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Abstract
Purpose  Stereotactic Radiosurgery (SRS) is the primary treatment for patients with limited numbers of small brain metasta-
ses. Head fixation is usually performed with framed-based (FB) fixation; however, mask-based (MB) fixation has emerged 
as a less invasive alternative. A comparative meta-analysis between both approaches has not been performed.
Methods  Databases were searched until August 28th, 2023, to identify studies comparing MB and FB SRS in the treatment 
of brain metastases. Our outcomes of interest included local tumor control (LTC), radiation necrosis (RN), mortality, and 
treatment time (TT). Mean difference (MD), risk ratio (RR), and hazard ratio (HR) were used for statistical comparisons.
Results  From 295 articles initially identified, six studies (1 clinical trial) involving 509 patients were included. LTC 
revealed comparable RR at 6-months (RR = 0.95[95%CI = 0.89–1.01], p = 0.12) and a marginal benefit in FB SRS at 1-year 
(RR = 0.87[95%CI = 0.78–0.96], p = 0.005). However, in oligometastases exclusively treated with single-fraction SRS, LTC 
was similar among groups (RR = 0.92 [95%CI = 0.89–1.0], p = 0.30). Similarly, in patients with oligometastases treated with 
single-fraction SRS, RN (HR = 1.69; 95%CI = 0.72–3.97, p = 0.22), TT (MD = -29.64; 95%CI = -80.38–21.10, p = 0.25), and 
mortality were similar among groups (RR = 0.62; 95%CI = 0.22–1.76, p = 0.37).
Conclusion  Our findings suggest that FB and MB SRS, particularly oligometastases treated with single-fraction, are com-
parable in terms of LTC, RN, TT, and mortality. Further research is essential to draw definitive conclusions.

Keywords  Stereotactic radiosurgery · Frame-based · Mask-based · Metastatic brain tumors · Local tumor control · 
Treatment efficacy · Radiotherapy techniques
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Introduction

It is estimated that 20% of patients with cancer will develop 
metastatic brain disease (MBD), the most common intrac-
ranial tumor in adults [1]. Treatment options for MBD 
include surgical resection [2], whole brain radiation therapy 
(WBRT) [3], and stereotactic radiosurgery (SRS) [4]. SRS 
is typically used to treat small metastatic tumors, especially 
when there are a limited number of lesions or the lesions 
are surgically-inaccessible [5]. Traditionally, head fixation 
for Gamma Knife SRS (GK-SRS) has relied on frame-based 
fixation (FB) techniques to ensure the accuracy of treatment 
delivery during the intervention. However, mask-based fix-
ation (MB) has emerged as a less invasive alternative for 
patient care [6, 7].

Frequent concerns of FB SRS may be solved by MB SRS, 
which include anxiety, anticoagulation medication, intoler-
ance to anesthetic agents, or multiple neurosurgical proce-
dures [8]. MB SRS may achieve positioning accuracy by 
integrating cone-beam CT imaging, automatic image align-
ment, real-time adaptation, and motion tracking techniques 
[9]. However, while several double-arm studies have com-
pared these two fixation approaches, the sample sizes are 
limited and their findings have been heterogeneous [6, 7, 
10]. To the best of our knowledge, no previous meta-analysis 
has been attempted to address this knowledge gap.

Methods

We followed the Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis (PRISMA) statement guidelines 
for this meta-analysis [11]. All steps were done in adher-
ence with the Cochrane Handbook of Systematic Reviews 
and Meta-analysis of Interventions (version 6.3) [12]. The 
meta-analysis protocol was registered on February 21, 2024 
on PROSPERO under ID: 516475.

Criteria of the included studies

We established strict inclusion criteria to identify observa-
tional cohort studies and a unique randomized controlled 
trial focusing on adult patients with MBD treated with SRS. 
The two study arms included patients treated with FB and 
MB SRS. Our outcomes of interest included local tumor 
control (LTC) at 6 months and 1 year, radiation necrosis 
(RN), mortality, and treatment time (TT).

