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A B S T R A C T   

Background and purpose: The present study investigated the relationships between the risk of radiation-induced 
rib fractures (RIRF) and clinical and dosimetric factors in stereotactic body radiotherapy (SBRT) for early-stage 
non-small cell lung cancer (NSCLC). We also examined dosimetric parameters associated with symptomatic or 
asymptomatic RIRF and the dosimetric threshold for symptomatic RIRF. 
Materials and methods: We reviewed 244 cases of early-stage NSCLC treated with SBRT. Gray’s test and the Fine- 
Gray model were performed to examine the relationships between clinical and dosimetric factors and grade ≥ 2 
(i.e., symptomatic) RIRF. The effects of each dose parameter on grade ≥ 1 and ≥ 2 RIRF were assessed with the 
Fine-Gray model. The t-test was used to compare each dose parameter between the grade 1 and grade ≥ 2 groups. 
Optimal thresholds were tested using receiver operating characteristic (ROC) curves. 
Results: With a median follow-up period of 48 months, the 4-year cumulative incidence of grade ≥ 1 and grade ≥
2 RIRF were 26.4 % and 8.0 %, respectively. Regarding clinical factors, only age was associated with the 
development of grade ≥ 2 RIRF (p = 0.024). Among dosimetric parameters, only V40Gy significantly differed 
between the grade 1 and grade ≥ 2 groups (p = 0.015). The ROC curve analysis of grade ≥ 2 RIRF showed that 
the optimal diagnostic thresholds for D3cc, D4cc, D5cc, and V40Gy were 45.86 Gy (area under the curve [AUC], 
0.706), 39.02 Gy (AUC, 0.705), 41.62 Gy (AUC, 0.702), and 3.83 cc (AUC, 0.730), respectively. These results 
showed that V40Gy ≤ 3.83 cc was the best indicator of grade ≥ 2 RIRF. The 4-year incidence of grade ≥ 2 RIRF in 
the V40Gy ≤ 3.83 cc vs. > 3.83 cc groups was 1.8 % vs. 14.2 % (p = 0.001). 
Conclusion: The present results recommend V40Gy ≤ 3.83 cc as the threshold for grade ≥ 2 RIRF in SBRT.   

Introduction 

Stereotactic body radiotherapy (SBRT) is a standard treatment op-
tion for patients with medically inoperable early-stage non-small cell 
lung cancer (NSCLC), offering the potential for better tumor control and 
longer overall survival. Recent findings highlighted SBRT as a treatment 
option for operable early-stage NSCLC and oligometastatic lung tumors, 
further emphasizing its importance [1–5]. 

While SBRT is generally a safe treatment for early-stage NSCLC, it is 
associated with some toxicities, such as radiation-induced rib fractures 
(RIRF). The reported incidence of symptomatic and asymptomatic RIRF 
typically ranges between approximately 5 and 30 % [6–9]. The course of 
RIRF varies from mild cases to those accompanied by severe pain. 

Painful RIRF is clinically important because of its impact on quality of 
life. Clinical risk factors for and optimal dosimetric parameters to 
mitigate the risk of symptomatic RIRF in patients undergoing SBRT 
currently remain unclear. Therefore, the present study investigated the 
relationships between the risk of RIRF and clinical and dosimetric fac-
tors in SBRT for early-stage NSCLC. We also examined dosimetric pa-
rameters associated with symptomatic or asymptomatic RIRF and the 
dosimetric threshold for symptomatic RIRF. 
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Materials and Methods 

