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ABSTRACT

Purpose: Normal tissue complication probability (NTCP) models can be used to estimate the risk of radi-
ation pneumonitis (RP). The aim of this study was to externally validate the most frequently used predic-
tion models for RP, i.e., the QUANTEC and APPELT models, in a large cohort of lung cancer patients treated
with IMRT or VMAT. [1-2]
Methods and materials: This prospective cohort study, included lung cancer patients treated between
2013 and 2018. A closed testing procedure was performed to test the need for model updating. To
improve model performance, modification or removal of variables was considered. Performance mea-
sures included tests for goodness of fit, discrimination, and calibration.
Results: In this cohort of 612 patients, the incidence of RP > grade 2 was 14.5%. For the QUANTEC-model,
recalibration was recommended which resulted in a revised intercept and adjusted regression coefficient
(from 0.126 to 0.224) of the mean lung dose (MLD),. The APPELT-model needed revision including model
updating with modification and elimination of variables. After revision, the New RP-model included the
following predictors (and regression coefficients): MLD (B = 0.250), age (B = 0.049, and smoking status
(B = 0.902). The discrimination of the updated APPELT-model was higher compared to the recalibrated
QUANTEC-model (AUC: 0.79 vs. 0.73).
Conclusions: This study demonstrated that both the QUANTEC- and APPELT-model needed revision. Next
to changes of the intercept and regression coefficients, the APPELT model improved further by model
updating and performed better than the recalibrated QUANTEC model. This New RP-model is widely
applicable containing non-tumour site specific variables, which can easily be collected.
© 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 186 (2023) 1-8 This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Radiation pneumonitis (RP) is one of the most frequently
reported radiation-induced toxicities after thoracic radiotherapy,
depending predominantly on dose to the irradiated lungs [3]. To
prevent RP, more advanced radiation techniques, such as Volumet-
ric Modulated Arc Therapy (VMAT) and proton beam therapy
(PBT), are increasingly applied to reduce the radiation dose to rel-
evant normal tissues. Next to improvements in radiation tech-
niques, knowledge of the most relevant dosimetric and clinical
parameters is essential to guide radiotherapy treatment planning.

* Corresponding author at: Department of Radiation Oncology, University
Medical Center Groningen, PO BOX 30001, 9300 RB Groningen, The Netherlands
(A.G.H. Niezink).

E-mail address: a.g.h.niezink@umcg.nl (A.G.H. Niezink).

https://doi.org/10.1016/j.radonc.2023.109735
0167-8140/© 2023 The Author(s). Published by Elsevier B.V.

Modelling normal tissue complication probabilities (NTCP) renders
potentially actionable parameters that can be used for treatment
plan optimization which aims to minimise toxicity without jeopar-
dizing locoregional tumour control. [4-5].

The seminal QUANTEC-project (QUantitative Analysis of Nor-
mal Tissue Effects in the Clinic) described an NTCP-model for
“symptomatic RP” as depending solely on the mean lung radiation
dose (MLD) [2]. Based on this model, a threshold for the MLD of
20 Gy is routinely used in daily clinical practice to limit the risk
of symptomatic RP to less than 20%. [2] More recently, this
QUANTEC-model was expanded by Appelt et al. using clinical fac-
tors retrieved from literature (APPELT-model).

Both, the QUANTEC- and APPELT-model were developed and
validated in patient cohorts treated with conventional radiother-

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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apy techniques (2D-RT or 3D-CRT) [6]. However, using these pre-
dictive models in clinical practice, requires confirmation of the
generalizability of these models in patient cohorts treated with
current standard modern radiation techniques such as Intensity
Modulated Radiation Therapy (IMRT), VMAT, or PBT. [7-8].

Appelt et al. performed an external validation of their own
model. However, the authors only had access to a relatively small
retrospective dataset of patients treated with 3D-CRT (n = 103). [1]
Thor et al. also performed an external validation, assessing dis-
crimination and calibration of both the APPELT- and QUANTEC-
model in a retrospective cohort of 241 patients treated with IMRT
[9]. They concluded that both models underestimated the RP risk
and that an adjusted APPELT-model performed best (AUC of
0.73). However, in this external validation, the need for model revi-
sion was not tested. [10].

