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Abstract
Background  The utilization of stereotactic body radiation therapy (SBRT) is increasing for primary and secondary 
lung neoplasms. Despite encouraging results, SBRT is associated with an increased risk of osteoradionecrosis-induced 
rib fracture. We aimed to (1) evaluate potential clinical, demographic, and procedure-related risk factors for rib 
fractures and (2) describe the radiographic features of post-SBRT rib fractures.

Methods  We retrospectively identified 106 patients who received SBRT between 2015 and 2018 for a primary or 
metastatic lung tumor with at least 12 months of follow up. Exclusion criteria were incomplete records, previous 
ipsilateral thoracic radiation, or relevant prior trauma. Computed tomography (CT) images were reviewed to 
identify and characterize rib fractures. Multivariate logistic regression modeling was employed to determine clinical, 
demographic, and procedural risk factors (e.g., age, sex, race, medical comorbidities, dosage, and tumor location).

Results  A total of 106 patients with 111 treated tumors met the inclusion criteria, 35 (32%) of whom developed at 
least one fractured rib (60 total fractured ribs). The highest number of fractured ribs per patient was five. Multivariate 
regression identified posterolateral tumor location as the only independent risk factor for rib fracture. On CT, fractures 
showed discontinuity between healing edges in 77% of affected patients.

Conclusions  Nearly one third of patients receiving SBRT for lung tumors experienced rib fractures, 34% of whom 
experienced pain. Many patients developed multiple fractures. Post-SBRT fractures demonstrated a unique 
discontinuity between the healing edges of the rib, a distinct feature of post-SBRT rib fractures. The only independent 
predictor of rib fracture was tumor location along the posterolateral chest wall. Given its increasing frequency of use, 
describing the risk profile of SBRT is vital to ensure patient safety and adequately inform patient expectations.

Keywords  Lung tumors, SBRT, Rib osteoradionecrosis, Rib fracture, Rib fracture classification
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Introduction
Stereotactic body radiation therapy (SBRT) is considered 
the gold standard therapy for medically inoperable, early-
stage non-small cell lung cancer (NSCLC) [1, 2] and an 
emerging alternative to surgical resection for other lung 
tumors, including medically operable NSCLC [3] and 
advanced pulmonary tumors or oligometastases [4–7]. 
Promising evidence showing positive outcomes has led to 
rapid increases in utilization of thoracic SBRT, and there-
fore renewed interest in defining and predicting associ-
ated toxicity [8, 9].

Toxicities associated with SBRT include chest wall 
pain or rib fracture, pneumonitis, esophagitis, and bra-
chial plexopathy, and vary in time of onset. Compared 
to traditional radiotherapy, SBRT is associated with a 
higher incidence of toxicity. In particular, the incidence 
of chest wall pain far exceeds that for traditional radio-
therapy, and varies significantly (0.5–46%) [10–16]. Prior 
studies have demonstrated that both larger total dos-
ages and the volume of bone receiving at least 10 Gy of 
radiation correlate with increased incidence of rib frac-
ture [11, 17]. However, there remains significant debate 
regarding the importance demographic and medical 
risk factors of SBRT-related rib fractures, as well as their 
radiologic character [13, 14]. The incidence, presentation, 
and radiographic character of post-SBRT rib fractures are 
poorly described in the medical literature.

Studies of osteonecrosis following traditional radio-
therapy in other cancers correlate dosage and proxim-
ity to bone with post-procedural bone fracture [18, 19]. 
Given the higher dosages delivered by SBRT and imme-
diacy of osseous structures in the chest wall, additional 
research into the relationship between SBRT and fracture 
is warranted. Existing cortical bone mapping CT stud-
ies following SBRT of affected ribs have shown marked 
thinning and discontinuous healing patterns, indicat-
ing a pathologic process is likely [11, 14]. However, the 
incidence, presentation, and radiographic character of 
osteoradionecrosis of the rib are poorly described in 
the medical literature. As this novel technique for treat-
ing and curing lung cancer increases in frequency of 
use, there is hope that improved understanding of side 
effects will decrease toxicity and improve patient safety 
We hypothesize that post-SBRT rib fractures are (1) asso-
ciated with proximity to the site of radiation, intensity 
of dosage, and pre-existing comorbidities and (2) have 
unique radiographic characteristics possibly related to 
osteoradionecrosis compared to traumatic rib fractures.

