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A B S T R A C T   

Purpose: To compare the difference in normal tissue complication probability (ΔNTCP) between proton therapy 
(PT) and photon therapy plans using radiation-induced lung injury (RILI) as an endpoint and to analyze its 
correlation with thoracic anatomic features in breast cancer patients. 
Materials and Methods: A total of 409 breast cancer patients receiving photon intensity-modulated radiation 
therapy were randomly split into training and testing sets at an 8:2 ratio. A dose-modifying-factors (DMFs)- 
incorporated Lyman-Kutcher-Burman NTCP model was developed by maximum likelihood estimation with the 
training set to predict the risk of grade ≥ 1 RILI (CTCAE 5.0) within 1 year after radiotherapy. The DMFs stood 
for baseline risk factors were identified by least absolute shrinkage and selection operator regression and uni- 
multivariable logistic regression. After model validation, PT plans were generated for 80 patients from the 
dataset. The Pearson/Spearman rank correlation coefficient followed by linear regression was used to assess the 
correlation between anatomic features and lung ΔNTCP between photon and proton plans. 
Results: BMI ≥ 23.52 kg/m² (P = .049) and interval between last cycle of chemotherapy and radiotherapy 
(ICR) ≤ 20 days (P = .014) were found to be independent risk factors for RILI. The optimal NTCP parameters 
were: n = 0.40, m = 0.22, TD50 = 24.66Gy, DMF-BMI = 0.88, and DMF-ICR = 0.92. The model performed 
well in area under the receiver operating curve (training set 0.754, testing set 0.733) and other validation tests. 
Among the 80 patients with photon and proton plans, the mean ΔNTCP was 57.45%  ±  10.51%. Linear re
gression showed a significant positive correlation between Arc Height to Base Ratio at the transverse plane of the 
sternal angle and ΔNTCP (regression coefficient 56.56, P = .049). 
Conclusion: BMI ≥ 23.52 kg/m² and ICR ≤ 20 days are risk factors for RILI. In patients with larger Arc Height to 
Base Ratio at the transverse plane of the sternal angle, PT plans suggest greater lung sparing in comparison to 
intensity-modulated radiation therapy. Further studies are needed to validate this association.   
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Introduction 

Although the number of proton facilities is growing worldwide, due 
to its hitherto limited resources and high expenses, optimizing patient 
selection, especially in high incidence disease such as breast cancer 
(BC), so as to make the best use of the available resources is currently a 
topic of interest.1 For example, in the Netherlands, a model-based ap
proach2,3 based on normal tissue complication probability (NTCP) 
models has been attempted for determining the national indication 
protocol for proton therapy (NIPP), including head and neck cancers4 

and BC,5 in which the BC recommendation was based on a 2% or higher 
risk reduction of acute coronary event (ACE) using the Darby model 
with proton therapy (PT) compared to photons.6 However, other im
portant radiation toxicity following BC radiotherapy, such as radiation- 
induced lung injury (RILI), remains underrecognized despite its clinical 
significance. 

The NTCP model-based approach may cause extra workload, as it 
necessitates both photon and proton treatment planning for each pa
tient.2,3 Anatomical features have been summarized to estimate the 
dose to certain organs at risk (OARs). Stahl et al7 found that the degree 
of pectus excavatum assessed by the Haller Index was positively cor
related with the mean heart dose (P  <  .001) in BC patients. 

For the purpose of quantifying the benefit of PT in terms of lung 
toxicity while foregoing treatment planning comparison, in this study, 
we developed a dose-modifying-factors (DMFs)-incorporated 
Lyman–Kutcher–Burman (LKB)-NTCP model to predict the risk of RILI 
after postoperative BC radiotherapy. Based on the model, we tried to 
identify thoracic anatomic features that correlate with the benefit of PT 
in terms of lung protection (assessed by the ΔNTCP between proton and 
photon plans) and to provide references for patient selection. 

