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Propensity-score-matched 
evaluation of the incidence 
of radiation pneumonitis and 
secondary cancer risk for breast 
cancer patients treated with IMRT/
VMAT
Pei-Ju Chao1,2, Hsiao-Fei Lee1,2, Jen-Hong Lan1,2, Shih-Sian Guo1,2, Hui-Min Ting1,2, 
 Yu-Jie Huang2, Hui-Chun Chen2 & Tsair-Fwu Lee  1,2,3,4

Propensity score matching evaluates the treatment incidence of radiation-induced pneumonitis 
(RP) and secondary cancer risk (SCR) after intensity-modulated radiotherapy (IMRT) and volumetric-
modulated arc therapy (VMAT) for breast cancer patients. Of 32 patients treated with IMRT and 
58 who received VMAT were propensity matched in a 1:1 ratio. RP and SCR were evaluated as the 
endpoints of acute and chronic toxicity, respectively. Self-fitted normal tissue complication probability 
(NTCP) parameter values were used to analyze the risk of RP. SCRs were evaluated using the preferred 
Schneider’s parameterization risk models. The dosimetric parameter of the ipsilateral lung volume 
receiving 40 Gy (IV40) was selected as the dominant risk factor for the RP NTCP model. The results 
showed that the risks of RP and NTCP, as well as that of SCR of the ipsilateral lung, were slightly lower 
than the values in patients treated with VMAT versus IMRT (p ≤ 0.01). However, the organ equivalent 
dose and excess absolute risk values in the contralateral lung and breast were slightly higher with 
VMAT than with IMRT (p ≤ 0.05). When compared to IMRT, VMAT is a rational radiotherapy option for 
breast cancer patients, based on its reduced potential for inducing secondary malignancies and RP 
complications.

Intensity-modulated radiotherapy (IMRT) and volumetric-modulated arc therapy (VMAT) are two of the main 
therapeutic modalities for patients with breast cancer1. However, the potential complications associated with 
these treatments include acute and chronic toxicity. In acute toxicity, radiation-induced pneumonitis (RP) is the 
major side effect involving the lung after radiotherapy (RT), and it reduces patient quality of life (QoL)2,3. The 
risk of RP toxicity is evaluated using normal tissue complication probability (NTCP) models. In chronic toxicity, 
the secondary cancer risk (SCR) must be taken into consideration, especially in younger women with early stage 
breast cancer as they may go on to live a normal life4,5. Schneider et al. proposed several models to effectively 
evaluate the SCR6,7.

To date, no randomized trial has been conducted in breast cancer patients simultaneously comparing the 
treatment-related incidence of RP and the effects of SCR after IMRT/VMAT8. Non-randomized comparisons 
may be limited by two sets of baseline features with a disequilibrium distribution9. In general, the presence of 
confounders may favor one therapeutic technique over the other, whereas the removal of confounding effects 
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will allow an unbiased analysis and an estimate of the treatment effect. In practice, confounders can be elimi-
nated using propensity score-matched analysis,9,10 which allows data matching between general baseline factors 
to establish two similar datasets for comparison. Therefore, in this study, a confounder-elimination process was 
conducted using propensity score matching to compare the incidence of radiation-induced RP and chronic SCR 
toxicity for breast cancer patients treated with IMRT/VMAT.

Methods and Materials
Patient characteristics. A total of 90 breast cancer patients were enrolled. All of the patients were treated 
between January 2012 and December 2015. Thirty-two patients were treated with IMRT and 58 with VMAT. 
The patients’ baseline characteristics were recorded, including basic information, disease status, and RT param-
eters (Table 1). All experimental protocols of this study were approved by the Institutional Review Board of 
Chang Gung Memorial Hospital (104-8255B). Figure 1 shows the process profile; in terms of the radiation-in-
duced parameters, patients were propensity-score-matched in a 1:1 ratio according to their age at treatment, 
American Joint Committee on Cancer (AJCC) stage, irradiation to supraclavicular fossa (SCF) status, and con-
current chemotherapy. Therefore, the confounders derived from the baseline characteristics could be eliminated 
by propensity score matching. RP was evaluated as the endpoint of acute toxicity and SCR as the endpoint of 
chronic toxicity. Propensity score matching was performed using a caliper distance of 0.2 (i.e., 0.2 × the standard 
deviation of the logit of the propensity score) without replacement, as recommended11,12. Data matching was 
performed using SPSS software (ver. 22.0; IBM SPSS, Chicago, IL, USA).

