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Abstract

Background: Stereotactic radiotherapy (SBRT) might improve pain and local control in patients with bone metastases
compared to conventional radiotherapy, although an overall estimate of these outcomes is currently unknown.
Methods: A systematic review was carried out following Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines. Pubmed, Embase, and Cochrane databases were systematically searched to identify studies reporting
pain response and local control among patients with bone metastases from solid-organ tumors who underwent SBRT in 1–6
fractions. All studies prior to April 15, 2017, were included. Study quality was assessed by predefined criteria, and pain re-
sponse and local control rates were extracted.
Results: A total of 2619 studies were screened; 57 were included (reporting outcomes for 3995 patients) of which 38 reported
pain response and 45 local control rates. Local control rates were high with pain response rates above those previously
reported for conventional radiotherapy. Marked heterogeneity in study populations and delivered treatments were identified
such that quantitative synthesis was not appropriate. Reported toxicity was limited. Of the pain response studies, 73.7% used
a retrospective cohort design and only 10.5% used the international consensus endpoint definitions of pain response. The
median survival within the included studies ranged from 8 to 30.4 months, suggesting a high risk of selection bias in the
included observational studies.
Conclusions: This review demonstrates the potential benefit of SBRT over conventional palliative radiotherapy in improving
pain due to bone metastases. Given the methodological limitations of the published literature, however, large randomized
trials are now urgently required to better quantify this benefit.

Patients with advanced cancer commonly present with pain,
with bone metastases being the most frequent cause of cancer-
related pain (1,2). Conventional radiotherapy (cEBRT) is the cor-
nerstone of bone metastases management. Approximately 60%
of patients will experience pain relief following cEBRT, with 25%
having complete resolution at the treated site (3,4). The mean
duration of palliation is approximately 4 months (5,6). To date,
no dose-response effect has been demonstrated; a single 8 Gy
dose provides equivalent pain control to more fractionated regi-
mens of 20–30 Gy (3,4). cEBRT is routinely delivered using single-

or parallel-opposed fields. More recently, advances in the con-
formality of image-guided radiotherapy techniques, such as ste-
reotactic body radiotherapy (SBRT), have enabled the delivery of
potentially ablative radiation doses while respecting healthy
tissue constraints. Although established for treatment of small
volume brain metastases (7), its role in bone metastases
remains under investigation. It is hypothesized that the delivery
of ablative doses to bone metastases may improve rates of pain
response and duration, alongside greater local control (8).
Several reviews have been published reporting the feasibility
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and efficacy of SBRT for bone metastases (8–11). No formal sys-
tematic review exists to assess relevant clinical outcomes
(12,13). This study provides a systematic review, assessing pain
response and local control following SBRT for bone metastases.

Methods

This systematic review was carried out in line with Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines and the Meta-analysis of Observational studies in
Epidemiology checklist (12,13). The protocol was published in
the PROSPERO international prospective register of systematic
reviews (14).

Search Strategy

A structured search was conducted in PubMed, Embase, and
Cochrane electronic databases on March 16, 2016 (no initial
time limit was applied). The search was updated on April 14,
2017. Reference lists from included articles were cross-checked
to identify additional articles. For exact search terms used,
please see the Supplementary Methods (available online).

Study Inclusion Criteria

All original studies published in English, with full text available,
reporting pain response (PR) or local control (LC) following SBRT
to bone metastases from solid-organ malignancies, using 1 to 6
fractions, were included. Non-randomized studies were in-
cluded. Studies could include patients with or without prior his-
tory of radiotherapy or surgery. Low-dose SBRT treatments
could not be excluded because outcomes were not reported sep-
arately. All studies were independently assessed by two authors
(JVDV, EW, or KLS) for eligibility based on their title and abstract.
Where uncertainty remained, full-text was reviewed. Where in-
dividual patients were included in multiple published series,
the most complete or recent article was cited (15). If less than 10
patients overlapped, both study populations were included.

Data Extraction

The outcomes of interest were PR and LC reported at patient
level. The definition of PR was that used in the original study.
For every study, it was recorded whether the response was
reported on a patient or lesion level. If available, the proportion
of responders was recorded or calculated for assessable patients
(patients with follow-up data available) and for the total treated
population (TTP) (all patients originally included in the study re-
gardless of availability of follow-up data). If the study was am-
biguous regarding the results, a conservative assumption of
assessable patients was made. Response definitions, response
time point, adjustment for analgesia, how PR was collected (eg,
by clinician or patient, 0–10 point numerical rating scale [NRS],
visual analogue scale [VAS]), baseline patient and primary tu-
mor characteristics, treatment dose, and fractionation were
extracted for all included studies. As the majority of studies
reported Karnofsky performance score (KPS), if performance
status (PS) was reported as World Health Organization or
Eastern Cooperative Oncology Group PS, it was converted to the
KPS (16). Secondary endpoints were duration of pain relief, tox-
icity, and quality of life (17). Vertebral compression fracture
rates were not assessed because they have been considered
elsewhere (18). All data were extracted by both JVDV and KLS

independently from the text or calculated using available infor-
mation. Study authors were contacted for additional data if in-
formation was missing. The overall survival (OS) of the study
population was extracted.

Study Quality Assessment

Study quality was assessed using predefined criteria reflecting
the Strengthening the Reporting of Observational Studies in
Epidemiology checklist for reporting observational studies and
incorporating key elements relating to the study question (19).
The risk of bias was presented graphically as a proportion of all
included studies. Study elements considered included whether
the manuscript reported a clear definition of the study popula-
tion (including baseline characteristics); if a clear definition of
the SBRT technique was provided (including immobilization,
imaging, volume definition, and dosimetric parameters); if the
unit of response assessment was reported (ie, at patient or le-
sion level); if the time point for response assessment was pro-
vided; and whether response was reported for assessable
patients or the TTP (including all treated patients).

In addition, criteria relevant to the assessment of PR for
bone metastases were assessed. Specifically, the response defi-
nition was assessed relative to the international consensus on
palliative radiotherapy endpoints (ICPRE), including whether
adjustment for analgesia was made, if pain was reported by
patients using a 0–10 point NRS, and how response was defined
using this information (20).

Quantitative Synthesis

The original protocol submitted to PROSPERO included a
planned meta-analysis (14). The systematic review revealed
marked clinical and methodological diversity with risk of bias in
the included studies, making quantitative synthesis inappropri-
ate. Meta-analysis outcomes are therefore not reported.

Results

Search Results and Overall Outcomes

The initial search yielded 2619 articles. After screening of these
articles on title and abstract, 343 studies proceeded to full-text
screening, of which 290 were excluded (Figure 1). Exclusions
were predominantly of conference proceedings, duplicate data,
or SBRT case-series where outcomes following bone metastasis
treatment were not reported separately. One additional article
was included after cross-referencing because it used “high dose”
instead of “stereotactic radiotherapy” in the title (21). The
search update in 2017 yielded five more articles (21–26), of
which two articles provided updated information, replacing the
earlier included studies (24,27).