Methods
Patient selection
Following institutional review board approval, we ret-
rospectively identified patients who underwent SBRT 
between 2015 and 2018 for both primary and metastatic 

lung tumors with a minimum 12 month follow up data 
(mean follow up: 29 months). The need for informed 
consent was waived by the institutional review board of 
Thomas Jefferson University and all methods were carried 
out in accordance with relevant guidelines. Patients with-
out appropriate pre-and post-procedural demographic, 
medical, and radiographic records were excluded. One 
patient was excluded for an existing ipsilateral rib frac-
ture, and 24 were excluded for prior radiotherapy to the 
ipsilateral thorax. In accordance with institutional pro-
tocol, computed tomography (CT) was completed prior 
to treatment and at regular intervals thereafter. Patients 
with prior ipsilateral rib fractures, ipsilateral chest wall 
trauma before SBRT, or ipsilateral thoracic radiotherapy 
for lung, breast, or mediastinal malignancies prior to 
SBRT were excluded.

Clinical analysis
Data was gathered by an initial chart review of preopera-
tive consultations and follow up visits, performed by a 
treating pulmonologist, radiation oncologist, or thoracic 
surgeon. Documented factors included demographics 
(age, sex, and self-identified race) and medical comor-
bidities (chronic obstructive pulmonary disease, diabetes, 
hypertension, thyroid disease, osteoporosis, and BMI). 
Procedural factors (tumor staging, tissue of origin, radia-
tion dosage, and fractionation) were also recorded.

Radiographic analysis
Preoperative CT studies were retrospectively reviewed 
to determine tumor location, size, and distance from sur-
rounding osseous chest wall structures. Tumor location 
was classified by lobe, and by location on axial CT sec-
tion. Tumor location was adapted from Kim et al. and 
Liebsch et al. [14, 20]. On transverse section, along the 
midline anterior-posterior axis, the length of the rib was 
divided equally into 5 sections (36o each), correspond-
ing to anterior, anterolateral, lateral, posterolateral, and 
posterior. Tumors along the medial region of the pleura, 
or more than 20 mm from the chest wall were classified 
as either central or hilar, depending on location. The 
first author then reviewed postoperative CT images, 
ordered primarily to monitor for disease progression, to 
identify evidence of post-radiation rib fracture, includ-
ing discontinuous or healing lesions. Identified fractures 
were further classified by the degree of radiographically-
observable discontinuity between the healing edges, 
modified from the classification described by Kim et al. 
[14]. Grade 1 fractures show discontinuous healing edges 
displaced less than half the diameter of the rib. Grade 
2 fractures were discontinuous with healing edges dis-
placed greater than half the diameter of the rib. Con-
tinuous or hairline fractures were classified as such and 
counted separately. For patients with rib fractures, CT 
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imaging of the contralateral side was reviewed to iden-
tify and co-occurring rib fractures to the non-irradiated 
hemithorax.

Stereotactic body radiation therapy
Planning target volume (PTV) was determined via four-
dimensional competent tomography. Internal tumor 
motion was accounted for through the entire respiratory 
cycle, and a 5 mm expansion was added to arrive at the 
final PTV (Agility™, Elekta; Stockholm, Sweden). Treat-
ments were delivered every other day between 3 and 12 
fractions. The total dosage delivered ranged from 48 to 
60  Gy. The most common fraction schedule was 60  Gy 
delivered in 5 fractions.

