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Abstract 

Background Stereotactic radiosurgery (SRS) is a frequently chosen treatment for patients with brain metastases and 
the number of long‑term survivors is increasing. Brain necrosis (e.g. radionecrosis) is the most important long‑term 
side effect of the treatment. Retrospective studies show a lower risk of radionecrosis and local tumor recurrence 
after fractionated stereotactic radiosurgery (fSRS, e.g. five fractions) compared with stereotactic radiosurgery in one 
or three fractions. This is especially true for patients with large brain metastases. As such, the 2022 ASTRO guideline 
of radiotherapy for brain metastases recommends more research to fSRS to reduce the risk of radionecrosis. This 
multicenter prospective randomized study aims to determine whether the incidence of adverse local events (either 
local failure or radionecrosis) can be reduced using fSRS versus SRS in one or three fractions in patients with brain 
metastases.

Methods Patients are eligible with one or more brain metastases from a solid primary tumor, age of 18 years or older, 
and a Karnofsky Performance Status ≥ 70. Exclusion criteria include patients with small cell lung cancer, germinoma or 
lymphoma, leptomeningeal metastases, a contraindication for MRI, prior inclusion in this study, prior surgery for brain 
metastases, prior radiotherapy for the same brain metastases (in‑field re‑irradiation). Participants will be randomized 
between SRS with a dose of 15–24 Gy in 1 or 3 fractions (standard arm) or fSRS 35 Gy in five fractions (experimental 
arm). The primary endpoint is the incidence of a local adverse event (local tumor failure or radionecrosis identified on 
MRI scans) at two years after treatment. Secondary endpoints are salvage treatment and the use of corticosteroids, 
bevacizumab, or antiepileptic drugs, survival, distant brain recurrences, toxicity, and quality of life.

Discussion Currently, limiting the risk of adverse events such as radionecrosis is a major challenge in the treatment 
of brain metastases. fSRS potentially reduces this risk of radionecrosis and local tumor failure.

Trial registration ClincalTrials.gov, trial registration number: NCT05 346367, trial registration date: 26 April 2022.
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Background
In addition to surgery, targeted agents and/or immuno-
therapy can effectively treat brain metastases from sev-
eral subtypes of cancer [1]. At the same time, stereotactic 
radiosurgery (SRS) is now widely available for the treat-
ment of multiple brain metastases [2]. The advantage 
of SRS over whole brain radiotherapy is improved local 
tumor control and decreased toxicity [3]. In the current 
era of personalized medicine, the main question is how to 
integrate SRS into the multimodality treatment for brain 
metastases with systemic therapies and surgery. This is 
complex and is decided in the multidisciplinary board 
[4]. In the Netherlands, SRS is indicated for brain metas-
tases smaller than 3  cm, for inoperable metastases, and 
when there is no need to acquire a pathologic diagnosis.

The number of long-term survivors with brain metas-
tases has increased due to the introduction of more 
effective systemic therapies including immunotherapy 
and targeted agents [5]. The latest Graded Prognostic 
Assessment (GPA) model predicts a median survival of 
just under 4 years in the most favorable prognostic group 
after initial brain metastases treatment [5]. As a result, 
avoidance of long-term side effects is more important. 
Brain necrosis or radionecrosis is one of the most rele-
vant side effects after SRS, affecting between 17 and 50% 
of patients, especially in the setting of immunotherapy 
[6–10]. Radionecrosis is a reaction of healthy brain tissue 
to radiotherapy characterized by necrosis and fibrinous 
exudate near the edge of an irradiated brain metastasis 
[11]. Radionecrosis may cause focal neurological deficits, 
neurocognitive dysfunction, and seizures, and frequently 
requires corticosteroids, bevacizumab, or sometimes 
even surgery. Furthermore, it can create anxiety in the 
follow-up process as it can be difficult to distinguish 
between radionecrosis and tumor progression. Dosimet-
ric constraints are in place in order to prevent radione-
crosis, but overly strict adherence to these constraints 
can negatively impact local tumor control rates [12].

