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tients treated with stereotac- lished English-language literature.
tic radiosurgery and Methods and Materials: PubMed-indexed studies published between January 1995
fractionated stereotactic and September 2017 were used to evaluate dosimetric and clinical predictors of

radiosurgery for brain

TCP after SRS or fSRS for brain metastases. Eligible studies had >10 patients and

included detailed dose-fractionation data with corresponding >1-year local control
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metastases was performed.
Studies reporting 1-year
local control data for at least
10 patients were included in
a tumor control probability
model. Local control for tu-
mors <2.0 cm in a single
fraction was 85% for 18 Gy
and 95% for 24 Gy. Frac-
tionated regimens should be
considered for larger tumors.

(LC) data, typically evaluated as a >20% increase in diameter of the targeted lesion
using the pre-SRS diameter as a reference.

Results: Of 2951 potentially eligible manuscripts, 56 included sufficient dose-volume
data for analyses. Accepting that necrosis and pseudoprogression can complicate the
assessment of LC, for tumors <20 mm, single-fraction doses of 18 and 24 Gy corresponded
with >85% and 95% 1-year LC rates, respectively. For tumors 21 to 30 mm, an 18 Gy
single-fraction dose was associated with 75% LC. For tumors 31 to 40 mm, a 15 Gy
single-fraction dose yielded ~69% LC. For 3- to 5-fraction fSRS using doses in the range
of 27 to 35 Gy, 80% 1-year LC has been achieved for tumors of 21 to 40 mm in diameter.
Conclusions: TCP for SRS and fSRS are presented. For small lesions <20 mm, single
doses of = 18 Gy appear generally associated with excellent rates of LC; for melanoma,
higher doses seem warranted. For larger lesions >20 mm, local control rates appear to
be = 70% to 75% with usual doses of 15 to 18 Gy, and in this setting, fSRS regimens should
be considered. Greater consistency in reporting of dosimetric and LC data is needed to
facilitate future pooled analyses. As systemic and biologic therapies evolve, updated ana-
lyses will be needed to further assess the necessity, efficacy, and toxicity of SRS and fSRS.

© 2020 Elsevier Inc. All rights reserved.

1. Clinical Significance

Approximately 1.5 million individuals receive a diagnosis
of cancer in the United States annually, and roughly 20% to
40% of these patients will develop brain metastases. The
brain penetration for many chemotherapeutic and targeted
agents is limited; thus, radiation therapy (RT) plays an
essential role in the management of brain metastases.
Conventional radiation treatment fields may be used to
deliver radiation to the whole brain. However, numerous
studies have demonstrated a relationship between large-
field brain RT and both neuropsychological sequelae”™’
and deterioration in quality of life.® Thus, the use of ste-
reotactic radiosurgery (SRS) to treat brain metastases,
without whole-brain RT, is increasing.’

Recent advances in systemic therapies, including immu-
nologic agents, have improved cancer survival rates (partic-
ularly via improved control at extracranial sites). Although
some newer agents show improved central nervous system
(CNS) penetration, the increasingly long life expectancy
after cancer diagnosis and treatment may lead to a rise in late
development of brain metastases. Similarly, longer overall
survival after oncologic interventions magnifies the impor-
tance of minimizing long-term toxicity of therapies both for
their quality-of-life implications and for the potential eco-
nomic and societal ramifications of impaired employment
opportunities for patients and caregivers.

Prospective randomized trials have shown equivalent
survival outcomes and excellent local control with SRS
alone versus SRS plus whole-brain RT in patients with 1 to
4 brain metastases,””"'""'? and an increasing body of both
retrospective and prospective observational data indicate
similar outcomes in patients with >4 metastases.'”'°
Although treatment of >10 metastases in a single course
of therapy remains controversial, small retrospective
studies have suggested safety and efficacy of SRS, even in
patients with as many as 34 brain metastases.'”'"**

Despite the large number of patients treated annually
with SRS, there remains controversy and large variability in
practice patterns, including the prescribed radiation dose.
Radiation Therapy Oncology Group (RTOG) 90-05 was a
prospective phase 1 trial that estimated the maximum
tolerated dose for single-fraction SRS in patients who were
previously treated with partial or whole-brain RT.*’ The
researchers reported that single-fraction prescription doses
of 24, 18, and 15 Gy for tumors with maximum diameters
of <2 cm, 2 to 3 cm, and 3 to 4 cm, respectively, were
associated with acceptable rates of toxicity at 3 months
after SRS; the actuarial rate of necrosis at 2 years was 11%.
Although tumor control was not the study’s endpoint, the
estimated overall infield tumor control rate was =50%,
with higher control rates in the subset with brain metastases
than the primary brain tumor subset.

There have been no reported randomized trials
comparing local control after various SRS and fractionated
SRS (fSRS) fractionation schemes. More than 1000 rele-
vant retrospective series have been published, but the
variability in data quality and reported details limits their
potential to guide decision making. Local recurrence of
brain metastases can cause morbid neurologic deficits, and
the resultant interventions (eg, frequent radiologic evalua-
tions, surgery, and/or additional RT) increase health care
costs.