Statistical analysis
Multivariate analysis for post-radiation rib fracture risk 
factors was performed using logistic regression with 
all collected variables. The regression model was con-
structed by sequentially adding demographic, clinical, 
and procedural variables and monitoring the strength of 
association. The reported odds ratios were determined 
from the final model. The distance between tumors and 
nearby osseous structures was dichotomized to improve 
analysis, and provide a more practical clinical marker of 
fracture risk. A cutoff of 12 mm was chosen arbitrarily to 
identify tumors within close proximity of the chest wall. 
Identified rib fractures were then examined separately. 
All analyses were performed using SPSS version 26.0 
(Chicago, IL).

Results
A total of 106 patients with 111 (five patients had two 
tumors, treated simultaneously) tumors met the inclu-
sion criteria, 35 of which showed evidence of post-SBRT 
rib fractures, a total of 60 fractured ribs. The median 
follow-up time was 25 months. Patient demographics 
are shown in Table 1. Posterolateral tumor location was 
the only factor independently associated with increased 
risk of rib fracture (OR: 4.92 [1.51–16.03]; Table  2). 
Neither age, sex, BMI, nor race were associated with 
fracture incidence (p = 0.376, 0.153, 0.850, and 0.999, 
respectively). Hypertension was correlated incidence 
(p = 0.009; Table  1), but not independently associated 
(OR: 2.66 [0.98–7.22]; Table  2) with increased fracture 
risk. Similarly, anterolateral and lateral tumor location 
were correlated (p = 0.041 and 0.033, respectively) but 
not independently associated (OR: 4.06 [0.91–18.05] and 
1.85 [0.70–4.91], respectively) with rib fracture. Of the 35 
patients who experienced rib fractures, 35% were treated 
for tumors within 12 cm of the chest wall (Table 1). How-
ever, tumor distance under 12  cm was not an indepen-
dent predictor of rib fracture. Tumor size and radiation 

dosage showed no association with rib fracture (p = 0.218 
and 0.259, respectively).

Fractures were noted in every rib except the twelfth, 
and most commonly affected ribs 2, 3,4, 7, 8, and 9 
(Table  3). 47% of fractures occurred at the rib closest 
to the treated tumor, and a further 40% occurred at the 
second closest rib. The remaining 13% occurred two or 
more ribs removed from the closest rib (Table  3). Frac-
tures were first noted, on average, 22 months following 
the completion of SBRT. Fractures were most common 
along the lateral regions of the chest wall, and least com-
mon in the anterior region of the chest wall related to 
tumors along the costal cartilage (Table 1). Roughly half 
(54%) of post-radiation rib fractures were limited to a 
single rib, while two ribs were affected in 29% of cases, 
and 3 to five were impacted in 17% of cases (Table  3). 
Four patients reported post-procedure chest wall trauma, 
three of whom developed rib fractures, resulting in a 
total of five fractured ribs. The majority (77%) of rib frac-
tures showed a characteristic discontinuity between the 
healing edges of the fractured rib, 48% showed minor dis-
continuity (Gr1), while 29% showed displacement greater 
than half the diameter of the rib (Gr2). Pain associated 
with rib fracture was only reported in 34% of affected 
subjects, while 89% of subjects reported no trauma prior 
to fracture incidence (Table 3). Most (59%) fractures were 
noted on the radiologist’s report during the full duration 
of care, but only 21% were specifically mentioned at ini-
tial appearance. The remainder (41%) were never men-
tioned in a radiologist’s report, either at first appearance 
or in subsequent routine follow-up imaging. It should be 
noted that the studies reviewed were ordered to monitor 
for cancer progression, and not specifically to identify rib 
fracture. Only three of 35 affected patients had evidence 
of rib fractures to the contralateral (non-irradiated) side. 
Two previously underwent SBRT to the contralateral 
hemithorax for lung tumors, and the other the third had 
a pre-existing healed fracture present on prior imaging.

Discussion
Rib fractures are a significant toxicity following SBRT 
for both metastatic and primary lung tumors. Fracture-
associated chest wall pain may interfere with respira-
tion in patients with advanced respiratory illness, while 
corresponding instability may increase the risk of sig-
nificant injury in future cases of thoracic trauma. In this 
study, the incidence of post-radiation rib fracture was 
32% and was independently associated with posterolat-
eral tumor location. The overwhelming majority (87%) 
of fractures occurred at the closest or second-closest rib 
to the treated tumor, suggesting an association between 
treatment and fracture. The majority of fractures were 
asymptomatic, but 34% of patients with fractures expe-
rienced chest wall pain. Post-SBRT rib fractures showed 
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radiographically distinct characteristics with discontinu-
ity between the healing edges. Such findings were largely 
underreported by reviewing radiologists on routine fol-
low up imaging.

