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Abstract

Purpose: The goal of this study was to assess whether a model-based approach applied 

retrospectively to a completed randomized controlled trial (RCT) would have significantly altered 

the selection of patients of the original trial, using the same selection criteria and endpoint for 

testing the potential clinical benefit of protons compared to photons.

Methods and Materials: A model-based approach, based on three widely used normal tissue 

complication probability (NTCP) models for radiation pneumonitis (RP), was applied 

retrospectively to a completed non-small cell lung cancer RCT (NCT00915005). It was assumed 

that patients were selected by the model-based approach if their expected ΔNTCP value was above 

a threshold of 5%. The endpoint chosen matched that of the original trial, the first occurrence of 

severe (grade ≥3) RP.

Results: Our analysis demonstrates that NTCP differences between proton and photon therapy 

treatments may be too small to support a model-based trial approach for lung cancer using RP as 

the normal tissue endpoint. The analyzed lung trial showed that less than 19% (32/165) of patients 

enrolled in the completed trial would have been enrolled in a model-based trial, prescribing photon 

therapy to all other patients. The number of patients enrolled was also found to be dependent on 

the type of NTCP model used for evaluating RP, with the three models enrolling 3%, 13% or 19% 

of patients. This result does show limitations in NTCP models which would affect the success of a 

model-based trial approach. No conclusion regarding the development of RP in patients 

randomized by the model-based approach could statistically be made.

Conclusions: Uncertainties in the outcome models to predict NTCP are the inherent drawback 

of a model-based approach to clinical trials. The impact of these uncertainties on enrollment in 
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model-based trials depends on the predicted difference between the two treatment arms and on the 

set threshold for patient stratification. Our analysis demonstrates that NTCP differences between 

proton and photon therapy treatments may be too small to support a model-based trial approach 

for specific treatment sites such as lung cancer depending on the chosen normal tissue endpoint.

Introduction

Proton beam therapy (PBT) has the potential to reduce dose to normal tissue, whilst 

matching the target volume dosimetry achieved by external beam photon therapy [1,2]. 

Since biological effects are known to increase with dose, PBT is expected to reduce the risk 

of radiation-related side effects while maintaining rates of local control [3]. In practice, the 

dose distribution achievable with a given treatment modality depends upon machine 

parameters (e.g. gantry angles, beam modifiers, etc.), treatment planning strategy, and 

patient-specific anatomy. Thus, the reduction in toxicity risk offered by PBT and its 

frequency distribution for a patient population depends not only on the disease site but also 

on these parameters [4]. Furthermore, the dose-response relationship of organs at risk 

(OARs) can depend upon clinical risk factors such as age, chemotherapy schedule, and 

comorbidities [5].

Despite its theoretical underpinnings, there is currently a lack of high-level clinical evidence 

such as randomized controlled trials (RCTs) for the benefits of PBT [6–9]. A number of 

RCTs are attempting to rectify this situation, to justify the high cost of PBT (e.g. 

NCT00875901, NCT02731001) [10]. However, the first completed RCT found no 

significant difference in radiation pneumonitis (RP) between proton and photon therapy in 

locally advanced non-small cell lung cancer (NSCLC) [11].

RCTs study the safety and efficacy of a new treatment by comparing outcome to the 

standard therapy. However in radiotherapy, standardization is not easily defined. RCTs were 

rarely used for the introduction of new conformal radiation techniques since the ALARA 

(As Low as Reasonably Achievable) principle was sufficient for justification. However, the 

high cost of PBT has necessitated the need for clinical evidence. The challenge with RCTs 

in radiotherapy is that neither the new therapy (PBT) nor the standard therapy (e.g. intensity 

modulated radiation therapy - IMRT) is identical or consistent between clinics. For example, 

PBT can use scattering or scanning delivery techniques, similarly photon treatments can 

vary (IMRT, 3D conformal, etc.) and both are dependent on clinic specific parameters such 

as planning strategies. Another issue is the ethical prerequisite of RCTs which stipulates that 

there should always be equipoise. Thus, it would be unethical to include patients that will do 

better with protons with regard to toxicity in an RCT if the expected benefit is undisputed 

(such as in pediatric brain tumor patients) [12].