Study population 

The present study analyzed the medical documents of early-stage 
NSCLC patients who underwent SBRT at our institution between 
February 2004 and September 2018. In accordance with ethical pro-
tocols, informed consent was acquired from each patient prior to 
commencing treatment. Inclusion criteria encompassed: 1) patients 
clinically classified as Tis-T2bN0M0 according to the 8th TNM classifi-
cation; 2) treatment with SBRT; 3) patients histologically diagnosed 
with NSCLC or strongly presumed to be NSCLC based on diagnostic 
imaging results and the trajectory of their clinical progression. Among 
245 patients who satisfied these prerequisites, one was omitted from the 
final analysis due to an inability to precisely assess their dose-volume 
histogram (DVH) data. Therefore, 244 cases were included in the final 
study cohort. The Institutional Review Board of Nagoya City University 
Graduate School of Medical Sciences approved this research (approval 
number: 60–22-0024), ensuring it adhered to the ethical parameters 
outlined in the 1964 Declaration of Helsinki and its subsequent 
amendments. Due to the retrospective nature of the present study, the 
necessity for written informed consent was waived and an opt-out form 
was accessible on the website for those opting against participation. 

Pretreatment evaluation 

Clinical staging was conducted based on the findings of chest and 
upper abdomen computed tomography (CT), magnetic resonance im-
aging (MRI) or CT of the brain, and 18F-fluoro-deoxyglucose positron 
emission tomography (FDG-PET). Bone scintigraphy was utilized when 
FDG-PET was not accessible. The applicability of SBRT for each case was 
evaluated through a collaborative consultation at a multidisciplinary 
tumor board. 

SBRT methods 

SBRT planning procedures were documented in previous studies 
[10–12]. A triphasic CT scan, encompassing normal breathing, the 
expiratory phase, and inspiratory phase, was performed with a slice 
thickness of 2.5 mm. The gross tumor volume (GTV) was delineated 
based on CT and/or FDG-PET findings. The clinical target volume (CTV) 
was established as equal to GTV, with fluoroscopy employed to gauge 
the tumor’s respiratory movement. To cover CTV in all respiratory 
phases, an internal target volume (ITV) was generated, with supple-
mentary anisotropic margins of 5 mm in the lateral and anteroposterior 
directions, and 5–10 mm in the craniocaudal direction added to ITV to 
formulate PTV. Metallic markers were utilized during irradiation for 
patients showing significant respiratory motion while breath-hold was 
maintained. The necessity for this technique was ascertained when 
displacement visible in fluoroscopy was ≥ 1 cm. Metallic markers were 
Visicoil or Gold Anchor. We predominantly relied on expiration CT scans 
for contouring. PTV was formulated by extending a 6-mm margin from 
GTV in all directions. This breath-hold technique was employed for 8 
patients. 

Dosages, using a 6 MV photon beam directed at the PTV’s isocenter, 
were selected by the tumor diameter. By taking radiobiological factors 
into consideration, SBRT was conducted twice weekly in four fractions, 
ensuring a minimum three-day gap between each treatment session 
[13]. Each treatment was generally scheduled at least 72 h apart; 
however, due to constraints regarding patient and machine availability, 
the actual median treatment duration was 12 days. A minimum of 90 % 
of the isocenter dose was suggested to cover 95 % of PTV. There were no 
specific guidelines concerning minimum and maximum doses. Never-
theless, in most SBRT plans, the minimum and maximum doses for PTV 
were higher than 80 % and lower than 107 % of the prescription doses, 
respectively. Prior to November 2008, prescribed doses of 44, 48, and 

52 Gy were allocated for peripheral tumors with maximum diameters <
1.5 cm, 1.5–3 cm, and > 3 cm, respectively. The protocol for dose es-
calations was amended from December 2008, and planned doses of 48, 
50, and 52 Gy were administered based on the respective tumor di-
ameters. Individualized doses of 60 or 64 Gy in eight fractions were 
implemented for cases with proximity to the pulmonary hilum or crucial 
organs [14]. Between February 2004 and November 2008, pencil beam 
convolution with the Batho power law was utilized for dose calculations. 
The analytical anisotropic algorithm was employed between December 
2008 and May 2015 and the collapsed cone convolution from June 
2015. 

