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Background and purpose: Photons and protons have fundamentally different properties, i.e. protons have a 
reduced dose bath but a higher relative biological effectiveness. Photon-based normal tissue complication 
probability (NTCP) models may therefore not immediately be applicable to proton therapy (PT). The aim was to 
derive parameters of the Lyman-Kutcher-Burman (LKB) NTCP model using prospectively recorded late morbidity 
data from PT, focusing on rectal morbidity and prostate cancer. 
Materials and methods: Prospectively collected data were available for 1151 prostate cancer patients treated with 
passive scattering PT and prescribed target doses of 78–82 Gy (RBE = 1.1) in 2 Gy fractions. Morbidity data 
(CTCAE v3.0) consisted of two alternative late grade 2 rectal bleeding endpoints: Medical Grade2A (GR2A) and 
procedural Grade2B (GR2B), as well as late grade 3 + urinary morbidity. GR2A + 2B were observed in 156/1047 
patients (15%), GR2B in 45/1047 patients (4%), and urinary grade 3 + in 51/1151 patients (4%). LKB NTCP 
model parameters (D50, m, and n) were derived by maximum likelihood estimation. 
Results: For the rectum/rectal wall the volume parameter n was low (0.07–0.14) for both GR2A + 2B and GR2B, 
as was the m parameter (range: 0.16–0.20). For the bladder/bladder wall both parameters were high (n-range: 
0.20–0.36; m-range: 0.32–0.36). D50 parameters were higher for GR2B of the rectum/rectal wall (95.9–98.0 Gy) 
and bladder/bladder wall (118.1–119.9 Gy), but lower for GR2A2B (71.7–73.6 Gy). 
Conclusion: PT specific LKB NTCP model parameters were derived from a population of more than 1000 patients. 
The D50 parameter differed for all structures and endpoints and deviated from typical photon-based LKB model 
values.   

1. Introduction 

Normal tissue complication probability (NTCP) models are used to 
estimate the risk of morbidity following radiotherapy (RT) when e.g. 
comparing treatment plans of photon-based RT and proton therapy (PT) 
[1,2]. For prostate cancer patients, the rectum and bladder are the major 
organs at risk (OARs) as they are located close to the target volumes. 
Rectal bleeding is one of the most common side effects caused by 
exposure of rectal mucosa to radiation therapy and it has been exten-
sively investigated [3–9], while fewer studies have been conducted for 
bladder effects resulting in fewer models for urinary morbidity [3,9–11]. 
Follow-up data after PT is sparse, so most available NTCP models are 
based on photon-based therapy outcomes. 

Photons and protons have fundamentally different physical and 

biological properties. The primary difference is that PT exposes a 
significantly reduced volume of non-targeted tissue to low- to interme-
diate radiation doses compared with photon-based therapy [12]. Pro-
tons also have a higher relative biological effectiveness (RBE) [13], 
which could influence the biological dose and outcome if not properly 
accounted for [14]. Despite these differences, photon-based NTCP 
models are often used for NTCP calculations on proton treatment plans. 
A poor fit between data from a proton cohort and several photon-based 
NTCP models has already been demonstrated [15], indicating that 
photon-based NTCP models may not be applicable to proton treatment 
data. As PT becomes widely more available, proton-based NTCP models 
might become required for optimal morbidity prediction in proton co-
horts and comparisons between modalities for potential patient selec-
tion [1,2]. In a recent study, logistic regression was used to develop 
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NTCP models in which more complex drivers of morbidity were taken 
into account [16]. However, the Lyman-Kutcher-Burman (LKB) model is 
still one of the most common NTCP models, having been applied in 
many studies due to its simplicity and well understood parameters. In 
particular the n parameter, which are often exploited for RT plan opti-
misation by constraining the generalised equivalent uniform dose 
(gEUD). Additionally, in terms of comparison with photon-based 
models, most models are historically LKB-based [4–8,17]. 

Therefore, the aim of the study was to derive PT specific NTCP pa-
rameters for the commonly known LKB NTCP model for the rectum, 
rectal wall, bladder, and bladder wall based on outcome data following 
PT of prostate cancer. 

2. .aterials and methods 

2.1. Patient cohort 

Prospectively collected treatment and morbidity data from 1151 
prostate cancer patients treated with passive scattering PT [18,19] be-
tween 2006 and 2010 were used in this study (IRB201700516). Origi-
nally 1214 patients were treated during this period, but due to missing 
or erroneous data, 63 of the patients were removed from this study. Of 
the remaining 1151 patients, 499 patients (43%) had low-risk disease, 
520 patients (45%) had intermediate risk while 132 patients (11%) had 
high-risk disease. Out of the 1151 patients, 104 received anti-coagulants 
before PT; these cases were excluded from the analysis of the rectum and 
rectal wall (referred to as the rectum group going forward) as a previous 
univariate analysis showed anti-coagulant use to be significantly asso-
ciated with GR2 + rectal bleeding [18]. In total, the resulting subgroup 
for rectal complication analysis (rectum group) included 1047 patients 
while the full cohort of 1151 patients were used for the bladder and 
bladder wall analysis (bladder group). 

2.2. Treatment planning 

Patient prescription doses ranged from 78 to 82 Gy (RBE) (RBE =
1.1) in fractions of 2 Gy (RBE) [18]. For low-risk patients, the clinical 
target volume (CTV) included the prostate only, while the prostate and 
the proximal 2 cm of the seminal vesicles were included in intermediate- 
and high-risk patients. Pelvic lymph nodes were not irradiated. The 
planning target volume (PTV) was defined from the CTV with expansion 
margins of 8 mm and 6 mm in the superior- inferior and axial planes, 
respectively. These margins were reduced to 6 mm and 4 mm for pa-
tients treated after May 2008. Rectal balloons were used for most pa-
tients for prostate stabilisation, and image-guidance utilizing orthogonal 
KV images registered on fiducial markers was used for all patients. Pa-
tients were treated with lateral or lateral-oblique beam angle configu-
rations, typically one field each day (range: 260◦/100◦–285◦/75◦; 
median: 275◦/85◦). 