Given these shortcomings, there is an unmet need for a more
comprehensive external validation using prospectively collected
data of patients treated with VMAT or IMRT. [6,11].

Therefore, the purpose of the current study was to externally
validate and update the QUANTEC- and APPELT-model for RP in
lung cancer patients treated with IMRT or VMAT using our
prospective cohort of lung cancer patients included in the proPED
lung program; NCT02421718. [12].

Material and methods

Patient selection

The study cohort was composed of patients included in a
prospective data collection platform (proPED-lung). [12] Included
were all patients treated with curative intent with (inoperable)
stage I-IlIB and IV non-small-cell lung cancer (NSCLC) or small-
cell lung cancer (SCLC). All patients were treated with definitive
radiotherapy or chemo-radiotherapy between February 2013 and
November 2018 with a minimal follow up of 6 months. [12]
Patients treated with stereotactic body radiation therapy (SBRT),
or 3D-CRT and patients treated with immunotherapy within
6 months after completion of radiotherapy were excluded.

The proPED-lung (NCT02421718) was reviewed by the hospi-
tal’s institutional review board and was declared exempt from
ethics committee approval. This program includes prospectively
scored data on pre-defined time points on patient and tumour
characteristics, treatment data (including radiotherapy dose-
volume histogram (DVH) parameters and chemotherapy regi-
mens), survival and toxicity. Since the introduction of the European
General Data Protection Regulation in May 2018, written informed
consent was obtained in all patients.

Treatment

All patients received high-dose radiotherapy, 45 to 60 Gy in 25
to 30 fractions with or without chemotherapy. In NSCLC patients,
chemotherapy consisted of one or two cycles of platinum-based
induction chemotherapy regimens, combined with gemcitabine,
pemetrexed, or etoposide, followed by concurrent chemotherapy
using weekly low dose gemcitabine, or cisplatin and docetaxel.
Patients with SCLC were typically treated with four cycles of cis-
platin and etoposide, starting radiotherapy at the second cycle.

All patients underwent a planning 4D computed tomography
scan (4DCT) and a diagnostic [18|FDG-PET-CT was matched for
delineation of the gross tumour volume (GTV), which encompassed
the primary tumour and pathological lymph nodes. An internal tar-
get volume (ITV) was created based on the 10 breathing phases of
the 4DCT. A 5- and 6-mm margin were added to create the clinical
target volume (CTV) and the planning target volume (PTV), respec-

tively. The lungs were automatically contoured, excluding the
gross tumour volume (Lungs-GTV).

Radiation pneumonitis

All patients were prospectively followed according to the Dutch
guidelines for lung cancer by their referring pulmonologists.
Follow-up included imaging with CT between 6 weeks to 4 months
after the end of treatment and at least yearly thereafter. The
reports and images of these visits were consecutively retrieved
and systematically reviewed by three radiation oncologists (OC,
RW and AN). RP was classified according to the CTCAE v4.0, from
6 weeks until 6 months after treatment; grade 0: no complaints;
grade 1: complaints (i.e., increased shortness of breath, increased
cough, fever) combined with changes on CT or X-ray images (CT
and X-ray reports were checked and when deemed necessary the
images were reviewed), not requiring steroids; grade 2: complaints
and imaging changes requiring steroids; grade 3: requiring oxygen
plus steroids. To avoid bias, RP was generally scored without
reviewing treatment plans or dose volume histograms.

Statistical analysis

Two available NTCP-models for RP were externally validated.
The first model was the QUANTEC pneumonitis model
(QUANTEC-model) [13], which was a pooled analysis after refitting
10 different retrospective datasets. The MLD in Gy was included in
the model as follows:

NTCPouantec = (1 + exp (3.87 — 0.126 « MLD)) '

The second model (APPELT-model) included variables based on
a literature search. These variables included MLD (Gy), smoking
status (current or former vs. never smoker), pulmonary comorbid-
ity (any), age (>63 years), chemotherapy sequence (sequential as
opposed to concomitant chemotherapy) and location of the
tumour (mid or inferior vs. superior) [1]:

NTCPpperr = (1 + exp (4.76 — 0.138 « MLD + 0.48
«current Smoker + 0.37 x former Smoker
—0.82 « pulm CoMorb — 0.51 « old Age

—0.47 « sequ Chemo — 0.63 « MidOrInf)) '

Multivariate imputation by chained equations was performed
10 times for missing data to use all available patient data and to
minimise the risk of bias, according to the method by van Buuren
et al. [14-15]. All analyses were performed on all imputation sets
and pooled following Rubin’s rules [15-16].

