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                        ORIGINAL ARTICLE    

 Dose-volume histogram analysis for risk factors of radiation-induced 
rib fracture after hypofractionated proton beam therapy for 
hepatocellular carcinoma      

    AYAE     KANEMOTO  1  ,       MASASHI     MIZUMOTO  1  ,       TOSHIYUKI     OKUMURA  1  ,  
     HIDETO     TAKAHASHI  2  ,       TAKAYUKI     HASHIMOTO  1  ,       YOSHIKO     OSHIRO  1  ,  
     NOBUYOSHI     FUKUMITSU  1  ,       TAKASHI     MORITAKE  1  ,       KOJI     TSUBOI  1  ,  
     TAKEJI     SAKAE  1    &        HIDEYUKI     SAKURAI  1    

  1 Proton Medical Research Center and Department of Radiation Oncology, University of Tsukuba, Tsukuba, 
Ibaraki, Japan, and  2  Department of Epidemiology and Biostatistics, Faculty of Medicine, University of Tsukuba, 
Tsukuba, Ibaraki, Japan                              

 Abstract 
  Background.  Radiation-induced rib fracture has been reported as a late complication after external radiotherapy to the 
chest. The purpose of this study was to clarify the characteristics and risk factors of rib fracture after hypofractionated 
proton beam therapy (PBT).  Material and methods.  The retrospective study comprised 67 patients with hepatocellular 
carcinoma who were treated using PBT of 66 Cobalt-Gray-equivalents [Gy (RBE)] in 10 fractions. We analyzed the patients ’  
characteristics and determined dose-volume histograms (DVHs) for the irradiated ribs, and then estimated relationships 
between risk of fracture and several dose-volume parameters. An irradiated rib was defi ned to be any rib included in the 
area irradiated by PBT as determined by treatment-planning computed tomography.  Results . Among the 67 patients, a total 
of 310 ribs were identifi ed as irradiated ribs. Twenty-seven (8.7%) of the irradiated ribs developed fractures in 11 patients 
(16.4%). No signifi cant relationships were seen between incidence of fracture and characteristics of patients, including sex, 
age, tumor size, tumor site, and follow-up period (p � 0.05). The results of receiver operating characteristic curve analysis 
using DVH parameters demonstrated that the largest area under the curve (AUC) was observed for the volume of rib 
receiving a biologically effective dose of more than 60 Gy 3  (RBE) (V60) [The equivalent dose in 2 Gy fractions (EQD2); 
36 Gy 3 ] and the AUCs of V30 to V120 (EQD2; 18 – 72 Gy 3 ) and D max  to D 10cm  3  were similar to that of  V60. No signifi cant 
relationships were seen for DVH parameters and intervals from PBT to incidence of fracture.  Conclusion . DVH parameters 
are useful in predicting late adverse events of rib irradiation. This study identifi ed that V60 was a most statistically signifi -
cant parameter, and V30 to V120 and D max  to D 10cm  3  were also signifi cant and clinically useful for estimating the risk of 
rib fracture after hypofractionated PBT.   

 With improvements in the accuracy of radiation 
delivery and techniques for calculation of radio-
therapy doses, precisely directed focal high-dose 
radiation treatments, such as hypofractionated ste-
reotactic radiotherapy (SRT), are being used more 
frequently. Because SRT can deliver directed and 
precise high-dose irradiation, it can be used not 
only for brain tumors, but also for extracranial 
tumors [1,2]. However, the use of SRT for lung 
tumors has shown that the risk of radiation-induced 
rib fracture is higher for SRT than for conventional 

external radiotherapy [3 – 11]. This side effect 
adversely affects the quality of life (QOL) of cancer 
patients, as rib fracture commonly causes prolonged 
pain and long-term disability [12]. 

 Proton beam therapy (PBT) for hepatocellular 
carcinoma (HCC) has resulted in good local control 
with low frequency of adverse effects [13 – 16]. Late 
complications that have been reported to date 
include bile duct stenosis, gastrointestinal infl am-
mation/ulceration, pneumonitis, hepatic insuffi -
ciency, and rib fracture [14 – 18]. Based on its 
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effi cacy and what is currently known about the 
complications of PBT, hypofractionated PBT at 66 
Cobalt-Gray-equivalents [Gy (RBE)] in 10 frac-
tions is used at Tsukuba University Hospital to treat 
HCC that is not adjacent to the gastrointestinal 
tract or the porta hepatis. However, some of the 
patients treated this way have developed rib frac-
tures. This side effect after PBT has not been exam-
ined in detail. We therefore performed a dosimetric 
analysis using dose-volume histograms (DVHs) to 
evaluate the characteristics and risk factors of HCC 
patients developing rib fractures after PBT.  