Fractionated radiosurgery (fSRS) has been used to 
reduce the risk of side effects compared to single fraction 
SRS. With fSRS, the ablative dose is delivered in multiple 
fractions over several days, instead of delivering the abla-
tive dose within half an hour [13]. Several retrospective 
studies have shown improved local control and less radi-
onecrosis when using fSRS compared with single frac-
tion SRS, especially in larger metastases [8, 14–19]. The 
improved local control is presumably due to a radiobio-
logical advantage and a higher biologically effective dose 

(BED) delivered with fSRS. The 2022 ASTRO clinical 
practice guideline “Radiation Therapy for Brain Metas-
tases” recommends more research to fSRS in order to 
reduce the risk of radionecrosis [20].

Randomized trials comparing fSRS with single frac-
tion SRS are lacking. To achieve local tumor control rates 
of ≥ 90% at one year, a cumulative BED of at least 50 Gy 
should be delivered. This is achieved with 35  Gy in five 
fractions (BED is greater than 50 Gy). Another potential 
benefit of fSRS over single fraction SRS is better induc-
tion of the abscopal effect. This is a systemic anticancer 
response due to radiation-induced DNA damage. It is 
hypothesized that this effect is caused by the activation 
of a cytosolic DNA sensing pathway mediated by cyclic 
GMP-AMP synthase (cGAS) and stimulator of interferon 
genes (STING). This pathway leads to adaptive immune 
responses which induce cell death even outside of the 
targeted sites [21, 22].

To our knowledge, no prospective studies have been 
performed to compare fSRS with single fraction SRS in 
the treatment of brain metastases. In this randomized 
study, we aim to compare the incidence of adverse local 
events in patients with brain metastases treated with 1 or 
3 fractions versus fSRS (5 fractions).

Methods/design
This is a multicenter phase II prospective randomized 
trial with two study arms. The standard treatment is SRS 
in one or three fractions. The experimental arm is fSRS in 
five fractions.

The primary objective of this study is to compare the 
incidence of any local event (ALE), which is defined as 
either local tumor failure or radionecrosis, in the experi-
mental arm to the incidence the standard treatment arm. 
We hypothesize that the experimental arm will have a 
lower incidence of ALE. The primary endpoint is the 
incidence of either local tumor failure or radionecrosis 
according to the Response Assessment in Neuro-Oncol-
ogy Brain Metastases (RANO-BM) within two years after 
radiotherapy [23]. Radionecrosis is defined as progres-
sion according to nadir in combination with a functional 
MRI, i.e. low perfusion/low cerebral blood flow in the 
treated brain metastasis. The nadir is the smallest size of 
the brain metastases after SRS. Another option to define 
radionecrosis is pathological verification of the absence 
of vital tumor cells after resection.

The secondary objectives are to determine if fSRS pro-
vides less toxicity (CTCAE version 5.0), better overall 
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survival, and better quality of life compared with the 
standard of care. The secondary endpoints are meas-
ured at predetermined time points until two years after 
treatment. Secondary endpoints include the use of cor-
ticosteroids, bevacizumab, antiepileptic drugs, or sal-
vage treatment and also the incidence of distant brain 
recurrences. Quality of life is measured with the EORTC 
QLQ-BN20, EORTC QLQ-C30, EQ-5D 5L.

The study will include patients with a solid primary 
tumor and one or more brain metastases referred for 
SRS. A high resolution contrast-enhanced MRI scan 
is required prior to SRS. The study will take place in a 
clinical setting in Dutch hospitals. Inclusion criteria are 
age ≥ 18  years, Karnofsky Performance Status ≥ 70, and 
the ability to provide written informed consent. Exclu-
sion criteria include patients with a small cell lung cancer, 
germinoma or lymphoma, leptomeningeal metastases, 
a brain metastasis with a PTV of ≥ 20  cm3 when metas-
tasis is located in the brainstem, a contraindication for 
MRI, prior inclusion in this study, prior surgery for brain 
metastases, and prior radiotherapy for the same brain 
metastases (salvage SRS of new distant brain metastases 
after prior SRS on other brain metastases is allowed; in-
field re-irradiation on current target brain metastases is 
not allowed). Patients are randomized into either stand-
ard or experimental arm in a 1:1 ratio.

