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Abstract. Esophageal squamous cell carcinoma (ESCC) is 
a highly malignant and deadly tumor. Radiation therapy is 
one of the primary treatments for locally advanced ESCC. 
However, the biomarkers for prognosis of definitive radia‑
tion remain undefined. Peripheral blood circulating tumor 
(ct)DNA provides information of tumor genetic alterations 
and has been confirmed as a potential non‑invasive biomarker 
for several types of cancer. The present study investigated 
the clinical implications of ctDNA detection in patients with 
ESCC and receiving definitive radiation therapy. Patients 
with locally advanced ESCC were retrospectively recruited. 
Plasma samples were collected before, during and following 
radiation therapy. Next‑generation sequencing was performed 
to identify somatic mutations in 180 genes. A total of 69 base‑
line and post‑radiation plasma samples were collected from 
25 patients. A total of 59 non‑silent single nucleotide variants 
were present in 33 genes. All pre‑radiation and 58.3% (14/24) 
of post‑radiation samples had at least one mutation. Patients 
with lymph node metastases (LNM) exhibited a higher number 
of pre‑radiation mutations compared with those without LNM. 
The variables, progression‑free survival  (PFS) and overall 
survival (OS) of the patients with one baseline mutation were 
not significantly different compared with that in patients 
with more than one baseline mutation. Patients with initial 
ctDNA‑positive post‑radiation samples exhibited significantly 
reduced PFS (P=0.047) and OS (P=0.005) compared with that 
in patients with ctDNA‑negative samples. The post‑radiation 
plasma ctDNA status was an independent prognostic factor 

from univariate and multivariate analyses. Dynamic moni‑
toring of ctDNA during follow‑up was examined. The results 
indicated that ctDNA was a predictive and prognostic marker 
in patients with ESCC and receiving definitive radiation 
therapy, which may guide subsequent treatment.

Introduction

Esophageal cancer is one of the most prevalent malignancies 
in the world and accounted for >500,000 deaths in 2018 (1). 
Approximately half of all esophageal cancer cases occur in 
China (2). Squamous cell carcinoma represents ~90% of these 
cases (3). Currently, there are limited treatment options for 
esophageal squamous cell carcinoma (ESCC), resulting in a 
five‑year survival rate of 17.9% according to the Surveillance, 
Epidemiology, and End Results database  (4). Definitive 
radiation therapy or chemoradiotherapy (CRT) are treatment 
options for patients that are not able to undergo surgery (5). 
However, patients with locally advanced ESCC demonstrate 
poor outcomes following radiation therapy, with a median 
survival of 16‑20 months worldwide (6‑8). It is unclear whether 
additional treatment results in reduced or lack of recurrence 
and metastases following radiation. Therefore, identification 
of clinically viable biomarkers that predict survival following 
radiation therapy is urgently required. Previous studies have 
focused on clinical and pathological factors, such as sex, age, 
type, TNM stage, treatment, molecular markers and the general 
condition of the patient (9‑11). However, to the best of our 
knowledge, widely accepted markers that predict outcomes in 
patients with ESCC following radiation remain unidentified.

Circulating tumor  (ct)DNA is a tumor‑derived DNA 
found in the plasma of patients with cancer, that could 
be used as a potential biomarker  (12). This non‑invasive 
approach (13) could be used to monitor tumor burden during 
treatment, regardless of tumor heterogeneity (14‑17). Using a 
cancer‑personalized profiling strategy, ctDNA was detected in 
100% of patients with stages II‑IV and 50% of patients with 
stage I non‑small cell lung cancer (18). In a prospective study 
of 230 patients with early‑stage colorectal cancer, ctDNA 
was assessed at the first follow‑up visit following surgical 
resection. The results indicated that recurrence‑free survival 
at 3 years was 0% for the ctDNA‑positive group and 90% for 
the ctDNA‑negative group (19). Previous studies have reported 
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an interval of 7.9‑11.0 months between ctDNA detection and 
clinical relapse (14,16,20). In addition, ctDNA was detected in 
the plasma of patients with ESCC and was used for dynamic 
monitoring (longitudinally monitored during treatment at 
different time point) (21).

In the present study, a unique gene panel was used to 
evaluate consecutively enrolled patients with ESCC. Plasma 
samples were sequenced and analyzed prior to and following 
radiation therapy using next‑generation sequencing (NGS) 
techniques. In addition, ctDNA was monitored using a 
non‑invasive approach to predict disease outcome following 
radiation therapy and identify specific mutations.

