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Abstract: This study aimed to investigate the effects of tumor-rib distance and dose-dependent rib
volume on radiation-induced rib fractures (RIRFs) in patients with breast cancer. We retrospectively
included 510 women with breast cancer who underwent surgical resection with adjuvant radiother-
apy. The tumor-rib distance was measured using preoperative computed tomography (CT) images.
Postoperative chest wall thickness and dose-dependent rib volumes, which are absolute rib volumes
receiving >20 Gy (V20), 30 Gy (V30), 40 Gy (V40), 45 Gy (V45), and 50 Gy (V50), were measured from
the stimulation CT images for radiation treatment planning. We assessed the relationship of RIRF
with tumor-rib distance, postoperative chest wall thickness, and dose-dependent rib volumes. Pa-
tients with high values of tumor-rib distance and postoperative chest wall thickness had significantly
lower risks of RIRF than those with low values. Patients with high values of V20, V30, V40, V45, and
V50 had significantly higher risks of RIRF than those with low values. In a multivariate analysis,
tumor-rib distance and all five dose-dependent rib volumes, as well as osteoporosis and radiation
field, were independent risk factors for RIRF. Tumor-rib distance and dose-dependent rib volume
were independent risk factors for RIRF in patients with breast cancer.

Keywords: breast cancer; radiation therapy; rib fracture; bone scintigraphy

1. Introduction

Worldwide, breast cancer has the highest incidence and mortality rates among cancers
in women [1]. Resection of primary breast cancer lesions with surgical axillary staging is
the standard curative treatment for patients with breast cancer [2]. For patients treated with
either breast conservative surgery or mastectomy, adjuvant radiotherapy is recommended
to eradicate any remaining tumor cells [2]. Adjuvant radiotherapy has an established
crucial role in the curative management of patients with breast cancer, showing survival
benefits of reducing recurrence rates and improving overall survival in a meta-analysis
study including more than 10,000 patients [3,4]. However, adjuvant radiotherapy also
involves several complications that have been receiving increased attention considering
increased survival periods among patients with breast cancer [5,6]. Radiation-induced
rib fracture (RIRF) is one of the well-known adverse effects of conventional radiotherapy
in patients with breast cancer, with an occurrence rate of 1.0-18.5% [4,7-10]. Although
most patients with RIRF show no or minimal symptoms, several patients experience long-
lasting moderate pain and receive analgesic treatment for pain relief [5,9,11]. Furthermore,
RIRF is characterized by abnormal findings on bone scintigraphy, which is often used for
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follow-up surveillance of patients with breast cancer, and these abnormal findings can be
misdiagnosed as bone metastasis [9,10,12]. Therefore, several studies have tried to identify
the risk factors for RIRF among radiotherapy-related factors and clinical factors [7-9,12].

Radiation-induced biological changes in bones are known to be dose-dependent [13,14].
In previous studies with lung cancer patients, the risk of chest wall complications, includ-
ing RIRF, was significantly associated with the dosimetric parameters of radiation to the
ribs [13,15]. The distance from the tumor to the rib (tumor-rib distance) and the absolute
rib volume receiving a certain radiation dose were significant risk factors for RIRF in
patients with lung cancer [13]. Given the physical proximity between breast tissue and
ribs, the risk of RIRF in patients with breast cancer could show a significant relationship
with the dosimetric parameters of radiation to the ribs, which is similar to the aforemen-
tioned findings in the studies with lung cancer [13,15]. However, the effect of tumor-rib
distance and dose-dependent rib volume on the risk of RIRF in patients with breast cancer
remains unclear.

Thus, this study aimed to investigate the relationship of tumor-rib distance, postop-
erative chest wall thickness, and dose-dependent rib volume on computed tomography
(CT) images with the risk of RIRF in patients with breast cancer who received adjuvant
radiotherapy after curative resection.

2. Materials and Methods
2.1. Study Population

We retrospectively reviewed medical records of female patients with histopatholog-
ically diagnosed breast cancer who underwent curative breast surgery and subsequent
adjuvant radiotherapy at our medical center from January 2011 to December 2017. Among
them, we finally enrolled 510 patients who underwent bone scintigraphy for staging and
surveillance and in whom no bone metastasis was found during follow-up. The exclusion
criteria were as follows: the patients (1) who had distant metastasis on staging work-up
examinations, (2) who showed bone metastasis on follow-up imaging studies, (3) who had
a history of radiotherapy in the breast or chest wall owing to metachronous breast cancer,
(4) who had a history of other malignant diseases, and (5) who were lost to follow-up
within 24 months after radiotherapy.

All patients underwent staging work-up examinations, including breast ultrasonogra-
phy, contrast-enhanced chest CT, and bone scintigraphy. Based on staging examination find-
ings, breast-conserving surgery or total mastectomy with/without neoadjuvant chemother-
apy was performed. After surgery, adjuvant radiotherapy with/without chemotherapy
and/or hormone therapy was performed based on histopathological results and the clinical
condition of patients.

2.2. Radiotherapy

All patients underwent simulation CT using the Philips Brilliance Big Bore (Philips
Medical Systems, Cleveland, OH, USA) with a 3-mm slice thickness. Patients were placed
in the supine position on a no-tilting breast board (CIVCO Medical Solutions, Orange
City, IA, USA) with their arms above the head for appropriate exposure of the breasts and
axillae. Patients treated for ipsilateral supraclavicular lymph nodes turned their heads
to the contralateral side to reduce radiation-induced side effects. All patients underwent
simulation CT with free-breathing. The treatment targets were delineated based on the
Radiation Therapy Oncology Group contouring guidelines [16]. On the basis of the guide-
lines, the treatment targets included the whole breast after breast-conserving surgery or
the chest wall, including the ribs, after total mastectomy. If necessary, regional lymph
nodes (i.e., supraclavicular and/or internal mammary lymph nodes) were included as
treatment targets based on pathologic staging. Treatment planning was performed using a
radiotherapy treatment planning system (Eclipse ver. 8.9 (Varian Medical Systems, Palo
Alto, CA, USA) or Monaco ver. 5.11 (Elekta Oncology System, Crawley, UK)) with a 6-MV
photon. For all patients, treatment was delivered in two steps to the whole breast and
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tumor bed boost. The dose schemes involved administration to the breast at 50 Gy in
25 fractions for 5 weeks, followed by administration to the tumor bed boost of 10-16 Gy in
5-8 fractions based on the resection margin status. All enrolled patients were treated with
three-dimensional conformal radiotherapy (3D-CRT) or volumetric modulated arc therapy
(VMAT) using linear accelerator system machines.