A total of 57 studies (reporting outcomes for 3995 patients)
were included in the overall review. PR outcomes were reported
in 38 (at least 2185 patients and 2947 lesions) and LC in 45 (at
least 3455 patients and 4683 lesions). Both outcomes were
reported in 26 studies. Patient and lesion numbers are not cer-
tain because of reporting limitations in the included studies.
Only five included PR studies (28–32) and seven LC studies
(21,22,29–33) reported outcomes for more than 100 patients. The
median numbers of patients per study were 47 (PR) and 44 (LC).
The included studies are detailed in Supplementary Tables 1
and 2 (available online).
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In the TTP analysis, the range of PR outcomes varied from
27% (n¼ 11) (34) to 98% (n¼ 52) (35). LC rates at 1 year ranged
from 25% (n¼ 28 patients) to 95.5% (n¼ 64 lesions) (36,37). The
extremes of these ranges represent smaller studies. See
Supplementary Tables 1 and 2 (available online) for details.

Risk of Bias

One PR study reported outcomes from a randomized phase II
trial (38), and two were non-randomized phase I–II trials (28,39).
Seven PR studies reported a prospective design (31,37,40–44).
The remaining 28 PR studies (73.7%) were retrospective cohort
studies, or the study design was not clearly reported. Nine LC
studies were carried out prospectively (31,33,37,40,45–49).

Figure 2 shows the risk of bias in various elements of the
study design and reporting. High risk of bias or unclear risk was
particularly marked in outcome definition, outcome timing, and
incomplete data availability. Detailed consideration of the study
elements, which may be contributing to risk of bias, and their
association with PR and LC, are included below.

Study Populations

A majority of studies included patients with various primary
cancer diagnoses (29 of 38 PR studies, 35 of 45 LC studies). The
remaining studies focused on an individual diagnostic group:
hepatocellular carcinoma (HCC; TTP PR ¼ 64%–92% and TTP LC
¼ 25%–79%) (36,50), melanoma (TTP LC ¼ 42%) (51), breast (PR in
assessable patients ¼ 100%) (52), prostate (TTP PR ¼ 83%–92%,
LC ¼ 96%–70%) (37,53), and renal cell cancer (RCC; TTP PR ¼ 78%,
LC ¼ 74%–94% at 1 year) (22, 54–58).

In a majority of studies, radiotherapy was delivered to bone
metastases located in the spine (32 of 38 PR and 38 of 45 LC).
Only eight studies included other sites of disease, with TTP PR
rates of 60%–88% and LC rates of 70%–96% (37,38,40,
53,55,56,59,60).

A large proportion of studies included patients with known
malignant spinal cord compression (MSCC) (17 of 38 PR studies
and 21 of 45 LC studies). The extent, however, was not always
clear in the study report (where reported, this ranged from 20%
to 47% of treated lesions). Outcomes were not reported sepa-
rately, with only regression model results presented. For exam-
ple, Lee et al. reported that patients with MSCC at baseline were
more likely, on multivariable analysis, to experience pain recur-
rence after initial relief (hazard ratio [HR] ¼ 10.15, 95% confidence
interval [CI] ¼ 2.82 to 36.22, P¼ .001) (61). Al-Omair et al. reported
LC at 1 year of 84% for a cohort of individuals, predominantly
with MSCC, undergoing surgical resection and subsequent SBRT
(45). Studies excluding patients with MSCC reported LC of 82%–
97% (24,54,57,60, 62), and TTP PR rates of 60%–92% (30,31,38–
41,49,53,54,56,57,62–64). Anand et al. reported 95% PR in patients

PubMed (n = 1013) Embase (n = 1978) Cochrane (n = 46)

Unique ar�cles
n = 2619

Full text ar�cles screened
n = 343

Studies included in 
systema�c review

n = 57

Excluded by �tle & abstract review
n = 2276

Excluded by full text review (n = 290)
Abstract of conference proceeding (n = 169)
Duplicate data (n = 28)
Outcomes not reported for bone separately (n = 26)
No primary outcome (n = 25) 
Benign and/or primary tumors included (n = 14)
Case report or commentary (n = 14)
Non-English ar�cle (n = 7)
Other (n = 7)   

Cross-referencing
n = 1

Search update
n = 5*

n = 38 (pain control) n = 26 (both outcomes) n = 45 (local control)

Figure 1. Flow diagram illustrating the searches, screening, and included number of studies. *Two of these five studies reported updated outcomes from previously in-

cluded studies.

Clear description of study population

Standardized SBRT procedure

Standardized moment of assessment

Incomplete outcome data (attrition bias)

Low risk of bias Unclear risk of bias High risk of bias

0% 25% 75% 100%50%

Clear defintion of outcome

Figure 2. Risk of bias in the included studies. For each element the proportion of

studies with high, low, and unclear risk of bias is illustrated. SBRT ¼ stereotactic

body radiotherapy.
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with epidural compression and 100% in those without. In this
study, PR was defined as improvement on a 0–10 point VAS of
more than 50%, no adjustment was made for analgesia, and no
time point was specified. No statistically significant difference in
LC at 1 year was seen (94% in patients with epidural compression
and 83% without [P¼ .35, n¼ 76 lesions]) (35).

Wide variation was seen in the OS of the study populations
(median survival in PR studies ranging from 8 to 30.4 months,
and 8 to 47 months in LC studies; data not shown) (29,36,38,
39,60). This is likely to reflect the variation in baseline charac-
teristics of the study populations. For example, some studies ex-
cluded patients with predicted short survival or poor PS (37,50)
either at the point of clinical decision making or retrospectively
based on lack of follow-up data (65). Lee et al. demonstrated
that poor PS is a predictor of pain recurrence post response on
multivariable analysis (PS� 2 vs <2, HR ¼ 5.58, 95% CI ¼ 1.37 to
22.60, P¼ .01) (61). Likewise, Park et al. reported better PS and
lack of visceral metastatic disease (P¼ .004 and P¼ .001, respec-
tively) to be predictive of treatment site-specific survival on uni-
variate analysis (66).

Treatment

Stereotactic dose schedules were standardized in 40 out of 57
studies reporting a reproducible treatment protocol, with dose
schedules ranging from 6 Gy to 52.5 Gy in 1–6 fractions
(Supplementary Tables 1 and 2, available online). Treatment
volumes were defined in 39 studies in which the treatment
planning margins varied from 0 to 5 mm. A simultaneous inte-
grated boost approach was used in four studies (35,39,46,63).

Heron et al. (30) reported no difference in PR between frac-
tionated (mean biologically effective dose [BED] 35.7 Gy) and sin-
gle fraction (mean BED 43.2 Gy) SBRT (70% vs 71% at 1 year) in a
mixed diagnosis population, although pain progression was
more frequent following fractionated treatments. LC at 2 years
was lower following single fraction treatment (96% vs 70%, re-
spectively, P¼ .001) with higher retreatment rates (n¼ 153
lesions). The cohorts differed statistically significantly, how-
ever, and no adjustment was carried out for neurological symp-
toms (higher in the fractionated cohort), lesion volume (larger
in the fractionated cohort [mean 81 vs 35 cm3]) and primary di-
agnosis (higher proportion of RCC and melanoma in the single
fraction cohort). Lee et al. (50) also reported no statistically sig-
nificant difference in PR or LC between treatments delivered us-
ing 1–4 fractions vs 10 fractions in patients with HCC, although
for both outcomes the hypofractionated group experienced su-
perior outcomes (n¼ 36 lesions). Similarly, Ryu et al. (42)
reported no statistically significant difference in PR with SBRT
dose (<14 Gy vs �14 Gy) in a mixed diagnosis population, al-
though a strong trend toward increased PR was reported with
dose no less than 14 Gy. The lack of numerical results means it
is not possible to comment on the magnitude of this possible
effect.