To ensure the reliability of our findings, we eliminated 
studies that did not report at least one of the specified out-
comes of interest. To decrease bias, we included studies 

with more than 10 participants. We excluded patients under 
18 years, studies that did not compare MB and FB SRS, or 
reported at least one of our outcomes of interest. Consider-
ing the variations in SRS treatment regimens, we excluded 
studies that did not involve MBD, such as vestibular schwan-
nomas, meningiomas, arteriovenous malformations, trigemi-
nal neuralgia, or pituitary adenomas, for example. Addition-
ally, case–control studies, cross-sectional studies, systematic 
reviews, meta-analyses, case reports, basic science research, 
conference abstracts, letters to the editor, and review articles 
were excluded.

Literature search strategy

We conducted a comprehensive search of four elec-
tronic databases (PubMed, MEDLINE, EMBASE, and 
COCHRANE) from inception until August 28th, 2023. Key-
words and free words were used to search for Radiosurgery, 
Stereotactic Radiosurgery, Gamma Knife Surgery, Frame-
Based Fixation, and Mask-Based Fixation. The search strat-
egy is represented in supplementary material 1.

We used Zotero software to remove duplicate refer-
ences, screened each publication based on title and abstract, 
and subsequently performed a full-text review as a second 
step. Each manuscript was independently evaluated by two 
authors in a blinded manner; a third author resolved any 
conflicts. Additionally, we reviewed the bibliographic refer-
ences of our included studies if they matched our eligibility 
criteria.

Data extraction

The following data were extracted using Excel spreadsheets: 
(1) Baseline characteristics of the examined population; (2) 
Summary of the features of the included studies, (3) Out-
come measures, and (4) Domains subject to evaluation for 
quality assessment.

Assessing the risk of bias

We employed the Risk of Bias in Non-randomized Studies 
of Interventions (ROBINS-I) tool to assess the potential risk 
of bias within the observational cohort studies [13]. Regard-
ing risk of bias assessment for randomized controlled trials 
(RCT), we utilized the version 2 of the Cochrane risk-of-bias 
tool for randomized trials (ROB 2) from the Cochrane Hand-
book of Systematic Reviews of Interventions 6.3 [14, 15].
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Outcome measures

A comprehensive assessment was conducted to compare 
the efficacy and safety of MB and FB SRS. The following 
outcomes were included for analysis:

•	 Local Tumor Control (LTC): LTC evaluates the effec-
tiveness of SRS in preventing the tumor recurrence at 
the SRS treatment site. LTC was achieved when stable 
disease or no progression was identified at postopera-
tive MRI follow-up. If tumor progression was identi-
fied, we cataloged these as local treatment failures. The 
analyses were at 6 months, 1 year, and at last follow-up. 
LTC and treatment failures were assessed through uni-
variate and multivariate analyses, comparing the risk 
ratio (RR) and hazard ratio (HR) among interventions.

•	 Radiation Necrosis (RN): This variable evaluated the 
incidence rate of RN following SRS. RN was defined in 
accordance with standardized criteria [16]. Analysis of 
RN was performed through univariate and multivariate 
assessments RR and HR among groups.

•	 Treatment in Time (TT): Average duration of the SRS 
session in minutes comparing MB versus FB fixation, 
we compared this variable by measuring mean differ-
ence (MD).

•	 Mortality: Mortality was assessed by the incidence of 
death at the final follow-up after receiving SRS treat-
ment for brain metastases. Univariate analysis was con-
ducted using RR.

Statistical analysis

To evaluate dichotomous outcomes such as LTC, RN, and 
mortality we analyzed the pooled frequency of events 
among SRS study arms, calculating univariate RR. To 
mitigate potential confounders, we conducted pooled mul-
tivariate HR analyses with cox-regression after variable 
adjustment which included tumor size, treatment, loca-
tion, and other significant variables in univariate analy-
sis. TT, the only continuous variable, was assessed using 
MD across studies. We set a significance threshold of 
p-value < 0.05 with a 95% confidence interval (CI). Based 
on the identified studies, we conducted supplementary 
analyses on studies evaluating < 5 brain metastases and 
categorized them as oligometastases.

The analyzed variables in this study were derived on 
data reported in the original studies. To account for hetero-
geneity and facilitate the comparison between studies, we 
used a random-effects model using the DerSimonian-Laird 
method [17]. Forest plot graphics were used to represent 

the final results. All statistical analyses, including RR, 
MD, and HR calculations, were performed using RevMan 
V.5.4.1 software.

