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Simple Summary: The “gold standard” for limited-stage small cell lung cancer (LS-SCLC) is 45 Gy
in 1.5 Gy twice-daily fractions (HYPER) thoracic radiotherapy (TRT) scheduled concurrently with
platinum-etoposide chemotherapy. However, the HYPER TRT regimen has failed to be universally
implemented, mainly due to its inconvenience and notably increased acute esophageal toxicity (Grade
≥3, 19–27%). We successfully innovated the segmental abutting esophagus-sparing (SAES) technique
in order to reduce the radiation dose of the esophagus. Based on a cohort derived from a prospective
phase III clinical trial, the SAES technique significantly reduced severe acute esophagitis (≥Grade 3:
3.3%) in patients receiving hypofractionated (HYPO) radiotherapy (45 Gy in 3 Gy once-daily fractions)
concurrently with chemotherapy. Thus, the SAES technique could help to achieve better tolerance of
the HYPO schedule and provide good feasibility for dose escalation, which may translate to better
local control and prognosis in the future.

Abstract: The aim of the current study is to evaluate the effect of segmental abutting esophagus-
sparing (SAES) radiotherapy on reducing severe acute esophagitis in patients with limited-stage
small-cell lung cancer treated with concurrent chemoradiotherapy. Thirty patients were enrolled
from the experimental arm (45 Gy in 3 Gy daily fractions in 3 weeks) of an ongoing phase III trial
(NCT 02688036). The whole esophagus was divided into the involved esophagus and the abutting
esophagus (AE) according to the distance from the edge of the clinical target volume. All dosimetric
parameters were significantly reduced for the whole esophagus and AE. The maximal and mean
doses of the esophagus (47.4 ± 1.9 Gy and 13.5 ± 5.8 Gy, respectively) and AE (42.9 ± 2.3 Gy
and 8.6 ± 3.6 Gy, respectively) in the SAES plan were significantly lower than those (esophagus
48.0 ± 1.9 Gy and 14.7± 6.1 Gy, AE 45.1 ± 2.4 Gy and 9.8 ± 4.2 Gy, respectively) in the non-SAES
plan. With a median follow-up of 12.5 months, only one patient (3.3%) developed grade 3 acute
esophagitis, and no grade 4–5 events happened. SAES radiotherapy has significant dosimetric
advantages, which are successfully translated into clinical benefits and provide good feasibility for
dose escalation to improve local control and prognosis in the future.

Keywords: small cell lung cancer; limited stage; hypofractionated radiotherapy; esophagus sparing;
esophagitis
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1. Introduction

Small cell lung cancer (SCLC) accounts for around 15% of all lung cancer cases [1].
According to the results of the landmark Intergroup 0096 trial, a hyperfractionated twice-
daily (HYPER) thoracic radiotherapy (45 Gy in 3 weeks, 1.5 Gy per fraction, BID) with
concurrent platinum-etoposide chemotherapy, followed by prophylactic cranial irradiation
(PCI) to patients with a good response, has been considered the standard care for limited
stage (LS) SCLC [2]. However, because of the perspective of logistical issues, HYPER
thoracic radiotherapy (TRT) is not widely adopted [2–4]. As a result, despite the known
detrimental effect of prolonged overall treatment time with TRT [5,6], the majority of
patients still receive conventional fractionated (CF) TRT in 5–6 weeks with a dose range of
50.4–66 Gy in 1.8–2 Gy once-daily fractions (QD) [7,8].

With advanced radiotherapy (RT) techniques such as intensity-modulated radiother-
apy (IMRT), a schedule of hypofractionated TRT (HYPO) with shorter treatment time is
a commonly used alternative and recommended by the latest National Comprehensive
Cancer Network (NCCN) Guidelines (Version 2.2022) [9–13]. As opposed to non-small
cell lung cancer (NSCLC), SCLC patients often have bulky mediastinal disease with exten-
sive involvement of mediastinal lymph nodes. Therefore, although IMRT allows optimal
normal tissue sparing to mitigate the risk of toxicity, severe acute esophagitis is still the
most important dose-limiting toxicity for the radiotherapy of LS-SCLC. Previous studies
reported 19–27% of patients undergoing concurrent accelerated chemoradiotherapy (CRT)
developed severe acute esophagitis (≥Grade 3) [2–4]. With the HYPO TRT, the rate of G3+
acute esophagitis was still high, ranging from 13% to 31% in prospective trials [9,13,14].

