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Purpose/Objectives: To develop normal tissue complication probability (NTCP) models for postoperative
pulmonary and cardiac complications and one-year mortality after preoperative chemoradiotherapy
and surgery in oesophageal cancer patients.
Methods: 691 patients from two institutions (2002-2017) were included; 134 treated with protons.
Multivariable logistic regression analyses on 601 patients studied the predictive value of clinical/
treatment-related (gender, age, body mass index (BMI), smoking, cardiac comorbidity, chronic obstruc-
tive pulmonary disease, histology, cT/N) and dosimetric variables (absolute/relative lung/heart volumes
receiving or spared from xGy, mean doses, planning target volume) for the presence of pulmonary com-
Postoperative complications plications, cardiac complications and one-year mortality. Model validation was performed using a non-
Survival random split-sample of 90 patients. Model performance was assessed by AUC and calibration plots.
NTCP Results: Respectively 144/601 (24.0%) and 165/601 (27.5%) patients developed a pulmonary or cardiac
Prediction model complication. For pulmonary complications, an NTCP model with optimism-corrected AUC of 0.75 (95%
Cl=0.73-0.76) was obtained. The model contained mean lung dose (OR=1.15, 95%CI=1.09-1.22,
p <0.001), increasing age (OR = 1.03, 95%CI = 1.01-1.06, p = 0.002), BMI (OR = 1.04, 95%CI = 0.99-1.08,
p =0.084) and squamous cell carcinoma (OR = 3.22, 95%CI = 1.97-5.24, p < 0.001) as predictors. In valida-
tion, AUC of 0.79 was obtained (calibration slope 1.26). For cardiac complications, only age (OR = 1.06,
95%CI = 1.04-1.09, p < 0.001) with optimism-corrected AUC of 0.67 (95%CI = 0.65-0.68) was selected.

For one-year mortality, an NTCP model with optimism-corrected AUC of 0.63 (95%CI = 0.58-0.66) was
obtained. Lung absolute V35 (OR = 1.0016, 95%CI = 1.0007-1.0026, p = 0.001), cN (OR = 2.45, 95%CI = 1.18-
5.09, p=0.017), cT4 (OR =2.51, 95%CI = 1.10-5.74, p = 0.029) and cardiac comorbidity (OR =2.91, 95%
Cl=1.46-5.77, p = 0.002) were selected as predictors. At validation, AUC of 0.57 was obtained (calibration
slope 0.75).
Conclusion: We were able to build and validate NTCP models for the presence of a postoperative pul-
monary complication and for one-year mortality after trimodality treatment in oesophageal cancer.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 141 (2019) 33-40
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Radical resection has long been the mainstay of treatment in
patients with locoregionally advanced oesophageal cancer. How-
ever, outcome with this single modality treatment was poor with
five-year survival rates ranging between 14% and 35% [1]. In a
quest to improve outcome, several neoadjuvant and adjuvant
strategies using chemotherapy or chemoradiotherapy have been
investigated [2,3]. Currently, preoperative chemoradiotherapy
(preCRT) followed by surgery is considered standard of care in
the treatment of locally advanced oesophageal cancer [4,5].
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While this multimodality approach has demonstrated an over-
all survival benefit, the combination of radiotherapy with cytotoxic
drugs followed by extensive surgery is associated with consider-
able morbidity and mortality. Even in experienced centres, postop-
erative 30-day or in-hospital mortality rates up to 5% have been
reported, and up to half of all surgically treated patients experience
severe postoperative complications, mainly of pulmonary, gastro-
intestinal and cardiac origin [6,7]. Little is known on how preoper-
ative treatment contributes to the risk of morbidity and mortality
after extensive surgery. While a large meta-analysis suggests that
preCRT does not significantly increase the risk of postoperative
morbidity or mortality, other individual trials do report a higher
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incidence of lung complications and postoperative deaths after
preCRT [8-11]. As for radiotherapy-related toxicity, the individual
risk for postoperative morbidity and mortality depends on the
complex interplay between clinical factors and the dose delivered
to a certain volume of healthy tissue surrounding the tumour.