The definitive number of brain metastases and the 
definitive maximum lesion diameter in any direc-
tion of the largest brain metastasis is determined on 

a gadolinium contrast-enhanced T1-sequences MRI 
with maximum slice thickness of 1.5 mm (field strength 
1.5–3.0 Tesla with a 3D-distortion correction protocol). 
Systemic treatments are interrupted if necessary, accord-
ing to the Dutch guidelines for brain metastases to avoid 
additional toxicity. Participants randomized into the 
standard treatment arm will receive a dose of 15–24 Gy 
in one fraction or 24 Gy in three fractions, depending on 
the brain metastases volume. Participants randomized 
into the experimental cohort will receive 35  Gy in five 
fractions, or 30 Gy in 5 fractions if the brain metastasis 
is located in the brainstem. Detailed dose prescription 
information is shown in Table 1.

The gross tumor volume (GTV) is defined by con-
touring the contrast-enhancing border of the brain 
metastases on a gadolinium-enhanced T1-weighted 
MRI scan. Organs at risk (optic nerves and chiasm, 
brainstem, etc.) are contoured according to European 
Particle Therapy Network consensus [24]. The dose 
constraints for organs at risk are shown in Table  2. 
The planning target volume (PTV) is defined by a 
0–2 mm isotropic expansion of the GTV, depending on 
local standards. If a brain metastasis is located inside 
or adjacent to the brainstem, the PTV margin will be 
0  mm. 99% of the PTV needs to be covered with the 
prescribed dose. No minimum or maximum dose is 
defined, but generally speaking Dmax is approximately 
140% of the prescribed dose for LINAC based SRS and 
approximately 200% for Gamma Knife SRS. Tumor 

Table 1 Dose prescription for brain metastases

PTV of brain metastases 
(cm3)

Dose 1 fraction (Gy) Dose when metastasis in 
brainstem
(Gy)

Dose 5 fractions (Gy) Dose when 
metastasis in 
brainstem (Gy)

 < 1 24 16 35 30

1–10 21 16 35 30

10–20 18 16 35 30

20–65 15 or 3 × 8 No SRS 35 No SRS

Table 2 Organs at risk dose constraints

Dmax Maximum dose, Dmean Mean dose

1 fraction (Gy) 3 fractions (Gy) 5 fractions (Gy)

Optimal Mandatory Optimal Mandatory Optimal Mandatory

Brainstem Dmax 10 18 24 27 23 30

Cochlea Dmean 4 9 17 20 22 25

Chiasm Dmax 8 10 15 23 20 25

Lens Dmax 1 3 2 4 3 5

Optic nerves Dmax 8 10 15 23 22 25

Pituary gland Dmean 8 10 15 23 22 25
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volume and treatment plan characteristics are reported 
(maximum dose, prescribed dose) in Table  3. Partici-
pants will be fixed in supine position with a thermo-
plastic mask or stereotactic non-invasive frame, with 
or without a bite block or other fixation. The accuracy 
of the stereotactic fixation system should be sufficient 
so that intrafraction motion does not exceed the CTV-
PTV margin. If a margin of 0  mm is used, the maxi-
mum intrafraction motion should be less than 0.5 mm, 
with a SD of less than 0.25  mm. A planning CT scan 
with ≤ 2  mm contiguous slices (preferable CT slice 
thickness = 1 mm) will be fused to a contrast-enhanced 
MRI scan. The interval between the planning MRI and 
actual SRS treatment is preferably 1  week, but cannot 

exceed 3  weeks. An example of a treatment plan is 
shown in Fig.  1. Tumor response evaluation as well as 
presence of new brain recurrences are monitored every 
three months after SRS using a contrast-enhanced (sin-
gle—triple dose Gd is allowed) T1- sequences, field 
strength 1.5–3.0 Tesla, with a 3D-distortion correction 
protocol including perfusion MRI.