Based on these results, we conducted a phase III trial (NCT 02688036) using 45 Gy
in 15 fractions QD, which is close to 42 Gy in 15 fractions QD implied in two prospective
phase II trials [9,13]. Despite the relatively lower median OS (18–21 months) compared
with those of the control group (45 Gy BID) (p = 0.61) and INT 0096 trial, the tolerance was
acceptable with a follow-up of 36–81 months [9,13]. However, concern is expressed about
the risk of late esophageal toxicity for the HYPO schedule, which is associated with poor
quality of life in surviving patients. Previous studies reported the use of the contralateral
esophagus-sparing technique in CF radiotherapy to reduce the rate of esophagitis [15,16].
However, the whole contralateral esophagus was treated as one integrated organ at risk
(OAR), which increases the difficulty of the plan. In the present study, we applied an
IMRT-based technique to segmentally spare the abutting esophageal wall from the gross
tumour, aiming to evaluate the effect on reducing acute esophageal toxicity in patients with
LS-SCLC treated with HYPO TRT (45 Gy in 15 fractions QD) and concurrent chemotherapy.

2. Materials and Methods
2.1. Patient Eligibility

The study population was derived from the experimental arm of an ongoing, open-
label, phase III prospective randomised clinical trial (NCT 02688036), which enrolled
patients with histologically confirmed SCLC and clinically staged as LS or I-IIIB according
to the AJCC cancer staging 7th edition before treatment [17]. This trial was designed
to determine whether HYPO TRT (45 Gy in 3 Gy QD, experimental arm) has the same
efficacy as CF TRT (60 Gy in 2 Gy QD, controlled arm) in patients with LS-SCLC. Detailed
information on the inclusion and exclusion criteria is listed in Supplementary Table S1.
Patients with a clinical target volume (CTV) ≤1 cm close to the esophagus were enrolled.

The study was approved by the ethics review boards of our institution, and all patients
were provided with signed informed consent prior to enrolment.

2.2. Treatment

Chemotherapy: The chemotherapy regimen consisted of etoposide (100 mg/m2 on
days 1–3) and cisplatin (75 mg/m2 on day 1) administered once every 3 weeks for a total of
4 to 6 cycles.
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Based on a phase III trial demonstrating comparable efficacy between TRT initiated
with the first or third cycle of chemotherapy [18], radiotherapy TRT was administered
concurrently with the second or third cycle of chemotherapy. Patients underwent contrast-
enhanced, four-dimensional, computed tomography (CT) simulation with a 3 mm slice
thickness. The internal target volume (ITV) was defined as the post-chemotherapy residual
primary tumour, including the internal margin for its respiratory motion. Positive lymph
nodes were defined either with a short-axis diameter of at least 1 cm on the CT scan,
or with an F-18 fluoro-2-deoxyglucose standard uptake value ≥2.5 on positron emission
tomography/CT at initial staging, or with positive tumour cell sampling from lymph
nodes. The CTV was created by expanding the ITV by 5 mm and containing positive
prechemotherapy lymph node stations by referring to the International Association for the
Study of Lung Cancer 2009 proposed lymph node map for lung cancer [19]. The planning
target volume (PTV) was generated by a 5 mm expansion of the CTV. The prescription dose
was 45 Gy in 3 Gy QD. For all patients, IMRT, including volumetric-modulated arc therapy
(VMAT) treatment planning was performed (Pinnacle, Philips Medical Systems (Cleveland),
Fitchburg, WI, USA). Treatment plans used 6-MV photons and typically no more than
7 beams (IMRT) or 4 arcs (VMAT) to minimize the low-dose exposure to the lungs. If
VMAT was used, we used a virtual block method to spare normal lung tissue, especially for
reductions in V5/V10 for the contralateral lung [20]. All of the important OARs were used
for optimization with hard constraints, such as lung, heart, cord, and esophagus. In order to
provide adequate dose coverage to the target, the maximum allowed dose to the esophagus
was slightly higher than the PTV-prescribed dose while the esophagus overlapped within
the target volume. The ITV was requested to receive 100% coverage of the prescribed dose.
Additionally, 95% of the PTV was required to receive 100% of the prescribed dose.

Image-guided TRT with cone beam CT (CBCT) was delivered by 6 MV photon beams
from linear accelerators. The mean dose to the lungs (MLD) should optimally be ≤15 Gy;
thus, the lung volume minus ITV receiving more than 20 Gy (V20) was limited to less
than 25%. The heart volumes receiving more than 30 Gy (V30) were limited to ≤40%;
however, they were preferably lower. The maximum dose to the spinal cord was 40 Gy.
The mean and maximal doses received by the esophagus were limited to less than 34 Gy
and 50 Gy, respectively. A standard (non-SEAS) RT plan was created for each patient as a
self-control plan.