The purpose of this initiative of the American Associa-
tion of Physicists in Medicine Working Group on Biolog-
ical Effects of Hypofractioned Radiotherapy/SBRT
(WGSBRT) is to review and publish data on Hypofractio-
nated Treatment Effects in the Clinic (HyTEC), providing a
detailed, pooled analysis of published data to evaluate
dosimetric and clinical predictors of tumor control proba-
bility (TCP) and normal tissue complication probability
(NTCP) for patients treated with SRS and fSRS for tumors
throughout the body. We herein report on the TCP analysis
for brain metastases treated with SRS and fSRS, with the
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long-term goals of increasing consistency in practice pat-
terns, improving tumor outcomes, and minimizing toxicity.

2. Endpoints

The primary endpoint in this review was local control per
metastasis. The definition of local recurrence varied be-
tween studies and was not always reported but was most
commonly defined according to the response evaluation
criteria in solid tumors criteria (>20% increase in diameter
of the targeted lesion, using the pre-SRS diameter as a
reference). Pathologic verification of intracranial progres-
sion of treated metastases was included when available, but
the majority of studies did not include these data. Actuarial
statistics were used to investigate local control with
censoring of data for patients lost to follow-up or dead from
disease but without evidence of progressive brain metas-
tases. When available, overall survival was reported on a
per-patient basis from the time of SRS treatment. Care is
needed when interpreting actuarial data in this setting.
Often, the projected local control is computed by censoring
patients at the time of death, and the accuracy of actuarial
techniques requires that censoring events be independent of
the endpoint under consideration. Because the pace of
extracranial disease (which can cause the censoring event
of death) and the pace of regrowth of treated intracranial
disease (which obviously affects local recurrence) are likely
related, these estimates may not be accurate and may
overstate local control.”*

3. Challenges Defining Volumes

Although not all studies described physically contouring a
target, those that did defined the gross tumor volume (GTV)
as the region of contrast enhancement on T1-weighted post-
gadolinium magnetic resonance imaging (MRI).

Half of the studies (see Table 1) predominantly included
patients treated with a Gamma Knife (GK) (Elekta Medical
Systems, Stockholm, Sweden), where targets are delineated
directly on a high-resolution MRI. The GK systems that
were used in the studies analyzed here used a frame-based
stereotactic immobilization, and the target typically
encompassed gross disease without a planning target vol-
ume (PTV) expansion or aimed at the radiologic abnor-
mality without explicitly delineating a target. Greater local
control has been associated with less conformal stereotactic
treatment plans.”*® Four GK studies included in our
analysis used a 1- to 3-mm radial expansion margin from
GTV to PTV.

The other half of studies included patients treated on
linear accelerator (LINAC)-based systems, robotic systems,
or helical tomotherapy, in which the high-resolution T1-
weighted post-gadolinium MRI (used for target delineation)
is registered to a simulation computed tomography scan.
Given minor inaccuracies in image fusion, the possibility of
microscopic extension, and the potential for small amounts

of patient movement during treatment, half of studies used
a radial expansion from GTV to PTV, approximately 20%
of studies did not use an expansion, and the remainder did
not specify (Table I).

For all SRS systems, the potential impact of MRI
distortion, particularly at the periphery of the cranium,
should be recognized. Ultimately, the precision of SRS
treatment is multifactorial, varying with different technol-
ogies and the level of expertise of the physics and therapy
team. Therefore, appropriate PTV expansions should be
determined at an institutional level while remembering the
fine balance between ensuring full coverage of regions of
gross disease and minimizing the target volumes and the
risk of radionecrosis.

4. Review of Outcomes Data
Study selection

PubMed was used to identify eligible studies using the
following key terms: “SRS and brain metastases,” “frac-
tionated stereotactic radiosurgery and brain metastases,”
“Gamma Knife (GK) and brain metastases,” “CyberKnife
and brain metastases,” “brain metastases and local control,”
and “brain metastases and dose volume.” The literature
search was updated most recently in September 2017. All
manuscripts identified in this manner were assessed.
Similar to the review by Wiggenraad et al that was pub-
lished in 2011, only studies that reported at minimum 1-
year local control rates for each dose and fractionation
scheme were included in the analysis. The selection criteria
were that the margin prescription dose, fractionation, and
tumor size had to be clearly reported with corresponding
actuarial local control and/or overall survival at 1 and/or 2
years, with at least 10 patients in each stratified group. Case
reports and systematic reviews were eliminated, and in
situations in which a single institution published multiple
related series, only the most recent update was included.

Search results

The preliminary PubMed search identified 2951 potentially
eligible manuscripts. Initial screening revealed that the vast
majority of journal articles did not report sufficient detail to
be included in a dose-response model. In total, stratified
margin dose, fractionation, and size groups of at least 10
patients with associated actuarial 1- and/or 2-year local
control and/or overall survival outcomes were included
among 56 manuscripts, as summarized in Table 1. These
manuscripts included patients with a cumulative 13,929
brain metastases that were included in the HyTEC dose-
response models. Of the studies in which the data were
available, the most common cancer types were lung cancer,
melanoma, renal cell carcinoma, and breast cancer. Of the
28 manuscripts that reported recursive partitioning analysis
(RPA) class,”® the majority of patients were RPA class II.
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Table 1  Characteristics of patients in the sample studies