In the Netherlands, all treatment centers have state of 
the art hardware to deliver SRS. Therefore, LINAC based 
SRS, CyberKnife SRS, and GammaKnife based SRS are 
allowed in this study. Comparison (benchmarking) of 
treatment plan quality of SRS will be done within this 
study to further optimize the SRS technique of the par-
ticipating centers.

Table 3 Acceptable and unacceptable variation in dose

PTV Planning target volume, Dmax Maximum dose, OAR Organ at risk

Per protocol dose Acceptable variation Unacceptable variation

PTV to be covered 99% 98% < V100% < 99% V100% < 98%

Dmax OAR if volume
of OAR < 2 cm3

0.035 cm3 D0.035cm3 ≤ Dmax D0.035cm3 > Dmax

Dmax OAR if volume
of OAR ≥ 2 cm3

2% D2% ≤ Dmax D2% > Dmax

Fig. 1 Example of treatment plan for multiple brain metastases
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The voluntary questionnaires regarding quality of life 
are sent to participants prior to radiotherapy (baseline 
measurement), and then at 3, 6, 12, 18, and 24  months 
after treatment. Toxicity according to CTCAE v5.0 
(including fatigue, cognitive disturbance, alopecia), the 
use of corticosteroids, bevacizumab, and antiepileptic 
drugs are evaluated every 3 months up to two years.

Differences in the composite endpoint (either radione-
crosis or local tumor failure) at two years after radiother-
apy are calculated as a percentage within each study arm. 
The binomial test will be used to compare the percentage 
between the two cohorts. Summary tables for continuous 
variables will include mean and standard deviation. Sum-
mary tables for categorical variables will include number 
(N) and proportion. If the data is normally distributed, 
the means will be compared using independent samples 
Student’s T-Tests. In case of violation of the normality 
assumptions, non-parametric tests will be used. Pro-
portions will be compared by using Chi-square testing. 
Unless otherwise indicated, tests will be 2-sided. Second-
ary study parameters will be presented per cohort. Due 
to the presence of repeated measurements, mixed model-
ling will be used to investigate the effect of fSRS on qual-
ity of life and epilepsy. Overall survival (from first day 
of radiotherapy treatment until death) will be estimated 
by using Kaplan–Meier methodology. To assess whether 
there is difference between survival in the cohorts, the 
Log-rank test will be used. To investigate the effect of 
prognostic factors on survival, a Cox regression model 
will be used. To estimate the cumulative incidence of 
adverse local events (ALE), a competing risk model with 
death as a competing risk will be estimated [25]. Fine 
and Gray’s test will be employed to assess the difference 
between cumulative incidence in the two cohorts [26]. 
Cause specific hazard Cox model will be employed to 
investigate the effect of prognostic factors on the cumu-
lative incidence of ALE. To account for non-compliance 
and protocol deviation, the analysis will be performed 
based on the intention to treat concept. All analyses con-
cerning the competing risk model will be performed in R 
environment by using the library mstate and cprisk [27].

The number of participants required for the study was 
determined by a power calculation with PASS® software 
(NCSS Statistical Software). The power calculation was 
performed for a comparison of means with two-sided 
alpha 0.05 and power of 0.80. This leads to a sample size 
per group of 59 participants. To account for drop out, the 
sample size was increased by 10%, so the total number of 
participants required is 130.

Data will be anonymized and will be entered into 
an electronic data capture system. Randomization 
is performed by a validated variable block randomi-
zation model within the data capture system. This 

randomization algorithm is constructed to divide rand-
omized inclusions across groups in variable block sizes 
to ensure true randomness during the allocation. There 
will be stratification by center. Before randomization, any 
participant will be replaced if they are withdrawn for any 
reason. These patients are not included in the statistical 
analysis. After the randomization, patients withdraw-
ing for any reason will not be substituted by additional 
patients and these patients are analyzed by intention to 
treat.

Discussion
Retrospective studies have shown a potential benefit in 
the incidence of local tumor failure and radionecrosis of 
fSRS in the treatment of patients with brain metastases. 
However, prospective randomized studies are necessary 
to confirm these results. The primary endpoint of this 
trial is progression after (f )SRS according to RANO on 
a T1gd contrast MR. Progression can be either tumor 
recurrence or radionecrosis, or a mixture of both options, 
which is often hard to differentiate in clinical practice. 
Therefore, this composite primary endpoint is used.

