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ARTICLE INFO ABSTRACT
Keywords: Purpose: Radiation-induced esophageal cancer (RIEC) is a rare but severe late consequence of radiotherapy. The
Esophageal cancer literature regarding this topic is predominately limited in describing the risk of this disease. Tumor behavior,
Radiotherapy treatment strategies, and prognosis of this cancer remain poorly defined.
Neoadjuvant treatment Patients and methods: We collected data of patients who were referred to our unit between 2000 and 2020 for
Esophagectomy . . . s
RIEC. After tumor board discussion, upfront surgery or neoadjuvant therapy and surgery were indicated as the
main treatment. Preoperative characteristics, long-term and short-term postoperative outcomes of RIEC patients
were compared with a 1:1 clustering-matched cohort of patients affected by primary esophageal cancer (PEC).
Results: At pre-matching, 54 RIEC and 936 PEC patients were enrolled. The median time between primary
irradiation and diagnosis of RIEC was 13.5 years, and the median primary radiation dose was 60 Gy. Compared
to the unmatched cohort of PECs, RIEC patients were more frequently female (p = 0.0007), had earlier detection
of disease (p = 0.03) and presented more frequently with upper esophageal cancers (p < 0.0001). Neoadjuvant
treatment was used less frequently in RIEC patients (p < 0.0001). After matching, the 51 RIEC and 50 PEC
patients showed comparable results in terms of exposure to neoadjuvant treatment, surgical radicality and
survival outcomes. RIEC patients had more severe postoperative complications (p = 0.04) and a higher pro-
portion of pulmonary complications (p = 0.04).
Conclusions: Curative treatments are feasible for RIEC. Neoadjuvant chemotherapy or chemoradiation can be
used in this subgroup, treatment response and long-term outcomes are comparable to those of PEC. The risk of
postoperative complications is probably related to the detrimental effect of primary irradiation on lung function.
1. Introduction irradiation of the primary tumor, was paralleled by the occurrence of life
threatening sequelae. While the short term adverse effects of radiation
The development of multimodal approaches comprising radiation treatment have been extensively evaluated, especially cardiac and pul-
treatment resulted in an improved survival for many cancer types, monary toxicity [5,6], less data are available regarding the long-term
including lymphomas, head and neck, breast and even esophageal complications, particularly the development of second primary can-
cancers [1-4]. However, the prognostic benefits associated with cers [7,8] Esophageal cancer (EC) developing in a previously irradiated
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field represents a very rare complication. Previous studies reported its
correlation with radiation dose and a significantly increased risk of
tumor development even after more than ten years from primary
treatment [9,10]. The literature addressing the optimal management of
this malignancy is currently limited to two case series based, respec-
tively, on a single institution experience [11] and on a multicentric
dataset [12]. The reported results are controversial and many questions
are still unanswered regarding the feasibility and safety of curative
treatments, in particular of multimodal treatment comprising chemo-
therapy (CT) or chemoradiotherapy (CTRT) in this extremely chal-
lenging subset of patients. We sought to evaluate the outcome of surgery
for radiation-inducedesophageal cancer (RIEC), by comparing the
postoperative outcome of patients who underwent surgery with and
without neoadjuvant treatment for RIEC with a matched control group
of patients treated for primary non-radiation-induced esophageal cancer
(PEQ).

2. Methods

We reviewed prospectively collected data of patients undergoing
esophageal resection for adenocarcinoma (EAC) or squamous cell car-
cinoma (ESCC) at our department between 2000 and 2020. Patients
undergoing definitive chemotherapy or chemoradiation were excluded,
patients with Siewert III, cT4b or M+ cancers were also excluded.

This study has been performed in accordance with the Declaration of
Helsinki and a has been approved by the institutional board of our
department. All patients gave informed consent to the work. The work
has been reported in line with the STROCSS criteria [13]. The study is
registered in researchregistry.com, where the research protocol can be
accessed (unique identifying number: researchregistry7313) [14].

2.1. Study design

In the first, pre-matching phase of the study, the whole cohort was
divided into 2 groups: a case group of patients affected by radiation-
induced esophageal cancer (RIEC group) and a control group
comprising patients operated for primary esophageal cancer (PEC
group). The primary endpoint of the analysis was to investigate the
differences in the demographic, clinical and tumor characteristics of
RIEC patients at presentation, moreover the differences in the surgical
and perioperative strategies adopted for the two groups were evaluated.

In the second phase of the study, a 1:1 case-control matched clus-
tering was performed in order to obtain two homogeneous groups of
RIEC and PEC patients with comparable demographic, clinical, tumor
and surgical characteristics. Differences in neoadjuvant treatment
exposure, surgical radicality, postoperative outcome, tumor response to
neoadjuvant treatment, pathological tumor characteristics and long-
term survival were evaluated.

2.2. Collected data and definition

EAC and ESCC were graded according to AJCC 8th edition Classifi-
cation [15]. The radiation-inducedcancer was defined, according to the
available literature, as a cancer developed within a previously irradiated
field with a latency period of at least 5 years and different histopatho-
logical features from the primary tumor [16]. Patients’ demographics,
clinical and tumor related data were prospectively collected. The overall
patients’ preoperative condition was assessed using the Karnofsky per-
formance status (KPS); the operative risk was evaluated using the
American Society of Anestesiology (ASA) classification.

