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Abstract

Purpose of Review Radiation therapy (RT) is a mainstay of treatment for brain metastases from solid tumors. Treatment of
these patients is complex and should focus on minimizing symptoms, preserving functional status, and prolonging survival.
Recent Findings Whole-brain radiotherapy (WBRT) can lead to toxicity, and while it does reduce recurrence in the CNS,
this has not been shown to provide a survival benefit. Recent advances focus on reducing the toxicity of WBRT or using
more targeted radiation therapy. New paradigms including the use of proton RT for leptomeningeal metastases (LM) and
stereotactic radiosurgery (SRS) before craniotomy hold promise in improving treatment efficacy and reducing toxicity.
Summary Omission or replacement of WBRT is often safe and the use of SRS is expanding to include patients with more
lesions and preoperative RT. Proton RT holds promise for LM. Progress is being made in improving patient-centered out-
comes and reducing toxicity for patients with brain metastases.
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Introduction

Metastatic brain disease is a relatively common complication
of solid tumors, occurring in up to 25% of cancer patients
[1], and causing clinical symptoms in 60-75% of cases [2].
As diagnostic neuroimaging has improved, and as advances
in systemic therapies have led to more individuals living
with cancer, the incidence of brain metastases has risen [1].
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The manifestations of lesions in the brain can be debilitat-
ing, including headache, seizures, nausea, vomiting, focal
neurologic deficits, and in advanced cases can lead to pro-
gressive neurological dysfunction, coma, and death [3]. The
most common primary cancers that lead to brain metastases
include carcinomas of the lung, breast, lower gastrointestinal
system, and kidneys, as well as melanoma [4].

Treatment of brain metastases poses a unique challenge.
While the mainstay of therapy for metastatic disease is sys-
temic anticancer agents, brain metastases may be shielded
from the systemic circulation by the blood—brain barrier,
and these therapies are often ineffective [1]. The treatment
of metastatic brain disease therefore relies heavily on local
therapy, including surgery and radiation therapy (RT). Meta-
static lesions in the central nervous system can cause symp-
toms and threaten patients’ life or functional status with
only moderate progression, and therefore are more likely to
require treatment than metastases elsewhere. While some
systemic agents have activity in the CNS, these are generally
not the mainstay of treatment, and surgery or RT to CNS
lesions both pose toxicity without benefits for cancer that
may be progressing elsewhere in the body. The competing
risks posed by metastatic burden outside the CNS are often
life-limiting, and treatment decisions for brain metastases
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should also account for a patient’s life expectancy based on
non-CNS lesions. When oncologists counsel patients with
brain metastases, they should therefore focus on palliation
of symptoms and prolonging life and functionality as long
as possible, while minimizing toxicity and accounting for
the individual patient’s competing risks. Current research on
RT for metastatic brain disease furthers this goal by work-
ing to minimize toxicity and identify practices that improve
patient-centered outcomes such as survival and symptomatic
disease.

Herein, we review these recent advances in radiation ther-
apy practice for patients with brain metastases. Specifically,
we will focus on the evolving indications for stereotactic
radiosurgery (SRS) and whole-brain radiotherapy (WBRT),
the novel use of proton RT for patients with leptomenin-
geal metastases (LM), and the role of preoperative SRS for
patients with solitary brain metastases.

Stereotactic Radiosurgery for Multiple Brain
Metastases

Stereotactic radiosurgery was pioneered in the 1950s with
the goal of delivering high doses of focused radiation to
targets in the brain and was initially used primarily for the
ablation of arteriovenous malformations [5, 6]. When sur-
gical resection of metastases prior to WBRT was shown to
improve survival for patients with solitary brain metastases
[7, 8], interest in the use of non-invasive local therapy for
intracranial metastases grew. SRS was introduced for these
patients as it allowed for the safe targeting of lesions deep
in the brain or adjacent to vital structures and was able to
provide higher doses of radiation than traditional WBRT.
Early randomized studies of the addition of SRS to WBRT
for metastatic disease showed superior local control and
improvement in functional status for patients with a limited
number of lesions, and extended survival for patients with
solitary brain metastases [9, 10].

