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Abstract

The incidence of brain metastasis is increasing as improvements in systemic therapy lead to increased survival.
This provides new and challenging clinical decisions for patients who are trying to balance the risk of recurrence
or progression with treatment-related side effects, and it requires appropriate management strategies from mul-
tidisciplinary teams. Improvements in prognostic assessment and systemic therapy with increasing activity in the
brain allow for individualized care to better guide the use of local therapies and/or systemic therapy. Here, we re-
view the current landscape of brain-directed therapy for the treatment of brain metastasis in the context of recent
improved systemic treatment options. We also discuss emerging treatment strategies including targeted therapies
for patients with actionable mutations, immunotherapy, modern whole-brain radiation therapy, radiosurgery,

surgery, and clinical trials.
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Brain metastases (BMs) are the most common intracranial
neoplasm in adults and are 10 times more frequent than pri-
mary brain tumors.” BMs occur in 20-40% of all cancer pa-
tients and are associated with a poor median survival time of
6-12 months.2 The most common primary tumors in patients
with BM are lung, breast, melanoma, colorectal, and renal

tumors.2® The frequency of BMs appears to be increasing as
a result of improved neuroimaging modalities and longer sur-
vival of patients with metastatic disease due to improved sys-
temic therapy treatment options.

BMs are distributed along regions of the brain with rich
blood flow with 80% occurring in the cerebral hemispheres,
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15% in the cerebellum, and 5% in the brainstem.* Patients
commonly present with symptoms as a result of the tumor
location either by direct tumor involvement or peritumoral
edema and mass effect. Clinical presenting symptoms are
typically headache, focal neurologic deficit, and/or seizure.
Cognitive impairment is also often seen at the time of diag-
nosis in up to 90% of patients with BM.58

Precision management of BM is based on the individual
patient- and tumor-specific variables: tumor histology,
Karnofsky performance status (KPS), prognosis, targetable
mutations, number/volume of lesions and symptoms, and
patient preference.

Here, we review current treatment strategies for patients
with metastatic brain tumors and we highlight areas of
future study.

Pathogenesis

The main route of delivery of metastatic disease to the
brain is by hematogenous spread. As a result, many met-
astatic lesions are located directly in the terminal “water-
shed regions” of arterial circulation located where tumor
cells lodge in end-organ capillaries at the junction between
gray and white matter.” In addition, BMs of certain tumor
types (prostate cancer; uterine, gastrointestinal, and breast
cancers) more commonly occur in the posterior fossa.”®
This phenomenon highlights the hypothesis that unique
aspects of metastatic tumors, which adapt to different loca-
tions within the brain (ie, the “seed and soil” hypothesis).
Metastatic brain lesions are often molecularly and genet-
ically distinct from the primary tumor.® These tumors will
typically proliferate and gain the capacity to penetrate the
blood-brain barrier (BBB) and colonize the local brain micro-
environment. Once through the BBB, they must then gain
access to vasculature for future growth through “vascular
cooption”°This allows the tumor cells to gain access to an-
giogenic factors, nutrients, and oxygen. In addition, BMs
develop dynamic interaction with astrocytes and glial cells,
which can aid in preserving BM.They may also adapt to the
brain microenvironment transitioning to alternative fuel
(glucose) and begin secreting factors that alter the local im-
mune environment to shield from immune destruction.’®"

Overview of Management

The management of BM has evolved over time to in-
clude many important patient-specific factors to help aid
in the decision-making process. Our review includes fac-
tors from the Graded Prognostic Assessment (GPA) such
as a patient’s age, KPS, disease burden and treatment re-
sponse, molecular markers, and pretreatment cognitive
function, in addition to size and number of metastatic le-
sions. Treatment options will include best supportive care
with symptom management, radiosurgery, surgical resec-
tion, whole-brain radiotherapy with memantine (WBRT
+ M), whole-brain radiotherapy with parotid sparing,
whole-brain radiotherapy with hippocampal avoidance
(HA-WBRT), stereotactic radiosurgery (SRS), and systemic
therapy.

