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Objective: Fractionated stereotactic radiotherapy (FSRT)
is a relatively new option for the treatment of brain
metastases. We performed a quantitative systematic
review to determine if local control (LC) following is
affected by FSRT dosing regimen.

Methods: We reviewed articles describing LC following
FSRT for brain metastases. LC data from each study were
extracted from actuarial survival curves and aggregated to
form a single data set. LC curves were generated using the
Kaplan-Meier method. Log-rank testing and Cox propor-
tional hazards modelling were utilized to test for associa-
tions between the biologically effective dose (BED) and LC.
Tumour control probability modelling was performed to
illustrate the relationship between the BED and the likeli-
hood of LC after FSRT.

Results: 10 studies (720 metastases) met inclusion
criteria. Prescription doses ranged from 18 to 42 Gy,

INTRODUCTION

Radiotherapy is a key component of the treatment of brain
metastases, which represent the most common intracranial
neoplasm in adults."* Single-fraction stereotactic radio-
surgery (SRS) is an appealing option for patients with a
limited number of brain metastases,”> but both the efficacy
and the safety of SRS may be compromised when treating
lesions that are large and/or close to sensitive normal
structures. Fractionated SRT (FSRT) is now commonly used
in such cases to try to improve the therapeutic ratio of local
radiotherapy. However, prospective trials to guide the
implementation of this technique have not been performed.

Objectives

To systematically and quantitatively review published
experiences using FSRT for brain metastases to determine
local control (LC) rates with this treatment approach.

delivered in 3-12 fractions (BED range: 29-100 Gy o).
1- and 2-year actuarial LC rates were 80% and
69%, respectively. Increasing BED was associated
with improved LC (HR=0.77 per increase of
10 Gy, p=0.009). Tumour control probability
models demonstrated that the BEDs of 40, 50
and 60 Gy,o yield predicted 1-year LC rates of 73%,
78% and 84%, respectively. The BEDs of 40, 50 and
60 Gyyp Vvield 2-year LC rates of 62%, 69% and 81%,
respectively.

Conclusion: FSRT provides high rates of LC for patients
with brain metastases. We found evidence for a dose-
response relationship that should be explored in pro-
spective trials.

Advances in knowledge: This review identified a dose-
response relationship for LC in patients treated with FSRT
for brain metastases.

We also explore associations between LC rates and FSRT
dosing regimen.

METHODS AND MATERIALS

Study selection

A search was conducted of PubMed (1990-January 2016)
using the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses guidelines. Two search terms were used:
(1) fractionated stereotactic radiation therapy AND brain
metastases and (2) hypofractionated radiosurgery AND
brain metastases. Records were initially screened for full
text availability. There were no studies excluded for lack of
full-text availability.

Eligibility criteria
Both retrospective and prospective studies were included in
our analysis. Case reports were not included. Filters were
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utilized to exclude animal studies and studies written in lan-
guages other than English. Abstracts and full texts of the
remaining studies were reviewed. If an abstract was found to be
relevant, the full text of the study was retrieved by the first
author (SB) and screened. Studies were included in this analysis
based on consensus between the first author (SB) and the senior
author (NO). We excluded series in which a wide range of
dosing and fractionation schedules were used, as one purpose of
this study was to explore associations between FSRT dosing
and LC.

Data extraction/collection process

From each study that met all inclusion criteria, we tabulated
the first author’s name, year of publication, sample size,
primary disease sites, FSRT dosing schedule and median
follow-up. Individual lesion data were also extracted from
Kaplan—-Meier LC curves as previously described by
Guyot et al.® For series where FSRT doses were prescribed to
the isocentre, we calculated a planning target volume (PTV)
dose based on the isodose line that was reported to cover
the PTV. For each FSRT dosing schedule, a BED for the PTV
was calculated using the linear quadratic (LQ) model
with a/B8 =10 Gy.

Baliga et a/

For patients who received simultaneous treatment for several
lesions, each lesion was treated as an individual data point. LC
was based on serial imaging in all the studies incorporated in
this analysis. Response evaluations varied between the studies
but generally were defined as the absence of radiological pro-
gressive disease at last follow-up. LC was evaluated using actu-
arial statistical methods; data were censored when patients were
lost to follow-up or died without local progression.

Statistical analysis

The primary end point examined in this review was LC. The
individual lesion LC data extracted from each article were ag-
gregated to form a single data set. Kaplan—-Meier LC curves were
generated for the entire data set as well as after sorting lesions
into two groups of approximately equal size based on the BED.
Comparison of the two BED groups was performed using log-
rank testing. Cox proportional hazards modelling was also
performed to examine the association between the BED and LC.