2.3. Esophagus-Sparing Technique

This study used a segmental abutting esophagus-sparing (SAES) technique for the
whole esophagus. The entire esophagus was defined as extending from the inferior border
of the cricoid cartilage to the gastroesophageal junction. The external surface of the entire
esophagus was contoured on each axial slice of the CT images. In the SAES technique, the
whole esophagus was divided into the involved esophagus (IE) and the abutting esophagus
(AE), including six segmental contours: (1) IE: the esophagus involved in the planning
target volume (PTV); (2) AE1: the esophagus outside the PTV at a distance of 0 to 3 mm
away from the edge of the PTV; (3) AE2: the esophagus outside the PTV at a distance of 3 to
5 mm away from the edge of the PTV; (4) AE3: the esophagus outside the PTV at a distance
of 5 mm to 1 cm away from the edge of the PTV; (5) AE4: the esophagus outside the PTV
at a distance of 1 to 2 cm away from the edge of the PTV; and (6) AE5: the esophagus
outside the PTV at a distance of 2 cm away from the edge of the PTV. All the distances of
the segmental contours above were isotropic in 3D directions based on the PTV geometry
(Figure 1).
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The limitation of the maximum and mean doses received by the esophagus were the 
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contours’ maximum doses were constrained to guide a rapid dose fall-off gradient beyond 

the target volume, close to the esophagus. All of the segmental contours focused on re-
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contour (AE 1-5) was given a lower maximum dose, usually 50% to 90% of the prescription 

dose, to create as sharp a dose gradient as possible. The dose constraints used for the seg-

mental structures are listed in Supplementary. The target volume of the patient was la-

belled off and randomly assigned to one of two physicists to design the SAES treatment 

plan. Non-SAES plans were derived using a traditional IMRT/VMAT approach without 

using the SAES technique in Pinnacle by the other physicist (Figures 2–3). Dose-volume 

histogram (DVH) parameters achieved with SAES versus non-SAES for each patient were 

compared. The SAES plan was delivered.  

 

Figure 1. Segmental method of esophagus according to the isotropic distances in 3D directions to
the planning target volume (PTV) geometry. PTV (green), involved esophagus (IE, white), abutting
esophagus1 (AE1, orange), AE2 (light purple), AE3 (shaded blue), AE4 (blue), and AE5 (purple).

The limitation of the maximum and mean doses received by the esophagus were the
same as the standard RT plan (D mean <34 Gy and Dmax <50 Gy). However, the segmental
contours’ maximum doses were constrained to guide a rapid dose fall-off gradient beyond
the target volume, close to the esophagus. All of the segmental contours focused on
reducing both the maximum dose and mean dose of the entire esophagus. Each segmental
contour (AE 1–5) was given a lower maximum dose, usually 50% to 90% of the prescription
dose, to create as sharp a dose gradient as possible. The dose constraints used for the
segmental structures are listed in Supplementary. The target volume of the patient was
labelled off and randomly assigned to one of two physicists to design the SAES treatment
plan. Non-SAES plans were derived using a traditional IMRT/VMAT approach without
using the SAES technique in Pinnacle by the other physicist (Figures 2 and 3). Dose-volume
histogram (DVH) parameters achieved with SAES versus non-SAES for each patient were
compared. The SAES plan was delivered.

2.4. Toxicity Evaluation and Follow-Up

Acute toxicity was graded according to the National Cancer Institute Common Termi-
nology Criteria for Adverse Events (CTCAE 5.0) for AE between the start of radiotherapy
and up to the 3-month post-treatment follow-up visit [21]. Late esophageal (LE) toxicity
was defined as those occurring more than 90 days from the start of the TRT [22]. The
primary endpoint was the rate of grade ≥3 (G3+) acute esophagitis. The charts of all
patients were reviewed, and the grade of esophagitis was scored in 2-year follow-up visit
since the start of treatment.

2.5. Statistical Analysis

According to the data of ≥grade 3 acute esophagitis by 45 Gy in 1.5 Gy BID
(18.6–32%) [2,4,23] and 42 Gy in 2.8 Gy QD (31%) [9], we hypothesised the SAES tech-
nique was able to reduce G3+ acute esophagitis from 20% to 5%, and at least 29 patients
were needed to be enrolled, according to optimal two-stage designs for phase II clinical
trials (α = 0.05, β = 0.2) (Supplementary Table S2) [24].