2.3. Follow-Up and RIRF Assessment

Before adjuvant treatment, all enrolled patients underwent dual-energy X-ray absorp-
tiometry to determine bone mineral density. Osteoporosis was defined as bone mineral
density <2.5 standard deviations below the mean bone mineral density of young healthy
women. Osteopenia was defined as bone mineral density of 1.0-2.5 standard deviations
below the aforementioned mean.

After curative surgery, follow-up bone scintigraphy was performed every 6 months
in the first 2 years, followed by every 12 months. All enrolled patients were followed up
with at least four bone scans. Two nuclear medicine physicians retrospectively reviewed
bone scan images, with between-reader discrepancies being resolved through consensus
reading. In patients who newly showed abnormally increased radiotracer uptake in the
ribs on follow-up bone scans, rib lesions were categorized as a benign rib fracture and bone
metastasis based on additional imaging studies, including CT, F-18 fluorodeoxyglucose
positron emission tomography (PET)/CT, and follow-up bone scans. Benign rib fracture
was defined as rib lesions showing a simple fracture on CT and/or PET/CT or revealing
gradually decreased uptake on serial follow-up bone scans without any treatment. Bone
metastasis was defined as a rib lesion showing bone destruction on CT and/or PET/CT
images or increased intensity and extent of radiotracer uptake, with an increased number
of bone lesions suggestive of bone metastasis on follow-up bone scans. In patients with
benign rib fractures on bone scintigraphy images, radiotherapy simulation CT images were
further reviewed to determine whether rib lesions were included in the irradiated field.
The benign rib fracture lesions identified in the irradiated field were defined as RIRF. Even
though benign rib fracture lesions were located within the irradiated field, the rib lesions
were excluded from RIRF if the patients had a history of traumatic events in the chest wall
area, including traffic accidents, serious falls, or sports injuries. RIRF detected using bone
scintigraphy was considered as an event in the analysis. Patients in whom bone metastasis
was detected during follow-up examinations were excluded from the analysis, and those
diagnosed with benign rib fractures other than RIRF were included in the study but were
determined to have no event.

2.4. Imaging Analysis

Seven imaging parameters were measured for each patient: tumor-rib distance; post-
operative chest wall thickness; and five dose-dependent rib volumes, which represented
absolute rib volumes receiving >20 Gy (V20), 30 Gy (V30), 40 Gy (V40), 45 Gy (V45), and
50 Gy (V50) (Figure 1). The tumor-rib distance was measured using contrast-enhanced
CT images obtained for the staging work-up. The tumor-rib distance was defined as the
minimum distance between the primary tumor margin and the rib. Postoperative chest
wall thickness was measured from radiotherapy simulation CT images. The soft tissue
thickness of the chest wall in the mid-clavicular line at the levels of the 2nd, 3rd, and 4th
intercostal space was measured; moreover, the mean value of chest wall thickness at those
three levels was defined as the postoperative chest wall thickness [17,18]. Five volumetric
parameters of the absolute rib volume were measured using radiotherapy simulation CT
images with the open-source LIFEx software version 7.0.0 (www.lifexsoft.org) [19]. The
total volume of areas with a CT-attenuation range between 200 Hounsfield unit (HU) and
2000 HU in the ribs within the 20 Gy, 30 Gy, 40 Gy, 45 Gy, and 50 Gy isodose areas on radio-
therapy simulation CT images were defined as V20, V30, V40, V45, and V50, respectively.
Bony structures other than the ribs were manually removed; accordingly, only the total


www.lifexsoft.org

J. Pers. Med. 2022, 12, 240

40f12

volumes of the ribs within the isodose areas were measured to obtain those five volumetric
parameters.

Figure 1. Preoperative contrast-enhanced CT image (A), radiotherapy simulation contrast-enhanced
CT images (B-D), and bone scintigraphy images (E) showing an example of measurement of the
tumor-rib distance, postoperative chest wall thickness, and V40 in a 43-year-old woman with left
breast cancer. On preoperative CT images, the minimum distance from the margin of the primary
tumor (arrow) to the rib was measured (0.9 cm), which was defined as the tumor-rib distance (A). On
postoperative radiotherapy simulation CT images, the soft tissue thickness of the chest wall in the
mid-clavicular line at the levels of the 2nd intercostal space (1.5 cm) was measured, as well as the 3rd
and 4th intercostal spaces (B). Within the isodose area of 40 Gy (C), an area with a CT-attenuation
range of 200-2000 HU in the ribs was selected (D), and the total volume of selected ribs was defined as
the absolute rib volume receiving >40 Gy (V40), which was 41.0 cm®. On follow-up bone scintigraphy
images (E) obtained 24.2 months after radiotherapy, RIRF was found in the anterior arc of the left 3rd
rib (arrow).

2.5. Statistical Analysis

The Mann-Whitney test was performed to compare the seven imaging parameters
between patients with RIRF and without RIRF, between patients who received irradiation
only in the whole breast and in the whole breast/chest wall plus regional nodes, between
patients treated with 3D-CRT and VMAT, and between patients treated with and with-
out tumor bed boost radiotherapy. A Cox proportional hazards regression model was
used for univariate and multivariate analysis to investigate risk factors for RIRF among
clinical factors and imaging parameters. Continuous variables were categorized into two
groups based on the optimal cut-off values determined using the maximum chi-square test.
Variables with statistical significance in the univariate analysis were included in the multi-
variate analysis. For each multivariate analysis model, we estimated Harrell’s concordance
index (C-index). The Kaplan-Meier method was used to estimate the cumulative incidence
of RIRF according to each imaging parameter. Statistical analyses were performed using
MedCalc Statistical Software version 20.011 (MedCalc Software Ltd., Ostend, Belgium) and
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R software version 4.0.5 (The R Foundation for Statistical Computing, Vienna, Austria).
Statistical significance was set at p values < 0.05.