Materials and methods 

NTCP model development 

Patient enrollment and data collection 
A total of 409 BC patients with complete baseline characteristics, 

dose-volume histograms (DVHs), and follow-up results for RILI from 
two prospective clinical trials (clinicaltrials.gov #NCT02942615, 
#NCT03829553) who underwent postoperative radiotherapy at Ruijin 
Hospital, Shanghai Jiao Tong University, School of Medicine during 
August 2017 to February 2022 were retrospectively enrolled for this 
study. All patients received intensity-modulated radiation therapy 
(IMRT) for chest wall or whole breast with or without regional lymph 
node [supraclavicular  ±  axillary  ±  internal mammary lymph node] 
at a prescription dose of 40.05 or 50 Gy in 15 or 25 fractions, with or 
without a tumor bed boost of 10 to 16 Gy in 4 to 8 fractions. The DVHs 
and other dose-volume metric data of the ipsilateral lung were collected 
after being translated into equivalent dose in 2-Gy fractions at a α/β 
value of 38 for later analysis. The dataset was then randomly divided 
into a training set and a testing set in an 8:2 ratio. 

The endpoint event was defined as grade ≥ 1 RILI (graded ac
cording to the Common Toxicity Criteria for Adverse Events version 
5.09) within 1 year after the completion of radiotherapy. Asymptomatic 
grade 1 RILI is defined as lung density changes in the region adjacent to 
the irradiated target. All RILI diagnoses were based on computed to
mography (CT) scans after completion of radiotherapy and were in
dependently reviewed and approved by an external senior radiology 
expert. 

NTCP modeling 
The case data from the training set was used for NTCP modeling. 
In this study, the LKB-NTCP value of a particular radiation-related 

adverse reaction manifesting in a specific OAR was calculated by10–14: 
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in which TD50 is the tolerance dose in Gy of the OAR that causes 
50% complication risk, n describes the volume effect specific to the 
OAR of interest (varying from 0 to 1 as the volume effect increases),15 

and m represents the slope of the modeling curve at TD50 ranging be
tween 0 and 1. Meanwhile, the influence of each risk or protective 
factor K corresponds to a parameter DMFk that affects TD5011 (Yk = 1 if 
the patient meets factor K, and 0 if not). 

Equation (3) describes the equivalent uniform dose (EUD)16 by 
performing an exponentially weighted summation of pairs of relative 
volume (vi) receiving a dose of Di, which can be derived from the dif
ferential DVH data of the related OAR. 

The optimal values of key parameters (TD50, n, m and DMFs) were 
determined by maximum likelihood estimation at the maximum value 
of a log-likelihood (LL) function expressed as: 
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For patient j, if follow-up indicates grade 1 or higher RILI, then 
Rj = 1; otherwise, Rj = 0. The 95% confidence intervals (CI) of the 
optimal parameter values were determined with the profile likelihood 
method.10 

Statistical analysis 
In the training set, least absolute shrinkage and selection operator 

(LASSO) regression followed by univariate and multivariate logistic 
regressions were conducted to identify the independent risk factors for 
RILI, which would then be introduced into the LKB-NTCP model as 
DMFs. All relevant data analyses were performed with R version 4.3.1. 

NTCP modeling was completed with self-written code in MATLAB 
(version R2021a, MathWorks, Inc). Subsequent model validations were 
done with R version 4.3.1. 

The NTCP model was evaluated in both the training and testing sets 
to validate the model performance in similar populations that can be 
extrapolated. Overall performance was measured by Nagelkerke's R² 
and the Brier score. Nagelkerke's R² indicates the proportion of variance 
explained by the model. The Brier score measures the accuracy of the 
model's probabilistic predictions against actual binary outcomes. 
Discrimination was evaluated using the area under the receiver oper
ating curve (AUC). To assess the calibration of the model, we performed 
the Hosmer-Lemeshow test, which compares the observed and expected 
outcomes, with a lower chi-square value and a P value greater than 0.05 
indicating good model fit. 

