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Abstract

Purpose: Chest wall (CW) pain and rib fractures are frequently diagnosed following stereotactic
body radiotherapy (SBRT) for malignant lung tumors. We hypothesize that multiple risk factors
including bone mineral density (BMD) are associated with CW toxicity and that CW pain and rib
fractures often evolve into chronic clinical problems.

Methods: 118 lung tumors treated with SBRT in 100 patients with a minimum follow up of 2
years were retrospectively analyzed. The incidence, clinical course, and related demographic,
clinical and dosimetric factors of CW pain and rib fractures were analyzed. In addition, BMD was
assessed, and the radiographic appearance of radiation-induced rib fractures and their healing
process was characterized.

Results: Median follow up was 49 months (range 24-106). CW pain developed in 33/118
treatments (28%) after on average 12.5 months (0-50) and was more common in women (p=0.04).
Mean duration of CW pain was 25 months (2-63), and 36% of patients never had resolution of CW
pain. 34 of 118 (29%) treatments resulted in rib fractures at a mean time of 22 months (3-46) and
were more common in women, African Americans, upper/middle lobe tumors, and patients with
lower BMD (p<0.05). Mean duration of rib fractures was 25 months (5-41), and only 16 (47%) rib
fractures healed. Shorter PTV-CW distance resulted in higher risk for both rib fractures and CW
pain (p=0.01). 67% of fractures developed surrounding soft tissue fibrosis and 62% (21/34)
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developed heterotopic ossification. Diabetes, BMI, and steroid use were not associated with CW
pain or rib fracture.

Conclusions: Several factors were associated with higher risk of SBRT-related CW toxicity.
Optimal chest wall sparing (e.g. VMAT, lower dose per fraction) should be considered in this
patient group without compromising tumor control. SBRT-induced rib fractures commonly heal
abnormally and result in potential chronic CW pain.

Introduction

Stereotactic Body Radiotherapy (SBRT) has been established as an effective treatment
option in medically inoperable patients with Stage I-11 non-small cell lung cancer, but is
becoming increasingly popular even in operable patients.! While the long term efficacy of
SBRT is currently being studied,? long term toxicity of SBRT is less well described. In
particular, information on chest wall (CW) toxicity with long term follow up is lacking.

Chest wall toxicity resulting in rib fracture or pain has been described since thoracic SBRT
was first investigated.1:3 The pathophysiology of radiation-induced rib fractures or CW pain
has been postulated to be related to cortical thinning.* There has also been evidence to
support vascular injury leading to myofilament disruption, protein breakdown and
endothelial injury.> Compared to traumatic rib fractures with a short healing phase of <4
months,8 the pattern of symptoms and radiographic changes following radiation-induced rib
fractures is less well described. Despite a growing body of evidence that CW pain and
radiation-induced rib fractures are prevalent toxicities with a reported incidence between 1.5
and 33% for CW pain and between 1.6 and 42.4% for rib fractures, the duration of these side
effects has not been well established in the long term setting.”:8:9:10 In particular, little is
known about the characteristics of the healing process after radiation-induced rib fractures.
In the present study therefore incidence and duration of CW pain and rib fractures after
SBRT are investigated, and the long term radiographic healing process is characterized.

In addition, several risk factors of CW toxicity have been reported. These factors were
predominantly related to patient gender and CW dose with varying findings.”:8 In the present
study, demographic and dosimetric risk factors as well as comorbidities, medications and
also bone mineral density (BMD) are investigated for their association with CW toxicity.

Through the present analysis we aim to provide clinicians with a better understanding of risk
factors for CW toxicity and long term clinical outcomes. This information can be critical for
patient counseling and might affect radiation treatment planning through improved CW
sparing. In addition, awareness of the wide range of healing processes following radiation-
related rib fractures on radiographic imaging is important both for radiation oncologists and
radiologists to differentiate these findings from similar appearing CW pathologies such as
bone metastases.
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Patient Characteristics

After institutional IRB approval, we retrospectively analyzed patients who received SBRT
between 2008 and 2015 for primary or metastatic lung tumors. Only patients with a
minimum clinical and radiographic follow up of 24 months were included. Patients who
received multiple courses of SBRT were allowed provided there was no overlap between
fields. Follow up consisted of clinic visits with Chest computed tomography (CT) imaging
every 3 months for years 1-2, every 6 months for years 3-5, and yearly after this. Patient
characteristics are listed in Table 1.