GTV-PTV
No. of margin Additional %
Series tumors™ (mm) WBRT Histology % RPA class' Machine Male
Chang 153 NR 47 4% Melanoma 29.6%, NSCLC RPA I 8.1%, RPA II LINAC NR
2003 28.1%, renal cell 23.7%, 86.7%, RPA 111 5.2%
breast 8.9%
Shehata 468 1 49% Lung 53%, breast 18%, NR GK 48.1
20047 melanoma 13%
Vogelbaum 126" NR 81% Lung 44%, breast 19%, RPA I 22%, GK 43
2006°7 melanoma 14%, renal cell ~ RPA II 73%,
11% RPA TII 5%
Ernst- 72 3 56.9% Breast 27%, melanoma 25%, NR LINAC 39
Stecken rectal 21%, lung 14%,
2006°° kidney 6%
Narayana 22 2-3 0 Lung 35%, melanoma 20%, NR LINAC 45
20077 renal 15%, breast 10%, GI
10%, ovary 5%, sarcoma
5%
Lutterbach 155 0-2 0 Lung 26.7%, breast 19.8%, RPA I 14.8%, RPA 11 LINAC 485
2008°° renal 14.9%, melanoma 64.4%, RPA 111 20.8%
11.9%, GI 11.9%, 5.9%
urogenital
Molenaar 150 2 27.9% Lung 57%, breast 19%, RPA I 28%, LINAC  46.5
2009 melanoma 13%, colorectal RPA II 69%,
6% RPA III 4%
Higuchi 46 0 0 Colon 32.6%, lung 27.9%, RPA I 0%, RPA 1I 83.7%, GK 55.8
2009 breast 25.6%, kidney 7%,  RPA III 16.3%
thyroid 2.3%, gastric 2.3%,
esophageal 2.3%
Koyfman 33 0 51% NSCLC 44%, renal 19%, NR GK 37.2
20107 breast 16%
Elliott 255 0 0 Lung 50.5%, breast 19.3%, RPA 1 15.6%, RPA 11 GK 31.2
20117 melanoma 18.4%, renal 78.9%, RPA III 5.5%
6.4%, colon 1.8%
Kelly 2011°° 22 0 96% Lung 33.3%, breast 33.3%, NR LINAC 417
melanoma 12.5%, renal
12.5%
Hatiboglu 60 0 25% Lung 33%, melanoma 24%, RPA I 13%, LINAC 51.6
201177 breast 18%, kidney 12%, RPA 1I 78%,
RPA III 9%
Wang 20127 51 2-3 49% Lung 27%, melanoma 32%, RPA I 32%, CK 51.4
breast 24%, kidney 11%, RPA 1I 68%
colon 5%
Lin 20128 48 1-2 47% Breast 33%, NSCLC 28.8%, RPA 1 8.9%, RPA II LINAC  35.6
renal 11%, melanoma 64.4%, RPA 111 26.6%
6.6%
Han 20127° 80 NR 27.5% NSCLC 38.8%, colorectal ~ RPA I 16.3%, RPA 11 45%, GK 61.3
12.5%, breast 11.3% RPA 1II 38.8%
Grandhi 653 0 88.5% Melanoma 31.2%, NSCLC  RPA I 13.1%, RPA II GK 55.7
2012 29.5%, breast 24.6%, 75.4%, RPA 1II 11.5%
SCLC 8.2%
Wiggenraad 111 2 30% Lung 47%, breast 20%, RPA I 16%, RPA 11 79%, LINAC 37
2012”7 melanoma 11%, RPA 1II 4%
Ogura 27 1 100% Lung 61.9%, breast 142% RPA 1 7%, RPA II 81%, LINAC  52.3
2012%° RPA 1II 11%
Likhacheva 440° NR 13% NSCLC 34%, melanoma RPA I 10%, RPA 1I 86%, GK 89%, 48.2
20137 29%, breast 16%, renal 8% RPA III 4% LINAC

