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Simple Summary: Brain metastases are one of the most frequent complications for cancer patients.
Stereotactic radiosurgery is considered a cornerstone treatment for patients with limited brain
metastases and the ideal dose and fractionation schedule still remain unknown. The aim of this
literature review is to discuss the dose-effect relation in brain metastases treated by stereotactic
radiosurgery, accounting for fractionation and technical considerations.

Abstract: For more than two decades, stereotactic radiosurgery has been considered a cornerstone
treatment for patients with limited brain metastases. Historically, radiosurgery in a single fraction
has been the standard of care but recent technical advances have also enabled the delivery of hy-
pofractionated stereotactic radiotherapy for dedicated situations. Only few studies have investigated
the efficacy and toxicity profile of different hypofractionated schedules but, to date, the ideal dose
and fractionation schedule still remains unknown. Moreover, the linear-quadratic model is being
debated regarding high dose per fraction. Recent studies shown the radiation schedule is a critical
factor in the immunomodulatory responses. The aim of this literature review was to discuss the
dose–effect relation in brain metastases treated by stereotactic radiosurgery accounting for fraction-
ation and technical considerations. Efficacy and toxicity data were analyzed in the light of recent
published data. Only retrospective and heterogeneous data were available. We attempted to present
the relevant data with caution. A BED10 of 40 to 50 Gy seems associated with a 12-month local control
rate >70%. A BED10 of 50 to 60 Gy seems to achieve a 12-month local control rate at least of 80% at
12 months. In the brain metastases radiosurgery series, for single-fraction schedule, a V12 Gy < 5 to
10 cc was associated to 7.1–22.5% radionecrosis rate. For three-fractions schedule, V18 Gy < 26–30 cc,
V21 Gy < 21 cc and V23 Gy < 5–7 cc were associated with about 0–14% radionecrosis rate. For
five-fractions schedule, V30 Gy < 10–30 cc, V 28.8 Gy < 3–7 cc and V25 Gy < 16 cc were associated
with about 2–14% symptomatic radionecrosis rate. There are still no prospective trials comparing
radiosurgery to fractionated stereotactic irradiation.

Keywords: stereotactic radiotherapy; radiosurgery; brain metastases; fractionation; dose-effect
relation

1. Introduction

Brain metastases are one of the most frequent complications for cancer patients and
occur in 20 to 40% of them [1]. Due to the low response rate of brain metastases to
chemotherapy [2], whole-brain radiotherapy (WBRT) has long been considered the corner-
stone of treatment, providing palliation of symptoms in 70% and an intracranial response
in 50% [3]. However, WBRT is responsible for neurocognitive decline, thus, stereotactic
radiotherapy (SRT) has emerged as an alternative to WBRT in patients with a limited
number of lesions [4–6].
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Several randomized trials demonstrated that SRT or surgery associated with WBRT
improved local control compared to WBRT alone [7]. Moreover, overall survival (OS)
was better with the addition of surgery or SRT to WBRT in patients with a single brain
metastasis [8]. WBRT plus SRT or surgery increases control within the brain compared to
surgery or SRT alone, but it does not improve OS [8–12]. However, the association may
lead to a greater neurocognitive decline [13,14], especially in long-term survivors. New
systemic therapies such as targeted therapies and immunotherapy are challenging these
strategies. For example, in patients with non-small-cell lung cancer (NSCLC), a dramatic
increase of intracranial response rate was observed with tyrosine kinase inhibitors (TKIs)
in epidermal growth factor rate (EGFR)-mutated patients [15,16].

SRT alone has high efficacy with more than 75% local control at 1 year in the most
recent series [17–19] and low toxicity, so it has become a cornerstone treatment for patients
with limited brain metastases.

Accessibility to SRT has improved considerably in recent years with significant ad-
vances in precision, reproducibility and patient comfort. The feasibility of frameless treat-
ment has led to the delivery of hypofractionated SRT, usually with three to five fractions.
The delivery of the dose is closely linked to the device used for treatment. Historically, ra-
diosurgery described in the RTOG trial 90-05 [20] was the standard of treatment. However,
from a radiobiological point of view, fractionation allows an increase in the biologically
effective dose while sparing healthy tissue. In the case of large tumors or in the vicinity of
sensitive organs, fractionated treatment has a higher efficacy and lower toxicity compared
to a single fraction [17,21]. Large tumors may be more radioresistant due to hypoxia
in some areas of them. Since the ideal dose and fractionation schedule remain largely
unknown, this review explored the dose–response relationship in the treatment of brain
metastases.

2. Materials and Methods

This narrative critical review was conducted using MEDLINE via PubMed by identi-
fying articles regarding SRT of brain metastases. Searches for original and review articles
were conducted by ML and JK from January 1990 until January 2021. The search was lim-
ited to articles written in English; unpublished material and abstracts were excluded from
this review. General search terms (including both Medical Subject Headings (MeSH) and
free text words) included the following: “stereotactic radiosurgery”, “brain metastases”,
“stereotactic radiotherapy”, “hypofractionated radiosurgery”, “fractionated radiotherapy”.
The bibliographic references of the selected articles were also reviewed and included
according to their relevance.

This narrative review first aimed at clarifying general considerations regarding tech-
nical aspects of SRT for brain metastases, before focusing on the dose–efficacy relation,
fractionation and the dose–toxicity relation. To do so, only relevant references were selected
within the indicated period and analyzed. A special focus was placed on the comparison
of single-fraction vs. multiple fractions of SRT in brain metastases with selection of only
articles providing data on metastases volumes. Resected brain metastases treated by SRT
were excluded except in the dose–toxicity analysis.

3. Technical Considerations
3.1. Treatment Devices

Currently, a wide variety of systems enable the delivery of SRT: Cobalt-based systems
such as GammaKnife (GK), robotic linear accelerator such as CyberKnife (Accuray, Sunny-
vale) and dedicated linear accelerator with gantry (LINAC) such as Novalis TrueBeam STX
(Varian, Palo Alto, CA, USA), VersaHD (Elekta, Stockholm, Sweden) and Vero (Mitsubishi,
Tokyo, Japan).

The dosimetric properties of these devices vary and could theoretically influence the
effectiveness and tolerance of irradiation. Several comparative studies have found contra-
dictory dosimetric results. Sio et al. [22] showed that treatment plans for brain metastases
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on GK or CyberKnife were globally comparable for target coverage and minimum dose
coverage, but the CyberKnife had a better conformity index and a trend to irradiate more
volume of normal brain tissue receiving 12 Gy (V12) (not significant). Wowra et al. [23]
found a lower dose gradient and a lower V10 with the CyberKnife than with the GK for
similar clinical results (secondary criteria). Ma et al. [24] reported less irradiation of normal
tissue with the GK than with the CyberKnife or Novalis with a discretely lower V12 (3.5 cc
vs. about 5 cc for three given targets). Treuer et al. [25] compared treatment plans with the
CyberKnife vs. LINAC in stereotactic radiosurgery (SRS) on 23 target lesions and reported
slightly better coverage, conformity, and mean minimum dose with the CyberKnife but
with a same V10. It should be noted that treatment with GK takes longer than with LINAC,
especially when there are more targets.

Although the RTOG 90-05 study [20] showed a higher propensity for local relapse in
patients treated with LINAC vs. GK (RR of 2.84, p = 0.018) and the dosimetric properties of
the devices are somewhat different, the type of machine used for treatment does not appear
to influence efficacy. The local control rates of published SRS series on LINAC or GK are
similar [26]. The authors found no differences in the RTOG 95-08 phase III trial [8], nor
in another trial [27] that analyzed an SRS boost in different modalities after whole-brain
irradiation. This multi-institutional analysis of 502 patients also showed a similar efficacy
of the SRS boost regardless of the treatment device used.

A recent randomized phase III trial [28] compared SRS irradiation in GK and LINAC
in 168 patients with 292 brain metastases. The prescriptions were 20–24 Gy on the 50%
for GK and 24 Gy on the PTV marginal isodose for LINAC. The primary endpoint was
the incidence of radionecrosis. The rate of grade III radionecrosis was higher in the GK
group (1% vs. 0%) and the local control rate at 1 year was 98.8% and 96.2% for the SRS
and LINAC groups, respectively (p = 0.96). Another recent retrospective study [29] also
paradoxically reported more radionecrosis with GK than with LINAC (HR = 4.42; p = 0.019)
in patients with two brain metastases treated in a single fraction, despite a margin of 2 to
3 mm with LINAC vs. 0 on the GK and a much lower V12 for the latter.

Nath et al. [30] also noted that local control and overall survival rates were similar
when examining SRS series with invasive and non-invasive frames (either LINAC or GK).
The same was true for benign tumors [31,32]. Other authors [23,33] also reported the
same efficacy (secondary endpoint) in patients treated with GK or CyberKnife in their
dosimetry studies.

Additionally, there are different treatment planning approaches. The new HyperArc
VMAT (volumetric modulated arctherapy) planning is promising with a higher conformity
and rapid dose falloff compared to conventional VMAT [34,35].

3.2. Physical Factors

While the effect of irradiation depends on the dose, physical factors can also influence
the biological response such as duration of dose delivery, time between two fractions, and
overall treatment time.

Increasing the duration of irradiation administration during the same fraction may
reduce efficacy because it allows the repair of sub-lethal cellular events during the frac-
tion [36], especially for tissues with a low α/β ratio. This is particularly the case with the
GK when the cobalt sources are at the end of their life cycle. On the contrary, the FFF (filter
flattening free) mode available on some LINACs enables an increase in the dose rate and a
reduction in the duration of the session. Increasing the time between fractions or overall
treatment time also reduces efficacy by allowing repopulation, although a sufficient interval
(24 h) between two fractions allows reoxygenation of the tissue and may increase efficacy.

Owing to a large penumbra, one of the physical characteristics of the irradiation of
small fields is the inhomogeneity of the beam and the dose delivered, with a steep dose
gradient between the isocenter and the periphery. A steep dose gradient probably leads to
better therapeutic efficacy [37], an additional effect that is potentially underestimated by
the linear-quadratic model [38].
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3.3. Target Volume and Prescription

The definition of the irradiation volumes requires a CT scan and a localization MRI
fusion with thin sections (at least 2 mm for a field strength of at least 1.5 T), T1-weighted
sequences that are injected, and T2 FLAIR [39]. The time between imaging and the start of
treatment should be as short as possible so as not to underestimate the tumor volume. The
macroscopic target volume (GTV) is defined by contrast enhancement on MRI or CT (if
injected). The clinical target volume (CTV) is defined by adding a margin of 0 or 1 mm to
the GTV, because microscopic invasion of healthy tissue of a metastatic brain lesion does
not exceed 1 mm [40], except in small cell carcinomas and melanomas. The planned target
volume (PTV) depends on the treatment technique used, usually GTV = CTV = PTV for
radiosurgery with invasive fixation (e.g., GK). The size of the PTV margin depends on the
treatment and immobilization techniques used, usually varying from 0 to 3 mm. There is
currently no consensus on the definition of PTV margins due to the wide range of available
techniques. To increase the peripheral dose, one can directly increase the prescribed dose
on the reference isodose or increase the PTV margin. Indeed, in one study [41], adding a
margin of 2 mm vs. 0 mm to the GTV to define PTV in patients treated with LINAC-SRS
increased the rate of complications without increasing local control. In another study [42],
the addition of a 1 mm margin to the GTV to define PTV increased local control without
increasing the rate of complications. Kirkpatrick et al. [43] showed in a randomized study
that a 3 mm margin added to the GTV to define PTV was associated with a higher rate
of radionecrosis compared to a 1 or 2 mm margin, for similar local control, in patients
treated with SRS on LINAC with a thermoformed mask. The inhomogeneity of the dose
is associated with a potentially better efficacy due to a possible over-impression of the
dose within the target in hypoxic areas, which would confer an advantage for so-called
radioresistant tumors. Recently, a study by Lucia et al. [37] reported better efficacy with
inhomogeneous doses (same marginal isodose and dose variable at isocenter) with a local
control at 1 year of 93% vs. 78% for the same homogeneous dose with LINAC (p = 0.005).
Finally, it should be remembered that from one treatment planning system (TPS) to another,
the use of a different dose calculation algorithm can modify the dose by more than 15% [44].

4. Dose-Effect Relation
4.1. Dose-Efficacy Relation

The RTOG 90-05 [20] dose escalation trial gave the main radiation schedules used in
radiosurgery, although the relationship between dose and local control was not reported.
The study established schedules of 24 Gy, 18 Gy and 15 Gy for tumors of size smaller than
or equal to 20 mm, 21–30 mm and 31–40 mm, respectively. The use of lower doses for larger
volumes to spare the volume of normal tissue irradiated may lead to poorer local control,
while the increase in dose results in a higher rate of radionecrosis. Another retrospective
study [45] of 100 patients with 219 lesions treated with radiosurgery showed better local
control with a dose of 18 Gy or greater with 93% and 90% local control at 6 and 12 months,
respectively, compared to patients treated with a lower dose (p = 0.0001).

In 2011, Wiggenraad et al. [26] conducted the first systematic review of the dose–
response relation in the stereotactic irradiation of brain metastases. They selected 11 stud-
ies [19,46–55] from 1990 to 2009, of which all but one (prospective phase II trial) were
retrospective. The number of patients ranged from 20 to 202 depending on the studies, all
histologies combined, for a number of metastases ranging from 20 to 375. Seven studies
used a single-fraction regimen. Three of the 11 used the GK and 8 used a LINAC. Four
studies used the RTOG 90-05 dose regimen but with variable prescription isodoses ranging
from 50 to 100%. The margin from GTV to PTV ranged from 0 to 3 mm. Five studies
included patients irradiated with brain in toto (ranging from 8% to 76%). Tumor diameter
did not exceed 5 cm and for most studies it was ≤4 cm.

Local control at 6 and 12 months in the single-fraction studies ranged from 82% to
100% and 37% to 93%, respectively. Local control at 6 and 12 months in multi-fraction
studies ranged from 89 to 100% and from 70 to 89%, respectively. Local control at 6 months
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was greater than 80% in all but one series. In the single-fraction series, local control at
12 months was greater than 80% for doses above 20 Gy and greater than 60% for doses
above 18 Gy.

To achieve 70% or more local control at 12 months, they found that a BED12 (biological
effective dose with an alpha/beta of 12 Gy) of at least 40 Gy was required, which is
equivalent to a single fraction of 20 Gy or three fractions of 8.5 Gy. Factors such as tumor
volume, prescribing isodose, GTV-PTV margins and tumor histology could not be analyzed
in this study. However, the authors could not exclude that the better local control observed
in hypofractionated series was not only due to a higher BED but also to higher GTV-PTV
margins compared to single fraction series, generally equal to 0 mm.

In a systematic review of the literature on brain metastases treated with hypofrac-
tionated SRT, Rodrigues et al. [56] reported local control at 6 months ranging from 67 to
97%, at 1 year from 59 to 91% and at 2 years from 45 to 83%, for BED10 ranging from 24
to 100.8 Gy in the series excluding previous whole-brain irradiation [19,52,55,57–76]. All
series combined, a direct correlation was observed between BED10 and local control, with
a Pearson score of 0.57 for local control at 6 months and 0.62 for local control at 12 months.
A total of 36 retrospective studies were included, 23 of which excluded previous whole-
brain irradiation. WBRT may be a confounding factor but one study [77] did not find any
differences in LC or OS between SRS alone vs. WBRT associated to SRS in 223 patients and
360 brain metastases.

A more recent systematic review [78] including 10 articles [50,52,55,57,58,64,79–82]
with 720 brain metastases treated with hypofractionated SRT (HFSRT) showed that the
tumor control probability (TCP) increases with the BED10 with a hazard ratio (HR) equal
to 0.77 for every 10 Gy10 with p = 0.009. Local control at 1 and 2 years was 84% and 73%,
respectively, for lesions treated with a BED10 of at least 57.6 Gy. For those treated with
BEDs less than 57.6 Gy, local control at 1 and 2 years was 72% and 60%. All treatments
were performed on LINAC with prescription isodoses ranging from 70 to 100%.