Post-operative 90-day complications were assessed according to the
Esophagectomy Complications Consensus Group ECCG [17] and graded
according to the Clavien-Dindo classification [18]. Toxicity events
occurring prior to surgery during neoadjuvant treatment were defined
and scored according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0 [19]. The most severe toxicity event for each
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category was considered.

2.3. Clinical staging and preoperative treatment

In the RIEC group, data on previous cancer (location, histological
type, staging), previous radiotherapy (time, dose), and time from
radiotherapy to the diagnosis of EC were extracted from patient charts.
Esophagogastroduodenoscopy with biopsy, bronchoscopy, CT scan of
the cervical, thoracic, and abdominal regions were used for the clinical
staging. The evaluation was completed using positron emission tomog-
raphy (PET/CT) and endoscopic ultrasound (EUS) when deemed
necessary.

All cases were discussed at our Oncologic Multidisciplinary Meeting.
Neoadjuvant treatment with either CT or CTRT was used for patients
with cancers staged cT2N + or higher provided that the patients’ overall
conditions, organ function and performance status were deemed eligible
to sustain the preoperative treatment at Tumor Board evaluation.

CTRT was indicated whenever feasible for both EAC and ESCC of the
mid-upper esophagus, provided that the patients had an acceptable risk
of radiation toxicity. The radiation dose was decided taking into account
the dose, field and timing of the primary irradiation and the risk of
toxicity to the neighboring organs and considering a half-life of ten years
for the primary radiation dose. The radiation field was chosen inde-
pendently from the primary irradiation field and decided based on the
volume and location of the esophageal cancer. Further details on radi-
ation planning were described elsewhere [20,21].

CT regimens were used according to the best standard available at
the time of the diagnosis, cisplatin/fluoruracil- or cisplatin/taxol-based
regimens being the most frequently adopted. Drugs that were reported
to have caused adverse reactions or toxicity during the treatment of the
primary cancer were not used for the treatment of the RIEC. Treatment
dose was tailored based on patients’ overall conditions, organ function
and performance status.

Patients’ clinical response to preoperative treatment was evaluated
by endoscopy and CT scan of the cervical, thoracic, and abdominal re-
gions. PET/CT was repeated only when performed at initial staging.
Clinical tumor response was classified according to revised evaluation
criteria in solid tumors (RECIST) guidelines [22].

2.4. Surgical treatment

Only patients who underwent surgical resection with a radical intent
were considered. Patients who underwent palliative surgery (esopha-
geal stent placement, ablation, feeding gastrostomy or jejunostomy)
were excluded. The surgical approach was based on the cancer location
and extent. The surgical technique consisted of a trans-abdominal and
right trans-thoracic approach with intrathoracic anastomosis for mid-
lower cancers and a right trans-thoracic, trans-abdominal and left
trans-cervical procedure with cervical anastomosis for cancers of the
upper thorax. The digestive conduct reconstruction was most frequently
done with the stomach pull-up technique. In some patient, with an un-
usable stomach, the interposition was made with colon or jejunum. An
end-to-side circular stapled technique was used for intra-thoracic anas-
tomoses while a hand sewn end-to-end anastomosis was used in the
neck. A standard two-field lymphadenectomy was routinely performed
and extended to a three-field lymphadenectomy in case of suspected
cervical lymph node involvement.

2.5. Follow-up and survival

The disease recurrence was evaluated by cytological, histological, or
highly suggestive radiological findings (PET and/or CT). Overall sur-
vival (OS) was calculated from the date of surgery until the date of death
or last follow-up. Disease free survival (DFS) was calculated from the
date of surgery until the date of recurrence diagnosis or last follow-up.
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2.6. Statistical analysis

All statistical analyses were conducted by a biostatistician (M.S.)
using GraphPad Prism version 9.2.0 (GraphPad software, San Diego, CA,
USA) and JMP version 14 (JMP® software, SAS Institute, Cary, NC,
USA). Continuous variables were presented as median (interquartile
range [IQR]), prevalence data were presented as raw number (per-
centage). Comparisons of continuous variables were conducted using
the Student’s t-test or the Mann-Whitney test. ANOVA or Kruskal Wallis
tests were used for multiple comparisons of continuous variables as
appropriate. Shapiro-Wilk test was applied to test the normality of the
data (p > 0.10). Categorical data were compared using the x? or the
Fisher’s exact test as appropriate. The Bonferroni correction for multiple
comparisons was applied when indicated. Overall and recurrence free
survival estimates were calculated using the Kaplan-Meier method. The
survival curves were compared using the log rank test or the Gehan-
Breslow-Wilcoxon test as appropriate. The threshold for statistical sig-
nificance was set to p < 0.05.

2.7. Matching

Data were pre-processed as follows. For each categorical matching
variable, subjects showing categories that were present in only one
group (case or control) were excluded. Variables with a fraction of
missing values greater than 10% and subjects with more than 10% of
missing values were excluded. Missing values were imputed by MICE
algorithm [23]. Since the two groups under investigation had a different
number of subjects and their populations resulted to be heterogeneous, a
matching procedure was applied to avoid bias in the data analysis. The
procedure is described in the following.