Posterolateral tumor location was the only independent 
predictor of post-radiation rib fracture, while antero-
lateral and lateral location were also correlated with 
fracture. Conversely, central tumor location appeared 

Table 1  Patient demographics, comorbidities, and procedural details
No Fracture Fracture p value
n % n %
76 68 35 32

Sex

Male 35 46 13 37 0.153

Female 41 54 22 63

Self-Identified Race

Asian 5 6 2 6 0.999

Black 15 20 5 14 0.999

Hispanic/Latino 2 2 2 6 0.999

White 55 72 26 74 0.999

Comorbid Conditions

Diabetes 9 12 3 8 0.227

Hypertension 49 64 29 83 0.009

Thyroid Disease 13 17 8 23 0.075

Osteoporosis 11 14 4 11 0.531

COPD 23 30 12 34 0.435

Tumor Region

Anterior 7 9 1 3 0.960

Anterolateral 3 4 4 11 0.041

Lateral 11 14 10 29 0.033

Posterolateral 5 6 9 26 0.021

Posterior 10 13 7 20 0.070

Central 36 47 4 11 0.809

Hilar 4 5 0 0 0.999

Distance to Closest Rib

Greater than 12 mm 46 61 6 17

Less than 12 mm 30 39 29 83 0.978

Lobe Affected

Upper 45 60 20 57

Middle 5 6 0 0

Lower 26 34 15 43

Right 49 64 22 63

Left 27 36 13 37

Tumor Staging

T1N0M0 51 67 28 80

T1N0M1 1 1 0 0

T2N0M0 8 11 3 8

T2N1M0 4 5 0 0

T2N3M0 1 1 0 0

T2N0M1 2 3 1 3

T3N0M0 4 5 0 0

T3N4M0 1 1 0 0

2o Metastasis 4 5 3 8

Mean Mean p value
Age 72.6 71.7 0.376

BMI 26.8 25.7 0.850

Tumor Diameter (mm) 20.3 19.9 0.218

Cumulative Dose (Gy) a 54.7 56.7 0.259
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to have a protective effect against rib fractures. Though 
univariate analysis showed no significant association, 
multivariate modeling showed a lower risk of rib fracture 
in centrally-located tumors, further evidence that tumor 
location impacts post-SBRT fractures. Two prior stud-
ies demonstrated a similar pattern, where lateral treat-
ment sites were more prone to rib fracture than anterior 
or posterior lesions [14, 21]. The association between 
treatment site and rib fracture is likely multifactorial. 
Biomechanical studies suggest that forces applied to the 
chest wall are distributed across the body of the rib to 
the anterolateral, lateral, and posterolateral regions of 
the rib, depending on the direction of force [20]. Osteo-
radionecrosis at sites already prone to rib fracture could 
thus explain the disproportionate incidence observed 
in the present study. Further, the anterior and posterior 
segments of ribs are stabilized somewhat by surrounding 
structures. Anteriorly, most lesions abut the costal car-
tilage, whose response to SBRT has not been reported. 
Posteriorly, the intrinsic back muscles and structures of 
the spine may provide increased stability and shielding 
to the ribs, decreasing radiation injury to osseous struc-
tures. While few subjects reported trauma, this biased 
distribution may indicate that mechanical triggers still 
play a role in rib fracture. Forces from subtle stressors, 
such as coughing, sneezing, or minor external pressure, 
when repeated overtime and directed disproportionately 
to the posterolateral curvature of the rib may lead to 
fractures.