Stereotactic Body Radiotherapy

All patients were treated supine in a customized vacuum bag for immobilization with arms
raised using a wingboard device. Simulations were performed using 4-D CT technique
(Brilliance CT, Philips, Andover, MA), using individual sets of 10 respiration phases as well
as maximum intensity projections (MIP) to contour target volumes and organs at risk (OAR)
(Pinnacle v9.6, Philips, Andover, MA). Internal tumor motion was accounted for during
delineation of the internal gross tumor volume (iGTV) by both manually going through each
respiratory phase and the MIP on default lung window settings. OARs were contoured on
the 30% phase using default lung and mediastinal windows. 5mm uniform expansions were
added on the iGTV to create the planning target volume (PTV). All treatments used 6-MV
photon beams with 7-10 field IMRT or VMAT and were planned with heterogeneity
corrections. Daily cone-beam CT allowed accurate setup to the tumor. Treatments were
delivered every other day over the course of 1-3 weeks. The most common fractionation
schemes were 48Gy/4fx and 40Gy/5fx in 90 and 14 treatments, respectively. Other
fractionations ranged from 30Gy/5fx to 60Gy/5fx.

Late Radiation Induced Chest Wall Injury - Clinical Analysis

Initial data gathering was performed by chart review of consultation and follow up notes.
Clinical factors documented included medications (ACE-Inhibitors, Aspirin, anti-diabetic
medication, NSAIDs, inhaled and systemic corticosteroids, and statins), medical
comorbidities (smoking history, BMI, diabetes mellitus (DM), connective tissue disease),
Karnofsky Performance Status, tumor site, and demographic factors (age, sex, race, weight).
We then recorded presence of CW pain, time from radiation treatment to onset, duration,
pharmacologic requirements, and whether pain interfered with activities of daily living
(ADLSs). Chest wall pain was uniformly graded using CTCAE v4.0 in which grade 1 pain is
mild, grade 2 is moderate and limits ADLs, and grade 3 is severe and limits self care.

Radiographic Analysis

All follow up CT images were reviewed by a radiation oncologist and a radiologist. Rib
fractures which were outside of the radiation fields were not included. Onset and duration of
rib fractures were recorded. Rib fracture healing was defined by the formation of a fused
fracture line without any subsequent development of irregular sclerosis, or other abnormal
morphological changes to surrounding tissues. Furthermore, in a chronological fashion, the
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healing process of each rib fracture was described including the formation of soft tissue
fibrosis and heterotopic ossification.

Bone Mineral Density

Bone mineral density was analyzed as a risk factor for CW toxicity using reliable methods
verified by Marinova et al.11 Using a circular 1cm paint brush the bone marrow of the T12
vertebral body was contoured on the center vertical 3mm slice on pre-radiation, non-contrast
CT scans using default bone window. The average Hounsfield units (HU) were measured for
this area excluding any cortex.

Dosimetric Analysis

To analyze the effect of various dosimetric parameters on the development of CW toxicity,
CW volume was defined as a 3cm ring around the bilateral lung tissue covering the whole
length of the lungs. The following data were collected: Volume of CW receiving <10
Gy(VlOGy), ZOGy(VZOGy), 3OGy(V30(;y), and 4OGy(V4OGy), maximum CW dose to
0.03cc(CWpax), mean CW dose(CWnean), and minimum dose to the 30cc of chest wall
receiving the highest radiation doses(D3pcc). Each of these dosimetric values was converted
to equivalent dose in 2Gy/fraction(EQD2) to normalize between different fractionation
schemes. PTV volumes and the distance between the closest edge of PTV and CW were
recorded. Biologically Effective Dose (BED, a/f=10Gy) was also calculated for tumor.