Assessment of heterogeneity

We utilized Cochran’s Q-Statistic to evaluate heterogene-
ity, with a significance level of p < 0.10. Then I2-statistic 
was employed to estimate the fraction of variance related to 
heterogeneity, with values more than 50% indicating strong 
heterogeneity [18].

Results

We identified 295 studies from our initial search,, among 
which six studies from three different countries met our inclu-
sion criteria [6–8, 10, 19, 20]. These studies encompassed a 
total of 509 patients with MBD comparing FB to MB GK-
SRS. The studies included one RCT [6], one non-randomized 
trial [8], and four observational cohort studies [7, 10, 19, 20]. 
The PRISMA flow diagram study selection process and the 
summary of included studies are detailed in Fig. 1 and Table 1.

In the analysis, we included studies that compared two 
groups of patients with MBD, the study arms included MB 
SRS and FB SRS, all treatments were delivered using GK-
SRS. While the majority of patients received single-fraction 
SRS, some patients with high-tumor volume received hypo-
fractionated SRS. Only three studies treated oligometastases 
exclusively with single-fraction SRS at doses of 22–24 Gy. 
We conducted supplementary analyses on studies evaluat-
ing oligometastases using single-fraction SRS in order to 
mitigate confounders. The range of age was 19–90 years of 
age. The total number of lesions reported in observational 
cohorts were 1,243 metastases [7, 8, 10, 19, 20]. The median 
number of metastases in the RCT was 2.31 (range 1–7) in 
the FB SRS and 2.22 (range 1–6) for the MB SRS [6]. Most 
of the included lesions were small metastases with mean 
volumes ranging from 0.3–2.18 ml. Notably, considering 
only Begley et al. had baseline tumor volume differences, 
we performed supplemental analyses to only include match-
ing tumor volumes. All included studies focused on patients 
with brain metastasis, with one study specifically targeting 
metastases located in the brainstem only. The most common 
primary cancers included lung, breast, melanoma, gastro-
intestinal, and genitourinary tumors. Four studies included 
patients who had previously received WBRT for MBD. 
Comfortability was only reported in one study significantly 
favoring MB SRS. Baseline demographic characteristics are 
described in Table 2.
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Local tumor control

Univariate analysis of LTC at 6 months revealed a non-sig-
nificant RR of 0.95 favoring FB SRS (95%CI = 0.89–1.01, 
p = 0.12); the pooled studies were homogeneous (I2 = 13%, 
p = 0.33). At 1-year, LTC revealed a significant RR of 0.87 
favoring FB SRS (95%CI = 0.78–0.96, p = 0.03), studies 
were heterogeneous (I2 = 63%, p = 0.03). This is illustrated 

in Fig. 2. However, as observed in Supplementary Fig. 1, 
oligometastases exclusively treated with single-fraction 
SRS exhibited similar LTC among groups (RR = 0.92 
[95%CI = 0.89–1.0], p = 0.30). Multivariate local failure 
analysis in the overall cohort showed a non-significant HR 
of 0.98 (95%CI = 0.34–2.82, p = 0.97), with study hetero-
geneity (I2 = 68%, p = 0.04); multivariate local failure is 
depicted in Supplementary Fig. 2.

Fig. 1   PRISMA flow diagram for included studies
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Radiation necrosis

Univariate RN analysis showed a non-significant RR of 0.76 
favoring FB SRS (95%CI = 0.44–1.30, p = 0.32), with homo-
geneous studies (I2 = 0%, p = 0.63). Univariate RN RR analysis 
is represented in Fig. 3. Multivariate analysis revealed a non-
significant RN HR of 1.69 in favor of MB SRS was shown 
(95%CI = 0.72–3.97, p = 0.22), studies were homogeneous 
(I2 = 0%, p = 0.63). Multivariate HR analysis of RN is shown in 
Supplementary Fig. 3. Similarly, oligometastases exclusively 
treated with single-fraction SRS yielded similar RN among 
groups (RR = 2.00 [95%CI = 0.33–12.02], p = 0.45).

Treatment time

TT analysis in single-fraction SRS revealed showed a non-
significant MD of -29.64  min (95%CI = -80.38–21.10, 
p = 0.25). The included studies were homogeneous (I2 = 0%, 
p = 0.89). TT analysis can be found in Supplementary Fig. 4.