Materials and methods

Patient selection and sample collection. Eligible patients 
with ESCC were retrospectively recruited at the Department 
of Gastrointestinal Oncology, The Fifth Medical Centre, 
Chinese People's Liberation Army General Hospital 
(Beijing, China). The main inclusion criteria were pathologi‑
cally diagnosed ESCC and Eastern Cooperative Oncology 
Group (ECOG) performance status ≤2. Only patients who 
were found to have unresectable ESCC, as evaluated by a 
thoracic surgeon and those who were candidates for definitive 
radiation therapy or chemoradiation therapy were included. 
Patients had received enhanced computed tomography 
(CT) scan of the chest and abdomen, and gastroscopy and 
endoscopic ultrasonography when suitable, for the evaluation 
of primary tumor. The patients were evaluated using the 
American Joint Committee on Cancer 7th staging system (22). 
The patients with ESCC who presented with other malignant 
tumors and/or other severe or uncontrolled diseases were 
excluded. A total of 29 patients were initially recruited, and 
69 plasma samples were collected from 25 patients with 
ESCC, who were enrolled between July 2013 and May 2016 
(Table SI). All patients provided signed informed consent 
and the study protocol was approved by PLA 307 Hospital 
Institutional Review Board. Clinical features were obtained 
from the patients' medical records. Peripheral blood samples 
were collected prior to (pre‑radiation or baseline), during, 
and following (post‑radiation) radiation therapy, as well 
as during follow‑up visits every three months for ctDNA, 
CT scan and tumor marker (CEA, CA19‑9, and CA72‑4) 
analyses. CEA, CA19‑9 and CA72‑4 were routinely tested 
by chemiluminescence immunoassay in our hospital and 
the upper limits of normal were 4.3 ng/ml, 27 and 6.9 U/ml, 
respectively. Patients were divided according to baseline 
ctDNA status (1 vs. >1), abnormal and normal biomarker 
levels and according to the positive and negative ctDNA 
status post‑radiation. Plasma was separated by centrifugation 
at 1,600 x g for 10 min, transferred to new microcentrifuge 
tubes, and centrifuged at 16,000 x g for 10 min to remove cell 
debris at room temperature. Peripheral blood lymphocytes 
(PBLs) from the first centrifugation were used for the extrac‑
tion of germline genomic DNA.

DNA extraction and quality control. Cell‑free (cf)DNA was 
isolated from 0.6‑1.8 ml plasma using a QIAamp Circulating 
Nucleic Acid kit (Qiagen, Inc.). Baseline PBL DNA was 
extracted using the QIAamp DNA Blood Mini kit (Qiagen, 

Inc.) (23). cfDNA and PBL DNA concentration levels were 
measured using a Qubit 3.0 fluorometer and a Qubit dsDNA 
High Sensitivity Assay kit (both from Thermo Fisher Scientific 
Inc.). The fragments of cfDNA were analyzed on an Agilent 
2100 BioAnalyzer using the Agilent High Sensitivity DNA kit 
(both from Agilent Technologies, Inc.) and only samples with 
a fragment peak at ~170 bp passed quality control. Qualified 
PBL DNA was identified using agarose gel electrophoresis.

Target capture and NGS. A panel, including 180 genes was 
designed. Briefly, the panel consisted of top 100 recurrent 
potential driver genes in ESCC identified from the COSMIC 
database  (24) (http://cancer.sanger.ac.uk/cosmic), top 
100 oncogenes and tumor suppressor genes (TSG), associated 
with tumorigenesis and metastasis in ESCC (25‑27), and top 
100 genes associated with other types of cancer were identified 
from The Cancer Genome Atlas database (https://cancerge‑
nome.nih.gov) (28).

Sequencing libraries of both plasma cfDNA and baseline 
PBL DNA were constructed using the KAPA LTP DNA 
Library Preparation kit#KK8230 (Kapa Biosystems), as previ‑
ously described (23). For each sample, at least 30 ng cfDNA 
and 1.0 µg PBL DNA were used for library input. The library 
length was measured using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Inc). The libraries were analyzed by 
using an Applied Biosystems 7500 Real‑Time PCR system 
(Thermo Fisher Scientific Inc.) and 2 n moles of the loading 
concentration of the final library was used. Additional 
15 pre‑capture PCR cycles were performed on samples close 
to the minimum input requirement to generate sufficient 
PCR product for hybridization. The libraries were hybrid‑
ized to custom‑designed biotinylated oligonucleotide probes 
(Kapa Biosystems) covering ~0.5 Mbp. DNA sequencing was 
performed on the HiSeq3000 Sequencing System (Illumina, 
Inc.) with 2x100‑bp paired‑end reads using TruSeq PE Cluster 
Generation Kit v3 and the TruSeq SBS Kit v3 (Illumina, Inc.).