Abbreviations
ALE  Adverse local events
ASTRO  American Society for Radiation Oncology
BED  Biologically effective dose
cGAS  cyclic GMP‑AMP synthase
CT  Computed tomography
CTCAE   Common Terminology Criteria for Adverse Events
CTV  Clinical target volume
fSRS  Hypofractionated stereotactic radiosurgery
Gd  Gadolinium
GPA  Graded Prognostic Assessment
GTV  Gross tumor volume
MRI  Magnetic resonance imaging
PTV  Planning target volume
RANO‑BM  Response Assessment in Neuro‑Oncology Brain Metastases
SD  Standard deviation
SRS  Stereotactic radiosurgery
STING  Stimulator of interferon genes
WBRT  Whole brain radiotherapy

Acknowledgements
Not applicable

Authors’ contributions
The study was designed by JC, JZ, AP, MM and RW. JC wrote the study proto‑
col in close cooperation with JZ, AP, MM, UF and RW. MF performed the power 
calculation and gave advice for the statistical analyses in cooperation with 
MM. MB, JF, CG, MeKe, MaKi, RN, MS, PT, RV, MV, NV and LW all gave advice to 
improve the protocol. The manuscript was written by JC with input from JZ, 
AP, MM, RW, UF, MB, MF, JF, CG, MeKe, MaKi, CR, RN, MS, PT, RV, MV, NV and LW. 
All authors read and approved the final manuscript.

Funding
Grant from the Jacobusstichting, The Hague, The Netherlands (non‑profit/no 
industry). The funder is not involved with the design of the protocol, analysis 
of the data, nor with the conclusions.



Page 6 of 7Crouzen et al. BMC Cancer          (2023) 23:273 

Availability of data and materials
Not applicable, as data collection and analysis has not yet taken place. 
Anonymized data will be stored in an approved and secure cloud‑based clini‑
cal data management platform. All principal investigators will be given access 
to the cleaned data sets of their own treatment site and will be given access 
to data sets of other sites by request. Results will be published unreservedly 
regardless of their nature.

Declarations

Ethics approval and consent to participate
This study was approved by the ethics committee of the Leiden University 
Medical Center, also known as the METC Leiden Den Haag Delft. The protocol 
reference number is NL77876.058.21. The responsible investigator will ensure 
that this study is conducted in agreement with the Declaration of Helsinki 
(Brazil, October 2013) and in accordance with the Medical Research Involving 
Human Subjects Act (WMO). The protocol has been written, and the study 
will be conducted according to the ICH Harmonized Tripartite Guideline for 
Good Clinical Practice. Any proposed protocol modifications will be submitted 
to the ethics committee for approval. All patients will be informed about the 
aims of the study, the possible adverse events, the procedures and possible 
hazards to which they will be exposed. They will be informed about the strict 
confidentiality of their data, and that their medical records may be reviewed 
for trial purposes by authorized individuals other than their treating physi‑
cian. Information will be given in both spoken and written form as given 
in the Patient Information text. It will be emphasized that the participation 
is completely voluntary, and the patient does not need to give any further 
explanation for not participating. The patient is allowed to refuse further 
participation in the protocol whenever he wants. This will not prejudice the 
patient’s subsequent care. Documented informed consent must be obtained 
for all patients included in the study before they are registered in the study.

Content for publication
Not applicable. This manuscript contains no individual person’s data. If in 
future publications an individual’s data is used, consent for publication will be 
obtained from that person.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Haaglanden Medical Center, The Hague, The Netherlands. 2 Mathematical 
Institute of Leiden University, Leiden, The Netherlands. 3 Haga Hospital, The 
Hague, The Netherlands. 4 Zuidwest Radiotherapeutisch Instituut, Roosendaal, 
Vlissingen, The Netherlands. 5 Erasmus MC, Rotterdam, The Netherlands. 
6 Instituut Verbeeten, Tilburg, The Netherlands. 7 Catharina Hospital, Eindhoven, 
The Netherlands. 8 Radiotherapy Institute Friesland, Leeuwarden, The Nether‑
lands. 9 Leiden University Medical Center, Leiden, The Netherlands. 10 Holland 
Proton Therapy Center, Delft, The Netherlands. 