An interesting approach reported by Matsuyama et al. [83] is to prescribe doses in BED
regardless of the fractionation schedule used or the tumor size. They delivered an effective
biological dose of approximately 80 Gy (α/β = 10) in HFSRT for almost all 573 secondary
brain metastases from NSCLC in 299 patients. They reported a high local control at 6 and
12 months of 96.3% and 94.5%, respectively. In total, a 12-month local control rate >70%
seems to be achieved with a BED10 of 40 to 50 Gy. A BED10 of 50 to 60 Gy seems to achieve
a 12-month local control rate of at least 80% at 12 months.

Factors other than dose may also influence the response to irradiation such as his-
tology [18,84,85] with more or less radioresistant tumor cells (melanoma) or systemic
treatments [86–89] (targeted therapies or immunotherapy).

4.2. Single or Multiple Fractions?

There are currently no prospective trials comparing HFSRT with radiosurgery, and
comparative retrospective studies are also rare (see Table 1). Among them, Kim et al. [64]
reported 58 patients treated with SRS vs. 40 with HFSRT on LINAC with an isotropic mar-
gin of 1 mm for PTV, median doses of 20 Gy (15–22 Gy) for radiosurgery, 36 Gy (30–42 Gy)
in 6 fractions for HFSRT, and similar prescription isodoses (90 and 91%, respectively). They
found a local relapse-free survival at 6 months of 81% vs. 97% in the group of patients
treated with SRS vs. HFSRT, and at 1 year, 71% vs. 69% p = 0.31, respectively. The median
BED10 was 60 Gy for SRS and 56 Gy for HFSRT. It should be noted that 40% of patients in
the HFSRT group had whole-brain irradiation compared to 21% in the SRS group. PTV
volumes were higher in the HFSRT vs. SRS group with a median volume of 5.00 mL vs.
2.21, respectively. Wiggenraad et al. [90] did not find any differences in LC in large brain
metastases between 15 Gy in a single fraction vs. 24 Gy in three fractions in 92 patients
treated by SRT with globally similar metastasis volumes but 15% and 25% of patients re-
ceived previous WB in HFSRT and SRS group, respectively. The BED10 was similar. Fokas
et al. [91] compared three dose regimens: SRS according to RTOG 90-05 doses, HFSRT
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7 × 5 Gy and 10 × 4 Gy. A total of 260 patients with 1 to 3 metastases were treated on
LINAC with an isotropic margin added to the GTV of 2 mm in the SRS group and 3 mm in
the HFSRT groups. They reported local relapse-free survival at 6 months and 1 year of 84%
and 73%, 87% and 75%, 81 and 71%, respectively, for each group (p = 0.191). The median
PTV volume was 1.87 (0.03–11.17) for the SRS group, 2.04 (1.17–18.71) in the 7 × 5 Gy
group and 5.93 in the 10 × 4 Gy group (2.7–23.16). The calculated BEDs were 60 Gy10
and 153 Gy3, 52.5 Gy10 and 93.3 Gy3, 56 Gy10 and 92 Gy3 in the three groups, respectively.
Ishihara et al. [18] compared 53 patients with 214 secondary brain lesions, 138 in the SRS
group and 76 in the HFSRT group. Treatment doses were 15 to 25 Gy for SRS with a
median marginal dose of 20 Gy (median BED10 60 Gy), 35 Gy in 5 fractions with a median
marginal dose of 28 Gy (median BED10 43.7 Gy) for HFSRT with LINAC, prescription
isodoses ranging from 80 to 90% and isotropic margins added to the GTV to define PTV
ranging from 1 to 2 mm for HFSRT and 1 mm for SRS. They reported a 1-year local control
of 83.6% in the HFSRT group. For PTV volumes greater than 4 cc, local control at 1 year
was 46.2% vs. 80.6% for BED10 < 51 Gy vs. BED10 ≥ 51 Gy (p = 0.024). No difference in
local control was found between the two groups (HFSRT vs. SRS) for PTV volumes less
than 4 cc (94.4% vs. 99.2% p = 0.195). The median PTV volume was 6.2 cc (0.1–29.5 cc)
for HFSRT and 0.7 cc (0.1–8.3 cc) for SRS. Minniti et al. [17] compared 289 patients with
343 metastases: 151 received SRS treatment and 138 received HFSRT. Lesion diameters
were all greater than 2 cm. Local control at 6 and 12 months was 94% vs. 97% and 77% vs.
90% (p = 0.01) in the SRS vs. HFSRT group, respectively. The difference in local control at
1 year in favor of HFSRT remained after a propensity score achieved in 208 patients (91%
vs. 76%, p = 0.01) by matching on age, sex, histology, tumor size, and irradiated volumes.
The doses used in the SRS group were 18 Gy for lesions between 2 and 3 cm and 15–16 Gy
for lesions greater than 3 cm. The dose used in the HFSRT group was 27 Gy in 3 fractions
(BED12 = 40 Gy, equivalent to a single fraction of about 22 Gy). The prescription was made
on 80 to 90% isodose lines. All patients were treated on LINAC with an isotropic margin
added to the GTV of 2 mm (50% of patients) or 1 mm to define PTV. The median PTV
volume was 12.2 (4.4–32) for SRS and 17.9 (5.6–54) for HFSRT. Feuvret et al. [82] compared
36 patients with large secondary brain lesions >3 cm, 24 by SRS (14 Gy on the 70% isodose
line) and 12 in HFSRT (3 fractions of 7.7 Gy daily on the 70% isodose line), with a median
GTV volume of 15.69 cc (diameter 3.8 cm), and 29.4 cc (equivalent diameter of 4.5 cm),
respectively. They reported local control at 12 and 24 months of 100% and 64% in the
HFSRT group vs. 58% and 48% in the SRS group (p = 0.06). However, although all patients
were treated on LINAC, the margins added to the GTV to create the PTV were 1 mm in the
SRS group and 2 mm in the HFSRT group. The BED was lower for the SRS regimen, with a
BED10 = 33.6 Gy vs. 41 Gy for HFSRT. Chon et al. [92] showed better efficacy and tolerance
with a hypofractionated regimen treated with CyberKnife (median 35 Gy, 3 to 5 fractions)
in 100 patients with brain metastases of 2.5 to 3 cm compared to a single dose treated with
GK (median 20 Gy) with a local control at 1 year of 92.4% vs. 66.6%, respectively (p = 0.028).
Loo et al. [93] reported similar efficacy in 152 patients with 246 brain lesions on the same
LINAC and same margins between a single dose of 14 Gy prescribed on the 70% isodose
line vs. 23.31 Gy in 3 fractions on the 70% isodose line with a local control at 1 year of 88.1%
vs. 78.4% (p = 0.06). Interestingly, the tumor volume was statistically higher in the HFSRT
group (median 0.21 cc vs. median 2.36 cc for SRS vs. HFSRT), although a subgroup size
analysis showed no differences between both fractionations. A study [94] looking only at
brain metastases of radioresistant histological origin (kidney and melanoma) collecting
193 lesions <3 cm treated with CyberKnife also found no difference in local control (p = 0.38)
in SRS (median of 20 Gy) vs. HFSRT (median of 10 Gy/fraction), but also with a large
difference in treated volumes (0.47 cc vs. 1.75 cc for median PTV). Remick et al. [95], in a
multicenter study of 156 patients with 335 brain metastases, found no difference in local
control at 1 year (91% in SRS vs. 85% in HFSRT, p = 0.26). Lesions were treated on different
devices with variable margins, one-third of patients had previously received WBRT and
tumor volumes were lower in the SRS group. They reported better efficacy in multivariate
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analysis for HFSRT regimens with a BED10 ≥ 50 Gy (p = 0.09). In study of 120 patients with
190 metastases, Putz et al. [96] found a better LC and a lower RN with fractionated SRT vs.
SRS with a 12-month LC at 70.2% vs. 55.6%. Prior WB regarded about 20% of patients in
each group and the median metastasis volume was much higher in the HFSRT group but
LC was also improved in HFSRT in the <1 or >1 cm metastases diameter subgroup. In the
>1 cm in diameter metastasis sub-group analyses, LC differences were more pronounced
with a 12-month LC of 71% in HFSRT vs. 47.7% in SRS (p = 0.003). Additionally, a higher
BED was strongly associated with improved LC in univariate analysis (HR 0.94 per Gy,
p = 0.002). Very interestingly, in melanoma histology only, LC was much improved in
HFSRT with a 12-month LC of 59.8% vs. 46.6% in SRS group, p = 0.069. This is the first
study to clearly identify the interest of HFSRT not only in large but also in small brain
metastases. A single-center retrospective study [97] comparing different HFSRT schedules
on a CyberKnife did not show any difference in the efficacy of 35 or 30 Gy in 5 fractions and
27 Gy in 3 fractions in 389 patients. In a dose-escalation study [98] of 46 patients regarding
only large lesions (>3 cm diameter), the authors found a significant decrease in LC with a
schedule of 24 Gy in 3 fractions vs. 27 or 30 Gy (12-month local progression free survival
rate of 65%, 80%, 75% respectively). While no increase in LC was observed with the 10-Gy
group, a higher rate of RN was reported (37% vs. 13% for the 9-Gy group and 0% for the
8-Gy group).

In a recent meta-analysis [21] of 15 studies that evaluated SRS vs. HFSRT schedules in
patients with 1157 large brain metastases (>2 cm in diameter), no statistically significant
difference but a trend in favor of HFSRT was found between the two groups with a 1-year
local control of 76.7% for SRS vs. 83.1% for HFSRT (p = 0.38). This trend was increased in
the 2 to 3 cm diameter group with a 12-month LC rate of 77.1% vs. 92.9% (p = 0.18) for SRS
and HFSRT, respectively, while significant reduction of radionecrosis was observed (see
hereafter in the dose–toxicity section). There was also no difference in the volume groups
between lesions of 2–3 cm vs. lesions >3 cm (p = 0.14).

In addition, Shuryak et al. [99] reported that the LQ (Linear Quadratic) model, assum-
ing the same tumoricidal mechanisms at all doses and fraction numbers, was a good pre-
dictor of the SRT tumor control probability at all dose ranges. Multifractionated regimens
were slightly more effective than a single dose in SRT of brain metastases (937 patients),
probably due to tumor reoxygenation between fractions.

While the combination of SRT with immunotherapy as an associated systemic treat-
ment is becoming more common [100,101] and is showing promise [102–104] with good
efficacy and tolerance, many unknowns remain on the dose administration schedules,
especially in terms of fractionation. This combination has a potential superiority in using
hypofractionated schedules for the induction of a pro-inflammatory response. In addition
to its direct effects, it also has an effect on the microenvironment by inducing leukocyte
adhesion molecules on vascular endothelial cells, increasing vascular permeability, and
stimulating the expression of chemokines that facilitate T cell infiltration [105,106].
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Table 1. Comparative retrospective studies of single-fraction (grey lines) vs. multi-fraction (white lines), local control (LC), BED10, BED3, radionecrosis and toxicities.

Authors N.
Patients

N.
Metastases

Median
Volume
(PTV)

Doses/
Prescription

Isodoses

GTV-PTV
Margin
(mm)

Treatment
Devices Histology

Previous
WBRT

(%)

BED10
(Gy)

LC at 6
Months

(%)

LC at 12
Months

(%)

BED3
(Gy)

Radionecrosis
(N)/Toxicities

(%) (c)
Kim et al.

(2011) 58 81 2.21 cc
(0.03–24.34)

20 Gy
(15–22)/90% 1 LINAC Various 21% 60 81 71 153 1/17%

40 49 5.00 cc
(0.14–37.80)

36 Gy in 6 fr.
(30–42)/91% 1 40% 57.6 97 69 108 0/5%

Wiggenraad
et al.

(2012)
41 46

<13 cc = 11
13–20 c = 17
>20 cc = 18

15 Gy 2 LINAC Various 25% 37.5 89 67 90 NA

51 65
<13 cc = 18

13–22 c = 16
>20 cc = 31

24 Gy in 3
fr./80% 2 15% 43.2 92 75 88 NA

Fokas et al.
(2012) 107 NA 1.87 cc

(0.03–11.17)
RTOG 90-05

schedule/NA 2 LINAC Various No 60 84 73 153 4/14%

54
53

2.04 cc
(1.17–18.71)

5.93 cc
(2.7–23.16)

35 Gy in 7
fr./NA

40 Gy in 10
fr./NA

3
3

52.5
56

87
81

75
71

93.3
92

1/6%
0/2%

Feuvret
et al.

(2014)
24 24 18.31 cc

(6.31–39.21) 14 Gy/70% 1 LINAC Various No 33.6 68 58 79.3 0/28%

12 12 32.61 cc
(19.10–65.56)

23.1 Gy in 3
fr./70% 2 41 100 100 82.4 0/25%

Ishihara
et al.

(2016)

53 in
total 138 0.7 cc (0.1–8.3) 20 Gy

(15–25)/80–90% 1 LINAC Lung 7.6%
In total 60 NA NA (b) 153.3 21/0%

(≥grade II)

76 6.2 cc
(0.1–29.5)

28 Gy (19.2–39)
in 3–13

fr./80–90%
1–2 43.7 (a) NA 83.6 80.3 (b) 5/0%

(≥grade II)

Minniti
et al.

(2016)
151 179 12.2 cc (4.4–32) 18 Gy or 15–16

Gy/80–90% 1–2 LINAC Various No 50.4 or
37.5–41.6 94 77 126 or

90–101.3 31/NA

138 164 17.9 cc (5.6–54) 27 Gy in 3
fr./80–90% 1–2 51.3 97 90 108 11/NA
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Table 1. Cont.

Authors N.
Patients

N.
Metastases

Median
Volume
(PTV)

Doses/
Prescription

Isodoses

GTV-PTV
Margin
(mm)

Treatment
Devices Histology

Previous
WBRT

(%)

BED10
(Gy)

LC at 6
Months

(%)

LC at 12
Months

(%)

BED3
(Gy)

Radionecrosis
(N)/Toxicities

(%) (c)
Lesueur

et al.
(2018)

60 in
total 52 0.47 cc 20 Gy

(18–25)/80% 2 CyberKnife
Melanoma

and
kidney

No 60 89 79 153.3 5/NA

141 1.75 cc
30 Gy (30–33) in

3–6
fractions/80%

2 60 80 72 90 10/NA

Chon et al.
(2019) 67 154 9.7 cc

(6.8–15.9)
20 Gy

(18–22)/50% 0 GammaKnife Various No 60 92.9 66.6 153.3 NA/56%

38 73 11 cc (6–14.8)
35 Gy (27–41) in

3 or 5
fractions/80%

0 CyberKnife 59.5 (5
fractions) 100 92.4 93.3 NA/36%

Loo et al.
(2020)

152 in
total 105 0.76 cc

(0.27–11.4) 14 Gy/70% 2 LINAC Various No 33.6 94 88 79.3 1/NA

141 4.51 cc
(0.29–43.4)

23.1 Gy in 3
fr/70% 2 41 88 78 82.4 9/NA

Remick
et al.