Most trials assessing the benefits of SRS for brain metas-
tases have limited enrollment to patients with no more than 3
or 4 lesions [9-13]. However, a 2018 study surveyed 72 US
radiation oncologists who use SRS for brain metastases and
found that most physicians had increased the number and
volume of lesions they were willing to treat with SRS, with
60% of respondents stating they would use SRS in patients
with more than 4 brain metastases [14]. The benefits of
expanding the indications for SRS are clear, as WBRT is
more likely than SRS to cause neurocognitive toxicity [13],
and with rare exceptions, can only be used once per patient,
limiting options for salvage therapy.

The evidence supporting the use of focused radiation
therapy for patients with more than 4 brain metastases is
limited. A recent phase III trial comparing WBRT to SRS
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for patients with 4-15 non-melanoma brain metastases found
superior neurocognitive outcomes in the SRS group, and
no difference in LC or OS between arms despite a higher
rate of distant brain failure in the SRS group [15]. These
treatments have also been studied indirectly. Yamamoto
et al. conducted an observational study in 1194 patients
with 1-10 brain metastases treated with SRS. While they
showed that patients with a single metastatic lesion had pro-
longed survival as compared to the rest of the cohort, the
survival of patients with 2—4 lesions was not different from
those with 5-10 lesions [16]. The rate of local control was
also not different between the 2—4 lesion and 5-10 lesion
groups, and although there was a trend toward a higher
likelihood of developing new brain metastases after SRS
among patients with 5-10 lesions (69% vs 63%), this did
not reach statistical significance. Nichol et al. conducted a
prospective single-arm study with patients receiving SRS
for 1-10 brain metastases. This study also showed no dif-
ference in overall survival (OS) after SRS between indi-
viduals with 1-3 metastases and those with 4-10, though
in patients with 4-10 metastases 49% went on to develop
new brain lesions after treatment, compared to only 19% in
those with 1-3 metastses [17]. In a retrospective analysis of
323 patients receiving SRS for brain metastases, Chang et al.
report no difference in overall survival among patients with
1-5, 6-10, 11-15, and > 15 metastases, though the group
with > 15 lesions did have a higher probability of developing
new brain metastases after treatment compared to those with
1-15 lesions [18].

In light of this data, SRS is considered the favored treat-
ment for patients with limited brain metastases, though the
definition of this term is challenging. The NCCN defines
limited brain metastases as the state in which SRS is as
effective as WBRT and offers neurocognitive benefits [19],
intentionally leaving ambiguity to accommodate new data
on the specific indications for SRS. Guidelines from pro-
fessional societies do not agree on which patients benefit
from SRS either, making recommendations about when this
technique should be considered based on differing criteria
including number of lesions [20], volume of metastases [21],
and patient prognosis [22].

We favor an approach to selecting therapy for patients
with multiple brain metastases that takes into account
several factors. In individuals with more than 4 metas-
tases, the advantages of SRS over WBRT likely include
improved local control for the lesions targeted [9, 10],
less neurocognitive toxicity [13], and a shorter treatment
schedule. This must be balanced against the advantages of
WBRT, which seem to include improved regional control
for patients with numerous or high volumes of metasta-
ses, and lower cost [15, 23]. However, the regional con-
trol benefit of WBRT has not yet been shown to translate
to an improvement in survival in large trials [15, 17, 18,
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24]. Therefore, SRS is generally favored for patients with
longer expected survival, as these patients derive more
benefit from durable local control of treated lesions and
improved neurocognitive outcomes. SRS may also be
appropriate for patients with a poor prognosis, especially
considering the reduced burden of time and travel with sin-
gle-fraction or several-fraction SRS treatment, and given
the desire to limit intensive therapy for more frail patients.
WBRT should be considered for symptomatic patients
with extensive intracranial disease when palliative therapy
is indicated but targeting all lesions with SRS is not fea-
sible either technically or given time constraints. While
best supportive care with dexamethasone may also be a
valid option for these patients, a subset of those with a bet-
ter prognosis may receive a survival benefit from WBRT
[25, 26]. Furthermore, strategies to mitigate the toxicity of
WBRT are being developed, as discussed below. While its
use should be carefully considered in light of the less toxic
alternatives of supportive care or SRS, WBRT has a role
in preventing symptoms associated with CNS progression
and can be beneficial for individuals with high-volume
symptomatic intracranial metastases.