After the HYPO TRT was completed, follow-up was conducted regularly until death
or loss of follow-up. Living patients were censored at the last visit. The local regional
recurrence (LR) was defined as clinical and/or biopsy-proven recurrence within the primary
tumour, bronchial stump, ipsilateral hilum, mediastinum, or supraclavicular, irrespective of
distant metastasis. The distant metastasis (DM) was defined as any evidence of metastatic
disease beyond the locoregional regions. The local regional recurrence-free survival (LRFS),
distant metastasis-free survival (DMFS), progress-free survival (PFS), and overall survival
(OS) rates were calculated from the date of the first day of TRT with Kaplan–Meire method.



Cancers 2023, 15, 1487 5 of 13

Continuous variables were described as means (standard deviation or range) and
compared with the Student’s t-test. Qualitative variables were described as frequencies and
percentages and compared with the Fisher’s exact or χ2 test. The Clopper–Pearson Exact
Confidence interval was used to estimate the 95% confidence interval. Plan differences
were analyzed with the Wilcoxon Signed-Rank Test. Statistical analyses were performed
using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). All p values were two-tailed, and
p < 0.05 was considered statistically significant.
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Figure 2. Illustrating the segmental abutting esophagus-sparing (SAES) technique applied in left-
side tumour (Axial CT Images). (a): Examples of the planning target volume (green), involved
esophagus (IE, white), abutting esophagus1 (AE1, orange), AE2 (light purple), and AE3 (shaded blue).
(b): Examples of isodose line distributions showing effective AE-sparing sparing in the SAES plan
compared to the standard (non-SAES) plan. In the SAES plan, isodose lines of 4000 and 4500 cGy
were set to avoid AE1–3, and an isodose line of 3000 cGy was set to avoid AE3. (c) Examples of the
dose-volume histogram (DVH) showing a reduced volume of the esophagus receiving 25–45 Gy in
the SAES plan (solid line) compared with the standard plan (dotted line).



Cancers 2023, 15, 1487 6 of 13

Cancers 2023, 15, x FOR PEER REVIEW 5 of 13 
 

 

Figure 2. Illustrating the segmental abutting esophagus-sparing (SAES) technique applied in left-

side tumour (Axial CT Images). (a): Examples of the planning target volume (green), involved 

esophagus (IE, white), abutting esophagus1 (AE1, orange), AE2 (light purple), and AE3 (shaded 

blue). (b): Examples of isodose line distributions showing effective AE-sparing sparing in the SAES 

plan compared to the standard (non-SAES) plan. In the SAES plan, isodose lines of 4000 and 4500 

cGy were set to avoid AE1-3, and an isodose line of 3000 cGy was set to avoid AE3. (c) Examples of 

the dose-volume histogram (DVH) showing a reduced volume of the esophagus receiving 25–45 Gy 

in the SAES plan (solid line) compared with the standard plan (dotted line). 

 

Figure 3. Illustrating the segmental abutting esophagus-sparing technique applied in right-side tu-

mour (Axial CT Images). (a): Examples of planning target volume (green), involved esophagus (IE, 

white), abutting esophagus1 (AE1, orange), AE2 (light purple), and AE3 (shaded blue). In the SAES 

plan, an isodose line of 4000 cGy was set to avoid AE1-3, and an isodose line of 3000 cGy was set to 

avoid AE3. (b): Examples of isodose line distributions showing effective AE-sparing sparing in the 

SAES plan compared to the standard (non-SAES) plan. (c): Examples of dose-volume histogram 

(DVH) showing reduced volume of the esophagus receiving 30–45 Gy in the SAES plan (solid line) 

compared with the standard plan (dotted line). 

2.4. Toxicity Evaluation and Follow-Up 

Acute toxicity was graded according to the National Cancer Institute Common Ter-

minology Criteria for Adverse Events (CTCAE 5.0) for AE between the start of radiother-

apy and up to the 3-month post-treatment follow-up visit [21]. Late esophageal (LE) tox-

icity was defined as those occurring more than 90 days from the start of the TRT [22]. The 

primary endpoint was the rate of grade ≥ 3 (G3+) acute esophagitis. The charts of all pa-

tients were reviewed, and the grade of esophagitis was scored in 2-year follow-up visit 

since the start of treatment. 

