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Background: The prognostic significance of radiation dose to the lung or heart is unknown in esophageal cancer
patients receiving neoadjuvant chemoradiotherapy followed by surgery (trimodal therapy). This study aimed to
determine the association between lung and heart radiation dose volumes and prognosis of esophageal cancer

Methods: This study reviewed 123 esophageal cancer patients treated with trimodal therapy in two tertiary institutions
between 2010 and 2015. The dose-volume histogram parameter of Vx was defined as the percentage of total organ
volume receiving a radiation dose of x (Gy) or more. Predictors of overall survival (OS) were identified using
Cox regression models. Receiver-operating characteristic curves were used to select cut-off values for dose-volume.

Results: Median follow-up was 28.3 months (range: 4.7-92.8 months). Median OS and progression-free survival were
34.0 months (95% confidence interval [Cl]: 27.4-40.6 months) and 24.8 months (95% Cl, 18.9-30.7 months), respectively.
Multivariate analyses showed that lung V20 (hazard ratio, 1.09; 95% Cl: 1.04-1.14; p < 0.001) and lung V5 (hazard ratio,
1.02; 95% Cl: 1.00-1.05; p = 0.03) were associated with OS when adjusting for surgical margin and pathological
treatment response. The 5-year OS for patients with lung V20 <23% vs. patients with lung V20 > 23% was
54.4% vs. 5% (p <0.001) whereas that for patients with lung V5 <56% vs. patients with lung V5> 56% was
81.5% vs. 23.4% (p <0.001). Mean heart dose showed no association with survival outcomes.

Conclusions: Lung radiation dose was independently associated with survival outcomes in esophageal cancer
patients treated with neoadjuvant chemoradiotherapy and surgery.

Introduction

Esophageal cancer is an aggressive and lethal malignancy,
with 455,800 new cases and 400,200 deaths occurring an-
nually worldwide [1]. However, the prognosis of esopha-
geal cancer treated with curative surgery alone is relatively
poor, and multimodal treatments have been developed to
improve survival [2-5]. Neoadjuvant chemoradiotherapy
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(NCRT) has been suggested for improvement of complete
resection rate and survival rate. The CROSS trial con-
firmed the benefit of NCRT among esophageal cancer pa-
tients amenable to surgery [6, 7]; hence, NCRT followed
by surgery (trimodal therapy) has become the mainstay of
treatment for esophageal cancer [6—11].

The lungs and the heart are the two main organs at
risk in thoracic radiotherapy. Previous studies have
shown the detrimental effects of higher lung or heart ra-
diation dose-volumes in lung cancer radiotherapy [12—
18]. However, the radiotherapy protocol in esophageal
cancer is different from that in lung cancer in terms of
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central location of target volume, wherein it may con-
tribute to high radiation dose-volume of lung or heart
(Additional file 1: Figure S1). Although previous reports
had evaluated the association between the lung or heart
dosimetric parameters and treatment-related toxicities in
esophageal cancer patients [19-25], the effects of lung
and cardiac radiation doses on survival outcomes remain
unknown.

We hypothesized that the radiation dose to the lungs
or heart could affect survival outcomes in esophageal
cancer patients. This study aimed to determine the asso-
ciations between lung or heart radiation dose-volumes
and the prognosis of esophageal cancer after trimodal
therapy.

Methods

Patients

Patients with esophageal cancer who were treated with
trimodal therapy between 2010 and 2015 at two tertiary
centers were reviewed. The eligibility criteria were histo-
logically proven esophageal cancer without clinical evi-
dence of metastatic disease, Eastern Cooperative
Oncology Group (ECOG) performance status <1, and
full pretreatment evaluation data (i.e., history taking,
physical examination, hematological and biochemical
tests, upper gastrointestinal panendoscopy, computed
tomography [CT], and whole-body F-18 fluorodeoxyglu-
cose positron emission tomography/ computed tomog-
raphy [18-FDG PET/CT]). Staging was based on the 7th
edition of the Union for International Cancer Control/
American Joint Committee on Cancer TNM classifica-
tion system. Pretreatment feeding jejunostomy was per-
formed after consulting with a nutritionist. Patients with
a history of prior chemotherapy, radiotherapy, or any
other cancer prior to esophageal cancer and those with
synchronous double cancer were excluded. The study
protocol was approved by the institutional review boards
(IRB) of both centers.

Neoadjuvant chemoradiotherapy and surgery

The NCRT comprised concurrent radiotherapy and
chemotherapy with cisplatin and 5-fluorouracil. Chemo-
therapy consisted of two cycles of cisplatin and
5-fluorouracil (5-FU). The cisplatin (50-75 mg/mz) was
administered intravenously on days 1 and 29 of radio-
therapy, while 5-FU (600—800 mg/m?) was administered
every 24h as a continuous infusion for 4 days on the
same day when cisplatin administered. Chemoradiother-
apy was stopped if grade >3 treatment-related toxicity
occurred.

Intensity-modulated radiotherapy was performed once
daily for 5 days a week at a dose of 40.0-50.4 Gy in 23—
30 fractions. The gross tumor volume (GTV) consisted
of the primary tumor and lymphadenopathy based on
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clinical findings and staging images. The target volume
included primary tumor and lymphadenopathy plus a
1-cm circumferential margin and a 3- to 4-cm longitu-
dinal margin. Elective nodal irradiation was also in-
cluded in the target volume based on the physician’s
discretion. The normal tissue constraints were as fol-
lows: maximal dose of 45 Gy to the spinal cord, lung vol-
ume receiving 20 Gy or greater radiation dose (V20)
<30%, and mean heart dose <30Gy. A dose-volume
histogram (DVH) parameter of V, was defined as the
percentage of the total organ volume receiving a radi-
ation dose of x (Gy) or more.

Restaging survey for clinical response evaluation in-
cluded upper gastrointestinal endoscopy with biopsy,
chest CT, and 18-FDG PET/CT approximately 2 to 4
weeks after completion of NCRT. Surgery for all patients
was performed 4 to 8weeks after completion of the
NCRT regimen. All patients underwent curative resec-
tion with the following approaches: transhiatal esopha-
gectomy with abdominal lymphadenectomy, Ivor Lewis
esophagectomy with abdominal and thoracic lymphade-
nectomy, and 3-field esophagectomy with abdominal
and thoracic lymphadenectomy.