 Material and methods  

 Patients 

 From May 2002 to December 2007, a total of 
67 patients (47 men, 20 women) with HCC were 
treated using PBT at 66 Gy (RBE) in 10 fractions 
as their primary radiotherapy at Tsukuba Univer-
sity Hospital. We evaluated these patients retro-
spectively. The median age at the time of treatment 
was 69 years (range, 26 – 85 years). The Eastern 
Cooperative Oncology Group (ECOG) perfor-
mance status (PS) of these patients was as follows: 
37 patients with PS    �    0, 29 with PS    �    1, and one 
with PS    �    2. There were 38 patients with one tumor 
mass, 13 with two, 12 with three, and four had    �    4 
masses. The median size of the tumor treated using 
PBT was 31 mm (range, 6 – 93 mm). Forty-two 
patients had received another therapy for HCC 
before PBT, including radiofrequency ablation 
(RFA) and transcatheter arterial chemoemboliza-
tion (TACE), while 25 patients received PBT as the 
initial treatment.   

 Proton beam therapy 

 At our hospital, the following three treatment pro-
tocols are commonly used depending on the tumor 
location: 66 Gy (RBE) in 10 fractions, 72.6 Gy 
(RBE) in 22 fractions, or 74 Gy (RBE) in 37 frac-
tions [15,16,19]. The protocol using 66 Gy (RBE) 
in 10 fractions is applied when the tumor is not 
adjacent to the gastrointestinal tract or porta hepa-
tis. The photon equivalent dose was defi ned as the 
physical dose (Gy)  �  the relative biological effec-
tiveness of the proton beam, which was assigned a 
value of 1.1 in this study [20]. The equivalent dose 
in conventional fractionation (2.0 Gy per fraction: 
EQD2) was calculated based on a linear quadratic 
equation [21], assuming  α / β  ratio of 10 Gy for 
tumor and 3 Gy for late responding tissue. The 
biologically effective dose (BED) of 66 Gy (RBE) 
calculated with an  α / β  ratio of 10 Gy was 110 Gy 10  
(RBE) (EQD2; 91 Gy 10 ), and the dose calculated 

with an  α / β  ratio of 3 Gy was 211 Gy 3  (RBE) 
(EQD2; 127 Gy 3 ). 

 The clinical target volume (CTV) encompassed 
the gross tumor volume with a 5- to 10-mm margin 
in all directions [15,16]. An additional 5-mm margin 
was included in the caudal axes to compensate for 
uncertainty due to respiration-induced hepatic move-
ments. Two or three beams were used, and an addi-
tional margin of 5- to 10-mm was added to cover the 
entire CTV by enlarging the multileaf collimator and 
adjusting the range shifter. Proton beams of 155 – 250 
MeV were generated using a synchrotron accelerator, 
and were delivered during the expiratory phase under 
a respiration-gated system [22]. 

 The ribs to be irradiated by proton beams were 
contoured at the treatment planning computed 
tomography (CT).   

 Follow-up and evaluations 

 The patients were followed from May 2002 to 
 January 2010. Follow-up examinations, including 
measuring levels of tumor markers and imaging, 
were performed at intervals of at least six months. 
Rib fractures were identifi ed using imaging such as 
CT. At the end of follow-up, 29 patients were alive 
and 38 had died. Durations of follow-up periods for 
all patients, two-year survivors, and all patients alive 
at January 2010 were 6.7 – 81.1 months (median, 
27.7 months; mean, 30.7 months), 24.1 – 81.1 months 
(median, 38.3 months; mean, 40.7 months), and 
8.7 – 81.1 months (median, 30.3 months; mean, 
34.0 months), respectively.   

 Statistical analysis 

 Rib fracture rates were estimated using the Kaplan-
Meier method [23]. Characteristics of patients with 
and without rib fractures were analyzed. The t - test 
was used to evaluate differences in age, tumor size, 
and follow-up period.  χ  2  distributions were deter-
mined to evaluate differences in sex and tumor site. 
Tumor site was classifi ed according to the anatomical 
segment. 