Treatment techniques. The details of the treatment techniques were reported previously2. Philips Pinnacle3 
treatment planning system (TPS) (V 9.2; Philips, Fitchburg, WI, USA) was used for planning. Treatment was 
delivered using an Elekta Precise linear accelerator (Elekta, Crawley, UK) or a Varian Clinac IX (Varian Medical 
Systems, Palo Alto, CA, USA). Patients received either IMRT or VMAT with a simultaneous integrated boost 
technique (SIB) and a single 6-MV energy setting. IMRT patient treatments were planned with a six/seven-field 
plan. VMAT used a five/six-partial-arc plan by incorporating arc angle designs and the field size opening to 
reduce exposure to the ipsilateral lung and contralateral breast. The details of the IMRT protocol, including the 
prescribed dosage and fractions for the SIB technique, were reported previously13,14, as were those of the multiple 
partial VMAT technique15. The prescribed doses were 63 Gy to planning target volume 1 (PTV1) (macroscopic 
tumor) and 51 Gy to PTV2 (subclinical disease area). They were delivered at 1.7–2.1 Gy per fraction using SIB 

Patient characteristics

Unmatched Cohort Propensity Matched Cohort

IMRT n = 32 (%) VMAT n = 58 (%) p IMRT n = 32 (%) VMAT n = 32 (%) p

Age Mean 53 50 0.47 53 51 0.88

Range 28–70 33–75 28–70 33–74

≦40 3 (9) 10 (17) 3 (9) 4 (12)

41–50 8 (25) 16 (28) 8 (25) 9 (28)

51–60 14 (44) 19 (33) 14 (44) 12 (38)

>61 7 (22) 13 (22) 7 (22) 7 (22)

SCF NO 13 (41) 40 (69) 0.60 13 (41) 21 (66) 0.60

Yes 19 (59) 18 (31) 19 (59) 11 (34)

AJCC stage 1 16 (50) 37 (64) 0.03 16 (50) 16 (50) 1.00

2 5 (16) 10 (17) 5 (16) 5 (16)

3 11 (34) 11 (17) 11 (34) 11 (34)

T stage 1 12 (38) 32 (56) 0.53 12 (38) 15 (47) 0.77

2 18 (56) 22 (38) 18 (56) 14 (44)

3 2 (6) 2 (3) 2 (6) 2 (6)

4 0 2 (3) 0 1 (3)

N stage 0 14 (44) 37 (64) 0.13 14 (44) 17 (53) 0.94

1 8 (25) 12 (21) 8 (25) 6 (19)

2 4 (13) 5 (9) 4 (13) 5 (15)

3 6 (19) 4 (6) 6 (19) 4 (13)

Chemotherapy NO 10 (31) 29 (50) 0.67 10 (31) 16 (50) 0.67

Yes 22 (69) 29 (50) 22 (69) 16 (50)

RP Grade 0 14 (44) 29 (50) 14 (44) 19 (59)

Grade 1 10 (31) 20 (34) 10 (31) 10 (31)

Grade 2 7 (22) 7 (11) 7 (22) 2 (6)

Grade 3 1 (3) 2 (4) 1 (3) 1 (3)

Table 1. Unmatched and propensity score-matched baseline characteristics. Abbreviation: IMRT: intensity 
modulated radiotherapy; VMAT: volumetric modulated arc therapy; SCF: irradiation to supraclavicular fossa; 
AJCC American Joint Committee on Cancer; RP: radiation-induced pneumonitis.
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with five fractions per week. The dosimetric data were obtained from the dose-volume histograms (DVH) on the 
Pinnacle3 TPS with a bin size and dose calculation resolution of 1 cGy and 2.5 mm, respectively. Figure 1a,b shows 
the planning computed tomography (CT) scans of two representative patients showing the calculated isodoses for 
IMRT and VMAT. The decision regarding the need for adjuvant chemotherapy included consideration of the risk 
of recurrence, toxicity, and comorbidities. The schedule and regimens were modified according to the patient’s 
clinical condition and the oncologist’s judgment, as necessary.