Studies addressing the question of which patients with
multiple brain metastases will benefit from SRS are ongo-
ing. HipSter (NCT04277403) [27] is an ongoing phase III
clinical trial comparing hippocampal-avoidant WBRT with
simultaneous integrated boost to intracranial metastatic
lesions against SRS for patients with 4—15 brain metastases
with the primary outcome of intracranial progression-free
survival (PFS).

Research is also ongoing to investigate the role of SRS
plus targeted therapy or immunotherapy for patients with
brain metastases. While concerns about the safety of such
combinations have been raised by retrospective studies [28,
29], phase I studies have shown an acceptable safety pro-
file of ipilimumab plus SRS [30], and sorafenib plus SRS
[31], and an ongoing phase I study will assess the safety of
CDK4/6 inhibitors plus SRS in brain metastases from breast
cancer (NCT04585724) [32]. Randomized trials are cur-
rently underway assessing the effectiveness of SRS in addi-
tion to systemic agents, including ipilimumab and nivolumab
(NCT03340129) [33], and osimertinib (NCT03769103)
[34]. While preliminary data for these regimens is prom-
ising, they should not be used routinely until randomized
evidence is available.

The results of these studies will help clinicians decide
between treating subclinical disease with regimens that tar-
get the whole brain and treating part of the brain with SRS,
potentially improving local control and neurocognitive out-
comes. There remains no one-size-fits-all approach for radia-
tion treatment for multiple brain metastases, and radiation
oncologists must balance the benefits and toxicity of therapy
for each individual patient.

Adjuvant Whole-Brain Radiotherapy
After Stereotactic Radiosurgery for Brain
Metastases

As previously discussed, early trials of stereotactic radio-
surgery for brain metastases studied SRS as an adjuvant to
WBRT, the standard of care at the time [9, 10]. However,
WBRT carries a significant risk of neurocognitive toxicity
[35], and the omission of WBRT for patients undergo-
ing SRS for metastatic disease has been an area of active
research. Multiple clinical trials have shown that omis-
sion of WBRT leads to improved neurocognitive outcomes
compared to SRS + WBRT and that while the addition of
WBRT does improve CNS disease control, this does not
translate to a survival benefit [11-13, 24, 36, 37]. Due to
the need to reduce potentially toxic and time-consuming
care for patients with a limited prognosis, the use of adju-
vant WBRT is no longer routine for patients with limited
brain metastases. This has been reflected by recent clini-
cal practice guidelines, which do not recommend the use
of WBRT in addition to SRS for limited brain metastases
[19, 21].

Patients with brain metastases from small cell lung can-
cer (SCLC) represent a unique case. Historically, these
patients have been treated with prophylactic cranial irra-
diation (PCI), which has led to their omission from clinical
trials studying treatment for brain metastases. Recently,
however, as systemic therapy and SRS improve, some have
questioned whether PCI is necessary. Two new immu-
notherapy options for these patients have recently been
approved [38, 39], further prolonging survival, including
for patients with brain metastases at baseline. Data is also
accumulating for the effectiveness of SRS alone for SCLC
brain metastases, with a recent cohort study showing a
shorter time to CNS progression but no difference in over-
all survival as compared to historical controls receiving
WBRT alone [40].