3. Results

3.1. Patient Characteristics

Table 1 presents the baseline characteristics of the enrolled patients. Among 510 patients,
242 (47.5%) were postmenopausal at the time of breast cancer diagnosis, and 173 (33.9%)
were overweight or obese (body mass index >25.0 kg/m?2) based on the World Health
Organization definition. Overall, 115 patients (22.6%) had abnormal bone mineral density;
among them, 33 (6.5%) had osteoporosis. Regarding radiotherapy, 73 patients (14.3%) were
treated with radiation of the whole breast/chest wall plus regional nodes, and 445 patients
(87.3%) were treated with the tumor bed boost. Moreover, among the patients, 9 patients
(1.8%) were treated with VMAT.

Table 1. Baseline characteristics of enrolled patients (1 = 510).

Characteristics Number of Patients (%)
Age (years) 49 (25-83) *
Weight (kg) 58 (38-90) *
Body mass index (kg/m?) 23.4(15.8-35.2) *
Obesity Underweight/normal 337 (66.1%)
Overweight/obesity 173 (33.9%)
Menopausal status Premenopausal 268 (52.5%)
Postmenopausal 242 (47.5%)
Bone mineral density Normal 395 (77.5%)
Osteopenia 82 (16.1%)
Osteoporosis 33 (6.5%)
Histopathology Ductal carcinoma in situ 56 (11.0%)
Intraductal carcinoma 430 (84.3%)
Intralobular carcinoma 10 (2.0%)
Mucinous carcinoma 6 (1.2%)
Papillary carcinoma 4 (0.8%)
Others 4 (0.8%)
T stage Tis, T1-T2 493 (96.7%)
T3-T4 17 (3.3%)
N stage NO 375 (73.5%)
N1-N3 135 (26.5%)
Surgery type Breast-conserving surgery 467 (91.6%)
Total mastectomy 43 (8.4%)
Chemotherapy No 189 (37.1%)
Yes 321 (62.9%)
Hormone therapy No 115 (22.5%)
Tamoxifen 243 (47.6%)
Aromatase inhibitor 152 (29.8%)
Trastuzumab No 444 (87.1%)
Yes 66 (12.9%)
Radiotherapy technique Three-dimensional conformal radiotherapy 501 (98.2%)
Volumetric modulated arc therapy 9 (1.8%)
Radiation field Whole breast 437 (85.7%)
Whole breast/chest wall + regional nodes 73 (14.3%)
Tumor bed boost No 65 (12.7%)
Yes 445 (87.3%)
Tumor-rib distance (cm) 1.3 (0.0-6.7) *
Post-operative chest wall 3.1 (0.6-8.0) *

thickness (cm)
V20 (cm®)
V30 (cm®)
V40 (cm®)
V45 (cm®)
V50 (cm®)

35.6 (5.2-159.4) *
32.1 (4.0-132.5) *
28.8 (2.7-91.2) *
25.1 (1.4-64.3) *
9.8 (0.0-57.4) *

* Median (range) V20, absolute rib volumes receiving more than 20 Gy; V30, absolute rib volumes receiving more
than 30 Gy; V40, absolute rib volumes receiving more than 40 Gy; V45, absolute rib volumes receiving more than
45 Gy; V50, absolute rib volumes receiving more than 50 Gy.



J. Pers. Med. 2022, 12, 240

6 of 12

The median clinical follow-up duration of the enrolled patients was 58.8 months
(range, 25.1-116.6 months). Follow-up bone scans revealed benign rib fractures and
RIRFs in 132 patients (25.9%) and 92 patients (18.0%), respectively. Moreover, RIRFs were
found on bone scans performed at a median of 20.0 months (range, 4.8-74.0 months) after
the radiotherapy.

3.2. Comparisons of Imaging Parameters

All seven imaging parameters were compared according to the RIRF, radiation field,
radiotherapy technique, and tumor bed boost (Table 2). Compared with patients without
RIRF, those with RIRF had significantly lower values of tumor-rib distance and significantly
higher values of V20, V30, and V40 (p < 0.05 for all). Moreover, compared with patients
without RIRF, those with RIRF had a tendency with borderline significance for lower values
of postoperative chest wall thickness (p = 0.072) and higher values of V45 (p = 0.068) and
V50 (p = 0.078). For radiation filed, patients who were irradiated only in the whole breast
had significantly higher values of postoperative chest wall thickness and significantly
lower values of V20, V30, V40, V45, and V50 than those who were irradiated in the whole
breast/chest wall plus regional nodes, respectively (p < 0.05 for all). However, there were
no significant differences in the tumor-rib distance according to the radiation field (p > 0.05).
For radiotherapy technique, patients treated with VMAT had significantly higher values
of V20 and V30 than those treated with 3D-CRT (p < 0.05). Regarding tumor bed boost,
patients treated with tumor bed boost radiotherapy had significantly higher values of
post-operative chest wall thickness than others (p = 0.002), but no significant differences
were shown for all other imaging parameters (p > 0.05).

3.3. Risk Factors for RIRF

The relationship between the incidence of RIRF and the seven imaging parameters was
assessed using a Cox regression analysis. All continuous variables were dichotomized using
optimal cut-off values determined by the maximally selected chi-square test, which was
60 years for age, 50 kg for weight, 1.3 cm for tumor-rib distance, 3.6 cm for post-operative
chest wall thickness, 45.1 cm3 for V20, 41.7 cm?® for V30, 40.8 cm? for V40, 28.2 cm? for V45,
and 10.2 cm? for V50. In the univariate analysis, patients with high values of tumor-rib
distance and postoperative chest wall thickness had a significantly lower risk of RIRF than
those with low values (p < 0.05 for both). Contrastingly, patients with high values of V20,
V30, V40, V45, and V50 had significantly higher risks of RIRF than those with low values
(p < 0.05 for all; Table 3). Among the clinical factors, bone mineral density, surgery type,
and radiation field were significantly associated with the risk of RIRF, with an increased
risk of RIRF in patients with osteoporosis, patients who underwent total mastectomy, and
patients whose radiation field included regional nodes (p < 0.05 for all, Table 3).