Table 2  Multivariate analysis of demographic and procedural 
risk factors in fracture vs. non-fracture groups

Value 95% Confidence 
Interval
Lower Upper

Female Sex 0.692 0.305 1.573

Self-Identified Race

Asian 0.861 0.159 4.669

Black 0.678 0.225 2.041

Hispanic/Latino 2.242 0.303 16.610

White 1.103 0.444 2.739

Comorbidities

Diabetes 0.698 0.177 2.754

Hypertension 2.663 0.983 7.216

Thyroid Disease 1.436 0.534 3.862

Osteoporosis 0.762 0.225 2.587

COPD 1.202 0.513 2.820

Tumor Region

Anterior 0.290 0.034 2.452

Anterolateral 4.056 0.911 18.051

Lateral 1.846 0.695 4.905

Posterolateral 4.915 1.507 16.028

Posterior 1.477 0.591 4.205

Central 0.218 0.081 0.585

Table 3  Characteristics of observed rib fractures
n = 35
Mean Stdev

Interval a (months) 21.7 11.8

Distance from tumor (mm) 13 17

n = 60 %
Rib number

1 1 2

2 8 13

3 8 13

4 11 18

5 4 7

6 5 8

7 6 10

8 8 13

9 6 10

10 2 3

11 1 2

12 0 0

Total 60 100

Number of Ribs Fractured

1 19 54

2 10 29

3 4 11

4 1 3

5 1 3

Fractured Rib Relation to Tumor

Closest to tumor 28 47

1 rib removed from tumor 24 40

2 + ribs removed from tumor 8 13

Total 60 100

Visible Discontinuity

Gr1 17 48

Gr2 10 29

Total 27 77

No Discontinuity 8 23

n = 35 %
Number of Ribs Fractured

1 19 54

2 10 29

3 4 11

4 1 3

5 1 3

Associated Chest Wall Pain 12 34

Documented Trauma 3 8

Date Mentioned on Radiologist’s Report b

At first incidence 7 21

Retrospectively c 13 38

Not Reported 14 41
a Interval from procedure date to fracture incidence
b Reports available for 34 of 35 subjects
c Fracture mentioned retrospectively in studies done after the initial incidence
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The relationship between post-treatment fractures 
and medical comorbidities was less significant. There is 
debate in the existing literature over the impact of medi-
cal comorbidity and chest wall toxicity; previous studies 
indicate that sex, race, and diabetes history may all be 
risk factors [13, 14]. While hypertension did correlate 
with an increased rate of fracture in the present study, 
it was not an independently significant predictor. Such 
disagreement suggests that comorbidity may not directly 
influence fracture risk. Age was similarly non-predictive 
of fracture risk. The relative independence from medical 
comorbidities may have important consequences with 
the increasing utilization of SBRT [3, 5]. Expanding the 
potential patient population to include typically healthier 
surgical candidates may not reduce fracture incidence. 
As younger, healthier patients receive SBRT at increasing 
rates, the clinical significance of chronic osteonecrotic 
fractures may become more pronounced. Still, further 
investigation including more granular endocrine, hema-
tologic, or nutritional studies may be warranted to pin-
point at-risk patients in an expanding patient population.

Unlike traumatic fractures, post-SBRT rib fractures 
show distinct radiographic discontinuity between heal-
ing edges. The majority (77%) of SBRT-induced rib frac-
tures observed in the present study showed discontinuity, 
a significant number of which (29%) were severe (Gr2). 
Previous studies have shown similar rates of disconti-
nuity, but the pathogenesis and consequences of these 
features remain undefined [13, 14]. Our study does not 
address the specific mechanism of rib fracture after 
SBRT. Hypotheses could include bone demineraliza-
tion or osteoradionecrosis. The occurrence of fractures 
22 months after SBRT, on average, would argue against 
trauma during the treatment sessions. The discontinu-
ity of the fracture healing does suggest an alteration in 
osteoblast progenitor cells. Cortical bone thinning is 
associated SBRT-induced fractures, but its specific role 
in fracture discontinuity in unknown [11]. The fracture 
frequency in our population was similar for patients with 
or without COPD suggesting that exposure to tobacco or 
other risks for osteoporosis were not necessarily impor-
tant factors. Future research could include T1-weighted 
MRI and PET/CT studies, as well as pathology at autopsy, 
to evaluate the pathogenesis of post-SBRT fractures and 
discontinuity. Further, Chipko et al. suggested that severe 
discontinuity may involve fibrosis of surrounding soft tis-
sue and lead to higher short-term pain [13]. The potential 
for discontinuous fractures to remain non-united or mal-
united may thus have important long-term clinical con-
sequences for the management of affected patients.