A closed testing procedure, based on likelihood ratio tests, was
performed to test the need for model updating, either by
calibration-in-the-large (re-estimation of model intercept), recali-
bration (re-estimation of intercept and slope) or model revision
(re-estimation of all coefficients) [10]. Based on the outcome of
the closed testing procedure, model updates were performed
accordingly.

Furthermore, modification or removal of variables to improve
model performance was considered for model updates. First, man-
ual stepwise variable elimination was used to remove non-
significant variables. Optionally, categorical variables were
regrouped, and the dichotomised variable age was replaced by a
continuous variable. Considered transformation of the continuous
variables included the square root, the second or third power,
and the log of the different variables. To select the best performing
variable, both univariable and multivariable analyses were per-
formed and selection was based on Bayes’ Information Criterion
(BIC) with modified degrees of freedom (+2 for log, +1 for other
transformations) as proposed by van den Bosch et al. [15].
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Multiple performance measures of the original and updated
models were calculated. Goodness of fit was tested using log-
likelihood (LL), Akaike Information Criterion (AIC), and Bayesian
information criterion (BIC). Discrimination was tested using the
area under the receiver operating characteristic curve (AUC). Fur-
thermore calibration-in-the-large (adjustment of the intercept
only), calibration intercept and slope, and the Hosmer-Lemeshow
(HL) test (with 10 risk groups) were used to assess model calibra-
tion. Nagelkerke’s R?> was calculated as pseudo measure of
explained variance.

Shrinkage was applied to the final updated models using Ridge
regression to compensate for optimism introduced by refitting. As
an additional check for optimism internal validation using boot-
strapping was performed.

For the statistical analyses SPSS version 23 and R (version 4.0.4)
were used.

Results

At the time of analysis, 1,392 patients were included in the
proPED-lung database, of which 1,322 had at least 6 months follow
up. In total 691 patients were excluded because they did not meet
the inclusion criteria (Fig. 1). Additionally, patients who did not
start or stopped early during treatment or died during or within
two weeks after treatment (n = 11, n = 2, and n = 6, respectively)
were excluded, leaving 612 patients for the final evaluation.

The median age of the final study cohort was 68 years (range,
37-88 years). Most patients were male (59.0%), WHO performance
was < 1in 84.6%, and most patients were former (64.5%) or current
smokers (31.9%), at time of diagnosis (Table 1).

Chemo-radiotherapy was administered in 85.8% of the patients.
Most patients (77.8%) were treated to a total dose of 60 Gy. During
the study period, the treatment technique changed from a hybrid
technique of 3DCRT combined with IMRT or VMAT (67.5%) to full
IMRT or VMAT (32.5%). The median Mean Lung Dose (MLD) of
the treatment plans was 11.5 Gy (SD: 3.8 Gy) and the median mean
heart dose (MHD) was 6.1 Gy (SD: 6.7 Gy) (Table 1).

Grade 2 or higher RP was scored in 89 patients (14.5%), includ-
ing 73 (11.9%) with grade 2, 11 patients (1.8%) with grade 3 and 2
patients (0.3%) with grade 4 RP. Three patients (0.5%) died from RP
(grade 5).

In preparing an update of the models, variables were recoded
into alternative representations. Age was used as a continuous
variable. Smoking was regrouped in binary variables, (current
smokers vs. others and current and recently stopped smokers (<3
months) vs. other, respectively). MLD and age were transformed
as described in the Materials & Methods section. The results of
the univariable analysis of all recoded or transformed parameters

Total number of patients

n=1322
Excluded:
<13 fractions / SBRT n=591
3DCRT n=60
| No lung cancer n=16

|| Not started with RT n=11
Stopped RT n=2
Died during or <2wk n=
Immunotherapy <6 months n=24

Total number available for
analyses n=612

Fig. 1. Flow chart of patient exclusion. SBRT = stereotactic body radiation therapy,
3D-CRT = three-dimensional conformal radiation therapy, RT = radiotherapy.

