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Abstract

Purpose: Older patients undergoing radiation therapy (RT) for pelvic malignancies are at 

increased risk for pelvic fracture, which is associated with significant morbidity and mortality. 

RT techniques such as brachytherapy or intensity modulated RT (IMRT) allow for more conformal 

dose distributions, but it is not known whether the risk for pelvic fracture varies by RT modality.

Methods and Materials: This observational cohort study involved 28,354 patients ≥65 years 

old, treated with RT for pelvic malignancies. We evaluated the relative risk of pelvic fracture by 

type of RT when accounting for baseline factors. To test for nonspecific effects, we also evaluated 

risk of nonpelvic fractures in the same population.

Results: The 5-year incidence of pelvic fractures was 12.7% (95% confidence interval [CI], 

11.6%–13.8%), 11.8% (10.8%–12.8%), and 3.7% (3.4%–4.0%) for patients with gastrointestinal, 

gynecologic, and prostate cancer, respectively. On multivariable analysis, being treated with IMRT 

(hazard ratio, 0.85; 95% CI, 0.73–0.99) or brachytherapy therapy alone (hazard ratio, 0.43; 

95% CI, 0.34–0.54) was associated with a reduced hazard for pelvic fractures compared with 

3D conformal radiation therapy in female patients. In contrast, there was no association with 

RT modality and the hazard for nonpelvic fractures among females. There was no significant 

association between pelvic fractures and IMRT or brachytherapy for male patients. White race, 

advanced age, and higher comorbidity were associated with an increased hazard for pelvic 

fracture.
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Conclusions: IMRT and brachytherapy were associated with a reduced risk of pelvic fractures 

in older women undergoing RT for pelvic malignancies. Pelvic insufficiency fracture risk should 

be considered when treating with pelvic RT.

Introduction

Pelvic radiation therapy (RT) is associated with an increased risk for insufficiency 

fractures.1–11 Pelvic insufficiency fractures can occur spontaneously or with minimal trauma 

in bones with deficient elastic resistance.12 The sacral ala and sacroiliac joint are weight-

bearing areas at particular risk for insufficiency fractures.13 Among older patients, pelvic 

fractures can result in pain, morbidity, and considerable 1-year mortality.14,15 It is therefore 

of significant clinical interest how the risk for pelvic insufficiency fractures can be mitigated 

in older patients undergoing RT.

Technological advances with intensity modulated radiation therapy (IMRT) allow for more 

conformal dose distributions with sparing of adjacent organs at risk compared with standard 

3D conformal RT (3DRT) techniques.16 Brachytherapy with intracavitary or interstitial 

implantations of radioactive sources create rapid dose fall-off, resulting in sparing of 

adjacent structures.17,18 Prior studies have suggested a dose-dependent relationship between 

radiation exposure to bony pelvic structures and the risk for fracture, but it remains unclear 

how the type of RT affects that risk.4,10

The objective of this population-based study is to test whether pelvic RT with IMRT or 

brachytherapy alone is associated with reduced risk of pelvic fractures compared with 

patients treated with standard 3DRT techniques. We evaluated a cohort of patients from 

the Surveillance, Epidemiology, and End Results (SEER) registry combined with Medicare 

enrollment records and utilization data (SEER-Medicare) who were treated with RT for 

pelvic malignancies between 2004 and 2013. Similar to the study by Baxter et al,1 we also 

compared nonpelvic fracture risk by pelvic RT modality to test for potential unmeasured 

confounding.

Methods and Materials

Data source and patient selection

We studied a cohort of patients from SEER-Medicare cancer registry that included patients 

≥65 years old, diagnosed between 2004 to 2013, and treated with RT for endometrial, 

cervical, anal, rectal, or prostate cancer. Patients were excluded for having multiple 

primaries, metastatic disease, missing follow-up data, or noncontinuous Medicare coverage.

Covariates, exposures, and outcomes

Baseline patient and cancer-related factors including age, sex, race, marital status, stage, 

and cancer type were extracted from the SEER database. Charlson comorbidity index 

(CCI) was calculated from Medicare claims data using the International Classification of 

Diseases, Ninth Edition (ICD-9) diagnostic codes, as previously described.19 Treatment with 

chemotherapy, androgen deprivation therapy (ADT), or surgery was determined for each 
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cancer type from Medicare procedural codes.1,20–22 The dates of diagnosis and death were 

extracted from SEER for time-to-event analysis.