Given the subject i and the subject j belonging to different groups and
P matching variables, the distance between them was defined as d(i,j) =

P
> di(i,j) where, in the case of categorical variables, the contribute was
k=1

di(i,j) = 0 if the levels of the descriptor k were the same for the two
subjects or di(i,j) =1 if the levels were different and, in the case of
continuous variables, the contribute was di(i,j) = |xk 7xkj| / s if

X —xij| < 's and di(i,j) = 1 if |x —xxj| > s being xi; the value of the
descriptor k for subject i and s = [max(xx) — min(xy)]/n. The parameter
n was set equal to 4. As a first step, the distance matrix between cases
and controls was calculated. For each subject of the case group, the
subject of the control group with the minimum distance was selected
and the pairs case-control were sorted on the basis of the increasing
distance. The pairs with the greatest distance were iteratively excluded
until the set of the selected cases and the set of the selected controls did
not show significant differences in the descriptor variables.

3. Results
3.1. Patients’ selection

Patients presented to our department between 2000 and 2020 were
5646. Of these 5552 patients were affected by PEC, whereas 94 patients
presented an EC occurring in a previously irradiated field. Of these 94
patients, patients who underwent definitive chemotherapy or chemo-
radiotherapy, palliative care, and palliative surgery (n = 37) were
excluded, and 57 patients with surgically treated RIEC remained in the
study. After pre-processing, a dataset composed of 990 subjects (54 cases
and 936 controls with PEC surgically treated with curative intent) and
35 descriptor variables was obtained. The matching procedure con-
ducted considering 14 descriptors (see Table 2) led to a set of 51 patients
with radiation-inducedesophageal cancer (RIEC group) and a set of 50
matched patients with primary esophageal cancer (PEC group).

Among the 54 surgically-treated patients who referred for radiation-
induced EC (RIEC group), the main indications for primary irradiation
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Table 1
Pre-matching data.

Variable RIEC group PEC group (N p
(N = 54) =936)

Median age (years) 749 745 0.76
(652-839) (665-823)

Sex (N, %)

Male 30 (55.6) 726 (77.6) 0.0007
Female 24 (44.4) 210 (22.4)

Alcohol (N, %) 25 (46.3) 466 (49.8) 0.77

Smoking (N, %) 26 (48.1) 502 (53.6) >0.99

ASA score (N, %)

1 2(3.7) 107 (11.49) 0.19
2 27 (50) 518 (55.3)
3 24 (44.4) 289 (30.9)
4 1(1.9 22 (2.49)
Karnofsky performance status (N,
%)J
100-90 38 (70.3) 714 (79.9) 0.24
80-70 15 (27.8) 168 (18.8)
60-50 1(1.9 11 (1.3)

Cancer histology (N, %)

ESCC 49 (90.7) 696 (74.4) 0.0053
EAC 5(9.3) 240 (25.6)

Cancer location (N, %)

Upper esophagus 33(61.1) 247 (26.4) <0.0001
Middle esophagus 12 (22.2) 283 (30.2)
Lower esophagus/EGJ 9 (16.7) 406 (43.4)

Grading (N, %)

Well-differentiated 8(14.8) 106 (11.3) 0.59
Moderately-differentiated 36 (66.7) 682 (72.9)
Poorly-differentiated 10 (18.5) 148 (15.8)

¢T stage” (N, %)
cT1 23.7) 73(7.9) 0.03
cT2 28 (51.8) 202 (21.9)
cT3 19 (35.2) 526 (57)
cT4 5(9.3) 122 (13.2)

N stage” (N, %)

NO 34 (63) 444 (47.4) 0.03
N+ 20 (37) 479 (52.6)

Neoadjuvant treatment (N, %) 22 (40.7) 646 (69) <0.0001
Chemotherapy 11 (20.4) 402 (42.9) 0.25
Chemoradiotherapy 11 (20.4) 244 (26.1)

Surgical technique (N, %)
2-stage (abdominal-thoracic), 20 (37) 581 (62.1) 0.0002
thoracic anastomosis
3-stage (thoracic-abdominal/ 34 (63) 355 (37.9)
cervical), cervical anastomosis

Conduit type (N, %)

Gastric conduit 49 (90.7) 880 (94) 0.37
Colon 5(9.3) 56 (6)

? Data available for 893 patients in the PEC group.
b Data available for 923 patients in the PEC group.

were head/neck cancer in 26 cases (49%), breast cancer in 13 cases
(24%), lymphoma/leukemia in 12 cases (23%) and thyroid cancer in 3
cases (4%). In all patients who were previously treated for thyroid or
head/neck cancer, the RIEC developed within the primary radiation
field and therefore involved the upper mediastinal or the cervical
esophagus. The median radiation dose was 60 (44.6-70) Gy. The median
time between the primary irradiation and the diagnosis of RIEC was 13.5
(6.7-23.5) years. The RIEC was detected earlier after irradiation for
head/neck cancers (12.7 [6.6-17.2] years) however no statistically
significant difference was detected compared to breast cancer (14.8
[6.1-23.5] years), lymphoma/leukemia (13 [10.5-15.8] years) or thy-
roid cancer (14 [8.8-16.5] years)(p = 0.66).

Among the 37 patients who did not undergo surgical treatment and
who were therefore excluded from further outcome analysis, 24 (64.9%)
were treated with definitive chemotherapy or chemoradiation after
tumor board discussion and considering the stage of the disease, while
the other 13 (35.1%) were referred to palliative care. The proportion of
patients with head/neck cancers as primary tumors was higher in this
subgroup (30/37, 81%) while the proportion of subjects with breast
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Table 2
Matching data.