Further randomized studies addressing the role of
SRS alone in SCLC are ongoing. ENCEPHALON
(NCTO03297788) is an ongoing phase II trial comparing
neurocognitive outcomes in patients receiving WBRT
versus SRS for up to 10 SCLC brain metastases [41].
NCTO03391362 is an ongoing single-arm phase II study
investigating the cause-specific mortality for patients with
1-10 SCLC brain metastases [42]. Because randomized
trials establishing the benefit of PCI for limited SCLC
were conducted before SRS was widely used [43, 44], and
given the changing landscape of systemic therapy for these
patients, future trials revisiting the effectiveness of PCI in
the era of modern immunotherapy and RT may be warranted.

Recent research has also focused on strategies to pre-
vent neurocognitive toxicity in patients who must undergo
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WBRT. The vascular hypothesis of radiation-induced
injury to the CNS posits that vascular injury caused by
radiation leads to atherosclerosis and mineralizing micro-
angiopathy, resulting in vascular insufficiency [45].
The mechanism of injury is therefore similar to what is
observed in vascular dementia, which has created inter-
est in the use of agents studied for vascular dementia to
prevent radiation-induced CNS injury. Memantine is a
non-competitive, low-affinity antagonist of the N-methyl-
p-aspartate (NMDA) receptor which has been shown in
phase III clinical trials to be effective in the treatment of
vascular dementia [46, 47]. Based on this data, RTOG
0614 randomized 508 patients undergoing WBRT for brain
metastases to placebo or 24 weeks of memantine with an
escalating dosing schedule that resulted in 10 mg twice
daily starting in the fourth week [48]. The study’s reten-
tion was low, with 149 evaluable patients at 24 weeks,
resulting in no statistically significant difference in delayed
recall between the arms at 24 weeks (p =0.06). However,
memantine did lead to a significantly longer time to cogni-
tive decline and improved executive function and process-
ing speed [48]. We therefore feel that memantine is war-
ranted for neuroprotection in patients undergoing WBRT.

Another strategy for reducing the neurocognitive toxic-
ity of WBRT is hippocampal avoidance, which uses inten-
sity-modulated radiation therapy to reduce the dose deliv-
ered to the hippocampal neural stem cells. This is based
on the observation that patients who receive lower doses
of radiation to the hippocampus may have improved scores
on cognitive function testing [49]. NRG CCO001 is a phase
III trial which randomized 518 patients with brain metas-
tases not within 5 mm of the hippocampus to WBRT plus
memantine or hippocampal-avoidant WBRT (HA-WBRT)
plus memantine [50]. This study found that patients under-
going HA-WBRT had a significantly lower risk of cogni-
tive failure (hazard ratio 0.74, p=0.02) than those under-
going WBRT, a difference which was driven by preserved
executive function at 4 months after RT, and better learn-
ing and memory at 6 months after RT. We therefore favor
the use of hippocampal-avoidant techniques for patients
who require WBRT for brain metastases.

The goal of RT for brain metastases is to palliate symp-
toms and prolong life when possible without compromis-
ing the quality of life for a cohort of patients with exten-
sive competing risk and poor prognosis. One component
of meeting this goal is to avoid the toxicity of WBRT when
more conformal techniques are likely to provide benefits.
Nonetheless, WBRT remains a valid option for patients
with the extensive intracranial disease, and novel tech-
niques to minimize its toxicity are vital to maximizing
quality of life for patients with brain metastases.
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Neoadjuvant Stereotactic Radiosurgery
Prior to Surgery for Single Brain Metastases

In 1990, Patchell et al. showed that surgical resection led
to improved functional status and survival as compared to
WBRT alone for patients with solitary brain metastases
[7]. However, the rate of postoperative local recurrence
for these patients was high, with a subsequent trial placing
this risk at almost 50% after surgery alone, compared with
10% with the addition of adjuvant WBRT [51]. Despite
the dramatic improvement in intracranial disease control,
adjuvant WBRT causes significant neurocognitive toxicity
and has not been shown to impact overall survival [51].
Clinicians have been using postoperative SRS to the surgi-
cal bed in order to spare patients the toxicity of WBRT for
many years, though this strategy had not been supported
by evidence from a randomized trial until recently. In
2017, Brown et al. randomized patients undergoing resec-
tion for a single brain metastasis to postoperative WBRT
or SRS to the surgical cavity, showing no difference in
overall survival and improved neurocognitive outcomes
with SRS [52]. Mahajan et al. also investigated this ques-
tion, randomizing patients who had undergone complete
resection of 1-3 brain metastases to SRS to the resection
cavity versus observation [53]. This study demonstrated
local control of 43% at 1 year with observation, compared
to 72% with SRS, thus cementing postoperative SRS as
the standard of care for patients with completely resected
limited brain metastases.