Pathological analysis

Pathological analysis was performed under observation
by a pathologist in each center. Histopathologic examin-
ation indicated whether a complete resection was per-
formed with no tumor within 1 mm of the resection
margins (RO) or whether a vital tumor was present at 1
mm or less from the resection margin (R1). Tumor re-
sponse was graded using the College of American Path-
ologist Cancer Protocol for Esophageal Carcinoma [26].
Tumor regression grade (TRG) 0 (complete response)
indicated no residual cancer cells. TRG 1 (moderate re-
sponse) was defined as minimal residual cancer; TRG 2
(minimal response) as partial regression of the tumor,
and TRG 3 (poor response) no definitive identified
response.

Evaluation of the adverse events of NCRT and severity in
postoperative morbidity

Toxicities were evaluated and graded according to the
Common Terminology Criteria for Adverse Events ver-
sion 4.0. Radiation pneumonitis was diagnosed based on
clinical and radiographic findings. The presence of
radiographic pneumonitis was not attributable to other
causes such as infection or tumor recurrence. All post-
operative complications, including pulmonary, cardiac,
chylothorax, and anastomotic leakage complications,
were recorded up to 30days postoperatively or during
the same hospital stay after surgery. Pulmonary compli-
cations included pneumonia, serious atelectasis,
pneumothorax, pleural effusion, pulmonary embolus,
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and acute respiratory failure. Cardiac complications in-
cluded dysrhythmia, myocardial infarction, and left ven-
tricular failure. Other recorded data included the
median length of hospital stay and death within 7, 30,
and 60 days of surgery.

Surveillance and recurrence evaluation

The patients were followed up every 3 months for the first
year and then every 6 months thereafter. The follow-up
evaluation included clinical examination, blood tests,
chest/abdominal CT, and upper gastrointestinal panendo-
scopy with biopsies. Further imaging studies were per-
formed if there were clinical suspicion for recurrence.
Recurrence was diagnosed based on physical or radio-
graphic examinations or pathological confirmation.

Statistical analyses

Continuous data are presented as the mean + standard
deviation or median and interquartile range (IQR), as
applicable, while categorical data are presented as num-
bers and percentages. Spearman’s correlation coefficient
was used to assess relationships between dosimetric fac-
tors. Logistic regression models were used to test for as-
sociations between dosimetric factors and postoperative
complications.

Survival was measured from the date of diagnosis to
the date of events or last follow-up. The Kaplan-Meier
method and log-rank test were used to estimate overall
survival (OS) and progression-free survival (PFS). The
log-rank test was used to evaluate inter-group survival
differences. The association of clinical or dosimetric fac-
tors with survival outcomes was calculated by using Cox
proportional hazards model. Variables with a p value <
0.1 in univariate analysis were selected for multivariate
analysis. The receiver-operating characteristic (ROC)
curves and Youden index were used to generate cut-off
values for DVH parameters that were found to be sig-
nificantly associated with survival outcomes in multivari-
ate analysis. The area under the ROC curves (AUC) was
also assessed to evaluate the discriminative power of
ROC analysis. We evaluated survival outcome stratifica-
tion according to the radiation dose constraints. All stat-
istical analyses were performed using Statistical Package
for the Social Sciences for Windows, SPSS® software v.
21.0 (IBM Corp., New York, NY; formerly SPSS Inc.,
Chicago, IL), and a p<0.05 was considered statistically
significant.

Results

Patient and treatment characteristics

The patient demographics and tumor and radiation dos-
imetry characteristics of the 123 patients are shown in
Table 1. The mean age was 54.3 + 7.6 years. The major-
ities of patients in this study were male, squamous cell
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Table 1 Patient and tumor characteristics
Characteristics Overall (n=123)
Age (years), mean + SD 543+76
Sex, n (%)

Man 117 (95.1)

Woman 6 (4.9
ECOG performance status, n (%)

0 105 (854)

1 18 (14.6)
Pathology, n (%)

SCC 120 (97.6)

Adenocarcinoma 3(24)
Location, n (%)

Upper 24 (19.5)

Middle 59 (48.0)

Lower 40 (32.5)
BMI (kg/m?), mean + SD 221433
Histologic grade, n (%)

Grade 1 12 (9.8)

Grade 2 88 (71.5)

Grade 3 23 (18.7)
Smoking, n (%)

No (never smoked or quitted) 7 (5.7)

Yes (current smoker) 116 (94.3)
Clinical T stage, n (%)

cn 1(08)

cT2 36 (29.3)

cT3 80 (65.0)

cT4a 6 (4.9)
Clinical N stage, n (%)

cNO 14 (114)

cN1 57 (46.3)

cN2 39 (31.7)

cN3 13 (10.6)
CTNM stage, n (%)

[ 31(252)

Il 92 (74.8)
Gross tumor volume (ml), mean + SD 1009 +73.2
Radiation dose (Gy), median (IQR) 440 (43.2-45.0)

40-44 Gy, n(%) 62 (50.4)

45-504 Gy, n(%) 61 (49.6)
Target volume (ml), mean £ SD 5276+ 2285
Dose-volume of lung® (%), mean + SD

V5 740+21.2

V20 208+64
Mean heart dose (Gy), mean + SD 183+76

Abbreviations: BMI body mass index, ECOG Eastern Cooperative Oncology
Group, IQR interquartile range, SCC squamous cell carcinoma, SD
standard deviation

#Vx = volume (mL) of lung receiving X Gy or more
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carcinoma, clinical stage III disease, and current
smokers. The correlations between dosimetric factors
are shown in Additional file 2: Table S1. Lung V5 was
moderately correlated with GTV and radiation dose
(Spearman’s p for GTV, 0.62; p <0.001; p for radiation
dose, 0.54; p <0.001). Lung V20 was weakly correlated
with GTV and radiation dose.

