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ORIGINAL ARTICLE

Do skeletal-related events predict overall survival in men with
metastatic castration-resistant prostate cancer?
LE Howard1,2, AM De Hoedt2, WJ Aronson3,4, CJ Kane5, CL Amling6, MR Cooperberg7, MK Terris8,9, CH Divers10, A Valderrama10 and
SJ Freedland2,11

BACKGROUND: Skeletal-related events (SREs) including pathologic fracture, spinal cord compression, radiation to bone and
surgery to bone, are common in men with bone metastatic castration-resistant prostate cancer (mCRPC). Men with mCRPC are at
high risk of death. Whether SREs predict mortality is unclear. We tested the association between SREs and overall survival (OS) in a
multiethnic cohort with bone mCRPC, controlling for key covariates unavailable in claims data such as bone pain, number of bone
metastases and PSA doubling time (PSADT).
METHODS: We collected data on 233 men diagnosed with nonmetastatic castration-resistant prostate cancer (CRPC) in 2000–2013
at two Veterans Affairs hospitals who later progressed to bone metastases. First occurrence of SRE and OS were collected from the
medical records. Cox models were used to test the association between SRE and OS, treating SRE as a time-dependent variable. We
adjusted for age, year, race, treatment center, biopsy Gleason, primary treatment to the prostate, PSA, PSADT, months from
androgen deprivation therapy to CRPC, months from CRPC to metastasis and number of bone metastases at initial bone metastasis
diagnosis. In a secondary analysis, we also adjusted for bone pain.
RESULTS: During follow-up, 88 (38%) patients had an SRE and 198 (85%) died. After adjusting for risk factors, SRE was associated
with increased mortality (hazard ratio (HR) = 1.67; 95% confidence interval (CI) 1.22–2.30; P= 0.001). When bone pain was added to
the model, the association of SREs and OS was attenuated, but remained significant (HR = 1.42; 95% CI 1.01–1.99; P= 0.042).
CONCLUSIONS: SREs are associated with increased mortality in men with bone mCRPC. Further studies on the impact of
preventing SREs to increase survival are warranted.

Prostate Cancer and Prostatic Diseases advance online publication, 5 July 2016; doi:10.1038/pcan.2016.26

INTRODUCTION
Prostate cancer (PC) is the sixth leading cause of cancer death in
men worldwide, with an estimated 258 000 deaths in 2008.1

Men are at highest risk of PC death once they become castration-
resistant and develop distant metastases. The median survival
among patients with bone metastatic castration-resistant PC
(mCRPC) is estimated at 16–40 months.2–4 At this advanced stage,
it is important to identify modifiable risk factors to prolong
survival.
Prior to death, patients with mCRPC are at risk of other adverse

cancer-related sequelae. Particularly concerning adverse events
are skeletal-related event (SREs), defined as pathologic fracture,
spinal cord compression, radiation to bone or surgery to bone.5

Clinical trials showed several bone-targeted agents (denosumab
and zoledronic acid) reduce SREs, but have no impact on overall
survival (OS).5,6 In contrast, other PC therapies (abiraterone,
enzalutamide), including bone-targeted therapies (radium-223),
showed reductions in risk of SREs and improved OS.7–9 Meanwhile,
a number of population-based studies found an association

between SREs and worse OS.10–13 Although these population-
based studies benefited from large sample sizes, they could only
capture information on metastases, SREs and disease charac-
teristics from ICD-9 codes. Specifically, these prior observational
studies were unable to adjust for bone pain, number of bone
metastases and PSA doubling time (PSADT). A further limitation is
that the populations were primarily Caucasians. Finally, none of
these population-based studies tested the association of SREs and
OS specifically among men with bone mCRPC; the reference
groups were either all PC patients or those with metastases, but
not specifically bone mCRPC.
We tested the association between SREs and OS in a multiethnic

cohort of bone mCRPC patients from the Shared Equal Access
Cancer Research Hospital (SEARCH) database mostly treated
in the pre-abiraterone and pre-enzalutamide era, controlling for
demographic and disease characteristics including key covar-
iates unavailable in claims data including bone pain, number of
bone metastases and PSADT. We hypothesized that when
controlling for these factors, SREs would be associated with
worse OS.