The Kaplan—-Meier analysis revealed that patients with high values of tumor-rib dis-
tance (11.5%) and postoperative chest wall thickness (14.0%) had a significantly lower
five-year cumulative incidence of RIRF than those with low values of tumor-rib distance
(25.2%; p < 0.001) and postoperative chest wall thickness (21.2%; p = 0.031) (Figure 2A,B).
Additionally, patients with high values of V20, V30, V40, V45, and V50 showed a signifi-
cantly higher five-year cumulative incidence of RIRF than those with low values (28.8% vs.
14.9%, p < 0.001 for V20; 30.6% vs. 15.6%, p < 0.001 for V30, 39.5% vs. 15.7%, p < 0.001 for
V40; 25.2% vs. 14.6%, p = 0.010 for V45; 23.8% vs. 13.6%, p = 0.003 for V50; Figure 2C-G).

Bone mineral density, surgery type, radiation field, and all seven imaging parame-
ters, which were statistically significant in the univariate analysis, were selected for the
multivariate analysis (Table 4). Since there were significant positive correlations among
V20, V30, V40, V45, and V50 (p < 0.001 and correlation coefficient >0.500 for all), those
five volumetric imaging parameters were assessed in separate models. In multivariate
analysis, osteoporosis, radiation field, tumor-rib distance, V20, V30, V40, V45, and V50
were significant risk factors for RIRF (p < 0.05). Contrastingly, postoperative chest wall
thickness lacked statistical significance in all five multivariate models (p > 0.05). Among
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the five multivariate models, the model with V40 showed the highest C-index value (0.702),
followed by the models with V30 (0.694), V20 (0.689), and V45 and V50 (0.684 for both).

Table 2. Comparison of tumor-rib distance, post-operative chest wall thickness, and absolute rib
volumes receiving more than 20 Gy (V20), 30 Gy (V30), 40 Gy (V40), 45 Gy (V45), and 50 Gy (V50)
according to the RIRF, surgery type, and radiation field.

RIRF Radiation Field
Imaging Parameters No RIRF RIRF Value Whole Breast thlﬁfriifglcl\}l‘ssz ;Nall Value
(n = 418) (n=92) P (n = 437) & P
(n=173)
Tumor-rib distance (cm) 1.54+09 1.24+0.6 <0.001 1.5+0.8 14+07 0.312
Post-operative chest wall 33+12 31+13 0.072 33+12 28+15 0.008
thickness (cm)
V20 (cm?) 38.3+£15.8 443 £ 24.6 0.026 36.2 +£13.3 58.5£275 <0.001
V30 (cms) 33.1+£11.8 38.0 £19.0 0.021 31.6 £10.1 48.5 £20.5 <0.001
V40 (cm?) 295+99 324 +133 0.044 284 +9.0 39.5+139 <0.001
V45 (cm®) 255+ 8.7 279 £11.6 0.068 248 £8.0 33.0 £ 129 <0.001
V50 (cm?) 11.0 +9.2 13.1 +10.7 0.078 104 + 8.2 175+ 13.7 <0.001
Radiotherapy technique Tumor bed boost
Imaging parameters 3D-CRT VMAT _value No Yes _value
(n = 501) (n=9) P (n = 65) (n = 445) P
Tumor-rib distance (cm) 1.5+08 1.2+03 0.298 1.5+08 1.5+08 0.802
Post-operative chest wall 33412 15412 0.383 27415 34412 0.002
thickness (cm)
V20 (cm?) 388 +17.3 71.7 £17.9 <0.001 451 +£279 38.5 £+ 159 0.305
V30 (cm?) 33.7+133 489 + 159 0.001 38.7£21.3 333 £118 0.212
V40 (cm?) 29.9 +£10.5 35.8 £15.1 0.320 32.8 £14.8 29.6 £9.8 0.259
V45 (cm?) 259 +£9.2 30.2 +15.7 0.776 27.6 £12.3 25.7 £ 8.8 0.598
V50 (cm?) 11.3+94 174 + 144 0.099 139 +13.0 11.0 + 8.8 0.230

RIRF, radiation-induced rib fracture; 3D-CRT, three-dimensional conformal radiotherapy; VMAT, volumetric
modulated arc therapy.

Table 3. Univariate analysis of risk factors of radiation-induced rib fractures.

Variables p-Value Hazard Ratio 95% Confidence Interval
Age (<60 years vs. >60 years) 0.215 1.37 0.83-2.25
Weight (<50 kg vs. >50 kg) 0.123 1.68 0.87-3.23
Obesity (underweight/normal vs. overweight/obesity) 0.461 0.85 0.54-1.32
Menopausal status (pre- vs. post-) 0.264 1.26 0.84-1.90
Bone mineral density (normal vs.) Osteopenia 0.410 1.25 0.73-2.14
Osteoporosis 0.006 244 1.28-4.62
T stage (Tis, T1-T2 vs. T3-T4) 0.435 1.49 0.55-4.06
N stage (NO vs. N1-N3) 0.072 1.49 0.97-2.29
Surgery type (breast-conserving surgery vs. total 0.004 233 132-4.11
mastectomy)
Chemotherapy (no vs. yes) 0.462 1.17 0.76-1.80
Hormone therapy (no vs.) Tamoxifen 0.218 0.72 0.42-1.22
Aromatase inhibitor 0.714 1.11 0.64-1.90
Trastuzumab (no vs. yes) 0.184 0.61 0.30-1.26
Radiotherapy technique (3D-CRT vs. VMAT) 0.0820 2.89 0.91-9.20
Radiation field (whole brgast vs. whole breast/chest wall + <0.001 253 1.60-4.01
regional nodes)
Tumor bed boost (no vs. yes) 0.576 0.85 0.47-1.52
Tumor-rib distance (<1.3 cm vs. >1.3 cm) <0.001 0.43 0.28-0.67
Post-operative chest wall thickness (<3.6 cm vs. >3.6 cm) 0.033 0.61 0.38-0.96
V20 (<45.1 cm® vs. >45.1 cm®) 0.008 2.05 1.35-3.12
V30 (<41.7 cm® vs. >41.7 cm®) <0.001 2.12 1.36-3.29
V40 (<40.8 cm® vs. >40.8 cm?) <0.001 2.95 1.84-4.72
V45 (<28.2 cm? vs. >28.2 cm®) 0.011 1.70 1.12-2.56
V50 (<10.2 cm?® vs. >10.2 cm®) 0.004 1.86 1.23-2.84