Tumour control probability (TCP) modelling was performed as
follows. LC data were sorted into three groups based on BED,
and the actuarial LC rate at 1 year for each group was calculated.
These three data points were fit to a standard TCP model:

Figure 1. Study selection. FSRT, fractionated stereotactic radiotherapy; LC, local control; Mets, metastases; RT, radiotherapy; SRS,

stereotactic radiosurgery.
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where d is the BED, TCD50 is the BED required to achieve 50%
tumour control and k is a fitting constant that is equal to 25
divided by the slope of the TCP curve at a BED equal to the
TCD50.” Data points were fit to the TCP model using least-
squares optimization. We utilized a bootstrap resampling method
to characterize the distributions of optimal model parameters and
formulate 95% confidence bounds for the TCP curve.® 5000
iterations were performed. This process was repeated to develop
a TCP model for actuarial LC rate at 2 years. These analyses were
performed using MATLAB® (The MathWorks®, Natick, MA).

in months

Prescription
point/
volume
PTV (90% IDL)

(100% IDL)

PTV

RESULTS

Study identification and selection

Our initial search results included 195 unique hits. Filters
restricting the search to human studies written in the English
language reduced this value to 166 hits. Of the 166 articles
reviewed, 10 studies met all inclusion criteria and formed the
data set of our analysis.”'® Reasons for study exclusion are
shown in Figure 1.

Planning
technique

non-coplanar

LINAC:
beams
LINAC

Study characteristics

The composite sample size was 720 metastases. The most common
primary site of disease for patients with brain metastases was lung
cancer, which accounted for 36% of all lesions, followed by breast
cancer (12%) and melanoma (8%). Prescription doses ranged from
18 to 42 Gy, delivered in 3—12 fractions. BEDs ranged from 29 to
100 Gyyo. Surveillance imaging procedures varied slightly between
studies but typically included a MRI every 2-3 months (Table 1).

FSRT schedule
39-42Gy in 3
6 Gy X 5 fractions

fractions

Primary sites
melanoma, 3 renal,
2 breast, 2 other

49 lung
7 lung, 4

Analysis of outcomes

Local control

The median follow-up duration was 7 months. 1- and 2-year
actuarial LC rates for the entire cohort were 80% and 69%,
respectively (Figure 2). 1- and 2-year actuarial LC rates were
84% and 73% for lesions treated with BEDs of at least 57.6 Gy,
which was the median BED in our data set. Lesions treated with
the BEDs of <57.6 Gy, had 1- and 2-year actuarial LC rates of
72% and 60% (Figure 3, log-rank p = 0.004). Cox proportional
hazards modelling demonstrated that high BED was associated
with increased LC (HR = 0.77 per increase of 10 Gy, p = 0.009).

Histology (%)

Adenocarcinoma: 73%
Others: 27%
Melanoma: 20%
Renal cell: 15%
Breast: 10%

GI: 10%

Ovarian: 5%
Sarcoma: 5%

Lung: 35%

In the optimal TCP model for LC at 1 year, k was 30 and TCD50
was 12 Gy. BEDq values of 40, 50 and 60 Gy, yield predicted LC
rates at 1 year of 73%, 78% and 84%, respectively (Figure 4). R*
for the 1-year TCP prediction model was 0.825. In the model for
LC at 2 years, k was 35 and TCD50 was 30 Gy. BED;, values of
40, 50 and 60 Gy, yield predicted LC rates at 2 years of 62%,
69% and 81%, respectively (Figure 5). R for the 2-year TCP
prediction model was >0.999. Scatter plots of the represented
studies to illustrate the relationship of LC to BED were generated
(Appendix A).

Tumour
size (cm)

1.2 (0.4-3.8)

Median
diameter:

Sample
S1ze

49 patients,
78 lesions

20 patients,
20 lesions

DISCUSSION

We performed a systematic review and pooled analysis of in-
dividual lesion data from published studies to evaluate LC rates
following FSRT for patients with brain metastases. We have

First author

(country)
FSRT, fractionated stereotactic radiotherapy; Gl, gastrointestinal; IDL, isodose line; IMRT, intensity-modulated radiotherapy; LINAC, linear accelerator; N/A, not available; NSCLC, non-small cell lung

cancer; PTV, planning target volume; SCLC, small cell lung cancer.
?A small subset of lesions was treated with other dosing schedule(s).

Table 1. (Continued)
Saitoh et al'”
(Japan)
Narayana et al'®
(United States)
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Figure 2. Local control for 720 brain metastases treated with
fractionated stereotactic radiotherapy. Dotted lines represent
95% confidence intervals.
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demonstrated that FSRT for metastatic brain tumours can yield
high rates of LC and that the use of relatively aggressive dosing
schedules has been associated with improved LC. These findings
may have implications for the implementation of FSRT in the
clinic as well as in the design of prospective FSRT trials.

National Comprehensive Cancer Network guidelines do not
comment on the use of FSRT in either the definitive or post-
operative setting for brain metastases."” However, FSRT has
clearly infiltrated routine clinical practice in many radiation
oncology departments. As there is a lack of prospective trial data
to guide the implementation of FSRT, we believe that this
analysis provides valuable and novel information for clinicians.