Variable RIEC group PECgroup(N p
(N =51) = 50)
Median age (years) 62.5 (56-69) 63.75 0.98
(56-67)
Sex (N, %)
Male 27 (53) 31 (62) 0.36
Female 24 (47) 19 (38)
Alcohol (N, %) 24 (47) 27 (54) 0.49
Smoking (N, %) 24 (47) 24 (48) 0.92
ASA score (N, %)
1 24 5 (10) 0.26
2 26 (51) 31 (62)
3 22 (43) 13 (26)
4 1@ 1(2)
Karnofsky performance status (N, %)
100-90 37 (72.6) 39 (78) 0.53
80-70 14 (27.5) 11 (22)
Comorbidities (N, %)
Cardiovascular 19 (37.3) 16 (32) 0.58
Pulmonary 7 (13.7) 6(12) >0.99
Metabolic 2(3.9) 1(2) >0.99
Liver disease 3(5.9) 1(2) 0.62
Kidney disease 1(1.9) 0 >0.99
Cancer histology (N, %)
ESCC 47 (92.2) 45 (90) 0.74
EAC 4(7.8) 5(10)
Cancer location (N, %)
Upper esophagus 32 (62.7) 26 (52) 0.53
Middle esophagus 11 (21.6) 15 (30)
Lower esophagus/EGJ 8 (15.7) 9(18)
Grading (N, %)
Well-differentiated 7 (13.7) 5(10) 0.84
Moderately-differentiated 35 (68.6) 37 (74)
Poorly-differentiated 9(17.6) 8 (16)
T stage (N, %)
cT1 2 (3.9 24 0.99
cT2 27 (53) 25 (50)
cT3 18 (35.3) 19 (38)
cT4 4(7.8) 4(8)
cN stage (N, %)
NO 32(62.7) 30 (60) 0.77
N+ 19 (37.3) 20 (40)
Surgical technique (N, %)
2-stage (abdominal-thoracic), 18 (35.3) 20 (40) 0.63
thoracic anastomosis
3-stage (thoracic-abdominal/ 33 (64.7) 30 (60)
cervical), cervical anastomosis
Conduit type (N, %)
Gastric conduit 47 (92.2) 48 (96) 0.68
Colon 4(7.8) 24

cancer (3/37, 8.1%), lymphoma/leukemia (2/37, 5.4%) and thyroid
cancer (2/37, 5.4%) was lower compared to the surgical group (p =
0.01). The time from primary irradiation to detection of the RIEC was
comparable to that of the surgical group (14.1 [9.1-19.2] years)(p =
0.87).

The proportion of patients who continued smoking after treatment of
the primary cancer was slightly higher, although not significantly, in the
non-surgical compared to the surgical group (23/37, 62.2% vs. 26/54,
48.2%)(p = 0.19); while alcohol consumption was equally frequent in
the 2 groups (19/37, 51.4% vs. 25/54, 46.3%)(p = 0.64).

Data regarding adhesion to follow-up protocols for the primary
neoplasia were available for 30 patients in the non-surgical group (81%)
and 49 patients in the surgical group (90.7%); compliance to the stan-
dard follow-up protocols available at the time of treatment was reported
by 90% and 91.8% of these patients respectively (p > 0.99). No patient
reported enrollment in specific screening programs for the early detec-
tion of radiation-induced esophageal cancer.

Surgically treated RIEC: Pre-matching characteristics (Table 1).

Table 1 shows the pre-matching demographic and clinical charac-
teristics of the surgically-treated study group. Although male sex was
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still prevalent (55.6%), females were more frequently affected by RIEC
compared to the PEC control group (p = 0.0007). No significant dif-
ferences were detected in the variables describing patients’ overall
conditions and comorbidities. RIECs presented more frequently with a
squamous histology (p = 0.0053) and were more frequently located in
the upper third of the esophagus (p < 0.0001). Consequently, patients
were more frequently operated with a 3-stage approach and a neck
anastomosis (p = 0.0002). RIEC patients presented with an earlier stage
of esophageal malignancy, both in terms of transmural invasion (p =
0.03) and nodal involvement (p = 0.03). Finally, multimodal treatment
with either neoadjuvant chemotherapy or chemoradiotherapy were

Table 3
Outcomes.
Variable RIEC group (N = PEC group (N = p
51) 50)

Neoadjuvant treatment (N, %) 22 (43.2) 25 (50) 0.49
Chemotherapy 11 (21.6) 9 (18) 0.49
Chemoradiotherapy 11 (21.6) 16 (32) 0.61

Surgical radicality (N, %)

RO 44 (86.3) 42 (84) 0.72
R1-2 7 (13.7) 8 (16)

Harvested lymph nodes (N, IQR) 14 (8-20) 16 (10-24) 0.28

Metastatic lymph nodes (N, IQR) 0 (0-1) 0 (0-2) 0.20

Lymphovascular invasion® (N, %) 16 (31.4) 14 (28) 0.66

pT stage (N, %)
pTO 3(5.9 4(8) 0.67
pT1 6 (11.8) 10 (20)
pT2 15 (29.3) 10 (20)
pT3 16 (31.4) 17 (34)
pT4a 11 (21.6) 9(18)

PN stage (N, %)
pNO 34 (66.7) 28 (56) 0.27
pN1 17 (33.3) 22 (44)

Intraoperative complications (N, 2 (3.9 2(4) 0.98
%)

Postoperative complications (N, 29 (56.7) 20 (40) 0.09
%)