Specifically with regard to LC, Yamada et al. (24), in the larg-
est series included here (n¼ 811 lesions), reported a statistically
significant relationship between low (median¼ 17.1 Gy) and
high (median¼ 23.6 Gy) D95 to gross tumor volume (GTV) and
planning target volume with cumulative incidence of failure at
48 months (for GTV, failure rates of 14% [95% CI¼ 4.7% to 23.0%]
vs 2.1% [95% CI¼ 1.0% to 3.2%], P< .001 on univariate analysis).
No adjustment for treatment volumes or dosimetry was made.
Bishop et al. (33) demonstrated greater LC with higher dose to
tumor on multivariable analysis (GTV BED Dmin �33.4 Gy [14 Gy

in 1 fraction equivalent], HR¼ 0.29, 95% CI¼ 0.14 to 0.60, P¼ .001,
n¼ 332 lesions). The number of patients receiving this lower
dose was small (n< 21). Laufer et al. (67) demonstrated im-
proved LC with high-dose SBRT (median dose 27 Gy in 3 frac-
tions [competing risks sub-distribution hazard ratio (SHR) ¼
0.12, P ¼ .04] or 24 Gy single fraction [SHR ¼ 0.45, P ¼ .09]) com-
pared to low dose SBRT (30 Gy in 5–6 fractions, SHR ¼ 1) but no
relationship between fractionation and outcomes for high-dose
treatments (n = 186 lesions). Ursino et al. (60) reported no asso-
ciation between dose and LC (n¼ 40 lesions) (60). Similarly, Choi
et al. (68) reported single-session equivalent doses of less than
15 Gy10 were associated with increased local failure rates in
patients undergoing re-irradiation within 1 year of prior treat-
ment (P¼ .002, n¼ 21 lesions).

Two PR (43, 49) and two LC studies (45, 67) reported out-
comes for a cohort of patients undergoing combined modality
treatment with surgery and subsequent SBRT. TTP PR was
reported to be 86% by Gerszten et al. (31), whereas LC was
reported by Al-Omair et al. (45) and Laufer et al. (67) to be 84% in
assessable patients. A further 16 of 38 PR studies and 19 of 45 LC
studies included variable proportions of patients who under-
went surgery prior to SBRT. Bate et al. (69) reported LC at 1 year
of 95.8% following SBRT alone and 90.5% following combined
SBRT and surgery. Staehler et al. (57) reported LC of 94% (95%
CI¼ 85% to 90.4%) at 1 year in a patient cohort with RCC on con-
current systemic therapy. Reporting of both prior surgical de-
compression and concurrent systemic therapy was variable,
and outcomes were rarely reported for these groups separately.
As such, it is not possible to draw conclusions about the impact
of combined modality therapy or concurrent systemic therapy.

A limited number of studies reported outcomes for only
those patients known to have received prior radiotherapy.
Thibault et al. (70) reported 81% LC at 1 year in a population
with in-field failure following previous SBRT to spinal metasta-
ses. Sahgal et al. (71) reported no statistically significant differ-
ence in LC between those who had and had not received prior
radiotherapy (P¼ .09, overall LC at 1 year¼ 85%). Similarly,
Nikolajek et al. (72) reported local failure in 12.9% of previously
irradiated patients; PR rates are not reported, only an improve-
ment in median VAS post-treatment in patients with pain prior
to SBRT (P¼ .002). From a PR perspective, both Mahadevan et al.
(73) and Choi et al. (68) reported 65% TTP PR in a re-irradiation
cohort (n¼ 34 and n¼ 23 patients, respectively). All of these
studies included a mixed diagnostic cohort. Conversely, 10 of 45
LC studies and 11 of 38 PR studies excluded individuals who had
received prior irradiation to the index site. TTP PR in these stud-
ies ranged from 47% to 92% (53, 74). LC ranged from 25% at 1 year
(HCC, n¼ 63 lesions) to 96.5% (mixed diagnoses, n¼ 811 lesions)
(24, 36), with a small study of seven patients reporting 100% LC
in a mixed diagnostic population (47). In the remaining studies,
the proportion who had undergone prior irradiation was either
unclear or outcomes were not reported separately.

A small number of studies assessed the relationship be-
tween re-irradiation following cEBRT and PR or LC. Chang et
al. (32) reported no statistically significant difference in PR or
LC at 6 months, 1 year, or 2 years for patients who had or had
not undergone previous cEBRT to the index lesion, although
both outcomes were superior in those not previously irradi-
ated (n¼ 54 re-irradiation, n¼ 131 initial treatment). LC at 1
year was 89.2% in patients undergoing initial treatment vs
80.8% in those undergoing re-irradiation (P¼ .093), whereas PR
at 6 months, in assessable patients, was 92.9% and 86.4%, re-
spectively (P¼ .314). Similarly, Laufer et al. (67) reported a sta-
tistically nonsignificant reduction in progression-free survival
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in patients who failed prior cEBRT (SHR¼ 1.96, 95% CI¼ 10.9 to
33.6, P¼ .07).

Outcome Assessment

The measurement and definition of PR varied widely between
studies. Seventeen PR (44.7%) studies reported no information
about measurement tools or response definition. In those where
this information was included, a majority used a 0–10 NRS or
VAS for measurement of pain. Response definitions varied: four
studies (10.5%) used the ICPRE (36, 38, 54, 63), and a further two
used the Radiation Therapy Oncology Group 0631 trial protocol
definitions (64, 75). These studies report TTP PR of 60%–81%. A
further four studies reported adjusting response rates for anal-
gesia (31, 42, 61, 73). TTP PR rates in these studies ranged from
65% (73) to 88% (61). The largest of these series (n¼ 336) reports
long-term pain improvement in 86% of treated lesions (31). In
this study, however, it is unclear how adjustment for analgesia
was made. Long-term pain improvement was defined as pain
control at last clinical review, although no protocol for follow-
up frequency was reported. Unusually, Heron et al. (30) asked
patients to classify their pain relative to baseline at 1–2 weeks
and at intervals up to 12–24 months.

In 16 of 38 studies (42%), patient-reported outcomes were
used (28, 31, 36–43, 49, 54, 57, 63, 76, 77). In the remaining stud-
ies, this was not clearly reported. Where patient-reported out-
comes were reported, the mechanism of collection was
frequently not clear. In addition, the time point used to report
PR was unclear in a majority of studies (21 of 38).

A limited number of studies reported rates of attrition due to
either death or loss to follow-up. As such, it was often unclear if
outcomes were for assessable patients only or on a TTP basis.
Where both are reported, the TTP PR result was lower than for
assessable patients only [(62% vs 82% (55), 47% vs 62% (74), 60%
vs 69% (38), 77% vs 91% (32), 61% vs 93% (68), and 71% vs 88% (4,
61)]. Overall response rates for PR varied from 38% (n¼ 28) (34)
to 100% (n¼ 18) (52) in assessable patients.