Radiotherapy and Oncology 186 (2023) 109735

Table 1

Patient, tumour and treatment characteristics.
Patient characteristics All (n =612)
Age (years) Median (range) 68 (37-88)

> 63 426 (69.6%)

Gender Male 361 (59.0%)
WHO performance status <1 518 (84.6%)
Pulmonary comorbidity Yes 219 (35.8%)
Cardiac comorbidity Yes 275 (44.9%)
Smoking Never 16 (2.6%)

Former > 3 months
Former < 3 months

289 (47.2%)
106 (17.3%)

Current 195 (31.9%)
Unknown 6 (1.0%)
Tumour characteristics
Location Upper Lobe 335 (54.7%)
Lower or middle lobe 167 (43.6%)
Unknown/Tx 10 (1.6%)
Tumour type NSCLC 521 (85.1%)
SCLC 91 (14.9%)
Stage AJCC 7 or 8 1 26 (4.2%)
I 94 (15.4%)
111 429 (70.1%)
v* 63 (10.3%)
Treatment
Technique part IMRT/Part VMAT 413 (67.5%)
full IMRT 94 (15.4%)
full VMAT 105 (17.2%)
Dose <45 68 (11.1%)
45-60 68 (11.1%)
> 60 476 (77.8%)
Chemotherapy Yes 525 (85.8%)
Sequential 68 (13.0%)
Concurrent 93 (17.7%)
Induction and concurrent 364 (69.3%)
Lung dose volume parameters Mean lung dose 11.5(3.8)
(median and SD) V5 46.8 (16.0)
V20 19.3 (7.3)
V30 14.2 (6.1)
V40 9.3 (5.1)
Heart dose volume parameters ~ Mean heart dose 6.1 (6.7)
(median and SD) V5 25.2 (27.2)
V40 2.1(6.7)

Abbreviations: NSCLC = non-small cell lung cancer, SCLC = small cell lung cancer,
3D-CRT = three dimensional conformal radiation therapy, IMRT = intensity modu-
lated radiation therapy, VMAT = volumetric modulated arc therapy. * patients
treated with synchronous metastases treated with curative intend like stage III

are shown in the supplementary Table 1. The best performing vari-
ables were selected for model update: the MLD without any trans-
formation, age as a continuous predictor, and smoking divided in
two categories (current smoker and quit < 3 months before treat-
ment versus never-smoker and quit > 3 months).

For the QUANTEC-model, the closed testing procedure indicated
that recalibration was required, including revision of the intercept
and the regression coefficient of the MLD (Table 2a). Discrimina-
tion of the original and the recalibrated model were similar
(AUC = 0.73, 95% confidence interval 0.67-0.78). However, signifi-
cant miscalibration was found when the original QUANTEC model
was tested in the current population, with a higher number of
observed versus predicted events (HL-test p-value < 0.001). After
recalibration, the HL-test showed a non-significant deviation (p-
value 0.29) (Table 2a and Fig. 2), indicating no significant differ-
ences between observed and predicted incidences of RP. The (sig-
nificant) HL-test shows that the original model was not
consistent with the observed data, but that the final model is.
Other performance measures can be found in the supplementary
materials tables 2 and 3.

Ridge regression was used to prevent overfitting. The resulting
final QUANTEC muodel is shown in Fig. 2¢ and given by:

NTCPnaquantec = (1 + exp (4.575 — 0.224 « MLD)) ™'
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Table 2

A: External validation of the QUANTEC model; B: External validation of the APPELT model.