Received: 7 September 2022   Accepted: 20 March 2023

References
 1. Lazaro T, Brastianos PK. Immunotherapy and targeted therapy in brain 

metastases: emerging options in precision medicine. CNS Oncol. 
2017;6(2):139–51. https:// doi. org/ 10. 2217/ cns‑ 2016‑ 0038.

 2. Hartgerink D, Swinnen A, Roberge D, Nichol A, Zygmanski P, Yin FF, et al. 
LINAC based stereotactic radiosurgery for multiple brain metastases: 
guidance for clinical implementation. Acta Oncol. 2019;58(9):1275–82. 
https:// doi. org/ 10. 1080/ 02841 86X. 2019. 16330 16.

 3. Niranjan A, Monaco E, Flickinger J, Dade LL. Guidelines for multiple brain 
metastases radiosurgery. Prog Neurol Surg. 2019. https:// doi. org/ 10. 1159/ 
00049 3055.

 4. Hartgerink D, van der Heijden B, De Ruysscher D, Postma A, Ackermans L, 
Hoeben A, et al. Stereotactic radiosurgery in the management of patients 
with brain metastases of non‑small cell lung cancer: Indications, decision 

tools and future directions. Front Oncol. 2018;8:154. https:// doi. org/ 10. 
3389/ fonc. 2018. 00154.

 5. Sperduto PW, Mesko S, Li J, Cagney D, Aizer A, Lin NU, et al. Survival 
in Patients with Brain Metastases: Summary Report on the Updated 
Diagnosis‑Specific Graded Prognostic Assessment and Definition of the 
Eligibility Quotient. J Clin Oncol. 2020;38(32):3773–84. https:// doi. org/ 10. 
1200/ JCO. 20. 01255.

 6. Minniti G, Clarke E, Lanzetta G, Osti MF, Trasimeni G, Bozzao A, et al. Ste‑
reotactic radiosurgery for brain metastases: Analysis of outcome and risk 
of brain radionecrosis. Radiat Oncol. 2011;6(1):48. https:// doi. org/ 10. 1186/ 
1748‑ 717X‑6‑ 48.

 7. Le Rhun E, Dhermain F, Vogin G, Reyns N, Metellus P. Radionecrosis after 
stereotactic radiotherapy for brain metastases. Expert Rev Neurother. 
2016. https:// doi. org/ 10. 1080/ 14737 175. 2016. 11845 72.

 8. Chon H, Yoon KJ, Lee D, Kwon DH, Cho YH. Single‑fraction versus hypof‑
ractionated stereotactic radiosurgery for medium‑sized brain metastases 
of 2.5 to 3 cm. J Neurooncol. 2019 Oct 1;145(1):49–56. https:// doi. org/ 10. 
1007/ s11060‑ 019‑ 03265‑1

 9. Martin AM, Cagney DN, Catalano PJ, Alexander BM, Redig AJ, Schoenfeld 
JD, et al. Immunotherapy and symptomatic radiation necrosis in patients 
with brain metastases treated with stereotactic radiation. JAMA Oncol. 
2018;4(8):1123–4. https:// doi. org/ 10. 1001/ jamao ncol. 2017. 3993.

 10. Donovan EK, Parpia S, Greenspoon JN. Incidence of radionecrosis in 
single‑fraction radiosurgery compared with fractionated radiotherapy 
in the treatment of brain metastasis. Curr Oncol. 2019;26(3):e328–33. 
https:// doi. org/ 10. 3747/ co. 26. 4749.

 11. Lupattelli M, Alì E, Ingrosso G, Saldi S, Fulcheri C, Borghesi S, et al. Stereo‑
tactic radiotherapy for brain metastases: Imaging tools and dosimetric 
predictive factors for radionecrosis. J Pers Med. 2020;10(3):1–13. https:// 
doi. org/ 10. 3390/ jpm10 030059.