Anastomotic leakage (N, %) 11 (21.6) 6(12) 0.29
Grade 1 5(9.8) 3(6) 0.57
Grade 2 2(3.9 24
Grade 3 4(7.8) 1(2)

Conduit necrosis (N, %) 4 (7.8) 24 0.41

Chyle leak (N, %) 1(1.9 24 0.62

Recurrent nerve injury (N, %) 3 (5.9 6(12) 0.28

Other complications: type” (N, %)

Global 29 (56.7) 20 (40) 0.09
Pulmonary 18 (35.3) 8 (16) 0.04
Cardiac 5(9.8) 5(10) >0.9
Gastrointestinal 1(1.9 1(2) >0.9
Infectious 4 (7.8) 1(2) 0.36
Other 6(11.8) 3(6) 0.49

Complications: severity” (N, %)

1 22 (43.2) 30 (60) 0.04
2 8 (16.7) 11 (22)

3a 10 (19.6) 3(6)

3b 4(7.8) 4(8)

4 6 (11.8) 0

5 1(1.9 24

Need for reoperation (N, %) 6 (11.8) 5(10) 0.78

Lenght of hospital stay (days)(N, 18 (13-39) 17 (13-27) 0.46
IQR)

In-hospital mortality (N, %) 1(1.9 2(4) 0.62

Adjuvant treatment (N, %) 13 (25.5) 13 (26) 0.89

Disease recurrence (N, %) 26 (51) 21 (42) 0.37

Status (N, %)

Alive 7 (13.7) 12 (24) 0.23
Died 44 (86.3) 38 (76)

Data available for 33 patients in the RIEC group and 27 patients in the EC group.
? Classified according to Esophagectomy Complications Consensus Group
(ECCQ).
b Classified according to the Clavien-Dindo classification. In case of more than
one complication occurring in a single patient, the worst Clavien-Dindo grade
was considered.
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more rarely used for RIEC patients (p < 0.0001).

Surgically-treated RIEC: Post-matching characteristics (Tables 2 and
3).

After the matching, a case group of 51 patients with radiation-
inducedesophageal cancer (RIEC group) and a control group of 50 pa-
tients with primary esophageal cancer (PEC group) were obtained. The
variables used in the matching procedures and the final matching be-
tween the RIEC and the PEC groups are reported in Table 2. Arterial
hypertension (25/35, 71.4%) and chronic obstructive pulmonary dis-
ease (COPD) (10/13, 76.9%) were the most frequently detected car-
diovascular and pulmonary comorbidities. ESCC was the most frequent
histology (91.1%), with cancers presenting more frequently in the upper
thoracic esophagus (57.4%) and about half (51.5%) showing nodal
metastases at presentation.

The evaluated outcomes are reported in Table 3. A comparable
proportion of patients was exposed to neoadjuvant chemotherapy or
chemoradiotherapy with comparable results in terms of oncological
radicality. The overall incidence of intraoperative and postoperative
complications was similar. More patients in the RIEC group experienced
an anastomotic leakage or a conduit necrosis, however the incidence
was not significantly different. Five patients (4.9%) required surgical
treatment for the anastomotic leakage by operative drainage of a neck
abscess and placement of a transcervical suction drain. Four patients
(7.8%) in the RIEC group had a conduit necrosis, three of them (5.9%)
were treated by bipolar diversion (esophagostomy and gastrostomy) and
feeding jejunostomy, one (1.9%) by resection of the necrotic portion,
suture, and coverage with a muscle flap. Both cases showing conduit
necrosis in the PEC group (4%) were treated by bipolar diversion and
feeding jejunostomy.

The overall morbidity rate was comparable in the two groups,
however RIEC patients experienced a significantly higher incidence of
pulmonary complications (p = 0.04). Specifically, mucous plugging
causing atelectasis and requiring bronchoscopy was the most frequent,
occurring in 8 (15.7%) and 5 (10%) patients in the RIEC and PEC group
respectively (p = 0.39); followed by pneumonia, which affected 5
(9.8%) and 2 (4%) patients in the RIEC and PEC group respectively (p =
0.44). One case of acute respiratory distress syndrome and one case of
pneumothorax requiring drainage (1.9%) were observed in the RIEC
group, while these complications were not detected in the PEC group (p
> 0.99)(Supplementary material).

The incidence of pulmonary complications was slightly higher,
although not significantly, among patients who received primary irra-
diation for breast cancer (6/12, 50%) and lymphoma/leukemia (5/11,
46%) compared to those treated for primary head/neck (6/25, 24%) and
thyroid cancers (1/3, 33%)(p = 0.39).

The proportion of patients receiving neoadjuvant CTRT for the RIEC
was not significantly different among those who experienced post-
operative pulmonary complications (3/18 patients, 16.7%) and those
who did not (8/33 patients, 24.2%)(p = 0.53). Postoperative
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complications were more severe in the RIEC group (p = 0.04); indeed 6
subjects (11.8%) were readmitted to the ICU: 3 of them (5.9%) after re-
operation for conduit necrosis, the other 3 (5.9%) due to pneumonia
with respiratory failure.

Three patients died postoperatively (2.9%), 2 of them (1.9%, one in
each group) died of septic complications secondary to decompensated
liver cirrhosis. The third died of acute myocardial infarction and showed
no sign of surgical-related complications during the postoperative
course.