2.3. Endpoints 

For rectal morbidity, patients were followed up weekly during 
treatment and at 6-month intervals afterward. The minimum follow-up 
was 2 years, and the median actual follow-up for all patients was 3.5 
years. Prospectively scored late rectal bleeding of grade >= 2 was used 
as gastrointestinal (GI) morbidity endpoint for the rectum analysis 
(Common Terminology Criteria for Adverse Events, version 3.0 (CTCAE 
v3.0)) with a total of 156 events (15%). Furthermore, the Grade 2 events 
were subdivided into two classes: Grade 2A (GR2A) (111 events (11%)) 
classified as medical (e.g. prescribed suppositories), and Grade 2B 
(GR2B) (45 events (4%)) classified as procedural (minor cautery and 
topical formalin application). Late rectal morbidity was defined as 
occurring after 90 days after treatment completion (occurrence time: 16 
months; range: 5–46 months). 

For bladder morbidity, patients were followed up at 6-month 

intervals after treatment. Prospectively scored grade 3 + urinary 
morbidity was used as genitourinary (GU) endpoint for the bladder 
analysis (CTCAE v3.0) (GR3CTC) with a total of 51 events (4%). This 
included complications such as urinary frequency, urgency, transure-
thral resection of the prostate, and haematuria; more details are 
described in previous publications [19]. Bladder morbidity occurring ≥
6 months after treatment were scored as late (occurrence time: 66 
months; range: 6–106 months). The median follow-up time for bladder 
morbidity outcomes was 5.3 years (range: 0.3–8.3 years). 

2.4. Normal tissue complication probability modelling 

To estimate the best-fit set of parameters D50, m, and n of the LKB 
NTCP model, maximum likelihood estimation (MLE) was employed for 
the known binary outcomes yi and the dosimetric data (Suppl. Appendix 
1). This was done by maximising the natural log likelihood (LLH) 
function so that the observed data were most probable, i.e.: 

LLH(D50, m, n) =
∑

yi=0
ln(NTCP(D50, m, n) )+

∑

yi=1
ln(1

− NTCP(D50, m, n) ), (1)  

where the sum was over all patients with different outcomes yi = 1 (with 
morbidity) or yi = 0 (without morbidity). 

The calculation of the MLE was done using a “brute force” method, 
where a large search grid parameter space was created and used to 
calculate the NTCPs for every possible combination of parameters for 
each single patient. In this study, a 2000 × 100 × 100 search grid was 
used with D50 going from 1 to 200 Gy in steps of 0.1 Gy, m going from 
0.01 to 1 in steps of 0.01, and n going from 0.01 to 1 in steps of 0.01 as 
well. This was performed on the rectum and rectal wall for Grade 2A +
2B and Grade 2B rectal bleeding, and the bladder and bladder wall for 
Grade 3 + GU morbidity. The discriminating ability of each set of pa-
rameters was internally validated by area under the curve (AUC) cal-
culations, while calibration plots and the Hosmer-Lemeshow test were 
used as goodness-of-fit test. 

2.5. Confidence intervals for best-fit parameters 

Confidence intervals (CIs) for the best-fit parameters were deter-
mined by profile likelihood and non-parametric bootstrapping. Profile 
likelihood involves finding the maximum log-likelihood and then 
varying each parameter until the log-likelihood is decreased by an 
amount equal to half the critical value (i.e. 1.92) of the χ2(1) distribution 
at the desired significance level (95% in this case). Non-parametric 
bootstrapping is more computationally intensive but will often pro-
vide more reliable CIs. This was done by randomly resampling the 
population (with replacement) and estimating D50, m, and n again. By 
resampling multiple times (1000), this yielded a distribution of 
parameter values, for which the CIs were found by finding the value of 
each parameter distribution at the percentile cut-off point required for 
the requested CI (95% chosen). 

3. Results 

Best-fit LKB parameters as well as their CIs and related validation 
statistics were found for all structures and endpoints (Table 1). The in-
ternal validation, i.e. HL statistics (range: 0.19–0.92) showed no reason 
to reject the models, while the calibration plots showed good agreement 
between calculated and observed morbidities (Fig. 1). The AUC values 
were in general relatively low (range: 0.58–0.63). 

For the rectum and rectal wall, the n parameter ranged from 0.07 to 
0.14 and m ranged from 0.16 to 0.20 (Table 1), while for the bladder and 
bladder wall, these two parameters were somewhat higher (n range: 
0.20–0.36; m range: 0.32–0.36). 

For the D50 parameter, there was a large difference between the two 
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GI morbidity endpoints. The D50 of rectum and rectal wall ranged from 
71.6 to 73.6 Gy for the GR2A + 2B endpoint and from 95.9 to 98.0 Gy for 
GR2B. For the bladder and bladder wall, high values were observed for 
the D50 parameter (range: 118.1–119.9 Gy). In general, the CIs for all 
the parameters were narrow when using profile likelihood (Fig. 2) and 
much broader when using the bootstrap method, in particular the D50 
parameter for endpoints with the fewest events (i.e. GR2B for GI 
morbidity and GR3CTC for GU morbidity). 

There was a non-significant difference between the average cumu-
lative DVHs of patients who had events vs. no events (Fig. 3). 