Relationship between ΔNTCP and thoracic anatomic features 

Patient enrollment and treatment planning 
Forty-five left-sided and thirty-five right-sided post-mastectomy BC 

patients who received conventional fractionated IMRT (50Gy/25Fx) 
were randomly selected from the original dataset and underwent PT 
planning at a prescription dose of 50 GyRBE/25Fx. The clinical target 
volumes (CTVs) for PT were consistent with those in the photon plans, 
including chest wall and regional lymph nodes (supraclavicular 
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± internal mammary lymph node ± level 1-3 axillary lymph nodes). 
The target volumes were contoured as per the RADCOMP breast con
touring atlas (v.3). The intensity-modulated proton therapy (IMPT) 
plans were created using RayStation treatment planning system 
(Version: 10B, RaySearch Laboratories, Sweden). Two co-planar beams 
were configured: one anterior-posterior (0°) beam and the other is an 
en-face beam perpendicular to the breast/chest-wall surface. The en- 
face beam was positioned at mainly 45° for left-sided cases and 315° for 
right-sided cases. A range shifter with a water-equivalent thickness of 
4.6 g/cm2 was adopted for both beams. All plans were robustly opti
mized, accounting for 3 mm setup uncertainty and 3.5% range un
certainty. Dose calculation was performed using the Monte Carlo al
gorithm, assuming a constant relative biological effectiveness (RBE) 
value of 1.1. The plan normalization was set to cover 95% of CTV with 
100% prescription dose. All proton plans were reviewed and approved 
by a senior radiation oncologist to ensure that the target volume cov
erage was clinically acceptable and comparable to that of the photon 
plans. The OAR delineation and dose constraints were provided in  
Supplementary Table 1. 

Data collection for ΔNTCP and anatomic features 
The ΔNTCP between photon and proton plans (defined as photon 

NTCP minus proton NTCP) of these patients were calculated with the 
corresponding baseline information and DVH data using the obtained 
NTCP model for RILI. 

The anatomical features were quantified on planning CT in 6 
parameters: the minimum thickness of remaining chest wall soft tissues 
across all the transverse planes on CT scans, ipsilateral lung volume, the 
ratio of anterior-posterior (AP) to left-right (LR) distance of thorax, the 
ratio of AP to LR distance of ipsilateral lung, the ratio of AP distance of 
thorax to AP distance of ipsilateral lung, and the Arc Height to Base 
Ratio (AHBR) (defined by the ratio of height to base of the arc formed 
by the osseous thorax within the parasternal to mid-axillary line range) 
(Figure 1). The last 4 parameters were measured at the transverse plane 
where the sternal angle and the fourth rib lies, respectively. 

Statistical analysis 
For anatomical features that followed a normal distribution, the 

Pearson correlation coefficient was used to measure their correlation 
with ΔNTCP. Spearman rank correlation coefficient was applied for 
others. For anatomical features that showed significant results in the 
analysis, linear regression was further employed to investigate the 
strength and direction of the correlation. 

All statistical analyses were conducted using GraphPad Prism 10.1.0 
software. 

Results 

The NTCP model generation 

Independent prognostic factors for RILI 
Of the 409 cases studied, 191(46.70%) patients experienced grade 1 

or higher RILI. In the training set and testing set, there were 156/ 
327(47.71%) and 35/82(42.68%) patients with positive outcomes, re
spectively (P = .415). 

Search of independent prognostic factors for RILI was based on the 
training set data. Restricted by the aforementioned NTCP model for
mulas, some baseline characteristics were converted from continuous 
variables to logical variables according to the cut-off values determined 
with the receiver operating curve (ROC), as shown in Table 1. Full 
details of the patient and treatment characteristics to be candidates of 
prognostic factors for RILI are provided elsewhere (Supplementary 
Table 2). 

In LASSO regression, when the regularization strength (λ) was set to 
the value of 0.0277 which achieving the lowest cross-validation error 
(λ minutes), 7 of the 19 variables were excluded with coefficients 
shrunk to zero (Supplementary Figure 1 and Table 3). 