1Department of Biostatistics and Bioinformatics, Duke University School of Medicine, Durham, NC, USA; 2Division of Urology, Department of Surgery, Veterans Affairs Medical
Center, Durham, NC, USA; 3Department of Urology, UCLA School of Medicine, Los Angeles, CA, USA; 4Urology Section, Department of Surgery, Veterans Affairs Greater Los
Angeles Healthcare System, Los Angeles, CA, USA; 5Urology Department, University of California San Diego Health System, San Diego, CA, USA; 6Division of Urology, Department
of Surgery, Oregon Health and Science University, Portland, OR, USA; 7Department of Urology, UCSF Helen Diller Family Comprehensive Cancer Center, San Francisco, CA, USA;
8Section of Urology, Department of Surgery, Veterans Affairs Medical Center, Augusta, GA, USA; 9Section of Urology, Department of Surgery, Medical College of Georgia, Augusta,
GA, USA; 10US Health Economics, Bayer Pharmaceuticals, Whippany, NJ, USA and 11Department of Surgery, Division of Urology, Samuel Oschin Comprehensive Cancer Institute,
Cedars-Sinai Medical Center, Los Angeles, CA, USA. Correspondence: Dr SJ Freedland, Department of Surgery, Division of Urology, Samuel Oschin Comprehensive Cancer
Institute, Cedars-Sinai Medical Center, 8635 West 3rd Street, Suite 1070W, Los Angeles, CA 90048, USA.
E-mail: stephen.freedland@cshs.org
Received 8 April 2016; revised 26 May 2016; accepted 30 May 2016

Prostate Cancer and Prostatic Diseases (2016) 00, 1–5
© 2016 Macmillan Publishers Limited All rights reserved 1365-7852/16

www.nature.com/pcan

http://dx.doi.org/10.1038/pcan.2016.26
mailto:stephen.freedland@cshs.org
http://www.nature.com/pcan


MATERIALS AND METHODS
Study population
After obtaining Institutional Review Board approval, data from patients
with mCRPC were identified from two Veteran Affairs (VA) Medical Centers
(San Diego, CA and Durham, NC) in the SEARCH database, regardless of
primary treatment modality. The methods to create this cohort have been
described.14 First, 7888 patients who received androgen deprivation
therapy (ADT) between 1991–2013 and had PSA levels ⩾ 2 ng ml− 1 after
initiating ADT were identified. We limited to those with documented CRPC
defined by the Prostate Cancer Working Group 2 (relative increase of
25% and absolute increase of ⩾ 2 ng ml− 1 above nadir while receiving
continuous ADT, including gonadotropin-releasing hormone agonist,
antagonist or bilateral orchiectomy).15 All imaging tests following CRPC
diagnosis were read by the trained personnel to determine distant PC
metastases. We excluded patients who had metastatic disease at or before
CRPC diagnosis or who had CRPC diagnosis prior to 2000. Patients with no
scans prior to CRPC were assumed to be nonmetastatic. As castration-
sensitive metastases might be different from castration-resistant metas-
tases, we excluded men with metastases prior to CRPC diagnosis. Of 459
men with nonmetastatic CRPC diagnosed with CRPC in 2000 or later, 233
(51%) developed bone metastases during follow-up (median 15 months)
and were included in the final cohort. First occurrence of an SRE
(pathologic fracture, spinal cord compression, radiation to bone or surgery
to bone) was collected from the VA medical records and any notes from
outside the VA that were available.5 Bone pain was determined from
medical notes within 2 months before or after bone metastasis diagnosis
that clearly stated the patient was or was not experiencing bone pain.