Variables Original  Recalibrated Final Variables Original Revised Updated  Final
model model model APPELT model model model
model
Model parameters Model parameters
Intercept —3.870 —-4.714 —4.575 Intercept —4.760 —5.295 —-8.303 —7.880
MLD 0.138 0.247 0.267 0.250
MLD 0.126 0.234 0.224 Age (18-62 vs. > 63) 0.507 0.772
Age 0.052 0.049
Smoking (previously Y/N) -0.371 -0.107
Smoking (currently Y/N) -0.478 -1.273
Smoking (current or quit < 3 months smoker vs —0.0939 —0.902
never smoker or quit > 3 months)
Tumour location (lower lobe vs middle or upper 0.626 0.446
lobe)
Pulmonary comorbidity 0.820 0.056
Chemotherapy (sequential Y/N) 0.470 —0.246
Model performance Model performance
Discrimination: Discrimination:
AUC 0.725 0.725 0.725 AUC 0.692 0.774 0.787 0.787
Hosmer- Hosmer-Lemeshow test:
Lemeshow
test:
Chi squared 49.46 9.66 9.44 Chi squared 48.36 5.21 10.92 10.40
P-value < 0.001 0.29 0.31 P-value <0.001 0.735 0.206 0.238
Calibration Calibration
Intercept 2.472 0.000 0.064 Intercept 0.653 0.000 0.000 0.078
slope 1.857 1.000 1.045 Slope 1.006 1.000 1.000 1.060

Abbreviations 2a: Three models shown, the original QUANTEC model, the recalibrated model with an update of the intercept and MLD regression coefficient and the final
model corrected for overfitting. MLD = Mean Lung Dose; CI = confidence interval; AUC = Area under the receiver operating characteristic curve. 2b: Four models presented, the
original APPELT model, the revised model with an update of all regression coefficients. the updated model after excluding the non-significant variables and after changing
recoded variables and the final model corrected for overfitting. MLD = Mean Lung Dose; CI = confidence interval; AUC = Area under curve.

For the APPELT-model, the closed testing procedure recom-
mended model revision, i.e., re-estimation of all regression coeffi-
cients (Table 2b). Following the model update, the intercept
changed from —4.76 to —5.30, while the regression coefficient of
the MLD increased from 0.14 to 0.25, indicating that MLD had more
impact on the risk of RP than in the original APPELT-model. Addi-
tionally, the regression coefficient of age increased from 0.51 to
0.77, while the regression coefficients of the other variables
decreased. After these adjustments, the AUC improved from 0.69
to 0.77.

Next, non-significant variables were eliminated stepwise,
which resulted in exclusion of the following model parameters:
pulmonary comorbidity, sequential chemotherapy (defined as
sequential chemotherapy or no chemotherapy versus concurrent
chemotherapy with or without induction chemotherapy) and
tumour location. Additionally, the added value of regrouped or
transformed variables was tested, resulting in a new model with
MLD, age and smoking as predictors. This further improved the
AUC to 0.79 (95% confidence interval 0.72-0.83) (Table 2b). Inter-
nal validation using bootstrapping, showed low optimism with a
corrected slope of 0.95 (ideal 1.0). Detailed analyses can be found
in the supplementary table 3 and 4.

Using Ridge regression, to correct for over fitting, the intercept
shrunk from —8.303 to -7.880 (5.10%). This resulted in the final
updated APPELT model:

NTCPgna, = (1 + exp (7.880 — 0.250 x MLD + 0.902
xcurrent Smokeror recently stopped
(3months — 0.049 x Age))”'
Calibration curves for this final updated APPELT-model are

shown in Fig. 3. Calibration of the original model showed a higher
number of observed versus predicted events (HL-test: p < 0.001).

The final model showed improved calibration (HL-test: p = 0.238)
(Table 2b and Fig. 3). This resulted in the Final NTCP-model as
shown in Fig. 4.

In comparison to the final QUANTEC-model, discrimination of
the Final updated APPELT-model improved (AUC 0.79 vs. 0.73).
The explained variance (Nagelkerke’s R2) was 0.228 for this model,
compared to 0.136 for the final QUANTEC-model, indicating that
more variability was explained by the updated APPELT-model.

Discussion

In this prospective cohort study consisting of 612 lung cancer
patients treated with recent photon radiation techniques (IMRT
and VMAT), the most frequently used NTCP-models for RP were
externally validated. This analysis revealed that the best perform-
ing model was the final updated model of Appelt et al., henceforth
referred to as the New RP-model.