The remaining 12 logical variables (Age ≥ 53 years, Postmenopausal, 
Body mass index (BMI) ≥ 23.52 kg/m², Hyperlipidemia, Pulmonary pri
mary disease, Mastectomy, Chemotherapy with anthracycline, 
Chemotherapy with taxane, HER2-targeted therapy, Interval between 
surgery and radiotherapy ≤ 172days, Interval between last cycle of che
motherapy and radiotherapy (ICR) ≤ 20days, Endocrine therapy before/ 
during radiotherapy) were then included in the logistic regression 

Figure 1. Illustration of the base length (a) and the arc height (b).  

Table 1 
Cut-off points for continuous variables to be transversed to logical variables.        

Cut-off 
value 

Youden 
Index 

Sensitivity Specificity  

Age, y 52.50 0.224 0.622 0.602 
BMI, kg/m² 23.52 0.157 0.526 0.632 
ISR, d 172.50 0.133 0.774 0.359 
ICR, d 20.50 0.116 0.675 0.442 

Abbreviations: BMI, body mass index, ISR, interval between surgery and 
radiotherapy, ICR, interval between chemotherapy and radiotherapy.  
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(Table 2). The multivariate analysis suggested that: BMI ≥ 23.52 kg/m² 
(regression coefficient 0.480, 95%CI 0.001-0.961; P = .049) and ICR ≤  
20 days (regression coefficient 0.605, 95%CI 0.125-1.092; P = .014) were 
independent risk factors for developing grade 1 or higher RILI within one 
year after radiotherapy in BC patients. These two factors were then in
troduced into the LKB-NTCP model as DMFs, represented by DMF-BMI and 
DMF-ICR. 

NTCP model parameters and model performance 
The maximum likelihood estimates of the LKB-NTCP model para

meters were: n = 0.40 (95%CI 0.374-0.419), m = 0.22 (95%CI 0.171- 
0.287), TD50 = 24.66 Gy (95%CI 23.734-25.339), DMF-ICR = 0.92 
(95%CI 0.872-0.964), DMF-BMI = 0.88 (95%CI 0.832-0.915). 

The NTCP-EUD curves of the model corresponding to the optimal 
parameters are plotted in Figure 2. Depending on whether the patient 
meets the risk factors for RILI represented by the DMFs, the NTCP value 
calculated for the same EUD value may fall on any of the corresponding 
curves in the graph. 

The Nagelkerke's R² values of the model in the training and testing 
set were 0.256 and 0.206, respectively, while the Brier scores were 
0.201 and 0.209 (Table 3). The AUC was 0.754 (standard error 0.026, 
95%CI 0.702-0.805) in the training set and 0.733 (standard error 0.057, 
95%CI 0.620-0.845) in the testing set (Table 3). The Hosmer-Lemeshow 
test showed no significant difference between the observed outcomes 
and predicted risks in both the training (P = .911) and testing set 
(P = .417) (Table 3). In internal validation (Table 3), we got a median 
Brier score of 0.198 (range 0.149-0.252) and a median AUC of 0.755 
(range 0.631-0.847). In the calibration plot of the whole dataset (in
cluding the training and testing set) (Supplementary Figure 2), the 
trend line of the NTCP model prediction versus the observation is close 
to the ideal line. 

Relationship between anatomic factors and ΔNTCP 

Detailed patient characteristics of the cohort undergoing PT plan
ning were presented in Supplementary Table 4. In dose comparison 
between proton and photon plans, PT demonstrated advantages in dose 
homogeneity within the target volume as well as in dose sparing of 
OARs, including the heart and ipsilateral lung (Supplementary Table 5). 

The mean NTCP values of proton and photon plans were 9.36% 
(standard deviation (STD) 3.78%) and 66.81% (STD 13.05%), respec
tively. The NTCP values for proton plans were significantly reduced 
(Paired t test P  <  .0001) compared to photons, with a ΔNTCP of 
57.45% (STD 10.51%). 