3D-CRT, three-dimensional conformal radiotherapy; VMAT, volumetric modulated arc therapy; V20, absolute
rib volumes receiving more than 20 Gy; V30, absolute rib volumes receiving more than 30 Gy; V40, absolute
rib volumes receiving more than 40 Gy; V45, absolute rib volumes receiving more than 45 Gy; V50, absolute rib
volumes receiving more than 50 Gy.
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Figure 2. Cumulative incidence of radiation-induced rib fracture (RIRF) according to tumor-rib
distance (A), postoperative chest wall thickness (B), V20 (C), V30 (D), V40 (E), V45 (F), and V50 (G).
Table 4. Multivariate analysis of risk factors of radiation-induced rib fractures.
Model with V20 Model with V30 Model with V40 Model with V45 Model with V50
Variables Hazard Hazard Hazard Hazard Hazard
p-Value Ratio p-Value Ratio p-Value Ratio p-Value Ratio p-Value Ratio
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
. 1.26 1.26 1.29 1.39 1.26
m?ngal Osteopenia  0.396 (0.74-2.17) 0406 (0.73-2.16) 0.365 (0.75-2.21) 0.244 (0.80-2.44) 0.396 (0.74-2.17)
X ) 2.64 2.77 291 2.87 2,57
density  Osteoporosis 0.004 (1.37-5.11) 0.003 (1.43-5.37) 0.002 (1.50-5.62) 0.002 (1.47-5.26) 0.005 (1.33-4.95)
1.22 1.24 1.29 1.32 1.18
Surgery type 0.562 (0.62-2.42) 0.538 (0.63-2.43) 0.459 (0.66-2.54) 0423 (0.67-2.60) 0.645 (0.59-2.34)
e 1.79 1.73 1.59 1.91 218
Radiation field 0.049 (1.00-3.20) 0.071 (0.95-3.13) 0.123 (0.88-2.86) 0.023 (1.09-3.32) 0.005 (1.26-3.78)
g 0.46 0.46 0.45 0.46 0.48
Tumor-rib distance 0.001 (0.29-0.74) 0.001 (0.29-0.73) <0.001 (0.28-0.71) 0.001 (0.29-0.73) 0.002 (0.30-0.77)
Post-operative chest 0.80 0.78 0.84 0.83 0.85
wall thickness 0374 (0.49-131) 0.305 (0.48-1.26) 0478 (0.51-137) 0.457 (0.51-35) 0517 (052-1.39)
1.68
V20 0.029 (1.06-2.69) - - - - - - - -
1.73
V30 - - 0.035 (1.04.2.89) - - - - - -
2,51
V40 - - - - <0.001 (147-4.29) - - - -
1.65
V45 - - - - - - 0.028 (L06-2.58) - -
1.58
V50 - - - - - - - - 0.039 (1.00-2.45)

CIL, confidence interval; V20, absolute rib volumes receiving more than 20 Gy; V30, absolute rib volumes receiving
more than 30 Gy; V40, absolute rib volumes receiving more than 40 Gy; V45, absolute rib volumes receiving more
than 45 Gy; V50, absolute rib volumes receiving more than 50 Gy.

4. Discussion

Radiation induces bone damages in several ways [20,21]. Bone irradiation decreases
the number of osteoblasts, which subsequently decreases collagen production and alkaline
phosphatase activity [22]. Since collagen and alkaline phosphatase are crucially involved
in the process of bone mineralization, their decrease causes osteopenia [20]. In addition,
radiation directly induces atrophic changes in the bone by reducing the amount of calcium
and phosphorus [20]. Moreover, radiation causes vascular injuries such as obliterative
endarteritis and periarteritis in the bone [20,23]. These inflammatory changes in the
vascular structure can lead to atherosclerosis formation and vessel occlusion, which affect
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blood flow to the bone [12,20,23]. Given these damages, irradiated bones are fragile to the
fracture; therefore, in patients with thoracic malignant diseases, follow-up examination
after radiotherapy often reveals RIRF [9,21,24]. In our study, 18.0% of patients with breast
cancer presented with RIRF after adjuvant radiotherapy. The incidence of RIRF in our
study was fairly higher than that in previous studies on patients with breast cancer, which
ranged from 1.0% to 3.8% [4-6]. However, these previous studies detected RIRF using
an X-ray or CT scan, and other previous studies using bone scintigraphy to detect RIRF
reported an incidence rate of 12.9-18.5%, which is similar to the incidence rate in our
study [9,10,12]. Since bone scintigraphy has a high sensitivity for detecting fractures,
and patients with RIRF often lack symptoms, a significant proportion of patients with
breast cancer undergoing adjuvant radiotherapy, which could be higher than the expected
proportion, might experience RIRF during follow-up without clinical recognition [9,12].

In our study, multivariate analysis revealed that tumor-rib distance was associated
with the risk of RIRF. Regarding postoperative radiotherapy for breast cancer, boost ra-
diotherapy to the tumor bed is commonly administered to most patients who undergo
breast-conserving surgery, which thereby led to a high post-operative chest wall thickness
in patients treated with tumor bed boost radiotherapy. Furthermore, based on histopatho-
logical results, some patients who undergo complete mastectomy may receive boost ra-
diotherapy. Therefore, the tumor bed receives a higher radiation dose than other breast
tissue. As mentioned above, the tumor-rib distance was defined as the minimum distance
between the tumor margin and rib. In other words, it could be assumed that the shorter
the tumor-rib distance, the higher dose is irradiated to the rib, resulting in more RIRF
occurrence. In a previous study on patients with breast cancer [9], boost radiotherapy was
not a significant risk factor for RIRF, as shown in our study; however, the authors discussed
that RIRF could have significant association with the tumor-rib distance. Another previous
study on patients who underwent pulmonary hypofractionated stereotactic body radio-
therapy reported that a tumor-rib distance less than 2.0 cm was the only significant risk
factor for RIRF [13]. Unlike our study, this previous study defined the tumor-rib distance
as the minimum distance between the radiation isocenter and the rib; nonetheless, it also
showed that the tumor-rib distance is negatively correlated with the risk of RIRF, similar to
the results of our study.