Four studies reported the duration of response. Lee et al. (61)
showed a median duration of pain relief of 3.2 months (range ¼
1–30 months) after SBRT in 57 patients with spinal metastases. A
small study including 18 patients with bone metastases from
RCC found that 32% of patients who responded had a symptom-
atic recurrence after a mean of 2.3 months (56). In two larger,
mixed diagnosis studies, Hunter et al. (64) reported durability of
PR of 4.8 months following SBRT, whereas Ryu et al. (42) reported
a much longer median duration of PR of 13.6 months in 49
patients with a single isolated spinal metastasis. Notably, the fre-
quency of follow-up in these studies was not clearly reported (56,
64), reported to be flexible (42), or stated as every 1–3 months (61).

LC was assessed based on a range of imaging modalities
with computed tomography, magnetic resonance imaging, and
positron emission tomography being most frequently used.
Where LC was defined, it was stated to be an absence of radio-
logical tumor growth indicating stable disease (19 of 45). Some
studies also accounted for pseudoprogression (ie, when changes
occur soon after SBRT that can mimic true progression) (23, 58,
70). Response Evaluation Criteria in Solid Tumours criteria were
used in 4 of 45 studies (47, 50, 59, 72). McDonald et al. (59) made
comparisons between these criteria and the MD Anderson
Cancer Center criteria, demonstrating a discrepancy of up to
10% in LC rates depending on the criteria used for response as-
sessment. As with the assessment of PR, limited information
was reported about the time point for assessments, although

many studies reported that scans took place at regular intervals
(predominantly every 3 months) and used a time-to-event–
based analysis.

Finally, in a majority of studies where both patient and le-
sion numbers were reported, a proportion of patients received
treatment to more than one lesion (33 of 37 PR and 36 of 44 LC
studies). It was often unclear if these outcomes were reported
on a per patient or per lesion basis.

Within Study Comparisons to Conventional
Radiotherapy

Berwouts et al. (38) reported a small randomized phase II trial in
which 12 patients received cEBRT with a dose of 8 Gy, 14 re-
ceived 6.1–10 Gy dose-painting by numbers (DPBN), and 13 re-
ceived a single 16 Gy fraction using DPBN. This technique aims
to deliver higher doses to areas with an increased standardized
uptake value on PET while de-escalating the dose to surround-
ing tissues. The latter two arms were delivered using an
Intensity Modulated Radiation Therapy technique, and all ana-
tomical sites were included. Overall response rates were 53%,
80%, and 60% at 1 month, respectively (38). Hunter et al. (64)
compared PR in 110 patients with RCC treated with SBRT
(n¼ 76) or cEBRT (8–30 Gy in 1–10 fractions, n¼ 34). They
reported no difference in the proportion with PR (62% vs 68%, re-
spectively), although cEBRT was associated with higher partial
response (56% vs 29%) and lower complete response (12% vs
33%). A statistically non-significant increase in durability of PR
was seen (1.7 vs 4.8 months, P¼ .095), but the difference in fol-
low-up between the cohorts makes this difficult to interpret. No
OS outcomes were reported, although KPS was statistically sig-
nificantly higher (P< .001) in the SBRT group.

Gagnon et al. (52) reported no statistically significant differ-
ence in PR following SBRT and cEBRT in a matched cohort of 18
patients with breast cancer (prior cEBRT having been given to 17
SBRT patients). Patients were matched on interval from initial
diagnosis, presence of visceral metastases, tumor differentia-
tion, prior radiotherapy, and PS, among others. Similarly, Sohn
et al. (36) reported outcomes for a matched cohort of 28 patients
with HCC. The decrease in VAS was greater in the SBRT cohort
than the cEBRT cohort (3.7 vs 2.8, P¼ .13) and the overall PR
higher (64% vs 57%, P¼ .83), although neither of these differen-
ces were statistically significant. No difference was observed in
median LC (P¼ .48). A similar analysis by the same group con-
sidered a cohort of 13 patients with RCC who received SBRT (54).
The decrease in VAS was statistically significantly larger in the
SBRT cohort (P¼ .04), although PR rates were again not statisti-
cally significantly higher (P¼ .63). Progression-free survival was
statistically significantly higher in the SBRT cohort (P¼ .01).

Subsequent to the initial submission of the current study, a
further, randomized phase II trial assessing the relative efficacy
of a 24 Gy single SBRT fraction and 30 Gy in 10 fraction cEBRT
was reported by Sprave et al (78). Given this is the highest level
of evidence available currently, it is included here for informa-
tion. This single institution study randomized 55 patients with
painful spinal metastases from confirmed solid-organ malig-
nancy, with good PS and no prior irradiation or neurological im-
pairment. The authors report a more rapid improvement in pain
following SBRT than cEBRT (P¼ .01) alongside higher rates of PR
at 6 months (73.7% vs 35%, respectively, P¼ .015). These out-
comes are in keeping with those reported by Hunter et al. (64):
the rate of complete pain response rising (43.5% at 3 months fol-
lowing SBRT vs 17.4% following cEBRT) and the partial response
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rate falling (26.1% and 30.4%, respectively). Notably, the PR rates
at 6 months post-cEBRT are relatively poor. Although encourag-
ing for a possible benefit of SBRT relative to cEBRT, this is a small
single-center study and is therefore not conclusive. Of the in-
cluded patients, 11 (22%) reported pain scores of less than 2 at
baseline; their distribution between the trial arms is unclear, in-
troducing a risk of bias. In addition, the measurement of pain
was non-standard both in terms of frequency (daily reports
rather than worst pain over the preceding 3 days) and the use of
a 0–100 VAS, making comparisons difficult.

Toxicity Outcomes

Overall, 40 out of 57 studies reported on toxicity. The largest
prospective study (a non-randomized phase I–II trial) analyzed
toxicity in 149 patients using patient-reported outcomes and
stated that toxicity was mostly mild, including grade 1–2 tran-
sient numbness and tingling, nausea, and vomiting (28). Grade 3
toxicities included pain, gastrointestinal disturbance, fatigue,
and diaphoresis (overall 12 events, patient numbers unclear), al-
though no radiation-related spinal cord myelopathy was
reported (28). Similarly, Garg et al. (39) reported a total of 48
grade 1–2 toxicity events (patient numbers unclear), and 2
patients experienced grade 3–4 neurotoxicity. Berwouts et al.
(38) reported that pain flare was observed in 25% of patients un-
dergoing 16 Gy DPBN in their small randomized phase II study.
Including these studies, overall, 10 studies, including 676
patients, recorded toxicity prospectively and reported grade 3 or
4 toxicity in 19 patients (0.03%) (28, 37, 40, 41, 45, 46, 49, 63, 68).
All other grade 3–4 toxicities reported in prospective studies
were treatment-related neurologic toxicity (39, 41, 46, 68). Of the
28 studies evaluating toxicity retrospectively, 5 grade 3 or 4 tox-
icities (0.002%) were observed in 2033 patients (22, 24, 25, 29, 30,
32, 34–36, 52–57, 59, 60, 66, 69–71, 73–77, 79, 80).