Although RCTs are considered the gold standard of clinical evidence, their appropriateness 

for investigating the benefits of PBT remains controversial [13–16]. If only a subpopulation 

is expected to experience a clinically significant reduction in toxicity risk, then perhaps only 

these patients should be enrolled in the trial. To do otherwise would underestimate the 

benefits of PBT because the conclusions apply to the entire population. In other words, 

large-scale RCTs in unselected populations might be unlikely to detect differences but by 
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enriching the trial with individuals exhibiting a difference in toxicity risk, clinically relevant 

benefits can be successfully identified for a subpopulation. This is analogous to how 

biomarkers are used in patient selection when trialing a biologically targeted agent.

To address this concern, a model-based approach to PBT clinical trials was proposed 

[12,17]. During the patient eligibility evaluation, toxicity risk is estimated using normal 

tissue complication probability (NTCP) models, as shown in Figure 1. For each patient, the 

difference between the best proton and photon treatment plan (Δdose) is assessed with 

respect to the dose-volume parameters in the NTCP-model. To determine the extent the 

difference in dose translates to a patient-specific reduction in toxicity risk offered by PBT, 

ΔNTCP, is evaluated. This is defined according to

ΔNTCP = NTCPPhotons − NTCPProtons .

A positive ΔNTCP indicates that this patient is likely to receive a benefit from PBT 

compared to X-rays. Patients are enrolled in the trial if their ΔNTCP is above some 

threshold. The threshold is based on the grade of the endpoint considered. An endpoint 

grade of 2, 3 and 4–5 should have thresholds greater than 10%, 5% and 2%, respectively 

[18], based on the assumption that higher toxicity grades have an adverse impact on the 

patient’s quality of life. Multiple toxicities can also be considered by combining NTCP 

models for different endpoints using an ∑ ΔNTCP profile [18]. The threshold restricts the 

trial cohort to theoretically favorable subpopulations, and thus a model-based RCT should 

measure a greater effect size. Consequently, a smaller sample size is required to maintain 

statistical power, reducing the cost of RCTs for PBT.

One current limitation of the model-based approach is that NTCP models derived from 

proton cohorts for some endpoints currently do not exist. However, a recent study [19], 

tested the validity of the model-based patient selection approach for PBT by applying 

photon-derived NTCP models in a head and neck patient population and found that the 

models remained valid in the PBT patient cohort. Since NTCP models are likely to depend 

on the radiotherapy technique, this may not be the case for all treatment sites/endpoints. For 

example, another study recently reported that photon based rectal NTCP models did not 

predict the observed gastrointestinal morbidity in proton cohorts [20]. Similarly in an 

oropharyngeal cancer study [21], it was concluded that improved NTCP models were 

needed for accurate model-based patient selection for PBT.

The aim of our study was to assess the impact of model-based patient selection upon the 

enrollment of a PBT trial. This was achieved via the retrospective analysis of a completed 

NSCLC trial. We calculate the number of patients that would be recruited to the proton arm 

if a model-based approach had been applied. We also investigate retrospectively whether the 

proton patients selected by the model-based approach had less severe cases of RP compared 

to those treated with IMRT.
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Methods and Materials

Patient cohort:

This study considered patients with locally advanced NSCLC enrolled in a completed RCT 

(NCT00915005) [11,22]. The trial compared the toxicity and effectiveness of passively 

scattered proton therapy (PSPT) with that of standard IMRT. Both treatment arms also 

received concurrent chemotherapy. The primary endpoint was the first occurrence of either 

severe (grade ≥3) RP or local failure.

The trial considered enrollment for patients with stage II-IIIB disease, or stage IV disease 

with a single brain metastasis, or locoregional recurrent tumor after surgical resection that 

could be treated definitively with concurrent chemoradiation. Additional eligibility criteria 

included age ≥ 18 years but ≤ 85 years, Karnofsky Performance Status score ≥ 70, and 

baseline pulmonary function of forced expiratory volume ≥1 liter. Patients who had received 

systemic chemotherapy before enrollment, regardless of response, were also eligible.

Radiation treatment planning:

A pair of PSPT and IMRT treatment plans were created for each patient, using four-

dimensional computed tomography (4D CT) for motion assessment and target delineation. 

Both plans were developed using a single set of pre-specified dose-volume constraints, 

based upon experience with photon therapy (from [11] Suppl. Table S1). The relative 

biological effectiveness (RBE) was considered constant at 1.1 and the prescribed tumor dose 

was 74 or 66 Gy(RBE), whichever could be achieved safely within these constraints. Since 

the development of RP depends on the percentage of the lung volume receiving more than a 

specific dose (Vdose) and the mean lung dose (MLD) [23], patients were eligible for 

randomization only if both plans satisfied the constraints on the lung V20 and MLD. The 

first 20 patients evaluated were randomly assigned equally to each arm; subsequent patients 

were assigned with the randomization probability proportion to the 1-year failure rate in 

each arm.