 12. Milano MT, Soltys SG, Marks LB, Heron DE, Yorke E, Grimm J, et al. The art 
of radiation therapy: The necessary risk of radiation necrosis for durable 
control of brain metastases. Int J Radiat Oncol Biol Phys *Biology*Physics. 
2023;115(2):294–6. https:// doi. org/ 10. 1016/j. ijrobp. 2022. 07. 036.

 13. Zindler JD, Schiffelers J, Lambin P, Hoffmann AL. Improved effectiveness 
of stereotactic radiosurgery in large brain metastases by individual‑
ized isotoxic dose prescription: an in silico study. Strahlenther Onkol. 
2018;194(6):560–9. https:// doi. org/ 10. 1007/ s00066‑ 018‑ 1262‑x.

 14. Minniti G, Scaringi C, Paolini S, Lanzetta G, Romano A, Cicone F, et al. 
Single‑fraction versus multifraction (3 × 9 gy) stereotactic radiosurgery 
for large (>2 cm) brain metastases: A comparative analysis of local control 
and risk of radiation‑induced brain necrosis. Int J Radiat Oncol Biol Phys. 
2016;95(4):1142–8. https:// doi. org/ 10. 1016/j. ijrobp. 2016. 03. 013.

 15. Kim JW, Park HR, Lee JM, Kim JW, Chung HT, Kim DG, et al. Fractionated 
stereotactic gamma knife radiosurgery for large brain metastases: A 
retrospective, single center study. PLoS ONE. 2016;11(9):1–12. https:// doi. 
org/ 10. 1371/ journ al. pone. 01633 04.

 16. Wegner RE, Leeman JE, Kabolizadeh P, Rwigema JC, Mintz AH, Burton SA, 
et al. Fractionated stereotactic radiosurgery for large brain metastases. 
Am J Clin Oncol Cancer Clin Trials. 2015;38(2):135–9. https:// doi. org/ 10. 
1097/ COC. 0b013 e3182 8aadac.

 17. Samanci Y, Karakose F, Senyurek S, Peker S. Single ‑ fraction versus 
hypofractionated gamma knife radiosurgery for small metastatic brain 
tumors. Clin Exp Metastasis. 2021;38(3):305–20. https:// doi. org/ 10. 1007/ 
s10585‑ 021‑ 10086‑y.

 18. Milano MT, Grimm J, Niemierko A, Soltys SG, Moiseenko V, Redmond KJ, 
et al. Single‑ and multifraction stereotactic radiosurgery dose/volume 
tolerances of the brain. Int J Radiat Oncol Biol Phys*Biology*Physics. 
2021;110(1):68–86. https:// doi. org/ 10. 1016/j. ijrobp. 2020. 08. 013.

 19. Redmond KJ, Gui C, Benedict S, Milano MT, Grimm J, Vargo JA, et al. 
Tumor control probability of radiosurgery and fractionated ste‑
reotactic radiosurgery for brain metastases. Int J Radiat Oncol Biol 
Phys*Biology*Physics. 2021;110(1):53–67. https:// doi. org/ 10. 1016/j. ijrobp. 
2020. 10. 034.

 20. Gondi V, Bauman G, Bradfield L, Burri SH, Cabrera AR, Cunningham DA, 
et al. Radiation Therapy for Brain Metastases: An ASTRO Clinical Practice 
Guideline. Pract Radiat Oncol. 2022;S1879–8500(22):00054–6. https:// doi. 
org/ 10. 1016/j. prro. 2022. 02. 003.