The median duration of NCRT was 36 (IQR: 31-40)
days. All patients completed the planned radiotherapy
regimen. A total of 123 (100%) and 116 (94.3%) patients
completed the first and second courses of chemotherapy,
respectively. During NCRT, most cases of acute toxicity
of grade > 3 were those of hematological toxicity (n = 54,
43.9%), followed by weight loss (n =21, 17.1%). Four pa-
tients (3.2%) experienced symptomatic (grade 2) pneu-
monitis, and none had grade>3 pneumonitis. One
patient (0.8%) experienced severe esophagitis (Table 2).

The median interval between completion of NCRT
and surgery was 6.7 (IQR: 5.4—8.3) weeks. Postoperative
adverse events are also summarized in Table 2.
Thirty-six (27.6%) patients had pulmonary complications
of any grade; 15 (12.2%) had grade > 3 pulmonary com-
plications. A total of 7 (5.7%) patients had grade 3 car-
diac dysrhythmia; one patient had grade 3 cardiac
dysrhythmia during the same hospital stay after surgery,

Table 2 Adverse events during neoadjuvant chemoradiotherapy
and after surgery

Event Any grade, n (%) Grade 23, n (%)

Postoperative events

Pulmonary complications® 36 (27.6%) 15 (12.2)

Cardiac complications® 21 (17.1%) 7 (5.7)

Chylothorax 15(12.2) 2(016)

Anastomotic leakage 21 (17.1) 9(73)
Postoperative mortality®

7 days 0 -

30 days 3 (24%) -

60 days 1(0.8%) -
Events during chemoradiotherapy

Hematological to><idtyd 113 (91.9) 54 (43.9)

Weight loss 101 (82.1) 21 (17.1)

Esophagitis 114 (92.7) 1(0.8)

Radiation pneumonitis 56 (45.5) 0(0)

Fatigue 77 (62.6) 0(0)

#Pulmonary complications included pneumonia, serious atelectasis,
pneumothorax, pleural effusion, pulmonary embolus, and acute

respiratory failure

PThe causes of postoperative mortality for the 4 patients were all
postoperative complication of sepsis

“Cardiac complications included dysrhythmia, myocardial infarction, and left
ventricular failure. All of 7 patients had grade 3 cardiac dysrhythmia; no
patients had grade >4 cardiac complications

4Hematological toxicity included leukopenia, neutropenia,

and thrombocytopenia
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and 6 patients had grade 3 cardiac dysrhythmia during
follow-up. No patients had grade >4 cardiac complica-
tions. The median interval from the date of surgery to
diagnosis of grade 3 cardiac dysrhythmia was 3.1 months
(range, 1.3-32.8 months). Median postoperative hospital
stay was 21 days (IQR, 16—28 days). Lung V5 was associ-
ated with pulmonary complications (Table 3). Dosimetric
factors were not significantly associated with grade >3
cardiac complication and 30-day and 60-day postopera-
tive mortality. The postoperative hospital stay was not
correlated with mean heart dose and lung V20 (Spear-
man’s p for mean heart dose, 0.01; p =0.96; p for lung
V20, 0.09; p =0.35) and weakly correlated with lung V5
(Spearman’s p for mean heart dose, — 0.25; p = 0.01).

Table 4 shows the pathological staging and effects of
NCRT. Overall, RO resections after NCRT were achieved
in 104 (84.6%) patients; the RO resection rate according
to tumor locations was 75% for upper third tumors,
81.7% for middle third tumors, and 94.9% for lower third
tumors (p = 0.051). The RO resection rates were 89.2 and
70.0% for patients with pathological stage 0-1I and III,
respectively (p =0.02). A total of 46 (37.4%) patients
achieved TRG 0 (pathological complete response), and
of 11 (8.9%) patients had TRG 1 (minimal residual
cancer).

Survival outcome and cause of death

The median follow-up was 28.3 months (range: 4.7-92.8
months). By the last follow-up, 65 patients (52.8%) had
died: 54 (83.1%) from esophageal cancer, 7 (10.8%) from
other medical diseases, and 4 (6.2%) from postoperative
complication of sepsis (2 patients died due to bacterial
pneumonia [both with a lung V20 of 24%] and others
due to intra-abdominal infectious diseases [lung V20 of
17 and 15%]).

The median OS and PFS were 34.0 months (95% ClI,
27.4—40.6 months) and 24.8 months (95% CI, 18.9-30.7
months), respectively (Fig. 1a). Table 5 shows the results
of the univariate and multivariate analyses. Multivariate
analysis showed that R1 resection (hazard ratio [HR],
3.63; 95% confidence interval [CI]: 1.59-8.28, p = 0.002),
TRG 2/3 (HR, 2.84; 95% CI: 1.50-5.37, p =0.001), lung
V20 (HR, 1.09; 95% CI: 1.04-1.14; p <0.001) and lung
V5 (HR, 1.02; 95% CI: 1.00-1.05; p =0.03) were associ-
ated with OS. The R1 resection (HR, 4.16; 95% CI: 2.11—
8.19, p <0.001), TRG 2/3 (HR, 2.31; 95% CI: 1.30-4.12,
p =0.004), and lung V20 (HR, 1.07; 95% CI: 1.03-1.12;
p =0.001) were associated with PFS.

Receiver-operating characteristic curve analysis for
survival outcome

The ROC analysis for lung V20 and V5 revealed that the
optimal cut-off points were 23% (AUC: 0.72; 95% CI:
0.63-0.81; p < 0.001) and 56% (AUC: 0.68; 95% CI: 0.57—
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Table 3 Univariate logistic regression of dosimetric factors and postoperative adverse events

Pulmonary complications®

Cardiac complications®

30-day mortality 60-day mortality

Characteristics OR (95% Cl) p-value OR (95% Cl) p-value OR (95% Cl) p-value OR (95% Cl) p-value
Gross tumor volume 1.00 (0.99-1.01) 0.17 1.00 (0.99-1.00) 067 1.00 (0.98-1.02) 092 1.01 (1.00-1.02) 0.09
Target volume 1.00 (1.00-1.00) 0.20 1.00 (0.99-1.00) 039 1.00 (0.98-1.01) 0.24 1.00 (0.99-1.01) 0.92
Radiation dose 1.00 (1.00-1.00) 0.83 1.00 (1.00-1.00) 061 1.00 (1.00-1.00) 0.90 1.00 (1.00-1.00) 0.88
DVH of lung®
V5 1.02 (1.00-1.04) 0.03 0.98 (0.95-1.02) 032 1.04 (097-1.12) 032 1.04 (0.98-1.11) 0.22
V20 0.99 (0.93-1.05) 0.72 0.94 (0.82-1.07) 035 1.00 (0.79-1.16) 0.65 0.99 (0.85-1.16) 091
Mean heart dose 1.00 (1.00-1.00) 0.82 0.99 (1.00-1.00) 0.13 1.00 (1.00-1.00) 0.71 1.00 (1.00-1.00) 0.31