11%

(continued on next page)
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Table 1 (continued)
GTV-PTV
No. of margin Additional %
Series tumors™ (mm) WBRT Histology % RPA class' Machine Male
Mathew 198 0 NR Melanoma 100% NR GK 51.7
2013
Minniti 101 2 0 NSCLC 22.8%, breast 18.8%, RPA 1 26%, RPA 1I 63%, LINAC  47.5
201378 colon 5.9%, melanoma RPA III 11%
27.8%, renal 17.8%
Kim 20137 64 0 NR Renal 52.2%, sarcoma RPA 11 91.3%, RPAIIl GK 78.3
21.7%, melanoma 26% 8.7%
Baschnagel 337 NR 0 NSCLC 66%, breast 13%, RPA I 8%, RPA II 83%, GK NR
20137 Melanoma 5%, GI 7%, RPA III 8%
renal 4%
Luther 95 2-3 NR NR NR GK 39.2
2013"
Brennan 50 2 NR NR NR LINAC NR
20147
Tam 20147 86/ NR NR Breast 100% NR GK NR
Feuvret 36 1 for SRS 0 Lung 53.5%, breast 17%,  RPA I 25%, RPA II 64%, LINAC 55
20147 2 for SRT melanoma 14%, renal RPA III 11%
5.5%
Murai 61 2 0 Lung 56%, GI 25%, breast RPA 1 37%, RPA II 39%, CK 68.5
2014%° 8% RPA III 24%
Kilburn 52 0 43.2% Lung 39%, breast 34%, renal RPA 1 11.3%, RPA 11 GK 432
20147 9%, melanoma 9% 84.1%, RPA 1II 2.3%
Nagai 85 2 0 Lung 85%, liver 2%, colon RPA I 13%, RPA 11 77.7%, Tomo 55.6
20147 2%, Breast 7%, cervix 2% RPA III 9.3%
Minniti 461 1-2 0 Breast 47%, NSCLC 35%, NR LINAC 324
2014”1 colon 6%
Yomo 2014% 52 NR 6.9% Lung 58.6%, breast 12%,  RPA I 5%, RPA 1II 46.6%, GK 63.7
colorectal 12%, ovary RPA 1II 48.3%
3.4%
Rades 75" NR NRNR Melanoma 100% NR LINAC 463
20147 81.5%,
CK
18.5%
Zairi 20147 115 NR 0 NSCLC 100% RPA I 30.3%, RPA 11 GK 78.7
47.2%, RPA TII 22.5%
Tamari 109 1 16.4% NSCLC 96%, SCLC 4% NR CK 69
2015
Voong 77 1 16 NR NR GK 50
2015
DeAzevedo 116 1 44% Breast 32%, lung 30%, NR LINAC 37
Santos melanoma 26%
201572
Ebner 93 1-2 NR Breast 17.2%, melanoma NR GK 41
2015% 14%, NSCLC 48.4%
Barra 46 3 7% Lung 40%, breast 33%, NR Tomo 53.3
20157 kidney 7%, ovary 7%,
melanoma 7%, cervix 3%,
colon 3%
Zimmerman 164 0 NR NSCLC 34%, SCLC 10%, RPA I7.3%, RPA II 75%, GK 52
20167 radioresistant 33%, breast ~ RPA III 17.7%
14%
Navarria 102 3 NR Breast 17%, NSCLC 56%, RPA I 18%, RPA 11 79%, LINAC  61.7
201672 melanoma 12% RPA III 3%
Specht 26 3 NR NR NR LINAC 413
2016%

(continued on next page)
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Table 1 (continued)

GTV-PTV
No. of margin Additional %
Series tumors™ (mm) WBRT Histology % RPA class' Machine Male
Ishihara 138 1 7.6% Lung 100% RPA I 24.6%, RPA 1II LINAC 73.6
20167 41.5%, RPA III 33.9%
Joshi 2016 51 40% NSCLC 54%, breast 21%, GI NR GK 41.7
11%, SCLC 8%
Ahmed i 314 1 NR Melanoma 100% NR LINAC 62.5
2016™°
Yomo 2016”7 245 NR 0 Lung 69.8%, GI 15.1%, RPA 11 52.8%, RPA Il GK 65.1
melanoma 2.8%, breast 47.2%
1.9%, kidney 1.9%, thyroid
1.9%
Lima 2017" 37 2 NR NR NR LINAC 463
Wolf 2018% 1237 NR 13.5% NSCLC 48%, melanoma NR GK 39
20%, breast 17.5%, GI
3.5%, renal 1%
Mohammadi 2410 NR 38% NSCLC 44%, breast 19%, RPA I 16%, RPA 1I 79%, GK 44
2017°° renal 14%, melanoma RPA 1II 5%
11%, SCLC 5%
Trifiletti 1596 0 24% NSCLC 25.3%, breast 11.9%, NR GK 50.7
2017°° melanoma 36.2%, renal
4.2%,GI 5.7%
Murray 27 2 65.6% Breast 27.3%, NSCLC NR GK 36.4
2017 31.8%, Gyn 13.6%,
melanoma 6.8%, renal
4.5%, colorectal 4.5%
Miller 864 NR 54% Breast 100% NR GK
2017
Miller 1751 NR 57% NSCLC 100% NR LINAC 54%
20177 and
GK
Choi 2017°* 19 0 NR NSCLC 100% NR CK 88%, 58.8
LINAC
12%
Mahajan 58 1 NR NR NR GK 58.7
20177
Koffer 24 NR NR NSCLC 41%, SCLC 18%, NR GK 27.3
2017%° colon 14%, breast 9%,

renal 9%, endometrial 5%,
esophageal 5%

Abbreviations: CK = cyberknife; GI = gastrointestinal; GK = Gamma Knife; GTV = gross target volume; LINAC = linear accelerator—based
system; N = number of brain metastases; NR = not reported; NSCLC = non-small cell lung cancer; PTV = planning target volume; RPA =
recursive partitioning analysis; SCLC = small cell lung cancer; Tomo = helical tomotherapy; WBRT = percent of patients receiving whole brain
radiation therapy either before or within 1 month of stereotactic radiosurgery.

* The number of tumors with follow-up is used to weight the data points in the model.