Discussion

This systematic review assessed the available literature report-
ing the effectiveness of SBRT for bone metastases in patients
with advanced cancer. A majority of studies report LC rates of
more than 80%, with more than half reporting TTP PR rates
above 75%. Reported toxicity was generally low grade, with
high-grade toxicity rare overall. As such, SBRT appears to be a
safe treatment for bone metastases with PR rates superior to
those reported following cEBRT (TTP PR 61%) and excellent LC
rates (3, 4, 81). There is, however, a risk of publication bias in
this setting, with studies reporting superior outcomes poten-
tially being preferentially published. In addition, given that the
available literature represents predominantly non-randomized
observational studies, we must be critical in interpreting these
data because a number of aspects of the included studies may
give rise to biased estimates of treatment effect.

The variable definition of PR used between studies is critical.
The impact of cEBRT fractionation on PR in bone metastases was
the focus of extensive international study. Thanks to these stud-
ies, the need to ensure comparable outcome reporting was recog-
nized, leading to the collaborative development and publication
of ICPRE for reporting outcomes (20, 82). It is remarkable that the
majority of included studies did not adhere to these endpoints
despite most being conducted after 2002. Of particular concern is
the failure of many studies to adjust for changes in analgesic in-
take, retrospective designs, and the use of clinician-reported out-
comes (65). A number of studies reported only average pain

scores pre- and post-treatment rather than response rates. This
limits comparability with existing cEBRT trials reporting response
rates. It is also not possible to know to what extent the observed
improvement reflects the effects of other interventions (eg, anal-
gesia, systemic therapies) or indeed, regression to the mean. This
latter may occur when patients with severe pain at baseline re-
port improvements that simply reflect variation over time (83).
Further, even in studies where SBRT was reportedly delivered for
pain control, patients without pain at baseline were included (28,
41, 42, 66). Notably, those studies where response was assessed
in line with ICPRE report lower PR rates (TTP PR 60%–77%), more
in keeping with those seen in cEBRT and the limited randomized
data now available (78).

In addition, in most studies it was unclear whether PR was
reported only for assessable or for all treated patients; both are
necessary in this fragile patient population where assessment
of pain is complex and survival is limited. In studies carried out
in palliative populations, missing data are inevitable. Complex
methods to handle this are available (84), however, at a simple
level, recognition and reporting of the extent and potential con-
sequences of missing data is required (85). In many of the in-
cluded studies, it was unclear to what extent data were missing.
The consequences of this were rarely recognized and the limita-
tions of the study outcome not discussed. Where both assess-
able and TTP results were reported, assessable PR was higher
than TTP PR. As such, variable response definitions and report-
ing may explain some of the variation observed between stud-
ies, contributing to the relatively high rates of PR reported.

In both PR and LC studies, measurement time points during
follow-up were frequently not well defined. Rather than re-
sponse rates reflecting the proportion experiencing a response
at, for example, 1 month or 3 months post-treatment, any re-
sponse during follow-up was accepted. This may result in the
outcomes being influenced by subsequent local or systemic
treatments rather than SBRT. Conversely, in defining LC rates,
the majority of studies used a Kaplan-Meier analysis. This anal-
ysis fails to acknowledge competing risks, assuming that those
patients who die prior to assessment are censored and have an
equivalent risk of recurrence to that of the surviving popula-
tion—an unobservable assumption not supported by, for exam-
ple, Bishop et al. (33, 86).

A lack of clarity exists over the optimum way to assess ra-
diological response in bony lesions (59). Where reported, LC was
usually defined as an absence of tumor volume change consis-
tent with radiologic progression. As the radiotherapy commu-
nity is gaining more experience with SBRT, it becomes clear that
pseudoprogression and tissue necrosis are important factors to
consider after SBRT (58, 87). Only four studies accounted for
pseudoprogression by obtaining confirmatory scans before the
lesion was classified as progressing, potentially resulting in an
underestimation of LC. Notably, McDonald et al. demonstrated
the impact that variable LC definitions can have on reported
outcomes (59). Blinding was also not present in a majority of
studies, potentially introducing bias in the assessment of LC. In
addition, the value of LC as an outcome measure in palliative
trials is questionable. If the accruing evidence for the use of
SBRT in oligo-metastatic disease demonstrates improved sur-
vival outcomes, the value of LC as an endpoint might increase
(88–91). In the absence of this confirmation, however, the as-
sessment of clinically relevant outcomes of importance to
patients should take priority: quality of life and pain control.

Finally, toxicity data were predominantly reported by clini-
cians and collected retrospectively, potentially leading to the
under estimation of the rates seen. Overall, in the included
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prospective studies severe toxicity was rare (0.03% grade 3 or
higher). Limited information was available to quantify low-
grade toxicity. It is notable that rates of toxicity (both low and
high grade) were markedly higher in the included early phase
clinical trials than in observational cohorts (28, 38, 39). Given
the wide discrepancies seen, further information is required, as
even low-grade toxicity may still impact on quality of life and
therefore remains important in informing clinical decisions.

In observational studies, bias may result from a number of
methodological and reporting limitations (62, 63). As measure-
ment error is discussed above, two other major causes of bias
warrant discussion: selection bias and confounding. These re-
sult from variation between treatment cohorts in observational
studies. If the predictors of treatment allocation or associated
features (confounders) also influence outcomes, treatment ef-
fect estimates will be biased. Adjustment can be made for ob-
served variation; however, unobserved variation persists. In
this case, the variable inclusion, lack of separate outcome
reporting, and lack of adjustment for baseline covariables may
all contribute to the estimated effect of SBRT being biased.

The factor most likely to be having this affect is selection
bias. It is notable that the median survival of patients included
in these studies (8–47 months) was clinically significantly higher
than that of randomly assigned individuals in previous cEBRT
phase III trials (median 7 months) (92) or, indeed, in the rou-
tinely treated population (median, 4.8 months) (93). This may
reflect exclusion of patients with limited follow-up or poor PS
(37, 65). It has been previously demonstrated that patients with
survival of more than 1 year following treatment have superior
PR following an 8 Gy single fraction of cEBRT (85%–87%) com-
pared to those surviving less than 3 months (44%–47%) (94, 95).
Within the included studies, Garg et al. (39) demonstrate a posi-
tive correlation between PR and survival, whereas Berwouts
et al. (38) report some of the lowest PR rates alongside the short-
est survival time. In addition, Lee E et al. add to previous reports
(Westhoff et al and van der Velden et al) demonstrating better
PS is predictive of higher PR (61, 96, 97). Overall, the reported
outcomes align more closely with those previously reported for
individuals with favorable prognosis. It is clear from the
reported survival times that the populations included in a ma-
jority of these studies are highly selected, with higher than av-
erage survival, better PS, and favorable diagnostic case mix.
Selection bias is, thus, a major limitation of the included non-
randomized studies (64).