Abbreviations: Cl confidence interval, DVH dose-volume histogram, GTV gross tumor volume, OR odds ratio

#Any grade

PGrade > 3 complications. The 7 patients had grade 3 cardiac dysrhythmia were analyzed

“Vx = volume (mL) of lung receiving X Gy or more

Table 4 Surgery and pathological staging for patients
Overall (n=123)

Characteristics

Time from NCRT to surgery (weeks), median (IQR) 6.7 (54-8.3)
Pathological T stage, n (%)
pTo 52 (42.3)
pT1 15 (122)
pT2 19 (154)
pT3 35 (28.5)
pT4a 2(1.6)
Pathological N stage, n (%)
pNO 82 (66.7)
pN1 24 (19.5)
pN2 13 (106)
pN3 433)
Pathological TNM stage, n (%)
pTONO 46 (37.4)
| 14 (11.4)
Il 33 (26.8)
Il 30 (24.4)
Tumor regression grade, n (%)
0 46 (374)
1 11 (89)
2 60 (48.8)
3 6 (4.9
RO resection, n (%)
All location 104 (84.6)
Upper 18 (14.6)°
Middle 48 (39.0)°
Lower 38 (30.9)°

Abbreviations: NCRT neoadjuvant chemoradiotherapy, /QR interquartile range
Location specific RO resection rate: upper (75.0%), middle (81.7%),
lower (94.9%)

0.78; p =0.001), respectively. The OS and PFS curves ac-
cording to the lung dose cut-offs are shown in Fig. 1.
The OS and PFS were significantly lower in patients
with lung V20 >23% or V5>56%. The 5-year OS and
PES for patients with lung V20<23% vs. >23% were
54.4% vs. 5% (p <0.001) and 50.1% vs. 20.0% (p = 0.004)
respectively. For lung V5 cutoff value of <56 and > 56%,
the 5-year OS and PFS were 81.5% vs. 23.4% (p < 0.001)
and 66.7% vs. 29.7% (p < 0.001), respectively.

We categorized the patients into 3 groups according
to lung V20 and V5 values to further evaluate the effect
of lung dose on outcomes. Group 1 included patients
with both lung V20<23% and V5<56%; group 2 in-
cluded patients with either lung V20 < 23% or V5 < 56%;
group 3 included patients with lung V20>23% and
V5 >56%. The 5-year OS rates in group 1, group 2, and
group 3 were 81.5, 37.0, and 7.9%, respectively (p<
0.001; Fig. 2a); the corresponding PFS rates were 66.7,
39.2, and 20.5%, respectively (p < 0.001; Fig. 2b).

Discussion

The present study evaluated the effect of radiation doses
to the lung and heart on survival outcomes in esopha-
geal cancer patients receiving trimodal therapy. We
found that higher lung radiation dose-volume was asso-
ciated with worse survival outcomes, and the cutoff
values of V20 and V5 to prevent mortality were <23%
and < 56%, respectively. The mean heart dose was not
associated with survival.

Constraining the lung dose may minimize the risk of
postoperative pulmonary complications and improve
survival outcomes in patients with esophageal cancer re-
ceiving trimodal therapy. Previous studies have evaluated
the association between lung dose and radiation pneu-
monitis and postoperative pulmonary complications in
patients undergoing radiotherapy for esophageal cancer
[19-25], while the prognostic significance of lung dose
was unclear. Ou et al. reported that lung radiation dose
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was associated with OS in esophageal cancer patients re-
ceiving definitive or neoadjuvant chemoradiotherapy
[27]. They suggested that esophageal cancer outcomes
may be improved by minimizing lung dose, particularly
the volume receiving 20 Gy or more. In the present
study, we found that not only lung V20, but also the
volume receiving a low radiation dose (5 Gy), was associ-
ated with survival outcomes. We also found lung V5 was
associated with postoperative pulmonary complications.
However, the effect of meeting only one lung constraint

(either V20 or V5) on survival outcomes is unknown. We
found that patients with either or both lung V20 >23% and
V5 >56% had poorer survival outcomes than patients with
both lung V20 < 23% and V5 < 56%.

A larger GTV is a predictor of poorer survival out-
come in esophageal cancer [28, 29]. A larger GTV might
also contribute to a larger target volume, thereby in-
creasing the lung radiation dose-volume. In this study,
the lung V5 was moderately correlated with GTV; while
V20 was weakly correlated with GTV. A possible
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Table 5 Univariate and multivariate Cox proportional hazards model for overall survival and progression-free survival
Characteristics oS PFS

Univariate Multivariate Univariate Multivariate

HR (95% Cl) p-value  HR (95% Cl) p-value  HR (95% Cl) p-value HR (95% Cl) p-value
Age 0.97 (0.94-1.00) 0.08 0.97 (0.93-1.00) 0.08 0.96 (0.93-1 0.03 097 (093-1.000 0.07
BMI 0.99 (0.91-1.07) 0.74 0.97-1 0.22
ECOG PS (1 vs. 0) 1.56 (0.83-2.91) 017 0.74-2.61 0.30
Clinical T (T3-4 vs. T1-2) 1.06 (0.62-1.80) 0.84 0.93 (0.54-1 0.78

00)

5 ( 13)

9( )

( 58)

Clinical N (N+ vs. NO) 1.16 (0.50-2.70) 072 9 (0.72-4.46) 021

( )

( )

( )

( )