In line with previous studies, this analysis demonstrated that
the risk of RP is not determined by MLD alone [1,17]. The individ-
ual sensitivity to a certain MLD is determined by co-factors, such as
age and smoking which are currently included in the New-RP
model (Fig. 4). Age and smoking, are well-known predictors for
RP [18-19].

The QUANTEC- and the Appelt-model were selected for external
validation. Other previously described models, such as of Huang
and Reibnitz et al, were not selected because these included D,y
parameters which are highly dependent of the prescribed dose
and difficult to use in treatment planning optimization. The
selected models were also externally validated in a retrospective
cohort of 241 NSCLC patients by Thor et al [1-2,9,17,21]. In line
with our findings, their analysis revealed that the original
QUANTEC- and APPELT-models underestimated the risk of RP.
The incidence of RP in our prospective cohort was 14.5% compared
35.9% in the APPELT cohort, which is probably related to a higher
MLD (18.2 Gy compared to 11.5 Gy). However, compared with



Anne G.H. Niezink, A. van der Schaaf, R. Wijsman et al.

04

Observed rate
03
1
3 >
——y

01
1
=

3 ﬁ [ P-value: <0.01 l
o | .7 ||
o
T T T T T T
00 0.1 0.2 03 0.4 05
Expected rate
A: Original model
(a)
0 |
o
° |
® S ‘ e
2
o oS- f
s $4c 1
T+ i' | P-value: 0.29 l
o | .4 -
o
T T T T T T
00 0.1 02 03 0.4 05
Expected rate
B: Final revised model
(b)
o
o
= =+ Orginal QUANTEC model
< | |— Final revised QUANTEC model
o
|
(=]
a
O
=
z
o
o
5
o
o

Mean lung dose (Gy)

C: NTCP-models QUANTEC

(0

Fig. 2. Calibration plots and QUANTEC models A: calibration plot original model, B:
calibration plot final revised model recalibrated and corrected for optimism, C:
Original and final NTCP models QUANTEC.

Radiotherapy and Oncology 186 (2023) 109735

the expected incidence based on the QUANTEC- or APPELT-model
(8.8% and 8.5%, respectively), the incidence in our cohort was rela-
tively high. This might be partly explained by our standardized and
prospective scoring of RP but also by poor generalisation of the
existing models to our cohort. In addition to the difference in RP
rates, the incidence of pulmonary comorbidity in the Appelt-
cohort was 19% compared to 36% in the current cohort. Despite this
higher incidence, the regression coefficient was lower and not sta-
tistically significant and thus this variable was removed from the
model. The portions of smoking patients and mean age were
similar.

NTCP-models have become increasingly integrated in daily clin-
ical practice to guide individualized treatment planning. These
NTCP-models can also be used for model-based selection of lung
cancer patients for more advanced techniques such as proton ther-
apy [22]. Such clinical applications require reliable, high quality
and generalizable NTCP-models [15].

The closed testing procedure is a well-accepted procedure in
clinical epidemiology to determine whether an existing prediction
model is applicable in an independent cohort, and indicates which
components of the model should be adjusted or eliminated [10,15].