Estimation of Prognosis

A key component of BM management is an accurate esti-
mation of prognosis, as this can guide the decision for ag-
gressive care options versus best supportive care. The
presence of BMs is usually a sign portending poor prog-
nosis. Historically, the prognosis was estimated based on a
landmark recursive partitioning analysis study that pooled
patients from 3 Radiation Therapy Oncology Group (RTOG)
trials utilizing several prognostic factors: age, KPS, and pres-
ence of extracranial disease.’? Over time, it was recognized
that additional factors may play a role in improving prog-
nostic assessment for patients and an additional GPA was
derived from 4 RTOG trials.'®'“This analysis continues to ac-
crue patients from multiple institutions in the United States
and has since lead to the creation of the disease-specific
graded prognostic assessment (DS-GPA). The DS-GPA now
includes multiple factors including age, KPS, presence of
extracranial disease, number of brain lesions and for lung,
breast, and melanoma utilizes molecular markers. The
scoring system is based on a range of 0-4.0. Although sur-
vival estimates vary by histology, approximate ranges of
estimated medial survival time with 0-1 corresponding to
not more than 3 months, 2-2.5 corresponding to 6 months,
and 3.5-4 corresponding to more than 1 year." '8 This
scoring system is a discriminating diagnostic tool to guide
treatment discussions with patients and can be found at
brainmetgpa.com. Importantly, the ability to identify pa-
tients likely to survive more than 6 months can help to guide
aggressive brain-directed therapy decisions, while patients
with an estimated survival of less than 3 months may ben-
efit from supportive care measures alone.

Imaging

Modern management of BM requires high-quality brain im-
aging for both upfront therapy decision-making and assess-
ment of response and toxicity. Our gold standard imaging
modality is brain 1.5T or 3T magnetic resonance imaging
(MRI)."® Additionally, efforts should be made to standardize
imaging acquisition and if possible patients should be fol-
lowed up with imaging performed using the same MRI im-
aging modality (magnet strength and protocol). This can
help to minimize subjective changes based on imaging
acquisition, which is most important for patients being
monitored in long-term follow-up. Recommended 1.5T MRI
sequences include a 3D T1-weighted precontrast and 3D
T1-weighted postcontrast series with a slice thickness of
not more than 1.5 mm, a field of view of 256 mm, and 0 gap
(skip) using isotropic square pixels. This will allow for high-
resolution imaging that can be reliably reconstructed in the
axial, coronal, and sagittal planes.

In addition, axial 2D FLAIR, axial 2D DWI, and axial 2D
T2-weighted sequences should be performed using a slice
thickness of not more than 4 mm, a field of view of 240 mm,
and 0 gap. For 3T MRl imaging the same sequences are re-
commended but with a slice thickness of 1 mm for the 3D
T1 pre- and postcontrast imaging and the 2D imaging with
a slice thickness of 3 mm.9:20
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The accepted definitions of response assessment are
based on response assessment criteria for BM from the
Response Assessment in Neuro-Oncology Brain Metastasis
(RANO-BM) working group.’ The working group expanded
on the RECIST 1.1 criteria to help guide the assessment of
metastatic brain lesions. A measurable tumor (target lesion)
was considered any tumor at least 10 mm in the longest di-
mension. For modern MRI imaging with slice thickness as
above, measurable lesions are considered at least 5 mm,
care should be taken when assessing response for these
smaller tumors as progression should be at least 3 mm in
the longest dimension (for punctate lesions). Lesions that
cannot be reliably measured and are not considered “target
lesions”: bony skull metastasis, cystic only lesions, dural
metastasis, and leptomeningeal disease (LMD). A partial
response is considered a 30% decrease in the sum of the
longest diameter of the target lesions (for at least 4 weeks),
no new lesions, stable or decreasing steroid use, or stable
or improving neurologic symptoms. Progressive disease
is considered as at least a 20% increase in the sum of the
longest diameter of a tumor (at least one lesion with an
increase of 5 mm or more in the longest diameter). The
stable disease includes changes that do not qualify for pro-
gression or partial response. Complete response requires
resolution of all target lesions for at least 4 weeks, no new
lesions, no steroid use (for neurologic symptoms), and
stable to improved neurologic symptoms.'®