Because of this radiotherapy-related toxicity, improving the
dose distribution is a key issue in the field of radiation oncology.
The implementation of advanced radiotherapy techniques, such
as proton therapy allows us to reduce the dose to the organs at risk
while maintaining or even increasing the dose to the target vol-
ume; thus aiming to improve outcome with respect to both
tumour control probability as normal tissue complication rate. In
oesophageal cancer, there is evidence that supports the clinical
benefit of proton therapy, in terms of reduced side effects [12-14].

To identify patients at high risk of treatment-induced complica-
tions in which the potential benefit of proton therapy can be inves-
tigated, multifactorial normal tissue complication probability
(NTCP) models, based on clinical and treatment-related factors
and dosimetric data, are needed. The rationale behind this
model-based approach is that proton therapy may lead to
improved clinical outcome due to less toxicity in patients, when
three essential requirements are met: (1) bio-equivalent dose to
the target volume can be delivered (similar local control); (2) nor-
mal tissue sparing can be obtained with proton therapy (different
dose), and (3) different dose will result in clinically significant
lower complication risk (or lower NTCP) [15].

In this study we aimed to build and validate an NTCP model for
the presence of postoperative lung and cardiac complications and
for one-year mortality after trimodality treatment in patients with
advanced oesophageal cancer in a large multicentre dataset con-
taining both photon and proton treatments.

Material and methods

The TRIPOD (Transparent Reporting of a multivariable predic-
tion model for Individual Prognosis Or Diagnosis) recommenda-
tions for a type 2B study were followed [16]. The study was
approved by the Institutional Ethical Review Board of the Univer-
sity Hospitals of Leuven (S59667).

Patients

Consecutive patients with a locally advanced oesophageal can-
cer treated with preCRT followed by surgery at the University
Hospitals Leuven (Belgium) between 2002 and 2017 and the
University of Texas MD Anderson Cancer Center (United States of
America) between 2007 and 2017 were extracted from prospec-
tively recorded databases. Exclusion criteria were histology other
than squamous cell carcinoma (SCC) or adenocarcinoma (AC) and
the presence of distant metastases.

Treatment

Pretreatment evaluations included a complete medical history
and physical examination; complete blood count and biochemical
survey; computed tomography (CT) of the chest and abdomen or
18_fluoro-2-deoxyglucose positron emission tomography ('8F-
FDG-PET)-CT scan; oesophagogastroduodenoscopy with biopsy;
endoscopic ultrasound of the oesophagus. The American Joint
Committee on Cancer Manual for Staging of Cancer (AJCC)/Union
for International Cancer Control (UICC) (edition at time of diagno-
sis) was used for tumour staging.

Treatment regimens were discussed at the multidisciplinary
tumour board. Radiotherapy was delivered in fractions of 1.8 Gy
or 2.0 Gy to a total dose of 36.0-56.0 Gy, except for six patients
treated with a fraction size of 2.25 to 63.0Gy, by three-

dimensional conformal radiotherapy (3D-CRT; n=233, 33.7%),
intensity modulated radiotherapy (IMRT; n = 256, 37.0%), volumet-
ric arc therapy (VMAT; n =68, 9.8%) or proton therapy (passively
scattered proton therapy or intensity modulated proton therapy;
n =134, 19.4%). Chemotherapy was given according to standard
protocol. Patients received either cisplatin-based (n =252, 36.5%),
carboplatin-based (n=74, 10.7%), oxaliplatin-based (n=147,
21.3%) or taxane-based (n=209, 30.2%) chemotherapy. In 9
patients (1.3%), the chemotherapy regimen was unknown. Three
hundred and ninety seven (57.5%) received platinum-based
(except two) induction chemotherapy. Surgery consisted of an
open or minimally invasive transthoracic oesophagectomy, com-
bined with either a 2-field or 3-field lymphadenectomy.