Other sources of heterogeneity in the treated populations
that may potentially impact the reported outcomes include the
variable inclusion of patients with MSCC and prior irradiation.
In contrast to the possible impact of prolonged survival on re-
sponse rates, these factors may result in reduced response rates
as compared to previously published cEBRT studies in bone me-
tastases. For example, Lee S et al. (61) demonstrated that the
presence of MSCC predicts for a lower probability of pain re-
sponse (P¼ .001) on multivariable modeling, whereas prior irra-
diation was reported to be associated with a statistically
nonsignificant reduction in PR (25, 67).

Finally, heterogeneity is present in the considered studies as
a result of varying treatment regimens. This may result from
variation and evolution in the dose-fractionation schedules
used, incorporation of surgery into the treatment pathway, or
concurrent and subsequent systemic therapy.

The heterogeneity resulting from the above outlined study
variation is clinically significant and likely to result in biased
estimates of treatment effect. For example, previous trials of
dose fractionation in palliative radiotherapy focused

exclusively on bone metastases or, separately, MSCC and ex-
cluded patients undergoing prior radiotherapy or surgery to
the index lesion. Ideally, a meta-regression approach may al-
low investigation of how these factors impact outcomes; how-
ever, the quality of reporting in the included studies did not
support this (98).

It is clear from the above discussion that the outcomes
reported in many of the included studies are not directly com-
parable to those that might be expected in a routine patient
population, including those with bone metastases beyond the
spine. Indeed, where attempts have been made to provide a
comparator cohort, either through randomization of a small
number of patients or through an observational matched cohort
design, the differences in PR are markedly less than might be
anticipated based on the single-arm series. Given the clear chal-
lenges of selection bias in observational studies, risk of mea-
surement bias and marked heterogeneity in the studies
included here, further large randomized trials are required to
assess the role of SBRT in the management of bone metastases
(99–101).

In 2002 ICPRE were published to guide the conduct and
reporting of randomized studies in this area, with subsequent
updates a decade later (1, 65). Specifically, they provided defini-
tions of pain response alongside recommendations for how and
when to measure pain response. Despite this, a minority of
studies incorporated these recommendations (10, 25, 27, 28),
with a further limited number using alternative methods based
on published randomized trial protocols (29–31). The emphasis
of trials comparing SBRT with cEBRT is likely to be on the poten-
tial for improved quality and durability of pain control, yet, very
few of the studies included here have attempted to address
these endpoints. A limited number of studies recognized and
robustly reported complete and partial PR separately. Where
durability has been considered, it has been measured by “long-
term pain control” or as a component of a composite progres-
sion-free survival endpoint (31, 53). These outcomes are not
well defined, and it is unclear if the methods used reflect the
hoped-for outcome: a greater proportion of remaining life spent
with pain control. Net pain relief measures this outcome. It has,
however, been reported in a limited number of studies, is not
strongly recommended in the ICPRE, and has limited informa-
tion available to support its value as an outcome measure (6,
20, 102).

It may be argued, therefore, that the ICPRE are not well suited
to assessing the role of SBRT for bone metastases. To support fu-
ture trials, the existing endpoints should be reviewed. The up-
date and implementation of such endpoints will help ensure
that the patient group, intervention, and comparator treatments
are clearly specified and that the outcomes measured are de-
fined and measured robustly, reflecting the question to be
addressed and critically offering value to patients.

In conclusion, the studies included in this systematic review
report higher rates of pain response following SBRT than have
previously been reported following cEBRT. Local control is excel-
lent with limited toxicity. However, these outcomes may very
well be the result of study methodology and, most importantly,
selection bias. Early randomized trial outcomes are encouraging
but urgently require replication in larger studies. In addition,
there is a need to update the ICPRE to better support the investi-
gation of the role of SBRT in bone metastasis management, spe-
cifically focusing on response durability. This systematic review
supports recruitment into existing randomized trials of SBRT
for bone metastases and illustrates the need for further trials in
this setting.
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Miszczyk L. Evaluation of efficacy and safety of robotic stereotactic body ra-
diosurgery and hypofractionated stereotactic radiotherapy for vertebral
metastases. Contemp Oncol. 2015;19(4):327–332.

35. Anand AK, Venkadamanickam G, Punnakal AU, et al. Hypofractionated ste-
reotactic body radiotherapy in spinal metastasis—with or without epidural
extension. Clin Oncol. 2015;27(6):345–352.

36. Sohn S, Chung CK, Sohn MJ, Kim SH, Kim J, Park E. Radiosurgery compared
with external radiation therapy as a primary treatment in spine metastasis
from hepatocellular carcinoma: a multicenter, matched-pair study. J Korean
Neurosurg Soc. 2015;59(1):37.

37. Muacevic A, Kufeld M, Rist C, Wowra B, Stief C, Staehler M. Safety and feasi-
bility of image-guided robotic radiosurgery for patients with limited bone
metastases of prostate cancer. Urol Oncol Semin Orig Investig. 2013;31(4):
455–460.

38. Berwouts D, De Wolf K, Lambert B, et al. Biological 18[F]-FDG-PET image-
guided dose painting by numbers for painful uncomplicated bone metasta-
ses: a 3-arm randomized phase II trial. Radiother Oncol. 2015;115(2):272–278.

R
EV

IEW

1030 | JNCI J Natl Cancer Inst, 2019, Vol. 111, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article-abstract/111/10/1023/5497505 by U

niversity of Leeds user on 28 O
ctober 2019

https://www.crd.york.ac.uk/prospero/
https://www.crd.york.ac.uk/prospero/


39. Garg AK, Shiu AS, Yang J, et al. Phase 1/2 trial of single-session stereotactic
body radiotherapy for previously unirradiated spinal metastases. Cancer.
2012;118(20):5069–5077.

40. Owen D, Laack NN, Mayo CS, et al. Outcomes and toxicities of stereotactic
body radiation therapy for non-spine bone oligometastases. Pract Radiat
Oncol. 2014;4(2):e143–e149.

41. Gibbs IC, Kamnerdsupaphon P, Ryu M-R, et al. Image-guided robotic radio-
surgery for spinal metastases. Radiother Oncol. 2007;82(2):185–190.

42. Ryu S, Jin R, Jin J-Y, et al. Pain control by image-guided radiosurgery for soli-
tary spinal metastasis. J Pain Symptom Manage. 2008;35(3):292–298.

43. Gerszten PC, Germanwala A, Burton SA, Welch WC, Ozhasoglu C, Vogel WJ.
Combination kyphoplasty and spinal radiosurgery: a new treatment para-
digm for pathological fractures. J Neurosurg Spine. 2005;3(4):296–301.

44. Hwang YJ. Follow-up CT and MR findings of osteoblastic spinal metastatic
lesions after stereotactic radiotherapy. Jpn J Radiol. 2012;30(6):492–498.

45. Al-Omair A, Masucci L, Masson-Cote L, et al. Surgical resection of epidural
disease improves local control following postoperative spine stereotactic
body radiotherapy. Neuro-Oncol. 2013;15(10):1413–1419.

46. Ahmed KA, Stauder MC, Miller RC, et al. Stereotactic body radiation therapy
in spinal metastases. Int J Radiat Oncol. 2012;82(5):e803–e809.