Table 4 summarizes the neoadjuvant CT and CTRT regimens used in
both groups. Cisplatin and 5-fluoruracil based schemes were predomi-
nantly used (76.6%). The median radiation dose was 45 Gy in both RIEC
and PEC patients. As summarized in Table 5, the clinical response of
radiation-induced and primary cancers was similar, both after CT (p =
0.28) and after CTRT (p = 0.24).

Data on adverse events occurring during neoadjuvant treatment are
summarized in Table 6. Both hematological and non-hematological
adverse events occurred more frequently in the RIEC group, however
this difference did not reach a statistical significance.

Five-year OS was 30.7% in the RIEC group and 35.7% in the PEC
group; DFS was 36.1% in the RIEC and 47.3% in the PEC group, no
difference in the survival curves was detected between the two groups
(Fig. 1). Subset analysis of patients treated by upfront surgery also
revealed no differences between the RIEC and the PEC group in terms of
5-year OS (29.9% vs. 24.5%) and DFS (39.6% vs. 44.4%) (Fig. 2).
Similarly, no difference was detected between the two groups after
neoadjuvant treatment (OS: 31.8% vs. 45.8% and DFS: 34.3% vs. 49.9%)
(Fig. 3).

Table 5
Response to neoadjuvant therapy®.
RIEC group (N = 11) PEC group (N = 9) p
CT (N, %)
Complete response 0 1(11.1) 0.28
Partial response 8(72.7) 8(88.9)
Stable disease 2(18.2) 0
Progression of disease 1(9.1) 0

RIEC group (N = 11) PEC group (N = 16)

CTRT (N, %)

Complete response 2(18.2) 2(12.5) 0.24
Partial response 9 (81.8) 9 (56.3)

Stable disease 0 4 (25)

Progression of disease 0 1(6.2)

# According to the Response Evaluation Criteria in Solid Tumors (RECIST)
classification based on pre-operative CT scan.

Table 4
Neoadjuvant regimens.
RIEC (N = 22) PEC (N = 25) P
Neoadjuvant Chemotherapy 11 (50) Neoadjuvant Chemotherapy 9 (36) 0.49
Cisplatin + 5-FU 8 (72.7) Cisplatin + 5-FU 8 (88.9)
FOLFOX 2(18.2) Cisplatin + 5-FU + Docetaxel 1(1.1)
Cisplatin + Docetaxel 1(9.1)
Neoadjuvant Chemoradiotherapy 11 (50) Neoadjuvant Chemoradiotherapy 16 (64) 0.61
Cisplatin + 5-FU 9(81.8) Cisplatin + 5-FU 11 (68.9)
Cisplatin + Docetaxel 2(18.2) Cisplatin + Docetaxel 2(12.5)
Cisplatin + Etoposide 1(6.2)
Cisplatin + 5-FU + Cetuximab 1(6.2)
Cisplatin 1(6.2)
Radiation dose (Gy) 45 (43.7-50) Radiation dose (Gy) 45 (45-61) 0.46

NOTE: 5-FU: 5-fluoruracil
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Table 6

Neoadjuvant treatment associated toxicity®.
Adverse Events (N,%) Grade 1 Grade 2 Grade 3 Grade 4 P
Hematological adverse events
Leukopenia
RIEC (N = 22) 4(18.2) 20.1) 1 (4.5) 1(4.5) 0.79
PEC (N = 25) 3(12) 2(8) 14 0
Thrombocytopenia
RIEC (N = 22) 5(22.7) 3(13.6) 1(4.5) 0 0.24
PEC (N = 25) 2(8) 2(8) 0 0
Non-hematological adverse events
Diarrhea
RIEC (N = 22) 6 (27.3) 2(9.1) 0 0 0.77
PEC (N = 25) 7 (28) 14 0 0
Mucositis/Stomatitis
RIEC (N = 22) 8(36.4) 5(22.7) 1 (4.5) 0 0.34
PEC (N = 25) 6 (24) 4 (16) 0 0
Supraventricular arrhythmia
RIEC (N = 22) 1(4.5) 1 (4.5) 1(4.5) 0 0.47
PEC (N = 25) 2(8) 0 0 0
Cardiac ischemia
RIEC (N = 22) 0 0 1(4.5) 0 0.36
PEC (N = 25) 0 14 0 0

# Defined according to the Common Terminology Criteria for Adverse Events,
version 3.0. RIEC = radiation induced esophageal cancer. PEC = primary
esophageal cancer.
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4. Discussion

Radiotherapy has been increasingly used in cancer treatment,
resulting in a prolonged survival for many cancer histologies and,
consequently, a rising number of patients with a previous history of
radiation. The occurrence of esophageal cancer in a previously irradi-
ated field has been described in the literature, mainly among patients
with previous radiation treatment for breast cancer: in two case series
Morton et al. [9] and Ahsan et al. [10] report, respectively, a 780% and a
305% increased risk of developing ESCC after breast irradiation.

RIECs are very rare tumors, therefore the literature on this topic is
extremely scarce. There are only two studies addressing the implications
of surgical treatment for RIEC: the first is a multi-institutional retro-
spective series based on the FREGAT dataset [12] and the second is a
single-center case series published by the Memorial Sloan Kettering
group [11]. To the best of our knowledge our study represents the
largest single center cohort of patients who were surgically treated for
RIEC.