While postoperative SRS provides a survival benefit
with minimal neurocognitive toxicity, it does have limita-
tions. Resection beds of tumors are often irregular and dif-
ficult to contour, and intraoperative dissemination of tumor
cells may lead to microscopic areas of disease outside the
resection cavity. It has been suggested that including a
margin of normal tissue around the target may improve
local control for postoperative patients. A retrospective
analysis of 72 patients showed that when delivering post-
operative SRS to the tumor bed, highly conformal plans
correlate with markedly better local control than less con-
formal plans, an observation which led the investigators
to recommend the inclusion of a 2-mm margin around the
tumor bed for postoperative SRS [54]. This involves a
tradeoff though, as the use of a 2-mm margin for SRS has
been associated with a higher rate of severe parenchymal
complications [55].

Due to these limitations of postoperative RT, investiga-
tors have begun to study the use of neoadjuvant SRS prior
to surgical resection. This strategy provides the theoretical
benefits of a well-circumscribed target not requiring an
additional margin to cover uncertainty in the target vol-
ume or areas of intraoperative dissemination. Asher et al.
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reported the results of 47 patients treated for 51 lesions
with preoperative SRS. With a median follow-up time of
12 months, this cohort demonstrated good local control,
which was estimated at 98%, 86%, and 72% at 6, 12, and
24 months, with no episodes of radionecrosis reported
[56]. Similarly, Prabhu et al. reported on a cohort of 117
patients with 125 lesions treated with preoperative SRS.
At 6 months after RT, local control was 75%, regional con-
trol of 40%, and the rate of symptomatic radionecrosis was
5% [57]. Based on these results, prospective studies are
now underway. A phase II trial in Canada aims to assess
the rate of symptomatic radiation toxicity in patients
treated with neoadjuvant SRS for up to 10 brain metasta-
ses, followed by surgical resection of at least one lesion
[58]. NCT03741673 is an ongoing phase III clinical trial
comparing preoperative with postoperative SRS with the
primary outcome of leptomeningeal disease-free rate [59].

Neoadjuvant SRS for brain metastases is promising, as
early results suggest high rates of local control and lim-
ited toxicity. Furthermore, completing RT prior to surgery
may reduce cost, as RT simulation scans were acceptable
as preoperative imaging, and the ability to treat with SRS
and surgery in quick succession may help minimize time
off systemic therapy. At this time, however, insufficient data
exists to justify the treatment of patients with neoadjuvant
SRS outside of a clinical trial.

Proton Craniospinal Irradiation
for Leptomeningeal Metastasis

Leptomeningeal metastasis (LM) is characterized by the
spread of cancer cells within the subarachnoid space in the
cerebrospinal fluid (CSF) and is a late complication of sev-
eral cancers. The prognosis for patients with LM is poor,
with a median survival without treatment on the order of
2—4 months [60-62]. Treatment for LM historically consists
of supportive care, focused RT for bulky deposits of disease
or WBRT for symptomatic but not radiologically apparent
disease, and intrathecal chemotherapy for select individuals
with high-performance status. While some modern targeted
therapies can cross the blood-brain barrier, the low CNS
activity of many drugs continues to limit the effectiveness
of systemic therapy against LM.

Craniospinal irradiation (CSI) is an RT technique which
consists of delivering photon irradiation to the entire lep-
tomeningeal compartment and is commonly used in the
treatment of pediatric CNS tumors which have spread to
the spinal cord [19]. CSI for LM was initially studied in the
1990s using photon-based techniques and has consistently
led to significant improvement in neurologic function and
survival, but has also caused toxicity from radiation dose
passing through the spine to reach the esophagus, bowel,

and bone marrow [63, 64]. Because of the poor prognosis
of LM patients and the relatively severe associated toxicity,
photon CSI for LM is rarely used in clinical practice [65].