2.5. Statistical Analysis 

According to the data of ≥ grade 3 acute esophagitis by 45 Gy in 1.5 Gy BID (18.6%-

32%) [2,4,23] and 42 Gy in 2.8 Gy QD (31%) [9], we hypothesised the SAES technique was 

able to reduce G3+ acute esophagitis from 20% to 5%, and at least 29 patients were needed 

Figure 3. Illustrating the segmental abutting esophagus-sparing technique applied in right-side
tumour (Axial CT Images). (a): Examples of planning target volume (green), involved esophagus (IE,
white), abutting esophagus1 (AE1, orange), AE2 (light purple), and AE3 (shaded blue). In the SAES
plan, an isodose line of 4000 cGy was set to avoid AE1–3, and an isodose line of 3000 cGy was set
to avoid AE3. (b): Examples of isodose line distributions showing effective AE-sparing sparing in
the SAES plan compared to the standard (non-SAES) plan. (c): Examples of dose-volume histogram
(DVH) showing reduced volume of the esophagus receiving 30–45 Gy in the SAES plan (solid line)
compared with the standard plan (dotted line).

3. Results
3.1. Characteristics of Patients

From 1 May 2021 to 30 April 2022, 30 patients who had their esophagus ≤1 cm from the
CTV were enrolled and received TRT using the SAES technique (Supplementary Figure S1).
Table 1 summarises the demographic, tumour, and treatment characteristics of the patients.
Our patient population was predominantly male (66.7% men vs. 33.3% women), with a
median age of 62 years. A majority of patients presented with Stage N2–3 (90.0%) and T2–4
(76.7%), in which four patients had ultracentral-located primary tumours according to the
RTOG definition [25]. At diagnosis, only one (3.3%) patient was evaluated as stage II, and
all other patients were diagnosed with stage III disease. Two patients received radiotherapy
concurrently with the second cycle of chemotherapy, and twenty-eight patients underwent
the third cycle. All patients completed four cycles of planned chemotherapy, except for
one patient who had a second concurrent cycle delayed because of Grade 3 liver function
damage. One patient received 42 Gy for Grade 3 acute esophagitis.
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Table 1. Baseline data of patients.

Characteristic n (%)

Age (median and range, years) 62 (46–73)
Gender

Male 20 (66.7)
Female 10 (33.3)

KPS
100 6 (20.0)
90 18 (60.0)
80 6 (20.0)

Smoking History
Yes 20 (66.7)
No 10 (33.3)
Site

Left lung 15 (50.0)
Right Lung 15 (50.0)

T stage
T1 7 (23.3)
T2 11 (36.7)
T3 4 (13.3)

T4 * 8 (26.7)
N stage

N1 3 (10.0)
N2 20 (66.7)
N3 7 (23.3)

Clinical Stage
II 1 (3.3)

IIIa 15 (50.0)
IIIb 11 (36.7)
IIIc 3 (10.0)

ITV volume (median and range, cm3) 40.0 (7.6–116.9)
CTV volume (median and range, cm3) 148.6 (44.5–233.3)
PTV volume (median and range, cm3) 291.6 (118.1–448.3)

Radiotherapy dose
42 Gy/3 Gy daily 1 (3.3%)
45 Gy/3 Gy daily 29 (96.7%)

*, Four patients had ultracentral tumours invaded mediastitum; CTV, Clinical target volume; ITV, Internal tumour
volume; KPS, Karnofsky performance score; PTV, Planning target volume.

3.2. Dosimetric Advantage of SAES Technique

With the SAES technique, all dosimetric parameters were significantly reduced com-
pared with the non-SAES plans, including the whole esophagus and AE (Table 2). The
maximal and mean dose of the esophagus (47.4 ± 1.9 Gy and 13.5 ± 5.8 Gy, respectively)
and AE (42.9 ± 2.3 Gy and 8.6 ± 3.6 Gy, respectively) in the SAES plan is significantly lower
than those (esophagus 48.0 ± 1.9 Gy and 14.7 ± 6.1 Gy, AE 45.1 ± 2.4 Gy and 9.8 ± 4.2 Gy,
respectively) in the non-SAES plan. Similar results were achieved for the volumes that
received 30–45 Gy of the esophagus and AE. Esophageal sparing did not compromise PTV
coverage or the homogeneity index of the plan, except for the conformation index (p = 0.03).
For all lungs, the volumes received were 20 Gy (17.9 ± 3.2% vs. 18.0 ± 3.1%, p = 0.46) and
30 Gy (13.2 ± 2.5% vs. 13.2 ± 2.6%, p = 0.32), and were similar between SAES and non-SAES
plans. The mean dose (9.0 ± 1.6 Gy vs. 9.0 ± 1.5 Gy, p = 0.02) and V10 (24.52 ± 5.29% vs.
24.32 ± 5.13%, p = 0.03) of all lungs, and mean dose of coronary artery (17.27 ± 8.66 Gy
vs. 16.33 ± 7.08 Gy, p < 0.01) were slightly higher in the SAES plan compared with the
non-SAES plans, but all the differences were quite low (≤1 Gy and <1%). There were
no differences in the main dosimetric parameters for the cord and heart between SAES
and non-SAES plans. The planning time was similar for SAES and between SAES and
non-SAES plans radiotherapy (106.00 ± 28.15 min vs. 107.00 ± 23.35 min, p = 0.908).
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Table 2. Dose–volume histogram parameters between segmental free esophagus-sparing technique
and standard radiotherapy.