Dose-dependent rib volume parameters, including V20, V30, and V40, were signif-
icantly correlated with the risk of RIRF in the present study. Several studies have inves-
tigated the association of total radiation dose or fraction size with the risk of RIRF [8,9].
However, to our knowledge, no studies have assessed the association between the risk
of RIRF and the absolute rib volume receiving a certain radiation dose of radiation in
patients with breast cancer receiving conventional standard radiotherapy. A previous
study on lung cancer reported differences in V20, V30, and V40 between fractured and
unfractured ribs [13]. Since this previous study investigated hypofractionated stereotactic
body radiotherapy, it could not be directly compared with our study. However, it would
be suggested that the absolute rib volume receiving a certain radiation dose can affect the
RIRF. In a study on patients with breast cancer who underwent accelerated partial breast
irradiation, which is a type of hypofractionated radiotherapy for treating partial breast, the
RIRF incidence rate was significantly lower (0.5%) than that in previous studies on whole
breast radiotherapy [4,25]. Although these studies were performed in patient populations
receiving hypofractionated radiotherapy, the radiation field size was directly correlated
with the irradiated absolute rib volume and the risk of RIRF. Therefore, these results imply
that a dose-dependent rib volume can be an important risk factor for RIRF.

In our study, enrolled patients were treated with two different radiotherapy techniques,
3D-CRT and VMAT. On comparisons of imaging parameters, patients treated with VMAT
showed significantly higher values of V20 and V30, suggesting that dose-dependent rib
volumes might be different according to radiotherapy techniques. Although the radiother-
apy technique did not show any significant association with the risk of RIRF, because only
1.8% of patients in our study were treated with VMAT, further studies would be needed to
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assess the relationships of radiotherapy techniques with dose-dependent rib volumes and
the risk of RIRF in patients with breast cancer.

To reduce RIRF, it is necessary to consider risk factors for each patient, including tumor-
rib distance, and, additionally, precision radiotherapy techniques that allow reduction of
the dose-dependent rib volume should be performed for patients at a high risk of RIRF
incidence. Among them, one of the approaches for reducing the irradiation dose to the rib is
radiotherapy in a prone, rather than supine, position. Treatment in a prone position allows
the breast tissue to sag down, which increases the tumor-rib distance, and, additionally, a
prone position reduces the absolute rib volume receiving a certain radiation dose. Notably,
a study of patients who underwent breast radiotherapy in the prone position reported no
RIRF occurrence [26]. However, a prone position is less effective for chest wall irradiation
in patients without remnant breast tissue and is unsuitable for treating advanced-stage
patients requiring the inclusion of regional lymph nodes. Therefore, the prone position
could be selectively applied to early-stage patients and relatively large breast sizes.

The deep-inspiration breath-hold (DIBH) technique is another method for reducing
the irradiation dose to the ribs. To our knowledge, no study has assessed the RIRF incidence
in patients with breast cancer treated using the DIBH technique. However, DIBH is known
to reduce the irradiated dose to the ipsilateral lung through chest wall expansion [27-29].
Since the ipsilateral lung is located just behind the ribs, the reduced irradiated dose to
the lung suggests a decreased irradiated dose to the ribs. In addition, when the chest
wall expands, the rib spacing widens; however, the treatment target does not significantly
change; accordingly, there is an expected reduction in the rib volume affected by radiation
at a specific dose. In the previous studies [27,28], the dose to the ipsilateral lung was
more effectively reduced in patients treated with regional lymph node irradiation. This
could allow dose reduction to the ribs in radiotherapy for patients with advanced-stage
breast cancer. Future studies that investigate the clinical role of DIBH for reducing RIRF in
patients with breast cancer are required.

In addition, discussions are needed in selecting patients who should include ribs after
total mastectomy. Previously, in patients with total mastectomy, the treatment target was
delineated including ribs generally. However, this contouring guideline basically increases
the volume of the ribs exposed to radiation. The most common patterns of local recurrence
after total mastectomy are skin and subcutaneous tissues anterior to pectoralis musculature,
and they are rarely in the ribs [30]. Since routine inclusion of the ribs and intercostal
muscles in all patients can lead to increased heart and lung toxicities, discussion of the
patient group to be treated by inclusion of the ribs is needed.

This study had some limitations. First, this was a single-center retrospective study,
which might have led to selection bias. Second, since the diagnosis of RIRF was determined
using bone scintigraphy and follow-up imaging examinations, the incidence of RIRF in our
study could have been overestimated [9].

5. Conclusions

In the present study, we found that the tumor-rib distance and dose-dependent rib
volumes were independent risk factors for RIRF in patients with breast cancer, along with
osteoporosis and the radiation field. Patients with higher values of the tumor-rib distance
showed a significantly lower risk of RIRF than others, whereas patients with high values of
rib volumes in the radiation field had a significantly higher risk of RIRF than those with
low values. In patients with breast cancer who received adjuvant radiotherapy, restriction
of the absolute rib volumes in the radiation field should be considered to reduce the risk
of RIRF.



J. Pers. Med. 2022, 12, 240 11 of 12

Author Contributions: Conceptualization, SM.L., ]JW.L. and 1.Y.].; methodology, SM.L., W.C.K,,
C.KM.,, ESK. and L.Y],; software, S.M.L. and 1.Y.].; validation, JW.L., CK.M., E.S.K. and 1.Y.].; formal
analysis, SM.L., JW.L. and 1.Y.].; investigation, SM.L., JW.L., ESK. and L.Y.].; resources, SM.L.,
E.SK. and 1.Y].; data curation, S.M.L., W.C.K., CK.M. and L1.Y.J.; writing—original draft preparation,
SM.L,, JWL. and 1.Y].; writing—review and editing, W.C.K., CK.M. and E.S.K,; visualization,
SM.L, JW.L., WCK. and L.Y]; supervision, E.S K. and 1.Y.J.; project administration, E.SK. and LYJ.;
funding acquisition, S.M.L. and 1.Y.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the Soonchunhyang University Research Fund and the
National Research Foundation of Korea (NRF) grant funded by the Korean government (Ministry of
Science and ICT) (grant number: NRF-2021R1G1A1003314).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Soonchunhyang University Cheonan
Hospital (protocol code number: SCHCA 2021-11-007; date of approval: 2 December 2021).