The distribution of thoracic anatomical features is shown in Table 4, 
while the results of the correlation analysis are summarized in Table 5. 
At the transverse plane of the sternal angle on CT scans, AHBR was 
positively correlated with ΔNTCP (%) (Pearson correlation coefficient 
0.220, 95%CI 0.001-0.420, P = 0.049). (For clarity, AHBR hereafter 
specifically indicates the measurement taken at the transverse plane of the 

Table 2 
Results of the univariate and multivariate logistic regression analysis about RILI.          

Univariate logistic regression Multivariate logistic regression 

Estimate 95%CI P value Estimate 95%CI P value  

Age ≥ 53 y 0.912 0.470 to 1.362  < .001 0.682 −0.342 to 1.735 .192 
Post-menopausal 0.871 0.428 to 1.320  < .001 0.252 −0.808 to 1.285 .633 
BMI ≥ 23.52 kg/m² 0.642 0.202 to 1.087 .004 0.480 0.001 to 0.961 .049 
Hyperlipidemia −1.030 −2.960 to 0.455 .212    
Pulmonary primary disease 0.871 0.131 to 1.664 .025 0.619 −0.195 to 1.480 .145 
Mastectomy 0.511 0.025 to 1.006 .041 0.256 −0.273 to 0.790 .343 
Chemotherapy with anthracycline 0.700 0.070 to 1.366 .033 0.560 −0.258 to 1.400 .184 
Chemotherapy with taxane 0.910 −0.091 to 2.067 .091    
HER2-targeted therapy 0.483 0.008 to 0.963 .047 0.395 −0.124 to 0.919 .137 
ISR ≤ 172 d −0.651 −1.147 to −0.166 .009 −0.424 −1.055 to 0.194 .181 
ICR ≤ 20 d 0.541 0.092 to 0.996 .019 0.605 0.125 to 1.092 .014 
Endocrine therapy before/during radiotherapy −1.041 −2.561 to 0.189 .123    

Abbreviations: BMI, body mass index; ISR, interval between surgery and radiotherapy; ICR, interval between chemotherapy and radiotherapy. 
327 cases in the training set were included in this analysis.  

Figure 2. NTCP curve versus EUD corresponding to the LKB-NTCP model with 
DMFs (n = 0.40, m = 0.21, TD50 = 24.66 Gy, DMF-ICR = 0.92, DMF- 
BMI = 0.88). 

Table 3 
Results of NTCP model validation.       

Training set Testing set Internal validation (Median [Range])  

AUC (95% CI) 0.754 (0.702-0.805) 0.733 (0.620-0.845) 0.755 [0.631-0.847] 
Brier score 0.201 0.209 0.198 [0.149-0.252] 
Nagelkerke's R2 0.256 0.206 / 
Hosmer-Lemeshow test Χ2 = 3.342 P = .911 Χ2 = 8.175 P = .417 / 

Internal validation was performed with 100 different subsets of 82 randomly selected patients from the training set.  
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sternal angle, unless explicitly noted.) Subsequent linear regression on 
AHBR to ΔNTCP yielded a regression coefficient of 56.560 (standard 
error 28.380, R² = 0.048, P = .049) (Supplementary Figure 3). 

Discussion 

As the first step of this study, we developed a DMF-cooperated LKB- 
NTCP model to predict the risk of grade 1 or higher RILI within 1 year 
after radiotherapy in BC patients. The model showed good performance 
both in training and testing sets, indicating a consistency in its ro
bustness. It also achieved a higher AUC value than models from other 
studies with similar endpoints (0.733 vs 0.702 (Zhou et al17) and 0.703 
(Rancati et al18), P = .002 for both) in the testing set. 