Outcome measures

The endpoints for analysis were the presence of a postoperative
pulmonary complication and the presence of a cardiac complica-
tion during hospitalization or within 30 days after readmission.
These were assessed by the surgeon and prospectively scored in
the databases at the two centres. Pulmonary complications were
defined as pneumonia, respiratory failure and acute respiratory
distress syndrome (ARDS). Cardiac complications include cardiac
arrest, acute myocardial infarction, ventricular or atrial dysrhyth-
mia, heart failure and pericarditis. Only clinically relevant compli-
cations requiring treatment were considered, according to the
Esophageal Complications Consensus Group (ECCG) and Compre-
hensive Complication Index (CCI), excluding a CCI less or equal to
300 (defined as any deviation from a normal postoperative course
without the need for interventions or pharmacological treatment,
except for drugs as analgetics, diuretics, antiemetics, antipyretics,
electrolytes and physiotherapy) [17,18]. One-year mortality was
assessed based on all-cause mortality one year after surgery, and
determined using municipal registers and hospital records. For
the endpoint of one-year mortality, patients with a follow-up of
less than 12 months were excluded.

Statistical analysis

Summary statistics were presented as medians and interquar-
tile range (IQR) for continuous variables and as frequencies and
percentages for categorical variables.

Univariable logistic regression analyses were performed to
study the predictive value of both lung and heart dosimetric vari-
ables for postoperative pulmonary complications, for postopera-
tive cardiac complications and for one-year mortality: the
absolute and relative lung and heart volumes receiving x Gy (Vx,
per 5 Gy increment; from 5 Gy to 45 Gy), the absolute lung and
heart volume spared from x Gy (per 5 Gy increment; from 5 Gy
to 45 Gy), the mean lung and heart dose and the planning target
volume (PTV). These dosimetric variables were first ranked based
on their association (area under the curve (AUC) of the univariable
logistic regression) with the endpoint. The best ranked variable
was selected first. Subsequently, each next variable was excluded
from the ranking if its Pearson’s correlation was r> 0.8 with any
previously selected variable. For the remaining variables, it was
checked whether non-linear transformations (log, square root,
inverse transformations, etc.) improved the association. Results
were reported as odds ratios (OR) with 95% confidence intervals
(95%CI) and p-value. Dose-volume metrics were assessed from
each individual isodose distribution, if appropriate after summa-
tion of physical doses of multiple radiotherapy plans. The lungs
and heart were delineated according to the delineation guideli-
nes/atlases of the Radiation Therapy Oncology Group (RTOG) and
the heart atlas from Feng et al. [19-21]. Considered clinical vari-
ables in model building were: gender, age, body mass index
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(BMI), history of cardiac disease, smoking behaviour, chronic
obstructive pulmonary disease (COPD), histology and clinical
tumour (cT) and nodal (cN) stage. Single imputation was used for
BMI (1 case (0.1%) unknown), COPD (53 cases (7.7%) unknown),
smoking behaviour (9 cases (1.3%) unknown), cardiac history (5
cases (0.7%) unknown), cT (3 cases (0.4%) unknown) and cN (3
cases (0.4%) unknown), and the dosimetric variable PTV (13 cases
(1.9%) unknown). The added value of dosimetry to the use of clin-
ical information was verified in three steps. Initially, a multivari-
able prediction model was built with only the clinical variables
using a forward stepwise procedure with p = 0.05 (deviance crite-
rion) as critical p-value to stay in the model. Afterwards, the clin-
ical prediction model was extended by a stepwise addition of
dosimetric variables which were ranked in the univariable analy-
sis. Finally, the obtained model was extended by adding the vari-
able radiation modality (photon versus proton therapy). The
discriminative ability of the prediction models was quantified
using the AUC and compared between nested models using the
likelihood ratio test. To obtain stable prediction models, all mod-
elling steps were repeated in a 100 times repeated 5-fold cross-
validation process. The most frequently obtained models were
selected. Final model coefficients were determined by fitting these

selected models on the complete development dataset. Correction
for optimism was performed using 500 bootstrap samples.

Model validation was performed using a nonrandom split-
sample (TRIPOD type 2B study) of 90 patients selected based on
treatment date (last 30 patients of each institution treated with
photons and last 30 patients treated with proton therapy). Dis-
crimination was assessed and calibration plots were analysed for
their intercept (ideally 0) and slope (values below and above 1
indicating model over- and underfitting, respectively) [22]. The
appropriate model updating technique was chosen using a closed
testing procedure, i.e. adjusting only the intercept as a baseline risk
correction was compared to a slope adjustment and to a re-
estimation of all model coefficients [23].