Statistical Analysis

Results

Multivariate analysis of risk factors for CW toxicity was performed using logistic regression
with all baseline demographic, clinical and dosimetric parameters as covariates. Stepwise
selection was used to build the models with significantly associated risk factors. Separate
models were used for rib fracture and CW pain and the odds ratio was estimated from the
final model. Rib fracture duration and associated risk factors were analyzed using time to
event analysis with Cox proportional hazards model within the subpopulation having rib
fracture. The same Cox model approach was used to analyze CW pain duration. Logistic
regression was used to build the model for soft tissue fibrosis and heterotopic ossification.
Receiver operating characteristic (ROC) analysis was performed to assess discriminating
thresholds of each risk factor. All analyses used the statistical software SAS v9.4.

Between 2008 and 2015, a total of 100 patients (59 female, 41 male) with at least 24 months
of follow up received treatment to 118 lesions in separate lobes. Median follow up was 49
months (24-106).

Chest Wall Pain

CW pain was observed in 33 of 118 treatments (28%), in 32% of patients. Mean time to
development of CW pain was 12.5 months (0-50). 10 treatments resulted in grade 1, 15
treatments in grade 2, and 8 treatments in grade 3 pain. There was no reported grade >4 CW
pain. Female patients and treatments with higher mean CW dose, or closer PTV-CW
distance were at higher risk for CW pain (see Table 2 for OR). A PTV-CW distance of
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0.9cm predicted for a 20% rate of chest wall pain. Neither medications nor other clinical
parameters were correlated with the development of CW pain. Figure 1 shows the timeline
of development, duration, and status of healing of CW pain in each of the 34 treatments.

Rib Fracture

A total of 34 rib fractures (in 32% of patients) were detected out of 118 treatments (29%).
The earliest rib fracture was seen 3 months after SBRT and the latest time point at which any
rib fracture developed was 46 months. Mean time to development of rib fracture was 22
months. 59% (20/34) of treatments resulting in rib fractures also caused concomitant CW
pain, while 14 rib fractures were asymptomatic. Figure 2 shows the timeline of development,
duration, and status of healing of rib fractures in each of the 34 treatments. Displacement of
ribs was seen in 23/34 fractures (68%) at the time of diagnosis.

Rib fractures were significantly more common in females, patients with lower bone mineral
density and African Americans. A PTV-CW distance of 0.45cm and a BMD of 159.6HU
each, respectively, predicted for a 20% rate of rib fracture. No dosimetric, clinical or
demographic parameters were found to be significantly correlated with development of rib
fractures otherwise.

Healing Process — Chest Wall Pain

Mean duration of chest wall pain was 25 months (2-63) with 12 patients (36%) having
ongoing pain at last follow up. Opioids were required to manage chest pain in 21 patients
while over-the-counter pain medications were required in an additional 6 patients for pain
control. Older patients, patients taking statins, and those with larger PTV volumes had
significantly longer duration of CW pain (see Table 2 for HR).

Healing Process- Rib Fractures

Radiographic healing of rib fractures was found in only 16 of 34 rib fractures. Mean
duration of the rib fracture healing process was 25 months (5-41) and notably 18 rib
fractures did not heal on last available imaging. Treatments to middle and upper lobe tumors,
those in African American patients as well as patients with higher bone mineral density or
higher chest wall V 496y had significantly longer time to healing (see Table 2 for HR). With
respect to the healing process, 67% (23/34) of fractures developed visible surrounding soft
tissue fibrosis and 62% (21/34) developed heterotopic ossification. Development of soft
tissue fibrosis was significantly higher in treatments with larger PTV volumes (OR 1.1;
95%Cl: 1.0-1.15; p=0.04). Figure 3 depicts examples of abnormal and disorganized healing
processes of radiation-induced rib fractures.