CTNM stage (Il vs. 1) 0.89 (0.50-1.56) 0.67 0.68 (0.40-1.17 0.16

Time from NCRT to surgery 1.01 (0.94-1.09) 0.72 0.98 (0.91-1.06 0.59

Surgical margin (R1 vs. R0)  2.62 (1.41-4.85) 0.002 363 (1.59-8.28) 0.002 437 (246-7.77 <0001 4.16(2.11-8.19) <0.001
TRG (2/3 vs. 0/1) 342 (2.00-5.84) <0.001 284 (150-537) 0.001 239 (1.44-398 0.001 231 (130-4.12) 0.004

Gross tumor volume 1.003 (1.000-1.005) 0.09
1.00 (1.00-1.00) 0.12

1.00 (1.00-1.00) 0.16

0.998 (0.994-1.002) 0.27 1.001 (0.998-1.004) 0.44
1.00 (1.00-1.00) 0.63

1.00 (1.00-1.00) 0.32

Target volume

Radiation dose

DVH of lung®
V5 1.02 (1.01-1.03) 0.001 1.02 (1.00-1.05) 0.03 1.01 (1.00-1.02) 0.03 1.01 (0.99-1.03) 021
V20 1.07 (1.04-1.11) <0001  1.09 (1.04-1.14) <0.001 1.06(1.02-1.10) 0.002 1.07 (1.03-1.12)  0.001
Mean heart dose 1.00 (1.00-1.01) 0.03 1.00 (1.00-1.00) 0.55 1.00 (1.00-1.00) 041

Abbreviations: BMI body mass index, C/ confidence interval, DVH dose-volume histogram, ECOG Eastern Cooperative Oncology Group, HR hazard ratio, NCRT
neoadjuvant chemo-radiotherapy, TRG tumor regression grade, PS performance status

Bolded p-values are those significant with a p < 0.05
#Vx = volume (mL) of lung receiving X Gy or more

explanation is that we mainly constrained lung V20 in
this study and V5 was an alternative lung dose-volume
constraint. In addition, we found GTV was not associ-
ated with survival outcomes. These findings suggest that
the lung volume receiving low radiation doses should be
minimized to improve outcomes for esophageal cancer
patients. The use of novel radiotherapy techniques or
modalities such as proton beam therapy might optimize
outcomes in esophageal cancer patients [30—35].

The effects of lung volume receiving low radiation
doses on outcomes are not well-understood. In the
present study, lung V5 was associated with postoperative
pulmonary complications and OS. Fractionated low-dose
radiation may increase DNA damage and affect replica-
tion, and induce apoptosis in the lung parenchyma [36].
Furthermore, the lungs serve as sites of platelet biogen-
esis and act as a reservoir for resident megakaryocytes
and hematopoietic progenitor cells. The megakaryocytes
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are a rich source of cytokines and growth factors that
play a role in the pathogenesis of inflammatory or fi-
brotic lung diseases [37]. It has been hypothesized that
exposure of a larger lung volume to low radiation doses
may influence the host immunity and microenvironment
and affect survival outcomes. The lymphocyte nadir dur-
ing NCRT was found to be associated with survival and
treatment response in esophageal cancer [38, 39].
Irradiation might induce interleukin-6 and lead to activa-
tion of JAK/STAT3 signaling in both tumor cells and
tumor-infiltrating immune cells, which can promote
tumor cell proliferation, survival, invasiveness, and metas-
tasis [40-42]. The treatment strategy targeting compo-
nents of the IL-6/JAK/STAT3 signaling pathway might
play a role in optimizing treatment outcomes in esopha-
geal cancer. A future study evaluating the effects of
low-dose radiation to the lung on the lung microenviron-
ment, cytokines, and treatment outcomes is needed.

Recently, a higher heart dose was reported to be asso-
ciated with worse OS and higher risk of cardiac events
in lung cancer [12-15]. In the present study, 21 (17.1%)
patients had postoperative cardiac complications of any
grade. Among the 7 patients who had grade 3 cardiac
dysrhythmia, 6 were found during follow-up, with a me-
dian time to occurrence of 3.1 months (range, 1.3-32.8
months) after surgery. No patients died of cardiac com-
plications. Furthermore, grade 3 cardiac dysrhythmia
was not associated with mean heart dose. Our study also
showed no association between mean heart dose and
survival outcomes in esophageal cancer, which is consist-
ent with the findings of recent studies [43, 44]. A pos-
sible explanation is that the prescribed radiation dose in
NCRT was lower for esophageal cancer (40-50 Gy) than
for lung cancer (60-70 Gy). In addition, the major cause
of death in this study was cancer-related death, and
radiation-induced cardiac events or cardiac death might
not have been detected. The latency period between
radiotherapy and the associated clinical cardiac events
can range from years to decades [14, 15, 45, 46]. Further
analysis of cardiac dose and cardiac events, in addition
to survival outcomes, is needed to avoid underestimation
of cardiac toxicity and to provide appropriate dose con-
straints for the heart in esophageal cancer.

Previous studies revealed that major pathological re-
sponse (complete or near complete response) after
NCRT or RO resection was associated with favorable sur-
vival outcome in esophageal cancer patients [47-49].
The present study also found the TRG 0/1 and RO resec-
tions were independently associated with survival out-
comes. The pathological complete response rate (37.4%)
in our study was comparable with other reports on this
subject [6-8, 47, 48]. However, the overall RO resection
rate of 84.6% was relative lower compared to that of pre-
vious studies [6, 8, 49]. Possible reasons include that, in
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this study, 19.5 and 74.8% of patients exhibited upper lo-
cation and clinical stage III disease, respectively. In
addition, 24.4% of patients had pathological stage III dis-
ease. One large multicenter European study revealed
that independent factors significantly associated with an
R1 resection margin included an upper third esophageal
tumor location and pathological stage III [49]. We also
found the RO resection rates were lower in patients with
upper tumor location or pathological stage III. Although
this study had a lower overall RO resection rate com-
pared to that of previous studies [6, 8, 49], this
real-world outcome research highlighted the prognostic
role of major pathological response and RO resection.