 21. Storozynsky Q, Hitt MM. The impact of radiation‑induced DNA damage 
on CGAS‑sting‑mediated immune responses to cancer. Int J Mol Sci. 
2020;21(22):8877. https:// doi. org/ 10. 3390/ ijms2 12288 77.

https://doi.org/10.2217/cns-2016-0038
https://doi.org/10.1080/0284186X.2019.1633016
https://doi.org/10.1159/000493055
https://doi.org/10.1159/000493055
https://doi.org/10.3389/fonc.2018.00154
https://doi.org/10.3389/fonc.2018.00154
https://doi.org/10.1200/JCO.20.01255
https://doi.org/10.1200/JCO.20.01255
https://doi.org/10.1186/1748-717X-6-48
https://doi.org/10.1186/1748-717X-6-48
https://doi.org/10.1080/14737175.2016.1184572
https://doi.org/10.1007/s11060-019-03265-1
https://doi.org/10.1007/s11060-019-03265-1
https://doi.org/10.1001/jamaoncol.2017.3993
https://doi.org/10.3747/co.26.4749
https://doi.org/10.3390/jpm10030059
https://doi.org/10.3390/jpm10030059
https://doi.org/10.1016/j.ijrobp.2022.07.036
https://doi.org/10.1007/s00066-018-1262-x
https://doi.org/10.1016/j.ijrobp.2016.03.013
https://doi.org/10.1371/journal.pone.0163304
https://doi.org/10.1371/journal.pone.0163304
https://doi.org/10.1097/COC.0b013e31828aadac
https://doi.org/10.1097/COC.0b013e31828aadac
https://doi.org/10.1007/s10585-021-10086-y
https://doi.org/10.1007/s10585-021-10086-y
https://doi.org/10.1016/j.ijrobp.2020.08.013
https://doi.org/10.1016/j.ijrobp.2020.10.034.
https://doi.org/10.1016/j.ijrobp.2020.10.034.
https://doi.org/10.1016/j.prro.2022.02.003
https://doi.org/10.1016/j.prro.2022.02.003
https://doi.org/10.3390/ijms21228877


Page 7 of 7Crouzen et al. BMC Cancer          (2023) 23:273  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 22. Craig DJ, Nanavaty NS, Devanaboyina M, Stanbery L, Hamouda D, 
Edelman G, et al. The abscopal effect of radiation therapy. Future Oncol. 
2021;17(13):1683–94. https:// doi. org/ 10. 2217/ fon‑ 2020‑ 0994.

 23. Lin NU, Lee EQ, Aoyama H, Barani IJ, Barboriak DP, Baumert BG, et al. 
Response assessment criteria for brain metastases: Proposal from the 
RANO group. Lancet Oncol. 2015;16(6):e270–8. https:// doi. org/ 10. 1016/ 
S1470‑ 2045(15) 70057‑4.

 24. Eekers DB, in ‘t Ven L, Roelofs E, Postma A, Alapetite C, Burnet NG, et al. 
The EPTN consensus‑based atlas for CT‑ and MR‑based contouring in 
neuro‑oncology. Radiother Oncol. 2018;128(1):37–43. https:// doi. org/ 10. 
1016/j. radonc. 2017. 12. 013

 25. Putter H, Fiocco M, Geskus RB. Tutorial in biostatistics: competing risks 
and multistate models. Stat Med. 2007;26(11):2389–430. https:// doi. org/ 
10. 1002/ sim. 2712.

 26. Fine JP, Gray RJ. A Proportional Hazards Model for the Subdistribution of a 
Competing Risk. J Am Stat Assoc. 1999;94(446):496–509. https:// doi. org/ 
10. 2307/ 26701 70.

 27. de Wreede LC, Fiocco M, Putter H. mstate: An R Package for the Analysis 
of Competing Risks and Multi‑State Models. J. Stat. Soft. 2011 Jan. 
4;38(7):1–30. https:// doi. org/ 10. 18637/ jss. v038. i07

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.2217/fon-2020-0994
https://doi.org/10.1016/S1470-2045(15)70057-4
https://doi.org/10.1016/S1470-2045(15)70057-4
https://doi.org/10.1016/j.radonc.2017.12.013
https://doi.org/10.1016/j.radonc.2017.12.013
https://doi.org/10.1002/sim.2712
https://doi.org/10.1002/sim.2712
https://doi.org/10.2307/2670170
https://doi.org/10.2307/2670170
https://doi.org/10.18637/jss.v038.i07

	SAFESTEREO: phase II randomized trial to compare stereotactic radiosurgery with fractionated stereotactic radiosurgery for brain metastases
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Background
	Methodsdesign
	Discussion
	Acknowledgements
	References