(2020)

156 in
total 222

0.7 cm
(0.2–3.3)
(GTV)

RTOG 90-05
schedule,

median 24
Gy/50–80%

0/NA LINAC
GammaKnife Various 33% Median

81.6 NA 91 216 20/NA

113 1.6 cm (0.2–5)
(GTV)

Variable/2 to
5 fractions NA LINAC 34% 42.6 NA 85 - 8/NA

Putz et al.
(2020)

120 in
total 92 0.23

(0.12–0.50)
18 Gy

(18–20)/80% 1–2 LINAC Various 20.7% 50.4 >60% 55.6 126 8/NA

98 1.42
(0.07–61.98)

40 Gy in 10
fr./80% 1–2 15.3% 56 >80% 70.2 93.3 2/NA

NA = not available, (a) BED calculation with marginal median dose to 5 fractions, (b) only available to <4 cc volume sub-group, (c) grade I to V according to CTCAE.
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However, transposing in vitro in vivo results—which sometimes give opposite
results—is not without difficulty, as Demaria et al. [107,108] and Lee et al. [109] have
shown in pre-clinical studies. Notably, Dewan et al. [88] found in a pre-clinical study that
fractionation combined with a CTLA-4 inhibitor through a putatively different molecular
response induced an abscopal effect compared to single-dose irradiation with fractionation
schedules close to those used in brain SRT (3 × 8 Gy, 5 × 6 Gy vs. 1 × 20 Gy). Similar results
have been reported by Schaue et al. [110] and more recently by Vanpouille-Box et al. [89],
who found an optimal synergy regarding efficacy by using an anti-CTLA-4 with a 3 × 8 Gy
regimen compared to a single dose of 20 or 30 Gy. They found that the DNA exonuclease
Trex1 was induced by doses above 12–18 Gy in cancer cells and attenuated their immuno-
genicity. Therefore, a repeated irradiation at a lower dose like 8 Gy is essential to stimulate
the anti-tumor activity of immune cells [111]. Radiation schedules and tumor type are
determinant in immunomodulatory potential, particularly in T cells responses [112]. Future
research should investigate in prospective trial fractionated schedules with concurrent
administration of immunotherapy and in each particular histology.

4.3. Dose–Toxicity Relation

Radionecrosis is the main complication of SRT and poses diagnostic difficulties. Over-
all rates vary from 0 to 12% of patients depending on the series and the definition (ra-
diologic, metabolic, symptomatic) [26] but can reach 24% [113]. The RTOG 90–05 series
reported an 11% rate of radionecrosis at 2 years. With the dose itself, the volume of tissue
irradiated at a given dose is associated with greater toxicity. Therefore, a multi-fractionation
schedule rather than a single dose allows the treatment of larger lesions since it limits
the potential toxicity by decreasing the BED with a low α/β coefficient, according to the
linear-quadratic model.

The first series to demonstrate the role of the volume of normal tissue irradiated
in radionecrosis were those in which benign intracerebral tumors were treated by radio-
surgery [114–122]. Among the brain metastasis exclusively series treated by SRT, Blonigen
et al. [123] were the first to show that the identification of volumes receiving at least 10 and
12 Gy (V10 and V12) was predictive for radionecrosis in patients treated with LINAC-SRS.
In their series of 63 patients with 173 lesions, the V8 , V10, V12, V14, V16 and the V18 were
significant predictive factors of radionecrosis in multivariate analysis for symptomatic and
asymptomatic radionecrosis (except for the V16 and V18 for the latter), p < 0.0001. The more
the volume increased, the greater the risk, with a linear increase. The authors concluded
that hypofractionation should be considered if the V10 is >10.5 cc or the V12 > 8 cc, when
the risk of radionecrosis is exceeded by about 20%. Minniti et al. [113] also showed that the
V10 and the V12 were predictive of radionecrosis in a series of 206 patients with 310 lesions

(p = 0.0001) treated with LINAC-SRS. Irradiation doses were 20 Gy at the margin for lesions
<2 cm in diameter (4.3 cc), from 18 Gy for those between 4.3 cc and 14.1 cc and 15–16 Gy
beyond that. For a V10 > 12.6 cc and a V12 > 10.9 cc, the risk of radionecrosis was 47%. The
authors proposed using a hypofractionation for a V12 > 8.5 cc, which corresponded to a
10% risk of radionecrosis. More recently, the same authors [17] again showed that the V12 is
the most significant variable of radionecrosis in the SRS treatment group with an incidence
of 13% for a V12 < 13.2 cc and 28% for a V12 > 13.2 cc (p = 0.02). Other authors [116,124–126]
also found V10, V12, V14 to be significant factors with varying proportions of radionecrosis
(see Table 2). An interesting study [127] showed the location of lesion as a predictive factor
of RN in addition to V12 and V22.
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Table 2. Studies on brain metastases SRT reporting the normal brain volume as predictive factor of radionecrosis.

Authors
(Year)

Treatment
Machine

Number of
Targets
(Type)

Median
Dose/

Number of
Fractions

Definition of
Predictive

Factor

Predictive
Dosimetric

Factor

Radionecrosis
Rate

Above/Below of
the Limit

Median
Follow-Up
(Months)

SINGLE FRACTION

Peng (2019) CK 294 (brain
metastases)

20 Gy/1 fr.
(14 to 25 Gy/1

to 5 fr.)
Brain + target V14 ≥ 20 cc

12.1%/NR (all
grades)

3.4%/NR
(grade 3)

21.7

Minniti (2016) LINAC 343 (brain
metastases) 15 to 18 Gy Brain − GTV V12 > 13.2 cc 28%/13% 29

Sneed (2015) GK 2200 (brain
metastases)

19 Gy
(7.5 to 20 Gy) Brain + target V12 > 3.3 cc

V10 > 4.3 cc 13–14%/NR 9.9

Minniti (2011) LINAC 310 (brain
metastases)

18 Gy
(15 to 20 Gy) Brain − GTV V10 > 12.6 cc

V12 > 10.9 cc 47%/NR 9.4

Blonigen
(2010) LINAC

173
(brain

metastases)

18 Gy
(12 to 22 Gy) Brain + target V10 > 6.4 cc

V12 > 4.8 cc >34.6%/7.1% 13.7

Chin (2001) GK
243 patients

(variable
lesions)

NR Brain + target V10 > 10 cc 76%/41% NR

Korytko
(2006) GK 198 (variable

lesions)
17.3 Gy
(11–25) Brain + target V12 > 10 cc

55.3%/22.5%
(symptomatic

RN)
NR

Voges (1996) LINAC
135

(variable
lesions)

15 Gy
(7 to 25 Gy) Brain + target V10 > 10 cc 23.7%/0% 28.1

THREE FRACTIONS

Dore (2017) LINAC 97 (surgical
cavities) 23.1 Gy/3 fr.

Brain − PTV
(2 mm margin

CTV-PTV)

V21 (median
4.6 cc in cohort
without RN vs.
10 cc in cohort

with RN)

NR 17

Minniti (2016) LINAC 343 (brain
metastases) 27 Gy/3 fr. Brain − GTV V18 > 30.2 cc 14%/5% 29

Minniti (2014) LINAC 171 (brain
metastases)

27 Gy/3 fr.
(27 to 36
Gy/3 fr.)

Brain − GTV V21 ≥ 20.9 cc
V18 ≥ 26.2 cc 14%/4% 11.4

Inoue (2013) CK 159 (brain
metastases) 27 Gy/3 fr. Brain − GTV V23.1 ≥ 5 cc

V23.1 ≥ 7 cc

5.7%/1.4%
9%/0% (RN

requiring
surgery)

7

Minniti (2013) LINAC 101 (surgical
cavities) 27 Gy/3 fr. Brain − GTV V24 ≥ 16.8 cc 16%/2% 16

FIVE FRACTIONS

Andruska
(2020)

GK
LINAC

117 (brain
metastases +

surgical
cavities)

30 Gy/5 fr.
(25 to 35
Gy/5 fr.)

Brain − GTV V25 > 16 cc
V30 > 30 cc

21%/2%
(symptomatic

RN)
10.3

Faruqi (2020) LINAC
250 (brain

metastases +
surgical
cavities)

30 Gy/5 fr.
(20 to 35
Gy/5 fr.)

Brain −
GTV/CTV V30 ≥ 10.5 cc

61.1%/12.6%
(symptomatic

RN)
12

Inoue (2014) CK 85 (brain
metastases)

31 Gy/5 fr.
(25 to 40
Gy/5 fr.)

Brain − GTV V28.8 > 7 cc
V28.8 > 3 cc

12.5%/0% (RN
requiring surgery)

11.2%/0%
(symptomatic

RN)

8

Ernst-Stecken
(2006) LINAC 72 (brain

metastases) 30–35 Gy/5 fr. Brain − GTV V20 > 23 cc 70%/14% 7

Vx: volume of receiving x Gy. NR = not reported, CK = CyberKnife, LINAC = Linear accelerator, GK = GammaKnife, RN = radionecrosis.
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For hypofractionated treatments, few data are available owing to the heterogeneity
of the dose regimens administered. In the previous retrospective comparative study by
Minniti et al. with a tri-fractionated regimen (3 × 9 Gy on the margin), they reported
that V18 was the most significant prognostic factor for radionecrosis with an incidence
of 5% for a V18 < 30.2 cc and 14% for a V18 > 30.2 cc (p = 0.04). The increase in risk was
progressive with size, with a risk of radionecrosis at 1 year of 0, 6, 13, 24% for V18 < 22.8 cc,
22.8–30.2 cc, 30.3–41.2 cc and >41.2 cc, respectively. These results were similar to another
series they had reported [81], identifying V18 and V21 as independent prognostic factors
(p = 0.03). The risk of radionecrosis at 1 year was 14% for V21 ≥ 20.9 cc and V18 ≥ 26.2 cc
and 4% for V21 < 20.9 cc and V18 < 26.2 cc, respectively. Inoue et al. [128] reported V23.1
(excluding the GTV, equivalent to V14 in single dose) as a predictive factor of radionecrosis
using a 3-fraction schedule, with 3 cases of symptomatic radionecrosis requiring surgery
above 7 cc, and a risk almost nil if < 5 cc. In a 5-fraction schedule, the same authors [129]
reported a significant risk of symptomatic radionecrosis requiring surgery (2 cases) if the
V28.8 (excluding GTV) was >7 cc, none below and no edema requiring corticosteroids below
3 cc. Faruqi et al. [130] reported a limit of 10.5 cc for brain volume minus GTV receiving
30 Gy in a 5-fraction schedule, with 13% of <10.5 cc targets developing symptomatic
radionecrosis vs. 61% if higher at 1 year. This study included surgical beds and in-place
lesions. An interesting dosimetric study [131] reported that “hot spots” (105, 110, 111% and
absolute dose of 33.5 Gy) between CTV and PTV (2 mm margin) were associated with more
radionecrosis in 55 surgical beds treated in 5 fractions (25–35 Gy). Furthermore, a recent
study [132] showed that V25 and V30 (brain minus GTV) were predictive of symptomatic
radionecrosis, with 21% of cases at 2 years if both factors were V25 > 16 cc and V30 > 10 cc
vs. 2% if both factors were below these thresholds.

Regarding retrospective HFSRT vs. SRS comparative studies, rates of radionecrosis or
complications are lower in almost all HFSRT groups for similar or higher efficacy despite
higher irradiation volumes (see Table 1). One study [96] identified a strong association of
RN risk with BED2 in univariate analysis (HR 1.02 per Gy, p = 0.035). More interestingly,
for lesions <1 cm in diameter, 12-month RN rate was 0% in HFSRT group vs. 9.6% for SRS
group; the differences were more pronounced for metastases ≥1 cm with a RN rate of 3.9%
vs. 21.2% for each group, respectively.

These results are similar to the radionecrosis rates observed in other retrospective
HFSRT series, ranging from 0 to 15% [19,50,55,58,81,133]. In a dose-escalation [98] study
of 46 patients regarding only large lesions (>3 cm diameter), the RN rate was associated
with the dose delivered. They found a rate of RN of 0%, 13% and 37% for the 8-Gy, 9-Gy
and 10-Gy in 3 fractions group respectively, while no increase in LC was observed with the
10-Gy group vs. 9-Gy group.

In the meta-analysis by Lehrer et al. [21], there was more radionecrosis in the SRS
groups with an incidence of 18.2% vs. 7.1% for the HFSRT group (p = 0.02). More recently,
Milano et al. [134] identified in a pooled published reports analysis that for brain metastasis
brain plus target volume V20 (3-fraction) or V24 (5-fraction) < 20 cc was associated with
<10% risk of any necrosis or edema, and <4% risk of radionecrosis requiring surgery. For
three-fraction SRT for brain metastases, normal brain tissue V18 < 30 cc and V23 < 7 cc
were associated with <10% risk of radionecrosis. Unlike these authors, we decided to
present raw data of each particular study because the mathematical logistic models and
NTCP modeling produce uncertainties in the data compilation, according to the authors
themselves.

Other factors involved in the occurrence of radionecrosis have been reported, either
related to the patient (sex, previous irradiation, location, chemotherapy [115,127,135,136]
or to the administration of treatment (homogeneity, conformity index [117,137]). Overall,
however, toxicities and particularly radionecrosis do not seem to be related to the treatment
device used [22,23,28,33], although their dosimetric properties may differ. Nonetheless, a
recent multi-institutional study [29] of 2699 lesions reported more radionecrosis in those
treated with GK-SRS vs. LINAC-SRS after applying a propensity score (HR 4.42, p = 0.019).
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One study [137] showed that the compliance index was associated with more grade II
complications or higher (p = 0.001). Regarding concurrent immunotherapy, the available
studies may reassure us [101,138–140] but cautious should remain [141]. Only phase I/II
trials are ongoing [142–145]. Future prospective data about fractionation schedules and
concurrent delivery of SRT with immunotherapy are still needed.

5. Role of Tumor Volume

The role of tumor volume in the efficacy of stereotactic brain irradiation is difficult to
interpret. A lower biological effective dose is generally used for large volumes, especially
for single-fraction treatments. Fractionation might therefore offer greater efficacy thanks
to the increase in the BED. In the RTOG 90-05 trial, multivariate analysis did not show
a relationship between tumor volume, lesion diameter and local control. Tumor volume
was also not shown to be a prognostic factor in multivariate analysis in the study by Shiau
et al. [45], whereas the dose received was. Using the RTOG 90-05 dose regimens, Vogelbaum
et al. [51] showed that local control was poorer in larger tumors, with a 6-month local
control of 92, 87 and 71% for median tumor diameters of 1, 2.4 and 3.3 cm. However, the
doses used were lower with increasing size according to the RTOG 90-05 dose regimen (15,
18 and 24 Gy). Local control at 1 year was similar: 45, 49, 85%, respectively. Chao et al. [53]
reported lower local control rates at 6 and 12 months for lesions between 2 and 4 cm
compared to 0 to 2 cm (83 and 62% vs. 97 and 92%, respectively, p < 0.0001) but BEDs were
lower for larger lesions (between 28.6 and 36 Gy vs. 45.9–50.7 Gy) and the authors found
that metastases receiving a dose >22 Gy were better controlled at 1 year than those receiving
a lower dose (92 vs. 72%, p = 0.0013). Similar results were obtained by Molenaar et al. [54],
with control improving with increasing dose, which was inversely correlated with lesion
size. Furthermore, multivariate analysis showed that only lower doses decreased local
control compared to higher doses (p = 0.007), not lesion size. In the series of Kwon et al. [79]
mainly associating whole-brain irradiation and HFSRT, only volume emerged in univariate
analysis and smaller lesions also received more doses compared to larger ones, as in the
studies by Schomas et al. [146]. and Minniti et al. [81]. Tumor volume also did not emerge
independently in older SRS series [4,147].

In series where only large lesions were treated, local control rates were broadly similar
between studies compared to lesions of smaller volumes treated at a similar BED. The
series of Higuchi et al. [19] had a mean lesion volume of 17.6 cc (10.8–35.5, between 3 and
4.5 cm in diameter) with a local control at 12 months of 76%, a rate comparable to series
with much lower volumes (around 6–7 cc) in HFSRT [50,58,68]. The finding was similar in
the series by Feuvret et al. [82], with a 100% local control at 12 months in the 12 patients
treated by HFSRT with a median volume of 29.4 cc (equivalent diameter of 4.5 cm) and
58% in the 24 patients treated by SRS with a median volume of 15.69 cc (diameter 3.8 cm);
Jiang et al. [148], with a 12-month local control of 94.2% for a median diameter of 4.1 cm
(36 cc); and Wegner et al. [149], with a 1-year local control of 63% for a median volume of
15.6 cc. These series did not show any influence of volume on local control. Among the
comparative retrospective studies, three [18,94,97] found volume to be pejorative, but for
some of them, the efficacy was same or even better with larger lesions.