All analyses were performed using Statistica version 13 (Dell
Inc., Tulsa, OK) and MATLAB R2015b (The Mathworks Inc., Natick,
MA).

Results

In total, 691 patients were included in the study (Table 1).
Respectively 281 and 410 patients were treated at the University

Table 1
Patient and tumour characteristics in the development and validation set.
Variable Statistic All Development set (n=601) Validation set p-Value
(n=691) (n=90)
Age Median (IQR) 63 (56; 69) 63 (57; 70) 61 (54; 68) 0.14
Gender 0.98
Male n (%) 561 (81.2) 488 (81.2) 73 (81.1)
Female n (%) 130 (18.8) 113 (18.8) 17 (18.9)
BMI Median (IQR) 25 (22; 29) 25 (22; 29) 27 (24; 30) <0.001
Smoking 0.005
No smoking n (%) 184 (26.6) 149 (24.8) 35(38.9)
Smoking n (%) 498 (72.1) 443 (73.7) 55 (61.1)
Unknown n (%) 9(1.3) 9 (1.5) 0(0.0)
Cardiac history 0.28
No n (%) 616 (89.1) 543 (90.3) 73 (81.1)
Yes n (%) 70 (10.1) 58 (9.7) 12 (13.3)
Unknown n (%) 5(0.7) 0(0.0) 5(5.6)
COPD 0.003
No n (%) 586 (84.8) 499 (83.0) 87 (96.7)
Yes n (%) 53 (7.7) 53 (8.8) 0 (0.0)
Unknown n (%) 52 (7.5) 49 (8.2) 3(3.3)
Histology 0.65
AC n (%) 556 (80.5) 482 (80.2) 74 (82.2)
Nee n (%) 135 (19.5) 119 (19.8) 16 (17.8)
Tumour stage 0.54
cT1 n (%) 7 (1.0) 6 (1.0) 1(1.1)
cT2 n (%) 63 (9.1) 55(9.2) 8(8.9)
cT3 n (%) 586 (84.8) 508 (84.5) 78 (86.7)
cT4 n (%) 33 (4.8) 31(5.2) 2(2.2)
Unknown n (%) 2(0.3) 1(0.2) 1(1.1)
Nodal stage 0.12
cNO n (%) 169 (24.5) 141 (23.5) 28 (31.1)
cN+ n (%) 519 (75.1) 458 (76.2) 61 (67.8)
Unknown n (%) 3(0.4) 2(0.3) 1(1.1)
Radiotherapy
Radiation technique <0.001
Photon treatment n (%) 557 (80.6) 497 (82.7) 60 (66.7)
Proton treatment n (%) 134 (19.4) 104 (17.3) 30(33.3)
Total radiation dose (Gy) 0.02
<45.0 Gy n (%) 69 (10.0) 68 (11.3) 1(1.1)
45.0-50.4 Gy n (%) 615 (89.0) 527 (87.7) 88 (97.8)
>50.4 Gy n (%) 7 (1.0) 6 (1.0) 1(1.1)
Surgery <0.001
Open n (%) 595 (86.1) 535 (89.0) 60 (66.7)
Minimally invasive n (%) 88 (12.7) 58 (9.7) 30(33.3)
Transhiatal n (%) 5(0.7) 5(0.8) 0(0.0)
Unknown n (%) 3(0.4) 3(0.5) 0(0.0)

IQR = interquartile range; n = number; BMI = body mass index; COPD = chronic obstructive pulmonary disease; AC = adenocarcinoma; SCC = squamous cell carcinoma.

p-Value: Mann-Whitney U test.
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Hospitals Leuven and the University of Texas MD Anderson Cancer
Center. The majority of patients was male (n =561, 81.2%) and the
median age was 63 years (IQR 56-69). Most patients had a history
of smoking or were active smokers (n = 498, 72.1%) and had no his-
tory of cardiac disease (n =616, 89.1%) nor COPD (n = 586, 84.8%).
The predominant histologic tumour type was AC (n =556, 80.5%)
and ¢T3 was the most common tumour stage (n = 586, 84.8%). Most
patients had positive lymph nodes upon clinical staging (n=519,
75.1%).