Segmental Abut
Esophagus-Sparing

Radiotherapy

Standard
Radiotherapy p-Value

Mean ± SD Mean ± SD

PTV Dmean (Gy) 47.64 ± 0.37 47.71 ± 0.40 0.23
D2% (Gy) 50.76 ± 1.05 50.83 ± 1.35 0.89
D98% (Gy) 44.04 ± 0.36 44.03 ± 0.38 0.99

CI 1.34 ± 0.12 1.32 ± 0.11 0.03
HI 0.14 ± 0.02 0.14 ± 0.03 0.72

MU 1120.66 ± 208.68 1082.42 ± 190.06 <0.001
Esophagus Dmax (Gy) 47.38 ± 1.93 47.96 ± 1.85 <0.001

Dmean (Gy) 13.52 ± 5.76 14.66 ± 6.11 <0.001
V45 (%) 9.8321 ± 9.04 11.87 ± 10.85 <0.001
V40 (%) 14.48 ± 11.48 18.12 ± 13.76 <0.001
V35 (%) 17.99 ± 13.18 22.34 ± 14.80 <0.001
V30 (%) 21.76 ± 14.26 25.53 ± 15.21 <0.001
V25 (%) 25.93 ± 15.3 28.45 ± 15.42 <0.001
V20 (%) 29.26 ± 15.57 31.32 ± 15.42 <0.001
V10 (%) 37.56 ± 14.49 39.09 ± 14.41 <0.001

AE Dmax (Gy) 42.91 ± 2.29 45.06 ± 2.39 <0.001
Dmean (Gy) 8.55 ± 3.64 9.81 ± 4.24 <0.001
V45 (cm3) 0.02 ± 0.04 0.30 ± 0.63 <0.001
V40 (cm3) 0.51 ± 0.54 1.69 ± 1.64 <0.001
V35 (cm3) 1.59 ± 1.52 3.04 ± 2.41 <0.001
V30 (cm3) 2.88 ± 2.23 4.12 ± 2.79 <0.001
V25 (cm3) 4.25 ± 2.88 5.09 ± 3.05 <0.001
V20 (cm3) 5.38 ± 3.18 6.09 ± 3.20 <0.001
V10 (cm3) 8.28 ± 3.57 8.82 ± 3.58 <0.001

AE1 Dmax (Gy) 41.18 ± 2.58 44.12 ± 2.79 <0.001
AE2 Dmax (Gy) 34.24 ± 3.66 40.2 ± 4.67 <0.001
AE3 Dmax (Gy) 29.04 ± 5.11 36 ± 7.46 <0.001
AE4 Dmax (Gy) 18.62 ± 7.49 24.22 ± 10.14 <0.001
AE5 Dmax (Gy) 4.96 ± 2.59 5.63 ± 3.69 0.06
Lung V30 (%) 13.15 ± 2.49 13.20 ± 2.60 0.32

V20 (%) 17.91 ± 3.22 17.98 ± 3.10 0.46
V10 (%) 24.52 ± 5.29 24.32 ± 5.13 0.03
V5 (%) 31.84 ± 7.27 31.67 ± 7.25 0.06

Dmean (Gy) 9.03 ± 1.53 8.98 ± 1.58 0.02
Cord Dmax (Gy) 27.89 ± 0.96 28.02 ± 1.07 0.24

Cord PRV Dmax (Gy) 30.55 ± 1.49 30.80 ± 1.38 0.24
Heart V40 (%) 4.20 ± 3.68 3.90 ± 3.46 0.02