Among the optimal parameters of our NTCP model for RILI, the 
value of n (0.40) has drawn our attention, as it indicates a relatively 
smaller volume effect of lungs than those reported in previous lung 
toxicity NTCP models (n ranging from 0.9 to 1).17–19 However, it is 
supported by Tucker et al,20 who found that an NTCP model with 
n = 0.41 better predicted radiation pneumonitis (RP) in non-small cell 
lung cancer patients than with n = 1. Their subsequent study21 also 

confirmed that EUD calculated with n = 0.5 predicted RP risk more 
accurately than mean lung dose (equals EUD calculated with n = 1). 

While the dosimetric advantage of PT in sparing key OARs—such as 
the heart and lungs—has been well established and confirmed in our 
study (Supplementary Table 5), the benefit varies across individual 
patients, which may serve as a valuable basis for patient selection. With 
a same technical platform, the dose-sparing benefit, however, may be 
attributed to thoracic anatomical variations. 

For example, cardiac contact distance22 (defined as the maximum 
length of contact between the heart and chest wall on the left side of the 
sternum) and heart volume in field23,24 (defined as the heart volume 
encompassed by the 50% isodose line) can predict the benefit from the 
deep-inspiration breath-hold (DIBH) technique using 3-dimensional 
conformal radiotherapy. Thus, we explored factors that potentially in
fluence the benefits of PT (ΔNTCP) in terms of thoracic anatomical 
characteristics based on the NTCP model for RILI. In the correlation 
analysis, AHBR at the transverse plane of the sternal angle showed a 
significant positive correlation with ΔNTCP (%) between proton and 
photon plans (P = 0.049). Subsequent linear regression indicates that 
for every 0.1 increase in this ratio, ΔNTCP increases by 5.656%. 

With the “Bragg Peak,”25 IMPT can narrow the low-to-intermediate 
dose region so as to be better conformal to the target volume. As shown 
in Figure 3, the 50% isodose line at the sternal angle plane of the proton 
plan better matches the contour of the target area and spares most of 
the lung tissue irradiated in the photon plan. 

While the parasternal and mid-axillary lines are usually considered 
the inner and outer boundaries of the CTV delineation for breast/chest- 
wall irradiation, AHBR aims to reflect the convexity of the arc formed 
by the osseous thorax within that range. Comparing the 50% isodose 
lines of patient A and B (Figure 3), it can be proposed that a more 
convex target volume (indicating a more convex osseous thorax as in  
Figure 3A), which is an unfavorable anatomy associated with increased 
lung dose-volume when photon radiotherapy is to be given, will lead to 
higher magnitude of lung sparing in proton plans. It aligns with our 
conclusion that a larger AHBR correlates with greater advantage in lung 
sparing for protons. However, AHBR at the fourth rib level did not 
demonstrate significant correlation with ΔNTCP. Patients receiving 
regional nodes irradiation are associated with higher ipsilateral lung 
dose.26,27 As most of the regional nodes situated above the fourth-in
tercostal space, the spared lung volume in proton plans at a more ce
phalad level (eg, the sternal angle level compared to the fourth rib level 
in this study) may have greater influence on the ipsilateral lung irra
diation and NTCP prediction. 

We further tried to explore the potential correlation between the 
cardiac and pulmonary sparing benefits of PT. The risk of ACE for all 80 
patients in photon and proton plans (estimated based on the work of 

Table 4 
Characteristics of anatomic features on CT scans.     

Mean (± STD)  

At the transverse plane of sternal angle 
AP to LR ratio of thorax 0.64 (± 0.06) 
AP to LR ratio of ipsilateral lung 1.22 (± 0.12) 
Ratio of AP distance of thorax to AP distance of 
ipsilateral lung 

0.95 (± 0.03) 

AHBRa 0.19 (± 0.04) 
At the transverse plane of the fourth rib 

AP to LR ratio of thorax 0.68 (± 0.06) 
AP to LR ratio of ipsilateral lung 1.31 (± 0.13) 
Ratio of AP distance of thorax to AP distance of 
ipsilateral lung 

0.98 (± 0.03) 

AHBR 0.23 (± 0.03) 
Across all transverse planes 

Volume of the ipsilateral lung, cm3 1186.41 (± 240.24) 
*Minimum thickness of remaining chest wall 
soft tissues, cm 

0.47 (± 0.23) 

Abbreviations: AP, anterior-posterior, LR left-right, AHBR arc height to base 
ratio.  

a AHBR: the ratio of height to base of the arc formed by the osseous thorax 
within the parasternal to mid-axillary line range (Figure 1).  