 A DVH was calculated for each irradiated rib. An 
irradiated rib was defi ned as a rib in the area irradi-
ated by PBT as determined by the treatment plan-
ning CT. A BED with  α / β    � 3 Gy (BED 3 ) was used 
to determine the radiation dose for ribs [Gy 3  (RBE)] 
and EQD2 was also calculated based on a linear 
quadratic model, assuming  α / β    �   3 Gy. EQD2 con-
tained the RBE-factor of 1.1. Relationships were 
determined for the incidence of rib fracture and 
DVH parameters as follows: V1    �    volume of rib 
receiving  �   1 Gy 3  (RBE) (EQD2; 0.5 Gy 3 ), V30    �    
volume receiving  �   30 Gy 3  (RBE) (EQD2; 18 Gy 3 ), 
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V60    �    volume receiving  �   60 Gy 3  (RBE) (EQD2; 36 
Gy 3 ), V90    �    volume receiving  �   90 Gy 3  (RBE) 
(EQD2; 54 Gy 3 ), V120    �    volume receiving    �    120 Gy 3  
(RBE) (EQD2; 72 Gy 3 ), V150    �    volume receiving 
 �   150 Gy 3  (RBE) (EQD2; 90 Gy 3 ), V180    �    
volume receiving  �   180 Gy 3  (RBE) (EQD2; 108 
Gy 3 ), and V210    �  volume receiving  �   210 Gy 3  (RBE) 
(EQD2; 126 Gy 3 ). Relationships were also deter-
mined for the incidence of rib fracture and the max-
imum dose (D max ) Gy 3  (RBE) for irradiated ribs, and 
doses received by irradiated rib volumes of 1-cm 3  
(D 1cm3 ), 2-cm 3  (D 2cm3 ), 5-cm 3  (D 5cm3 ), and 10-cm 3  
(D 10cm3 ). The value of these doses was shown using 
BED 3 . Data analysis was performed using SPSS ver-
sion 11.0 software (SPSS, Chicago, Illinois). Values 
of p    �    0.05 were considered signifi cant. 

 For factors identifi ed as signifi cant in univariate 
analysis, receiver operating characteristics (ROC) 
curves were used to determine the optimal DVH 
parameter and cut-off point for predicting rib frac-
ture. The ROC curve was a plot of the true-positive 
rate (sensitivity) as a function of the false-positive 
rate (1-specifi city) over a range of DVH parameters. 
Areas under the curve (AUCs) were determined 
and the optimal cut-off point for each ROC curve 
was chosen as the cut-off value at the minimal value 
for [(1 � specifi city) 2     �    (1�  sensitivity) 2 ] [24]. The 
optimal cut-off point should provide the highest 
sensitivity and specifi city. The correlation coeffi -
cients between DVH parameters were determined, 
and the crude fracture rates above and below the 
cut-off point were also determined. After determin-
ing the optimal DVH parameter, volume-response 
curves and dose-response curves were generated 
using logistic regression with maximum likelihood 
estimation.    

 Results  

 Frequency and times to rib fracture 

 During the follow-up period, radiation-induced rib 
fracture was seen after PBT in 11 (seven men, four 
women) of 67 patients (16.4%). Their median age 
was 69 years (range, 53 – 85 years). There were a total 
of 310 irradiated ribs. Of these 310 ribs, 27 ribs 
(8.7%) developed fractures by the end of the fol-
low-up period. Among these 11 patients, the median 
number of fractured ribs was two (range, 1 – 5). Three 
patients had metachronous occurrences. Eight 
patients were asymptomatic, but the remaining three 
patients complained of chronic pain, and one patient 
also complained of thoracic deformity. 

 For all 67 patients, the median period from 
the end of PBT to initial radiation-induced rib frac-
ture or the end of follow-up was 25 months (range, 

6.7 – 81 months). The fi ve-year cumulative incidence 
was 22% (Figure 1a). For the 11 patients with frac-
ture, the median period from the end of PBT to ini-
tial radiation-induced rib fracture was 15 months 
(range, 8.1 – 32 months). For all 310 irradiated ribs, 
the median period from the end of PBT to the identi-
fi cation of a fracture or the end of follow-up was 
25 months (range, 6.7 – 67 months), and the fi ve-year 
cumulative incidence was 13% (Figure 1b). For the 
27 radiation-induced fractured ribs, the median 
period from the end of PBT to the identifi cation of 
a fracture was 20 months (range, 8.1 – 32 months).   