Evaluation of RP. The final endpoint of acute RP was described in a previous study2. In this study, acute RP was 
defined based on chest CT images as density changes ≥ grade 1 (clinically symptomatic pneumonitis was not 
included because the radiographic findings were very similar to those of pneumonitis symptoms2). Chest CT 
images were analyzed 1–3 months after RT completion. Evaluation of the chest CT density changes was based on 
a comparison with the CT image taken prior to RT. Arriagada’s classification16,17 was used to grade the density 
changes for RP: complete opacity, 3; moderate opacity, 2; low opacity in linear streaks, 1; no change, 0.

RP NTCP modeling. After propensity score-matching, 10 dosimetric candidate risk factors were selected as the 
initial variables (Supplementary Table S1), including the MD (mean dose), the IV5 (the volume of the ipsilateral 
lung receiving at least 5 Gy; other parameters were similar), and the IV10~IV50. The least absolute shrinkage and 
selection operator (LASSO) was used to select the best potential predictive dosimetric factor for RP occurrence. 
The online Matlab package (LASSOGLM) was used to fit the process of LASSO. Thus, the LASSO technique 
was performed in the context of 10-fold cross validation; the parameters (alpha and lambda values) were based 
on those of previous studies18–20. Alpha was set to 1, and the lambda value was set to the default setting (mini-
mal mean squared error plus 1 standard deviation). This regularization technique identifies the most important 
factor for RP occurrence. The most significant dosimetric factor thus identified was used to develop a single 
Lyman-Kutcher-Burman (LKB) NTCP model for RP complication sparing. The TV50 and m in the LKB NTCP 
model were determined by curve fitting using a maximum likelihood analysis, with n set to 1. Both the LASSO 
technique and the LKB NTCP analysis were previously described2,18,21,22. After the LKB NTCP predictive model 
was created, the area under the curve (AUC), calibration slope, scaled Brier score, and Hosmer-Lemeshow tests 
were used to verify the system performance.

Evaluation of the excess absolute risk of carcinoma induction. Schneider’s full (parameterization) models of organ 
equivalent dose (OED) and excess absolute risk (EAR) were used for the carcinoma induction analyses. The OED 
and EAR concepts were previously reported23,24. The risk equivalent dose (RED) is a dose-response-weighted 
tissue dose value that is proportional to the risks. RED is averaged over the OED; the valve is expressed in Gy 

Figure 1. The process profile for this study. Abbreviations: LASSO, least absolute shrinkage and selection 
operator; IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated arc therapy; RP, radiation-
induced pneumonitis; IV5: the volume of the ipsilateral lung receiving at least 5 Gy; the following parameters are 
similar; IV10∼IV50; NTCP, normal tissue complication probability; MD, mean dose to the ipsilateral lung; LKB, 
Lyman-Kutcher-Burman; OED, organ equivalent dose; EAR, excess absolute risks; OARs, organs at risk.

http://S1
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and is proportional to the developing cancer risk in the organ. The impact of fractionation, given by α′ = α + βD, 
α/β = 3 Gy, was used in this study. RED was also used to evaluate the EAR, as described previously23,24. Thus, the 
risk of EAR in an organ with volume VT at one age (agex) following exposure to a RED and re-exposure of the 
patient at an older age (agea) was defined, in which parameters γe and γa are the modifying factors for age and β 
was defined for people exposed at age 30 years and again at age 70 years. The SCR was evaluated for the spinal 
cord, contralateral breast (C-Breast), contralateral lung (C-Lung), ipsilateral lung (I-Lung), liver, and stomach, all 
of which were assigned calculation parameter values taken from Schneider’s full risk models. The EAR was calcu-
lated for people from the exposed age to the age of 70 years. The parameters used for Schneider’s OED and EAR 
models are listed in Supplementary Table S2. The parameters used for β (as excess cases per 10,000 person-years 
[PY]/Gy), γe, γa, and R were taken from a previous study24.

Results
In the unmatched population, patients treated with VMAT were younger and had a higher AJCC stage distri-
bution (p ≤ 0.05). Patients receiving concurrent chemotherapy had a non-significant difference compared to 
patients receiving RT alone (p ≥ 0.6). The study cohort characteristics were stratify-matched according to AJCC 
stage and the patient’s age. The treatment plans of two representative patients are shown in Fig. 2a,b; images from 
a patient diagnosed with RP 3 months after RT are shown in Fig. 2c,d. Images from a patient diagnosed with RP 
and merged with the original isodose curves are shown in Fig. 2e,f.