4. Discussion 

In this study, we derived PT specific LKB NTCP parameters for the 
rectum and bladder based on prospectively scored morbidity data from 
1151 prostate patients treated with passive scattering proton therapy. 

In general, the n and m best-fit parameters were within the range of 
photon-based LKB parameters for the rectum [3,4,6–8,20,21] and 
bladder [3,10,11]. However, for the D50 parameter the values were 
much higher, in particular for the GR2B morbidity. The higher D50 
value for GR2B than that for GR2A + 2B might be due to the endpoint 
being more severe by GR2B itself than when both GR2A and GR2B are 

Table 1 
Lyman-Kutcher-Burman (LKB) parameters and model performance metrics based on maximum likelihood estimation (MLE).  

Structure Morbidity grade D50 [Gy] 
[Profile CI] 
[Bootstrap CI] 

m 
[Profile CI] 
[Bootstrap CI] 

n 
[Profile CI] 
[Bootstrap CI] 

p Calibration slope and intercept AUC 
[95% CI] 

Rectum GR2A + 2B 73.6 
[72.3, 74.9][66.6, 80.9] 

0.16 
[0.15, 0.17] 
[0.11, 0.25] 

0.10 
[0.1, 0.1] 
[0.05, 0.19]  

0.92 0.99 
0.0 

0.63 
[0.52, 0.65]  

GR2B 98.0 
[94.3, 102.3] 
[54.8, 211.8] 

0.20 
[0.19, 0.21] 
[0.09, 0.54] 

0.07 
[0.06, 0.08] 
[0.01, 2.0]  

0.19 − 0.83 
0.77 

0.58 
[0.50, 0.60] 

Rectal wall GR2A + 2B 71.6 
[70.4, 72.9][63.8, 80.6] 

0.16 
[0.15, 0.17] 
[0.11, 0.24] 

0.14 
[0.14, 0.15] 
[0.07, 0.25]  

0.98 − 0.05 
0.97 

0.63 
[0.52, 0.65]  

GR2B 95.9 
[92.2, 100.0] 
[50.0, 147.3] 

0.20 
[0.19, 0.21] 
[0.09, 0.51] 

0.10 
[0.08, 0.12] 
[0.01, 2.0]  

0.25 − 0.80 
0.78 

0.60 
[0.50, 0.61] 

Bladder GR3CTC 119.9 
[110.3, 131.7] 
[89.0, 264.8] 

0.32 
[0.30, 0.34] 
[0.11, 0.51] 

0.20 
[0.15, 0.26] 
[0.03, 2.0]  

0.86 − 0.18 
0.97 

0.60 
[0.50, 0.61] 

Bladder wall GR3CTC 118.1 
[106.8, 132.9] 
[85.8, 251.6] 

0.35 
[0.33, 0.37] 
[0.12, 0.51] 

0.36 
[0.28, 0.46] 
[0.05, 2.0]  

0.56 − 0.42 
0.89 

0.59 
[0.50, 0.61]  

Fig. 1. Calibration plots for all structures and endpoints. Patients were divided into ten equally large groups, with the frequency of each observed endpoint plotted 
against the mean predicted morbidity. The binominal uncertainty equal to two standard deviations is displayed in the error bars. 
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combined. In addition, the influence of a single event may have more 
impact on the variation in parameter estimates due to the low number of 
events for GR2B (4%). This argument is strengthened by the broader 
bootstrap confidence intervals for the endpoint. Furthermore, an anal-
ysis based on the full patient cohort where anti-coagulant patients were 
included did not show any large difference in terms of parameter values 
or AUC values (Suppl. Table 1). 

Our best-fit rectum parameters were compared to six published 
photon-based rectum parameter sets [3–8] (Suppl. Fig. 2). For whole 
organ irradiation with a EUD of 60 Gy (a common value in our cohort for 

all parameter sets), the NTCP ranged from 1 to 20% between all 
parameter sets (both photon parameters and our proton parameters) 
depending on parameter set, and 0–10% for 1/3 uniform organ irradi-
ation for the same EUD. The difference between the proton parameter 
sets were 12% (GR2A + 2B) vs. 3% (GR2B) for whole organ irradiation, 
and 11% (GR2A + 2B) vs. 2% (GR2B) for 1/3 uniform organ irradiation. 
This shows the importance of having the right model, model parameters, 
and endpoint, since the difference in NTCP between two models 
potentially could be almost 20%. Other bladder models were not 
investigated in this study due to the endpoint of the proton cohort being 
a mix of many different symptoms, making it hard to compare with other 
available models. Overall, few previous studies have derived proton 
specific LKB parameters, and to our knowledge none exist for the rectum 
or bladder [22–24]. To accurately compare treatment plans between 
photon-based RT and PT (e.g. for patient selection) or to evaluate PT 
plans on their own, proton specific NTCP models are needed. 

Patients from this cohort were treated with passive scattering PT. 
This modality is more robust towards intra-fractional motion in regards 
to target coverage, however, the dose distributions are usually not as 
conformal as those that can be achieved with pencil beam scanning. In 
addition, the linear energy transfer (LET) difference between the two 
techniques may also contribute to a difference in relative biological 
effectiveness (RBE) [25]. However, others have shown that the LET 
distributions between passive and active modulation are almost iden-
tical when used in cultured cell lines [26], whereas one retrospective 
analysis of the Proton Collaborative Group data showed a higher 
complication rate for active scanning compared with passive scattering 
[27]. Nevertheless, one should still consider the potential difference in 
effect between the modalities, as this could influence the applicability of 
the models when used on cohorts treated with a different technique. 
Additionally, the uncertainty of RBE and even variable RBE is not pre-
sent for photon-based models. The RBE depends on factors such as 

Fig. 2. Maximum likelihood estimation (MLE) values plotted as a function of 
LKB parameters D50, m, and n with fixed values fitted to GR2A + 2B (first row) 
and GR2B (second row) late rectal bleeding. The fixed values are the best-fit 
parameters from the MLE indicated in the title of each plot. The variation of 
each parameter is in general low for all plots. 