Respectively 144 of 601 (24.0%) and 13 of 90 (14.4%) patients in
the development and validation set developed a pulmonary com-
plication (Table 2).

The top-ranked dosimetric parameters significantly associated
with the development of a postoperative pulmonary complication
were mean lung dose (MLD; OR=1.21, 95%Cl=1.14-1.27,
p<0.001), heart relative V3, (OR=1.03, 95%CI1.02-1.04,
p<0.001) and lung absolute V3, (OR=1.0020, 95%CI=1.0014-
1.0027, p < 0.001) (Appendix Table A1).

Table 2
Incidence of postoperative pulmonary and cardiac complications in the development
and validation set. Absolute numbers and percentage of patients.

Postoperative Development Validation p-Value
complication set (n=601) set
(n=90)

Pulmonary 144 (24.0) 13 (14.4) 0.045
Pneumonia 124 (20.6) 8 (8.9) 0.008
Respiratory failure 62 (10.3) 5(5.6) 0.15
ARDS 22 (3.7) 2(2.2) 0.49

Cardiac 165 (27.5) 18 (20.0) 0.14
Cardiac arrest 4 (0.7) 1(1.1) 0.64
Acute myocardial infarction 26 (4.3) 1(1.1) 0.14
Atrial dysrhythmia 125 (20.8) 13 (14.4) 0.16
Ventricular dysrhythmia 12 (2.0) 4 (4.4) 0.15
Heart failure 3(0.5) 0 (0.0) 0.50
Pericarditis 4(0.7) 0 (0.0) 0.44

One patient could have more than one complication.
ARDS = acute respiratory distress syndrome; n = number.
p-Value: Chi-squared test.

Table 3

In the 500 clinical models obtained in cross-validation, histol-
ogy (100.0%), age (99.8%) BMI (58.2%) and gender (40.2%) were
selected most often. The most frequently obtained model com-
bined the covariates age (OR = 1.04, 95%CI = 1.02-1.07, p < 0.001),
BMI (OR =1.05, 95%CI =1.00-1.09, p=0.028) and squamous cell
carcinoma histology (OR =4.60, 95%CI = 2.89-7.32, p <0.001). The
discriminative ability of this clinical prediction model equals 0.71
(95%CI 0.66-0.76). A model with one dosimetric variable was
selected in 58.2% of the cases. MLD was thus included in our final
model (OR=1.15, 95%CI =1.09-1.22, p<0.001) (Table 3). When
adding the MLD information to the clinical prediction model, the
AUC increased from 0.71 to 0.75 (95%Cl=0.70-0.80, p <0.001).
Finally, the radiation modality variable did not improve the model
fit significantly. Fig. 1A shows a graphical representation of the
optimal multivariable logistic regression model. At internal valida-
tion, an optimism-corrected AUC of 0.75 (95%CI =0.73-0.76) was
obtained.

In the validation set, the model had an AUC of 0.79 (95%CI =
0.64-0.88) and a calibration intercept of —0.41 and slope of 1.26
(Fig. 2A). According to the closed testing procedure, there was no
evidence in the validation data to update the model.

Respectively 165 of 601 (27.5%) and 18 of 90 (20.0%) patients in
the development and validation set developed a cardiac complica-
tion (Table 2).

The top-ranked dosimetric variables were the heart absolute
V30 (OR =1.0010, 95%CI = 1.0002-1.0017, p = 0.011), heart absolute
Vs (OR = 1.0009, 95%CI = 1.0001-1.0017, p = 0.020), and lung rela-
tive Vi (OR = 1.01, 95%CI = 1.00-1.03, p = 0.008) (Appendix A).

In the 500 clinical models obtained in cross-validation, age
(100.0%) and cardiac comorbidity (48.2%) were selected most
often. The most frequently obtained model selected age
(OR = 1.06, 95%CI = 1.04-1.09, p < 0.001) (Table 3). The discrimina-
tive ability of this clinical prediction model equals 0.67 (95%
Cl=0.62-0.71). A model without a dosimetric variable was
selected in 58.0% of the cases and there was no significant
improvement by adding dosimetric variables. At internal valida-
tion, an optimism-corrected AUC of 0.67 (95%CI = 0.65-0.68) was
obtained.