Sequencing data analysis. Terminal adaptor sequences and 
low‑quality reads were removed from the raw sequencing data. 
The reads were then aligned with the human genome build 
GRCh37 using a Burrows‑Wheeler aligner (29). Picard tools 
(http://broadinstitute.github.io/picard/) were used to mark PCR 
duplicates. Single nucleotide variants (SNVs), and insertions 
and deletions were identified using MuTect (version 1.1.4) (30) 
and Genome Analysis Toolkit (version 3.4‑46‑gbc02625) soft‑
wares (31), respectively. Sequencing results of cfDNA samples 
were used to identify somatic mutations, while PBL DNA was 
used to filter the germline mutations. All candidate somatic 
mutations identified using the bioinformatics pipeline were 
manually reviewed in the Integrative Genomics Viewer inter‑
active tool (32) by assessing the quality of bases the mapping 
quality of reads and the overall read depth at each mutation 
site. A mutation was identified as somatic if: i) a variant allele 
fraction (VAF) ≥0.1%; and ii) at least 5 high‑quality reads 
(Phred score, ≥30; mapping quality, ≥30, without paired‑end 
reads bias) were found. For a specific variant in the plasma 
cfDNA, VAF was calculated using the following formula: 
VAF=sequencing read count of alternate alleles/(sequencing 
read count of reference alleles + sequencing read count of 
alternate alleles) x100%. The mutations were annotated to 
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genes using the ANNOVAR software (version 77) (33) to iden‑
tify the mutated protein‑coding position, and filter intronic 
and silent changes.

Statistical analysis. Overall survival (OS) was defined as the 
survival time from the initiation of radiation therapy to the 
date of death from any cause. Progression‑free survival (PFS) 
was defined as the survival time from the initiation of radiation 
therapy to the date of disease progression or death from any 
cause. Cases without progression or death events were censored 
at the date of last follow‑up. Survival curves were determined 
using the Kaplan‑Meier method and univariate analysis of 
these calculations were performed using the log‑rank test. 
Multivariate analysis was performed with manual backward 
stepwise Cox regression modeling. The number of mutations 
was compared using the Mann‑Whitney U test. The Fisher's 
exact test was used to compare proportions between the two 
groups. All reported P‑values were two‑sided and P<0.05 was 
considered to indicate a statistically significant difference. All 
statistical analyses were performed using the SPSS version 21.0 
(IBM Corp.) and PFS and OS were shown by the GraphPad 
Prism version 5.0 (GraphPad Software Inc.) softwares.

Results

Patient characteristics. All patients received definitive 
esophagus radiation therapy or CRT. The plasma samples 
were obtained prior to radiation for all patients and following 
radiation for 24 patients. The clinical characteristics of the 
patients are shown in Table I. The median age at diagnosis was 
60 years (range, 40‑82 years), and males accounted for 88% 
of the patients. A total of 52% of the primary tumors were 
located in the upper third of the thoracic esophagus, while 72% 
of patients were diagnosed with clinical stage T3 or T4 tumors 
and with regional LN involvement. A total of 10 patients 
(40%) received CRT. The mean duration of follow‑up was 
18.0±2.4 months, with a median of 14.7 months. During this 
period, 14 patients were documented with disease progression, 
including local recurrence and/or distant metastases.

Identification of mutations in the patients with ESCC. NGS 
was performed on baseline and post‑radiation plasma samples 
from patients with ESCC. Following quality control and 
removal of duplicates, a mean coverage depth of x1,337 (range, 
379‑2,222) was achieved. Somatic mutations were recorded, 
with 59 non‑silent SNVs identified in 33 genes (Table SII).