T In the context of clinical use, RPA is a statistical method that produces a decision tree describing associations between dichotomized parameters and
an outcome of interest (in this case, median overall survival). In this context, RPA class 1 is defined as patients with Karnofsky performance status >70,
<65 years of age, with a controlled primary and no extracranial disease; class 3 is defined as patients with KPS <70; and class 2 includes all others.”®

¥ Cleveland Clinic results for small tumors were published again more recently, so only the 85 medium and 41 large tumors from Vogelbaum (2006)°’
were used in the models, and instead of the 249 small tumors from Vogelbaum (2006),(‘7 we modeled the small tumors from Mohammadi (2017)5 ? and
Miller (2017).°%%

5 An approximate weighting of 440 small tumors was inferred from the ratio of 1-year local control for tumors larger and smaller than 2 cm?, as
compared to the overall 1-year local control; Table 2 in the paper (ref 40) confirms that half of the patients had total tumor volume much less than the
small-tumor threshold of 4.2 cm?.

I The median number of lesions among 57 patients was 2; therefore, at least half of the patients had 2 tumors, and the total number of tumors in this
study was 86. Because the actual number was not provided, we used 86 as a conservatively low weighting for the model.

T At least 46 tumors in 34 patients. We used 46 as a conservatively low weighting for the model.

# At least 75 tumors in 54 patients.
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The median GTV to PTV expansion was 1 mm (range, 0-3
mm). The median prescription dose was 20 Gy in a single
fraction (range, 13-32 Gy in 1-5 fractions). Half of the
studies used predominantly GK and the remainder used
LINAC-based systems, robotic systems, and helical tomo-
therapy. The median prescription isodose line was incon-
sistently reported, but because we analyzed dose to the PTV
margin, this did not limit our analysis. In approximately
half of the studies, a median of 44% (range, 6.9%-100%) of
patients received whole brain radiation therapy (WBRT)
either before or within 1 month of SRS.

Data extraction

Primary data extraction and subsequent quality assurance
reviews were performed by 3 investigators (J.G., C.G., and
K.R.). One-year local control, median prescription dose to
the PTV margin, and number of fractions were collected from
all eligible studies per metastatic lesion. When available, 2-
year local control was similarly documented per metastasis.
In addition, the following data were charted in aggregate for
each study when available: first author and institution,
manuscript year, treatment technology and technique, num-
ber of patients, and median, 1-year, and 2-year overall sur-
vival from the time of SRS. Patient characteristics including
sex, brain metastasis RPA class,” primary tumor histology,
number of brain metastases, and prior WBRT were recorded.
Tumor parameters including lesion diameter or volume and
GTV-PTV expansion were also noted.

5. Factors Affecting Outcomes

Data from included studies were tabulated per metastatic
lesion. Analyses were performed to examine factors
potentially contributing to local control, including brain
metastasis volume, total dose, and number of fractions
Given that outcomes were generally not stratified by his-
tology, we were unable to evaluate the impact of primary
tumor histology in the overall analyses. However, inde-
pendent analyses were performed for melanoma. Tumors
were defined by RTOG 90-05 maximum diameter size
criteria as follows: <20 mm, small; 21 to 30 mm, medium;
and 31 to 40 mm, large. In the case of studies that did not
present results stratified by RTOG 90-05 size criteria, me-
dian tumor size was extrapolated to the overall cohort.
Other data that were collected but not accounted for in the
analyses included RPA class,”® prior treatment with WBRT,
systemic therapy, sex, treatment technology, and expansion
from GTV to PTV.

6. Mathematical/Biological Models

Our searches identified only 2 groups that modeled data from
pooled studies: Wiggenraad et al’’ and Shuryak et al.”” Of
1500 articles published on radiosurgery for brain metastases
in radiation-naive patients and patients previously treated

with WBRT up to 2011, the Wiggenraad 2011 review only
included 12 data points from 11 papers in the dose-response
model. As can be seen from Table 1'***** and Tables EA1 to
EA3, our literature search confirmed the small number of
reports that provided sufficient stratification of dose,
fractionation, and size to be modeled; we only found 2
additional usable data points from that period.

All dose-response models in this HyTEC review were
logistic™” (Table EA4). To address the question of the most
appropriate value for o/f in the dose-response model, lo-
gistic models were generated from the physical dose for
each fractionation and compared across fractionations.
Ninety-nine percent of the usable published data for small
tumors were for single-fraction SRS, so it was not possible
to reliably estimate o/f from these data. Instead, data for
medium to large tumors were combined. In all figures, the
full dots surrounded by a circle represent single-fraction
data, the diamonds represent data from 2- to 5-fraction
SRS, and the diameter of the symbol is loosely propor-
tional to the number of cases in each data point. Figure |
shows only raw physical dose data. It is apparent that 18
Gy in 1 fraction (Fig. 1A) had similar reported outcomes to
24 Gy in 3 fractions (Fig. 1B), which suggests an o/} = 22
Gy in the linear quadratic model. Isoeffective comparisons
of dose response in these data result in even higher o/}
values, and maximum-likelihood parameter searches in
these data also resulted in @/ > 20 Gy. For simplicity, we
used a/B = 20 Gy throughout the rest of this analysis.