However, some studies have shown an effect of volume on efficacy with varying
degrees of strength. The study by Murai et al. [150] showed that in patients with tumors
>2.5 cm in diameter, local control at 6 and 12 months was 95% and 93% for volumes < 8 cc,
86% and 76% for between 8 and 15 cc, 80% and 67% for between 15 and 33 cc and 54%
and 46% for >33 cc, p = 0.007. The 61 metastases were treated in HFSRT by CyberKnife in
a relatively homogeneous manner. Matsuyama et al. [83] reported that tumor diameter
was a pejorative predictive factor of local control in multivariate analysis (p = 0.001) in
334 patients for 497 lesions analyzed (8.6 mm median diameter (2.8–47.4)) treated with
HFSRT at an effective biological dose of approximately 80 Gy (α/β = 10), regardless of
size and with variable fractionation. Chang et al. [47] showed that brain metastases <1 cm
treated with LINAC-SRS had better local control at 1 and 2 years compared to those
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>1 cm (0.5 cc); 86% and 78% vs. 56% and 24%, respectively (p = 0.0016). Lucia et al. [37]
reported better local control in 134 patients with 208 lesions for those <2.04 cc vs. above
(p < 0.0001, HR = 6.77). Becker et al. [84] showed that metastasis size ≤12 mm was a factor
of better local control (p = 0.002) in 55 patients with 72 lesions on LINAC-SRS with doses
ranging from 8 to 20 Gy (median 15 Gy). A retrospective monocenter study [151] involving
48 patients with 77 metastases treated homogeneously with LINAC-SRS at 20 Gy found
that a GTV <2 cc was a factor of better local control (p = 0.037). Aoyama et al. [58] reported
that a tumor volume <3 cc or >3 cc was significantly related in multivariate analysis to local
control at 1 year with a rate of 96% vs. 59%, respectively (p = 0.0023). The median volume
was 3.3 cc (approximately 1.8 cm in diameter) ranging from 0.006 to 48.3 cc. For Varlotto
et al. [152], local control at 1 year was 95.2% vs. 83.3% for tumors <2 or >2 cc respectively,
p = 0.0029. A study [153] evaluating the reduction in tumor volume at 2 months post SRS
showed that a reduction in volume >50% was associated in multivariate analysis with a
tumor volume <16 cc, p = 0.066 (the authors considered p < 0.1 to be significant). Similarly,
some series showed that volume was an independent pejorative factor, although dose
schedules, which varied widely and were generally inversely correlated with volume, were
not described [30,154–156]. The comparative retrospective study by Ishihara et al. [18]
showed that PTV volume was a prognostic factor in multivariate analysis, with a local
control at 1 year of 94.4% vs. 77.5% for PTV <4 or >4 cc (p = 0.038), respectively. However,
smaller tumors were treated more by SRS which has a higher BED, and no details on this
were presented. Two other comparative studies, Mengue et al. [97]. and Lesueur et al. [94],
found that high tumor volume was a poor predictor of local control in multivariate analysis.

In total, 7 series out of 35 were globally homogeneous in their treatment and high-
lighted the pejorative role of volume. The main conclusion is that a higher dose is probably
necessary when the volume increases but cautious should remain [98].

6. Conclusions

Stereotactic cerebral radiotherapy is the treatment of choice for patients with few
or asymptomatic brain metastases. Considerable technical progress in recent years has
made it possible to make wider, more comfortable and safer the use of this radiation
modality, both for the practitioner and patients. The effects of the combination of SRT and
systemic treatments such as targeted therapies or immunotherapy remain elusive, but the
radiation schedule is a critical factor in the immunomodulatory responses. In this view,
fractionated schedules may be preferred. Prospective trials on concurrent delivery of SRT
with immunotherapy are still needed. In addition, fractionated schedules allow delivery
of higher BED while preserving normal brain tissue, it may be considered not only in
large metastases but from 1 cm diameter brain metastases as suggested by a retrospective
study. Despite different dosimetric properties, no treatment device has been shown to
be clearly more effective than another. While tumor volume is widely considered to be a
pejorative prognostic factor in terms of efficacy, it can be assumed that a higher volume
requires an increase in the effective dose. The volume of healthy tissue irradiated is a clear
prognostic factor for radionecrosis but data are very heterogeneous and scarce, especially
for fractionated schedules. With almost only retrospective data available, a 12-month local
control rate >70% seems to be achieved with a BED10 of 40 to 50 Gy. A BED10 of 50 to
60 Gy seems to achieve a 12-month local control rate at least of 80% at 12 months. In
the brain metastases radiosurgery series, for single-fraction schedule, a V12 Gy < 5 to
10 cc is associated to 7.1–22.5% radionecrosis rate. For the three-fraction schedule, V18
Gy < 26–30 cc, V21 Gy < 21 cc and V23 < 5–7 cc are associated to about 0–14% RN rate.
For the five-fraction schedule, V30 < 10–30 cc, V28.8 Gy < 3–7 cc and V25 Gy < 16 cc are
associated with about 2–14% symptomatic RN rate. We attempted with plenty of cautious
to summarize the data presented here in Table 3 as a guide while waiting more robust
studies. There are still no prospective trials comparing radiosurgery to multifractionated
stereotactic irradiation. A phase III trial is ongoing for resected brain metastases [157].
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Table 3. Summary of dose-efficacy and dose-toxicity data in brain metastasis SRT studies.

DOSE—EFFICACY DATA

BED Expected
12-months LC Evidence level Comments Perspectives/future

research

BED10 40 to 50 Gy
BED10 50 to 60 Gy

>70%
>80% Moderate

Consider fractionation if:
- concurrent IT,

- lesion > 2 cm in diameter

(BED10 of 50 Gy is corresponding
to about 18 Gy in 1 fr., 27 Gy in 3 fr.

or 30 Gy in 5 fr.)

Single fraction vs.
multiple fractions in

phase III trials

Concurrent IT/TKI

Specific histology data

VOLUME OF BRAIN CONSTRAINTS

Vx Expected RN rate Evidence level Brain structure for the constraints Perspectives/future
research

Single fraction

V12 Gy < 5 to 10 cc
7.1 to 22.5% Moderate

Whole brain (including target
volumes) in almost studies but

consider Brain—GTV
Single fraction vs.

multiple fractions in
phase III trials

Concurrent IT/TKI

Specific histology data

Three fractions

V18 Gy < 26–30 cc
V21 Gy < 21cc

V23 Gy < 5–7 cc

0 to 14% Weak Brain − GTV in 4 studies out 5

Five fractions

V30 Gy < 10–30 cc
V28.8 Gy < 3–7 cc

V25 Gy < 16 cc

2 to 14% Weak Brain − GTV/CTV
(rate of symptomatic necrosis)

BED10: biological effective dose with alpha/beta ratio = 10 Gy. Vx: volume of x Gray. RN: radionecrosis. IT: immunotherapy. TKI:
tyrosine-kinase inhibitor. GTV: gross tumor volume. CTV: clinical tumor volume.

Author Contributions: Conceptualization, M.L. and J.K.; methodology, M.L and J.K.; validation,
M.L., J.K., J.-B.C., J.A.K. and E.M.; writing—original draft preparation, M.L.; writing—review, M.L.
and J.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Soffietti, R.; Abacioglu, U.; Baumert, B.; Combs, S.E.; Kinhult, S.; Kros, J.M.; Marosi, C.; Metellus, P.; Radbruch, A.; Villa Freixa,

S.S.; et al. Diagnosis and Treatment of Brain Metastases from Solid Tumors: Guidelines from the European Association of
Neuro-Oncology (EANO). Neuro Oncol. 2017, 19, 162–174. [CrossRef]

2. Barlesi, F.; Gervais, R.; Lena, H.; Hureaux, J.; Berard, H.; Paillotin, D.; Bota, S.; Monnet, I.; Chajara, A.; Robinet, G. Pemetrexed and
Cisplatin as First-Line Chemotherapy for Advanced Non-Small-Cell Lung Cancer (NSCLC) with Asymptomatic Inoperable Brain
Metastases: A Multicenter Phase II Trial (GFPC 07-01). Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2011, 22, 2466–2470. [CrossRef]
[PubMed]

3. Khuntia, D.; Brown, P.; Li, J.; Mehta, M.P. Whole-Brain Radiotherapy in the Management of Brain Metastasis. J. Clin. Oncol. 2006,
24, 1295–1304. [CrossRef] [PubMed]

4. Auchter, R.M.; Lamond, J.P.; Alexander, E.; Buatti, J.M.; Chappell, R.; Friedman, W.A.; Kinsella, T.J.; Levin, A.B.; Noyes, W.R.;
Schultz, C.J.; et al. A Multiinstitutional Outcome and Prognostic Factor Analysis of Radiosurgery for Resectable Single Brain
Metastasis. Int. J. Radiat. Oncol. Biol. Phys. 1996, 35, 27–35. [CrossRef]

5. Muacevic, A.; Kreth, F.W.; Horstmann, G.A.; Schmid-Elsaesser, R.; Wowra, B.; Steiger, H.J.; Reulen, H.J. Surgery and Radiotherapy
Compared with Gamma Knife Radiosurgery in the Treatment of Solitary Cerebral Metastases of Small Diameter. J. Neurosurg.
1999, 91, 35–43. [CrossRef]

6. Muacevic, A.; Wowra, B.; Siefert, A.; Tonn, J.-C.; Steiger, H.-J.; Kreth, F.W. Microsurgery plus Whole Brain Irradiation versus
Gamma Knife Surgery Alone for Treatment of Single Metastases to the Brain: A Randomized Controlled Multicentre Phase III
Trial. J. Neurooncol. 2008, 87, 299–307. [CrossRef]

7. Tsao, M.N.; Xu, W.; Wong, R.K.; Lloyd, N.; Laperriere, N.; Sahgal, A.; Rakovitch, E.; Chow, E. Whole Brain Radiotherapy for the
Treatment of Newly Diagnosed Multiple Brain Metastases. Cochrane Database Syst. Rev. 2018, 1, CD003869. [CrossRef]

http://doi.org/10.1093/neuonc/now241
http://doi.org/10.1093/annonc/mdr003
http://www.ncbi.nlm.nih.gov/pubmed/21321089
http://doi.org/10.1200/JCO.2005.04.6185
http://www.ncbi.nlm.nih.gov/pubmed/16525185
http://doi.org/10.1016/S0360-3016(96)85008-5
http://doi.org/10.3171/jns.1999.91.1.0035
http://doi.org/10.1007/s11060-007-9510-4
http://doi.org/10.1002/14651858.CD003869.pub3


Cancers 2021, 13, 6086 16 of 22

8. Andrews, D.W.; Scott, C.B.; Sperduto, P.W.; Flanders, A.E.; Gaspar, L.E.; Schell, M.C.; Werner-Wasik, M.; Demas, W.; Ryu, J.;
Bahary, J.-P.; et al. Whole Brain Radiation Therapy with or without Stereotactic Radiosurgery Boost for Patients with One to
Three Brain Metastases: Phase III Results of the RTOG 9508 Randomised Trial. Lancet 2004, 363, 1665–1672. [CrossRef]

9. Kocher, M.; Soffietti, R.; Abacioglu, U.; Villà, S.; Fauchon, F.; Baumert, B.G.; Fariselli, L.; Tzuk-Shina, T.; Kortmann, R.-D.; Carrie,
C.; et al. Adjuvant Whole-Brain Radiotherapy versus Observation after Radiosurgery or Surgical Resection of One to Three
Cerebral Metastases: Results of the EORTC 22952-26001 Study. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2011, 29, 134–141.
[CrossRef]

10. Kondziolka, D.; Patel, A.; Lunsford, L.D.; Kassam, A.; Flickinger, J.C. Stereotactic Radiosurgery plus Whole Brain Radiotherapy
versus Radiotherapy Alone for Patients with Multiple Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 1999, 45, 427–434.
[CrossRef]

11. Aoyama, H.; Shirato, H.; Tago, M.; Nakagawa, K.; Toyoda, T.; Hatano, K.; Kenjyo, M.; Oya, N.; Hirota, S.; Shioura, H.; et al.
Stereotactic Radiosurgery plus Whole-Brain Radiation Therapy vs Stereotactic Radiosurgery Alone for Treatment of Brain
Metastases: A Randomized Controlled Trial. JAMA 2006, 295, 2483–2491. [CrossRef] [PubMed]

12. Sahgal, A.; Aoyama, H.; Kocher, M.; Neupane, B.; Collette, S.; Tago, M.; Shaw, P.; Beyene, J.; Chang, E.L. Phase 3 Trials of
Stereotactic Radiosurgery with or without Whole-Brain Radiation Therapy for 1 to 4 Brain Metastases: Individual Patient Data
Meta-Analysis. Int. J. Radiat. Oncol. Biol. Phys. 2015, 91, 710–717. [CrossRef]

13. Chang, E.L.; Wefel, J.S.; Hess, K.R.; Allen, P.K.; Lang, F.F.; Kornguth, D.G.; Arbuckle, R.B.; Swint, J.M.; Shiu, A.S.; Maor, M.H.;
et al. Neurocognition in Patients with Brain Metastases Treated with Radiosurgery or Radiosurgery plus Whole-Brain Irradiation:
A Randomised Controlled Trial. Lancet Oncol. 2009, 10, 1037–1044. [CrossRef]

14. Brown, P.D.; Jaeckle, K.; Ballman, K.V.; Farace, E.; Cerhan, J.H.; Anderson, S.K.; Carrero, X.W.; Barker, F.G.; Deming, R.; Burri,
S.H.; et al. Effect of Radiosurgery Alone vs Radiosurgery With Whole Brain Radiation Therapy on Cognitive Function in Patients
With 1 to 3 Brain Metastases: A Randomized Clinical Trial. JAMA 2016, 316, 401–409. [CrossRef] [PubMed]

15. Park, S.J.; Kim, H.T.; Lee, D.H.; Kim, K.P.; Kim, S.-W.; Suh, C.; Lee, J.S. Efficacy of Epidermal Growth Factor Receptor Tyrosine
Kinase Inhibitors for Brain Metastasis in Non-Small Cell Lung Cancer Patients Harboring Either Exon 19 or 21 Mutation. Lung
Cancer Amst. Neth. 2012, 77, 556–560. [CrossRef] [PubMed]

16. Porta, R.; Sánchez-Torres, J.M.; Paz-Ares, L.; Massutí, B.; Reguart, N.; Mayo, C.; Lianes, P.; Queralt, C.; Guillem, V.; Salinas, P.;
et al. Brain Metastases from Lung Cancer Responding to Erlotinib: The Importance of EGFR Mutation. Eur. Respir. J. 2011, 37,
624–631. [CrossRef]

17. Minniti, G.; Scaringi, C.; Paolini, S.; Lanzetta, G.; Romano, A.; Cicone, F.; Osti, M.; Enrici, R.M.; Esposito, V. 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. 2016, 95, 1142–1148. [CrossRef]

18. Ishihara, T.; Yamada, K.; Harada, A.; Isogai, K.; Tonosaki, Y.; Demizu, Y.; Miyawaki, D.; Yoshida, K.; Ejima, Y.; Sasaki, R.
Hypofractionated Stereotactic Radiotherapy for Brain Metastases from Lung Cancer: Evaluation of Indications and Predictors of
Local Control. Strahlenther. Onkol. 2016, 192, 386–393. [CrossRef] [PubMed]

19. Higuchi, Y.; Serizawa, T.; Nagano, O.; Matsuda, S.; Ono, J.; Sato, M.; Iwadate, Y.; Saeki, N. Three-Staged Stereotactic Radiotherapy
without Whole Brain Irradiation for Large Metastatic Brain Tumors. Int. J. Radiat. Oncol. Biol. Phys. 2009, 74, 1543–1548.
[CrossRef]