The optimal multivariable logistic regression model for the development of a postoperative pulmonary or cardiac complication and for one-year mortality.

0Odds ratio (95%CI) p-value Model coefficients Clinical AUC (95%ClI) AUC adding dosimetry (95%CI)
Pulmonary complications
Intercept —6.227
Age (year) 1.03 (1.01-1.06) 0.002 0.034 0.71 0.75
Histology Adenocarcinoma Reference (0.66-0.76) (0.70-0.80)
Squamous cell carcinoma 3.22 (1.97-5.24) <0.001 1.168 *0.71 *0.75
BMI 1.04 (0.99-1.08) 0.084 0.038 (0.67-0.73) (0.73-0.76)
MLD (Gy) 1.15 (1.09-1.22) <0.001 0.144
Validation: AUC of 0.79 (0.64-0.88), slope 1.26, intercept —0.41
Cardiac complications
Intercept —4.921
Age (year) 1.06 (1.04-1.09) <0.001 0.063 0.67
(0.62-0.71)
*0.67
(0.65-0.68)
Validation: AUC of 0.63 (0.47-0.77), slope 0.87, intercept —0.33
One-year mortality
Intercept —-3.175
cN 2.45 (1.18-5.09) 0.017 0.895 0.63 0.69
cT4 2.51 (1.10-5.74) 0.029 0.921 (0.58-0.68) (0.63-0.75)
Cardiac comorbidity 2.91 (1.46-5.77) 0.002 1.067 *0.63 *0.63
(0.54-0.66) (0.58-0.66)
Lung absolute V35 (cm?) 1.0016 (1.0007-1.0026) 0.001 0.002

Validation: AUC of 0.57 (0.39-0.74), slope 0.75, intercept 0.40

*Optimism-corrected AUC.

95%Cl = 95% confidence interval; AUC = area under curve; MLD = mean lung dose; BMI = body mass index; cN = clinical nodal stage; cT = clinical tumour stage; absolute

V35 = absolute volume receiving 35 Gy.
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In the validation set, the model had an AUC of 0.63 (95%
CI=0.47-0.77) and a calibration intercept of —0.33 and slope of
0.87. There was no evidence for updating the model.

The one-year mortality in the development and validation set
was 15.8% (89 of 564 patients) and 16.7% (10 of 60 patients).
Top-ranked significant and uncorrelated dosimetric variables were
the lung absolute V35 (OR=1.0021, 95%CI=1.0012-1.0030,
p<0.001), PTV (OR=1.0009, 95%CI=1.0004-1.0014, p<0.001)
and lung relative V,, (OR=1.06, 95%CI=1.03-1.10, p <0.001)
(Appendix A).

In the 500 clinical models obtained in cross-validation, cN
(100.0%), cardiac comorbidity (85.6%) and cT (79.6%) were selected

most often. The most frequently obtained model combined the
covariates ¢cN (OR=3.11, 95%Cl=1.53-6.32, p=0.002), cT4
(OR =3.36, 95%Cl = 1.52-7.41, p = 0.003) and cardiac comorbidity
(OR =2.82, 95%CI = 1.44-5.52, p = 0.003). The discriminative ability
of this clinical prediction model equals 0.63 (95%CI = 0.58-0.68). A
model with one dosimetric variable was selected in 94.8% of the
cases. Lung absolute V35 was thus included in our final model
(OR=1.0016, 95%CI = 1.0007-1.0026, p = 0.001) (Table 3). When
adding the lung absolute V35 information to the clinical prediction
model, the AUC increased from 0.63 to 0.69 (95%CI=0.63-0.75,
p =0.001). Finally, the radiation modality variable did not improve
the model fit significantly. Fig. 1B shows a graphical representation
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of the optimal multivariable logistic regression model. At internal
validation, an optimism-corrected AUC of 0.63 (95%CI 0.58-0.66)
was obtained.

In the validation set, the model had an AUC of 0.57 (95%
CI=0.39-0.74) and a calibration intercept of 0.40 and slope of
0.70 (Fig. 2B). According to the closed testing procedure, there
was no evidence in the validation data to update the model.

Discussion

In the current study, we developed and validated NTCP models
for the presence of a postoperative pulmonary complication and
for one-year mortality after preCRT followed by surgery in locally
advanced oesophageal cancer.