The role of chest wall trauma in the pathogenesis of 
post-SBRT rib fractures also warrants further inves-
tigation. Relevant trauma was documented for four 
patients in the present study, three of whom developed 

rib fractures. However, the true influence of trauma on 
post-radiation fractures is difficult to accurately quan-
tify without a more consistent definition and evalua-
tion of trauma. In the present study, trauma was patient 
reported. Data was therefore subject to biases in report-
ing and differing patient thresholds for what constitutes 
significant trauma. Given the potential importance of 
major and minor forces, more granular data is needed. 
Future studies may benefit from prospectively designed 
criteria for trauma which accounts for the site, mecha-
nism, and force of impact.

Despite radiographically distinct features, the preva-
lence of post-SBRT rib fractures may remain under-
reported. Prior broader studies by Lagerwaard et al., 
Ricardi et al., and Asai et al. reported low rates of rib frac-
ture (4.1%, 1.8%, and 24%, respectively) despite large sam-
ple sizes [15–17]. The majority of fractures in the present 
study were asymptomatic (66%) and nontraumatic (89%), 
suggesting that factures may not be identified without 
regular follow up CT imaging. Given that follow up imag-
ing was focused on monitoring cancer progression, frac-
tures were also not always included in the radiologist’s 
report. These barriers to identification may explain why 
earlier studies with broader aims have reported such low 
incidence of post-SBRT rib fracture, and suggest the true 
incidence is likely higher, as reported in the present study 
(32%) and other recent, more focused investigations [13, 
14].

We included four subjects who experienced post-SBRT 
trauma and subsequently developed rib fractures in the 
present study. This included one subject who was hospi-
talized for a mechanical fall, and rib fracture was iden-
tified on admission. Three other subjects had suspected 
recurrent falls after SBRT secondary to other medical 
conditions. Fractures in all three subjects were identi-
fied incidentally and were not directly related to a specific 
event. It is difficult to determine to what degree SBRT 
contributed to traumatic fractures. Even in traumatic 
falls, radiotherapy may predispose patients to rib frac-
tures which otherwise may not have occurred. We thus 
included these four traumatic cases to fully describe the 
total incidence of rib fracture after SBRT.

The principal strengths of the present study include 
the large patient population, consistent radiological fol-
low up with CT imaging, and non-exclusion of metastatic 
or late-stage lung tumors. Given the retrospective study 
design, follow-up bias may have influenced the high 
incidence of rib fracture. Given the relatively low symp-
tom rate (34%) of fractured ribs, though, we believe our 
conclusions remain valid. The minimum period of fol-
low up for inclusion in the present in our study was 12 
months. However, the average follow-up (29 months) 
was greater than the average interval to fracture identi-
fication (22 months). Therefore, it is possible that the 
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shorter minimum follow-up period meant that some 
subjects who may have gone on to develop rib fracture 
were missed. Further studies with longer follow up are 
still warranted to catch later-onset or later-detected rib 
fractures. Analysis of the longer-term progression of rib 
fracture and osteoradionecrosis is also warranted given 
the possibility of non- or malunion. Future research 
could also include more targeted bone marrow, endo-
crine, and soft tissue studies, as well as more descrip-
tive radiotherapy parameters, to better characterize the 
risk and pathogenesis of post-SBRT rib fractures. Lastly, 
while the present study analyzed a significant number of 
rib fractures, the sample size of some smaller subgroups 
is limited. Future research could specifically target such 
subgroups, such as tumor staging, to analyze specific risk 
factors with greater statistical power.