The type of RTwas categorized as 3DRTwith or without Brachytherapy, IMRT with or 

without Brachytherapy, or Brachytherapy alone. The primary outcome was the incidence of 

pelvic fractures, including those of the acetabulum, pubis, sacrum, coccyx, or femoral neck 

(ICD 9 = 808.0–9, 805.6, 805.7, 806.6, 806.7, 820.0–9) after RT. We measured effects on 

the hazard scale as opposed to cumulative incidence (subdistribution hazard) scale because 

the former is typically preferred for measuring effects of treatments and prognostic factors.23 

Owing to the observational nature of this study, patients treated with different types of 

RT may have differences in comorbidity and frailty that are not accounted for by the 

available covariates. Because the risk factors are subject to unmeasured confounding in this 

observational study, we compared the hazard ratios (HRs) for pelvic fractures to the HRs 

for nonpelvic fractures in the same population including those of the thoracic spine, arm, 

forearm, or wrist (805.2, 812.0–9, 813.0–9, 814.0–9).

Prior studies have described increased utilization of IMRT over the time frame described in 

this cohort.24 As a secondary objective we evaluated the annual prevalence of IMRT use (vs 

3DRT) by primary type from 2004 to 2013.

Statistical methods

The mean and standard deviation of continuous covariates were calculated by primary type. 

For nominal variables, the absolute number and percentage were reported. Cause-specific 

cumulative hazards for pelvic and nonpelvic fractures were estimated for gastrointestinal 

(anal and rectal), gynecologic (cervical and endometrial), and prostate cancer, and incidence 

estimates were obtained as 1 minus the Kaplan-Meier survival estimate (1-KM).25,26 

Censoring events included end of follow-up and patient death. The time of diagnosis was 

designated as time zero. To test for potential bias, we also performed a sensitivity analysis 

with time zero as the start of radiation therapy.

Comparison of nominal variables was performed with a χ2 test. The 5-year incidence of 

pelvic fractures was estimated according to type of RT and compared using a univariable 

Cox proportional hazards model. We used a multivariable Cox proportional hazards model 

to measure the relative hazard for fractures between RT groups when accounting for baseline 

patient, cancer-related, and treatment factors. Models were stratified by sex, as women have 

a significantly higher baseline risk for insufficiency fractures.27,28 Model covariates were 

selected using backward selection with a P value threshold of .20. To visually represent 

the effect of radiation modality on the risk for pelvic fractures, we plotted adjusted 1-KM 

curves using the conditional method of weighted averages as described by Therneau et al29 

(“survminer” package version 0.4.6). Note that although the 1-KM method can overestimate 

cumulative incidence in the presence of competing risks,23 this method was necessary to 

obtain conditional incidence plots based on the multivariable Cox model.

The proportional hazards assumption was tested using the Schoenfeld residuals test for 

the overall model and individual covariates.30 In the multivariable model for pelvic 

fractures among women, the proportional hazards assumption was violated for treatment 
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with Brachytherapy alone (P < .001) and the global model (P = .02). We subsequently 

modeled the effect of treatment with Brachytherapy alone by introducing step function for 

the coefficient from 0 to 2 years and >2 years based on the plotted Schoenfeld residuals 

over time.31,32 The resultant model and all other Cox models did not significantly violate 

the proportional hazards assumption for individual covariates or the global model. Because 

treatments, including the primary effect of interest (RT type), were delivered concurrently, 

and other covariates were established at baseline, we considered it unlikely that immortal 

time bias would be a factor or that a landmark analysis would change our results. Pelvic 

radiation dose and spatial distribution vary by cancer type, which could lead to a differential 

risk for pelvic fracture by the RT modality. Accordingly, we tested for an interaction term 

between primary type and RT modality that was not significant among male or female 

patients.

Stage was missing for 5.0% (n = 1,414) of patients and imputed for multivariable regression 

using multivariate imputation by chained equations.33 Statistical analysis was performed 

with R, version 3.5.1 (Vienna, Austria).