Statistical methods
PSADT was calculated by the natural log of 2 divided by the slope of the
linear regression of the natural log of PSA over time in months.16 Subjects
with calculated PSADT o0 or 4120 were assigned 120 months to
facilitate analysis. All available PSAs prior to metastases but after CRPC
diagnosis were used to calculate PSADT. To calculate PSADT, subjects had
to have ⩾ 2 PSAs over ⩾ 3 months. Cox proportional hazards models were
used to test the association between SRE and OS. Time zero was diagnosis
of bone mCRPC, and patients were followed until death or lost to follow-
up. SRE was treated as a time-dependent variable as events happened at
different times after baseline. In multivariable analysis, we adjusted for age
(continuous), year of metastasis (continuous), race (black vs nonblack),
treatment center (Center 1 vs Center 2), biopsy Gleason (2–6 vs 7 vs 8–10
vs unknown/no biopsy), primary treatment to the prostate (none vs radical
prostatectomy and/or radiation), PSA at metastasis (continuous and log-
transformed), PSADT (o9 months vs ⩾ 9 months vs missing, based on
previous literature),17 months from ADT to CRPC (continuous), months
from CRPC to metastasis (continuous) and number of bone metastases at
initial diagnosis of bone metastases (1 vs 2 vs 3–9 vs ⩾ 10). A sensitivity
analysis was performed dropping patients who received abiraterone,
enzalutamide or radium-223 (n= 31), because these drugs have been
shown to reduce the risk of SREs and prolong SRE, and we wanted to check
that the use of these drugs did not alter our results.
As bone pain is often treated with radiation to reduce the pain, which by

definition is an SRE, we were concerned the association between SRE and
OS may differ based upon the presence or absence of bone pain.
Therefore, in secondary analyses, we adjusted the multivariable model for
bone pain (yes vs no vs unknown) and stratified the univariable model by
bone pain (yes vs no). The interaction between bone pain and SREs was
tested by including a product term in the model. Kaplan–Meier curves
were used to compare time with SRE and time with death in men with and
without bone pain.

RESULTS
Median year of bone metastases was 2007 and median age at
diagnosis of bone metastases was 75 (Q1–Q3: 68–81); (Table 1).
There were 80 (34%) black patients. During median follow-up of
14.7 months (Q1–Q3: 5.2–33.8), 88 (28%) patients had an SRE and
198 (85%) patients died. Of the SREs, seven (8%) were pathological
fractures, 75 (85%) were radiation to bone, four (5%) were spinal
cord compression and two (2%) were surgery to bone. Type
of SRE, including radiation to bone, was balanced between
centers (Fisher’s exact test, P= 0.38). The median time to SRE was

17.9 months (Q1–Q3: 13.9-not reached). The median time to death
was 12.9 months (Q1–Q3: 10.2–14.4).
On univariable analysis, having an SRE was associated with

increased mortality (hazard ratio (HR) = 1.54; 95% confidence
interval (CI) 1.15–2.07; P= 0.004; Table 2). On multivariable
analysis, SRE remained associated with increased mortality
(HR = 1.67; 95% CI 1.22–2.30; P= 0.001). When bone pain was
added to the multivariable model, the association of SREs and
OS was attenuated, but remained significant (HR = 1.42; 95% CI
1.01–1.99; P= 0.042). The association between SREs and OS was
stronger after excluding patients who received abiraterone,
enzalutamide or radium-223 during follow-up (HR= 2.16; 95% CI
1.54–3.02; Po0.001).
Among 81 patients without bone pain at initial diagnosis

of metastases, SRE was associated with increased mortality on

Table 1. Baseline patient and disease characteristics

Variables N (%) or median (p25–p75)

Number of patients 233
Age at metastases (years) 75 (68–81)
Year of metastases 2007 (2004–2010)

Race
Nonblack 153 (66%)
Black 80 (34%)

Treatment center
Center 1 119 (51%)
Center 2 114 (49%)

Biopsy Gleason score
2–6 34 (15%)
7 63 (27%)
8–10 61 (26%)
Unknown/no biopsy 75 (32%)

Primary localized treatment
None 79 (34%)
Radical prostatectomy/radiation 154 (66%)

PSA at metastases (ng ml− 1) 44.1 (14.0–127.7)