The two groups, with a total of 64 matched patients (32:32), did not differ significantly (all p ≥ 0.6; Table 1). 
After RT, of the 64 matched patients, 33 (52%), 20 (31%), 9 (14%), and 2 (3%) patients had density changes on 
their chest CT images of grade 0, 1, 2, and 3, respectively. RP was diagnosed in 48% (31/64) of the patients. The 
average DVHs of the MDs received by the ipsilateral lung in the group with/without RP occurrence, and in the 
IMRT/VMAT groups, are shown in Fig. 3a,b, respectively.

Figure 2. Two representative treatment plans (a,b); RP-diagnosed at 3 months after RT (c,d); RP-diagnosed 
images merged with the original isodose curves (e,f). Abbreviations: RT, radiotherapy; RP, radiation 
pneumonitis; IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated arc therapy.

http://S2
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The dosimetric parameter ipsilateral lung volume receiving ≥ 40 Gy (IV40) was selected as the dominant risk 
factor for the RP NTCP model by LASSO using cross-validation. The LASSO trace plot of dosimetric candidate 
predictive factors and the factor ranking list are provided in Supplementary Figure S1. The cross-validated mean 
squared error (MSE) of the LASSOGLM fit is shown in Supplementary Figure S2. The self-fitted dose-response 
LKB RP NTCP curve (using IV40) for the incidence of grade 1+ RP is shown in Fig. 3c. Therefore, we determined 
the tolerance of IV40 producing a 50% complication rate (TV50) to be 15.07% (95% confidence interval [95% CI]: 
13.21–17.49) and the slope (m) was equal to 0.62 (95% CI: 0.42–1.08). The overall performance for the IV40-fitted 
NTCP model tested using the AUC, the Hosmer–Lemeshow test, scaled Brier score, and calibration slope was 
0.72, 0.82, 0.43, and 0.96, respectively. A total of 31 events (with grade 1+ RP) were observed; 18 in the IMRT 
group and 13 in the VMAT group. As a result, patients with RP were less common in the VMAT group than 
those treated with IMRT (p = 0.04). Scatter plots for IV40 and NTCP are shown in Fig. 3d. The absorbed doses 
for six OARs are given in Supplementary Table S3. Patients aged more than 65 years were excluded from the SCR 
analysis, while 60 patients were enrolled (30: 30 for IMRT: VMAT). Figure 4(a–c) shows the differential DVHs 
of the same two representative patients for irradiation of the ipsilateral and contralateral lung and contralateral 
breast for IMRT/VMAT. Differences in the dose distributions are visible, particularly in the low-dose regions in 
the OARs.

Figure 4(d,e) shows the differences in OED/EAR for six OARs using the Schneider parameterization 
dose-response model between patients treated with IMRT and VMAT. Figure 4f shows accumulated EARs for 
six OARs. VMAT only showed a significantly lower OED and EAR compared to IMRT of the ipsilateral lung (p 
≤ 0.01). However, the values of OED and EAR in the contralateral lung and breast were slightly higher in VMAT 
than in IMRT patients (p ≤ 0.05). Details for OED/EAR values can be found in Supplementary Tables S4–S6. 
Figure 5a and b present the trends between RP NTCP and EAR. The risk for RP NTCP and EAR on VMAT were 
both slightly lower than that of patients treated with IMRT.