Follow-up and evaluation of RIRF 

Subsequent to SBRT, patients underwent CT every 2 to 3 months for 
up to 6 months. After this period, CT was conducted at a minimum semi- 
annually, with FDG-PET and brain MRI or CT being performed as 
necessary. The primary endpoint was established as the development of 
grade ≥ 2 RIRF. RIRF was diagnosed by employing a combination of CT 
scans and clinical symptomatology. The gradation of RIRF was classified 
in alignment with the Common Terminology Criteria for Adverse Events 
version 5.0: grade 1 is asymptomatic and clinical or diagnostic obser-
vations only, grade 2 is symptomatic and requires analgesics, grade 3 is 
severe symptoms and operative intervention indicated, grade 4 is life- 
threatening consequences and urgent intervention indicated, and 
grade 5 is death. 

Dose-volume analyses 

DVH data and dose distribution information were meticulously 
analyzed using RayStation software (RaySearch Medical Laboratories 
AB, Stockholm, Sweden). Most cases underwent SBRT in 4 fractions. 
Among patients who received treatment in 6 or 8 fractions, DVH data 
were converted to a 4-fraction equivalent using an α/β value of 3. Vn 
represents the volume of the rib receiving a minimum dose of n Gy. Dx cc 
is a dosimetric metric that signifies the dose absorbed by the most 
exposed × cubic centimeters of the rib. Parameters including Dmax, 
D0.5cc, D1cc, D2cc, D3cc, D4cc, D5cc, V20, V25, V30, V40, and V50 
were deduced from DVH. 

Statistical analysis 

Gray’s test was employed to examine the relationships between risk 
factors and grade ≥ 2 RIRF, implementing the Fine-Gray model in a 
multivariable analysis, accounting for mortality as a competing risk. The 
effect of each dose parameter on RIRF was assessed using the Fine-Gray 
model, while death remained as a competing risk. The comparison of 
dosimetric factors between the group with only grade 1 RIRF and the 
group with grade ≥ 2 RIRF was conducted using the t-test. Optimal 
thresholds for every dose parameter were selected using receiver oper-
ating characteristic (ROC) curves. The significance of differences was set 
at a p-value < 0.05. Statistical analyses were performed using EZR 
(Saitama Medical Center, Jichi Medical University, Saitama, Japan), 
which is a graphical user interface for R (The R Foundation for Statistical 
Computing, Vienna, Austria) [15]. 

Results 

A total of 244 patients were included, with a median follow-up 
period of 48 months (range, 0–198) for all patients, and 59 months 
(range, 0–198) for living patients. Table 1 shows patient characteristics 
and treatment specifics. The patient cohort had a median age of 77 
years. Grade ≥ 1 RIRF were observed in 57 cases (23.4 %), of which 20 
(8.2 %) were classified as grade ≥ 2 RIRF. No grade 3 or higher RIRF was 
observed. Among cases with RIRF, the percentage of symptomatic (i.e., 
grade ≥ 2) patients was 35.1 %. The median times to the onset of grade 
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≥ 1 and grade ≥ 2 RIRF were 20 months (range, 5–160) and 18 months 
(range, 5–86), respectively. The 4-year cumulative incidence of grade ≥
1 and grade ≥ 2 RIRF were 26.4 % (95 % confidence interval [CI], 
20.4–32.7) and 8.0 % (95 % CI, 4.9–12.0), respectively (Fig. 1). 

Table 2 shows differences in the 4-year incidence of grade ≥ 2 RIRF 
with each clinical and dosimetric risk factor. Due to correlations among 
dosimetric factors, only the maximum dose (Dmax) of the rib was 
analyzed. Only age correlated with the development of grade ≥ 2 RIRF 
(p = 0.028). Table 3 shows the results of the multivariate analysis, in 
which the relationships between risk factors and grade ≥ 2 RIRF were 
examined. In the multivariate analysis, age (hazard ratio [HR] 0.28, 95 
% CI 0.10–0.85, p = 0.024) and Dmax (HR 2.73, 95 % CI 1.05–7.10, p =
0.039) remained significant factors for grade ≥ 2 RIRF. 