Mortality

Mortality univariate analysis in single-fraction SRS revealed 
a non-significant RR of 0.62 (95%CI = 0.22–1.76, p = 0.37). 
The included studies had low heterogeneity (I2 = 26%, 
p = 0.25). Mortality RR analysis can be found in Supple-
mentary Fig. 5.

Risk of bias

We utilized the ROB2 tool for the only RCT, which adhered 
to an intention-to-treat protocol and was deemed to have a 
"Low risk of bias" [6]. This assessment was based on its 
randomization process, comprehensive follow-up, and data 
completeness. The remaining five observational cohort 
studies exhibited different bias levels in accordance to the 
ROBINS-I. Three were categorized as "Low risk of bias," 
attributed to the adequate follow-up time, proper analyses, 
and the mitigation of confounders through multivariate 

Fig. 2   LTC RR analysis at 6-months and 1 year among MB SRS and FB SRS

Fig. 3   RN RR analysis at last follow-up among MB SRS and FB SRS
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analysis and propensity score matching [7, 8, 19]. The other 
two cohort studies were catalogued as "Moderate risk of 
bias" due to insufficient adjustment for confounders [10, 
20]. These evaluations are detailed in Supplementary Fig. 6. 
Further analysis produced a symmetric funnel plot for our 
primary outcome of interest, indicating no evidence of pub-
lication bias.

Discussion

The present meta-analysis evaluated treatment outcomes in 
patients with MBD treated with GK-SRS, comparing the 
head fixation methods of FB and MB in a population of 
509 patients. Univariate analysis revealed similar LTC rates 
at 6 months, while 1-year LTC analysis favored FB SRS 
over MB SRS. Univariate and multivariate RN rates showed 
no differences among groups. However, pooled LTC, RN, 
TT, and mortality in patients with oligometastases treated 
exclusively with single-fraction SRS was similar among both 
fixation methods. Comfortability was only reported in one 
study which favored MB SRS. These results suggest similar 
efficacy for MB and FB SRS, particularly for single-fraction 
SRS of oligometastases in MBD. It is crucial to empha-
size that these conclusions are primarily representative of 
observational cohort studies, rather than RCTs. Our patient 
population primarily included patients with MBD with low 
tumor burden, hence, our conclusions may not generalize 
to MBD patients with larger tumor volumes or high tumor 
burden requiring longer treatment times.

Multiple RCT have shown that SRS is an effective ther-
apy in patients with MBD [21–24], however, these results 
are exclusively derived from the use of FB SRS. In our study, 
6-month LTC and multivariable failure rates were compara-
ble between study arms. Although we identified a signifi-
cant advantage in 1-year LTC outcomes with the FB SRS, 
this LTC advantage was no longer significant after adjusting 
for patients with oligometastases treated exclusively with 
single-fraction SRS. We hypothesize that this marginal 
benefit could be attributed to confounders among studies, 
this statement is further supported by the results of the only 
RCT. Overall, our study indicates that, after accounting for 
potential confounders, LTC is comparable between FB and 
FB SRS in oligometastases treated with single-fraction SRS, 
which included data from the only available RCT.

Yet, given the superior precision and stability of the FB 
method described in the literature, this significant difference 
in LTC at 12 months warrants further exploration in larger 
patient cohorts [25]. FB SRS uses a rigid, invasive frame 
to achieve high precision with margins typically less than 
1 mm, minimizing patient movement and enhancing target-
ing accuracy [26, 27]. In contrast, MB SRS, requires larger 
margins, often ranging from 1 to 3 mm, which allow for 

greater potential movement [26, 27]. Although we primarily 
evaluated patients with oligometastases, multi-institutional 
observational evidence suggests that SRS is also effective 
in patients with multiple brain metastases [5]. However, 
the impact of the use of MB SRS for patients with multi-
ple metastases have yet to be defined. Our ability to assess 
mortality and survivorship was constrained, with only two 
studies providing mortality data, and the analysis of overall 
survival was inconsistent, limiting our capacity for pooled 
analyses [6, 7, 19]. Future studies should focus on examining 
both overall survival and progression-free survival across 
SRS fixation methods, rather than crude mortality rates.