Composite models including all analyzed fractionations
for local control and overall survival are shown in Figures 2
and 3 (using the model parameters in Table EA4), respec-
tively, stratified by RTOG 90-05 criteria for small, medium,
and large size. Greater than 85% and 95% 1-year local
control for small tumors was achieved with a minimum
prescription dose of 18 Gy and 24 Gy, respectively
(Fig. 2A). The RTOG 90-05 maximum tolerated doses of
18 Gy in a single fraction for medium-sized tumors was
associated with 75% local control in patients with medium-
sized metastases (Fig. 2B), and a single fraction of 15 Gy in
large tumors yielded approximately 69% local control
(Fig. 2C). When including published data on 2 to 5 frac-
tions, 80% 1-year local control of medium and large tumors
was achieved with single-fraction equivalent doses of 19.6
Gy and 21.4 Gy, respectively, using the linear quadratic
model and an a/f} of 20 Gy. The fractionation benefit was
most evident for 2-year local control of large tumors
(Fig. 2F), which did not exceed 60% in the single-fraction
studies, although 7 of 8 fractionated data points exceeded
60% (P = .0014).

Overall survival must be interpreted with caution in the
context of brain metastases because it is often driven pre-
dominantly by extracranial factors. Indeed, only 2 of the
randomized studies reported a survival advantage associ-
ated with an intervention for brain metastases,*®®” whereas
the remainder detected differences in local control but not
overall survival.>'%*%% With that limitation in mind, it is
interesting to note that overall survival at 1 year exceeded
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Note that the dose is the reported prescribed dose to the planning target volume margin.

50% for only 17 of the 48 data points for which it was
reported (Fig. 3A-3C). However, with modern systemic
agents including targeted therapies and immunotherapy,
this is expected to improve; indeed, all except 2 of these 17
data points with higher overall survival were published in
the past 5 years (P = .026). Nine of 35 single-fraction data
points had >50% 1-year overall survival, compared with 8
of 13 fractionated data points (P = .039).

Melanoma metastases had the steepest dose
response, with single-fraction doses of 18 Gy and 24.6
Gy having estimated local control rates at 1 year of
19.5% and 95%, respectively (Fig. 4). In the 4 usable
studies that included only melanoma metastases, all
tumors were in the small category, and all were treated
in a single fraction.

The median prescribed dose among all of the single-
fraction data was 20 Gy. A simple way to compare the
expected effects of fractionation on the therapeutic ratio,
and the assumed o/P value, is shown in Table 2. If o/ =
10 Gy, then 20 Gy in 1 fraction would be an linear
quadratic equivalent to 30 Gy in 3 fractions and 35 Gy in 5
fractions. However, if o/ = 20 Gy, then these 3-fraction
and S-fraction regimens would effectively have an 8%
and 11.5% higher single-fraction equivalent dose, respec-
tively. Furthermore, given a nominal o/f = 2 Gy for
normal brain, the effective single-fraction equivalent dose
to normal brain would be 10% and 16% lower than the
tumor equivalent dose for the 3-fraction and 5-fraction
regimens, respectively. For convenience, this comparison
is made for several common brain metastases radiosurgery
schedules in Table 3, along with the modeled 2-year actu-
arial local control rates, sorted by biologically effective
CNS critical structure dose. The raw data are provided in
Tables EA1 to EA3.

7. Special Situations

The studies in the present review addressed SRS in the
setting of intact metastases and might not be applicable to
the postoperative setting. There was a paucity of studies
reporting outcomes specific to postoperative tumor beds, so
a separate TCP analysis for this subset of lesions was not
possible. Care should be taken in applying the recom-
mendations of the present study to the postoperative setting.
It is important to note that a recent randomized controlled
study suggests lower local control after SRS to the tumor
bed compared with postoperative WBRT.*® Given that
higher biologically equivalent doses are used in SRS than in
WBRT, one may speculate that current recurrence patterns
may be driven by inaccuracies in target delineation,
including margin, rather than by insufficient dose. Future
studies investigating TCP in the postoperative setting will
be important once optimal target delineation for this
intervention is more thoroughly understood.

The present analysis included studies with SRS alone
(ie, without concurrent systemic therapy). Given the
increasing number of systemic agents available for patients
with metastatic disease, it is increasingly common for pa-
tients to be referred for consideration of SRS for new/
progressive brain metastases while the patient is taking
systemic therapy that appears to be efficacious for the
extracranial disease. In this situation, one might be reluc-
tant to hold the systemic therapy during SRS. It is possible
that synergies between the SRS and the systemic therapy
might alter the therapeutic ratio of SRS and/or the dose/
volume/response relationship.

Finally, the studies included in this analysis predomi-
nantly enrolled adult patients. Therefore, it remains unclear
whether they are directly applicable to pediatric patients.
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8. Recommended Dose/Volume Objectives

RTOG 90-05 was a landmark prospective dose escalation
study that enrolled patients with recurrent primary brain
tumors and brain metastases.”” All patients had received
prior cranial radiation to median doses of 60 Gy and 30 Gy,
respectively. The maximum tolerated dose (MTD) was
estimated to be 24 Gy, 18 Gy, and 15 Gy for tumors <20
mm, 21 to 30 mm, and 31 to 40 mm, respectively. By
contrast, it is important to note that although the current
study recorded treatment with previous WBRT in a binary
fashion, the TCP analyses presented in this manuscript do
not account for the cumulative effect of prior RT exposure.

For small tumors (ie, <20 mm), the current analysis
suggests that lower prescription doses (eg, 18 Gy) are
generally associated with excellent local control. In patients

with small melanoma metastases, higher doses may be
beneficial, with 90% local control associated with a single-
fraction dose of 23.4 Gy.