Table 4 shows the results of the univariate analysis of dosimetric 

Table 1 
Patient and treatment characteristics.  

Characteristics Number or median % or range 

Age (years) 77 29–89  

Sex   
Male 169 69 % 
Female 75 31 %  

PS   
0 117 48 % 
1 101 41 % 
2 23 9 % 
Missing 3 1 %  

Smoker   
Current 70 29 % 
Ex 107 44 % 
Non 60 25 % 
Missing 7 3 % 
Solid component diameter (mm) 23 0–50 
Total dose (Gy) 50 44–64 
Fractions 4 4–8 
BED10 112.5 92.4–120 

PS, performance status; BED10, biologically effective dose calculated with an 
α/β value of 10. 

Fig. 1. Differences in the cumulative incidence of grade ≥ 1 and grade ≥ 2 
radiation-induced rib fractures. 

Table 2 
Differences in the cumulative incidence of grade ≥ 2 radiation-induced rib 
fractures according to clinical and dosimetric factors.  

Characteristics Number 4-year 
incidence 

95 % CI p- 
value 

Age (years)     0.028 
≤77 134  11.1 % 6.4–17.3  
>77 110  4.2 % 1.3–9.6   

Sex     0.19 
Male 169  5.8 % 2.8–10.3  
Female 75  12.8 % 6.2–21.8   

PS     0.59 
0, 1 218  8.3 % 5.0–12.6  
2, 3 26  4.6 % 0.3–19.8   

Smoker     0.70 
Yes 177  7.5 % 4.1–12.3  
No 60  10.3 % 4.2–19.8   

Solid component diameter 
(mm)     

0.42 

≤23 126  8.5 % 4.3–14.4  
>23 118  7.4 % 3.5–13.4   

Rib Dmax (Gy)     0.12 
≤49.46 122  4.4 % 1.6–9.4  
>49.46 122  11.7 % 6.5–18.5  

95 % CI, 95 % confidence interval; PS, performance status. 

Table 3 
Multivariate analysis of clinical and dosimetric factors for grade ≥ 2 radiation- 
induced rib fractures.  

Factors HR 95 % CI p-value 

Age (>77 vs. ≤ 77 years)  0.28 0.10–0.85  0.024 
Sex (male vs. female)  0.47 0.14–1.56  0.22 
PS (2, 3 vs. 0, 1)  0.60 0.06–5.71  0.66 
Smoker  1.31 0.41–4.17  0.64 
Solid component diameter (mm) (>23 vs ≤ 23)  0.70 0.26–1.88  0.48 
Rib Dmax (Gy) (>49.46 vs. ≤ 49.46)  2.73 1.05–7.10  0.039 

HR, hazard ratio; 95 % CI, 95 % confidence interval; PS, performance status. 

Table 4 
Dosimetric analysis of grade ≥ 1 and grade ≥ 2 radiation-induced rib fractures.  

Factors Grade ≥ 1 rib fractures Grade ≥ 2 rib fractures 

HR 95 %CI p- 
value 

HR 95 %CI p- 
value 

Rib Dmax (Gy)  1.08 1.06–1.11  <0.001  1.07 1.03–1.11  <0.001 
Rib D0.5 cc 

(Gy)  
1.11 1.08–1.13  <0.001  1.09 1.05–1.14  <0.001 

Rib D1cc (Gy)  1.11 1.08–1.14  <0.001  1.11 1.05–1.17  <0.001 
Rib D2cc (Gy)  1.09 1.05–1.12  <0.001  1.11 1.05–1.18  <0.001 
Rib D3cc (Gy)  1.07 1.04–1.10  <0.001  1.11 1.05–1.16  <0.001 
Rib D4cc (Gy)  1.06 1.03–1.08  <0.001  1.09 1.04–1.14  <0.001 
Rib D5cc (Gy)  1.05 1.02–1.07  <0.001  1.07 1.03–1.12  0.001 
Rib V50Gy (cc)  1.04 0.96–1.12  0.32  1.10 1.03–1.18  0.005 
Rib V40Gy (cc)  1.05 1.02–1.09  0.001  1.10 1.07–1.14  <0.001 
Rib V30Gy (cc)  1.04 1.01–1.06  0.003  1.07 1.04–1.11  <0.001 
Rib V25Gy (cc)  1.03 1.01–1.05  0.005  1.05 1.02–1.09  0.001 
Rib V20Gy (cc)  1.02 1.00–1.04  0.020  1.04 1.01–1.07  0.010 