20. Shaw, E.; Scott, C.; Souhami, L.; Dinapoli, R.; Kline, R.; Loeffler, J.; Farnan, N. Single Dose Radiosurgical Treatment of Recurrent
Previously Irradiated Primary Brain Tumors and Brain Metastases: Final Report of RTOG Protocol 90-05. Int. J. Radiat. Oncol. Biol.
Phys. 2000, 47, 291–298. [CrossRef]

21. Lehrer, E.J.; Peterson, J.L.; Zaorsky, N.G.; Brown, P.D.; Sahgal, A.; Chiang, V.L.; Chao, S.T.; Sheehan, J.P.; Trifiletti, D.M. Single
versus Multifraction Stereotactic Radiosurgery for Large Brain Metastases: An International Meta-Analysis of 24 Trials. Int. J.
Radiat. Oncol. Biol. Phys. 2019, 103, 618–630. [CrossRef]

22. Sio, T.T.; Jang, S.; Lee, S.-W.; Curran, B.; Pyakuryal, A.P.; Sternick, E.S. Comparing Gamma Knife and Cyberknife in Patients with
Brain Metastases. J. Appl. Clin. Med. Phys. 2014, 15, 4095. [CrossRef]

23. Wowra, B.; Muacevic, A.; Tonn, J.-C. Quality of Radiosurgery for Single Brain Metastases with Respect to Treatment Technology:
A Matched-Pair Analysis. J. Neurooncol. 2009, 94, 69–77. [CrossRef]

24. Ma, L.; Nichol, A.; Hossain, S.; Wang, B.; Petti, P.; Vellani, R.; Higby, C.; Ahmad, S.; Barani, I.; Shrieve, D.C.; et al. Variable Dose
Interplay Effects across Radiosurgical Apparatus in Treating Multiple Brain Metastases. Int. J. Comput. Assist. Radiol. Surg. 2014,
9, 1079–1086. [CrossRef]

25. Treuer, H.; Hoevels, M.; Luyken, K.; Visser-Vandewalle, V.; Wirths, J.; Kocher, M.; Ruge, M. Intracranial Stereotactic Radiosurgery
with an Adapted Linear Accelerator vs. Robotic Radiosurgery: Comparison of Dosimetric Treatment Plan Quality. Strahlenther.
Onkol. 2015, 191, 470–476. [CrossRef]

26. Wiggenraad, R.; Kanter, A.V.; Kal, H.B.; Taphoorn, M.; Vissers, T.; Struikmans, H. Dose–Effect Relation in Stereotactic Radiotherapy
for Brain Metastases. A Systematic Review. Radiother. Oncol. 2011, 98, 292–297. [CrossRef]

27. Sanghavi, S.N.; Miranpuri, S.S.; Chappell, R.; Buatti, J.M.; Sneed, P.K.; Suh, J.H.; Regine, W.F.; Weltman, E.; King, V.J.; Goetsch,
S.J.; et al. Radiosurgery for Patients with Brain Metastases: A Multi-Institutional Analysis, Stratified by the RTOG Recursive
Partitioning Analysis Method. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51, 426–434. [CrossRef]

http://doi.org/10.1016/S0140-6736(04)16250-8
http://doi.org/10.1200/JCO.2010.30.1655
http://doi.org/10.1016/S0360-3016(99)00198-4
http://doi.org/10.1001/jama.295.21.2483
http://www.ncbi.nlm.nih.gov/pubmed/16757720
http://doi.org/10.1016/j.ijrobp.2014.10.024
http://doi.org/10.1016/S1470-2045(09)70263-3
http://doi.org/10.1001/jama.2016.9839
http://www.ncbi.nlm.nih.gov/pubmed/27458945
http://doi.org/10.1016/j.lungcan.2012.05.092
http://www.ncbi.nlm.nih.gov/pubmed/22677429
http://doi.org/10.1183/09031936.00195609
http://doi.org/10.1016/j.ijrobp.2016.03.013
http://doi.org/10.1007/s00066-016-0963-2
http://www.ncbi.nlm.nih.gov/pubmed/27169391
http://doi.org/10.1016/j.ijrobp.2008.10.035
http://doi.org/10.1016/S0360-3016(99)00507-6
http://doi.org/10.1016/j.ijrobp.2018.10.038
http://doi.org/10.1120/jacmp.v15i1.4095
http://doi.org/10.1007/s11060-009-9802-y
http://doi.org/10.1007/s11548-014-1001-4
http://doi.org/10.1007/s00066-014-0786-y
http://doi.org/10.1016/j.radonc.2011.01.011
http://doi.org/10.1016/S0360-3016(01)01622-4


Cancers 2021, 13, 6086 17 of 22

28. Navarria, P.; Clerici, E.; Carta, G.; Attuati, L.; Picozzi, P.; Franzese, C.; D’Agostino, G.R.; Tomatis, S.; Mancosu, P.; Cozzi, L.; et al.
Randomized Phase III Trial Comparing Gamma Knife and Linac Based (EDGE) Approaches for Brain Metastases Radiosurgery:
Results from the Gadget Trial. Int. J. Radiat. Oncol. Biol. Phys. 2018, 102, S143–S144. [CrossRef]

29. Sebastian, N.T.; Glenn, C.; Hughes, R.; Raval, R.; Chu, J.; DiCostanzo, D.; Bell, E.H.; Grecula, J.; Arnett, A.; Gondal, H.; et al.
Linear Accelerator-Based Radiosurgery Is Associated with Lower Incidence of Radionecrosis Compared with Gamma Knife for
Treatment of Multiple Brain Metastases. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2020, 147, 136–143. [CrossRef] [PubMed]

30. Nath, S.K.; Lawson, J.D.; Wang, J.-Z.; Simpson, D.R.; Newman, C.B.; Alksne, J.F.; Mundt, A.J.; Murphy, K.T. Optically-Guided
Frameless Linac-Based Radiosurgery for Brain Metastases: Clinical Experience. J. Neurooncol. 2010, 97, 67–72. [CrossRef]
[PubMed]

31. Gamma Knife Surgery Compared with Linac-Based Radiosurgery Systems in the Treatment of Intracranial Lesions or Tumours and Functional
Neurosurgery: A Review of the Precision, Accuracy, Clinical Effectiveness, Cost-Effectiveness, and Guidelines; CADTH Rapid Response
Reports; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2014.

32. Guss, Z.D.; Batra, S.; Limb, C.J.; Li, G.; Sughrue, M.E.; Redmond, K.; Rigamonti, D.; Parsa, A.T.; Chang, S.; Kleinberg, L.; et al.
Radiosurgery of Glomus Jugulare Tumors: A Meta-Analysis. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, e497–e502. [CrossRef]
[PubMed]

33. Cho, Y.H.; Lee, J.M.; Lee, D.; Park, J.H.; Yoon, K.; Kim, S.O.; Kwon, D.H.; Kim, J.H.; Kim, C.J.; Roh, S.W. Experiences on Two
Different Stereotactic Radiosurgery Modalities of Gamma Knife and Cyberknife in Treating Brain Metastases. Acta Neurochir.
2015, 157, 2003–2009. [CrossRef] [PubMed]

34. Ohira, S.; Ueda, Y.; Akino, Y.; Hashimoto, M.; Masaoka, A.; Hirata, T.; Miyazaki, M.; Koizumi, M.; Teshima, T. HyperArc VMAT
Planning for Single and Multiple Brain Metastases Stereotactic Radiosurgery: A New Treatment Planning Approach. Radiat.
Oncol. Lond. Engl. 2018, 13, 13. [CrossRef]

35. Alongi, F.; Fiorentino, A.; Gregucci, F.; Corradini, S.; Giaj-Levra, N.; Romano, L.; Rigo, M.; Ricchetti, F.; Beltramello, A.; Lunardi, G.;
et al. First Experience and Clinical Results Using a New Non-Coplanar Mono-Isocenter Technique (HyperArcTM) for Linac-Based
VMAT Radiosurgery in Brain Metastases. J. Cancer Res. Clin. Oncol. 2019, 145, 193–200. [CrossRef] [PubMed]

36. Fowler, J.F.; Welsh, J.S.; Howard, S.P. Loss of Biological Effect in Prolonged Fraction Delivery. Int. J. Radiat. Oncol. Biol. Phys. 2004,
59, 242–249. [CrossRef]

37. Lucia, F.; Key, S.; Dissaux, G.; Goasduff, G.; Lucia, A.-S.; Ollivier, L.; Pradier, O.; Schick, U. Inhomogeneous Tumor Dose
Distribution Provides Better Local Control than Homogeneous Distribution in Stereotactic Radiotherapy for Brain Metastases.
Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2019, 130, 132–138. [CrossRef]

38. Joiner, M.; van der Kogel, A. (Eds.) Basic Clinical Radiobiology, 4th ed.; Hodder Arnold: London, UK, 2009; ISBN 978-0-340-92966-7.
39. Anzalone, N.; Essig, M.; Lee, S.-K.; Dörfler, A.; Ganslandt, O.; Combs, S.E.; Picozzi, P. Optimizing Contrast-Enhanced Magnetic

Resonance Imaging Characterization of Brain Metastases: Relevance to Stereotactic Radiosurgery. Neurosurgery 2013, 72, 691–701.
[CrossRef]

40. Baumert, B.G.; Rutten, I.; Dehing-Oberije, C.; Twijnstra, A.; Dirx, M.J.M.; Debougnoux-Huppertz, R.M.T.L.; Lambin, P.; Kubat, B.
A Pathology-Based Substrate for Target Definition in Radiosurgery of Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2006, 66,
187–194. [CrossRef] [PubMed]

41. Nataf, F.; Schlienger, M.; Liu, Z.; Foulquier, J.N.; Grès, B.; Orthuon, A.; Vannetzel, J.M.; Escudier, B.; Meder, J.-F.; Roux, F.X.; et al.
Radiosurgery with or without A 2-Mm Margin for 93 Single Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2008, 70, 766–772.
[CrossRef]

42. Noël, G.; Simon, J.M.; Valery, C.A.; Cornu, P.; Boisserie, G.; Hasboun, D.; Ledu, D.; Tep, B.; Delattre, J.Y.; Marsault, C.; et al.
Radiosurgery for Brain Metastasis: Impact of CTV on Local Control. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2003, 68,
15–21. [CrossRef]

43. Kirkpatrick, J.P.; Wang, Z.; Sampson, J.H.; McSherry, F.; Herndon, J.E.; Allen, K.J.; Duffy, E.; Hoang, J.K.; Chang, Z.; Yoo, D.S.;
et al. Defining the Optimal Planning Target Volume in Image-Guided Stereotactic Radiosurgery of Brain Metastases: Results of a
Randomized Trial. Int. J. Radiat. Oncol. Biol. Phys. 2015, 91, 100–108. [CrossRef] [PubMed]

44. Chang, J.Y.; Bezjak, A.; Mornex, F. IASLC Advanced Radiation Technology Committee Stereotactic Ablative Radiotherapy for
Centrally Located Early Stage Non-Small-Cell Lung Cancer: What We Have Learned. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study
Lung Cancer 2015, 10, 577–585. [CrossRef]

45. Shiau, C.Y.; Sneed, P.K.; Shu, H.K.; Lamborn, K.R.; McDermott, M.W.; Chang, S.; Nowak, P.; Petti, P.L.; Smith, V.; Verhey, L.J.; et al.
Radiosurgery for Brain Metastases: Relationship of Dose and Pattern of Enhancement to Local Control. Int. J. Radiat. Oncol. Biol.
Phys. 1997, 37, 375–383. [CrossRef]

46. Matsuo, T.; Shibata, S.; Yasunaga, A.; Iwanaga, M.; Mori, K.; Shimizu, T.; Hayashi, N.; Ochi, M.; Hayashi, K. Dose Optimization
and Indication of Linac Radiosurgery for Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 1999, 45, 931–939. [CrossRef]

47. Chang, E.L.; Hassenbusch, S.J.; Shiu, A.S.; Lang, F.F.; Allen, P.K.; Sawaya, R.; Maor, M.H. The Role of Tumor Size in the
Radiosurgical Management of Patients with Ambiguous Brain Metastases. Neurosurgery 2003, 53, 272–280; discussion 280–281.
[CrossRef] [PubMed]

48. Chang, E.L.; Selek, U.; Hassenbusch, S.J.; Maor, M.H.; Allen, P.K.; Mahajan, A.; Sawaya, R.; Woo, S.Y. Outcome Variation among
“Radioresistant” Brain Metastases Treated with Stereotactic Radiosurgery. Neurosurgery 2005, 56, 936–945; discussion 936–945.
[PubMed]

http://doi.org/10.1016/j.ijrobp.2018.06.349
http://doi.org/10.1016/j.radonc.2020.03.024
http://www.ncbi.nlm.nih.gov/pubmed/32294607
http://doi.org/10.1007/s11060-009-9989-y
http://www.ncbi.nlm.nih.gov/pubmed/19701719
http://doi.org/10.1016/j.ijrobp.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21703782
http://doi.org/10.1007/s00701-015-2585-3
http://www.ncbi.nlm.nih.gov/pubmed/26381540
http://doi.org/10.1186/s13014-017-0948-z
http://doi.org/10.1007/s00432-018-2781-7
http://www.ncbi.nlm.nih.gov/pubmed/30382369
http://doi.org/10.1016/j.ijrobp.2004.01.004
http://doi.org/10.1016/j.radonc.2018.06.039
http://doi.org/10.1227/NEU.0b013e3182889ddf
http://doi.org/10.1016/j.ijrobp.2006.03.050
http://www.ncbi.nlm.nih.gov/pubmed/16814946
http://doi.org/10.1016/j.ijrobp.2007.11.002
http://doi.org/10.1016/S0167-8140(03)00207-X
http://doi.org/10.1016/j.ijrobp.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25442342
http://doi.org/10.1097/JTO.0000000000000453
http://doi.org/10.1016/S0360-3016(96)00497-X
http://doi.org/10.1016/S0360-3016(99)00271-0
http://doi.org/10.1227/01.NEU.0000073546.61154.9A
http://www.ncbi.nlm.nih.gov/pubmed/12925241
http://www.ncbi.nlm.nih.gov/pubmed/15854241


Cancers 2021, 13, 6086 18 of 22

49. Lutterbach, J.; Cyron, D.; Henne, K.; Ostertag, C.B. Radiosurgery Followed by Planned Observation in Patients with One to Three
Brain Metastases. Neurosurgery 2003, 52, 1066–1073.