Results

Patient and treatment characteristics

A total of 28,354 patients (cervical = 1025, endometrial = 4954, rectal = 4816, anal = 

998, and prostate = 16,561) were included in the study (Fig. E1, available at https://doi.org/

10.1016/j.ijrobp.2019.10.006). The mean age at diagnosis was 74.3 years (Table 1). The 

majority of patients were male (68.6%), white (82.9%), and had a CCI of 0 (60.5%).

Among the entire cohort, 16,175 (57%) were treated with IMRT, 9421 (33%) were treated 

with 3DCT, and 2758 (10%) were treated with Brachytherapy alone. For those treated with 

external beam RT (EBRT, ie, not Brachytherapy alone), 63.2% were treated with IMRT. 

Prostate cancer had the highest rates of IMRT utilization at 83.2% of patients treated over 

this period. Rectal cancer had the lowest rate of utilization at 25.9%. The rate of IMRT 

utilization increased for all primary types over the period of this study (Fig. 1). Anal cancer 

had the largest increase in IMRT utilization with 8.1% of patients treated with IMRT in 2004 

compared with 90.2% in 2013.

Incidence of pelvic fractures

The 5-year incidence of pelvic fractures was 12.7% (11.6–13.8%), 11.8% (10.8–12.8%), 

and 3.7% (3.4–4.0%) for patients with gastrointestinal, gynecologic, and prostate cancer, 

respectively (Fig. 2). On univariable analysis, IMRT was not associated with a statistically 

significant decrease in pelvic fractures for patients with gastrointestinal (HR, 0.93; 95% 

CI, 0.77–1.12) or gynecologic cancer (HR, 0.90; 95% CI, 0.74–1.11). Among patients 

with prostate cancer, however, IMRT was associated with a decrease in the hazard for 

pelvic fractures compared with 3DRT on univariable analysis (HR, 0.82; 95% CI, 0.69–

0.98). IMRT was not associated with the hazard for nonpelvic fractures for patients with 

gastrointestinal (HR, 0.99; 95% CI, 0.80–1.20), gynecologic (HR, 0.96; 95% CI, 0.76–1.20), 

or prostate cancer (HR, 0.88; 95% CI, 0.74–1.03).
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Patients treated with Brachytherapy alone had a lower hazard for pelvic fractures for both 

gynecologic (HR, 0.36; 95% CI, 0.29–0.45) and prostate cancer (HR, 0.61; 95% CI, 0.42–

0.90). Being treated with Brachytherapy alone was also significantly associated with a lower 

hazard for nonpelvic fractures in patients with prostate (HR, 0.65; 95% CI, 0.45–0.94) but 

not gynecologic cancer (HR, 0.83; 95% CI, 0.69–1.01).

Multivariable regression

Compared with 3DRT, both IMRT (HR, 0.85; 95% CI, 0.73–0.99) and Brachytherapy alone 

(HR, 0.43; 95% CI, 0.34–0.54) were associated with a significant decrease in adjusted 

hazard for pelvic fractures among women (Table 2, Fig. 3). When stratified by time, 

the HR for treatment with Brachytherapy alone compared with 3DRT was 0.28 (95% 

CI, 0.20–0.39) for time 0 to 2 years and 0.63 (95% CI, 0.47–0.84) for time >2 years 

(Table E1, available at https://doi.org/10.1016/j.ijrobp.2019.10.006). In contrast, there was 

no association between nonpelvic fractures and IMRT (HR, 0.99; 95% CI, 0.83–1.18) or 

Brachytherapy alone (HR, 0.87; 95% CI, 0.71–1.05) in women. Among male patients, being 

treated with Brachytherapy alone (HR, 0.92; 95% CI, 0.78–1.08) or IMRT (HR, 0.75; 95% 

CI, 0.51–1.1) was not significantly associated with the hazard for pelvic fracture.

Black race (compared with white) was associated with a decreased hazard for pelvic 

fractures in both women (HR, 0.46; 95% CI, 0.34–0.77) and men (HR, 0.56; 95% CI, 

0.42–0.77). Having a racial designation other than white or black was also associated with a 

decreased hazard for pelvic fractures (compared with white) in both women (HR, 0.57; 95% 

CI, 0.43–0.77) and men (HR, 0.54; 95% CI, 0.40–0.73). Higher comorbidity (CCI ≥1 vs 0) 

was associated with an increased hazard for pelvic fractures for both women (HR, 1.17; 95% 