Figure 3. Average dose volume histograms for the mean doses delivered to the ipsilateral lung in the groups (a) 
with/without RP and (b) the IMRT/VMAT, respectively. The self-fitted dose-response LKB RP NTCP curve (c). 
Scatter plots for the IV40 and NTCP between the IMRT and VMAT cohorts (d). Abbreviations: IMRT, intensity-
modulated radiotherapy; VMAT, volumetric-modulated arc therapy; RP, radiation-induced pneumonitis; IV40: 
the volume of the ipsilateral lung receiving at least 40 Gy; the following parameters are similar; IV5∼IV50; DF, 
degrees of freedom; MD, mean dose to the ipsilateral lung; NTCP, normal tissue complication probability; LKB, 
Lyman-Kutcher-Burman; TD25, the dose predicting a 25% risk of complications; n, a parameter that considers 
the volume effect; m, a dimensionless model parameter for describing the slope of the dose-response curve.
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Discussion
Propensity scoring methods allow researchers to evaluate the treatment-related factors implicated in illness using 
observational or nonrandomized data25. The results of the propensity score analyses done for this study were 
compared to our previous results, obtained using a LASSO NTCP model processing2. Without propensity-score 
matching, confounders such as age at treatment, energy used, and body mass index (BMI) may lead to a biased 
and localization-suitable result. Previous studies2,26,27 showed that IV20 and age correlated significantly and posi-
tively with the incidence of symptomatic RP, whereas BMI, T-stage, and energy setting correlated negatively, but 
not significantly, with the incidence of symptomatic RP. Estimation of the radiation-induced effects of treatment 
on outcomes with propensity score matching is recommended to determine factors that may affect the results. 
When the baseline treatment-related characteristics of the patients (Table 1, all p ≥ 0.6), except for dosimet-
ric factors, were controlled by the matching process, the dosimetric factors could be identified without bias, 
allowing the assessment of their relevance. After propensity score matching using the LASSO feature selection, 
IV40 (volume) was identified as the most significant predictive factor for the LKB RP NTCP model. To keep the 

Figure 4. Differential dose volume histograms of the same two representative patients for irradiation of the 
ipsilateral and contralateral lung and contralateral breast for IMRT/VMAT breast radiotherapy (a,b,c). OED/
EAR of 30 patients (mean and standard deviation) using Schneider’s full model for 6 OARs for IMRT and 
VMAT (d,e). Accumulated EARs for 6 OARs at age of 70 years (f). The EAR has units of excess cases per 10,000 
person-years (PY)/Gy. Abbreviations: IMRT, intensity-modulated radiotherapy; VMAT, volumetric-modulated 
arc therapy; OED, organ equivalent dose; EAR, excess absolute risks; SC, spinal cord; C-Breast, contralateral 
breast; I-Lung, ipsilateral lung; C-Lung, contralateral lung; OARs, organs at risk.

Figure 5. The trends between RP NTCP and EAR of ipsilateral lung for patients treated with (a) IMRT or (b) 
VMAT. The EAR has units of excess cases per 10,000 person-years (PY)/Gy. Abbreviations: IMRT, intensity-
modulated radiotherapy; VMAT, volumetric-modulated arc therapy; NTCP, normal tissue complication 
probability; EAR, excess absolute risk.
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incidence of RP under 50% (TV50) after NTCP curve fitting, the IV40 volume needs to be <15.07% in patients 
treated with IMRT/VMAT. Thus, to maintain the incidence of grade RP at <25%, our results suggest that the 
IV40 volume should be <8.8%.

RP matching analysis for the IMRT group versus the VMAT group subsets was analyzed for 18 of 32 and 
13 of 32 incidences, respectively. RP toxicity was significantly improved in patients who underwent VMAT 
treatment compared to those treated by IMRT. In their analysis of the risk of radiation-induced secondary 
cancer, Paganetti et al.28,29 reported that the treatment of a smaller volume with a higher dose is better than the 
treatment of a larger volume with, on average, a lower dose. However, the development of other side effects also 
needs to be taken into account. In our study, RP should be taken into consideration to ensure a better quality of 
life and compliance for breast patients, and compromises should be made carefully while the treatment strategy 
is undertaken.

Tsai et al. compared VMAT to current treatment techniques, such as fixed-beam IMRT and tomotherapy. 
They found that VMAT strategies resulted in a reduced low-bath dose to the lung area15. In the current study, 
VMAT generally exposed smaller volumes of ipsilateral lung to low-dose regions than was the case with IMRT, 
but the exposed volumes in the contralateral lung and breast were larger. The MD to the ipsilateral lung was lower 
in VMAT than in IMRT but the evaluated risk of secondary cancer in the contralateral lung and breast in patients 
treated with VMAT was slightly higher. On average, IMRT plans carried an approximately 5% higher overall sec-
ondary cancer risk than VMAT plans. The greatest discrepancy involved the ipsilateral lung (55.90/10,000 PY on 
IMRT vs. 45.35/10,000 PY on VMAT). Similar findings have been reported in other studies30, including for breast 
cancer risk, by Hancock et al.31 (EAR Breast = 21.5/10,000 PY), Dores et al.32 (10.5/10,000 PY), Swerdlow et al.33 
(3.1/10,000 PY), and van Leeuwen et al.34 (29.4/10,000 PY). Our results on the contralateral breast were similar: 
6.05/10,000 PY on IMRT and 8.14/10,000 PY on VMAT.