Figure 3. Local control for brain metastases treated with
fractionated stereotactic radiotherapy. Lesions are split into
those that received at least 57.6 Gy;o, which was the median
biologically effective dose (BED) in the data set, vs other
lesions.
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Figure 4. Tumour control probability modelling demonstrating
predicted local control at 12 months as function of BED. Dotted
lines represent 95% confidence intervals. BED, biologically
effective dose.
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However, well-designed prospective studies are needed to opti-
mize the delivery of FSRT and establish FSRT as an evidence-
based treatment option for appropriate patients.

There is a paucity of data comparing single-fraction SRS and
FSRT for the treatment of brain metastases. One large series
retrospectively evaluated the efficacy of single-fraction SRS and
several FSRT schedules and demonstrated that the two treatment
techniques yielded comparable outcomes.”® That study could
not be included in the present analysis because actuarial LC
curves were not provided. One systematic review that included
seven SRS series and four SRT series combined results with both
techniques to create a TCP curve for 12-month LC that is

Figure 5. Tumour control probability modelling demonstrating
predicted local control at 24 months as a function of BED.
Dotted lines represent 95% confidence intervals. BED, bio-
logically effective dose.
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comparable to what we generated in this FSRT review.>' Of note,
FSRT is often considered for lesions that cannot be treated with
SRS, therefore retrospective comparisons of SRS and FSRT may
be confounded by important factors such as tumour size.

Several other systematic reviews have examined associations
between FSRT dosing regimen and clinical outcomes. One study
that included 260 patients suggested that higher BED;q may be
associated with improved LC.** Another study examined prog-
nostic factors for patients with non-small-cell lung cancer who
were treated with FSRT for brain metastases.”” Our study builds
upon previous efforts and incorporates TCP modelling to help
characterize the relationship between FSRT dosing regimen and
LC rates.

Limitations of review

We utilized the LQ model to calculate the BEDs for each dosing
regimen and allow comparison across studies. Although we ac-
knowledge that there is controversy regarding the use of the LQ
model in the setting of hypofractionation,* we continue to fa-
vour the LQ model over other models for its simplicity and
continued utility in clinical studies.”® Given the moderate frac-
tion sizes utilized in FSRT, we deem it unlikely that our findings
would be meaningfully changed by using of another sur-
vival model.

Overall survival and quality of life may be more meaningful end
points for patients with brain metastases than LC. We still be-
lieve that examination of LC is important, as local disease often
leads to salvage treatment with whole brain radiotherapy, which
is known to cause fatigue, alopecia and neurocognitive
deficits.”®*” Other salvage treatments such as repeat focal irra-
diation and systemic therapy carry other risks.

Quantifying 12- and 24-month LC rates following FSRT may
seem inappropriate, since a minority of patients are evaluable for
LC at these time points. However, improvements in systemic

Baliga et a/

treatments, including the evolution of targeted therapy and im-
munotherapy for a variety of malignancies, are prolonging sur-
vival times for patients with metastatic cancer. Long-term efficacy
of FSRT will therefore be a relevant concern for a growing pro-
portion of patients with brain metastases. Continued study of
radiotherapy outcomes is needed, as novel systemic agents may
contribute to the control of brain metastases.”* >’

One important aspect of FSRT that could not be evaluated in the
present report is treatment-related toxicity. The most commonly
reported complication following FSRT is radiation necrosis.
However, the definitions of radiation necrosis utilized in the
series we examined were often variable or unclear. We therefore
deemed it imprudent to quantitatively evaluate toxicity rates or
perform normal tissue complication probability modelling in
the present analysis. Future studies on this topic should employ
clear and consistent guidelines for scoring radiation necrosis
which can easily be confused with treatment effects and/or
disease progression.’"**

Although we could extract LC data for individual lesions
from each study, we did not have other important details for
each individual lesion, including histology and tumour size.
Both factors may influence predicted LC following FSRT.'
We only included series that utilized relatively uniform
FSRT dosing schedules in this analysis to minimize the
risk that other variables would confound the observed asso-
ciation between BED and LC. However, a pooled analysis
of individual patient data from multiple institutions will be
an important next step in advancing our understanding
of FSRT.

CONCLUSION

FSRT may provide high rates of LC for patients with brain
metastases. We demonstrated a dose—response relationship that
should be considered when choosing a dose and fractionation
schedule.
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APPENDIX A

Figure Al. Scatter plot of 1-year local control vs biologically
effective dose for the 10 studies included in this analysis.

Larger circles indicate greater sample size.
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Figure A2. Scatter plot of 2-year local control vs biologically
effective dose for the 10 studies included in this analysis.
Larger circles indicate greater sample size.

Local Control (%)

100

90

30 40

50 60 70 80 90 100 110
Biologically Effective Dose (Gy)

8 of 8 birpublications.org/bjr

Br J Radiol;90:20160666


http://birpublications.org/bjr