Initially 272 patients were recruited into the trial, 225 of these were evaluated with 

comparative IMRT and PSPT plans and 181 produced plans that met the V20 and MLD 

constraints, allowing for a randomized modality assignment. The patients with plans which 

did not meet the constraints were treated with the acceptable plan (IMRT or PSPT). From 

the 181 randomly assigned patients, 105 were assigned IMRT and 76 were assigned PSPT. A 

total of 149 patients were treated with the randomized plan. In our model-based study, a total 

of 136 randomized and 29 non-randomized patients were included (105 with IMRT and 60 

with PSPT)1.

1All delivered plans were available however not all undelivered plans were saved on permanent storage after the completion of the 
original trial. Only patients with both plans from the trial were used in our retrospective study.

McNamara et al. Page 4

Radiother Oncol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT00915005


Retrospective patient selection:

The model-based approach to PBT trials incorporates an additional model-based patient 

eligibility criterion, selecting patients expected to receive a clinically significant reduction in 

toxicity risk from PBT (see Figure 2).

To investigate the impact of this model-based eligibility criterion upon trial enrollment, it 

was applied retrospectively to the NSCLC patient cohort and the number of patients eligible 

for randomization was evaluated. The original trial used a combined endpoint, RP and local 

failure. The model-based approach was originally designed to minimize toxicity effects in 

healthy tissue instead of evaluating tumor control. For this reason only RP is evaluated in 

our retrospective study of the model-based approach using NTCP models. The NTCP model 

parameters used in this study are summarized in Table 1. This retrospective analysis received 

institutional review board approval.

The ΔNTCP was evaluated using three different NTCP models for RP (see Table 1):

1. Marks et al. (2010) [24]: The QUANTEC logistic regression model of 

symptomatic RP, which uses mean lung dose as the predictor variable fitted to 

datasets with grade ≥ 1, 2 and 3 with time occurrences ranging from 6 months to 

no limit.

2. Appelt et al. (2014) [25]: A modified version of the QUANTEC logistic 

regression model of symptomatic RP. This model is based on the same dataset as 

the Marks model, but accounts for the odds ratios of various clinical risk factors 

(see Table 2) and was validated in an independent dataset [25].

3. Tucker et al. (2013) [26]: A Lyman-Kutcher-Burman (LKB) model of severe 

(grade ≥3) RP at 12 months, which accounts for volume effects.

A recent study validated NTCP models for NSCLC, including the above models for RP [27]. 

For our study, the ΔNTCP threshold was chosen to be 5% for RP of grade ≥ 3 [12,18] 

consistent with the original trial. We also investigated a threshold of 10% (for grade ≥ 2 RP) 

for the Marks and Appelt models for comparison, since the occurrence of grade 2 toxicities 

in the patient dataset we used in this analysis was higher. We did not apply a threshold of 

10% for the Tucker model since it is only valid for toxicities of grade ≥3.

To assess radiation-induced pulmonary toxicity, scored clinical symptoms of RP were 

extracted from the follow-up medical records based on the National Cancer Institute 

Common Terminology Criteria for Adverse Events, version 3 (CTCAE v3). RP was scored 

for 12 months from the completion of radiation therapy. The consensus of up to six 

clinicians was used for scoring each patient. Clinically symptomatic pneumonitis was 

defined from grade 2 and higher.

Although the primary endpoint of the original trial was RP, lung cancer patients commonly 

also experience other toxicities such as esophagitis or cardiac morbidity. Due to the 

advantageous dosimetry of PBT to spare OARs, such as the heart, we investigate whether 

other endpoints would be more beneficial for the model-based approach than RP in the trial 

cohort. NTCP models for esophageal toxicity and cardiac failure were evaluated with 
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relevant thresholds. Since the original trial only assessed RP as the endpoint, we were only 

able to include 55 and 60 of the original IMRT and PSPT plans for the heart and esophagus 

studies, respectively.

Acute esophageal toxicity was assessed with two models (see Table 1):

1. Belderbos et al. (2005) [28]: an LKB NTCP model for grade ≥ 2. This model has 

been externally validated [29].

2. Chapet et al. (2005) [30]: an LKB NTCP model for grade 2–3.

Similarly, two models were used to assess the probability of cardiac failure (see Table 1):

1. Eriksson et al. (2000) [31]: A relative seriality model with parameters based on 

historical data for long-term cardiac mortality on Hodgkin’s disease and breast 

cancer.