Howlader et al.35 showed that breast cancer is often diagnosed in younger patients (a median age of 61 
years) than is the case for colorectal cancer (69 years) and lung cancer (70 years). In this study, approximately 
60% of the patients diagnosed with breast cancer were younger than 60 years of age. Thus, more attention 
should be paid to younger patients in clinical practice. Meadows et al.36 performed a large investigation 
of pediatric cancer survivors and showed that almost 10% suffered a secondary neoplasm over a 30-year 
period after the first diagnosis was confirmed; the majority of the affected patients were females with breast 
tumors. As pointed out by Paganetti37, the reduction of the average age of RT patients and the emergence of 
more complex treatment regimens will raise concern regarding the incidence of radiation-induced secondary 
cancers.

Our study was limited by the small number of patients. To improve the performance of the current risk models 
and decrease the uncertainties in the model parameters, longer and larger epidemiological studies are needed.

Regarding chemotherapy in this study, chemotherapy plus radiotherapy were well tolerated by patients in both 
groups with good treatment compliance. However, whether the additional chemotherapy had any effect in terms 
of RP or secondary cancer induction remains unknown.

Conclusions
VMAT achieved satisfactory planned target dose coverage while maintaining low doses to OARs, thereby reduc-
ing the potential for the induction of secondary malignancies and RP complications. VMAT is a reasonable 
treatment option for breast cancer patients, allowing greater treatment compliance and a better quality of life in 
the future.

Data availability. Due to ethical and legal restrictions, data for this manuscript is available under a 
formal request to the corresponding author and the Chang Gung Memorial Hospital Institutional Review 
Board.

Ethical approval and informed consent. All experimental protocols of this study were approved by the 
Institutional Review Board of Chang Gung Memorial Hospital (104-8255B); the patient informed consent was 
waived by the institutional review board; and all experiments were performed in accordance with relevant inter-
national and national guidelines and regulations.

References
 1. Lee, B., Lee, S., Sung, J. & Yoon, M. Radiotherapy-induced secondary cancer risk for breast cancer: 3D conformal therapy versus 

IMRT versus VMAT. J Radiol Prot 34, 325 (2014).
 2. Lee, T.-F., Chao, P.-J., Chang, L., Ting, H.-M. & Huang, Y.-J. Developing multivariable normal tissue complication probability model 

to predict the incidence of symptomatic radiation pneumonitis among breast cancer patients. PloS one 10, e0131736 (2015).
 3. Swamy, S. T., Radha, C. A., Kathirvel, M., Arun, G. & Subramanian, S. Feasibility study of deep inspiration breath-hold based 

volumetric modulated arc therapy for locally advanced left sided breast cancer patients. Asian Pac J Cancer Prev 15, 9033–9038 
(2014).

 4. Abo-Madyan, Y. et al. Second cancer risk after 3D-CRT, IMRT and VMAT for breast cancer. Radiother Oncol 110, 471–476 (2014).
 5. Group, E. B. C. T. C. Aromatase inhibitors versus tamoxifen in early breast cancer: patient-level meta-analysis of the randomised 

trials. Lancet 386, 1341–1352 (2015).
 6. Schneider, U. & Kaser-Hotz, B. Radiation risk estimates after radiotherapy: application of the organ equivalent dose concept to 

plateau dose–response relationships. Radiat Environ Biophys 44, 235–239 (2005).
 7. Schneider, U. Modeling the risk of secondary malignancies after radiotherapy. Genes 2, 1033–1049 (2011).
 8. Boram, L., Sunyoung, L., Jiwon, S. & Myonggeun, Y. Radiotherapy-induced secondary cancer risk for breast cancer: 3D conformal 

therapy versus IMRT versus VMAT. J Radiol Prot 34, 325 (2014).
 9. Verstegen, N. et al. Stage I–II non-small-cell lung cancer treated using either stereotactic ablative radiotherapy (SABR) or lobectomy 

by video-assisted thoracoscopic surgery (VATS): outcomes of a propensity score-matched analysis. Ann Oncol, mdt026 (2013).



www.nature.com/scientificreports/

8ScIENtIfIc REPORTs | 7: 13771  | DOI:10.1038/s41598-017-14145-x

 10. Austin, P. C. Balance diagnostics for comparing the distribution of baseline covariates between treatment groups in propensity‐score 
matched samples. Stat Med 28, 3083–3107 (2009).