The results of our study may demonstrate that radiation-induced
esophageal cancer can be treated by upfront surgery or by multimodal
therapy comprising neoadjuvant CT or even CTRT and surgery, with
long term survival outcomes that are comparable to those of patients
treated for primary esophageal cancer. Indeed, after adequate matching
for patients’ general conditions and cancer stage, we did not find sta-
tistically significant differences in OS and DFS between the RIEC group
and the PEC group even after subset analysis by treatment modality
(upfront surgery vs. neoadjuvant treatment and surgery). A trend to-
wards a worse long-term survival compared to PEC could be observed
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80- Log rank p =0.53
< 601
(2]
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Number at risk
RIEC 51 29 21 16 14 12
PEC 50 28 21 17 17 16

Fig. 1. Overall survival (A) and disease-free survival (B) of radiation-inducedesophageal cancer patients (RIEC group) and primary esophageal cancer patients (PEC
group). The number of patients at risk is depicted below each graphic. NOTES: OS: overall survival; DFS: disease free survival.
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Fig. 2. Overall survival (A) and disease-free survival (B) of radiation-inducedesophageal cancer patients (RIEC group) and primary esophageal cancer patients (PEC
group) who were treated with upfront surgery. The number of patients at risk is depicted below each graphic. NOTES: OS: overall survival; DFS: disease free survival.
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Fig. 3. Overall survival (A) and disease-free survival (B) of radiation-inducedesophageal cancer patients (RIEC group) and primary esophageal cancer patients (PEC
group) who were treated with neoadjuvant chemotherapy or chemoradiation and surgery. The number of patients at risk is depicted below each graphic. NOTES: OS:

overall survival; DFS: disease free survival.

among neoadjuvant-treated RIEC, however the survival curves were not
significantly different.

In the multicentric retrospective study by Markar et al. [12],
including more than 2500 patients, surgical treatment resulted in a
significantly higher rate of R1 resections and a significantly reduced
overall and cancer-specific survival among the 136 patients having an
esophageal cancer developed in a previously irradiated field. However,
after further subset analysis including only patients matching Cahan’s
criteria [16], no differences were detected in the oncological and sur-
vival outcomes. Interestingly, in this study no patient in the RIEC group
received neoadjuvant CTRT and only 19 (25.3%) were treated with
neoadjuvant CT, thus leading the authors to the conclusion that the
significantly reduced use of multimodal treatment rather than a higher
aggressiveness of the tumor could have determined the worse long-term
outcomes of cancers developed in a previously irradiated field.

Similarly, in the single institution paper by Nobel et al. [11] the
authors reported that patients with radiation induced ESCC were less
likely to receive any neoadjuvant therapy compared to patients with
primary cancers. Subset analysis by treatment modality revealed that,
compared to primary cancers, patients with radiation-inducedESCC
treated by surgery alone had a lower OS and a higher risk of recur-
rence, whereas no difference in OS was seen in patients treated by
neoadjuvant therapy and surgery. Thus, the authors concluded that the
reduced survival is likely the result of the failure to pursue a more
aggressive treatment in RIEC patients.

Similarly to what is reported by Nobel et al. [11], RIECs presented at
an earlier stage in our cohort, likely as the result of patients’ enrollment
in follow-up protocols for the previous malignancy, and this could partly
explain the significantly reduced use of neoadjuvant therapy detected in
the un-matched analysis. However, after matching, there was no dif-
ference in patients’ exposure to neoadjuvant treatment and, interest-
ingly, CT and CTRT were used in comparable proportions in both
groups. Consequently, RIEC and PEC patients showed a similar RO
resection rate and long-term outcomes. Moreover, tumor response at
clinical re-staging (Table 5) and final pathological staging were also
comparable. Taken together, these results may confirm that the reduced
use of neoadjuvant treatment, particularly CTRT, rather than a more
biologically aggressive tumor might account for the reduced survival of
RIEC patients reported in the other series.

Given the retrospective nature of this study, it is extremely difficult
to discern why a relatively higher proportion of patients in our cohort
had access to multimodal treatment, compared to other studies. Indeed,
concerns related to administering radiotherapy in a previously irradi-
ated field, with the consequent risk of toxicity, may have limited the
treatment options. In this context the Tumor-Board discussion of these
difficult cases plays, in our opinion, a fundamental role. For instance, a

thorough evaluation of the target-volume of the primary irradiation
with the radiation oncologists may greatly expand the spectrum of
treatment strategies for patients.

Concerns regarding a higher risk of postoperative complications after
operating in a previously irradiated field represent another issue when
treating such patients. Markar et al. [12] reported a significantly
increased morbidity, 90-day and in-hospital mortality and a longer
hospital stay in their un-matched analysis, however these findings were
not confirmed after matching, moreover no difference in the short-term
outcomes was detected when only patients meeting Cahan’s criteria
were analyzed. Nobel et al. [11] reported no difference in the compli-
cations rate between primary and radiation-induced cancers, however
the RIEC group showed a significantly higher incidence of in-hospital
mortality. The authors therefore concluded that, despite being associ-
ated with a shorter time to recurrence, definitive chemoradiation may
be the safest treatment modality for these patients as the risks of surgery
are avoided. These conclusions of this study may however be limited by
the relatively small sample size of the surgical cohort (n = 24).