HR, hazard ratio; 95 % CI, 95 % confidence interval; Vn, volume of the rib 
receiving a minimum dose of n Gy; Dx cc, dose absorbed by the most exposed ×
cubic centimeters of the rib. 
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factors. All dosimetric factors, except for V50Gy, correlated with grade 
≥ 1 RIRF, while all correlated with grade ≥ 2 RIRF. Table 5 shows 
comparisons of each dose parameter between the grade 1 and grade ≥ 2 
groups. Only V40Gy was significantly higher in the grade ≥ 2 group than 
in the grade 1 group (p = 0.015). 

The optimal threshold for dosimetric factors related to grade ≥ 2 
RIRF was evaluated using a ROC curve analysis, and Table 6 shows the 
results obtained. Fig. 2 shows the ROC curves of dosimetric factors that 
had an AUC > 0.70. The ROC curve analysis revealed that the optimal 
diagnostic thresholds for D3cc, D4cc, D5cc, and V40Gy were 45.86 Gy 
(area under the curve [AUC], 0.706), 39.02 Gy (AUC, 0.705), 41.62 Gy 
(AUC, 0.702), and 3.83 cc (AUC, 0.730), respectively. The 4-year cu-
mulative incidence of grade ≥ 2 RIRF was compared between values 
above and below the ROC threshold using Gray’s test. The results ob-
tained are summarized in Table 7. The results of the t-test, ROC curve 
analysis, and Gray’s test showed that V40Gy ≤ 3.83 cc was the best 
indicator of grade ≥ 2 RIRF among the dose parameters tested. The 4- 
year incidence of grade ≥ 2 RIRF in the V40Gy ≤ 3.83 cc vs. > 3.83 
cc groups was 1.8 % vs. 14.2 % (p = 0.001). 

Discussion 

We examined the incidence of RIRF in 244 patients with early-stage 
NSCLC treated with SBRT and analyzed risk factors for RIRF. The results 
obtained showed that the 4-year cumulative incidence of RIRF was 26.4 
%, while that of grade ≥ 2 RIRF was 8.0 %. The percentage of symp-
tomatic patients was 35.1 %. The reported incidence of RIRF has been 
reported to vary between approximately 5 and 30 % [6–9]. In the 

Table 5 
Comparison of dose parameters between grade 1 and grade ≥ 2 radiation- 
induced rib fractures.  

Factors Grade 1 rib fractures Grade ≥ 2 rib fractures p-value 

Mean SD Mean SD 

Rib Dmax (Gy)  51.70  5.54  50.92  3.09  0.56 
Rib D0.5 cc (Gy)  50.19  4.59  49.75  3.27  0.71 
Rib D1cc (Gy)  49.10  4.05  49.16  3.47  0.96 
Rib D2cc (Gy)  46.69  5.75  47.98  4.05  0.38 
Rib D3cc (Gy)  44.06  7.14  46.67  4.91  0.15 
Rib D4cc (Gy)  41.47  8.14  44.84  5.99  0.11 
Rib D5cc (Gy)  38.89  8.50  42.39  8.03  0.14 
Rib V50Gy (cc)  1.04  1.73  2.44  5.78  0.18 
Rib V40Gy (cc)  5.55  2.57  8.89  7.37  0.015 
Rib V30Gy (cc)  9.33  3.90  12.84  9.29  0.050 
Rib V25Gy (cc)  12.19  5.11  15.57  10.44  0.11 
Rib V20Gy (cc)  16.45  6.85  19.99  11.77  0.16 

SD, standard deviation; Vn, volume of the rib receiving a minimum dose of n Gy; 
Dx cc, dose absorbed by the most exposed × cubic centimeters of the rib. 