Informed Consent Statement: Patient consent was waived by the Institutional Review Board due to
the retrospective nature of the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

National Comprehensive Cancer Network. Breast Cancer (Version 5.2020). Available online: https:/ /www?2.tri-kobe.org/nccn/
guideline/breast/english/breast.pdf (accessed on 14 September 2021).

Darby, S.; McGale, P; Correa, C.; Taylor, C.; Arriagada, R.; Clarke, M.; Cutter, D.; Davies, C.; Ewertz, M.; Godwin, J.; et al. Effect of
radiotherapy after breast-conserving surgery on 10-year recurrence and 15-year breast cancer death: Meta-analysis of individual
patient data for 10,801 women in 17 randomised trials. Lancet 2011, 378, 1707-1716. [CrossRef] [PubMed]

Haviland, J.S.; Owen, J.R.; Dewar, J.A.; Agrawal, R.K; Barrett, J.; Barrett-Lee, PJ.; Dobbs, H.].; Hopwood, P.; Lawton, P.A.; Magee,
B.J.; et al. The UK Standardisation of Breast Radiotherapy (START) trials of radiotherapy hypofractionation for treatment of early
breast cancer: 10-year follow-up results of two randomised controlled trials. Lancet Oncol. 2013, 14, 1086-1094. [CrossRef]
Robinson, PJ.; Bell, R.].; Zecena Morales, C.S.; Fradkin, P.; Davis, S.R. Minimal-trauma fracture in women with breast cancer
surviving for at least 5 years from diagnosis. Osteoporos. Int. 2015, 26, 795-800. [CrossRef]

Pierce, S.M.; Recht, A.; Lingos, T.1.; Abner, A.; Vicini, F; Silver, B.; Herzog, A.; Harris, J.R. Long-term radiation complications
following conservative surgery (CS) and radiation therapy (RT) in patients with early stage breast cancer. Int. |. Radiat. Oncol.
Biol. Phys. 1992, 23, 915-923. [CrossRef]

Harris, S.R. Differentiating the Causes of Spontaneous Rib Fracture After Breast Cancer. Clin. Breast Cancer 2016, 16, 431-436.
[CrossRef]

Overgaard, M. Spontaneous radiation-induced rib fractures in breast cancer patients treated with postmastectomy irradiation. A
clinical radiobiological analysis of the influence of fraction size and dose-response relationships on late bone damage. Acta Oncol.
1988, 27, 117-122. [CrossRef]

Kim, D.W.; Kim, ].S.; Kim, K.; Shin, K.H. Spontaneous rib fractures after breast cancer treatment based on bone scans: Comparison
of conventional versus hypofractionated radiotherapy. Clin. Breast Cancer 2021, 21, e80—e87. [CrossRef]

Kim, HW.; Won, K.S.; Zeon, S.K.; Kim, ].H. Radiation induced rib fractures on bone scan after breast cancer surgery and radiation
therapy. Nucl. Med. Mol. Imaging 2009, 43, 287-293.

Pettersson, N.; Nyman, J.; Johansson, K.A. Radiation-induced rib fractures after hypofractionated stereotactic body radiation
therapy of non-small cell lung cancer: A dose- and volume-response analysis. Radiother. Oncol. 2009, 91, 360-368. [CrossRef]
Park, W.; Huh, S.J.; Yang, ]. H.; Nam, S.J.; Kim, J.H.; Choi, ].Y.; Woo, S.Y.; Kim, H.Y.; Noh, ].M.; Ryu, ].I. The implication of hot
spots on bone scans within the irradiated field of breast cancer patients treated with mastectomy followed by radiotherapy. Ann.
Nucl. Med. 2008, 22, 685-691. [CrossRef] [PubMed]

Asai, K.; Shioyama, Y.; Nakamura, K.; Sasaki, T.; Ohga, S.; Nonoshita, T.; Yoshitake, T.; Ohnishi, K.; Terashima, K.; Matsumoto,
K.; et al. Radiation-induced rib fractures after hypofractionated stereotactic body radiation therapy: Risk factors and dose-volume
relationship. Int. . Radiat. Oncol. Biol. Phys. 2012, 84, 768-773. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://www2.tri-kobe.org/nccn/guideline/breast/english/breast.pdf
https://www2.tri-kobe.org/nccn/guideline/breast/english/breast.pdf
http://doi.org/10.1016/s0140-6736(11)61629-2
http://www.ncbi.nlm.nih.gov/pubmed/22019144
http://doi.org/10.1016/S1470-2045(13)70386-3
http://doi.org/10.1007/s00198-014-2945-5
http://doi.org/10.1016/0360-3016(92)90895-O
http://doi.org/10.1016/j.clbc.2016.07.001
http://doi.org/10.3109/02841868809090331
http://doi.org/10.1016/j.clbc.2020.07.009
http://doi.org/10.1016/j.radonc.2009.03.022
http://doi.org/10.1007/s12149-008-0158-8
http://www.ncbi.nlm.nih.gov/pubmed/18982471
http://doi.org/10.1016/j.ijrobp.2012.01.027
http://www.ncbi.nlm.nih.gov/pubmed/22445398

J. Pers. Med. 2022, 12, 240 12 0of 12

14.

15.

16.