 11. Gayat, E. et al. Propensity scores in intensive care and anaesthesiology literature: a systematic review. Intensive care med 36, 
1993–2003 (2010).

 12. Pham, T. et al. Extracorporeal membrane oxygenation for pandemic influenza A (H1N1)–induced acute respiratory distress 
syndrome: a cohort study and propensity-matched analysis. Am J Respir Crit Care Med 187, 276–285 (2013).

 13. Lee, T.-F. & Fang, F.-M. Quantitative analysis of normal tissue effects in the clinic (QUANTEC) guideline validation using quality of 
life questionnaire datasets for parotid gland constraints to avoid causing xerostomia during head-and-neck radiotherapy. Radiother 
Oncol 106, 352–358 (2013).

 14. Lee, T.-F., Ting, H.-M., Chao, P.-J. & Fang, F.-M. Dual arc volumetric-modulated arc radiotherapy (VMAT) of nasopharyngeal 
carcinomas: a simultaneous integrated boost treatment plan comparison with intensity-modulated radiotherapies and single arc 
VMAT. Clin Oncol 24, 196–207 (2012).

 15. Tsai, P.-F. et al. The feasibility study of using multiple partial volumetric-modulated arcs therapy in early stage left-sided breast 
cancer patients. J Appl Clin Med Phys 13 (2012).

 16. Arriagada, R. et al. Limited small cell lung cancer treated by combined radiotherapy and chemotherapy: evaluation of a grading 
system of lung fibrosis. Radiother Oncol 14, 1–8 (1989).

 17. Lind, P. A., Svane, G., Gagliardi, G. & Svensson, C. Abnormalities by pulmonary regions studied with computer tomography 
following local or local-regional radiotherapy for breast cancer. Int J Radiat Oncol Biol Phys 43, 489–496 (1999).

 18. Kong, C. et al. LASSO-based NTCP model for radiation-induced temporal lobe injury developing after intensity-modulated 
radiotherapy of nasopharyngeal carcinoma. Sci Rep 6, 26378, https://doi.org/10.1038/srep26378 (2016).

 19. Seth, S. et al. Assessing the utility of autofluorescence-based pulmonary optical endomicroscopy to predict the malignant potential 
of solitary pulmonary nodules in humans. Sci Rep 6, 31372 (2016).

 20. Golden, D. I., Lipson, J. A., Telli, M. L., Ford, J. M. & Rubin, D. L. Dynamic contrast-enhanced MRI-based biomarkers of therapeutic 
response in triple-negative breast cancer. J Am Med Inform Assoc 20, 1059–1066 (2013).

 21. Lee, T.-F. et al. LASSO NTCP predictors for the incidence of xerostomia in patients with head and neck squamous cell carcinoma 
and nasopharyngeal carcinoma. Sci Rep 4, 6217 (2014).

 22. Lee, T.-F. et al. Patient-and therapy-related factors associated with the incidence of xerostomia in nasopharyngeal carcinoma 
patients receiving parotid-sparing helical tomotherapy. Sci Rep 5, 13165 (2015).

 23. Murray, L. J. et al. Radiation-induced second primary cancer risks from modern external beam radiotherapy for early prostate 
cancer: impact of stereotactic ablative radiotherapy (SABR), volumetric modulated arc therapy (VMAT) and flattening filter free 
(FFF) radiotherapy. Phys Med Biol 60, 1237 (2015).

 24. Schneider, U., Sumila, M. & Robotka, J. Site-specific dose-response relationships for cancer induction from the combined Japanese 
A-bomb and Hodgkin cohorts for doses relevant to radiotherapy. Theor Biol Med Model 8, 27 (2011).

 25. Austin, P. C. A tutorial and case study in propensity score analysis: an application to estimating the effect of in-hospital smoking 
cessation counseling on mortality. Multivariate Behav Res 46, 119–151 (2011).

 26. Wennberg, B., Gagliardi, G., Sundbom, L., Svane, G. & Lind, P. Early response of lung in breast cancer irradiation: radiologic density 
changes measured by CT and symptomatic radiation pneumonitis. Int J Radiat Oncol Biol Phys 52, 1196–1206 (2002).