The optimal radiation dose of NCRT for esophageal
cancer remains controversial, and previous retrospective
studies have revealed wide variation in the radiation
dose [50-53]. Buckstein et al. reported neoadjuvant radi-
ation dose for esophageal cancer was not associated with
differences in OS [50]. The use of a 41.4 Gy dose is in-
creasing, and several studies also reported 41.4 Gy was
associated with reduced perioperative mortality and in-
creased rates of esophagectomy without negatively
impacting OS, RO resection, or complete pathologic re-
sponse [50—52]. Semenkovich et al. reported a 50.4 Gy
dose was associated with a higher likelihood of patho-
logical complete response without adversely affecting peri-
operative mortality compared with that of a 45 Gy dose
[53]. In the present study, the radiation doses ranged from
40 to 50.4 Gy, and we also found radiation dose was not
associated with OS. In addition, it should be noted that
the chemotherapy regimen in this study was mainly cis-
platin and 5-fluorouracil rather than carboplatin and pac-
litaxel in the CROSS regimen. However, the difference in
OS between these two chemotherapy regimens may not
be significant [10]. Given the retrospective nature of the
studies mentioned above, prospective trials are needed to
evaluate the optimal dose of NCRT.

There were several limitations to our study. First, this
was a retrospective study with a small number of pa-
tients and a short follow-up duration. Second, the cyto-
kine profiles were not available in this retrospective
study; therefore, the associations of radiation dose to the
lung and cytokines with survival outcomes could not be
assessed. Third, the majority of our patients had squa-
mous cell histology, so our results may not be fully ap-
plicable to patients with other histologic types. Despite
these limitations, the quality of care with regard to
NCRT and surgery in this study was consistent with the
current standards of practice, and our results were com-
parable with those of previous studies [6-8].

In conclusion, the present study showed that lung ra-
diation dose-volume was associated with survival out-
come in esophageal cancer patients who underwent
NCRT and surgery, suggesting that esophageal cancer
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outcomes may be improved by minimizing the lung
dose. In addition, the lung volume receiving low radi-
ation doses may also affect survival outcomes and
should also be minimized.

Additional files

Additional file 1: Figure. S1. Figure showing the isodose line of 20 Gy
(outlined in yellow) and 5 Gy (outlined in blue) in radiotherapy planning.
Esophageal cancer is outlined in green and the prescribed dose is 48 Gy.
(TIF 1748 kb)

Additional file 2: Table S1. Spearman’s p correlations and scatter map
between dosimetric parameters. (DOCX 561 kb)

Abbreviations

18-FDG: F-18 fluorodeoxyglucose; 5-FU: 5-fluorouracil; AUC: Area under the
curve; Cl: Confidence interval; CT: Computed tomography;

DNA: Deoxyribonucleic acid; DVH: Dose-volume histogram; ECOG: Eastern
Cooperative Oncology Group; HR: Hazard ratio; IQR: Interquartile range;
IRB: Institutional review boards; NCRT: Neoadjuvant chemoradiotherapy;
OS: Overall survival; PET/CT: Positron emission tomography-computed
tomography; PFS: Progression-free survival; ROC: Receiver-operating
characteristic

Acknowledgements
Not applicable.

Funding
No funding provided.

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

Authors’ contributions

JBL and JL conceived and designed the study, collected, analysed, and
interpreted the data, prepared the draft and gave final approval of the
version to be submitted. LCH, CYC, CCH, TWC, MHK, YCL, and MTL collected
the data and carried out clinical revision of the data. YAC and CHL
undertook data analysis and interpretation, and performed the statistical
analysis. THC and YJC critically reviewed the intellectual content and also
gave final approval of the version to be submitted. All authors read and
approved the final manuscript.

Ethics approval and consent to participate

This present study was approved by the Institutional Review Board in
Changhua Christian Hospital [CCH IRB No: 180310] and MacKay Memorial
Hospital [1T6MMHIS031e].

Consent for publication
Not applicable.

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

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

Author details

'Department of Radiation Oncology, Changhua Christian Hospital, 135
Nanhsiao Street, Changhua City 50006, Taiwan. “Department of Thoracic
Surgery, Changhua Christian Hospital, Changhua, Taiwan. *Department of
Radiation Oncology, Changhua Christian Hospital Yunlin Branch, Yunlin,
Taiwan. “Department of Radiation Oncology, E-Da Cancer Hospital,
Kaohsiung, Taiwan. “Division of Medical Physics, Department of Radiation
Oncology, Changhua Christian Hospital, Changhua, Taiwan. Department of

Page 9 of 10

Medical Imaging and Radiological Technology, Yuanpei University of Science
and Technology, Hsinchu, Taiwan. ‘Department of Radiation Oncology,
MacKay Memorial Hospital, 92, Section 2, Chung Shan North Road, Taipei
10449, Taiwan. 8Departmem of Medicine, MacKay Medical College, New
Taipei city, Taiwan.

Received: 17 February 2019 Accepted: 25 April 2019
Published online: 24 May 2019

References

1. Torre LA, Bray F, Siegel RL, et al. Global cancer statistics, 2012. CA Cancer J
Clin. 2015,65:87-108.

2. Kelsen DPGR, Pajak TF, Sheahan DG, Gunderson L, Mortimer J, Estes N,
Haller DG, Ajani J, Kocha W, Minsky BD, Roth JA. Chemotherapy followed by
surgery compared with surgery alone for localized esophageal cancer. N
Engl J Med. 1998;339:1979-84.

3. Rice TW, Apperson-Hansen C, DiPaola LM, et al. Worldwide esophageal
Cancer collaboration: clinical staging data. Dis Esophagus. 2016;29:707-14.

4. Kelsen DP, Winter KA, Gunderson LL, et al. Long-term results of RTOG trial
8911 (USA intergroup 113): a random assignment trial comparison of
chemotherapy followed by surgery compared with surgery alone for
esophageal cancer. J Clin Oncol. 2007;25:3719-25.

5. Sio TT, Wilson ZC, Stauder MC, et al. Long-term treatment outcomes for
locally advanced esophageal Cancer: a single-institution experience. Am J
Clin Oncol. 2016;39:448-52.

6. van Hagen P, Hulshof MC, van Lanschot JJ, et al. Preoperative
chemoradiotherapy for esophageal or junctional cancer. N Engl J Med.
2012,366:2074-84.