2. Gagliardi et al. (1996) [32]: Model with parameters for cardiac mortality using 

breast cancer data.

Both heart NTCP models have been applied to lung cancer (e.g. [33]). It has been proposed 

that toxicity is likely dependent on the portion of the heart that has been irradiated and 

further studies and data are required to refine the models, especially in patients treated for 

lung cancer [34].

Table 1 summarizes all models used. The three endpoints and their respective NTCP models 

are investigated separately for this study and not in combination.

Results

Figure 3 shows the results for the three NTCP models for RP evaluated in the study, for a 

ΔNTCP threshold of 5% (left panel) and 10% (right panel), corresponding to RP of grade ≥ 

3 and grade ≥ 2, respectively. For each model, the left column shows the NTCP values 

calculated for both IMRT and PSPT while the right column shows the ΔNTCP. The dotted 

line in each panel indicates the ΔNTCP threshold. The analysis predicts that out of 165 

patients that had both IMRT and PSPT treatment plans; 21, 32, or 5 patients would have 

been selected in a model-based trial when applying the Marks [24], Appelt [25], and Tucker 

[26] models for RP with grade ≥ 3, respectively. The Marks and Appelt models selected 19 

of the same patients. Of the 5 patients selected by the Tucker model, 2 agreed with the 

Marks model selection and 4 with the Appelt model selection. Only one patient was selected 

by all three models. When considering a threshold of 10% (RP grade ≥ 2), the model-based 

approach selected 1 and 2 patients for the Marks and Appelt models, respectively. None of 

the selected patients were common.

As patients were selected for our virtual trial only if they exceeded a certain ΔNTCP 

threshold, we hypothesized that the patients selected using the model-based approach within 

the PSPT arm of the original randomized trial, will be patients for whom PBT is associated 

with better outcome with respect to symptomatic RP. To test this hypothesis, we compared 

the outcomes for patients treated by IMRT or PSPT according to the trial randomization but 

retrospectively predicted to benefit from PBT. Table 3 summarizes the results of the 
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comparison for the three NTCP models to the original trial outcome data. The randomization 

arm that the patient was originally selected to, as well as the grade of RP the patient 

experienced post-treatment, is tabulated. We compare the number of proton patients that did 

not experience RP to those that were selected by the model-based approach to benefit from 

the treatment. Here we include patients with RP of grade ≥ 2 since a recent study found a 

significant difference in the pulmonary dose response of patients with RP of grade ≥ 2 than a 

grade of 1 [35]. Furthermore, the number of cases of RP ≥ 3 in our dataset was too small to 

draw any significant conclusion. Following our hypothesis, among patients randomized into 

the IMRT arm, more developed symptoms of RP compared to those assigned to the PSPT 

arm. This observation did not reach statistical significance because of the limited number of 

patients enrolled in the virtual trial (p-value of Fisher’s exact test > 0.1). The p-values for the 

Marks, Appelt and Tucker models were 0.65, 1 and 1, respectively.

Figure 4 shows the results for acute esophagitis of grade ≥ 2 (left panel) and long-term 

cardiac mortality (right panel) with a ΔNTCP of 10% and 2%, respectively. For the two 

NTCP models predicting cardiac toxicity, 44 and 45 out of the 55 patients were selected to 

benefit from proton treatment. The cardiac models selected 44 patients in common. The 

esophagitis NTCP models both selected the same 2 patients out of the 60 patients for the 

model-based trial.

Discussion

Our analysis demonstrates that, based on three widely used NTCP models for RP, dose 

differences between PSPT and IMRT treatments for a completed lung cancer RCT were too 

small to support a model-based trial approach on the same patient cohort. These findings 

may not be applicable to patients treated with a pencil beam scanning technique or for 

patients with malignancies other than lung cancer. If patients are enrolled in the trial and if 

their ΔNTCP is above a threshold of 5%, then less than 19% (32/165) of patients enrolled in 

the completed RCT would have been enrolled in a model-based trial, prescribing IMRT to 

all other patients.