 27. Kahán, Z. et al. The risk of early and late lung sequelae after conformal radiotherapy in breast cancer patients. Int J Radiat Oncol Biol 
Phys 68, 673–681 (2007).

 28. Moteabbed, M., Yock, T. I. & Paganetti, H. The risk of radiation-induced second cancers in the high to medium dose region: a 
comparison between passive and scanned proton therapy, IMRT and VMAT for pediatric patients with brain tumors. Phys Med Biol 
59, 2883 (2014).

 29. Paganetti, H. In Proton Therapy Physics 555–592 (CRC Press, 2011).
 30. Schneider, U. et al. Dose-response relationship for breast cancer induction at radiotherapy dose. Radiat Oncol 6, 67 (2011).
 31. Hancock, S. L. & Hoppe, R. T. In semin Radiat Oncol. 225–242 (Elsevier).
 32. Dores, G. M. et al. Second malignant neoplasms among long-term survivors of Hodgkin’s disease: a population-based evaluation 

over 25 years. J Clin Oncol 20, 3484–3494 (2002).
 33. Swerdlow, A. et al. Risk of second malignancy after Hodgkin’s disease in a collaborative British cohort: the relation to age at 

treatment. J Clin Oncol 18, 498–498 (2000).
 34. van Leeuwen, F. E. et al. Long-term risk of second malignancy in survivors of Hodgkin’s disease treated during adolescence or young 

adulthood. J Clin Oncol 18, 487–487 (2000).
 35. Howlader, N. et al. US incidence of breast cancer subtypes defined by joint hormone receptor and HER2 status. J Natl Cancer Inst 

106, dju055 (2014).
 36. Meadows, A. T. et al. Second neoplasms in survivors of childhood cancer: findings from the Childhood Cancer Survivor Study 

cohort. J Clin Oncol 27, 2356–2362 (2009).
 37. Paganetti, H. Assessment of the risk for developing a second malignancy from scattered and secondary radiation in radiation 

therapy. Health phys 103, 652 (2012).

Acknowledgements
We thank Chin Dar Tseng for technical supports. This study was supported financially, in part, by grants from 
MOST-105-2221-E-151-010 and MOST-106-2221-E-151-010. The funder had no role in study design, data 
collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions
P.J.C.: supervised the project, had given valuable advices on the proceeding of this work, and designed the concept 
and the experiment method of the research. J.H.L., S.S.G. and H.M.T.: technical supports on data collection and 
analysis. Y.J.H. and H.C.C.: supported the characterization of the samples, had provided valuable suggestions 
and revised the manuscript. T.F.L.: supervised the project, had given valuable advices on the proceeding of this 
work, designed the concept and the experiment method of the research, wrote the manuscript and revised the 
manuscript. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14145-x.
Competing Interests:  The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/srep26378
http://dx.doi.org/10.1038/s41598-017-14145-x


www.nature.com/scientificreports/

9ScIENtIfIc REPORTs | 7: 13771  | DOI:10.1038/s41598-017-14145-x

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Propensity-score-matched evaluation of the incidence of radiation pneumonitis and secondary cancer risk for breast cancer p ...
	Methods and Materials
	Patient characteristics. 
	Treatment techniques. 
	Evaluation of RP. 
	RP NTCP modeling. 
	Evaluation of the excess absolute risk of carcinoma induction. 


	Results
	Discussion
	Conclusions
	Data availability. 
	Ethical approval and informed consent. 

	Acknowledgements
	Figure 1 The process profile for this study.
	Figure 2 Two representative treatment plans (a,b) RP-diagnosed at 3 months after RT (c,d) RP-diagnosed images merged with the original isodose curves (e,f).
	Figure 3 Average dose volume histograms for the mean doses delivered to the ipsilateral lung in the groups (a) with/without RP and (b) the IMRT/VMAT, respectively.
	Figure 4 Differential dose volume histograms of the same two representative patients for irradiation of the ipsilateral and contralateral lung and contralateral breast for IMRT/VMAT breast radiotherapy (a,b,c).
	Figure 5 The trends between RP NTCP and EAR of ipsilateral lung for patients treated with (a) IMRT or (b) VMAT.
	Table 1 Unmatched and propensity score-matched baseline characteristics.