The baseline mutation spectrum was analyzed. At least 
one somatic mutation was detected per sample. The average 
mutation burden at baseline was 1.9 (range, 1‑6). A total of 
13 patients had one mutation, while 12 patients harbored 
more than one mutation. The most frequent mutation was 
noted in TP53, which was mutated in 9 (36%) pre‑treatment 
cancer cases. All of the TP53 variations were either missense 
or non‑sense and were annotated in the COSMIC (Table SII) 
database. Other frequently mutated genes included NOTCH1 
(n=4), CCND1 (n=3), CNKN2A (n=3) and NOTCH2 (n=3). 
Notably, the majority of the mutated genes with a high preva‑
lence rate were TSGs.

The mutation spectrum in the initial post‑radiation plasma 
samples was compared with that in the baseline samples 

(Fig. 1). Plasma mutations were altered by radiation therapy. 
Baseline and matched post‑radiation samples were available 
for 24 patients, with the exception of one patient (P11), for 
whom a post‑treatment plasma sample was not obtained. The 
mutation burden was lower in the first post‑radiation plasma 
sample, with an average of 1.1 (range, 0‑6) compared with that 
in the baseline sample. A total of 15 patients (62.5%) exhibited 
a reduced mutation burden following therapy. A total of 10 

Table  I. Clinical characteristics of 25  patients with ESCC 
before radiation.

Clinical characteristics	 Value	 Percentage

Sex
  Male	 22	 88.0
  Female	 3	 12.0
Median age, years (range)	 60 (40‑82)
ECOG performance status
  0	 3	 12.0
  1	 19	 76.0
  2	 3	 12.0
Location
  Upper thoracic	 13	 52.0
  Mid‑thoracic	 10	 40.0
  Lower thoracic	 2	 8.0
Differentiation
  Well	 1	 4.0
  Moderate	 15	 60.0
  Poor	 8	 32.0
  Unknown	 1	 4.0
T stagea

  T1	 1	 4.0
  T3	 17	 68.0
  T4	 1	 4.0
  Unknown	 6	 24.0
N stage
  Positive	 18	 72.0
  Negative	 7	 28.0
Chemotherapy before radiation
  Yes	 14	 56.0
  No	 11	 44.0
Chemoradiotherapy
  Yes	 10	 40.0
  No	 15	 60.0
Tumor biomarkersb

  Normal	 14	 56.0
  Abnormal	 11	 44.0

aT staging was based on endoscopic ultrasonography. bTumor markers 
included CEA, CA19‑9 and CA72‑4. A total of 14 patients exhibited 
disease progression during follow‑up with local recurrence or distant 
metastases. ESCC, esophageal squamous cell carcinoma; ECOG, 
Eastern Cooperative Oncology Group.
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(41.7%) patients did not exhibit mutations following radiation 
(ctDNA‑negative). As the most frequently mutated gene, TP53 
was tracked following radiation in 5 patients and ATM, CCND1, 
ERBB2 and NOTCH2 were also repeatedly found. The most 
apparent difference was noted in the NOTCH1 gene, in which 
no mutations occurred in the initial post‑radiation samples 
of all 4 patients with baseline mutations. In addition, several 
mutations were detected in the first post‑radiation samples, 
whereas these were not present in the baseline samples. These 
mutations were the following: STK11 1062C>G (F354L) in P06 
and KRAS c.38G>A (p.G13D) missense and APC c.4285C>T 
(p.Q1429*) truncation in P19.

Association between ctDNA and clinical features. The 
association between baseline ctDNA and the clinical 
features of the patients was examined. No association was 
noted between sex, ECOG performance status, location, 
or differentiation and baseline mutation burden (data not 
shown). A total of 12 out of 18 patients (67%) with lymph 
node metastasis (LNM) (LN‑positive) exhibited >1 muta‑
tion at baseline compared with that in patients who were 
LN‑negative and only had one mutation (Fig. S1A). In addi‑
tion, 46.2% (6/13) of patients with one mutation and 100% 
of patients with more than one mutation were LN‑positive 
(Fisher's exact test, patients with one mutation vs. those 
with more than one mutation; P=0.005).

Furthermore, the status of ctDNA in the first post‑radia‑
tion plasma samples was further examined. These samples 
were collected within 2 months of radiation for 19 patients, 
within 2‑6 months following radiation for 3 patients and 
within 6  months following radiation for 2  patients. The 
patients received no further treatment between the end of 
radiation therapy and the first plasma collection following 
radiation. A total of 12 out of 17 (71%) LN‑positive patients 

and 29% (2/7) of LN‑negative patients harbored mutations in 
the first post‑radiation plasma sample, and more mutations 
were detected in patients with LNM (Fig. S1B). In the 14 
ctDNA‑positive (at least one mutation detected) patients, 
90.9% (10/11) had documented disease recurrence, while 
three patients exhibited no recurrence status and did not 
survive following 10 months of disease progression. In the 10 
ctDNA‑negative patients, 50% (4/8) had documented disease 
recurrence while two patients did not exhibit recurrence 
status (data not shown).