50. Ernst-Stecken, A.; Ganslandt, O.; Lambrecht, U.; Sauer, R.; Grabenbauer, G. Phase II Trial of Hypofractionated Stereotactic
Radiotherapy for Brain Metastases: Results and Toxicity. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2006, 81, 18–24.
[CrossRef] [PubMed]

51. Vogelbaum, M.A.; Angelov, L.; Lee, S.-Y.; Li, L.; Barnett, G.H.; Suh, J.H. Local Control of Brain Metastases by Stereotactic
Radiosurgery in Relation to Dose to the Tumor Margin. J. Neurosurg. 2006, 104, 907–912. [CrossRef]

52. Narayana, A.; Chang, J.; Yenice, K.; Chan, K.; Lymberis, S.; Brennan, C.; Gutin, P.H. Hypofractionated Stereotactic Radiotherapy
Using Intensity-Modulated Radiotherapy in Patients with One or Two Brain Metastases. Stereotact. Funct. Neurosurg. 2007, 85,
82–87. [CrossRef]

53. Chao, S.T.; Barnett, G.H.; Vogelbaum, M.A.; Angelov, L.; Weil, R.J.; Neyman, G.; Reuther, A.M.; Suh, J.H. Salvage Stereotactic
Radiosurgery Effectively Treats Recurrences from Whole-Brain Radiation Therapy. Cancer 2008, 113, 2198–2204. [CrossRef]
[PubMed]

54. Molenaar, R.; Wiggenraad, R.; Verbeek-de Kanter, A.; Walchenbach, R.; Vecht, C. Relationship between Volume, Dose and Local
Control in Stereotactic Radiosurgery of Brain Metastasis. Br. J. Neurosurg. 2009, 23, 170–178. [CrossRef] [PubMed]

55. Saitoh, J.-I.; Saito, Y.; Kazumoto, T.; Kudo, S.; Ichikawa, A.; Hayase, N.; Kazumoto, K.; Sakai, H.; Shibuya, K. Therapeutic Effect of
Linac-Based Stereotactic Radiotherapy with a Micro-Multileaf Collimator for the Treatment of Patients with Brain Metastases
from Lung Cancer. Jpn. J. Clin. Oncol. 2010, 40, 119–124. [CrossRef] [PubMed]

56. Rodrigues, G.; Warner, A.; Bauman, G.; Senan, S.; Lagerwaard, F. Systematic Review of Fractionated Brain Metastases Radiother-
apy. J. Radiat. Oncol. 2014, 3, 29–41. [CrossRef]

57. Aoki, M.; Abe, Y.; Hatayama, Y.; Kondo, H.; Basaki, K. Clinical Outcome of Hypofractionated Conventional Conformation
Radiotherapy for Patients with Single and No More than Three Metastatic Brain Tumors, with Noninvasive Fixation of the Skull
without Whole Brain Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 414–418. [CrossRef] [PubMed]

58. Aoyama, H.; Shirato, H.; Onimaru, R.; Kagei, K.; Ikeda, J.; Ishii, N.; Sawamura, Y.; Miyasaka, K. Hypofractionated Stereotactic
Radiotherapy Alone without Whole-Brain Irradiation for Patients with Solitary and Oligo Brain Metastasis Using Noninvasive
Fixation of the Skull. Int. J. Radiat. Oncol. Biol. Phys. 2003, 56, 793–800. [CrossRef]

59. Davey, P.; Schwartz, M.L.; Scora, D.; Gardner, S.; O’Brien, P.F. Fractionated (Split Dose) Radiosurgery in Patients with Recurrent
Brain Metastases: Implications for Survival. Br. J. Neurosurg. 2007, 21, 491–495. [CrossRef]

60. De Salles, A.A.; Hariz, M.; Bajada, C.L.; Goetsch, S.; Bergenheim, T.; Selch, M.; Holly, F.E.; Solberg, T.; Becker, D.P. Comparison
between Radiosurgery and Stereotactic Fractionated Radiation for the Treatment of Brain Metastases. Acta Neurochir. Suppl.
(Wien) 1993, 58, 115–118.

61. Fahrig, A.; Ganslandt, O.; Lambrecht, U.; Grabenbauer, G.; Kleinert, G.; Sauer, R.; Hamm, K. Hypofractionated Stereotactic
Radiotherapy for Brain Metastases–Results from Three Different Dose Concepts. Strahlenther. Onkol. 2007, 183, 625–630. [CrossRef]
[PubMed]

62. Ikushima, H.; Tokuuye, K.; Sumi, M.; Kagami, Y.; Murayama, S.; Ikeda, H.; Tanaka, M.; Oyama, H.; Shibui, S.; Nomura, K.
Fractionated Stereotactic Radiotherapy of Brain Metastases from Renal Cell Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48,
1389–1393. [CrossRef]

63. Jyothirmayi, R.; Saran, F.H.; Jalali, R.; Perks, J.; Warrington, A.P.; Traish, D.; Ashley, S.; Hines, F.; Brada, M. Stereotactic
Radiotherapy for Solitary Brain Metastases. Clin. Oncol. 2001, 13, 228–234.

64. Kim, Y.-J.; Cho, K.H.; Kim, J.-Y.; Lim, Y.K.; Min, H.S.; Lee, S.H.; Kim, H.J.; Gwak, H.S.; Yoo, H.; Lee, S.H. Single-Dose Versus
Fractionated Stereotactic Radiotherapy for Brain Metastases. Int. J. Radiat. Oncol. 2011, 81, 483–489. [CrossRef] [PubMed]

65. Kwon, K.-Y.; Kong, D.-S.; Lee, J.-I.; Nam, D.-H.; Park, K.; Kim, J.H. Outcome of Repeated Radiosurgery for Recurrent Metastatic
Brain Tumors. Clin. Neurol. Neurosurg. 2007, 109, 132–137. [CrossRef] [PubMed]

66. Laing, R.W.; Warrington, A.P.; Hines, F.; Graham, J.D.; Brada, M. Fractionated Stereotactic External Beam Radiotherapy in the
Management of Brain Metastases. Eur. J. Cancer Oxf. Engl. 1990 1993, 29A, 1387–1391. [CrossRef]

67. Lederman, G.; Wronski, M.; Fine, M. Fractionated Radiosurgery for Brain Metastases in 43 Patients with Breast Carcinoma. Breast
Cancer Res. Treat. 2001, 65, 145–154. [CrossRef]

68. Lindvall, P.; Bergström, P.; Löfroth, P.-O.; Tommy Bergenheim, A. A Comparison between Surgical Resection in Combination
with WBRT or Hypofractionated Stereotactic Irradiation in the Treatment of Solitary Brain Metastases. Acta Neurochir. 2009, 151,
1053–1059. [CrossRef]

69. Lindvall, P.; Bergström, P.; Löfroth, P.-O.; Henriksson, R.; Bergenheim, A.T. Hypofractionated Conformal Stereotactic Radiotherapy
Alone or in Combination with Whole-Brain Radiotherapy in Patients with Cerebral Metastases. Int. J. Radiat. Oncol. Biol. Phys.
2005, 61, 1460–1466. [CrossRef] [PubMed]

70. Marchetti, M.; Milanesi, I.; Falcone, C.; De Santis, M.; Fumagalli, L.; Brait, L.; Bianchi, L.; Fariselli, L. Hypofractionated Stereotactic
Radiotherapy for Oligometastases in the Brain: A Single-Institution Experience. Neurol. Sci. Off. J. Ital. Neurol. Soc. Ital. Soc. Clin.
Neurophysiol. 2011, 32, 393–399. [CrossRef] [PubMed]

71. Mariya, Y.; Sekizawa, G.; Matsuoka, Y.; Seki, H.; Sugawara, T.; Sasaki, Y. Repeat Stereotactic Radiosurgery in the Management of
Brain Metastases from Non-Small Cell Lung Cancer. Tohoku J. Exp. Med. 2011, 223, 125–131. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2006.08.024
http://www.ncbi.nlm.nih.gov/pubmed/16978720
http://doi.org/10.3171/jns.2006.104.6.907
http://doi.org/10.1159/000097923
http://doi.org/10.1002/cncr.23821
http://www.ncbi.nlm.nih.gov/pubmed/18780319
http://doi.org/10.1080/02688690902755613
http://www.ncbi.nlm.nih.gov/pubmed/19306173
http://doi.org/10.1093/jjco/hyp128
http://www.ncbi.nlm.nih.gov/pubmed/19825816
http://doi.org/10.1007/s13566-012-0035-x
http://doi.org/10.1016/j.ijrobp.2005.03.017
http://www.ncbi.nlm.nih.gov/pubmed/16271441
http://doi.org/10.1016/S0360-3016(03)00014-2
http://doi.org/10.1080/02688690701534722
http://doi.org/10.1007/s00066-007-1714-1
http://www.ncbi.nlm.nih.gov/pubmed/17960338
http://doi.org/10.1016/S0360-3016(00)00804-X
http://doi.org/10.1016/j.ijrobp.2010.05.033
http://www.ncbi.nlm.nih.gov/pubmed/20800386
http://doi.org/10.1016/j.clineuro.2006.06.007
http://www.ncbi.nlm.nih.gov/pubmed/16930821
http://doi.org/10.1016/0959-8049(93)90007-3
http://doi.org/10.1023/A:1006490200335
http://doi.org/10.1007/s00701-009-0325-2
http://doi.org/10.1016/j.ijrobp.2004.08.027
http://www.ncbi.nlm.nih.gov/pubmed/15817351
http://doi.org/10.1007/s10072-010-0473-4
http://www.ncbi.nlm.nih.gov/pubmed/21234772
http://doi.org/10.1620/tjem.223.125
http://www.ncbi.nlm.nih.gov/pubmed/21301184


Cancers 2021, 13, 6086 19 of 22

72. Nakayama, H.; Tokuuye, K.; Komatsu, Y.; Ishikawa, H.; Shiotani, S.; Nakada, Y.; Akine, Y. Stereotactic Radiotherapy for Patients
Who Initially Presented with Brain Metastases from Non-Small Cell Carcinoma. Acta Oncol. Stockh. Swed. 2004, 43, 736–739.
[CrossRef]

73. Shirato, H.; Takamura, A.; Tomita, M.; Suzuki, K.; Nishioka, T.; Isu, T.; Kato, T.; Sawamura, Y.; Miyamachi, K.; Abe, H.; et al.
Stereotactic Irradiation without Whole-Brain Irradiation for Single Brain Metastasis. Int. J. Radiat. Oncol. Biol. Phys. 1997, 37,
385–391. [CrossRef]

74. Tokuuye, K.; Akine, Y.; Sumi, M.; Kagami, Y.; Murayama, S.; Nakayama, H.; Ikeda, H.; Tanaka, M.; Shibui, S.; Nomura, K.
Fractionated Stereotactic Radiotherapy of Small Intracranial Malignancies. Int. J. Radiat. Oncol. Biol. Phys. 1998, 42, 989–994.
[CrossRef]

75. Tomita, N.; Kodaira, T.; Tachibana, H.; Nakamura, T.; Nakahara, R.; Inokuchi, H.; Shibamoto, Y. Helical Tomotherapy for Brain
Metastases: Dosimetric Evaluation of Treatment Plans and Early Clinical Results. Technol. Cancer Res. Treat. 2008, 7, 417–424.
[CrossRef] [PubMed]

76. Vargo, J.A.; Plants, B.A.; Mihailidis, D.N.; Mallah, J.; Plants, M.; Welch, C.A.; Clark, G.M.; Farinash, L.J.; Raja, P.; Harmon, M.B.;
et al. Early Clinical Outcomes for 3 Radiation Techniques for Brain Metastases: Focal versus Whole-Brain. Pract. Radiat. Oncol.
2011, 1, 261–270. [CrossRef] [PubMed]

77. Pontoriero, A.; Conti, A.; Iatì, G.; Mondello, S.; Aiello, D.; Rifatto, C.; Risoleti, E.; Mazzei, M.; Tomasello, F.; Pergolizzi, S.;
et al. Prognostic Factors in Patients Treated with Stereotactic Image-Guided Robotic Radiosurgery for Brain Metastases: A
Single-Center Retrospective Analysis of 223 Patients. Neurosurg. Rev. 2016, 39, 495–504. [CrossRef] [PubMed]

78. Baliga, S.; Garg, M.K.; Fox, J.; Kalnicki, S.; Lasala, P.A.; Welch, M.R.; Tomé, W.A.; Ohri, N. Fractionated Stereotactic Radiation
Therapy for Brain Metastases: A Systematic Review with Tumour Control Probability Modelling. Br. J. Radiol. 2017, 90, 20160666.
[CrossRef] [PubMed]

79. Kwon, A.K.; Dibiase, S.J.; Wang, B.; Hughes, S.L.; Milcarek, B.; Zhu, Y. Hypofractionated Stereotactic Radiotherapy for the
Treatment of Brain Metastases. Cancer 2009, 115, 890–898. [CrossRef] [PubMed]

80. Rajakesari, S.; Arvold, N.D.; Jimenez, R.B.; Christianson, L.W.; Horvath, M.C.; Claus, E.B.; Golby, A.J.; Johnson, M.D.; Dunn, I.F.;
Lee, E.Q.; et al. Local Control after Fractionated Stereotactic Radiation Therapy for Brain Metastases. J. Neurooncol. 2014, 120,
339–346. [CrossRef]

81. Minniti, G.; D’Angelillo, R.M.; Scaringi, C.; Trodella, L.E.; Clarke, E.; Matteucci, P.; Osti, M.F.; Ramella, S.; Enrici, R.M.; Trodella, L.
Fractionated Stereotactic Radiosurgery for Patients with Brain Metastases. J. Neurooncol. 2014, 117, 295–301. [CrossRef] [PubMed]

82. Feuvret, L.; Vinchon, S.; Martin, V.; Lamproglou, I.; Halley, A.; Calugaru, V.; Chea, M.; Valéry, C.A.; Simon, J.-M.; Mazeron, J.-J.
Stereotactic Radiotherapy for Large Solitary Brain Metastases. Cancer/Radiothérapie 2014, 18, 97–106. [CrossRef]

83. Matsuyama, T.; Kogo, K.; Oya, N. Clinical Outcomes of Biological Effective Dose-Based Fractionated Stereotactic Radiation
Therapy for Metastatic Brain Tumors from Non-Small Cell Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 984–990.
[CrossRef]

84. Becker, G.; Jeremic, B.; Engel, C.; Buchgeister, M.; Paulsen, F.; Duffner, F.; Meisner, C.; Bamberg, M. Radiosurgery for Brain
Metastases: The Tuebingen Experience. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2002, 62, 233–237. [CrossRef]

85. Kaul, D.; Angelidis, A.; Budach, V.; Ghadjar, P.; Kufeld, M.; Badakhshi, H. Prognostic Indices in Stereotactic Radiotherapy of
Brain Metastases of Non-Small Cell Lung Cancer. Radiat. Oncol. 2015, 10, 244. [CrossRef]

86. Dempke, W.C.M.; Edvardsen, K.; Lu, S.; Reinmuth, N.; Reck, M.; Inoue, A. Brain Metastases in NSCLC—Are TKIs Changing the
Treatment Strategy? Anticancer Res. 2015, 35, 5797–5806.

87. Johung, K.L.; Yeh, N.; Desai, N.B.; Williams, T.M.; Lautenschlaeger, T.; Arvold, N.D.; Ning, M.S.; Attia, A.; Lovly, C.M.; Goldberg,
S.; et al. Extended Survival and Prognostic Factors for Patients With ALK-Rearranged Non-Small-Cell Lung Cancer and Brain
Metastasis. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2016, 34, 123–129. [CrossRef] [PubMed]

88. Dewan, M.Z.; Galloway, A.E.; Kawashima, N.; Dewyngaert, J.K.; Babb, J.S.; Formenti, S.C.; Demaria, S. Fractionated but Not
Single-Dose Radiotherapy Induces an Immune-Mediated Abscopal Effect When Combined with Anti-CTLA-4 Antibody. Clin.
Cancer Res. Off. J. Am. Assoc. Cancer Res. 2009, 15, 5379–5388. [CrossRef] [PubMed]

89. Vanpouille-Box, C.; Alard, A.; Aryankalayil, M.J.; Sarfraz, Y.; Diamond, J.M.; Schneider, R.J.; Inghirami, G.; Coleman, C.N.;
Formenti, S.C.; Demaria, S. DNA Exonuclease Trex1 Regulates Radiotherapy-Induced Tumour Immunogenicity. Nat. Commun.
2017, 8, 15618. [CrossRef]

90. Wiggenraad, R.; Verbeek-de Kanter, A.; Mast, M.; Molenaar, R.; Kal, H.B.; Lycklama à Nijeholt, G.; Vecht, C.; Struikmans, H. Local
Progression and Pseudo Progression after Single Fraction or Fractionated Stereotactic Radiotherapy for Large Brain Metastases.
A Single Centre Study. Strahlenther. Onkol. 2012, 188, 696–701. [CrossRef] [PubMed]

91. Fokas, E.; Henzel, M.; Surber, G.; Kleinert, G.; Hamm, K.; Engenhart-Cabillic, R. Stereotactic Radiosurgery and Fractionated
Stereotactic Radiotherapy: Comparison of Efficacy and Toxicity in 260 Patients with Brain Metastases. J. Neurooncol. 2012, 109,
91–98. [CrossRef]

92. Chon, H.; Yoon, K.; Lee, D.; Kwon, D.H.; Cho, Y.H. Single-Fraction versus Hypofractionated Stereotactic Radiosurgery for
Medium-Sized Brain Metastases of 2.5 to 3 Cm. J. Neurooncol. 2019, 145, 49–56. [CrossRef]