In contrast to traditional photon beam radiotherapy, pro-
tons deposit the majority of their energy at the end of their
range creating a narrow dose/depth curve or Bragg peak.
The narrow Bragg peak allows radiation oncologists to
prescribe dose precisely at the desired depth of tissue [66]
(Fig. 1). Proton beam radiotherapy is therefore promising
for patients with LM, as CSI using protons can confine dose
to the CSF while sparing the anterior structures, and may
provide the survival and neurologic benefits of radiation of
the full neuroaxis without the associated toxicity seen with
photon CSI [67].

This technique has only recently been assessed in clinical
studies. Our group published the results of a phase I prospec-
tive trial evaluating the toxicity and efficacy of hypofraction-
ated proton CSI in patients with LM [68]. The regimen was
well tolerated, with 2 of 20 evaluable patients experienc-
ing dose-limiting toxicities, all of which resolved without
medical intervention [68]. Despite the small sample size,
proton CSI did provide durable CNS disease control in some
patients, with 4 of 21 individuals being free of CNS progres-
sion 12 months after therapy [68]. A subsequent phase II
trial, NCT04343573, is currently underway comparing pro-
ton CSI against involved-field photon RT including WBRT
and/or focal spine RT in patients with LM from breast cancer
or non-small cell lung cancer [69].

Further complicating efforts to study treatment strate-
gies for LM is the lack of a standardized method to assess
response to therapy. The Leptomeningeal Assessment in
Neuro-Oncology (LANO) is a scorecard based on MRI
findings that has been proposed [70] and revised [71], but is
yet to be prospectively validated. Furthermore, the revised
scorecard relies solely on imaging findings, not accounting
for CSF cytology or clinical symptoms. Traditionally, diag-
nosis and response assessment for LM has included CSF
cytology, though the diagnostic sensitivity is low and multi-
ple lumbar punctures are often required to make a diagnosis
[72]. Recent efforts to improve the detection of LM have
included the isolation of circulating tumor cells (CTCs) in
the CSF, which has been shown to be a robust tool for diag-
nosis and response assessment for patients with LM [73-75].
Tumor-derived cell-free DNA (cfDNA) isolated from CSF
has also been shown to contain relevant information about
the disease of patients with cancer in the CSF [76]. There-
fore NCT04343573, our group’s phase II study of proton
CSI, also includes a sampling of CSF CTCs and ¢fDNA
to prospectively assess their value in determining treatment
response.

Despite these advances, proper selection of patients for
aggressive treatment of LM remains challenging. Patients
with LM often have a high burden of systemic disease, and
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Fig. 1 CT scan images overlaid
with RT dose distributions from
photon craniospinal irradiation
(A) and proton craniospinal
irradiation (B)

while LM itself can be a fatal complication of solid tumors,
it is important to avoid aggressive and time-intensive treat-
ment for patients near the end-of-life whose functional status
is limited by competing risks. Nonetheless, proton CSI holds
promise as a novel therapy for LM which may provide dis-
ease control benefits without severe toxicities.

Conclusion

Recent advances and ongoing research in the use of RT for
brain metastases are largely focused on the reduction of tox-
icity. WBRT and photon craniospinal irradiation are being
replaced by newer, more targeted techniques, including SRS,
hippocampal avoidance, and proton RT. In addition to reduc-
ing side effects for patients requiring therapy, these innova-
tions allow for more aggressive treatment of metastatic dis-
ease without compromising the quality of life. Furthermore,
recent efforts have focused on improving patient-centered
outcomes and avoidance of intensive therapy that does not
further an individual patient’s goals. These advances help
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improve the available treatment options for metastatic brain
disease, allowing individuals living with metastatic cancer
to live longer, minimize symptoms, and preserve the ability
to function.
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