For medium-sized lesions (ie, 20-30 mm), the current
analysis suggests that 18 Gy in a single fraction (ie, the
MTD from RTOG 90-05) is associated with a local control
rate of approximately 75%. Similarly, for larger lesions (ie,
>30 mm), the current analysis suggests that 15 Gy in a
single fraction (ie, the MTD from RTOG 90-05) is asso-
ciated with a local control rate of approximately 69%.

For both medium and larger lesions (ie, >20 mm),
higher rates of local control (eg, >80%-90%) may require
single doses that may be associated with increased rates of
radionecrosis, according to RTOG 90-05. Therefore, frac-
tionated treatment regimens such as 30 Gy in 3 fractions or
35 Gy in 5 fractions could be considered in these patients.
Interestingly, the current analyses suggests potentially
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prescribed dose to the planning target volume margin. These data should be interpreted with caution. The relationship be-
tween overall survival and interventions for brain metastases is controversial given that it is often driven predominantly by

extracranial factors.

higher rates of local control with fractionated treatment
regimens compared with single-fraction treatment. This is
consistent with prior data reporting superior 1-year local
control after 27 Gy in 3 fractions compared with single-
fraction doses of 18 Gy for metastases of 2 to 3 cm in size
and 15 to 16 Gy for metastases >3 cm.”’ However, these
results should be interpreted with caution; given the paucity
of pathologic confirmation of active disease in this popu-
lation, the higher local control with fractionation may
simply represent reduced pseudoprogression, as may be
seen on MRI even years after RT.”'

9. Future Studies

This in-depth TCP analysis of the 56 studies currently
available in the literature reaffirms the efficacy of SRS and
fSRS in the management of brain metastases, with modeled
1-year local control rates of 95%, 75%, and 69% for small,
medium, and large brain metastases, respectively. Although
we incorporated the best-quality and up-to-date published
data available, the majority of studies in our model are
retrospective in nature and thereby limited in accuracy for
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the reasons noted. Future high-quality prospective studies
will be essential to better understand the optimal radiation
prescription dose (eg, minimum and maximum doses,
prescription isodose line, and target coverage) that will
maximize local control while minimizing toxicity. In
addition, prospective data might allow us to compare
different methods of target delineation.

Future studies might consider the following variables
that could not be fully studied in the present analysis.

Prescription isodose line

The TCP analyses performed in this study focused on the
SRS prescription dose to the PTV margin. Few studies
reported the prescription isodose line, which may range
typically from 50% in patients treated with GK to 80% to
90% for patients treated using LINAC-based systems. This
equates to dramatically different maximum doses received
by tumors. Given the paucity of data reported in the

Table 2  Single-fraction equivalent dose as a function of a/f3,
linear quadratic model*®

Single-fraction Single-fraction Single-fraction
equivalent dose equivalent dose equivalent dose
for 20 Gy in 1 for 30 Gy in 3 for 35 Gy in 5

fraction fractions fractions
o/ = 2 Gy 20 18 16.8
o/f = 10 Gy 20 20 20
o/ = 20 Gy 20 21.6 22.3

* Time not considered.

literature summarized in this manuscript, these analyses did
not account for maximum doses or prescription isodose
line. However, future dose-response analyses using data
from individual metastatic lesions will be important to
better evaluate for the impact of dose-volume effects.

PTV margins

The PTV expansions used in the articles reviewed for this
study were variable, ranging from 0 to 3 mm. It is important
to emphasize that these variable expansions can have a
large impact on the actual dose received by the GTV, given
the steep, relatively isotropic radiation dose fall-off with
SRS. For example, 18 or 20 Gy prescribed to a target with a
2-mm expansion may be comparable to the dose received
with a prescription of 24 Gy prescribed to a target with no
margin. Future studies might evaluate the relationship of
rates of control and necrosis to PTV margins.

Histology

Our analyses did not account for tumor histology except for
the analysis of small melanoma metastases, in which a
steep dose-response was observed (Fig. 4). The literature
consistently suggests that rates of local control with SRS
are similar for tumors that are traditionally considered to
have different levels of radiosensitivity with conventional
fractionation, perhaps owing to activation of alternative
pathways of cell kill, such as apoptosis after SRS. However,
TCP analyses for individual metastases, stratified by his-
tology, are not feasible with a pooled analysis of the current
literature. The opportunity for these types of analyses will
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Table 3 Common prescription schemes, associated single-fraction equivalent doses, and modeled actuarial 2-year local control rates™
Biologically effective Modeled actuarial 2-year local control
tumor single-fraction CNS critical structure

No. of Total physical equivalent dose (Gy)' single-fraction equivalent Small Medium Large

fractions dose (Gy) a/f = 20 Gy dose (Gy)i af = 2 Gy (<20 mm) (21-30 mm) (31-40 mm)

1 24 24 24 95%

1 22 22 22 92% 84%

1 20 20 20 88% 77% 70%

1 18 18 18 80% 66% 63%

3 30 21.6 18 92% 84% 75%

5 37.5 23.6 17.9 95% 88% 80%

5 35 22.3 16.8 93% 85% 7%

3 27 19.7 16.3 87% 75% 69%

1 15 15 15 60% 47% 47%

3 24 17.8 14.5 79% 65% 63%

5 30 19.7 14.5 87% 75% 69%

1 14 14 14 41% 41%
3 21 15.8 12.8 53% 53%
5 25 16.9 12.3 59% 59%
1 12 12 12 34%
3 18 13.8 11 44%

Abbreviations: CNS = central nervous system; SFED = single-fraction equivalent dose.