In the literature, several studies revealed a correlation between
the radiation dose to the lungs and the incidence of pulmonary
complications [24-27]. After analysis of 110 patients, Wang et al.
[25] stated that the volume of lung spared from doses >5 Gy was
the strongest independent factor for the occurrence of postopera-
tive pneumonia or ARDS. Also other dosimetric parameters, includ-
ing MLD and the absolute volume of the lung receiving <5 Gy have
been described [26,27]. Published data on the association of dose
to the heart and radiation-induced lung or heart injury in patients
receiving concurrent chemoradiation are scarce. One study of
Hatakenaka et al. [28] found an impairment of the left ventricle
function after preCRT for oesophageal cancer, measured by cine
magnetic resonance imaging, which was more prominent in
patients with a higher left ventricle dose. Previous studies are
based on smaller patients cohorts and none of them investigated
the relationship between the dose to the lungs and the incidence
of postoperative cardiac complications, nor between dose to the
heart and the incidence of pulmonary or cardiac complications.
In our study, we studied both lung and heart dosimetric parame-
ters in view of postoperative pulmonary and cardiac complications.
To include the baseline pulmonary and cardiac function of the
patients, we considered the following clinical variables in the
model building: history of cardiac disease, smoking behaviour
and COPD. Since we focused on postoperative complications, we
assume that these were not present prior to the surgery. For pul-
monary complications, we were able to build an NTCP model for
the incidence of pneumonia, respiratory failure or ARDS. We
focused on this subgroup of clinically relevant complications which
are most likely correlated with the preoperative radiotherapy. In
most of the patients experiencing a complication, more than one
pulmonary and/or cardiac complication was present due to their
mutual interactions. SCC was associated with more pulmonary
complications, possible due to the more challenging surgery and
the anatomic location of the primary tumour typically between
aorta and pars membranacea. A separate model building for both
histology subgroups could not reliably be built due to the low
number of patients in the SCC cohort. However, the validation of
the reported NTCP model was good showing that all model covari-
ates describe well the associations to the outcome in the validation
dataset, both for AC and SCC patients. Because a high correlation
between histology and location of the tumour is expected, we only
included the variable histology in the analysis. A lower BMI before
the preCRT was protective for the development of a pulmonary
complication. This seems logical since overweight suggests a
reduction in lung volume and capacity. However, in literature,
the impact of BMI on postoperative complications showed conflict-
ing results and most studies were done in the setting of primary
surgery [29-31]. As expected, increasing age had a negative influ-
ence on the development of a pulmonary complication. MLD signif-
icantly improved the clinical prediction model. This dosimetric
parameter was described in prior studies and is frequently used

in the radiotherapy treatment planning optimisation in oesopha-
geal cancer [26,27]. In contrast to previous studies, a low dose lung
volume was not retained as a predictor for postoperative pul-
monary complications [25,26]. However, these volumes were sig-
nificant in univariable analysis (e.g. lung relative Vs; p <0.001),
and were only excluded based on correlations with MLD. The heart
relative V3o was ranked as second dosimetric variable significantly
associated with the development of a postoperative pulmonary
complication, but not retained in the final model. For cardiac com-
plications, the lung relative Vg was associated in univariable anal-
ysis. This emphasizes the physiological interaction of the lungs and
heart in thoracic irradiation, as described previously [32]. Unfortu-
nately, we were not able to build an NTCP model for postoperative
cardiac complications. Perhaps, radiation induced cardiac toxicity
is more pronounced on the long-term [33].

Besides postoperative complications, we investigated a survival
endpoint, which has several advantages. It is precise and easy to
measure. Moreover, investigator bias and subjective interpretation
are not possible. In our study, we focused on one-year mortality for
several reasons. In a previous study in lung cancer patients, already
after six months, an influence of the heart dose on overall survival
was seen [34]. Additionally, the follow-up period in our validation
cohort was rather short. For one-year mortality, we found an asso-
ciation with the lung absolute V35 in multivariable analysis. The
discriminative ability of the prediction model is moderate. Its large
95%CI could be explained by the low number of patients and events
in the validation set. However, the AUC is in line with previous pre-
diction models for overall survival in other tumours [35]. Addition-
ally, the slope of the calibration curve in the validation set was
good (around 1). In contrast to the nomogram for overall survival
based on oesophageal cancer patients in the CROSS trial, cardiac
comorbidity was considered as a clinical variable in our study
and turned out to be important for mortality in our model. More-
over, only pretreatment variables were included, since the assump-
tion was to predict mortality before the start of the preCRT.