7. Shapiro J, van Lanschot JJB, Hulshof M, et al. Neoadjuvant
chemoradiotherapy plus surgery versus surgery alone for oesophageal or
junctional cancer (CROSS): long-term results of a randomised controlled
trial. Lancet Oncol. 2015;16:1090-8.

8. Mariette C, Dahan L, Mornex F, et al. Surgery alone versus
chemoradiotherapy followed by surgery for stage | and Il esophageal
cancer: final analysis of randomized controlled phase Il trial FFCD 9901. J
Clin Oncol. 2014;32:2416-22.

9. LeeJ, Lin JB, Sun FJ, et al. Dosimetric predictors of acute haematological
toxicity in oesophageal cancer patients treated with neoadjuvant
chemoradiotherapy. Br J Radiol. 2016;89:20160350.

10. Munch S, Pigorsch SU, Feith M, et al. Comparison of neoadjuvant
chemoradiation with carboplatin/ paclitaxel or cisplatin/ 5-fluoruracil in
patients with squamous cell carcinoma of the esophagus. Radiat Oncol.
2017;12:182.

11. Walter F, Bockle D, Schmidt-Hegemann NS, et al. Clinical outcome of elderly
patients (>/= 70 years) with esophageal cancer undergoing definitive or
neoadjuvant radio (chemo)therapy: a retrospective single center analysis.
Radiat Oncol. 2018;13:93.

12. Bradley JD, Paulus R, Komaki R, et al. Standard-dose versus high-dose
conformal radiotherapy with concurrent and consolidation carboplatin plus
paclitaxel with or without cetuximab for patients with stage IlIA or llIB non-
small-cell lung cancer (RTOG 0617): a randomised, two-by-two factorial
phase 3 study. Lancet Oncol. 2015;16:187-99.

13. Chun SG, Hu C, Choy H, et al. Impact of intensity-modulated radiation
therapy technique for locally advanced non-small-cell lung Cancer: a
secondary analysis of the NRG oncology RTOG 0617 randomized clinical
trial. J Clin Oncol. 2017;35:56-62.

14.  Dess RT, Sun Y, Matuszak MM, et al. Cardiac events after radiation therapy:
combined analysis of prospective multicenter trials for locally advanced
non-small-cell lung Cancer. J Clin Oncol. 2017;35:1395-402.

15. Wang K, Eblan MJ, Deal AM, et al. Cardiac toxicity after radiotherapy for
stage Il non-small-cell lung Cancer: pooled analysis of dose-escalation trials
delivering 70 to 90 Gy. J Clin Oncol. 2017;35:1387-94.

16. Marks LB, Yorke ED, Jackson A, et al. Use of normal tissue complication
probability models in the clinic. Int J Radiat Oncol Biol Phys. 2010,76:510-9.

17. Palma DA, Senan S, Tsujino K, et al. Predicting radiation pneumonitis after
chemoradiation therapy for lung cancer: an international individual patient
data meta-analysis. Int J Radiat Oncol Biol Phys. 2013;85:444-50.

18. Sio TT, Liang JJ, Chang K; et al. Dosimetric correlate of cardiac-specific
survival among patients undergoing coronary artery stenting after thoracic
radiotherapy for Cancer. Am J Clin Oncol. 2017;40:133-9.


https://doi.org/10.1186/s13014-019-1283-3
https://doi.org/10.1186/s13014-019-1283-3

Lin et al. Radiation Oncology

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2019) 14:85

Asakura H, Hashimoto T, Zenda S, et al. Analysis of dose-volume histogram
parameters for radiation pneumonitis after definitive concurrent
chemoradiotherapy for esophageal cancer. Radiother Oncol. 2010;95:240-4.
Kumar G, Rawat S, Puri A, et al. Analysis of dose-volume parameters
predicting radiation pneumonitis in patients with esophageal cancer treated
with 3D-conformal radiation therapy or IMRT. Jpn J Radiol. 2012,30:18-24.
Nomura M, Kodaira T, Furutani K, et al. Predictive factors for radiation
pneumonitis in oesophageal cancer patients treated with
chemoradiotherapy without prophylactic nodal irradiation. Br J Radiol. 2012;
85:813-8.

Shaikh T, Churilla TM, Monpara P, et al. Risk of radiation pneumonitis in
patients receiving taxane-based trimodality therapy for locally advanced
esophageal cancer. Pract Radiat Oncol. 2016;6:388-94.

Cho WK, Oh D, Kim HK; et al. Dosimetric predictors for postoperative
pulmonary complications in esophageal cancer following neoadjuvant
chemoradiotherapy and surgery. Radiother Oncol. 2019;133:87-92.
Beukema JC, van Luijk P, Widder J, Langendijk JA, Muijs CT. Is cardiac
toxicity a relevant issue in the radiation treatment of esophageal cancer?
Radiother Oncol. 2015;114:85-90.

Wang J, Wei C, Tucker SL, et al. Predictors of postoperative complications
after trimodality therapy for esophageal cancer. Int J Radiat Oncol Biol Phys.
2013,86:885-91.

Washington K, Berlin J, Branton P, et al. Protocol for the examination of
specimens from patients with carcinoma of the esophagus. College of American
Pathologists Cancer Protocols. 2013:1-16 Available at https//www.cap.org/.

Oh P, Zhang M, Brady P, et al. Impact of lung and heart dose on survival
after radiotherapy for esophageal cancer. J Clin Oncol. 2018;36:3-3. https.//
doi.org/10.1200/JC0O.2018.36.4_suppl 3..

Boggs DH, Hanna A, Burrows W, Horiba N, Suntharalingam M. Primary gross
tumor volume is an important prognostic factor in locally advanced
esophageal Cancer patients treated with Trimodality therapy. J Gastrointest
Cancer. 2015;46:131-7.

Chen Y, Zhang Z, Jiang G, Zhao K. Gross tumor volume is the prognostic
factor for squamous cell esophageal cancer patients treated with definitive
radiotherapy. J Thorac Dis. 2016;8:1155-61.

Hirano Y, Onozawa M, Hojo H, et al. Dosimetric comparison between
proton beam therapy and photon radiation therapy for locally advanced
esophageal squamous cell carcinoma. Radiat Oncol. 2018;13:23.