Predictive and prognostic values. To determine the 
prognostic value of ctDNA, the association of the base‑
line mutations with patient outcome was examined. No 
significant differences were noted for PFS (P=0.221) or 
OS (P=0.579) times (Fig.  S2A  and  B) between patients 
harboring one and more than one mutation. The specific 
baseline mutation of P53 was also evaluated and it was 
found not to be a prognostic marker for PFS (P=0.055) and 
OS (P=0.147; data not shown).

Subsequently, the association between post‑radiation 
ctDNA status and PFS and OS times was investigated. 
Patients who were ctDNA‑positive exhibited a marginally 
significant reduction in PFS (P=0.047) time and a significantly 
decreased OS (P=0.005) time compared with those in patients 
who were ctDNA‑negative (Fig. 2A and B). The median OS 
time was 33.7 and 11.9 months for the ctDNA‑negative and 
‑positive groups, respectively. The two‑year survival rate was 
74.1 and 7.1% in the ctDNA‑negative and ‑positive groups 
(odds ratio, 24.8; 95% CI, 1.7‑1,625.0; P=0.0055) (Fig. 2B). 
Abnormal tumor biomarkers CEA, CA19‑9, and CA72‑4 did 
not exhibit a significant association with PFS (P=0.323) or OS 
(P=0.258) times (Fig. 2C and D) compared with normal tumor 
biomarkers.

Figure 1. Mutations in plasma samples from patients with esophageal squamous cell carcinoma identified using next‑generation sequencing panel testing. The 
mutation status of baseline and post‑treatment plasma samples from 24 patients were used to create the heat map. Patient ID is shown at the top of the figure. 
The gene names are labeled on the left and the most recurrent baseline genes are ranked upwards. The VAF values are recorded in squares and the darker color 
was associated with the larger VAF. VAF, variant allele fraction; Pre, baseline plasma; post, first post‑treatment plasma; ND, not detected.
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In addition to the aforementioned data, the histopatho‑
logical variables were integrated with the ctDNA status in 
the initial post‑radiation plasma samples and a multivariate 
analysis was conducted. According to the univariate analysis, 
only ctDNA status was significantly associated with OS time 
(Table II). Multivariate Cox proportional hazard regression 
analysis revealed that the presence of ctDNA in the initial 
post‑radiation plasma sample was an independent prognostic 
factor for patients with ESCC (P=0.011; Table III).

ctDNA dynamic monitoring. ctDNA may also be used as a 
longitudinal monitoring biomarker during and following treat‑
ment to evaluate disease progression (Fig. S3). Mutations in 
both P1 and P10 were undetectable following radiation therapy, 
which was consistent with the clinical findings, demonstrating 
that both patients were disease‑free during follow‑up. The 
frequency of the NOTCH2 mutation in P14 was decreased 
following radiation; however, it was still detectable and was 
increased afterwards, which was consistent with multiple 
LNMs detected by CT scan, at that time point. Elevated VAF 
values were detected in several driver genes (TP53, KEAP1 
and CDKN2A) in P15 following radiation; however, disease 
progression was detected from imaging analysis 4 months 
following radiation.

Discussion

Optimal treatment for the upper esophagus or locally advanced 
disease remains problematic for patients with ESCC (34). 

Esophagectomy can cause serious postoperative complications, 
such as anastomotic leakage and pneumonia (35,36). Clinical 
trial results, that compared chemoradiation followed by 
surgery with chemoradiation alone, indicated similar median 
survival rates and 2‑year survival rates, of no more than 40% 
for both groups (7). These data suggested that the majority 
of the patients who received surgery remained vulnerable to 
local recurrence or distant metastasis. Thus, how to select the 
right patient for surgery is essential. The establishment of a 
multi‑disciplinary and more effective treatment modality for 
patients with ESCC would improve disease outcomes. The 
development of a viable marker that could predict outcome 
following radiation therapy would facilitate more informed 
treatment decisions.