CI, 1.00–1.32) and men (HR, 1.35; 95% CI, 1.18–1.55). Among female patients, having a 

cervical primary (compared with rectal cancer; HR, 1.38; 95% CI, 1.14–1.68) or advanced 

stage (American Joint Committee on Cancer stage III-IV vs I-II; HR, 1.29; 95% CI,1.13–

1.47) was correlated with increased hazard for pelvic fractures. Among male patients, those 

treated with ADT had an increased hazard for pelvic (HR, 1.28; 95% CI, 1.10–1.48) and 

nonpelvic fractures (HR, 1.30; 95% CI, 1.12–1.50). Treatment with chemotherapy was not 

associated with increased hazard for pelvic or nonpelvic fracture for either gender. Covariate 

estimates did not differ significantly when the start of RT was used as time zero (Fig. E2 and 

Table E2, available at https://doi.org/10.1016/j.ijrobp.2019.10.006).

Discussion

In this population-based cohort study, we found that being treated with IMRT or 

Brachytherapy alone compared with 3DRT was associated with a decreased adjusted 

risk for pelvic fractures in female patients. Interestingly, there was a significant change 

in the proportional hazard associated with Brachytherapy over time, with the greatest 

risk reduction prior to 2 years. There was no significant association between IMRT or 

Brachytherapy and nonpelvic fractures. Among male patients, there was no significant 

association between being treated with IMRT or Brachytherapy alone and pelvic fracture 

risk on multivariable analysis.
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The association between ionizing radiation and insufficiency fracture risk has been shown 

in numerous clinical and translational studies, including a seminal paper by Baxter et al.1–11 

The Baxter study evaluated a cohort of older women in the SEER-Medicare database 

diagnosed with pelvic malignancies from 1986 to 1999 and found that those treated 

with pelvic RT had an increased risk of fractures (HR, 1.65–3.16).1 Ionizing radiation is 

thought to induce bone injury via free radical formation that damages vasculature and the 

mesenchymal stem cell microenvironment.2,6 RT can result in focal osteopenia within the 

treated field that is at risk for insufficiency fractures, especially in weight bearing regions.4 

Prospective clinical trials have used dose constraints for femoral heads including max dose 

<50 Gy and the volume receiving 30 Gy to less than 50% for fractionated pelvic RT, 

although there are limited data to support these guidelines.34–37 It remains unclear how the 

dose and volume of RT relates to the risk of pelvic fractures and how different RT modalities 

(ie, 3DRT vs IMRT vs Brachytherapy) affect this risk.

Technological advances with IMRT allow for precise and highly conformal radiation 

delivery that can spare critical structures through inverse planning.16 Brachytherapy is 

delivered via intracavitary or interstitial implants with sparing of adjacent structures owing 

to rapid dose fall-off, according to the inverse square law.17,18 Observational data from 

single institutions have produced conflicting data as to whether IMRT reduces the risk 

of pelvic fractures compared with 3DRT.8,11 A prior study of prostate cancer patients by 

Sheets et al10 found that IMRT was associated with a decreased risk of hip fractures (HR, 

0.78) on propensity weighted analysis. Our study included patients with additional pelvic 

primaries (rectal and anal) and used different methods to adjust for confounding variables. 

Although we did not find a statistically significant reduction in pelvic fractures with IMRT 

versus 3DRT in prostate cancer, our observed HR (0.75; 95% CI, 0.51–1.10) was similar to 

that reported in the Sheets study. Note, however, this was similar to the HR observed for 

nonpelvic fractures (HR, 0.72; 95% CI, 0.50–1.04).

To our knowledge, this is the largest study investigating the association between the type of 

RT used and fracture risk in patients with pelvic malignancies. Prior studies omitted patients 

treated with Brachytherapy alone, which can be an alternative to EBRT for some patients 

being treated for definitive prostate or postoperative endometrial cancer.38,39 There was no 

association between the risk of nonpelvic fractures and pelvic RT modality on multivariable 

analysis, which may suggest the correlation seen with pelvic fractures is less likely to be 

the result of nonspecific confounding. It is important to note, however, that this does not 

prove the absence of confounding, and standard model assumptions for a retrospective study 

apply. Interestingly, IMRT was associated with a reduced risk of pelvic fractures in women, 

although it is unclear whether there was intentional sparing of bony structures of the pelvis. 