* Variable marked with “*” did not follow a normal distribution and was 
otherwise presented by median(range) as: Minimum thickness of remaining 
chest wall soft tissues, 0.42 (0.24-1.90) cm.  

Table 5 
Correlation analysis between anatomical features and ΔNTCP.       

Correlation coefficient (95%CI) R2 P value  

At the transverse plane of sternal angle 
AP to LR ratio of thorax 0.047 (−0.175 to 0.264) 0.002 .681 
AP to LR ratio of ipsilateral lung −0.023 (−0.242 to 0.197) 0.001 .837 
Ratio of AP distance of thorax to AP distance of ipsilateral lung −0.125 (−0.336 to 0.097) 0.016 .268 
AHBR 0.220 (0.001 to 0.420) 0.048 .049 

At the transverse plane of the fourth rib 
AP to LR ratio of thorax 0.101 (−0.121 to 0.314) 0.010 .373 
AP to LR ratio of ipsilateral lung 0.038 (−0.183 to 0.256) 0.001 .738 
Ratio of AP distance of thorax to AP distance of ipsilateral lung 0.145 (−0.077 to 0.354) 0.021 .198 
AHBR 0.175 (−0.046 to 0.380) 0.031 .120 

Across all transverse planes 
Volume of the ipsilateral lung, cm3 −0.163 (−0.379 to 0.059) 0.027 .148 
*Minimum thickness of remaining chest wall soft tissues, cm 0.169 (−0.059 to 0.380) / .134 

Abbreviations: AP, anterior-posterior; LR, left-right; AHBR, arc height to base ratio.  
* Correlation between anatomical features and ΔNTCP was analyzed with the Pearson correlation coefficient, except for features marked with “*” of which 

correlation with ΔNTCP was tested with the Spearman rank correlation coefficient for not following a normal distribution.  
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Boersma et al5), along with the NTCP values for RILI, was summarized 
in Supplementary Table 6. Pearson correlation analysis revealed no 
significant association between the ΔNTCP values for ACE and RILI 
(P = .146). The extent of benefit for heart and lung did not seem to 
increase proportionally, which may be attributed to their different 
anatomical features for corresponding dose sparing potential with 
IMPT. 

One critical limitation of the current study is the endpoint set for our 
NTCP model (grade ≥1 RILI), which holds limited clinical significance. 
Despite our awareness, the positive cases of grade ≥2 RILI in our co
hort were insufficient (2 out of 409) to support the NTCP modeling. 
However, radiological changes may be the earliest manifestation of 
more severe complications. Studies by Lind et al28 and Bhadra et al.29 

have demonstrated that among patients with grade 1 RILI, those ex
hibiting moderate-to-severe radiological reactions—classified ac
cording to Arriagada’s system,30 which categorizes CT responses based 
on changes in density—were more likely to develop respiratory symp
toms or experience greater reductions in lung capacity. With limited 
cases of grade ≥2 events, further study may refine the classification of 
grade 1 RILI to better define the extent of radiological lung injury and 
to improve the clinical impact of the endpoint. In addition, in the 
context of multimodal BC treatment, it is important to minimize even 
grade 1 RILI to reduce cumulative toxicity. Several novel systemic 
therapies in international guidelines, such as CDK4/6 inhibitors,31,32 

ADCs33,34 and PARP inhibitors35 have been reported to be associated 
with lung toxicity. To maximize lung sparing is thus associated with an 
increasing clinical impact under this context. 