ctDNA is a highly sensitive biomarker, that has been 
used in multiple types of cancer, including melanoma (37), 
breast cancer (38) and colorectal cancer (39). ctDNA reflects 
tumor burden and dynamic alterations, that can be monitored 
non‑invasively during treatment (40). The presence of ctDNA 
following curative therapy indicated minimal residual disease 
and predicted recurrence (19,20). In ESCC, Luo et al (21) 
designed a panel of 90 genes, which accounted for at least 
one mutation in 94% of patients and provided promising 
results for ctDNA detection. However, the prognostic value 
of ctDNA was not evaluated in ESCC. Therefore, to the 
best of our knowledge, the present study was the first to 
report ctDNA detection in a cohort of patients with locally 
advanced ESCC. The results demonstrated that the mutations 
found in the plasma ctDNA, following radiation therapy, 

Figure 2. PFS and OS times of patients stratified by post‑radiation ctDNA or tumor biomarker status. Kaplan‑Meier plots of (A) PFS and (B) OS times in 
patients with ESCC and treated with radiation therapy stratified by ctDNA status in the initial post‑radiation plasma samples. Kaplan‑Meier plots of (C) PFS 
and (D) OS times in patients with ESCC and treated with radiation therapy stratified by clinical biomarker status in the initial post‑radiation plasma samples. 
PFS, progression free survival; OS, overall survival; ct, circulating tumor; ESCC, esophageal squamous cell carcinoma; HR, hazard ratio.
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were the most efficacious independent prognostic factors 
for patients with ESCC. Both LNM and baseline mutation 
number were not prognostic factors in the present study. 
Therefore, the outcome from radiation was affected by the 
ctDNA biomarker following radiation and was not associated 
with the pre‑radiation disease.

A marginally significant difference in PFS was observed 
for patients who were ctDNA‑positive and ‑negative, following 
radiation. Furthermore, the high recurrence rate of patients 
who were ctDNA‑positive indicated a positive predictive value 
of ctDNA, suggesting that they should be monitored carefully. 
In contrast to the patients who were ctDNA‑positive, 50% 

Table II. Univariate analysis of clinical characteristics affecting OS time.

Clinical characteristics	 Number (n=25)	 OS (95% CI)	 P‑value

Sex			   0.373
  Male	 22	 14.97 (7.75‑22.19)
  Female	 3	 9.87
ECOG performance status			   0.174
  0/1	 22	 18.62 (10.86‑26.38)
  2	 3	 9.87 (9.18‑10.56)
Tumor location			   0.482
  Upper 1/3	 13	 14.97 (3.73‑26.21)
  Middle 1/3	 10	 13.52 (1.34‑25.70)
  Lower 1/3	 2	 9.44
Differentiation			   0.221
  Well
  Moderate	 15	 11.91 (5.22‑18.60)
  Poor	 8	 21.11 (6.01‑35.17)
  Unknown	 1
N stage			   0.131
  Positive	 18	 12.93 (7.63‑18.22)
  Negative	 7	 23.07 (7.96‑36.20)
Tumor biomarkers			   0.258
  Normal	 14	 11.91 (3.91‑19.91)
  Abnormal	 11	 18.62 (8.50‑28.74)
Chemotherapy before radiation			   0.350
  Yes	 14	 14.97 (6.27‑23.67)
  No	 11	 13.95 (0.94‑26.96)
Chemoradiotherapy			   0.552
  Yes	 10	 18.62 (10.80‑26.44)
  No	 15	 13.52 (4.82‑22.22)
ctDNA status in first post‑treatment plasma			   0.005
  Negative	 10	 33.68 (15.66‑51.70)
  Positive	 14	 11.91 (5.22‑18.60)

OS, overall survival; ECOG, Eastern Cooperative Oncology Group; ct, circulating tumor.

Table III. Multivariate analysis of clinical characteristics affecting OS.