Uncertainties in outcome models to predict NTCP are an inherent limitation of a model-

based approach to clinical trials. The predictive power of NTCP models obtained 

predominantly from 3D conformal photon treatments for IMRT or PBT treatments is a 

weakness of this study as it is for the model-based approach in general. The impact of these 

uncertainties on enrollment in model-based trials depends on the predicted difference 

between the two treatment arms and on the set threshold for patient stratification. In this 

study, three different NTCP models for RP of grade ≥ 3 each selected a different subset of 

patients to benefit from protons. The three models used in this study were not mutually 

congruent with each other, which additionally raises concerns on their reliability. This does 

suggest that current NTCP models are not strong enough to predict small differences in RP 

incidence when comparing proton and photon treatments, particularly for use in a model-

based approach. It is clear that refinements to NTCP models predicting RP are currently 

needed. Indeed a recent study using the same dataset [36] found that the effective dose (Deff) 

to an organ at risk, calculated from a NTCP model, was a better predictor of RP risk than the 

MLD, since the MLD does not account for high dose effects. Dose response relationships in 
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the lung could be significantly different between photons and protons due to the underlying 

energy deposition characteristics not well described by the clinically applied constant RBE 

of 1.1 [37]. Studies have shown potential elevated RBE values for NSCLC tumors [38] as 

well as healthy lung [39].

Our primary endpoint for this retrospective study was RP since it was our goal to reassess 

patient selection of the original trial. NSCLC patients can suffer from multiple other 

toxicities including heart failure and esophagitis and the associated OARs may show larger 

differences between proton and photon doses due to lower proton integral doses. We 

assessed NTCP models for toxicity in the heart and esophagus and found that in the case of 

heart failure, 65% of the patients would be selected by the model-based approach to benefit 

from proton therapy, which is higher than in the whole lung toxicity model. However in the 

case of esophagitis, only 3% of patients would have been selected, which is too low for a 

statistically significant trial. The treatment plans in this trial were however optimized for 

MLD and lung V20 constraints and not for dose parameters relevant to heart or esophagus 

endpoints, which could affect these results. The heart NTCP models are based on Hodgkin’s 

and breast cancer data, and although these models have been applied to lung cancer [33], the 

sub-volume of the heart irradiated may be an important determinate of outcome which needs 

to be studied for thoracic tumors [34].

Our model-based trial simulation was applied retrospectively to the patient dataset of a 

completed RCT which may introduce a selection bias in our study. An attempt was made to 

include all patients from the original trial to this study (225 patients), including those 

randomized and non-randomized in the trial. This was possible for 165 patients where both 

the original treatment plans from the RCT were available. Including a subset of the total 

number of patients may add bias to the study. The original trial protocol used lung dose-

volume constraints to determine whether a patient can be randomized or not. In the case 

where one of the treatment plans did not meet the V20 and MLD constraints, then the patient 

was treated with the plan that did meet these constraints. These constraints assigned 13 

patients to PBT (~5.7% of patients). Five of these patients were not included in our model-

based trial analysis since their original plans were no longer available. However, this 

approach does neglect patients who exhibit a large magnitude of ΔNTCP (whether positive 

or negative).

It is stressed that our study is a hypothesis generating report, which may be used to inform 

clinical trial design, but should not be interpreted to conclusively determine which patients 

would benefit from protons vs. photons for locally advanced lung cancer treatment.

In conclusion this study demonstrates, on the example of a recently completed lung cancer 

RCT, the limitations in the available NTCP models for RP which would affect the reliability 

of a model-based clinical trial. The model-based approach, based on the reduction of 

toxicity, is conceptually a correct method to select patients for PBT. However, the Achilles’ 

tendon of the model-based approach is the accuracy and availability of NTCP models for the 

endpoint(s) of interest in the trial. Model-based trials face an inherent dilemma in that their 

enrollment is affected by the expected difference between the two treatment arms and the 

uncertainty in the NTCP model for the chosen endpoint. A model-based approach is thus 
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effective only if the expected NTCP difference is considerable or if the models have small 

uncertainties. If one of these factors happens to be true, one might question trial equipoise. 

On the other hand, such an approach would also lead to large enrollments if the threshold is 

set very low, thus in turn negating the model-based approach. On the positive side, model-

based trial approaches enrich patients for model developments and could therefore 

contribute to reducing uncertainties in current NTCP models. Stronger models are needed, 

and future model-based trials will contribute to model improvement.
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Highlights:

• Aim to assess whether a model-based approach to patient selection for proton 

therapy trials is always feasible, given modeling uncertainties.

• Model-based trial was applied retrospectively to a completed non-small cell 

lung cancer (NSCLC) randomized controlled trial.