* Time not considered.

T Calculated based on the linear quadratic model with o/f = 20 Gy for tumor and o/ = 2 Gy for CNS normal tissue.

require more consistent reporting of local control based on
dose and fractionation for specific tumor histologies.

Methods to score local control

Our analyses depended on the definition of local control
applied in each included study, which was defined in many
studies by MRI findings rather than pathology. Therefore, it
is possible that results were confounded by pseudoprog-
ression, in which irradiated brain metastases experience
transient increases in gadolinium enhancement and sur-
rounding T2 fluid-attenuated inversion recovery after SRS
that can mimic true progression radiographically and may
occur even years after treatment.”’ In addition, the defini-
tion of local control varied dramatically between studies;
for example, some studies defined recurrence as any in-
crease in size on imaging without confirmation from
follow-up studies, whereas other studies used more modern
criteria from Response Assessment in Neuro-Oncology”> or
mandated follow-up scans or pathologic confirmation to
rule out pseudoprogression. These factors may have led to
an artificially high reported rate of local progression, with
patients with pseudoprogression incorrectly recorded as
experiencing true progression. Conversely, the use of
actuarial techniques to compute the estimated local control
rate may overstate the control rate.”* More consistent def-
initions of progression, incorporation of advanced imaging
modalities, and more prospective studies are needed to
better understand the impact of different definitions of local
failure on the reported rates of local control.

Prior WBRT

Although we recorded treatment with previous WBRT in a
binary fashion, the TCP analysis presented here does not
account for the cumulative effect of prior RT exposure.
Interestingly, it is unclear whether WBRT would improve
control by adding additional dose or if tumors that fail WBRT
are biologically more aggressive and may benefit from
additional dose escalation. These types of analyses are not
possible given the current reporting of these data in the
literature. More consistent and detailed per-patient reporting
of prior WBRT treatment would facilitate such analyses.

As advances in cancer biology and drug development
lead to increased administration of systemic and biologic
agents with improved CNS penetration, it will be important
to continue to investigate the interplay with SRS in terms of
necessity, efficacy, and toxicity. It is imperative that radi-
ation oncologists remain intimately involved in clinical trial
developments that intertwine brain SRS and novel systemic
therapies to ensure incorporation of detailed target delin-
eation and dosimetric parameters as well as consistent and
reliable definitions of local control.

10. Reporting Standards for Outcomes

Although nearly 3000 potentially eligible manuscripts
exploring SRS and fSRS for brain metastases have been
published and indexed in PubMed, only 56 met the basic
eligibility criteria for inclusion in this study. This high-
lights the historical inconsistency in reporting of relevant
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information across the literature and the importance of
more systematic inclusion of data in the future. Specif-
ically, improved analyses of TCP would be feasible if
future publications more regularly report individual dose
and fractionation data, preferably per patient, but at a
minimum per group of patients. At a minimum, the
following should be included for each dose/fractionation
schedule:

- Prior WBRT dose and time interval between courses of
RT

- Prescription dose and outcome for specific tumor
histologies

- Method of target delineation

- PTV expansion

- Immobilization and image guidance

- Tumor size (preferably grouped by RTOG 90-05 criteria)

- Number of metastases treated in each session, as well as
details specific to each lesion

- Treatment planning software or dose calculation algo-
rithms used

- Dose delivery platform (ie, treatment machine)

- Maximum and minimum peripheral doses to target

- Percentage of isodose lines covering percentage of GTV
and PTV

- Accompanying systemic agents and their timing relative
to RT

Reporting of tumor and target volume information per
patient would be highly beneficial, preferably as an ap-
pendix with full dose-volume histogram data.

If alternative criteria for important data elements are
proposed, results should be reported in terms of both the
old and the revised standards. The most common example
we observed is that many reports stratified outcomes by
size criteria other than RTOG 90-05, but because so many
reports used different size criteria, there was no way to pool
the data.

Consistent definitions of local control are similarly
imperative. The Response Assessment in Neuro-Oncology
working group for brain metastases has been estab-
lished” in an attempt to develop consensus criteria to
differentiate pseudoprogression from progression. How-
ever, guidelines are pending. Advanced imaging studies
such as magnetic resonance spectroscopy, perfusion- and
diffusion-weighted imaging, amide proton transfer imag-
ing, and positron emission tomography—MRI may facil-
itate  improved  noninvasive  differentiation  of
pseudoprogression from progression. Similarly, cerebro-
spinal fluid or serum biomarkers are under development
and may play a critical role in future evaluations of
tumor control. Nonetheless, at present, pathologic
confirmation of active disease remains the gold standard
(or, when surgical intervention is not appropriate, serial
MRI imaging may be used), with the date of progression
backdated to the time of the first radiographic change. In
this context, reporting of consistent and reliable follow-
up intervals is essential.
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