Toxicity-Free Survival

In our patients, 3- and 5-year CW pain-free survival was 75% and 67%, respectively (Figure
4a). 3- and 5-year rib fracture-free survival was 72% and 65%, respectively (Figure 4b).
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Discussion

Incidence of CW Pain and Rib Fractures

Our data confirm previous studies showing that while SBRT is a safe technique, it has a
significant potential to cause CW pain and rib fractures. This was originally discovered in
early Phase | and 11 trials evaluating the efficacy of SBRT when chest wall pain and/or rib
fractures were seen in a substantial portion of patients.}:12 A summary table of similar
studies examining CW toxicity can be found in the Appendix.

CW pain was reported following 28% of treatments and a majority (64%) of these patients
had an underlying rib fracture. The rate of CW pain varies in the literature, ranging from
1.5% to 33%, "+ though required follow up is minimal and long term clinical follow up is
often short. Similar to rib fracture development in our cohort, time to onset of CW pain is
variable and can occur late. One patient developed CW pain immediately after radiation
ended while the longest interval to development was 50 months following SBRT.

Several reports provided cross-sectional incidence of rib fractures after SBRT. Asai et al.
reported on 116 patients, of whom 24% developed rib fractures after a median time of 22
months (9-42).” A prospective study by Nambu et al. showed 23.7% of 177 patients with a
minimum 6 month follow up and a median follow up of 23 months (6-95) developed rib
fractures at 4-58 months from treatment.13 With a minimum 24 month and median 49 month
follow up in our study, our aim was to contribute information on particularly the duration
and long term healing process.

While the incidence of rib fractures with 29% appears comparable with published data cited
in the Appendix, other reports quote rib fracture rates as low as 0.5% to 2%.1415 We
hypothesize that this might be attributed to longer follow up and detailed radiologic review
of each follow up CT scan in our study, as not all rib fractures are clinically symptomatic
(21/34 caused pain in our study) and therefore might go unnoticed. Given the sometimes
long time to development of rib fractures, diagnosis might be missed and the incidence
might appear artificially low in reports with short follow up.

Factors related to CW Toxicity

Certain clinical factors have been found to increase the risk for rib fractures or CW pain. In
our patient population, we have found that patients with lower bone mineral density are at
significantly higher risk of developing a rib fracture; this has not been previously described.
Additionally, lower BMD was also associated with prolonged time to healing of rib
fractures. African Americans also had higher rates of rib fractures compared with
Caucasians which is somewhat counterintuitive given that, in the general population, African
Americans have been found to have higher BMD and favorable bone microarchitecture.16

Previous reports are conflicted regarding gender differences in the incidence of rib fractures
(see Appendix). In our cohort, women were at a significantly higher risk for rib fracture as
were those with lower BMD though independence could not be established in this study.
Other factors such as BMI and DM were both found to be correlated with risk of CW pain in
one study but these conditions were not found to be relevant in our cohort.1” Since lower
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BMD appears as a risk factor in our study, bisphosphonate use might be considered to
protect against radiation induced cortical thinning.

Healing Process

Unlike post-traumatic rib fractures that are usually acute with a lower risk of chronic pain,18
radiation-induced fractures can result in prolonged symptoms. Chronic pain from traumatic
rib fractures also tends to be manageable without the use of opioids'® and these rib fractures
most commonly heal appropriately with union and require minimal intervention20:21, With
our longer-term results and radiographic evaluation, we show that radiation-induced rib
fractures frequently do not heal, even with prolonged follow up, and that chronic pain is
common.

The radiographic difference between SBRT-induced rib fractures and traumatic rib fractures
has not been well studied. Furthermore, there has previously been very little information
available on radiographic changes during healing of radiation-induced rib fractures. Kim et
al. reported on 126 lesions treated with SBRT and graded rib fractures based on the degree
of healing.® Fractures were graded as a simple healed line fracture (Grl), dislocation > of
rib diameter (Gr2), or associated soft tissue fibrosis (Gr3); in this study only 6 months of
follow up were required, and median follow up was 22 months. In this report the majority of
rib fractures healed with simple healed line fracture (52%), 31% developed soft tissue
fibrosis, and displacement was not reported. In our study, the majority of rib fractures were
displaced at time of diagnosis (68%) and developed subsequent soft tissue fibrosis (67%)
and/or heterotopic ossification (62%). This is in contrast to traumatic rib fractures which
typically heal with union and callous but minimal to no associated fibrosis or heterotopic
ossification.22 Differentiation of abnormal rib fracture healing following radiotherapy, likely
due to osteoradionecrosis, from bone metastasis may be difficult. Understanding of the
healing characteristics after radiation-induced rib fracture and appropriate repeat imaging or
biopsy will lead to the correct diagnosis.