93. Loo, M.; Pin, Y.; Thierry, A.; Clavier, J.-B. Single-Fraction Radiosurgery versus Fractionated Stereotactic Radiotherapy in Patients
with Brain Metastases: A Comparative Study. Clin. Exp. Metastasis 2020, 37, 425–434. [CrossRef] [PubMed]

http://doi.org/10.1080/02841860410002833
http://doi.org/10.1016/S0360-3016(96)00488-9
http://doi.org/10.1016/S0360-3016(98)00293-4
http://doi.org/10.1177/153303460800700602
http://www.ncbi.nlm.nih.gov/pubmed/19044320
http://doi.org/10.1016/j.prro.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/24674004
http://doi.org/10.1007/s10143-016-0718-7
http://www.ncbi.nlm.nih.gov/pubmed/27106896
http://doi.org/10.1259/bjr.20160666
http://www.ncbi.nlm.nih.gov/pubmed/27936894
http://doi.org/10.1002/cncr.24082
http://www.ncbi.nlm.nih.gov/pubmed/19132728
http://doi.org/10.1007/s11060-014-1556-5
http://doi.org/10.1007/s11060-014-1388-3
http://www.ncbi.nlm.nih.gov/pubmed/24488446
http://doi.org/10.1016/j.canrad.2013.12.003
http://doi.org/10.1016/j.ijrobp.2012.09.008
http://doi.org/10.1016/S0167-8140(01)00496-0
http://doi.org/10.1186/s13014-015-0550-1
http://doi.org/10.1200/JCO.2015.62.0138
http://www.ncbi.nlm.nih.gov/pubmed/26438117
http://doi.org/10.1158/1078-0432.CCR-09-0265
http://www.ncbi.nlm.nih.gov/pubmed/19706802
http://doi.org/10.1038/ncomms15618
http://doi.org/10.1007/s00066-012-0122-3
http://www.ncbi.nlm.nih.gov/pubmed/22722818
http://doi.org/10.1007/s11060-012-0868-6
http://doi.org/10.1007/s11060-019-03265-1
http://doi.org/10.1007/s10585-020-10031-5
http://www.ncbi.nlm.nih.gov/pubmed/32185576


Cancers 2021, 13, 6086 20 of 22

94. Lesueur, P.; Lequesne, J.; Barraux, V.; Kao, W.; Geffrelot, J.; Grellard, J.-M.; Habrand, J.-L.; Emery, E.; Marie, B.; Thariat, J.; et al.
Radiosurgery or Hypofractionated Stereotactic Radiotherapy for Brain Metastases from Radioresistant Primaries (Melanoma and
Renal Cancer). Radiat. Oncol. Lond. Engl. 2018, 13. [CrossRef]

95. Remick, J.S.; Kowalski, E.; Khairnar, R.; Sun, K.; Morse, E.; Cherng, H.-R.R.; Poirier, Y.; Lamichhane, N.; Becker, S.J.; Chen, S.;
et al. A Multi-Center Analysis of Single-Fraction versus Hypofractionated Stereotactic Radiosurgery for the Treatment of Brain
Metastasis. Radiat. Oncol. Lond. Engl. 2020, 15, 128. [CrossRef]

96. Putz, F.; Weissmann, T.; Oft, D.; Schmidt, M.A.; Roesch, J.; Siavooshhaghighi, H.; Filimonova, I.; Schmitter, C.; Mengling, V.; Bert,
C.; et al. FSRT vs. SRS in Brain Metastases-Differences in Local Control and Radiation Necrosis-A Volumetric Study. Front. Oncol.
2020, 10, 559193. [CrossRef] [PubMed]

97. Mengue, L.; Bertaut, A.; Ngo Mbus, L.; Doré, M.; Ayadi, M.; Clément-Colmou, K.; Claude, L.; Carrie, C.; Laude, C.; Tanguy, R.;
et al. Brain Metastases Treated with Hypofractionated Stereotactic Radiotherapy: 8 Years Experience after Cyberknife Installation.
Radiat. Oncol. Lond. Engl. 2020, 15, 82. [CrossRef] [PubMed]

98. Kim, K.H.; Kong, D.-S.; Cho, K.R.; Lee, M.H.; Choi, J.-W.; Seol, H.J.; Kim, S.T.; Nam, D.-H.; Lee, J.-I. Outcome Evaluation of
Patients Treated with Fractionated Gamma Knife Radiosurgery for Large (>3 cm) Brain Metastases: A Dose-Escalation Study. J.
Neurosurg. 2019, 133, 675–684. [CrossRef] [PubMed]

99. Shuryak, I.; Carlson, D.J.; Brown, J.M.; Brenner, D.J. High-Dose and Fractionation Effects in Stereotactic Radiation Therapy:
Analysis of Tumor Control Data from 2965 Patients. Radiother. Oncol. 2015, 115, 327–334. [CrossRef] [PubMed]

100. Lehrer, E.J.; McGee, H.M.; Sheehan, J.P.; Trifiletti, D.M. Integration of Immuno-Oncology with Stereotactic Radiosurgery in the
Management of Brain Metastases. J. Neurooncol. 2021, 151, 75–84. [CrossRef] [PubMed]

101. Lehrer, E.J.; Peterson, J.; Brown, P.D.; Sheehan, J.P.; Quiñones-Hinojosa, A.; Zaorsky, N.G.; Trifiletti, D.M. Treatment of Brain
Metastases with Stereotactic Radiosurgery and Immune Checkpoint Inhibitors: An International Meta-Analysis of Individual
Patient Data. Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2019, 130, 104–112. [CrossRef] [PubMed]

102. Barker, C.A.; Postow, M.A. Combinations of Radiation Therapy and Immunotherapy for Melanoma: A Review of Clinical
Outcomes. Int. J. Radiat. Oncol. Biol. Phys. 2014, 88, 986–997. [CrossRef]

103. Campbell, A.M.; Decker, R.H. Harnessing the Immunomodulatory Effects of Radiation Therapy. Oncol. Williston Park N 2018, 32,
370–374, CV3.

104. Bockel, S.; Antoni, D.; Deutsch, É.; Mornex, F. [Immunotherapy and radiotherapy]. Cancer Radiother. J. Soc. Francaise Radiother.
Oncol. 2017, 21, 244–255. [CrossRef]

105. Gandhi, S.J.; Minn, A.J.; Vonderheide, R.H.; Wherry, E.J.; Hahn, S.M.; Maity, A. Awakening the Immune System with Radiation:
Optimal Dose and Fractionation. Cancer Lett. 2015, 368, 185–190. [CrossRef] [PubMed]

106. Yamazaki, T.; Vanpouille-Box, C.; Demaria, S.; Galluzzi, L. Immunogenic Cell Death Driven by Radiation-Impact on the Tumor
Microenvironment. Cancer Treat. Res. 2020, 180, 281–296. [CrossRef]

107. Demaria, S.; Golden, E.B.; Formenti, S.C. Role of Local Radiation Therapy in Cancer Immunotherapy. JAMA Oncol. 2015, 1,
1325–1332. [CrossRef]

108. Demaria, S.; Formenti, S.C. Radiation as an Immunological Adjuvant: Current Evidence on Dose and Fractionation. Front. Oncol.
2012, 2, 153. [CrossRef] [PubMed]

109. Lee, Y.; Auh, S.L.; Wang, Y.; Burnette, B.; Wang, Y.; Meng, Y.; Beckett, M.; Sharma, R.; Chin, R.; Tu, T.; et al. Therapeutic Effects of
Ablative Radiation on Local Tumor Require CD8+ T Cells: Changing Strategies for Cancer Treatment. Blood 2009, 114, 589–595.
[CrossRef] [PubMed]

110. Schaue, D.; Ratikan, J.A.; Iwamoto, K.S.; McBride, W.H. Maximizing Tumor Immunity with Fractionated Radiation. Int. J. Radiat.
Oncol. Biol. Phys. 2012, 83, 1306–1310. [CrossRef]

111. Khalifa, J.; Mazieres, J.; Gomez-Roca, C.; Ayyoub, M.; Moyal, E.C.-J. Radiotherapy in the Era of Immunotherapy With a Focus on
Non-Small-Cell Lung Cancer: Time to Revisit Ancient Dogmas? Front. Oncol. 2021, 11, 662236. [CrossRef]

112. Sia, J.; Hagekyriakou, J.; Chindris, I.; Albarakati, H.; Leong, T.; Schlenker, R.; Keam, S.P.; Williams, S.G.; Neeson, P.J.; Johnstone,
R.W.; et al. Regulatory T Cells Shape the Differential Impact of Radiation Dose-Fractionation Schedules on Host Innate and
Adaptive Antitumor Immune Defenses. Int. J. Radiat. Oncol. Biol. Phys. 2021, S0360-3016(21)00544-7. [CrossRef] [PubMed]

113. Minniti, G.; Scaringi, C.; Clarke, E.; Valeriani, M.; Osti, M.; Enrici, R.M. Frameless Linac-Based Stereotactic Radiosurgery (SRS) for
Brain Metastases: Analysis of Patient Repositioning Using a Mask Fixation System and Clinical Outcomes. Radiat. Oncol. Lond.
Engl. 2011, 6, 158. [CrossRef] [PubMed]

114. Flickinger, J.C.; Kondziolka, D.; Lunsford, L.D.; Kassam, A.; Phuong, L.K.; Liscak, R.; Pollock, B. Development of a Model to
Predict Permanent Symptomatic Postradiosurgery Injury for Arteriovenous Malformation Patients. Arteriovenous Malformation
Radiosurgery Study Group. Int. J. Radiat. Oncol. Biol. Phys. 2000, 46, 1143–1148. [CrossRef]

115. Korytko, T.; Radivoyevitch, T.; Colussi, V.; Wessels, B.W.; Pillai, K.; Maciunas, R.J.; Einstein, D.B. 12 Gy Gamma Knife Radiosurgical
Volume Is a Predictor for Radiation Necrosis in Non-AVM Intracranial Tumors. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 419–424.
[CrossRef] [PubMed]

116. Voges, J.; Treuer, H.; Sturm, V.; Büchner, C.; Lehrke, R.; Kocher, M.; Staar, S.; Kuchta, J.; Müller, R.P. Risk Analysis of Linear
Accelerator Radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 1996, 36, 1055–1063. [CrossRef]

117. Nedzi, L.A.; Kooy, H.; Alexander, E.; Gelman, R.S.; Loeffler, J.S. Variables Associated with the Development of Complications
from Radiosurgery of Intracranial Tumors. Int. J. Radiat. Oncol. Biol. Phys. 1991, 21, 591–599. [CrossRef]

http://doi.org/10.1186/s13014-018-1083-1
http://doi.org/10.1186/s13014-020-01522-6
http://doi.org/10.3389/fonc.2020.559193
http://www.ncbi.nlm.nih.gov/pubmed/33102223
http://doi.org/10.1186/s13014-020-01517-3
http://www.ncbi.nlm.nih.gov/pubmed/32303236
http://doi.org/10.3171/2019.5.JNS19222
http://www.ncbi.nlm.nih.gov/pubmed/31419791
http://doi.org/10.1016/j.radonc.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26058991
http://doi.org/10.1007/s11060-020-03427-6
http://www.ncbi.nlm.nih.gov/pubmed/32052355
http://doi.org/10.1016/j.radonc.2018.08.025
http://www.ncbi.nlm.nih.gov/pubmed/30241791
http://doi.org/10.1016/j.ijrobp.2013.08.035
http://doi.org/10.1016/j.canrad.2016.12.005
http://doi.org/10.1016/j.canlet.2015.03.024
http://www.ncbi.nlm.nih.gov/pubmed/25799953
http://doi.org/10.1007/978-3-030-38862-1_10
http://doi.org/10.1001/jamaoncol.2015.2756
http://doi.org/10.3389/fonc.2012.00153
http://www.ncbi.nlm.nih.gov/pubmed/23112958
http://doi.org/10.1182/blood-2009-02-206870
http://www.ncbi.nlm.nih.gov/pubmed/19349616
http://doi.org/10.1016/j.ijrobp.2011.09.049
http://doi.org/10.3389/fonc.2021.662236
http://doi.org/10.1016/j.ijrobp.2021.05.014
http://www.ncbi.nlm.nih.gov/pubmed/34023423
http://doi.org/10.1186/1748-717X-6-158
http://www.ncbi.nlm.nih.gov/pubmed/22085700
http://doi.org/10.1016/S0360-3016(99)00513-1
http://doi.org/10.1016/j.ijrobp.2005.07.980
http://www.ncbi.nlm.nih.gov/pubmed/16226848
http://doi.org/10.1016/S0360-3016(96)00422-1
http://doi.org/10.1016/0360-3016(91)90675-T


Cancers 2021, 13, 6086 21 of 22

118. Levegrün, S.; Hof, H.; Essig, M.; Schlegel, W.; Debus, J. Radiation-Induced Changes of Brain Tissue after Radiosurgery in Patients
with Arteriovenous Malformations: Correlation with Dose Distribution Parameters. Int. J. Radiat. Oncol. Biol. Phys. 2004, 59,
796–808. [CrossRef]

119. Flickinger, J.C.; Kondziolka, D.; Maitz, A.H.; Lunsford, L.D. Analysis of Neurological Sequelae from Radiosurgery of Arteriove-
nous Malformations: How Location Affects Outcome. Int. J. Radiat. Oncol. Biol. Phys. 1998, 40, 273–278. [CrossRef]

120. Kano, H.; Flickinger, J.C.; Tonetti, D.; Hsu, A.; Yang, H.-C.; Flannery, T.J.; Niranjan, A.; Lunsford, L.D. Estimating the Risks of
Adverse Radiation Effects After Gamma Knife Radiosurgery for Arteriovenous Malformations. Stroke 2017, 48, 84–90. [CrossRef]
[PubMed]

121. Cetin, I.A.; Ates, R.; Dhaens, J.; Storme, G. Retrospective Analysis of Linac-Based Radiosurgery for Arteriovenous Malformations
and Testing of the Flickinger Formula in Predicting Radiation Injury. Strahlenther. Onkol. 2012, 188, 1133–1138. [CrossRef]
[PubMed]

122. Herbert, C.; Moiseenko, V.; McKenzie, M.; Redekop, G.; Hsu, F.; Gete, E.; Gill, B.; Lee, R.; Luchka, K.; Haw, C.; et al. Factors Predic-
tive of Symptomatic Radiation Injury After Linear Accelerator-Based Stereotactic Radiosurgery for Intracerebral Arteriovenous
Malformations. Int. J. Radiat. Oncol. Biol. Phys. 2012, 83, 872–877. [CrossRef] [PubMed]

123. Blonigen, B.J.; Steinmetz, R.D.; Levin, L.; Lamba, M.A.; Warnick, R.E.; Breneman, J.C. Irradiated Volume as a Predictor of Brain
Radionecrosis after Linear Accelerator Stereotactic Radiosurgery. Int. J. Radiat. Oncol. Biol. Phys. 2010, 77, 996–1001. [CrossRef]

124. Sneed, P.K.; Mendez, J.; Vemer-van den Hoek, J.G.M.; Seymour, Z.A.; Ma, L.; Molinaro, A.M.; Fogh, S.E.; Nakamura, J.L.;
McDermott, M.W. Adverse Radiation Effect after Stereotactic Radiosurgery for Brain Metastases: Incidence, Time Course, and
Risk Factors. J. Neurosurg. 2015, 123, 373–386. [CrossRef] [PubMed]

125. Chin, L.S.; Ma, L.; DiBiase, S. Radiation Necrosis Following Gamma Knife Surgery: A Case-Controlled Comparison of Treatment
Parameters and Long-Term Clinical Follow Up. J. Neurosurg. 2001, 94, 899–904. [CrossRef] [PubMed]