47. Deodato F, Cilla S, Macchia G, et al. Extracranial radiosurgery with volumet-
ric modulated arc therapy: feasibility evaluation of a phase I trial. Oncol Lett.
2013;5(6):1889–1896.

48. Hamilton AJ, Lulu BA, Fosmire H, Stea B, Cassady JR. Preliminary clinical ex-
perience with linear accelerator-based spinal stereotactic radiosurgery.
Neurosurgery. 1995;36(2):311–319.

49. Massicotte E, Foote M, Reddy R, Sahgal A. Minimal access spine surgery
(MASS) for decompression and stabilization performed as an out-patient
procedure for metastatic spinal tumours followed by spine stereotactic
body radiotherapy (SBRT): first report of technique and preliminary out-
comes. Technol Cancer Res Treat. 2012;11(1):15–25.

50. Lee E, Kim TG, Park HC, et al. Clinical outcomes of stereotactic body radio-
therapy for spinal metastases from hepatocellular carcinoma. Radiat Oncol J.
2015;33(3):217.

51. Jahanshahi P, Nasr N, Unger K, Batouli A, Gagnon GJ. Malignant melanoma
and radiotherapy: past myths, excellent local control in 146 studied lesions
at Georgetown University, and improving future management. Front Oncol.
2012;2:167.

52. Gagnon GJ, Henderson FC, Gehan EA, et al. Cyberknife radiosurgery for
breast cancer spine metastases: a matched-pair analysis. Cancer. 2007;
110(8):1796–802.

53. Napieralska A, Miszczyk L, Stapor-Fudzinska M. CyberKnife stereotactic ra-
diosurgery and stereotactic ablative radiation therapy of patients with pros-
tate cancer bone metastases. Neoplasma. 2016;63(2):304–12

54. Sohn S, Chung CK, Sohn MJ, et al. Stereotactic radiosurgery compared with
external radiation therapy as a primary treatment in spine metastasis from
renal cell carcinoma: a multicenter, matched-pair study. J Neurooncol. 2014;
119(1):121–128.

55. Amini A, Altoos B, Bourlon MT, et al. Local control rates of metastatic renal
cell carcinoma to the bone using stereotactic body radiation therapy: is RCC
truly radioresistant? Pract Radiat Oncol. 2015;5(6):e589–e596.

56. Jhaveri PM, Teh BS, Paulino AC, et al. A dose-response relationship for time
to bone pain resolution after stereotactic body radiotherapy (SBRT) for renal
cell carcinoma (RCC) bony metastases. Acta Oncol. 2012;51(5):584–588.

57. Staehler M, Haseke N, Nuhn P, et al. Simultaneous anti-angiogenic therapy
and single-fraction radiosurgery in clinically relevant metastases from re-
nal cell carcinoma. BJU Int. 2011;108(5):673–678.

58. Thibault I, Al-Omair A, Masucci GL, et al. Spine stereotactic body radiother-
apy for renal cell cancer spinal metastases: analysis of outcomes and risk of
vertebral compression fracture: clinical article. J Neurosurg Spine. 2014;21(5):
711–718.

59. McDonald R, Probyn L, Poon I, et al. Tumor response after stereotactic body
radiation therapy to nonspine bone metastases: an evaluation of response
criteria. Int J Radiat Oncol. 2015;93(4):879–881.

60. Ursino S, Montrone S, Cantarella M, et al. Stereotactic body radiotherapy of
bone metastases in oligometastatic disease: prognostic factors of oncologic
outcomes. Tumori. 2016;102(1):59–64.

61. Lee S, Chun M. Pain relief by Cyberknife radiosurgery for spinal metastasis.
Tumori. 2012;98(2):238–242.

62. Sheehan JP, Shaffrey CI, Schlesinger D, Williams BJ, Arlet V, Larner J.
Radiosurgery in the treatment of spinal metastases: tumor control, survival,
and quality of life after helical tomotherapy. Neurosurgery. 2009;65(6):1052.
Discussion 1061–1062.

63. Kim MS, Keum KC, Cha JH, et al. Stereotactic body radiotherapy with helical
tomotherapy for pain palliation in spine metastasis. Technol Cancer Res Treat.
2013;12(4):363–370.

64. Hunter GK, Balagamwala EH, Koyfman SA, et al. The efficacy of external
beam radiotherapy and stereotactic body radiotherapy for painful spinal
metastases from renal cell carcinoma. Pract Radiat Oncol. 2012;2(4):
e95–e100.

65. Germano IM, Carai A, Pawha P, Blacksburg S, Lo Y-C, Green S. Clinical out-
come of vertebral compression fracture after single fraction spine radiosur-
gery for spinal metastases. Clin Exp Metastasis . 2016;33(2):143–149.

66. Park HJ, Kim HJ, Won J-H, Lee SC, Chang AR. Stereotactic body radiotherapy
(SBRT) for spinal metastases: who will benefit the most from SBRT? Technol
Cancer Res Treat. 2015;14(2):159–167.

67. Laufer I, Iorgulescu JB, Chapman T, et al. Local disease control for spinal me-
tastases following “separation surgery” and adjuvant hypofractionated or
high-dose single-fraction stereotactic radiosurgery: outcome analysis in 186
patients: clinical article. J Neurosurg Spine. 2013;18(3):207–214.

68. Choi CYH, Adler JR, Gibbs IC, et al. Stereotactic radiosurgery for treatment of
spinal metastases recurring in close proximity to previously irradiated spi-
nal cord. Int J Radiat Oncol. 2010;78(2):499–506.

69. Bate BG, Khan NR, Kimball BY, Gabrick K, Weaver J. Stereotactic radiosur-
gery for spinal metastases with or without separation surgery. J Neurosurg
Spine. 2015;22(4):409–415.

70. Thibault I, Campbell M, Tseng C-L, et al. Salvage stereotactic body radiother-
apy (SBRT) following in-field failure of initial SBRT for spinal metastases. Int
J Radiat Oncol. 2015;93(2):353–360.

71. Sahgal A, Ames C, Chou D, et al. Stereotactic body radiotherapy is effective
salvage therapy for patients with prior radiation of spinal metastases. Int J
Radiat Oncol. 2009;74(3):723–731.

72. Nikolajek K, Kufeld M, Muacevic A, Wowra B, Niyazi M, Ganswindt U. Spinal
radiosurgery-efficacy and safety after prior conventional radiotherapy.
Radiat Oncol. 2011;6(1):1.

73. Mahadevan A, Floyd S, Wong E, Jeyapalan S, Groff M, Kasper E. Stereotactic
body radiotherapy reirradiation for recurrent epidural spinal metastases.
Int J Radiat Oncol. 2011;81(5):1500–1505. doi: 10.1016/j.ijrobp.2010.08.012

74. Azad TD, Esparza R, Chaudhary N, Chang SD. Stereotactic radiosurgery for
metastasis to the craniovertebral junction preserves spine stability and
offers symptomatic relief. J Neurosurg Spine. 2016;24(2):241–247.

75. Lee SH, Lee KC, Choi J, et al. Clinical applicability of biologically effective
dose calculation for spinal cord in fractionated spine stereotactic body radi-
ation therapy. Radiol Oncol. 2015;49(2):185–191.