Table 6 
Dose threshold and area under the curve for grade ≥ 2 radiation-induced rib 
fractures.  

Factors Threshold AUC 95 % CI 

Rib Dmax (Gy)  48.20  0.627 0.519–0.736 
Rib D0.5 cc (Gy)  47.80  0.656 0.554–0.758 
Rib D1cc (Gy)  47.05  0.665 0.567–0.762 
Rib D2cc (Gy)  47.11  0.690 0.596–0.783 
Rib D3cc (Gy)  45.86  0.706 0.617–0.795 
Rib D4cc (Gy)  39.02  0.705 0.614–0.796 
Rib D5cc (Gy)  41.62  0.702 0.603–0.801 
Rib V50Gy (cc)  0.11  0.593 0.469–0.717 
Rib V40Gy (cc)  3.83  0.730 0.640–0.821 
Rib V30Gy (cc)  3.91  0.692 0.595–0.790 
Rib V25Gy (cc)  8.18  0.672 0.572–0.772 
Rib V20Gy (cc)  13.56  0.650 0.543–0.758 

AUC, area under the curve; 95 % CI, 95 % confidence interval; Vn, volume of the 
rib receiving a minimum dose of n Gy; Dx cc, dose absorbed by the most exposed 
× cubic centimeters of the rib. 

Fig. 2. Receiver operating characteristic (ROC) curves for predicting grade ≥ 2 
radiation-induced rib fractures using D3, D4, D5, and V40. 

Table 7 
Differences in the cumulative incidence of grade ≥ 2 radiation-induced rib 
fractures according to each dosimetric threshold.  

Factors Number 4-year incidence 95 % CI p-value 

Rib Dmax (Gy)     
≤48.2 79  2.6 % 0.5–8.2  0.084 
>48.2 165  10.6 % 6.3–16.1  

Rib D0.5 cc (Gy)     
≤47.8 117  2.8 % 0.7–7.3  0.026 
>47.8 127  12.9 % 7.5–19.7  

Rib D1cc (Gy)     
≤47.05 113  1.8 % 0.4–5.9  0.012 
>47.05 131  13.4 % 8.0–20.2  

Rib D2cc (Gy)     
≤47.11 147  3.0 % 1.0–7.0  0.003 
>47.11 97  15.5 % 8.9–23.7  

Rib D3cc (Gy)     
≤45.86 146  2.2 % 0.6–5.9  <0.001 
>45.86 98  16.5 % 9.7–24.8  

Rib D4cc (Gy)     
≤39.02 122  1.8 % 0.3–5.8  0.001 
>39.02 122  14.2 % 8.5–21.3  

Rib D5cc (Gy)     
≤41.62 151  3.6 % 1.3–7.6  0.003 
>41.62 93  15.0 % 8.4–23.4  

Rib V50Gy (cc)     
≤0.11 151  5.1 % 2.2–9.7  0.068 
>0.11 93  12.8 % 6.8–20.9  

Rib V40Gy (cc)     
≤3.83 122  1.8 % 0.3–5.8  0.001 
>3.83 122  14.2 % 8.5–21.3  

Rib V30Gy (cc)     
≤3.91 77  1.5 % 0.1–7.1  0.008 
>3.91 167  11.0 % 6.7–16.5  

Rib V25Gy (cc)     
≤8.18 102  2.1 % 0.4–6.8  0.013 
>8.18 142  12.2 % 7.3–18.5  

Rib V20Gy (cc)     
≤13.56 123  3.6 % 1.2–8.3  0.021 
>13.56 121  12.4 % 7.1–19.2  

95 % CI, 95 % confidence interval; Vn, volume of the rib receiving a minimum 
dose of n Gy; Dx cc, dose absorbed by the most exposed × cubic centimeters of 
the rib. 
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present study, the incidence of RIRF was similar to previously reported 
values, with a 4-year cumulative incidence of 26.4 %. The median time 
to the onset of RIRF in the present study was 20 months, which is 
consistent with the pooled analysis of 57 studies [16]. Therefore, the 
observation period of 48 months in the present study was sufficient. 
SBRT is effective not only for the treatment of early-stage NSCLC, but 
also the management of oligometastatic lung tumors [3,5]. Since the 
utility of SBRT is expected to increase in the future, the management of 
adverse events, including RIRF, will become even more critical. 