Dosimetric Factors

Several reports focused on evaluating dosimetric quantities which may predict for CW
toxicity, see also Appendix. One dual-institutional study found a volume threshold of 30cm3
before observing severe pain and/or rib fracture.10 Bongers et al. reviewed 500 patients with
530 tumors and found that treatment volumes were larger and distance to CW shorter in
those patients with CW pain and rib fractures.® Other studies have focused on Dy and
D-occ and these have been incorporated into international guidelines.232425 Another

analysis on 476 patients found Dpy;x<225Gy to be correlated with lower risk of rib fractures.
26

In our study, higher CW Vqgy resulted in prolonged time to healing of rib fractures, and
larger PTV and prescription doses resulted in prolonged healing of CW pain. Higher mean
CW dose and closer distance from CW to tumor resulted in higher risk of chest wall pain, as
shown in Table 2,913
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Short Comings

Although this is a retrospective study with its known limitations, review of CT imaging for
all patients provided an objective measure of CW toxicity, in addition to the more subjective
diagnosis of CW pain. Also, larger patient numbers and inclusion of other parameters might
allow identification of additional significant predictors of CW toxicity or may identify
factors, such as treatment duration or fraction size which were not investigated in our patient
population. In addition, the distribution of medical comorbidities or demographic factors in
our cohort may not be applicable to other populations.

Conclusion

In conclusion, CW toxicity is a frequent consequence of thoracic SBRT which can lead to
prolonged CW pain and slow or non-healing rib fractures. Subsequently, long term opioid
use is common in this population. Radiographically, radiation-induced rib fractures
commonly have associated soft tissue fibrosis and/or heterotopic ossification. Identifying
these changes is important in differentiating between radiation induced bony injury and
other differential diagnoses such as bone metastases. These observations should be
recognized when discussing thoracic SBRT with patients, particularly with women, African
Americans, and osteopenic patients. During treatment planning, consideration should be
given to avoid large volumes with high doses in the chest wall. The use of highly conformal
techniques (VMAT) and increasing the number of fractions should be considered,>28
without compromising target coverage.? Simultaneous integrated boost delivering higher
doses to actual tumor while maintaining lower dose at the PTV margin can be considered for
good local control without increasing toxicity.3!

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Time of onset and duration of CW pain

Each bar represents a treatment resulting in CW Pain. Grey: females/CW pain resolved;

Black: females/not resolved on last follow up; Diagonal Lines: males/resolved; Vertical
Lines: males/not resolved on last follow up.
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Figure 2:
Time of onset and duration of rib fracture

Each bar represents a treatment resulting in a rib fracture. Grey: females/healed; Black:
females/not healed on last follow up; Vertical Blue: males/healed; Diagonal Blue: males/not
healed on last follow up.
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Figure 3:
Abnormal Healing Processes following SBRT-induced rib fracture

A: SBRT-induced rib fracture with chronic displacement; B: Disorganized callous formation
with non-union following SBRT-induced rib fracture at 35 months; C: Bony island formation
with soft tissue fibrosis in a SBRT-induced rib fracture at 75 months; D: Extensive and
dysmorphic heterotopic ossification and soft tissue fibrosis surrounding a SBRT-induced rib
fracture at 15 months.
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Figure 4:
Toxicity Free Survival Kaplan Meier Curves

A: CW pain-free survival at 5 years: 67%; B: Rib Fracture-free survival at 5 years: 65%;
Each step represents development of Toxicity and “+” represents censorship for death or lost
to follow up
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