictive mutation genes among all pre-op plasma samples.
(A, B) The predictive performance of mutation gene features in training and testing sets with L1 feature selection procedure. The x-axis indicates penalty function Log
(lambda) and y-axis indicates mean-squared prediction error PE for each feature groups which calculated numerically. (C) The red barcode indicates a match and a
blue indicates a mismatch. The samples above the white line are LUAD samples (N =26), the samples down the white line are LUSC samples (N=19). It could
observe that 12 features were observed in only LUSC cohort. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 4. Pearson correlation analysis between gene mutations and clinical features.
The cut-off values for Pearson correlation coefficient was set at 0.40, Pearson's r≥0.40 indicates positive correlation, and Pearson's r≤-0.40 indicates negative
correlation. M or R: metastasis or recurrence.
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frequency was 69.2% (18/26) in our LUAD tissue samples, higher than
the reported 47%, but was within the range. And our sample size
(n=26, LUAD) was so small that could not represent the EGFR mu-
tation rate in whole population. However, the detection of EGFR mu-
tations in pre-op plasma ctDNA was quite low in our cohort. We verified
our NGS data by testing EGFR, PIK3CA and TP53 hotspot mutations
using ddPCR method in 23 samples. The ddPCR showed good con-
cordant results with NGS. Most of the MAFs detected by the ddPCR
approach were comparable to those detected by NGS. The EGFR mu-
tations not detected in ctDNA by NGS were also not detected by ddPCR,
suggesting it was not as relative low sensitivity of NGS assay. It could be
attributed to low ctDNA input because total cfDNA were extracted from
2ml plasma. ctDNA often accounts for a small fraction of (< 1%) total
cfDNA in early stage lung cancer [11]. And, we find most researches use
small panel including dozes of genes to detect plasma EGFR mutations.
While we used 546-genes panel in the study. We think it may not ap-
propriate to use big panel to detect driver gene mutations from plasma.

Notably, we found the tissue-pre-op plasma concordant ctDNA
mutation detection ratio in LUSC was much higher than that in LUAD.
Extensive intratumor heterogeneity, the same tumor containing many
different subpopulations of cells, is presented in both LUSC and LUAD.
Single tumor region analysis cannot cover all gene mutations. But LUSC
was reported to carry more clonal mutations which were thought to be
present in all cancer cells than did LUAD [35]. So, single-region test
from LUSC could have less effect on the tDNA-ctDNA concordant mu-
tation detection ratio than that from LUAD. Additionally, tumor shed
DNA fragments containing tumor-specific mutations into the circula-
tion. The release of ctDNA from apoptotic or necrotic tumor cells is
related to tumor location, size and vascularity. As we know, tumor lo-
cation of LUSC is different from LUAD. The majority of LUSC is central
type and most LUAD is peripheral type. And, abundant necrotic cells
are often observed in LUSC not in LUAD [36]. We indeed observed a lot
of necrotic cells in LUSC with high tDNA-pre-op ctDNA concordant
mutation detection ratio in our cohort (Supplementary Figure 5). This
result is consistent with the most recent report that ctDNA detection is
associated with histological subtype [29]. These findings suggest not
only the difference of ctDNA release between LUSC and LUAD, but also
a potential superior application of ctDNA as a feasible biomarker in
LUSC.

The difference of tissue-plasma concordant ctDNA mutation pools
between LUSC and LUAD implicated that a prediction model could be
built to distinguish LUSC and LUAD by ctDNA sequencing. We used a
LASSO based approach to build the LUSC-LUAD classification models.
The study implies that mutated genes in ctDNA are largely distinct in
LUSC and LUAD. The model included 14 gene mutations. If not less
than 3 of the 14 gene mutations, except TP53 and ALK mutations, are
detected in one sample, it is highly possible this subtype is LUSC.
Interestingly, mutations in LUSC were more similar to other squamous
carcinoma such as head and neck squamous cell carcinoma than to
mutations in LUAD. These results supported the potential use of ctDNA
genotyping. Moreover, this analysis might aid in the histological clas-
sification of NSCLC especially in cases where immunohistochemistry
does not provide a clear-cut definition.

Pearson correlation analysis also demonstrated that tissue-pre-op
plasma concordant ctDNA mutation detection ratio had a relatively
high correlation with tumor histology type. More concordant ctDNA
mutations were found in LUSC, confirming the report that non-adeno-
carcinoma histology was an independent predictor of ctDNA detection
in early-stage NSCLC [29]. Consistent with most studies [37,38], the
concordant ctDNA mutation detection ratio correlated with tumor size.
Moreover, we found that the tDNA-ctDNA concordant ratio was related
to TP53, ROS1, PIK3CA, KMT2D, EPHB1, and CDKN2A gene mutations,
suggesting the gene mutations could represent clonal somatic mutations
of tumor evolution [29]. Also, it is possible that the passive release of
ctDNA into the bloodstream more often involves these gene mutations.

There are a few limitations in the study. It is a single center and

small sample size analysis. Large sample size studies are needed to
validate the findings. Additionally, the median follow-up time is 46.5
(range 6–50) months, relatively short, and 4 patients lost follow-up.
Therefore, survival analysis related data are not mature.

5. Conclusions

In general, we found that ctDNA detection is correlated to histology
subtype and gene mutations in early-stage NSCLC in the cohort, in-
creasing our knowledge of the characteristics of ctDNA in early-stage
NSCLC. In addition, we built the LUSC-LUAD classification models
based on ctDNA profile. Our findings indicate the potential application
of ctDNA detection by NGS for clinical diagnosis and histologic classi-
fication in early-stage NSCLC. It should be noted that these findings
must be confirmed in large sample sizes and prospective clinical trials.
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