RN is the most common complication following SRS, 
commonly occuring from months to years after treatment 
[22, 28, 29], with an incidence of 5–15% [16, 30–33]. In our 
analysis four studies included patients who had previously 
undergone WBRT, a known risk factor for RN [34]. There 
were no differences in RN rates among fixation approaches, 
even in studies evaluating single-fraction SRS. This suggests 
that MB SRS may offer a comparable safety profile to FB 
SRS, despite the requirement for a target margin and provid-
ing less conformal treatments [35, 36].

Regarding the remaining secondary outcomes treatment 
durations were similar between approaches, however, one 
study highlighted an increased requirement for breaks in FB 
SRS, emphasizing the downsides of FB SRS’s invasiveness 
[7]. Additionally, the analyzed measure was delivery time, 
which does not account for the time needed for frame fixa-
tion and subsequent wound care. Increased treatment times 
have previously been associated with greater intracranial dis-
placement during frameless SRS [37]. These factors should 
be considered when selecting the treatment approach, as 
these may possibly impact LTC and RN rates.

Only one study examined patient comfortability, this 
study reported higher satisfaction with MB SRS [6, 25], 
consistent with similar studies on SRS [25]. The impor-
tance of patient comfort in clinical decision-making cannot 
be underestimated, as it may significantly impact treatment 
adherence, patient satisfaction, and the psychological well-
being of cancer patients. Repeated treatments for patients 
with progression can be challenging, particularly when using 
FB fixation. MB fixation may be an excellent alternative 
option in those cases [6, 25].

Overall, our findings indicate that FB and MB are compa-
rable fixation methods in terms of LTC, RN, TT, and mor-
tality, particularly for patients with oligometastases treated 
with single-fraction SRS. While both approaches appear 
to provide similar outcomes, potentially supporting a tran-
sition towards frameless-SRS, larger RCTs are necessary 
to draw definitive conclusions. Discussions with patients 
about treatment options for MBD should involve a detailed 
review of the advantages and disadvantages of each method, 
with a focus on prioritizing patient comfort and quality of 
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life. Future research should aim to address the gaps identi-
fied in this meta-analysis by including patients with larger 
metastatic brain disease, examining quality of life outcomes, 
investigating cases with multiple brain metastases, assess-
ing long-term effects, conducting subgroup analyses based 
on tumor types, and carrying out prospective, randomized 
studies comparing FB and MB SRS.

Limitations

To the best of our knowledge, this study represents the first 
meta-analysis to comparatively assess MB and FB SRS in 
patients with MBD. While we believe this study adds a valu-
able contribution to the existing research, this study is sub-
ject to several limitations that future research should aim to 
address. Firstly, our analysis is based on observational studies 
rather than clinical trials, highlighting the critical need for 
future clinical trials in this area. Additionally, although we 
attempted to reduce heterogeneity by conducting subgroup 
analyses based on timing, supplementary analyses on homog-
enous tumor volumes, applied strict inclusion criteria, and 
performing multivariable analyses, the need for more homo-
geneous studies are critical. Such studies would improve the 
generalizability of our findings by examining brain metas-
tases from the same primary cancer, homogeneous tumor 
volumes, lesion numbers, and similar radiation regimens, 
as some of these patients received prior radiotherapy. Fur-
thermore, the definitions of tumor progression and radiation 
necrosis, as well as the specifics regarding margins, accu-
racy, and target delineation for fixation approaches, were 
not uniformly described. An analysis of quality of life could 
not be conducted, as this variable was not examined in any 
of the studies, an important aspect that warrants attention 
in a demographic with, unfortunately, a dismal prognosis. 
Multidisciplinary boards, including radiation oncologists and 
neurosurgical staff, commonly evaluate complex cases with 
MBD. However, variations in dose selection and postopera-
tive care across these teams could introduce confounders that 
may skew outcomes in favor of one treatment approach over 
another. Future research should also include analyses across 
different age groups to provide a more comprehensive under-
standing of the interventions’ impacts.

Conclusion

The current meta-analysis, involving 509 patients with 
MBD treated with SRS, compared the efficacy of FB and 
MB head fixation methods. Our findings suggest that FB 
and MB SRS, particularly oligometastases treated with 
single-fraction SRS, are comparable in terms of LTC, RN, 
TT, and mortality. Further research is essential to draw 
definitive conclusions.
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