Clinical characteristics	 HR (95% CI)	 P‑value

ECOG (0/1 vs. 2)	 0.691 (0.176‑2.710)	 0.596
N stage (negative vs. positive)	 0.466 (0.110‑1.983)	 0.302
ctDNA status in first post‑radiation plasma (negative vs. positive) 	 0.183 (0.049‑0.678)	 0.011

OS, overall survival; HR, hazard ratio; ECOG, Eastern Cooperative Oncology Group; ct, circulating tumor.
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of the patients who were ctDNA‑negative exhibited disease 
recurrence, which indicated a considerably lower negative 
predictive value (NPV) of ctDNA. However, 3 out of 4 patients 
with ctDNA‑negative status exhibited a relatively long OS 
time (>20 months). Therefore, ctDNA negativity was not a 
strong predictor of prolonged PFS time; however, it may be an 
indicator of longer survival time. Based on a higher recurrence 
rate and worse OS time, patients who are ctDNA‑positive may 
require additional treatments following radiation, including 
chemotherapy or surgery. In addition, it could be hypoth‑
esized that immunotherapy performed in non‑small cell lung 
cancer (41,42) could also be applied in ESCC (43) in the future. 
Furthermore, due to the poor NPV, the ctDNA assays require 
further optimization by addition of other genes, notably those 
associated with radiation resistance, such as OBSCN and 
DGKK (44).

Patients with ESCC, in the present study, indicated hetero‑
geneous mutant gene profiles. The most prevalent mutated 
genes encoded tumor suppressor proteins. The absence of 
hot‑spot mutations increases the suitability of using NGS 
and a large gene panel for the identification of molecular 
markers. A notable difference was noted in the number of 
mutations in the post‑radiation samples was the disappearance 
of NOTCH1 mutations, which were only detected in baseline 
samples. This result suggested that cancer cell populations 
harboring NOTCH1 mutations may be more sensitive to radia‑
tion therapy, as previously described (44). Future large‑scale 
studies should aim to investigate the efficacy of radiation in 
patients harboring NOTCH1 mutations and notably clonal 
NOTCH1. The presence of new mutations after radiation, such 
as STK11, which have been previously associated with radiore‑
sistance (45), warrants future evaluation, with respect to their 
association with disease progression.

The VAF values of the mutations, in this study, were low, 
reflecting the low plasma concentration of ctDNA. This may 
be due to the relatively early stage of tumors, that were used 
in the present study, which included locally advanced cancers 
lacking metastases at baseline. Plasma ctDNA concentra‑
tion has been previously associated with tumor size (15) and 
stage (12). The analysis of tumor tissue volume, measured 
using CT, and plasma ctDNA VAF indicated that tumor size 
was associated with mean plasma VAF of clonal SNVs (15). 
In a previous study, the quantification of tumor mutations in 
each patient, using digital droplet PCR revealed that patients 
with stage  I disease rarely exhibited >10 copies per 5 ml 
plasma. By contrast, patients with advanced prostate, ovarian, 
or colorectal cancer exhibited a median concentration of 
100‑1,000 copies per 5 ml plasma (12). In addition, the amount 
of ctDNA released from different tissue‑derived tumors into 
the blood was distinct. For example, a higher number of 
ctDNA copies was detected per 5 ml plasma in patients with 
advanced colorectal cancer compared with that in patients 
with advanced gastroesophageal cancer (12). We found that the 
general VAF may be relatively low in ESCC compared with 
that in colorectal and ovarian cancers (46). Nevertheless, the 
use of integrated digital error suppression technology, based 
on a molecular barcode, ensures that ctDNA mutations can be 
detected at VAFs as low as 0.1%, such as in lung cancer (47).

High heterogeneity among patients with ESCC has been 
reported in several large‑scale genomic studies (25,26,48,49). 

Several hundreds of somatic mutations exist; however, no 
single mutation has been found to be widespread among all 
patients. The limitations of the present study can be summa‑
rized as follows: Firstly, the small sample size and the small 
number of mutations detected prevented analysis of the 
significance of individual genes (such as TP53), including 
prognostic value, presence of local recurrence or metastases 
and predictive value of chemotherapy or radiation therapy. In 
addition, the small number of baseline mutations and LNM 
led to poor statistical power with respect to the detection of 
significant differences in disease prognosis. Secondly, since 
the present study was retrospective, several inconsistencies 
may lead to potentially substantial confounding recurrence 
outcomes, such as treatment heterogeneity (including the 
concurrent therapy with radiation and different chemotherapy 
regimens) and the heterogeneity of time points at which the 
ctDNA was acquired following therapy. These deviations 
could be corrected in a future prospective study including a 
larger cohort of patients.

In patients with locally advanced ESCC, ctDNA was 
detectable prior to and following radiation therapy. The ctDNA 
status in the first post‑radiation plasma samples could be used 
as an independent prognostic factor for patients with locally 
advanced ESCC.
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