V30 (%) 10.54 ± 8.14 10.50 ± 8.52 0.82
Dmean (Gy) 8.43 ± 5.35 8.40 ± 5.42 0.58

Coronary artery Dmean (Gy) 17.27 ± 8.66 16.33 ± 7.08 <0.01
Dmax (Gy) 39.11 ± 5.86 38.85 ± 4.34 0.19

Planning generation
and optimization Time (min) 106.00 ± 28.15 107.00 ± 23.35 0.91

AE, Abut esophagus (the esophagus outside the PTV); CI, Conformation Index; Dmax, Maximum dose which is
defined as the dose received by 0.03 cc; Dmean, Mean dose; Dx%, Lowest dose received in any x% volume; HI,
Homogeneity Index; ITV, Internal tumour volume; MU, Monitor units over all treatment beams; PTV, Planning
target volume; PRV, The planning organ-at-risk volume; SD, Standard deviation; VX, Volume received x Gy.

3.3. Response to Treatment and Toxic Events

The response to chemoradiotherapy was assessed one month after the completion
of the fourth cycle of chemotherapy. A complete response was found in eleven (36.7%)
patients, partial response in eighteen (60.0%) patients, and stable response in one (3.3%)
patient, according to RECIST V1.0. After the follow-up of more than 7 months (range,
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7.0–18.1 months) for all patients, only one patient (3.3%, 95%CI 0.1%–17.2%) experienced
grade 3 acute esophagitis and no grade 4–5 acute esophagitis occurred (Table 3). For late
toxicities, one patient suffered sustained grade 1 late esophagitis and all others displayed
no symptoms of esophagitis. The rate of radiation pneumonitis was very low, with one
grade 3 event and no grade 4–5 events. Twelve (40.0%) patients had G3+ hematologic toxic
events, including two patients with febrile neutropenia.

Table 3. Acute radiation esophagitis and other toxic events.

Esophagitis
n (%) [95% CI]

Radiation
Pneumonitis

n (%) [95% CI]

Neutropenia
n (%)

Lymphopenia
n (%)

Thrombocytopenia
n (%)

Anemia
n (%)

Nausea
n (%)

Grade
0–1

23 (76.7)
[57.7–90.1]

27 (90.0)
[73.5–97.9] 17 (56.7) 7 (23.3) 22 (73.3) 28 (93.3) 23 (76.6)

Grade 2 6 (20.0)
[7.7–38.7]

2 (6.7)
[0.8–22.1] 7 (23.3) 17 (56.7) 6 (20.0) 2 (6.7) 4 (13.3)

Grade 3 1 (3.3)
[0.1–17.2]

1 (3.3)
[0.1–17.2] 4 (13.3) 6 (20.0) 2 (6.7) 0 (0.0) 1 (3.3)

Grade 4 0 (0.0) [0–11.6] 0 (0.0) [0–11.6] 2 (6.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

CI: Confidence interval. No Grade 5 events happened.

Thirty-Two patients in the experimental arm of NCT 02688036 from 1 Nov 2020 to
30 April 2021 were identified as the historical control group. The baseline characteris-
tics are presented in Supplementary Table S3. With a median follow-up of 13.3 months
(6.2–23.2 months), four patients developed acute G3 esophagitis (12.5% [95% CI 4.0–24.6%]),
which caused three patients to fail to receive the full planned doses (one patient with 42 Gy,
two patients with 39 Gy). Eight patients suffer late G1 esophagitis and four patients suffered
G1 esophageal constriction (Supplementary Table S3). No G4-5 events occurred. These
data demonstrated a high risk of esophagus-related toxicity when treated by non-SEAS
HYPO TRT.

3.4. Outcomes

With a median follow-up of 12.5 months (range, 7.0–18.1 months), the 1-year OS, LRFS,
DMFS, and PFS were 96.4%, 88.7%, 78.4%, and 64.3%, respectively. No patient developed
local recurrence in the abutting esophagus-sparing region.

4. Discussion

To our knowledge, this is the first study to evaluate the feasibility and efficiency of the
segmental abutting esophageal-sparing technique in patients with LS-SCLC treated with
HYPO TRT. We divided the esophagus into five segments based on the location adjacent
to the target volume. The doses delivered to the five segments of the esophagus were
significantly reduced, which was successfully translated to clinical benefit with only 3.3%
G3+ acute esophagitis and no G2+ late esophagitis. Compared with the historical control
group, TRT with the SEAS technique truly reduced severe acute esophagitis and ensured
more patients received full doses, which would have a positive impact on the prognosis.