Conclusions
While the utilization of SBRT continues to expand, 
understanding the risk factors and potential sequelae of 
rib fracture is vital for properly informing patient expec-
tations and maintaining safety. Rib fractures following 
SBRT showed distinct radiologic discontinuity between 
healing edges and tumor location along the posterolateral 
chest wall was an independent predictor of rib fracture. 
The incidence of fracture was 32%, while 34% of frac-
tures presented with chest wall pain. Rib fractures rep-
resent a significant toxicity which may lead to chest wall 
instability fracture-associated interference in respiration. 
We conclude that all patients with lung tumors along 
the posterolateral chest wall, especially those within a 
12 mm radius, be advised of the risk of rib fracture prior 
to undergoing SBRT.

Acknowledgements
We thank Daniel Graves, PhD (Thomas Jefferson University) for his guidance 
on appropriate statistical analysis.

Author Contributions
MC performed chart review, analyzed computed tomography images under 
the guidance of GK, performed data analysis, and was a major contributor 
in writing the manuscript. BG and MWW contributed to patient selection, 
analysis of SBRT procedural data, and manuscript review. BS contributed to 
radiographic analysis and manuscript review. GK reviewed imaging and all 
data and was a major contributor in writing the manuscript. All authors read 
and approved the final manuscript.

Funding
All funding was provided by the Department of Medicine at Thomas Jefferson 
University Hospital.

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

Declarations

Ethics approval and consent to participate
this study was submitted to the Institutional Review Board at Thomas 
Jefferson University and was determined to be exempt from IRB approval on 
3/20/2020 (control #20E.327).

Consent for publication
Not Applicable.

Competing Interest
Gregory C. Kane, MD has previously received research support from Bristol-
Meyers Squibb.

Received: 8 December 2022 / Accepted: 27 March 2023

References
1.	 Timmerman R, Paulus R, Galvin J, Michalski J, Straube W, Bradley J, et al. 

Stereotactic body radiation therapy for inoperable early stage lung cancer. 
JAMA. 2010;303(11):1070–6.

2.	 Baumann P, Nyman J, Hoyer M, Wennberg B, Gagliardi G, Lax I, et al. Outcome 
in a prospective phase II trial of medically inoperable stage I non–small-cell 
lung Cancer patients treated with stereotactic body Radiotherapy. J Clin 
Oncol. 2009;27(20):3290–6.

3.	 Timmerman RD, Paulus R, Pass HI, Gore EM, Edelman MJ, Galvin J, et al. Ste-
reotactic body Radiation Therapy for Operable Early-Stage Lung Cancer: find-
ings from the NRG Oncology RTOG 0618 Trial. Jama Oncol. 2018;4(9):1263.

4.	 Sharma A, Duijm M, de Hoop EO, Aerts JG, Verhoef C, Hoogeman M, et al. 
Survival and prognostic factors of pulmonary oligometastases treated with 
stereotactic body radiotherapy. Acta Oncol. 2018;58(1):1–7.

5.	 Lo H, Abel S, Finley G, Weksler B, Colonias A, Wegner RE. Surgical resection 
versus stereotactic body radiation therapy in early stage bronchopulmonary 
large cell neuroendocrine carcinoma. Thorac Cancer. 2019

6.	 Rieber J, Streblow J, Uhlmann L, Flentje M, Duma M, Ernst I, et al. Stereotactic 
body radiotherapy (SBRT) for medically inoperable lung metastases—A 
pooled analysis of the german working group “stereotactic radiotherapy. 
Lung Cancer. 2016;97:51–8.

7.	 Woody NM, Stephans KL, Marwaha G, Djemil T, Videtic GMM. Stereotactic 
body Radiation Therapy for Non-Small Cell Lung Cancer Tumors Greater Than 
5 cm: Safety and Efficacy. Int J Radiat Oncol Biology Phys. 2015;92(2):325–31.

8.	 Stahl JM, Corso CD, Verma V, Park HS, Nath SK, Husain ZA, et al. Trends in 
stereotactic body radiation therapy for stage I small cell lung cancer. Lung 
Cancer. 2017;103:11–6.