Chi A, Lin LC, Wen S, Yan H, Hsi WC. Comparison of photon volumetric
modulated arc therapy, intensity-modulated proton therapy, and intensity-
modulated carbon ion therapy for delivery of hypo-fractionated thoracic
radiotherapy. Radiat Oncol. 2017;12:132.

Munch S, Oechsner M, Combs SE, Habermehl D. DVH- and NTCP-based
dosimetric comparison of different longitudinal margins for VMAT-IMRT of
esophageal cancer. Radiat Oncol. 2017;12:128.

Tong Y, Yin Y, Cheng P, Gong G. Impact of deformable image registration
on dose accumulation applied electrocardiograph-gated 4DCT in the heart
and left ventricular myocardium during esophageal cancer radiotherapy.
Radiat Oncol. 2018;13:145.

Baues C, Marnitz S, Engert A, et al. Proton versus photon DEEP inspiration
breath hold technique in patients with hodgkin lymphoma and mediastinal
radiation: a planning comparison of deep inspiration breath hold intensity
modulation radiotherapy and intensity modulated proton therapy. Radiat
Oncol. 2018;13:122.

Haefner MF, Sterzing F, Krug D, et al. Intrafractional dose variation and
beam configuration in carbon ion radiotherapy for esophageal cancer.
Radiat Oncol. 2016;11:150.

Flockerzi E, Schanz S, Rube CE. Even low doses of radiation lead to DNA
damage accumulation in lung tissue according to the genetically-defined
DNA repair capacity. Radiother Oncol. 2014;111:212-8.

Lefrancais E, Ortiz-Munoz G, Caudrillier A, et al. The lung is a site of platelet
biogenesis and a reservoir for haematopoietic progenitors. Nature. 2017,544:
105-9.

Davuluri R, Jiang W, Fang P, et al. Lymphocyte nadir and esophageal Cancer
survival outcomes after Chemoradiation therapy. Int J Radiat Oncol Biol
Phys. 2017;99:128-35.

Fang P, Jiang W, Davuluri R, et al. High lymphocyte count during
neoadjuvant chemoradiotherapy is associated with improved pathologic
complete response in esophageal cancer. Radiother Oncol. 2018;128:584-90.
Chen MF, Hsieh CC, Chen WC, Lai CH. Role of interleukin-6 in the radiation
response of liver tumors. Int J Radiat Oncol Biol Phys. 2012,84:e621-30.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 10 of 10

Chen MF, Chen PT, Lu MS, et al. IL-6 expression predicts treatment response
and outcome in squamous cell carcinoma of the esophagus. Mol Cancer.
2013;12:26.

Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3 signalling
axis in cancer. Nat Rev Clin Oncol. 2018;15:234-48,

Matulonis UA, Filiaci VL, Huang HQ, et al. Analysis of patient-reported
outcomes (PROs) for GOG-258, a randomized phase Il trial of cisplatin and
tumor volume directed irradiation followed by carboplatin and paclitaxel
(cis-RT+CP) vs. carboplatin and paclitaxel (CP) for optimally debulked, locally
advanced endometrial carcinoma: a gynecologic oncology group/NRG
study. J Clin Oncol. 2018;36:5589.

Macomber MW, Bowen SR, Gopan O, et al. Heart dose and outcomes in
radiation treatment for esophageal Cancer. Cureus. 2018;10:e2378.

van den Bogaard VA, Ta BD, van der Schaaf A, et al. Validation and
modification of a prediction model for acute cardiac events in patients with
breast Cancer treated with radiotherapy based on three-dimensional dose
distributions to cardiac substructures. J Clin Oncol. 2017;35:1171-8.

Lee J, Hua KL, Hsu SM, et al. Development of delineation for the left
anterior descending coronary artery region in left breast cancer
radiotherapy: an optimized organ at risk. Radiother Oncol. 2017;122:423-30.
Blum Murphy M, Xiao L, Patel VR, et al. Pathological complete response in
patients with esophageal cancer after the trimodality approach: the
association with baseline variables and survival-the University of Texas MD
Anderson Cancer center experience. Cancer. 2017;123:4106-13.

Tomasello G, Petrelli F, Ghidini M, et al. Tumor regression grade and survival
after neoadjuvant treatment in gastro-esophageal cancer: a meta-analysis of
17 published studies. Eur J Surg Oncol. 2017;43:1607-16.

Markar SR, Gronnier C, Duhamel A, et al. Significance of microscopically
incomplete resection margin after Esophagectomy for esophageal Cancer.
Ann Surg. 2016;263:712-8.

Buckstein M, Rhome R, Ru M, Moshier E. Neoadjuvant chemoradiation
radiation dose levels for surgically resectable esophageal cancer: predictors
of use and outcomes. Dis Esophagus. 2018;31(5). https://doi.org/10.1093/
dote/dox148.

Ji KSY, Thomas SM, Roman SA, et al. Low- vs. high-dose neoadjuvant
radiation in Trimodality treatment of locally advanced esophageal Cancer. J
Gastrointest Surg. 2019;23:885-94.

Ising MS, Marino K, Trivedi JR, et al. Influence of neoadjuvant radiation dose
on patients undergoing Esophagectomy and survival in locally advanced
esophageal Cancer. J Gastrointest Surg. 2019;23:670-8.

Semenkovich TR, Samson PP, Hudson JL, et al. Induction radiation therapy
for esophageal Cancer: does dose affect outcomes? Ann Thorac Surg. 2019;
107:903-11.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.cap.org/
https://doi.org/10.1200/JCO.2018.36.4_suppl.3.
https://doi.org/10.1200/JCO.2018.36.4_suppl.3.
https://doi.org/10.1093/dote/dox148
https://doi.org/10.1093/dote/dox148

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Patients
	Neoadjuvant chemoradiotherapy and surgery
	Pathological analysis
	Evaluation of the adverse events of NCRT and severity in postoperative morbidity
	Surveillance and recurrence evaluation
	Statistical analyses

	Results
	Patient and treatment characteristics
	Survival outcome and cause of death
	Receiver-operating characteristic curve analysis for survival outcome

	Discussion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