Fig. 3. Mean DVH curves for patients with (solid lines) and without (dashed lines) morbidity for all endpoints and structures indicated in the title of each plot. The 
two greyed out areas are one standard deviation from the mean DVH curves. 
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endpoint [28], dose per fraction [29], the α/β ratio of the tissue [30], as 
well as the LET [13]. A variable RBE might result in a uneven dose 
distribution [31–34], and if not accounted for may influence the risk 
prediction for morbidity [14]. 

This study was based on data from a single-centre cohort. An 
advantage of this is that every patient was treated with the same treat-
ment strategy and techniques tailored to that institution. However, there 
is also a risk that a single-centre cohort might lead to a very homogenous 
cohort. This might produce uncertainties from systematic errors and 
hence the planned vs. delivered dose will introduce uncertainties to the 
dose/volume endpoints, which are not counterbalanced by data and 
variability from other institutions. Therefore, the NTCP models reported 
herein should be externally validated in other cohorts before use for 
internal treatment predictions or comparisons with other modalities 
[35]. 

Dosimetric variables such as the EUD (the only dosimetric variable of 
the LKB model) might not be the only driver of morbidity. The low AUC 
values seen for all parameter sets are also an indicator of this and are 
reflected in the higher D50 values for the GR2B endpoint, which may 
also be caused by imbalanced data due to the fewer events registered 
and the small spread in EUD. This may explain the instability of the 
Grade 2B parameters seen in the bootstrapped CI’s and in Fig. 2. The 
small spread in the EUD values potentially make these models (in 
particular GR2B) unstable in terms of discriminating between patients 
with and without morbidity. In general, many LKB-based models for 
rectal bleeding show AUC values around 0.60 [7,21]. This again in-
dicates that EUD may not be a good predictor of rectal bleeding in this 
study. Several recent NTCP models have used a logistic regression where 
more and different predictors have been included (in particular clinical 
predictors) [16,36–43] often resulting in better AUC values. 

In this study, we performed an internal model validation. Because of 
the differences between our D50 parameter and usual photon-based D50 
parameters, external validation is even more important in order to assess 
whether this is a cohort- or proton specific property. It is our plan to 
conduct the external validation using data from prostate cancer patients 
treated at the Danish Centre for Particle Therapy when sufficient data is 
available. 

Two different grades of late rectal bleeding and one grade of GU 
morbidity have been analysed in this study. It is important to note that 
scoring for rectal bleeding may vary among physician practices; e.g., one 
physician might choose to leave temporary minor rectal bleeding un-
treated resulting in a code of Grade 1 while another might choose to 
treated with suppositories resulting in a code of Grade 2 and a third 
might choose to apply cautery resulting in a code of Grade 3. In this 
study, the GR2B endpoint on its own is consistent with what is usually 
seen in other studies in terms of late rectal bleeding. Hence, the sepa-
ration of the two grades was needed in order to make comparisons be-
tween other studies. It should, however, be noted, that the here defined 
GR2B may partly overlap with G3 toxicity reported in other studies. This 
could provide an explanation of the higher D50 obtained in our analysis. 

Other endpoints may be more important in regards to patient quality 
of life (QoL) following RT [44,45]. Therefore, functional effects such as 
defecation urgency or faecal leakage, based on patient reported outcome 
measures (PROMs), may be better endpoints for association with patient 
QoL than physician assessed morbidity [46–48]. As such, spatial infor-
mation, derived from two-dimensional (2D) dose maps (achievable for a 
cylindrical structure like the rectum), have been shown to better explain 
PROM based morbidities [49–53], which could be incorporated into 
logistic-based response models. For the bladder, the endpoint (GR3CTC) 
encompassed several different symptom complexes (haematuria, ure-
thral stricture, bladder obstruction, and urinary retention) [19], but the 
small number of events required analysis based on the collective event 
rate of all GR3CTC symptoms. In our study, the urinary functionality 
was relatively stable after a 5 year follow-up. However, it is acknowl-
edged that studies of GU morbidity have shown baseline urinary func-
tionality to be an important risk factor [54], which is a property that 

could be further investigated through PROM-based endpoints. PROM- 
based endpoints in combination with dosimetric predictors other than 
EUD may very well lead to better models with higher predictive power 
and ability to better capture the true patient QoL. 

In general, the aim of NTCP models is to estimate risk. However, due 
to technological advancements in RT, certain treatment options may no 
longer be state-of-the-art or even standard modality when studies on 
prospective or retrospective patients are published. Therefore, NTCP 
models should ideally be independent of treatment modality and 
dependent on dose distribution regardless of RT technique. Hence, with 
the appropriate training strategies, training cohorts with highly heter-
ogenous dose patterns, and corrections for fraction schemes and radio-
biological effects, generalised NTCP models should be possible. 

As previous results have shown [15], for some endpoints (i.e. GR2B) 
an intercept update may not be sufficient for photon-based models to 
achieve a useful model. Therefore, we encourage the use of these proton- 
based LKB parameters for the rectum, rectal wall, bladder, and bladder 
wall for NTCP calculations specific to proton cohorts, but also validation 
of this model with other data sets and the updating of this model as 
practice patterns change, e.g., with the use of rectal spacers. This is a 
necessary first step towards the use of modelling to determine potential 
benefits for PT compared with photon-based therapy. 