The greatest reduction in risk associated with Brachytherapy alone occurred in the first 2 

years, which could suggest a partial reversal of deleterious radiation changes over time in 

patients treated with 3DRT.

Additional factors associated with the risk for pelvic fracture were identified. Older age 

and white race were correlated with an increased risk for pelvic fractures, which is 

consistent with previous population-based studies that have also linked age and race with 

osteoporosis.40,41 Increased comorbidity has also been associated with osteoporosis risk and 
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was found to correlate with both pelvic and nonpelvic fracture risk in our study.42 Advanced 

stage was associated with an increased risk of pelvic fractures among female patients. This 

may be related to more intensive radiation or chemotherapy treatment regimens among these 

patients. Patients with an elevated baseline risk may especially benefit from intentional 

sparing radiation dose to bony pelvic structures.

It is not fully understood why IMRT and Brachytherapy were associated with a decreased 

risk of pelvic fractures compared with 3DRT among women but not men. Women have a 

higher baseline risk for pelvic insufficiency fractures owing to higher rates of osteoporosis 

and osteopenia.43 It is possible that IMRT and Brachytherapy were correlated with lower 

rates of pelvic fractures versus 3DRT in women but not men because of the higher event 

rate and thus greater statistical power to detect an effect in women. It is also plausible that 

differences in radiation fields and dose distributions between gynecologic, gastrointestinal, 

and prostate cancer treatments resulted in differences in fracture risk. Radiation for prostate 

cancer, for example, which comprised the vast majority of the male cohort, may have been 

less likely to receive radiation to elective nodal fields adjacent to bone. Brachytherapy was 

associated with a decreased risk of nonpelvic fractures on univariable but not multivariable 

regression. This may be explained in part by the lower rates of ADT used in men treated 

with brachy-monotherapy compared with EBRT (26.7 vs 46.7%, P < .01).

There are potential limitations with this study. Although we controlled for available 

covariates, there may be residual confounding owing to the retrospective nature of the 

analysis. Some known confounders for osteoporosis, including body mass index, were 

not available in the SEER-Medicare database.8,44 Although differences in start times for 

different therapies could potentially result in immortal time bias, the primary effect of 

interest (RT modality) and treatments such as chemotherapy and ADT were delivered 

concurrently. Moreover, key covariates (eg, CCI, stage, age, etc) examined in this analysis 

were established at baseline, mitigating this concern. The cause of the pelvic fractures is 

not known and may include some pathologic fractures in addition to insufficiency fractures. 

Confounding from pathologic fractures should be limited, however, by excluding metastatic 

patients at baseline and controlling for disease stage in multivariable regression. This study 

is also limited by the lack of dosimetric data that could better characterize the relationship 

between the dose and distribution of radiation and fracture risk. It is also notable that there 

is collinearity between the utilization of IMRT and the date of diagnosis in this cohort. 

Improved medical management of osteoporosis over this period could distort the observed 

association with IMRT.45

In conclusion, IMRT and Brachytherapy were associated with a reduced risk of pelvic 

fractures in older women undergoing RT for pelvic malignancies in this population-based 

cohort. Further studies are needed to characterize the relationship between the type of RT, 

pelvic dose distribution, and fracture risk to optimize management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Annual utilization of IMRT by cancer type among patients treated with external beam 

radiation therapy for pelvic malignancies. Abbreviation: IMRT = intensity modulated 

radiation therapy.
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Fig. 2. 
Incidence of pelvic and nonpelvic fractures by type of RT. Pelvic fractures (a-c) and 

nonpelvic fractures (d-f) for gastrointestinal (a,d), gynecologic (b,e), and prostate (c,f) 

cancer by type of radiation therapy. Abbreviations: 3DRT = 3D conformal radiation therapy; 

brachy = brachytherapy; IMRT = intensity modulated radiation therapy; RT = radiation 

therapy.
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Fig. 3. 
Covariate-adjusted incidence of pelvic and nonpelvic fractures by type of RT. Conditionally 

adjusted incidence curves for pelvic fractures (a,b) and nonpelvic fractures (c,d) for female 

(a,c) and male (b,d) patients. Abbreviations: 3DRT = 3D conformal radiation therapy; 

brachy = brachytherapy; IMRT = intensity modulated radiation therapy; RT = radiation 

therapy.
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