In the current analysis, the closed testing procedure indicated
revision of both models. There are several reasons that may explain
why these models required revision. Firstly, the QUANTEC model is
a univariable model, including only the MLD as a predictor, which
was based on the fitting of 10 different retrospective dataset [2]. It
is very likely that the variation in these patient cohorts may have
flattened out the dose-response curve. Secondly, these studies ret-
rospectively assessed RP, in contrast to our standardized prospec-
tive scoring methodology, which may have resulted in
misclassification of RP. Thirdly, the steepness of the recalibrated
NTCP-model is also influenced by differences in treatment regi-
mens. Marks et al. already argued that the QUANTEC model may
not be valid for chemoradiotherapy and/or IMRT or VMAT |[2].
Appelt included chemotherapy sequence as a variable in their
model (sequential vs. concomitant chemotherapy). In the current
analyses, 85.8% of the patients received any type of chemotherapy
and included the non-chemotherapy group to have a representa-
tive cohort of current clinical practice. Chemotherapy increases
the risk of RP, as it sensitizes not only the tumour but also normal
tissues [23-24]. Some authors have suggested that gemcitabine,
which was most frequently applied up to 2017 in our cohort
(70.1% of the patient treated with concurrent chemotherapy), has
a synergistic effect on radiation-induced toxicity [25-26]. Arietta
et al. reported an exceptionally high rate of RP (31.5% > grade 3)
after induction gemcitabine | carboplatin followed by concurrent
gemcitabine [26]. In another cohort, 30.2% grade 2 or higher toxi-
city was reported after induction gemcitabine follow by concurrent
gemcitabine | paclitaxel [25]. In our institute, the RP rate (>grade
2) amongst patients who received concurrent gemcitabine, was
19.7%, which is in line with our previous report including an older
cohort of patients (2002-2008) [27] Moreover, additional analyses
in our patient cohort showed that gemcitabine did not modulate
the effect of the MLD on the risk of RP (see the supplementary
material table 5). Furthermore, additional analyses were per-
formed to investigate the possible effect of different chemotherapy
schedules (induction plus concurrent, concurrent only, sequential
and no chemotherapy). To this end, the original sequential
chemotherapy variable (sequential chemotherapy or no
chemotherapy versus concurrent chemotherapy with or without
induction chemotherapy) was regrouped in 1) any chemotherapy
yes [ no and 2) and sequential chemotherapy yes | no (sequential
vs concurrent chemotherapy with or without induction
chemotherapy and no chemotherapy) and replaced in the analyses.
None of the variables remained a predictor after exclusion of non-
significant variables (see the supplementary material table 4). A
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more detailed analysis including the use different chemotherapy
schedules and regimens was out of the scope of this analysis but
might be of importance in future research as well as the influence
of immunotherapy.

The use of advanced radiation techniques with consequently re-
distribution of the dose, might also affect the risk of RP. In the cur-
rent external validation, only IMRT and VMAT were used in con-
trast to 3D-CRT in the QUANTEC and APPELT analysis. However,
in contrast to what we expected, the RP rate in the current cohort
was higher than expected based on these (3D-CRT based) models.
This might be explained by the larger volume of the lungs receiving
5 Gy or more [28]. Appelt et al. did not evaluate the effect of DVH
parameters other than the MLD. However, the question arises
whether the MLD is still the most suitable DVH parameter to pre-
dict the risk of RP. Several studies have shown the importance of

other lung DVH parameters, such as the lung V20 [19-20] or the
lung V30 [29]. Huang et al. and Reibnitz et al. included Dax
parameters which are, however, highly dependent on the pre-
scribed dose and difficult to use in treatment planning optimiza-
tion [17,21]. In contrast to photon radiotherapy, proton
radiotherapy results in dose reductions over almost the entire dose
range. A previously published external validation study using pro-
ton therapy data showed that the QUANTEC and APPELT models
were also valid with minor modification for this modality [30].
Additional external validation is also required for different frac-
tionation doses, such as used in stereotactic body radiotherapy
(SBRT).

A limitation of our study is that we did not include patients
treated with immunotherapy. Adjuvant immunotherapy has
recently become the new standard of care in the treatment of
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locally advanced NSCLC [31-32]. Recent studies suggested that
immunotherapy increases the risk of RP [33]. To keep models up
to date it is important to evaluate the influence of new treatment
techniques and chemotherapy and immunotherapy regimens will
be evaluated in a future studies, but requires inclusion of more
patients with longer follow up. As the New RP model contains only
non-tumour specific parameters it could also be used for external
validation in other patient cohorts.

Conclusion

Our external validation demonstrated that the APPELT model
for RP, including clinical variables, performed better than the
QUANTEC model. Nevertheless, model revision and update of the
APPELT model were required, which resulted in the presented
the New RP model for patients treated with modern photons-
based radiation techniques like IMRT and VMAT. This model can
be used to minimize the risk of RP, by guiding radiotherapy treat-
ment planning or by selection of patients for new radiotherapy
technologies.
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