In conclusion, PT specific LKB NTCP model parameters for pro-
spectively recorded late rectal and urinary morbidity in more than 1000 
patients were derived. The D50 parameter differed for the rectum, rectal 
wall, bladder, and bladder wall, and deviated from typical photon-based 
LKB model values. 
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[4] Söhn M, Yan D, Liang J, Meldolesi E, Vargas C, Alber M. The incidence of late rectal 
bleeding in high-dose conformal radiotherapy of prostate cancer using EUD- and 
dose-volume based NTCP models. Int J Radiat Oncol Biol Phys 2008;67:1066–73. 

[5] Rancati T, Fiorino C, Gagliardi G, Cattaneo GM, Sanguineti G, Borca VC, et al. 
Fitting late rectal bleeding data using different NTCP models: results from an 
Italian multi-centric study (AIROPROS0101). Radiother Oncol 2004;73(1):21–32. 
https://doi.org/10.1016/j.radonc.2004.08.013. 

[6] Michalski JM, Gay H, Jackson A, Tucker SL, Deasy JO. Radiation dose-volume 
effects in radiation-induced rectal injury. Int J Radiat Oncol Biol Phys 2010;76(3): 
S123–9. https://doi.org/10.1016/j.ijrobp.2009.03.078. 

[7] Liu M, Moiseenko V, Agranovich A, Karvat A, Kwan W, Saleh ZH, et al. Normal 
tissue complication probability (NTCP) modeling of late rectal bleeding following 
external beam radiotherapy for prostate cancer: a test of the QUANTEC- 
recommended NTCP model. Acta Oncol 2010;49(7):1040–4. https://doi.org/ 
10.3109/0284186X.2010.509736. 

J. Pedersen et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.phro.2021.10.004
https://doi.org/10.1016/j.phro.2021.10.004
https://doi.org/10.1016/j.radonc.2013.05.007
https://doi.org/10.1016/j.radonc.2013.05.007
https://doi.org/10.1016/j.radonc.2015.12.029
https://doi.org/10.1016/j.radonc.2015.12.029
https://doi.org/10.1016/0360-3016(91)90172-Z
https://doi.org/10.1016/0360-3016(91)90172-Z
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0020
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0020
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0020
https://doi.org/10.1016/j.radonc.2004.08.013
https://doi.org/10.1016/j.ijrobp.2009.03.078
https://doi.org/10.3109/0284186X.2010.509736
https://doi.org/10.3109/0284186X.2010.509736


Physics and Imaging in Radiation Oncology 20 (2021) 62–68

67

[8] Gulliford SL, Partridge M, Sydes MR, Webb S, Evans PM, Dearnaley DP. Parameters 
for the Lyman Kutcher Burman (LKB) model of Normal Tissue Complication 
Probability (NTCP) for specific rectal complications observed in clinical practise. 
Radiother Oncol 2012;102(3):347–51. https://doi.org/10.1016/j. 
radonc.2011.10.022. 

[9] Fiorino C, Valdagni R, Rancati T, Sanguineti G. Dose-volume effects for normal 
tissues in external radiotherapy: pelvis. Radiother Oncol 2009;93(2):153–67. 
https://doi.org/10.1016/j.radonc.2009.08.004. 

[10] Thor M, Olsson C, Oh JH, Petersen SE, Alsadius D, Bentzen L, et al. Urinary bladder 
dose-response relationships for patient-reported genitourinary morbidity domains 
following prostate cancer radiotherapy. Radiother Oncol 2016;119(1):117–22. 
https://doi.org/10.1016/j.radonc.2016.01.013. 

[11] Marks LB, Carroll PR, Dugan TC, Anscher MS. The response of the urinary bladder, 
urethra, and ureter to radiation and chemotherapy. Int J Radiat Oncol Biol Phys 
1995;31(5):1257–80. 

[12] Chera BS, Vargas C, Morris CG, Louis D, Flampouri S, Yeung D, et al. Dosimetric 
study of pelvic proton radiotherapy for high-risk prostate cancer. Int J Radiat 
Oncol Biol Phys 2009;75(4):994–1002. https://doi.org/10.1016/j. 
ijrobp.2009.01.044. 

[13] Paganetti H, van Luijk P. Biological considerations when comparing proton therapy 
with photon therapy. Semin Radiat Oncol 2013;23(2):77–87. https://doi.org/ 
10.1016/j.semradonc.2012.11.002. 

[14] Pedersen J, Petersen JBB, Stokkevåg CH, Ytre-Hauge KS, Flampouri S, Li Z, et al. 
Biological dose and complication probabilities for the rectum and bladder based on 
linear energy transfer distributions in spot scanning proton therapy of prostate 
cancer. Acta Oncol 2017;56(11):1413–9. https://doi.org/10.1080/ 
0284186X.2017.1373198. 

[15] Pedersen J, Flampouri S, Bryant C, Liang X, Mendenhall N, Li Z, et al. Cross- 
modality applicability of rectal normal tissue complication probability models 
from photon- to proton-based radiotherapy. Radiother Oncol 2020;142:253–60. 
https://doi.org/10.1016/j.radonc.2019.09.017. 

[16] Pedersen J, Liang X, Casares-Magaz O, Bryant C, Mendenhall N, Li Z, et al. 
Multivariate normal tissue complication probability models for rectal and bladder 
morbidity in prostate cancer patients treated with proton therapy. Radiother Oncol 
2020;153:279–88. https://doi.org/10.1016/j.radonc.2020.10.025. 

[17] Emami B. Tolerance of normal tissue to irradiation. Int J Radiat Oncol Biol Phys 
1991;21:109–22. 

[18] Colaco RJ, Hoppe BS, Flampouri S, McKibben BT, Henderson RH, Bryant C, et al. 
Rectal toxicity after proton therapy for prostate cancer: an analysis of outcomes of 
prospective studies conducted at the university of florida proton therapy institute. 
Int J Radiat Oncol Biol Phys 2015;91(1):172–81. https://doi.org/10.1016/j. 
ijrobp.2014.08.353. 