9.	 Blom EF, Haaf K, ten, Arenberg DA, de Koning HJ. Uptake of minimally inva-
sive surgery and stereotactic body radiation therapy for early stage non-small 
cell lung cancer in the USA: an ecological study of secular trends using the 
National Cancer Database. Bmj Open Respir Res. 2020;7(1):e000603.

10.	 Taremi M, Hope A, Lindsay P, Dahele M, Fung S, Purdie TG, et al. Predictors of 
radiotherapy induced bone injury (RIBI) after stereotactic lung radiotherapy. 
Radiat Oncol Lond Engl. 2012;7(1):159.

11.	 Okoukoni C, Lynch SK, McTyre ER, Randolph DM, Weaver AA, Blackstock AW, 
et al. A cortical thickness and radiation dose mapping approach identifies 
early thinning of ribs after stereotactic body radiation therapy. Radiother 
Oncol. 2016;119(3):449–53.

12.	 Roy SF, Louie AV, Liberman M, Wong P, Bahig H. Pathologic response after 
modern radiotherapy for non-small cell lung cancer. Transl Lung Cancer Res. 
2019;0(0):124–34.

13.	 Chipko C, Ojwang J, Gharai LR, Deng X, Mukhopadhyay N, Weiss E. Charac-
terization of chest Wall Toxicity during Long Term follow up after thoracic 
stereotactic body Radiotherapy. Pract Radiat Oncol. 2019;9(3):e338–46.

14.	 Kim SS, Song SY, Kwak J, Ahn SD, Kim JH, Lee JS, et al. Clinical prognostic 
factors and grading system for rib fracture following stereotactic body radia-
tion therapy (SBRT) in patients with peripheral lung tumors. Lung Cancer. 
2013;79(2):161–6.

15.	 Ricardi U, Frezza G, Filippi AR, Badellino S, Levis M, Navarria P, et al. Stereo-
tactic ablative radiotherapy for stage I histologically proven non-small 



Page 8 of 8Carducci et al. BMC Cancer          (2023) 23:337 

cell lung cancer: an italian multicenter observational study. Lung Cancer. 
2014;84(3):248–53.

16.	 Lagerwaard FJ, Haasbeek CJA, Smit EF, Slotman BJ, Senan S. Outcomes of 
risk-adapted fractionated stereotactic Radiotherapy for Stage I non–small-cell 
Lung Cancer. Int J Radiat Oncol Biology Phys. 2008;70(3):685–92.

17.	 Asai K, Shioyama Y, Nakamura K, Sasaki T, Ohga S, Nonoshita T, et al. 
Radiation-Induced Rib Fractures after Hypofractionated Stereotactic Body 
Radiation Therapy: risk factors and dose–volume relationship. Int J Radiat 
Oncol Biology Phys. 2012;84(3):768–73.

18.	 Oldenborg S, Valk C, van Os R, Oei B, Venselaar J, Vörding PZVS, et al. Rib 
fractures after reirradiation plus hyperthermia for recurrent breast cancer. 
Strahlenther Onkol. 2016;192(4):240–7.

19.	 Nicholls L, Gorayski P, Harvey J. Osteoradionecrosis of the ribs following 
breast Radiotherapy. Case Rep Oncol. 2015;8(2):332–8.

20.	 Liebsch C, Seiffert T, Vlcek M, Beer M, Huber-Lang M, Wilke HJ. Patterns of 
serial rib fractures after blunt chest trauma: an analysis of 380 cases. PLoS 
ONE. 2019;14(12):e0224105.

21.	 Pettersson N, Nyman J, Johansson KA. 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(3):360–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Predictors and Characteristics of Rib Fracture Following SBRT for Lung Tumors
	Let us know how access to this document benefits you
	Recommended Citation

	﻿Predictors and characteristics of Rib fracture following SBRT for lung tumors
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patient selection
	﻿Clinical analysis
	﻿Radiographic analysis
	﻿Stereotactic body radiation therapy
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