In this study, the probability of RILI following PT was predicted by 
the same LKB-NTCP model generated with photon-based data. 
Blanchard et al36 verified that the accuracy of the NTCP model derived 
from photon therapy data might decrease in proton treatment for head 
and neck cancer patients even though the deviation was within an ac
ceptable range. Thus, we tend to believe that the loss of accuracy as 
using photon-based NTCP model on proton irradiation is unlikely to 
significantly impact the related conclusions. Nevertheless, future efforts 
should focus on developing NTCP models specifically for PT to improve 
the preciseness. Also, given that both the training and testing sets ori
ginated from the same institutional population, the performance of our 
NTCP model warrants further validation in external datasets. 

Based on previous research, RBE varies along the Bragg Peak and 
may reach an average of 1.35 at the distal end of the Spread-Out Bragg 
Peak,37 which anatomically adjacent to the ribs and the anterior portion 
of ipsilateral lung. Ödén et al38 reported that in proton plans of BC, 
pulmonary doses calculated using a variable RBE model (incorporating 
linear energy transfer and α/β ratios) were higher compared to those 
calculated with a fixed RBE of 1.1. It is possibly that our study 

underestimates the lung dose and the associated risk of RILI in NTCP 
assessment for PT, as a constant RBE of 1.1 was applied. 

It should be acknowledged that the correlation between AHBR and 
ΔNTCP was modest, as reflected by the low R² value (0.048). Besides, 
when IMRT plans were separately analyzed, there exists a trend with no 
statistical difference towards AHBR and NTCP-RILI values, P value 
(P = .084). Moreover, as all dosimetry data were carried out on free- 
breathing planning CT, the influence of breathing conditions warrants 
further investigation. Previous studies39,40 have suggested that the DIBH 
technique can lead to sternal displacement and lung expansion, which 
could theoretically affect the AHBR measurement at the transverse plane 
of the sternal angle. To verify this assumption, we conducted a preliminary 
observation in another cohort of 18 DIBH-treated patients and found 
AHBR values was higher under DIBH than under free-breathing 
(0.20  ±  0.04 vs 0.18  ±  0.04, Paired t test P  <  .0001). Therefore, the 
feature “AHBR at the transverse plane of sternal angle” points toward a 
potentially valuable direction for further investigation, rather than re
presenting a definitive conclusion suitable for immediate clinical transla
tion. To confirm its clinical relevance, further validation in larger and 
more diverse cohorts, such as those undergoing DIBH, is necessary. The 
incorporation of radiomics-based approaches may facilitate a more com
prehensive exploration of thoracic anatomical variables. 

As an extension, when investigating the benefits of PT, it is also 
important to integrate potential adverse effects beyond RILI and cardiac 
toxicity, such as skin toxicities,41 rib fracture42 and capsular con
tracture in reconstructed breasts.43 Retrospective studies41,44 have re
ported an increased risk of radiation dermatitis in BC patients receiving 
PT, which has been attributed, at least in part, to the use of passive 
scattering proton beams. In the study by Hsieh et al,45 the proton and 
photon plans exhibited comparable skin dosimetry; however, the in
cidence of radiation dermatitis remained higher with PBS PT than with 
photons, highlighting the value of establishing corresponding mod
eling46 to increase the precision of PT-related skin toxicity evaluation. 
The same applies to other PT–related concerns mentioned above. 

Conclusion 

Patients with BMI ≥ 23.52 kg/m² or ICR ≤ 20 days are at higher 
risk of developing RILI. Thoracic anatomical features such as larger 
AHBR at the transverse plane of the sternal angle on planning CT was 
found to be a potential parameter for quick selection of BC patients 
potentially benefit more from PT in terms of lung sparing. Our study 
provides a possibly solution in the recommendation of PT without 
double planning. Continuous efforts should be made not only to vali
date this finding but also to develop a more integrated predictive ap
proaches with practical guidance in patient selection. 

Figure 3. Fifty percent isodose lines at the transverse plane of the sternal angle in photon and proton plans for patient A (A) and B (B). Compared to patient A (A), 
patient B (B) held a flatter osseous thorax, and the proton plan for her showed less advantage in lung sparing. 
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