76. Tsai J-T, Lin J-W, Chiu W-T, Chu W-C. Assessment of image-guided
CyberKnife@ radiosurgery for metastatic spine tumors. J Neurooncol. 2009;
94(1):119–127.

77. Hsu S-W, Chao H-L, Lin K-T, et al. Pain relief following spinal lesion treat-
ment with stereotactic radiosurgery: clinical experience in 65 cases. J Med
Sci. 2015;35(4):162.

78. Sprave T, Verma V, Förster R, et al. Randomized phase II trial evaluating
pain response in patients with spinal metastases following stereotactic
body radiotherapy versus three-dimensional conformal radiotherapy.
Radiother Oncol. 2018;128(2):274–282.

79. Gill B, Oermann E, Ju A, et al. Fiducial-free CyberKnife stereotactic body radi-
ation therapy (SBRT) for single vertebral body metastases: acceptable local
control and normal tissue tolerance with 5 fraction approach. Front Oncol.
2012;2:39.

80. Lee DS, Kwak YK, Jeong SM, et al. High-dose radiotherapy using helical
tomotherapy for vertebral metastasis: early clinical outcomes and cord
dose specification. Jpn J Clin Oncol. 2013;43(6):646–653.

81. Mizumoto M, Harada H, Asakura H, et al. Radiotherapy for patients with me-
tastases to the spinal column: a review of 603 patients at Shizuoka Cancer
Center Hospital. Int J Radiat Oncol. 2011;79(1):208–213.

82. Chow E, Wu JSY, Hoskin P, Coia LR, Bentzen SM, Blitzer PH. International
consensus on palliative radiotherapy endpoints for future clinical trials in
bone metastases. Radiother Oncol. 2002;64(3):275–280.

83. Harrell F, Slaughter J. Biostatistics for biomedical research. December 2018.
http://hbiostat.org/doc/bbr.pdf. Accessed May 13, 2019.

84. Sterne JAC, White IR, Carlin JB, et al. Multiple imputation for missing data in
epidemiological and clinical research: potential and pitfalls. BMJ. 2009;
338(1):b2393.

85. Hussain JA, Bland M, Langan D, Johnson MJ, Currow DC, White IR. Quality of
missing data reporting and handling in palliative care trials demonstrates
that further development of the CONSORT statement is required: a system-
atic review. J Clin Epidemiol. 2017;88:81–91.

86. Putter H, Fiocco M, Geskus RB. Tutorial in biostatistics: competing risks and
multi-state models. Statist Med. 2007;26(11):2389–2430.

87. Jabehdar Maralani P, Winger K, Symons S, et al. Incidence and time of onset
of osseous pseudoprogression in patients with metastatic spine disease
from renal cell or prostate carcinoma after treatment with stereotactic body
radiation therapy. Neurosurgery. 2019;84(3):647–654.

88. Palma DA, Haasbeek CJA, Rodrigues GB, et al. Stereotactic ablative radio-
therapy for comprehensive treatment of oligometastatic tumors (SABR-
COMET): study protocol for a randomized phase II trial. BMC Cancer. 2012;12:
305.

89. Siva S, Bressel M, Murphy DG, et al. Stereotactic ablative body radiotherapy
(SABR) for oligometastatic prostate cancer: a prospective clinical trial. Eur
Urol. 2018;74(4):455–462.

90. Conibear J, Chia B, Ngai Y, et al. Study protocol for the SARON trial: a multi-
centre, randomised controlled phase III trial comparing the addition of ste-
reotactic ablative radiotherapy and radical radiotherapy with standard
chemotherapy alone for oligometastatic non-small cell lung cancer. BMJ
Open. 2018;8(4):e020690.

91. U.S. National Library of Medicine. ClinicalTrials.gov. Conventional care ver-
sus radioablation (stereotactic body radiotherapy) for extracranial

R
EV

IE
W

K. L. Spencer et al. | 1031

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article-abstract/111/10/1023/5497505 by U

niversity of Leeds user on 28 O
ctober 2019

http://hbiostat.org/doc/bbr.pdf


oligometastases (CORE). https://clinicaltrials.gov/ct2/show/NCT02759783.
Accessed May 13, 2019.

92. Steenland E, Leer JW, van Houwelingen H, et al. The effect of a single frac-
tion compared to multiple fractions on painful bone metastases: a global
analysis of the Dutch Bone Metastasis Study. Radiother Oncol. 1999;52(2):
101–109.

93. Bollen L, van der Linden YM, Pondaag W, et al. Prognostic factors associ-
ated with survival in patients with symptomatic spinal bone metastases:
a retrospective cohort study of 1043 patients. Neuro Oncol. 2014;16(7):
991–998.

94. van der Linden YM, Steenland E, van Houwelingen HC, et al. Patients with a
favourable prognosis are equally palliated with single and multiple fraction
radiotherapy: results on survival in the Dutch Bone Metastasis Study.
Radiother Oncol. 2006;78(3):245–253.

95. Meeuse JJ, van der Linden YM, van Tienhoven G, et al. Efficacy of radiother-
apy for painful bone metastases during the last 12 weeks of life: results
from the Dutch Bone Metastasis Study. Cancer. 2010;116(11):2716–2725.

96. Westhoff PG, de Graeff A, Monninkhof EM, et al. Quality of life in relation to
pain response to radiation therapy for painful bone metastases. Int J Radiat
Oncol Biol Phys. 2015;93(3):694–701.

97. van der Velden JM, Peters M, Verlaan J-J, et al. Development and internal vali-
dation of a clinical risk score to predict pain response after palliative radiation
therapy in patients with bone metastases. Int J Radiat Oncol. 2017;99(4):859–866.

98. Thompson SG, Higgins J. How should meta-regression analyses be under-
taken and interpreted? Statist Med. 2002;21(11):1559–1573.

99. van der Velden JM, Verkooijen HM, Seravalli E, et al. Comparing conven-
tional radiotherapy with stereotactic body radiotherapy in patients with
spinal metastases: study protocol for an randomized controlled trial follow-
ing the cohort multiple randomized controlled trial design. BMC Cancer.
2016;16:909.

100. Braam P, Lambin P, Bussink J. Stereotactic versus conventional radiotherapy
for pain reduction and quality of life in spinal metastases: study protocol for
a randomized controlled trial. Trials. 2016;17(1):61.

101. U.S. National Library of Medicine. ClinicalTrials.gov. study comparing ste-
reotactic body radiotherapy vs conventional palliative radiotherapy (CRT)
for spinal metastases. https://clinicaltrials.gov/ct2/show/NCT02512965.
Accessed May 13, 2019.

102. Salazar OM, Rubin P, Hendrickson FR, et al. Single-dose half-body irradiation
for palliation of multiple bone metastases from solid tumors. Cancer. 1986;
58(1):29–36.

R
EV

IEW

1032 | JNCI J Natl Cancer Inst, 2019, Vol. 111, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article-abstract/111/10/1023/5497505 by U

niversity of Leeds user on 28 O
ctober 2019

https://clinicaltrials.gov/ct2/show/NCT02759783
https://clinicaltrials.gov/ct2/show/NCT02512965