PSADT at metastases (months)
o9 113 (49%)
⩾ 9 73 (31%)
Missing 47 (20%)

Months from ADT to CRPC 40.9 (20.9–66.6)
Months from CRPC to metastases 15.2 (5.1–31.0)

Number of bone metastases
1 43 (18%)
2 27 (12%)
3–9 93 (40%)
⩾ 10 70 (30%)

Bone pain
No 81 (35%)
Yes 103 (44%)
Unknown 49 (21%)

Had an SREa 88 (38%)
Pathological fracture 7 (8%)
Radiation to bone 75 (85%)
Spinal cord compression 4 (5%)
Surgery to bone 2 (2%)

Total follow-up (months)b 14.7 (5.2–33.8)

Abbreviations: ADT, androgen deprivation therapy; CRPC, castration-
resistant prostate cancer; PSADT, PSA doubling time; SRE, skeletal-related
event. aIndicates first occurrence of an SRE. bAmong patients who did
not die.
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univariable (HR = 2.35; 95% CI 1.34–4.12; P= 0.003) and multi-
variable analysis (HR = 2.24; 95% CI 1.13–4.46; P= 0.021; Table 3).
Among 103 patients with bone pain, SRE was not associated with
OS on univariable (P= 0.4) or multivariable analysis (P= 0.13).
However, the interaction between bone pain and SREs was not
significant (P= 0.2).
The median time to SRE was 48.5 months in those without

bone pain and 8.2 months in those with bone pain (Figure 1).
Furthermore, the median overall survival time was 17.8 months in
those with no bone pain and 11.0 months in men with bone pain.
In men with bone pain, 44% had an SRE within 6 months of bone
mCRPC diagnosis, whereas only 11% of men with no bone pain
had an SRE within 6 months.

DISCUSSION
To better understand the relationship between SRE and OS, given
conflicting results from clinical trials, we tested the association

Table 2. The association between SRE and mortality among mCRPC
patients

Variable HR 95% CI P-value

Univariable
SREa 1.54 1.15–2.07 0.004

Multivariable
SREa 1.67 1.22–2.30 0.001
Age at metastases (years) 1.03 1.02–1.05 o0.001
Year of metastases 1.01 0.95–1.06 0.8

Race
Nonblack Ref.
Black 0.92 0.64–1.32 0.7

Treatment center
Center 1 Ref.
Center 2 1.24 0.87–1.76 0.2

Biopsy Gleason score
2–6 Ref.
7 0.91 0.55–1.49 0.7
8–10 0.78 0.48–1.26 0.3
Unknown/no biopsy 0.72 0.46–1.13 0.2

Primary localized treatment
None Ref.
Radical prostatectomy/radiation 0.87 0.63–1.21 0.4
PSA at metastases (ng ml− 1) 1.24 1.09–1.41 0.001

PSADT at metastases (months)
o9 Ref.
⩾ 9 0.96 0.61–1.50 0.9
Missing 1.13 0.72–1.77 0.6

Months from ADT to CRPC 1.00 0.99–1.00 0.12
Months from CRPC to metastases 1.00 0.99–1.01 0.6

Number of bone metastases
1 Ref.
2 2.11 1.17–3.78 0.012
3–9 1.54 0.98–2.41 0.058
⩾ 10 3.44 2.07–5.71 o0.001

Abbreviations: ADT, androgen deprivation therapy; CI, confidence interval;
CRPC, castration-resistant prostate cancer; HR, hazard ratio; mCRPC,
metastatic castration-resistant prostate cancer; PSADT, PSA doubling
time; Ref, reference; SRE, skeletal-related event. aTreated as a time-
dependent variable. Cox proportional hazards models were used to test
the association between SRE and mortality.