[19] Bryant C, Smith TL, Henderson RH, Hoppe BS, Mendenhall WM, Nichols RC, et al. 
Five-year biochemical results, toxicity, and patient-reported quality of life after 
delivery of dose-escalated image guided proton therapy for prostate cancer. Int J 
Radiat Oncol Biol Phys 2016;95(1):422–34. https://doi.org/10.1016/j. 
ijrobp.2016.02.038. 

[20] Tucker SL, Dong L, Bosch WR, Michalski J, Winter K, Mohan R, et al. Late rectal 
toxicity on RTOG 94–06: analysis using a mixture lyman model. Int J Radiat Oncol 
Biol Phys 2010;78(4):1253–60. https://doi.org/10.1016/j.ijrobp.2010.01.069. 

[21] D’Avino V, Palma G, Liuzzi R, Conson M, Doria F, Salvatore M, et al. Prediction of 
gastrointestinal toxicity after external beam radiotherapy for localized prostate 
cancer. Radiat Oncol 2015;10(1). https://doi.org/10.1186/s13014-015-0389-5. 

[22] Sun J, Wang Z, Jiang S, Chang JY, Zhang X. A novel set of Lyman Kutcher Burman 
(LKB) model parameters in predicting radiation esophagitis in passive scattering 
proton therapy. Int J Radiat Oncol 2015;93(3):S152. https://doi.org/10.1016/j. 
ijrobp.2015.07.362. 

[23] Wang Z, Chen M, Sun J, Jiang S, Wang Li, Wang X, et al. Lyman–Kutcher–Burman 
normal tissue complication probability modeling for radiation-induced esophagitis 
in non-small cell lung cancer patients receiving proton radiotherapy: LKB NTCP 
modeling for radiation-induced esophagitis in NSCLC patients receiving pr. 
Radiother Oncol 2020;146:200–4. https://doi.org/10.1016/j.radonc.2020.03.003. 

[24] Palma G, Taffelli A, Fellin F, D’Avino V, Scartoni D, Tommasino F, et al. Modelling 
the risk of radiation induced alopecia in brain tumor patients treated with scanned 
proton beams. Radiother Oncol 2020;144:127–34. https://doi.org/10.1016/j. 
radonc.2019.11.013. 

[25] Grassberger C, Trofimov A, Lomax A, Paganetti H. Variations in linear energy 
transfer within clinical proton therapy fields and the potential for biological 
treatment planning. Int J Radiat Oncol Biol Phys 2011;80(5):1559–66. https://doi. 
org/10.1016/j.ijrobp.2010.10.027. 

[26] Iwata H, Ogino H, Hashimoto S, Yamada M, Shibata H, Yasui K, et al. Spot scanning 
and passive scattering proton therapy: relative biological effectiveness and oxygen 
enhancement ratio in cultured cells. Int J Radiat Oncol Biol Phys 2016;95(1): 
95–102. https://doi.org/10.1016/j.ijrobp.2016.01.017. 

[27] Mishra MV, Khairnar R, Bentzen SM, Larson GL, Tsai HK, Sinesi CC, et al. Patient- 
reported outcomes (PROs) comparing pencil beam scanning (PBS) and double 
scatter/uniform scanning proton beam therapy for localized prostate cancer (PC): 
analysis of PCG 001–09. Int J Radiat Oncol Biol Phys 2018;102(3):S34–5. 

[28] Gerweck LE, Kozin SV. Relative biological effectiveness of proton beams in clinical 
therapy. Radiother Oncol 1999;50(2):135–42. https://doi.org/10.1016/S0167- 
8140(98)00092-9. 

[29] Wouters BG, Lam GKY, Oelfke U, Gardey K, Durand RE, Skarsgard LD. 
Measurements of relative biological effectiveness of the 70 MeV proton beam at 
TRIUMF using Chinese hamster V79 cells and the high-precision cell sorter assay. 
Radiat Res 1996;146(2):159. https://doi.org/10.2307/3579588. 

[30] Paganetti H, Niemierko A, Ancukiewicz M, Gerweck LE, Goitein M, Loeffler JS, 
et al. Relative biological effectiveness (RBE) values for proton beam therapy. Int J 
Radiat Oncol Biol Phys 2002;53(2):407–21. https://doi.org/10.1016/S0360-3016 
(02)02754-2. 

[31] Carabe A, Moteabbed M, Depauw N, Mcnamara AL, Schuemann J, Paganetti H, 
et al. Clinical consequences of relative biological effectiveness variations in proton 
radiotherapy of the prostate, brain and liver. Phys Med Biol 2013;58:2103–17. 

[32] Paganetti H. Relative biological effectiveness (RBE) values for proton beam 
therapy. Variations as a function of biological endpoint, dose, and linear energy 
transfer. Phys Med Biol 2014;59(22):R419–72. https://doi.org/10.1088/0031- 
9155/59/22/R419. 

[33] Chaudhary P, Marshall TI, Perozziello FM, Manti L, Currell FJ, Hanton F, et al. 
Relative biological effectiveness variation along monoenergetic and modulated 
Bragg peaks of a 62-MeV therapeutic proton beam: A preclinical assessment. Int J 
Radiat Oncol Biol Phys 2014;90(1):27–35. https://doi.org/10.1016/j. 
ijrobp.2014.05.010. 

[34] Peeler CR, Mirkovic D, Titt U, Blanchard P, Gunther JR, Mahajan A, et al. Clinical 
evidence of variable proton biological effectiveness in pediatric patients treated for 
ependymoma. Radiother Oncol 2016;121(3):395–401. https://doi.org/10.1016/j. 
radonc.2016.11.001. 