V40Gy was significantly higher in the grade ≥ 2 RIRF group than in 
the grade 1 RIRF group (p = 0.015). The ROC curve analysis showed that 
the optimal diagnostic threshold for V40Gy in relation to grade ≥ 2 RIRF 
was 3.83 cc (AUC, 0.730). Therefore, a threshold of V40Gy ≤ 3.83 cc is 
recommended for symptomatic RIRF. Limited information is currently 
available on the threshold for symptomatic RIRF. Previous studies sug-
gested that dosimetric parameters of the rib, such as D0.5 cc and D2cc, 
correlated with RIRF [8,17]. Additionally, Dmax was identified as the 
most significant predictive factor for RIRF [7]. Some studies on chest 
wall pain indicated that V30 ≤ 30 cc was appropriate as a threshold 
[18–20]. Mutter et al. reported a correlation between V30 of the chest 
wall ≥ 70 cc and grade ≥ 2 chest wall pain. Regarding RIRF, high-dose 
regions appeared to be important predictive factors. However, dose 
ranges, such as 30–40 Gy, may become significant for symptomatic 
RIRF. In the present study, comparisons of dosimetric factors between 
asymptomatic and symptomatic RIRF revealed a significant difference 
for V40Gy, but a slight difference for V30Gy, as shown in Table 5. 

In the multivariate analysis, we observed a higher incidence of 
symptomatic RIRF in the group aged ≤ 77 years. This may be attributed 
to younger individuals potentially being more capable of expressing 
their pain. In the present study, 35.1 % of patients with fractures were 
symptomatic, in contrast to the previously reported value of 61 % post- 
radiotherapy for cervical cancer [21]. Treatments for cervical cancer are 
typically administered at younger ages than lung SBRT, with a median 
age between 50 and 70 years [22–24]. In consideration of the higher 
percentage of symptomatic fractures post-radiotherapy in cervical can-
cer, which has a lower median age, the present results showing a higher 
incidence of symptomatic fractures in the group aged ≤ 77 years appear 
to be consistent with these findings. 

There were several limitations that need to be addressed. The 
implemented protocol underwent modifications in December 2008, 
which resulted in an escalated dosage and the incorporation of various 
protocols in the examination. Furthermore, this was a retrospective 
study conducted at a single institution. Therefore, it is inherently subject 
to biases typical of these investigations. Therefore, more extensive, 
multicenter studies are warranted to confirm the present results. 

Conclusion 

We herein investigated the relationships between the risk of RIRF 
and clinical and dosimetric factors following SBRT for early-stage 
NSCLC and examined differences in dosimetric parameters associated 
with symptomatic and asymptomatic RIRF. Among the 244 patients 
analyzed with a median follow-up period of 48 months, the 4-year cu-
mulative incidence of grade ≥ 1 and grade ≥ 2 RIRF were 26.4 and 8.0 
%, respectively. The median times to the onset of grade ≥ 1 and grade ≥
2 RIRF were 20 and 18 months, respectively. Regarding clinical factors, 
a young age was associated with the development of grade ≥ 2 RIRF. The 
present results indicate that V40Gy ≤ 3.83 cc is the most effective in-
dicator for the prevention of grade ≥ 2 RIRF among dose parameters in 
SBRT for early-stage NSCLC. The 4-year incidence of grade ≥ 2 RIRF 
with and without this threshold were 1.8 and 14.2 %, respectively. 
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