 Characteristics of patients 

 The characteristics of patients with and without rib 
fracture were compared. No signifi cant differences in 
factors such as sex, age, tumor size, tumor site, or 
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  Figure 1.     Time to rib fracture after hypofractionated proton beam 
therapy [proportion per patient (a) and proportion per irradiated 
rib (b)]. a) Among 67 patients, 11 (16.4%) developed rib fracture 
after proton beam therapy. The 5-year cumulative incidence of rib 
fracture was 22%. b) Among 310 irradiated ribs in all 67 patients, 
27 ribs (8.7%) developed fracture, and the 5-year cumulative 
incidence of rib fracture was 13%.  
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follow-up period, were observed between these 
groups (p    �    0.05).   

 DVH analysis of irradiated ribs 

 Relationships between radiation-induced rib 
fractures and volumes of irradiated ribs or doses to 
irradiated ribs were analyzed. Comparing volumes 
and doses, DVH parameters were all signifi cantly 
higher in fractured ribs than in non-fractured ribs 
(p    �    0.05) (Figure 2). 

 Relationship analysis of DVH parameters and the 
intervals from PBT to fracture was performed. No 
signifi cant relationships were seen for volume param-
eters of all irradiated ribs and interval to fracture 
(p    �    0.05). Relationships between doses to fractured 
ribs and interval times were not clearly signifi cant 
(p    �    0.05); however, the p-values for D max  to D 2cm3  
were close to signifi cant (D max , p    �    0.052; D 1cm3 , 
p    �    0.059; D 2cm3   , p    �    0.059), and the correlation 
coeffi cient of D max  was 0.378. 

 ROC analysis showed that the largest AUC was 
observed for V60, which AUC was 0.857 [95% con-
fi dence interval (CI) 0.791 – 0.923], and the AUCs 
of D max  and D 1cm3  were next largest. The correlation 
coeffi cient between V60 and D max  and that between 
V60 and D 1cm3  was 0.81 and 0.86, respectively. 
There was a relationship between DVH parameters, 
and the AUCs of V30 to V120 and D 2cm3  to D 10cm3  
were also similar to that of V60. Each optimal cut-
off point was statistically identifi ed and the crude 
fracture rates above and below the cut-off point 
were also listed in Table I. The analysis of V60, 
which AUC was largest, showed an optimal cut-off 
point of 4.48 cm 3  (Figure 3a). The crude fracture 
rate was 1.4% (three fractured ribs / 219 ribs) when 

the volume of irradiated rib was    � 4.48 cm 3 , and 
26% (24 fractured ribs / 91 ribs) when the volume 
was  �   4.48 cm 3 . The sensitivity and specifi city of 
4.48 cm 3  at V60 were 0.89 and 0.77, respectively. 
Curves of cumulative rates of fracture were signifi -
cantly different between these two volumes accord-
ing to the log-rank test (p    �    0.000) (Figure 3b). In 
addition, the plots indicate that three years after 
radiation therapy, radiation-induced rib fractures 
should not occur. 

 Logistic regression was used to generate a 
volume-response curve of the fracture rate (p) as a 
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  Figure 2.     Mean irradiated rib volume and mean biologically 
effective dose (BED 3 ) to irradiated ribs. DVH parameters were all 
signifi cantly higher in fractured ribs than in non-fractured ribs 
(p    �    0.05).  

  Table I. The calculated areas under the curve of receiver operating characteristics curves and optimal 
cut-off point *   .

  
Calculated 

AUC
95% Confi dence 

interval
Optimal cut-off 

point
The crude fracture rate 

above/below the cut-off point

V1 0.798 0.730 – 0.867 12.6 cm 3 21% / 2.0%
V30 0.822 0.762 – 0.882 9.80 cm 3 25% / 3.0%
V60 0.857 0.791 – 0.923 4.48 cm 3 26% / 1.4%
V90 0.837 0.763 – 0.911 3.10 cm 3 28% / 2.2%
V120 0.815 0.728 – 0.903 1.22 cm 3 26% / 2.6%
V150 0.798 0.701 – 0.895 0.21 cm 3 26% / 3.0%
V180 0.754 0.640 – 0.867 0.28 cm 3 35% / 3.8%
V210 0.519 0.401 – 0.636 0.09 cm 3 100% / 8.4%
D max 0.854 0.784 – 0.925 150 Gy 3  (RBE) 25% / 2.7%
D 1cm  3 0.854 0.788 – 0.920 108 Gy 3  (RBE) 24% / 2.3%
D 2cm  3 0.852 0.790 – 0.914 96 Gy 3  (RBE) 25% / 2.2%
D 5cm  3 0.852 0.793 – 0.911 56 Gy 3  (RBE) 28% / 1.8%
D 10cm  3 0.830 0.757 – 0.904 20 Gy 3  (RBE) 23% / 2.7%