126. Peng, L.; Grimm, J.; Gui, C.; Shen, C.J.; Redmond, K.J.; Sloan, L.; Hazell, S.; Moore, J.; Huang, E.; Spoleti, N.; et al. Updated Risk
Models Demonstrate Low Risk of Symptomatic Radionecrosis Following Stereotactic Radiosurgery for Brain Metastases. Surg.
Neurol. Int. 2019, 10. [CrossRef]

127. Ohtakara, K.; Hayashi, S.; Nakayama, N.; Ohe, N.; Yano, H.; Iwama, T.; Hoshi, H. Significance of Target Location Relative to the
Depth from the Brain Surface and High-Dose Irradiated Volume in the Development of Brain Radionecrosis after Micromultileaf
Collimator-Based Stereotactic Radiosurgery for Brain Metastases. J. Neurooncol. 2012, 108, 201–209. [CrossRef]

128. Inoue, H.K.; Seto, K.; Nozaki, A.; Torikai, K.; Suzuki, Y.; Saitoh, J.; Noda, S.; Nakano, T. Three-Fraction CyberKnife Radiotherapy
for Brain Metastases in Critical Areas: Referring to the Risk Evaluating Radiation Necrosis and the Surrounding Brain Volumes
Circumscribed with a Single Dose Equivalence of 14 Gy (V14). J. Radiat. Res. 2013, 54, 727–735. [CrossRef]

129. Inoue, H.K.; Sato, H.; Seto, K.; Torikai, K.; Suzuki, Y.; Saitoh, J.; Noda, S.; Nakano, T. Five-Fraction CyberKnife Radiotherapy for
Large Brain Metastases in Critical Areas: Impact on the Surrounding Brain Volumes Circumscribed with a Single Dose Equivalent
of 14 Gy (V14) to Avoid Radiation Necrosis. J. Radiat. Res. 2014, 55, 334–342. [CrossRef]

130. Faruqi, S.; Ruschin, M.; Soliman, H.; Myrehaug, S.; Zeng, K.L.; Husain, Z.; Atenafu, E.; Tseng, C.-L.; Das, S.; Perry, J.; et al.
Adverse Radiation Effect After Hypofractionated Stereotactic Radiosurgery in 5 Daily Fractions for Surgical Cavities and Intact
Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2020, 106, 772–779. [CrossRef] [PubMed]

131. Tanenbaum, D.G.; Buchwald, Z.S.; Jhaveri, J.; Schreibmann, E.; Switchenko, J.M.; Prabhu, R.S.; Chowdhary, M.; Abugideiri, M.;
Pfister, N.T.; Eaton, B.; et al. Dosimetric Factors Related to Radiation Necrosis After 5-Fraction Radiosurgery for Patients With
Resected Brain Metastases. Pract. Radiat. Oncol. 2020, 10, 36–43. [CrossRef]

132. Andruska, N.; Kennedy, W.R.; Bonestroo, L.; Anderson, R.; Huang, Y.; Robinson, C.G.; Abraham, C.; Tsien, C.; Knutson, N.; Rich,
K.M.; et al. Dosimetric Predictors of Symptomatic Radiation Necrosis after Five-Fraction Radiosurgery for Brain Metastases.
Radiother. Oncol. J. Eur. Soc. Ther. Radiol. Oncol. 2020, 156, 181–187. [CrossRef]

133. Manning, M.A.; Cardinale, R.M.; Benedict, S.H.; Kavanagh, B.D.; Zwicker, R.D.; Amir, C.; Broaddus, W.C. Hypofractionated
Stereotactic Radiotherapy as an Alternative to Radiosurgery for the Treatment of Patients with Brain Metastases. Int. J. Radiat.
Oncol. Biol. Phys. 2000, 47, 603–608. [CrossRef]

134. Milano, M.T.; Grimm, J.; Niemierko, A.; Soltys, S.G.; Moiseenko, V.; Redmond, K.J.; Yorke, E.; Sahgal, A.; Xue, J.; Mahadevan, A.;
et al. Single- and Multifraction Stereotactic Radiosurgery Dose/Volume Tolerances of the Brain. Int. J. Radiat. Oncol. Biol. Phys.
2021, 110, 68–86. [CrossRef] [PubMed]

135. Ruben, J.D.; Dally, M.; Bailey, M.; Smith, R.; McLean, C.A.; Fedele, P. Cerebral Radiation Necrosis: Incidence, Outcomes, and Risk
Factors with Emphasis on Radiation Parameters and Chemotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2006, 65, 499–508. [CrossRef]

136. Nakamura, J.L.; Verhey, L.J.; Smith, V.; Petti, P.L.; Lamborn, K.R.; Larson, D.A.; Wara, W.M.; McDermott, M.W.; Sneed, P.K.
Dose Conformity of Gamma Knife Radiosurgery and Risk Factors for Complications. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51,
1313–1319. [CrossRef]

137. Valéry, C.A.; Cornu, P.; Noël, G.; Duyme, M.; Boisserie, G.; Sakka, L.J.; Mazeron, J.-J.; van Effenterre, R. Predictive Factors of
Radiation Necrosis after Radiosurgery for Cerebral Metastases. Stereotact. Funct. Neurosurg. 2003, 81, 115–119. [CrossRef]
[PubMed]

138. Chen, L.; Douglass, J.; Kleinberg, L.; Ye, X.; Marciscano, A.E.; Forde, P.M.; Brahmer, J.; Lipson, E.; Sharfman, W.; Hammers, H.;
et al. Concurrent Immune Checkpoint Inhibitors and Stereotactic Radiosurgery for Brain Metastases in Non-Small Cell Lung
Cancer, Melanoma, and Renal Cell Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 916–925. [CrossRef]

http://doi.org/10.1016/j.ijrobp.2003.11.033
http://doi.org/10.1016/S0360-3016(97)00718-9
http://doi.org/10.1161/STROKEAHA.116.014825
http://www.ncbi.nlm.nih.gov/pubmed/27899758
http://doi.org/10.1007/s00066-012-0180-6
http://www.ncbi.nlm.nih.gov/pubmed/23128895
http://doi.org/10.1016/j.ijrobp.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/22208972
http://doi.org/10.1016/j.ijrobp.2009.06.006
http://doi.org/10.3171/2014.10.JNS141610
http://www.ncbi.nlm.nih.gov/pubmed/25978710
http://doi.org/10.3171/jns.2001.94.6.0899
http://www.ncbi.nlm.nih.gov/pubmed/11409517
http://doi.org/10.4103/sni.sni_303_18
http://doi.org/10.1007/s11060-012-0834-3
http://doi.org/10.1093/jrr/rrt006
http://doi.org/10.1093/jrr/rrt127
http://doi.org/10.1016/j.ijrobp.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/31928848
http://doi.org/10.1016/j.prro.2019.09.014
http://doi.org/10.1016/j.radonc.2020.12.011
http://doi.org/10.1016/S0360-3016(00)00475-2
http://doi.org/10.1016/j.ijrobp.2020.08.013
http://www.ncbi.nlm.nih.gov/pubmed/32921513
http://doi.org/10.1016/j.ijrobp.2005.12.002
http://doi.org/10.1016/S0360-3016(01)01757-6
http://doi.org/10.1159/000075114
http://www.ncbi.nlm.nih.gov/pubmed/14742974
http://doi.org/10.1016/j.ijrobp.2017.11.041


Cancers 2021, 13, 6086 22 of 22

139. Colaco, R.J.; Martin, P.; Kluger, H.M.; Yu, J.B.; Chiang, V.L. Does Immunotherapy Increase the Rate of Radiation Necrosis after
Radiosurgical Treatment of Brain Metastases? J. Neurosurg. 2016, 125, 17–23. [CrossRef]

140. Martin, A.M.; Cagney, D.N.; Catalano, P.J.; Alexander, B.M.; Redig, A.J.; Schoenfeld, J.D.; Aizer, A.A. Immunotherapy and
Symptomatic Radiation Necrosis in Patients With Brain Metastases Treated With Stereotactic Radiation. JAMA Oncol. 2018, 4,
1123–1124. [CrossRef]

141. Helis, C.A.; Hughes, R.T.; Glenn, C.W.; Lanier, C.M.; Masters, A.H.; Dohm, A.; Ahmed, T.; Ruiz, J.; Triozzi, P.; Gondal, H.;
et al. Predictors of Adverse Radiation Effect in Brain Metastasis Patients Treated With Stereotactic Radiosurgery and Immune
Checkpoint Inhibitor Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, 295–303. [CrossRef] [PubMed]

142. University of Michigan Rogel Cancer Center. Ipilimumab Induction in Patients With Melanoma Brain Metastases Receiving
Stereotactic Radiosurgery. Report No. NCT02097732. Available online: https://clinicaltrials.gov/ct2/show/NCT02097732
(accessed on 2 December 2021).

143. Melanoma Institute Australia. A Phase II, Open Label, Randomised, Controlled Trial of Ipilimumab and Nivolumab With
Concurrent Intracranial Stereotactic Radiotherapy Versus Ipilimumab and Nivolumab Alone in Patients With Melanoma Brain
Metastases. Report No. NCT03340129. Available online: https://clinicaltrials.gov/ct2/show/NCT03340129 (accessed on 2
December 2021).

144. Khan, M.K. Pilot Study of Pembrolizumab and Stereotactic Radio-Surgery (SRS) for Patients with Melanoma or Non-Small Cell
Lung Cancer (NSCLC) Brain Metastases (BM). Report No. NCT02858869. Available online: https://clinicaltrials.gov/ct2/show/
NCT02858869 (accessed on 2 December 2021).

145. Centre hospitalier de l’Université de Montréal (CHUM). A Phase II, Multi-Centre Study, of Combining Radiosurgery and
Nivolumab in the Treatment of Brain Metastases from Non-Small Cell Lung Cancer and Renal Cell Cancer. Report No.
NCT02978404. Available online: https://clinicaltrials.gov/ct2/show/NCT02978404 (accessed on 2 December 2021).

146. Schomas, D.A.; Roeske, J.C.; MacDonald, R.L.; Sweeney, P.J.; Mehta, N.; Mundt, A.J. Predictors of Tumor Control in Patients
Treated with Linac-Based Stereotactic Radiosurgery for Metastatic Disease to the Brain. Am. J. Clin. Oncol. 2005, 28, 180–187.
[CrossRef]

147. Alexander, E.; Moriarty, T.M.; Davis, R.B.; Wen, P.Y.; Fine, H.A.; Black, P.M.; Kooy, H.M.; Loeffler, J.S. Stereotactic Radiosurgery
for the Definitive, Noninvasive Treatment of Brain Metastases. J. Natl. Cancer Inst. 1995, 87, 34–40. [CrossRef]

148. Jiang, X.; Xiao, J.; Zhang, Y.; Xu, Y.; Li, X.; Chen, X.; Huang, X.; Yi, J.; Gao, L.; Li, Y. Hypofractionated Stereotactic Radiotherapy
for Brain Metastases Larger than Three Centimeters. Radiat. Oncol. Lond. Engl. 2012, 7, 36. [CrossRef] [PubMed]

149. Wegner, R.; Leeman, J.; Kabolizadeh, P.; Rwigema, J.-C.; Mintz, A.; Burton, S.; Heron, D. Fractionated Stereotactic Radiosurgery
for Large Brain Metastases. Am. J. Clin. Oncol. 2015, 38, 135–139. [CrossRef] [PubMed]

150. Murai, T.; Ogino, H.; Manabe, Y.; Iwabuchi, M.; Okumura, T.; Matsushita, Y.; Tsuji, Y.; Suzuki, H.; Shibamoto, Y. Fractionated
Stereotactic Radiotherapy Using CyberKnife for the Treatment of Large Brain Metastases: A Dose Escalation Study. Clin. Oncol.
2014, 26, 151–158. [CrossRef]

151. Bilger, A.; Frenzel, F.; Oehlke, O.; Wiehle, R.; Milanovic, D.; Prokic, V.; Nieder, C.; Grosu, A.-L. Local Control and Overall Survival
after Frameless Radiosurgery: A Single Center Experience. Clin. Transl. Radiat. Oncol. 2017, 7, 55–61. [CrossRef] [PubMed]

152. Varlotto, J.M.; Flickinger, J.C.; Niranjan, A.; Bhatnagar, A.K.; Kondziolka, D.; Lunsford, L.D. Analysis of Tumor Control and
Toxicity in Patients Who Have Survived at Least One Year after Radiosurgery for Brain Metastases. Int. J. Radiat. Oncol. Biol. Phys.
2003, 57, 452–464. [CrossRef]

153. Yang, H.; Kano, H.; Lunsford, L.D.; Niranjan, A.; Flickinger, J.C.; Kondziolka, D. What Factors Predict the Response of Larger
Brain Metastases to Radiosurgery? Neurosurgery 2011, 68, 682–690. [CrossRef]

154. Cho, K.H.; Hall, W.A.; Gerbi, B.J.; Higgins, P.D.; Bohen, M.; Clark, H.B. Patient Selection Criteria for the Treatment of Brain
Metastases with Stereotactic Radiosurgery. J. Neurooncol. 1998, 40, 73–86. [CrossRef]

155. Herfarth, K.K.; Izwekowa, O.; Thilmann, C.; Pirzkall, A.; Delorme, S.; Hofmann, U.; Schadendorf, D.; Zierhut, D.; Wannenmacher,
M.; Debus, J. Linac-Based Radiosurgery of Cerebral Melanoma Metastases. Analysis of 122 Metastases Treated in 64 Patients.
Strahlenther. Onkol. 2003, 179, 366–371. [CrossRef]

156. Mathieu, D.; Kondziolka, D.; Cooper, P.B.; Flickinger, J.C.; Niranjan, A.; Agarwala, S.; Kirkwood, J.; Lunsford, L.D. Gamma Knife
Radiosurgery in the Management of Malignant Melanoma Brain Metastases. Neurosurgery 2007, 60, 471–481; discussion 481–482.
[CrossRef]

157. Alliance for Clinical Trials in Oncology. Phase III Trial of Post-Surgical Single Fraction Stereotactic Radiosurgery (SRS) Compared
With Fractionated SRS for Resected Metastatic Brain Disease. Report No. NCT04114981. Available online: https://clinicaltrials.
gov/ct2/show/NCT04114981 (accessed on 2 December 2021).

http://doi.org/10.3171/2015.6.JNS142763
http://doi.org/10.1001/jamaoncol.2017.3993
http://doi.org/10.1016/j.ijrobp.2020.06.057
http://www.ncbi.nlm.nih.gov/pubmed/32615262
https://clinicaltrials.gov/ct2/show/NCT02097732
https://clinicaltrials.gov/ct2/show/NCT03340129
https://clinicaltrials.gov/ct2/show/NCT02858869
https://clinicaltrials.gov/ct2/show/NCT02858869
https://clinicaltrials.gov/ct2/show/NCT02978404
http://doi.org/10.1097/01.coc.0000143017.69880.04
http://doi.org/10.1093/jnci/87.1.34
http://doi.org/10.1186/1748-717X-7-36
http://www.ncbi.nlm.nih.gov/pubmed/22429918
http://doi.org/10.1097/COC.0b013e31828aadac
http://www.ncbi.nlm.nih.gov/pubmed/23563213
http://doi.org/10.1016/j.clon.2013.11.027
http://doi.org/10.1016/j.ctro.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29594230
http://doi.org/10.1016/S0360-3016(03)00568-6
http://doi.org/10.1227/NEU.0b013e318207a58b
http://doi.org/10.1023/A:1006169109920
http://doi.org/10.1007/s00066-003-1050-z
http://doi.org/10.1227/01.NEU.0000255342.10780.52
https://clinicaltrials.gov/ct2/show/NCT04114981
https://clinicaltrials.gov/ct2/show/NCT04114981

	Introduction 
	Materials and Methods 
	Technical Considerations 
	Treatment Devices 
	Physical Factors 
	Target Volume and Prescription 

	Dose-Effect Relation 
	Dose-Efficacy Relation 
	Single or Multiple Fractions? 
	Dose–Toxicity Relation 

	Role of Tumor Volume 
	Conclusions 
	References