The influence of the radiation modality was tested in the last
step of model building. There was no significant improvement of
the predictive ability in none of our models. Thus, it could be con-
cluded that our prediction models can make a reliable outcome
assessment of both photon and proton treatment plans. Subdivi-
sion of the photon irradiation into 3D-CRT, IMRT and VMAT was
not appropriate since only a low number of patients were treated
with VMAT in the training set and only the earliest cohort of
patients received 3D-CRT. To account for the extent of the irradi-
ated volume, we studied the predictive value of PTV, which was
in univariable analysis associated with pulmonary complications
(p <0.001) and one-year mortality (p <0.001). For the pulmonary
complication endpoint, PTV was selected in none of the multivari-
able prediction models obtained during cross validation. This
underlines the importance of the lung dose as a predictor for pul-
monary complications, and the appropriateness of this NTCP model
for selection of high-risk patients. For the one-year mortality end-
point, PTV was selected instead of a dosimetric feature into the
prediction model in nearly one third of the cross validation folds,
and the NTCP model accuracy was subject to a considerable correc-
tion for optimism. Future studies should therefore confirm the
independent impact of lung dose on mortality.

The validated NTCP models of pulmonary complications and
one-year mortality contain a lung dose parameter. Therefore, these
models will help us to create an enriched cohort of patients who
are most likely to benefit from proton therapy, based on clinical
variables and dosimetric parameters (normal tissue sparing) [36].
This paves the way for intelligently designed prospective studies
aiming at testing innovative radiation technologies and allows
for more personalised and cost-effective implementation of new
technologies.
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To the best of our knowledge, this is the first NTCP model for
postoperative pulmonary complications and one-year mortality
in oesophageal cancer after trimodality treatment including a rel-
atively large number of patients treated with proton therapy. Other
strengths include that this is a large multi-centre study based on
high-quality prospectively collected data with high uniformity
between the centres, i.e. the endpoints. Furthermore, cross-
validation and model validation using a nonrandom split-sample
was performed. Moreover, a full lung and heart dose volume his-
togram analysis per 5 Gy increment was performed. A limitation
of the study is the retrospective nature, although the clinical and
treatment-related variables and endpoints were prospectively
scored in the existing databases. In addition, we acknowledge that
different treatment approaches (i.e. chemotherapy regimen, sur-
gery) can affect our endpoints. However, as a result, our models
are applicable to a more general cohort of patients treated with a
variety of treatment modalities in different centres. Finally, several
issues still need to be addressed regarding NTCP models. First,
dose-volume models need to be continuously updated and
adapted to new treatment conditions, preferentially based on
prospective multicentre databases, to improve the prediction accu-
racy. This could potentially lead to dosimetric parameters that are
specific to proton therapy dose distributions. Second, the question
of which threshold NTCP we should use, remains unresolved.

For model building, we chose a two-step approach, i.e. building
a clinical prediction model and extending this with dosimetric
variables. This approach ensures that the selected dosimetric vari-
ables have an independent impact on the endpoint and that they
are not just a surrogate of a clinical parameter. However, a one-
step modelling approach (combining all clinical and a selection
of univariately significant dosimetric parameters) had limited
impact on the models built from our dataset. The only difference
observed was for pulmonary complications, with one clinical factor
(BMI) not included in the model. Our two-step approach might
thus in this case be more conservative in terms of the outcome
variability explained by the dosimetric factor MLD.

In conclusion, based on this patients cohort of 691 patients, we
were able to build and validate an NTCP model for the presence of a
postoperative pulmonary complication and for one-year mortality.
These NTCP models can be used to select high-risk patients who
might benefit from the lower normal lung doses achievable with
proton therapy. No accurate prediction model for the presence of
a cardiac complication was obtained.
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