    AUC, area under the curve; D max , maximum dose for irradiated ribs; D Xcm 3 ,  doses received by irradiated 
rib volumes of X-cm3; Vx, volume of rib receiving  � x Gy 3  (RBE);  * The doses Gy 3  (RBE) shown in this 
table denote biologically effective doses with 3 Gy (BED 3 ).   
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  Figure 3.     Receiver operating characteristics and rate of rib fracture 
at V60. (a) Among DVH parameters, the area under the curve was 
largest for V60. With receiver operating characteristics analysis at 
V60, the optimal cut-off point was 4.48 cm 3 . The sensitivity of 
this point was 0.89 and the specifi city was 0.77. (b) Curves of 
cumulative rates were signifi cantly different between the irradiated 
volumes  � 4.48 cm 3  and volumes    �   4.48 cm 3  according to the 
log-rank test (p    �    0.000).  
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  Figure 4.     Volume-response curve at V60 (a) and dose-response 
curves at D max  (b) and D 1cm3  (c). Using logistic regression, each 
diagram (a) – (c) showed as following. The irradiated volume/dose 
points of each non-fractured or fractured rib were plotted on the 
lines y    �    0 (non-fractured rib) or y    �    1 (fractured rib) with circle 
both. The estimated volume- or dose-response curves within the 
range the x-values being observed are solid curve, but those 
exceeding the range are dotted one. The 68% confi dence interval 
of each curve was drawn by dashed curve. The observed data was 
divided into three bins [according to each 10 cm 3  of V60 for diagram 
(a), each 100 Gy 3  (RBE) of D max  for diagram (b), and each 100 
Gy 3  (RBE) of D 1cm3  for diagram (c)], and showed the mean (triangle 
point) and its standard deviation (SD) (mean    	    SD was drawn by 
horizontal line segment) in each bin, respectively. Vertical line 
segment at each mean showed the 68% confi dence interval for 

function of volume of irradiated rib at V60 (Figure 4a), 
using the equation p    �    1/{1    �    exp[�1    �    (�3.511    �    0.
204    �    V60)]}. Using this logistic regression, 4.48 cm 3  
was detected the value for 6.9% probability of 

the observed probability calculated with binomial statistics. (a) 
Volume-response curve of the fracture proportion (p), a function 
of volume of irradiated rib at V60, was estimated by the equation 
p    �    1/{1    �    exp[�1    �    (�3.511    �    0.204    �    V60)]}. The volume yiel-
ding 50% probability was 17.2 cm 3 , and gamma 50 (representing 
the steepness of the curve at the point of 50% probability) was 0.88, 
respectively. b), c) Dose-response curves of the fracture rate (p), 
functions of dose of irradiated rib at D max  and D 1cm  3 , were generated 
using the regression p    �    1/{1    �    exp[�1    �    (�5.535    �    0.024    �    D max )]}, 
and p    �    1/{1    �    exp[�1    �    (�4.791    �    0.022    �    D 1cm3 )]}, respectively. 
The doses that yields 50% probability / gamma 50 based on D max  
and D 1cm3  were 231 Gy 3  (RBE) / 1.38 and 218 Gy 3  (RBE) / 1.20, 
respectively.  
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association between rib fracture and irradiation 
dose in both studies. 

 The crude rate of fracture in our study was 16.4% 
of 67 patients and 8.7% of the 310 irradiated ribs in 
these 67 patients. Radiation-induced rib fracture has 
been commonly observed after conventional radio-
therapy. Following breast-conserving radiotherapy at 
doses of 50 Gy in 25 fractions, the risk of rib fracture 
has been reported to be 0.3 – 3% [7,9]. Some studies 
have also reported fracture after hypofractionated 
radiotherapy with photons. The rate of rib fracture 
has been reported to be 2 – 21% after stereotactic 
body radiotherapy (SBRT) for lung cancer at doses 
of 24 – 60 Gy in 1 – 8 fractions [3 – 6,8,10,11]. After 
PBT for partial breast irradiation, Kozak et   al. 
reported that three of 20 patients (15%) developed 
rib pain. These patients received 4 Gy (RBE) in 
1 fraction, twice daily, over four days, with a total 
prescribed dose of 32 Gy (RBE) [25]. The morbidity 
rate in our study was higher than the previously 
reported rates after conventional radiotherapy and 
was similar to recent reports on morbidity of SBRT. 
Therefore, our DVH analysis may be considered use-
ful for SBRT with photons. 