• Our analysis demonstrates that NTCP differences between proton and photon 

therapy treatments may be too small to support a model-based trial approach 

for specific treatment sites such as NSCLC depending on the chosen normal 

tissue endpoint.
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Figure 1. 
The process of estimating toxicity risk using a normal tissue complication probability 

(NTCP) model. Green inputs are associated with the patient. Blue inputs are associated with 

the treatment arm and should be consistent throughout the trial.
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Figure 2. 
Enrichment design employed by the model-based approach to proton therapy trials. For our 

study, the endpoint of interest was radiation pneumonitis (RP) with a grade of 3 and greater 

and a threshold of 5% was applied.
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Figure 3. 
Results for the three different normal tissue complication probability (NTCP) models used 

for radiation pneumonitis of grade ≥ 3 (left panel) and grade ≥ 2 (right panel). For each 

model, the left column shows the calculated NTCP for passive scattering proton therapy 

(PSPT) and intensity-modulated radiation therapy (IMRT) for all 165 patients (the dotted 

line indicates the ΔNTCP threshold). The right column shows the respective ΔNTCP. For 

grade ≥ 3, a threshold of 5% is applied, while for grade ≥ 2 the threshold is set to 10%.
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Figure 4. 
Results for two other endpoints: acute esophageal toxicity (left panel) and long-term cardiac 

mortality (right panel). Two normal tissue complication probability (NTCP) models are 

considered for each endpoint. The left column shows the calculated NTCP for PSPT and 

IMRT for all patients and the right column shown the respective ΔNTCP. A threshold of 

10% was used for esophageal toxicity (grade ≥ 2) while for cardiac toxicity a threshold of 

2% was used (shown by the dotted lines).
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Table 1.

Details of the normal tissue complication probability (NTCP) models used in the analysis. The Lyman-

Kutcher-Burman model is abbreviated by LKB.

Model Endpoint Severity 
grade Type of model NTCP parameters

Marks et al. (2010) [24] Radiation pneumonitis 1–3 QUANTEC, logistic fit TD50 = 30.8 Gy, γ50 = 0.97

Appelt et al. (2014) [25] Radiation pneumonitis 1–3 Modified QUANTEC, uses 
clinical factors

TD50 = 34.4 Gy, γ50 = 1.19

Tucker et al. (2013) [26] Radiation pneumonitis ≥3 Lyman-KutcherBurman TD50 = 43.2 Gy, m = 0.31, n = 0.41

Belderbos et al. (2005) [28] Acute esophageal 
toxicity ≥2 Lyman-Kutcher-Burman TD50 = 47 Gy, m = 0.36, n = 0.69

Chapet et al. (2005) [30] Acute esophageal 
toxicity 2–3 Lyman-Kutcher-Burman TD50 = 51 Gy, m = 0.44, n = 0.32

Eriksson et al. (2000) [31] Long-term cardiac 
failure Relative seriality model TD50 = 70.3 Gy, γ = 0.96, s = 1

Gagliardi et al. (1996) [32] Long-term cardiac 
failure Relative seriality model

TD50 = 52.3 Gy, γ = 1.28
s = 1
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Table 2.

Odds ratios associated with different clinical risk factors for the development of RP, bracketed values indicate 

the confidence interval (CI) for 95% [4,25]. Old age was defined with an average cut point of 63 years.

Clinical risk factor Odds ratio [95% CI]

Pre-existing pulmonary co-morbidity 2.27 [1.25, 4.13]

Mid or inferior tumor location 1.87 [1.26, 2.79]

Current smoker 0.62 [0.43, 0.88]

Former smoker 0.69 [0.47, 1.01]

Old age 1.66 [1.29, 2.13]

Sequential chemotherapy 1.60 [1.11, 2.32]
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Table 3.

Treatment outcome with respect to radiation pneumonitis (RP) for patients predicted to benefit from proton 

therapy treatment using the model-based approach. The number of patients enrolled by the model-based 

approach are listed. The modality that these patients received in the original trial: intensity-modulated 

radiation therapy (IMRT) and passively scattered proton therapy (PSPT) is listed and the grade of RP these 

patients experienced.

Model
Model based approach 

selected patients Modality patients received Number of patients with RP symptoms post-treatment

RP of grade 1 RP of grade ≥ 2

Marks et al. (2010) 21/165

IMRT 7 5

PSPT 7 2

Tucker et al. (2013) 5/165

IMRT 2 2

PSPT 1 0

Appelt et al. (2014) 32/165

IMRT 14 9

PSPT 5 4
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