17.
18.
19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

Dalinka, M.K.; Edeiken, J.; Finkelstein, ]J.B. Complications of radiation therapy: Adult bone. Semin. Roentgenol. 1974, 9, 29-40.
[CrossRef]

Welsh, J.; Thomas, J.; Shah, D.; Allen, PK.; Wei, X.; Mitchell, K.; Gao, S.; Balter, P.; Komaki, R.; Chang, J.Y. Obesity increases
the risk of chest wall pain from thoracic stereotactic body radiation therapy. Int. |. Radiat. Oncol. Biol. Phys. 2011, 81, 91-96.
[CrossRef] [PubMed]

Gentile, M.S.; Usman, A.A.; Neuschler, E.I; Sathiaseelan, V.; Hayes, ].P.; Small, W, Jr. Contouring guidelines for the axillary
lymph nodes for the delivery of radiation therapy in breast cancer: Evaluation of the RTOG breast cancer atlas. Int. . Radiat.
Oncol. Biol. Phys. 2015, 93, 257-265. [CrossRef]

Schroeder, E.; Valdez, C.; Krauthamer, A.; Khati, N.; Rasmus, J.; Amdur, R.; Brindle, K.; Sarani, B. Average chest wall thickness at
two anatomic locations in trauma patients. Injury 2013, 44, 1183-1185. [CrossRef] [PubMed]

Hsu, C.H,; Lin, T.Y,; Ou, ].C.; Ong, ].R.; Ma, H.P. Risk values of weight and body mass index for chest wall thickness in patients
requiring needle thoracostomy decompression. Emerg. Med. Int. 2020, 2020, 2070157. [CrossRef] [PubMed]

Nioche, C.; Orlhac, F; Boughdad, S.; Reuzé, S.; Goya-Outi, J.; Robert, C.; Pellot-Barakat, C.; Soussan, M.; Frouin, F.; Buvat, I.
LIFEx: A freeware for radiomic feature calculation in multimodality imaging to accelerate advances in the characterization of
tumor heterogeneity. Cancer Res. 2018, 78, 4786—4789. [CrossRef]

Hopewell, ].W. Radiation-therapy effects on bone density. Med. Pediatr. Oncol. 2003, 41, 208-211. [CrossRef]

Pacheco, R.; Stock, H. Effects of radiation on bone. Curr. Osteoporos. Rep. 2013, 11, 299-304. [CrossRef]

Sams, A. The effects of 2000r of X-rays on the acid and alkaline phsphatase of mouse tibiae. Int. . Radiat. Biol. 1966, 10, 123-140.
Gyorkey, J.; Pollock, EJ. Radiation necrosis of the ossicles. AMA Arch. Otolaryngol. 1960, 71, 793-796. [CrossRef] [PubMed]
Dunlap, N.E; Caj, ].; Biedermann, G.B.; Yang, W.; Benedict, S.H.; Sheng, K.; Schefter, T.E.; Kavanagh, B.D.; Larner, ].M. Chest wall
volume receiving >30 Gy predicts risk of severe pain and/or rib fracture after lung stereotactic body radiotherapy. Int. |. Radiat.
Oncol. Biol. Phys. 2010, 76, 796-801. [CrossRef] [PubMed]

Leonard, C.E.; Wang, Y.; Asmar, L.; Lei, R.Y.; Howell, K.T.; Henkenberns, P.L.; Johnson, TK.; Hobart, T.L.; Tole, S.P,; Kercher,
J.M.; et al. A prospective Phase III trial evaluating patient self-reported pain and cosmesis in accelerated partial breast irradiation
utilizing 3-D versus intensity-modulated radiotherapy. Cancer Med. 2021, 10, 7089-7100. [CrossRef]

Gortman, A.M.; Aherne, N.J.; Amalaseelan, J.; Last, A.; Westhuyzen, J.; Chamberlain, L.; Shakespeare, T.P. Long-term outcomes of
patients with conserved breast cancer treated with adjuvant hypofractionated prone breast intensity-modulated radiation therapy.
J. Med. Imaging Radiat. Oncol. 2020, 64, 845-851. [CrossRef]

Testolin, A.; Ciccarelli, S.; Vidano, G.; Avitabile, R.; Dusi, F.; Alongi, F. Deep inspiration breath-hold intensity modulated radiation
therapy in a large clinical series of 239 left-sided breast cancer patients: A dosimetric analysis of organs at risk doses and clinical
feasibility from a single center experience. Br. ]. Radiol. 2019, 92, 20190150. [CrossRef]

Pandeli, C.; Smyth, L.M.L.; David, S.; See, A.W. Dose reduction to organs at risk with deep-inspiration breath-hold during right
breast radiotherapy: A treatment planning study. Radiat. Oncol. 2019, 14, 223. [CrossRef]

Oechsner, M; Diisberg, M.; Borm, K.J.; Combs, S.E.; Wilkens, J.J.; Duma, M.N. Deep inspiration breath-hold for left-sided breast
irradiation: Analysis of dose-mass histograms and the impact of lung expansion. Radiat. Oncol. 2019, 14, 109. [CrossRef]

Vargo, J.A.; Beriwal, S. RTOG chest wall contouring guidelines for post-mastectomy radiation therapy: Is it evidence-based? Int. J.
Radiat. Oncol. Biol. Phys. 2015, 93, 266-267. [CrossRef]


http://doi.org/10.1016/0037-198X(74)90007-8
http://doi.org/10.1016/j.ijrobp.2010.04.022
http://www.ncbi.nlm.nih.gov/pubmed/20542388
http://doi.org/10.1016/j.ijrobp.2015.07.002
http://doi.org/10.1016/j.injury.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23618786
http://doi.org/10.1155/2020/2070157
http://www.ncbi.nlm.nih.gov/pubmed/33178460
http://doi.org/10.1158/0008-5472.CAN-18-0125
http://doi.org/10.1002/mpo.10338
http://doi.org/10.1007/s11914-013-0174-z
http://doi.org/10.1001/archotol.1960.03770050053008
http://www.ncbi.nlm.nih.gov/pubmed/13830574
http://doi.org/10.1016/j.ijrobp.2009.02.027
http://www.ncbi.nlm.nih.gov/pubmed/19427740
http://doi.org/10.1002/cam4.4242
http://doi.org/10.1111/1754-9485.13072
http://doi.org/10.1259/bjr.20190150
http://doi.org/10.1186/s13014-019-1430-x
http://doi.org/10.1186/s13014-019-1293-1
http://doi.org/10.1016/j.ijrobp.2015.03.001

	Introduction 
	Materials and Methods 
	Study Population 
	Radiotherapy 
	Follow-Up and RIRF Assessment 
	Imaging Analysis 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Comparisons of Imaging Parameters 
	Risk Factors for RIRF 

	Discussion 
	Conclusions 
	References