Table 3. The association between SRE and mortality among mCRPC
patients stratified by bone pain

Variable No bone pain Bone pain

HR 95% CI P-value HR 95% CI P-value

Univariable
SREa 2.35 1.34–4.12 0.003 1.19 0.77–1.84 0.4

Multivariableb

SREa 2.24 1.13–4.46 0.021 1.49 0.89–2.50 0.1

Abbreviations: ADT, androgen deprivation therapy; CI, confidence interval;
HR, hazard ratio; mCRPC, metastatic castration-resistant prostate cancer;
PSADT, PSA doubling time; SRE, skeletal-related event. aTreated as a time-
dependent variable. bMultivariable model adjusted for age, year, race,
treatment center, primary treatment, PSA, PSADT, time from ADT to CRPC,
time from CRPC to metastases and number of metastases. Cox propor-
tional hazards models were used to test the association between SRE and
mortality.

Figure 1. Kaplan–Meier curves for time to SRE and time to death
among (a) patients without bone pain and (b) patients with bone
pain. SRE, skeletal-related event.
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between SRE and OS in a multiethnic cohort who all had bone
mCRPC. Importantly, we adjusted for key covariates including
number of bone metastases and bone pain, which were
unavailable in comparable population-based studies. We found
SRE was associated with increased mortality, even after adjusting
for bone pain and other key covariates. Future studies are needed
to understand whether delaying SREs prolong life in patients with
bone mCRPC.
Previous studies used population-based cohorts to test the

association between SREs and OS in PC patients. The first study
used 423 000 patients from the Danish National Patient Registry
from 1999 to 2007.10 They found patients with an SRE and
metastases had worse survival than patients without meta-
stases (HR = 6.7; 95% CI 6.0–7.6). Similarly, an analysis using the
SEER-Medicare database found nearly identical results.11 Among
almost 127 000 patients diagnosed with PC between 1999–2002,
patients with SREs and metastases were at higher mortality risk
than those without metastases (HR = 10.2; 95% CI 9.8–10.7).
Although both studies adjusted for some variables (age and
comorbidity), other covariates were not included (bone pain and
number of metastases). Most crucial, however, was the compar-
ison group in both studies was not men with bone metastases
who did not develop SREs, but rather men without bone
metastases. As metastases are well-known to be linked with
increased mortality, it is impossible to state whether the greater
mortality risk was due to SREs or the concurrent metastases.
Furthermore, as claims data are unable to determine CRPC
status, it is likely these men had a mix of CRPC and hormone-
sensitive metastases. A more recent study using 3297 men from
SEER-Medicare found that among men with metastatic PC, those
with 41 SRE had greater than twofold risk of death versus those
with no SREs.13 Although the reference group was men with bone
metastases but no SREs, the study did not restrict to those with
CRPC. Finally, another study used nearly 7000 men diagnosed with
metastatic PC between 2000–2007 from SEER-Medicare.12 Using
three definitions of SRE, they found HRs for the association
between SREs and mortality ranging from 1.05–1.14 (P-values
o0.001–0.21), after adjusting for demographic and clinical
characteristics. However, they did not include radiation to bone
in their SRE definition, which comprised 85% of SREs in our cohort.
Thus, no population-based study has addressed whether SREs
affect OS using the common SRE definition of pathologic fracture,
spinal cord compression, radiation to bone and surgery to bone
among men with bone mCRPC.
Another key limitation of these prior population-based studies

is that all relied on diagnostic, procedure, and billing codes to
detect metastases and SREs. One study noted that there is no
billing code specifically for SREs, no common framework for
measuring SREs using these codes and dates are not always
accurate.18 Thus, SRE prevalence can vary greatly depending on
the codes used and studies may underestimate or misclassify
SREs. However, in our study, we conducted a thorough review of
the medical records using the common definition of SRE to
accurately determine date and the type of SRE. Indeed, SRE rates
in our study (38%) were very similar to a phase III trial of SRE
prevention in men with bone mCRPC (28–38%).5