[35] Hansen CR, Friborg J, Jensen K, Samsøe E, Johnsen L, Zukauskaite R, et al. NTCP 
model validation method for DAHANCA patient selection of protons versus 
photons in head and neck cancer radiotherapy. Acta Oncol 2019;58(10):1410–5. 
https://doi.org/10.1080/0284186X.2019.1654129. 

[36] Huang C-C, Chao P-J, Guo S-S, Wang C-J, Luo H-L, Su Y-L, et al. Developing a 
multivariable normal tissue complication probability model to predict late rectal 
bleeding following intensity-modulated radiation therapy. J Cancer 2019;10(11): 
2588–93. https://doi.org/10.7150/jca.29606. 

[37] Thomas M, Defraene G, Lambrecht M, Deng W, Moons J, Nafteux P, et al. NTCP 
model for postoperative complications and one-year mortality after trimodality 
treatment in oesophageal cancer. Radiother Oncol 2019;141:33–40. https://doi. 
org/10.1016/j.radonc.2019.09.015. 

[38] Palma G, Monti S, Conson M, Xu T, Hahn S, Durante M, et al. NTCP models for 
severe radiation induced dermatitis after IMRT or proton therapy for thoracic 
cancer patients. Front Oncol 2020;10. https://doi.org/10.3389/fonc.2020.00344. 

[39] Defraene G, Schuit E, De Ruysscher D. Development and internal validation of a 
multinomial NTCP model for the severity of acute dyspnea after radiotherapy for 
lung cancer. Radiother Oncol 2019;136:176–84. https://doi.org/10.1016/j. 
radonc.2019.03.034. 

[40] Cella L, D’Avino V, Liuzzi R, Conson M, Doria F, Faiella A, et al. Multivariate 
normal tissue complication probability modeling of gastrointestinal toxicity after 
external beam radiotherapy for localized prostate cancer. Radiat Oncol 2013;8. 
doi:10.1186/1748-717X-8-221. 

[41] Rancati T, Fiorino C, Fellin G, Vavassori V, Cagna E, Casanova Borca V, et al. 
Inclusion of clinical risk factors into NTCP modelling of late rectal toxicity after 
high dose radiotherapy for prostate cancer. Radiother Oncol 2011;100(1):124–30. 
https://doi.org/10.1016/j.radonc.2011.06.032. 

[42] Schaake W, van der Schaaf A, van Dijk LV, Bongaerts AHH, van den Bergh ACM, 
Langendijk JA. Normal tissue complication probability (NTCP) models for late 
rectal bleeding, stool frequency and fecal incontinence after radiotherapy in 
prostate cancer NTCP models for anorectal side effects patients. Radiother Oncol 
2016;119:381–7. https://doi.org/10.1016/j.radonc.2016.04.005. 

[43] Defraene G, Van den Bergh L, Al-Mamgani A, Haustermans K, Heemsbergen W, 
Van den Heuvel F, et al. The benefits of including clinical factors in rectal normal 
tissue complication probability modeling after radiotherapy for prostate cancer. Int 
J Radiat Oncol Biol Phys 2012;82(3):1233–42. https://doi.org/10.1016/j. 
ijrobp.2011.03.056. 

[44] Denham JW, O’Brien PC, Dunstan RH, Johansen J, See A, Hamilton CS, et al. Is 
there more than one late radiation proctitis syndrome? Radiother Oncol 1999;51 
(1):43–53. https://doi.org/10.1016/S0167-8140(99)00027-4. 

[45] Andreyev J. Gastrointestinal symptoms after pelvic radiotherapy: a new 
understanding to improve management of symptomatic patients. Lancet Oncol 
2007;8(11):1007–17. https://doi.org/10.1016/S1470-2045(07)70341-8. 

[46] Maeda Y, Høyer M, Lundby L, Norton C. Faecal incontinence following 
radiotherapy for prostate cancer: a systematic review. Radiother Oncol 2011;98(2): 
145–53. https://doi.org/10.1016/j.radonc.2010.12.004. 

[47] Petersen SE, Bentzen L, Emmertsen KJ, Laurberg S, Lundby L, Høyer M. 
Development and validation of a scoring system for late anorectal side-effects in 
patients treated with radiotherapy for prostate cancer. Radiother Oncol 2014;111 
(1):94–9. https://doi.org/10.1016/j.radonc.2014.01.023. 

[48] Thor M, Olsson CE, Oh JH, Petersen SE, Alsadius D, Bentzen L, et al. Relationships 
between dose to the gastro-intestinal tract and patient-reported symptom domains 
after radiotherapy for localized prostate cancer. Acta Oncol 2015;54(9):1326–34. 
https://doi.org/10.3109/0284186X.2015.1063779. 

[49] Buettner F, Gulliford SL, Webb S, Sydes MR, Dearnaley DP, Partridge M. The dose- 
response of the anal sphincter region – an analysis of data from the MRC RT01 trial. 
Radiother Oncol 2012;103(3):347–52. https://doi.org/10.1016/j. 
radonc.2012.03.002. 

[50] Heemsbergen WD, Hoogeman MS, Hart GAM, Lebesque JV, Koper PCM. 
Gastrointestinal toxicity and its relation to dose distributions in the anorectal 
region of prostate cancer patients treated with radiotherapy. Int J Radiat Oncol 
Biol Phys 2005;61(4):1011–8. https://doi.org/10.1016/j.ijrobp.2004.07.724. 