In our study, a significantly higher incidence of more severe post-
operative complications was detected. Namely 6 patients in the RIEC
group required re-admission to the ICU, the main causes being pulmo-
nary complications and postoperative ICU monitoring after reoperation
for conduit necrosis. While the incidence of conduit necrosis was com-
parable between the two groups, the rate and severity of pulmonary
complications was higher among RIEC patients and these findings seem
to confirm that the detrimental effect of radiation on lung function may
represent one of the major issues in treating these subjects [6,24].
Specifically, radiation-induced oxidative stress and free radical genera-
tion, causing radiation pneumonitis in the acute phase, may chronically
result in DNA damage on all lung cellular components, altering the
expression of genes involved in connective tissue and vascular regen-
eration. This phenomenon might modify the interplay among macro-
phages, fibroblasts, pneumocytes and endothelium, ultimately leading
to collagen accumulation with disruption of the normal lung architec-
ture and fibrosis [25]. Indeed, in our cohort, a trend towards a higher
incidence of pulmonary complications among patients who received
primary thoracic (breast cancer and lymphoma/leukemia) compared to
cervical irradiation (head/neck and thyroid cancer) was detectable.

A similar mechanism involving the development of fibrosis might
also explain the increased rate of anastomotic leakage after esoph-
agectomy among patients with RIEC, although, in this context, the
damage to the microvasculature and the resulting hypoperfusion might
play the predominant role [26].

Interestingly, no correlation between second application of radio-
therapy for RIEC and pulmonary complications was detected in our
cohort, on the contrary: the proportion of patients receiving second
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radiation was higher among those who did not experience pulmonary
complications. However, this finding may be due to a selection bias, as
patients in better overall and respiratory condition might have been
selected as better candidates for neoadjuvant CTRT.

Although a trend might be detectable, the higher severity of post-
operative complications did not correspond to a higher in-hospital
mortality in our study cohort (4% vs. 1.9%), and this likely reflects
the importance of treating such challenging cases in referral centers,
which can provide greater expertise in the management of surgical
complications.

The results of our study underline the importance of adhering to
structured prehabilitation and enhanced recovery after surgery (ERAS)
programs to limit the incidence of respiratory-related morbidity after
esophagectomy, as proposed by recently published guidelines on peri-
operative care [27]. Specifically, preoperative prehabilitation
comprising aerobic and strengthening activity [28,29] and post-
operative ERAS protocols including early mobilization [30] and
intra/postoperative prevention of excessive fluid administration [31,32]
seem to play a major role. Moreover, the use of a minimally invasive
approach has also proved to reduce the rate of postoperative pulmonary
complications [33].

Finally, while almost all patients were enrolled in regular follow-up
protocols for the primary neoplasia, no adhesion to screening protocols
for the early detection of RIEC was reported and there was no difference
in the time between the primary irradiation and the detection of the
RIEC between the surgical and the non-surgical group. Taken together
these findings highlight the importance of implementing specific
screening protocols for the early detection of RIEC, possibly involving
screening endoscopy, that might be extremely useful after high-dose
irradiation of the cervical and mediastinal region and particularly for
high risk patients such as smokers and patients treated for primary
head/neck cancers.

There are several limitations in our study. First, this was a retro-
spective, observational study. There is no way to ascertain whether
previous radiotherapy is the sole definitive cause of EC. We decided to
strictly adhere to Cahan’s criteria to minimize the risk of including
incident primary cancers, although this, along with the matching pro-
cedure, could have reduced the sample size leading to an inevitable loss
of data. Secondly, the comparable survival outcome we observed may
partly be explained by a relatively low percentage of patients receiving
neoadjuvant treatment in the PEC group, and this is likely an effect of
the long period of enrollment, with consequent changes in treatment
strategies.

Finally, while in various descriptive studies, only esophageal squa-
mous cell carcinoma is described as a consequence of radiotherapy [34,
35], in our study we included both ESCC and EAC. Interestingly, Cahan’s
criteria include any cancer occurring in the same radiation field after
more than 5 years, provided that the histology is different from that of
the previous tumor. This led to the inclusion of 4 EAC (8%) in our cohort,
which is similar to the data reported by Markar et al. [12], who included
15 EAC-patients (20%) in the RIEC group. Radiation-related carcino-
genesis is indeed still a poorly understood process. Previous reports
seem to suggest a tissue-specific and dose-specific response, involving
the development not only of squamous cells carcinomas (SCC), but also
of other cancer types (i.e. adenocarcinomas and sarcomas) [36-38].
Moreover, the higher incidence of radiation induced SCC in the esoph-
agus may reflect the more frequent exposure to the high radiation doses
used for breast and head/neck cancer treatment of the mid-upper
mediastinal esophagus, where SCC are prevalent, compared to the
lower esophagus, where adenocarcinomas occur more frequently [10,
39].

5. Conclusion

Treatment of radiation-induced esophageal cancer by multimodal
treatment including CT, CTRT and surgery is feasible, and the results
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may be comparable to primary esophageal cancer in terms of oncolog-
ical radicality and long-term outcomes. The reduced exposure of this
“difficult” subset of patients to neoadjuvant treatment, rather than a
more aggressive biological behavior of the tumor, seems to account for
the reduced survival reported in some series. Care should be taken when
treating such patients as they are at higher risk of more severe post-
operative complications, mainly pulmonary complications, likely
because of the detrimental effect of irradiation on lung function. Cura-
tive multimodality treatment of these patients should always be
considered, and individual Tumor Board discussion when planning the
treatment is mandatory.
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