In the current study of men with bone mCRPC, we found SREs
were associated with decreased OS. This suggests delaying or
preventing SREs may prolong OS. Multiple large phase III trials
tested bone-targeted agents and other PC therapies in patients
with metastatic CRPC. Multiple agents have been shown to delay
time from metastases to an SRE in men with CRPC,5,7–9,19 of which
abiraterone, enzalutamide and radium-223 also improve survival
in this population,7–9 whereas denosumab and zoledronic acid do
not.5,19 Of note, OS was a secondary end point in the zoledronic
acid and denosumab trials of mCRPC men, and the studies were
not powered to detect survival differences. Although it is
commonly thought that zoledronic acid does not impact survival,

a careful look at the pivotal phase III zoledronic acid trial shows
that median survival in the zoledronic acid arm was almost
3 months longer than placebo5—similar to the survival prolonga-
tion from chemotherapy.3 However, with only about 200 people in
each arm and modest follow-up, this did not reach statistical
significance (P= 0.091). Whether a larger study with longer follow-
up would show a survival benefit for zoledronic acid is unknown.
Though in hormone-sensitive subjects, zoledronic acid had
no survival advantage in a well-powered study,20 this does not
exclude the possibility of benefit for men with mCRPC.
Denosumab was compared against zoledronic acid and OS was
comparable (P= 0.65), implying that if zoledronic acid does indeed
have a survival benefit, then likely so does denosumab.19

Collectively, these data support the hypothesis that preventing
SREs may improve OS. Ultimately, the impact of SRE prevention on
OS requires further study.
In a secondary analysis, we found SREs were associated with

decreased OS in patients without bone pain at baseline, but the
association was not significant in patients with bone pain. In men
without bone pain, SREs were associated with over double the
mortality risk versus those without an SRE (HR = 2.24). In contrast,
among men with bone pain, the association between SRE and OS
was not significant. Of note, although the interaction test was not
significant implying the association between SRE and OS did not
differ between men with and without bone pain, our study was
not powered to detect interactions. Thus, further studies with
larger samples are needed to examine whether a true interaction
exists. If an interaction is found, we speculate this may be due to
the correlation between bone pain and SRE. Radiation to bone
was the most common SRE in our data and is usually prescribed
for bone pain, though we did not collect the indication for
radiation to bone for each patient. Within 6 months of bone
mCRPC diagnosis, 11% of men without bone pain versus 44% of
men with bone pain had an SRE. Everyone who had bone pain at
baseline had a potential indication for an SRE, which is probably
why patients with bone pain had four times greater SRE risk within
6 months than patients without bone pain. Therefore, among men
with a potential SRE indication at baseline (that is, bone pain), it is
difficult to separate the independent effects of the SREs as
prognostic for OS. Note that bone pain is a spectrum, and bone
pain does not necessarily imply radiation and thus SRE, as
moderate bone pain is usually treated medically. Once patients
present with bone pain, it may be too late to treat them for SRE
prevention. Thus, our data suggest that if SRE-delaying medica-
tions are to work and thereby improve OS, they should be given
before bone pain presents, though again, this would require
validation in future studies.
Our study has some limitations. Our cohort consisted of CRPC

patients being treated at two VA hospitals, which limits the
generalizability of our findings. We did not have enough power to
examine whether specific SRE subtypes were related to survival as
85% of the SREs were radiation to bone. We only collected
information on the first SRE, so we could not assess the effect of
having multiple SREs. As this was an observational study, we only
had data available from the VA medical records to evaluate bone
pain and number of bone metastasis, and we did not have
complete information on outside care. Although our bone pain
definition has not been validated, bone pain was a significant
predictor of SRE as shown in previous studies21 which gives it
some validity. Because this was an observational study, not all
patients had a bone scan to confirm that they were nonmetastatic
at the time of CRPC diagnosis, so we assumed that men with no
metastases detected were nonmetastatic. Our results might be
biased if men with undetected metastases at CRPC diagnosis
progress more quickly. When stratifying our models by bone pain,
our models were overfit with a modest number of events in each
model. Finally, we did not have enough patients to stratify our
analysis by disease grade or race.
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We found that SREs are associated with increased mortality in
men with bone mCRPC, even after adjusting for factors such as
bone pain, number of bone metastases and PSADT. Larger studies
are needed to confirm whether SREs increase risk of mortality. If
validated in a larger study, then future studies are needed to test
whether preventing SREs may prolong survival.
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