[51] Wortel RC, Witte MG, van der Heide UA, Pos FJ, Lebesque JV, van Herk M, et al. 
Dose–surface maps identifying local dose–effects for acute gastrointestinal toxicity 
after radiotherapy for prostate cancer. Radiother Oncol 2015;117(3):515–20. 
https://doi.org/10.1016/j.radonc.2015.10.020. 

J. Pedersen et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.radonc.2011.10.022
https://doi.org/10.1016/j.radonc.2011.10.022
https://doi.org/10.1016/j.radonc.2009.08.004
https://doi.org/10.1016/j.radonc.2016.01.013
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0055
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0055
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0055
https://doi.org/10.1016/j.ijrobp.2009.01.044
https://doi.org/10.1016/j.ijrobp.2009.01.044
https://doi.org/10.1016/j.semradonc.2012.11.002
https://doi.org/10.1016/j.semradonc.2012.11.002
https://doi.org/10.1080/0284186X.2017.1373198
https://doi.org/10.1080/0284186X.2017.1373198
https://doi.org/10.1016/j.radonc.2019.09.017
https://doi.org/10.1016/j.radonc.2020.10.025
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0085
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0085
https://doi.org/10.1016/j.ijrobp.2014.08.353
https://doi.org/10.1016/j.ijrobp.2014.08.353
https://doi.org/10.1016/j.ijrobp.2016.02.038
https://doi.org/10.1016/j.ijrobp.2016.02.038
https://doi.org/10.1016/j.ijrobp.2010.01.069
https://doi.org/10.1186/s13014-015-0389-5
https://doi.org/10.1016/j.ijrobp.2015.07.362
https://doi.org/10.1016/j.ijrobp.2015.07.362
https://doi.org/10.1016/j.radonc.2020.03.003
https://doi.org/10.1016/j.radonc.2019.11.013
https://doi.org/10.1016/j.radonc.2019.11.013
https://doi.org/10.1016/j.ijrobp.2010.10.027
https://doi.org/10.1016/j.ijrobp.2010.10.027
https://doi.org/10.1016/j.ijrobp.2016.01.017
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0135
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0135
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0135
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0135
https://doi.org/10.1016/S0167-8140(98)00092-9
https://doi.org/10.1016/S0167-8140(98)00092-9
https://doi.org/10.2307/3579588
https://doi.org/10.1016/S0360-3016(02)02754-2
https://doi.org/10.1016/S0360-3016(02)02754-2
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0155
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0155
http://refhub.elsevier.com/S2405-6316(21)00061-0/h0155
https://doi.org/10.1088/0031-9155/59/22/R419
https://doi.org/10.1088/0031-9155/59/22/R419
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1016/j.ijrobp.2014.05.010
https://doi.org/10.1016/j.radonc.2016.11.001
https://doi.org/10.1016/j.radonc.2016.11.001
https://doi.org/10.1080/0284186X.2019.1654129
https://doi.org/10.7150/jca.29606
https://doi.org/10.1016/j.radonc.2019.09.015
https://doi.org/10.1016/j.radonc.2019.09.015
https://doi.org/10.3389/fonc.2020.00344
https://doi.org/10.1016/j.radonc.2019.03.034
https://doi.org/10.1016/j.radonc.2019.03.034
https://doi.org/10.1016/j.radonc.2011.06.032
https://doi.org/10.1016/j.radonc.2016.04.005
https://doi.org/10.1016/j.ijrobp.2011.03.056
https://doi.org/10.1016/j.ijrobp.2011.03.056
https://doi.org/10.1016/S0167-8140(99)00027-4
https://doi.org/10.1016/S1470-2045(07)70341-8
https://doi.org/10.1016/j.radonc.2010.12.004
https://doi.org/10.1016/j.radonc.2014.01.023
https://doi.org/10.3109/0284186X.2015.1063779
https://doi.org/10.1016/j.radonc.2012.03.002
https://doi.org/10.1016/j.radonc.2012.03.002
https://doi.org/10.1016/j.ijrobp.2004.07.724
https://doi.org/10.1016/j.radonc.2015.10.020


Physics and Imaging in Radiation Oncology 20 (2021) 62–68

68

[52] Hamlett LJ, McPartlin AJ, Maile EJ, Webster G, Swindell R, Rowbottom CG, et al. 
Parametrized rectal dose and associations with late toxicity in prostate cancer 
radiotherapy. Br J Radiol 2015;88(1054):20150110. https://doi.org/10.1259/ 
bjr.20150110. 

[53] Casares-Magaz O, Muren LP, Moiseenko V, Petersen SE, Pettersson NJ, Høyer M, 
et al. Spatial rectal dose/volume metrics predict patient-reported gastro-intestinal 

symptoms after radiotherapy for prostate cancer. Acta Oncol 2017;56(11): 
1507–13. https://doi.org/10.1080/0284186X.2017.1370130. 

[54] Landoni V, Fiorino C, Cozzarini C, Sanguineti G, Valdagni R, Rancati T. Predicting 
toxicity in radiotherapy for prostate cancer. Phys Med 2016;32(3):521–32. https:// 
doi.org/10.1016/j.ejmp.2016.03.003. 

J. Pedersen et al.                                                                                                                                                                                                                                

https://doi.org/10.1259/bjr.20150110
https://doi.org/10.1259/bjr.20150110
https://doi.org/10.1080/0284186X.2017.1370130
https://doi.org/10.1016/j.ejmp.2016.03.003
https://doi.org/10.1016/j.ejmp.2016.03.003

	Normal tissue complication probability models for prospectively scored late rectal and urinary morbidity after proton thera ...
	1 Introduction
	2 .aterials and methods
	2.1 Patient cohort
	2.2 Treatment planning
	2.3 Endpoints
	2.4 Normal tissue complication probability modelling
	2.5 Confidence intervals for best-fit parameters

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