The Intergroup (INT) 0096 trial reported a 5-year survival rate of 26% and a median
OS of 23 months with 45 Gy in 1.5 Gy BID, establishing this regimen as an accepted
standard of care for LS-SCLC [2,26]; although, the timing, dose, and fractionation are
still under investigation. When the BID fraction is used, there should be at least a 6 h
interfraction interval for the repair of normal tissue, which makes it logistically challenging
for many patients and RT centers. In contrast to the HYPER schedule, HYPO TRT using
>2.1 Gy per fraction is also practiced in certain parts of the world, with a common regimen
being 40 Gy in 15 fractions QD [27]. Two prospective phase II trials implied 42 Gy in
15 fractions QD which is close to the current HYPO schedule and achieved relatively lower
median OS (18–21 months) than those of the control group (45 Gy BID) and INT 0096 trial
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(p = 0.61) [9,13]. Another phase II trial and one retrospective study investigated HYPO
schedules with a lower single dose but higher total dose (65 Gy in 26 fractions QD and
55 Gy in 22 fractions QD) [14,28], which resulted in a median OS of 27.2–39.3 months,
non-inferior to the control groups (45 Gy BID) in each study. For early and late adverse
effects, there are no differences between the HYPO group and HYPER group in the studies
mentioned above; however, the rate of G3+ acute esophagitis for the HYPO group was still
high, ranging from 13% to 31% in prospective trials [9,13,14].

Based on these results, the NCCN (Version 2.2022) panel recommends HYPO regimen
as an alternative to the 45 Gy BID regimen; however, they did not clarify the optimal dose
and fractions. The NCT 02688036 trial chose 45 Gy in 3 Gy QD, balancing dose escalation
and the risk of toxicity in the acute and late term. This HYPO regimen was used in a few
patients and did not increase severe toxicities compared with CF TRT [29]. In order to
reduce esophagitis while exploring the effectiveness of 45 Gy in 15 fractions QD, the current
study tested the SAES technique in 30 consecutive patients. Our results showed that only
one patient (3.3%) had Grade ≥3 acute esophagitis, which was the lowest rate compared to
all previous prospective trials and retrospective studies [9–14]. Furthermore, SAES did not
increase planning time when compared to the standard plan.

These findings are of additional importance as they may be helpful in reducing the
risk of esophageal toxicity without compromising the dose delivered to the tumour. For
patients with a CTV overlapping or close to the esophagus, reducing the absolute high dose
of the esophagus may compromise the target volume coverage by the prescription dose.
Thus, we divided the esophagus into IE and AE, and further efforts were made to reduce
the dose of AE. As a result, the doses to the whole esophagus and AE were significantly
reduced by the SAES technique, which also provided an adequate dose covering the PTV
compared with the standard plan. The dosimetric advantages were transformed into
obvious clinical benefits, with only 3.3% G3+ esophagitis cases. Additionally, the dose
to other normal organs was not elevated in the SAES technique plan compared with the
standard plan, except for the mean lung dose. However, the difference in mean lung dose
was very small, and the highest parameters were also low (≤13 Gy), which satisfied the
dose limits of the whole plan. Therefore, the SAES technique did not increase other general
toxicities, particularly pneumonitis. Our data showed the rates of radiation pneumonitis
and haematological toxicities were comparable with historical publications [9,14,30].

One major limitation of the current study is the small sample size and single-center
design; thus, the generalization of our findings may be weakened. However, the current
study is unique in that the study cohort was derived from prospective phase III trials, and
was the largest study compared with previous similar studies in lung cancer, which used
totally different methods to sparring the esophagus [15,16]. The SAES treatment plans were
randomly assigned to two physicists, who verified the feasibility and operability of this
technique. The second major limitation is that the SEAS technique is equipment-depended,
which requires CT simulators, a linear accelerator, and a treatment planning system for
IMRT. Currently, the IMRT is available in over 70% of radiation centers in China and most
radiation centers in western countries [31]. Theoretically, SEAS could be implied in these
centers. The third limitation is that as the mean dose to the coronary artery was slightly
increased, cardiac side events need to be noticed and close follow-ups over a long time
need to be performed. Further investigations in other institutions and in a large number of
patients are warranted, particularly for those with ultracentral tumours.

5. Conclusions

In conclusion, SAES radiotherapy has significant dosimetric advantages compared
with standard radiotherapy, which could successfully translate into clinical benefits for
LS-SCLC patients treated with HYPO daily fractions with concurrent chemotherapy. This
method may help to achieve better tolerance of HYPO schedule and even better local
control with dose escalation in the future.
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