 In our study, the median interval for fracture 
occurrence in all patients was 25 months and also 
25 months for all irradiated ribs. The interval from 
irradiation to rib fracture has been reported to range 
from 6 to 17 months in previous studies [4,10,11,25]. 
The interval reported previously and in our study 
showed quite a wide range. Our relationship analy-
sis of DVH parameters and the interval determined 
that the p-values for D max  to D 2cm3  were not clearly 
signifi cant, but they were close to signifi cant (D max , 
p    �    0.052; D 1cm3 , p    �    0.059; D 2cm3 , p    �    0.059). This 
suggested that rib fracture possibly occurred early 
when D max  to D 2cm3  were large. 

 In conclusion, DVH parameters are useful for 
predicting late adverse events in ribs irradiated by 
PBT. This research determined that the volume of 
rib receiving a BED of more than 60 Gy 3  (RBE) 
(V60) (EQD2; 36 Gy 3 ), which cut-off point was 
4.48 cm 3 , was most statistically signifi cant param-
eter. However, V30 to V120 (EQD2; 18 – 72 Gy 3 ) 
and D max  to D 10cm3  were also signifi cant, and these 
parameters were considered to be clinically useful 
for estimating the risk of rib fracture after hypofrac-
tionated PBT.             
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fracture. Dose-response curves for D max  and D 1cm3  
were also shown in Figure 4b and c using logistic 
regression, respectively.    

 Discussion 

 Radiation-induced rib fracture is recognized as a late 
complication after external radiotherapy to the chest. 
Several factors associated with rib fracture must be 
considered, including dose, volume and site of irradi-
ated rib, and patients ’  characteristics. In this study, 
no signifi cant association with rib fracture was seen 
for sex, age, tumor size, tumor site, and follow-up 
period. By contrast, our DVH analysis of the 310 
irradiated ribs showed that the irradiated volume and 
dose had signifi cant effects on fracture rate. The 
DVH parameter most signifi cantly associated with 
fracture was V60, which cut-off point of 4.48 cm 3  
provided highest sensitivity and specifi city. In 
addition, V30 to V120 and D max  to D 10cm3  were also 
considered to be clinically signifi cant, because the 
AUCs of V30 to V120 and D max  to D 10cm3  were 
similar to that of V60. 

 To date, there are only a few reports on rib frac-
ture after radiotherapy that have also examined 
irradiation doses and irradiated volumes of ribs in 
detail. Voroney et   al. reported that the range of 
median dose to rib fracture site was 46 – 50 Gy in 
3 fractions (BED 3    �     281 – 328 Gy 3 ) [10]. Dunlap 
et   al. reported that there was a 30% risk of develop-
ing severe chest wall pain for a 35-cm 3  volume 
of chest wall receiving 30 Gy in 3 – 5 fractions 
(BED 3    �     90 – 130 Gy 3 ) [4]. Pettersson et   al. reported 
the value for 5% and 50% probability of rib frac-
ture with D 2cm3      �     27.2 Gy in 3 fractions (BED 3    �     110 
Gy 3 ) and 49.8 Gy in 3 fractions (BED 3    �     325 Gy 3 ), 
respectively [8]. 

 To allow comparison with Voroney ’ s data [10], 
the median / average doses of D 1cm3 , D 2cm3   , 
D 5cm3 , and D 10cm3  for fractured rib were determined 
in our study. They were 192/171, 177/154, 161/142, 
99/104, and 57/57 Gy 3 , respectively. These results 
were all lower than the results of Voroney et   al. To 
allow comparison with Pettersson ’ s data [8], we also 
performed the logistic regression for D 2cm3 . The 
value for 5% probability of rib fracture at D 2cm3  was 
110 Gy 3  (EQD2; 66 Gy 3 ) in Pettersson ’ s study, 
whereas it was 74 Gy 3  (RBE) (EQD2; 44 Gy 3 ) 
determined using the equation p    �    1/{1    �    exp[�1    �    
(�4.488    �    0.021    �    D 2cm3   )]} in our study. The 74 
Gy 3  (RBE) was a little lower than 110 Gy 3 , which 
data were not perfectly consistent, but they were 
relatively close. Although it might be diffi cult to 
compare different hypofractionated radiotherapies 
and these studies ’  confi dence intervals for dose-
response curves were large, there was a positive 
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