LMD is characterized by the diffuse spread of meta-
static disease to the meninges surrounding the brain and
or spinal cord. The diagnosis is typically made with either
MRI imaging demonstrating bulky dural enhancement
(pachymeningeal disease),?%?' cranial nerve enhance-
ment, or cerebral sulci enhancement or cerebellar folia
enhancement. In addition, a cerebrospinal fluid (CSF) as-
sessment is generally recommended for cytology or flow
cytometry and neurologic examination to confirm that
imaging findings correlate with neurologic deficits,?? al-
though the sensitivity is low. The sensitivity of CSF sam-
pling using a lumbar puncture for diagnosis of LMD is
50-60%, with additional sampling of up to 80%.23The diag-
nosis and response assessment of LMD is not consistent
among clinical trials and in clinical practice. The RANO
working group has developed recommendations for the
assessment of LMD (RANO-LM) which utilizes the neuro-
logic findings, CSF, and imaging findings to give a score.?*
Utilizing this scoring system is difficult and more recently
the European Organization for Research and Treatment
of Cancer (EORTC) Brain Tumor Group (BTG) Central
Nervous System Metastasis Committee and the EORTC
BTG Imaging Committee have developed a revised score-
card which can be used in clinical practice.?® However, it re-
mains difficult to determine LMD response to therapy due
to the difficulty in defining a radiographically measurable
lesion which can be followed reliably over time.

Radiotherapy

For patients with excellent prognosis (DS-GPA over 2),
good baseline cognitive status, minimal to no neurologic
symptoms, and low total intracranial disease burden,
SRS is an excellent option. Many centers have adopted

radiosurgery as a standard upfront option for patients due
to the risk of cognitive deterioration after whole-brain ra-
diation.?6?’ Here, we summarize management strategies
and studies that demonstrate the role of radiosurgery and
whole-brain radiation. A treatment algorithm (decision
tree) is proposed in Figure 1.

Stereotactic Radiotherapy for Low-Volume
Intracranial Disease

For patients with a limited number of BM, 4 or fewer le-
sions, the use of SRS alone is favored. This is based on 4
large phase lll trials that randomized patients with limited
BM to radiosurgery with or without WBRT.2628-30 SRS can
treat deep-seated lesions or lesions near eloquent brain
structures that are not amenable to surgical resection.3"32
SRS is often given as a single high dose of radiation, but
may also be given over 2 to 5 fractions (ie, fractionated
radiosurgery) for targets that are larger-sized or near crit-
ical normal tissues such as the brainstem or the optic struc-
tures.3334 Radiation dose for SRS is based on the RTOG
9005 study and is based on size with 24 Gy used for tumors
less than 2 cm, 18 Gy for tumors 2.1-3 cm, and 15 Gy for
tumors more than 3.0 to 4 cm.3® Fractionated radiosurgery
(FSRS) is typically delivered with 27 Gy in 3 fractions or
25-30 Gy in 5 fractions.336 The most recent phase lll trial,
NO0574, that randomized patients with limited BM to WBRT
+ SRS or SRS demonstrated there was no difference in sur-
vival.There was however a significant increase in cognitive
failure for patients receiving WBRT + SRS 53% versus 20%
for SRS alone at 3 months.?” With this evidence for patients
with limited BM who have appropriate lesion size, location
and prognosis should receive radiosurgery alone to spare
cognitive decline while obtaining local control. Following
radiosurgery, the recommended follow-up includes MRI
every 2-3 months. This short interval imaging is to identify
new distant intracranial tumors for salvage therapy due to
the increased risk of distant failure noted with SRS alone.

SRS for Numerous Metastasis/High-Volume
Metastatic Disease

SRS and FSRS have in the past been used for limited
BM, with many institutions using WBRT for patients with
numerous (>4) BMs. Previous WBRT trials found that al-
though adjunctive WBRT reduces the relative risk of in-
tracranial disease progression by approximately 50%
compared with SRS alone, it does not extend overall sur-
vival (OS) and is associated with increased risk of side
effects, including neurocognitive decline.??2%30 Although
traditionally used to treat a limited number of tumors,
prospective nonrandomized data in patients with newly
diagnosed BMs suggest that up to 10 tumors with a total
cumulative volume not more than 15 mL may be treated
in a single session with similar efficacy and no increase in
toxicity.3738

Recently, the National Comprehensive Cancer Network
(NCCN) guidelines have recognized the utility of tumor
volume plays a more important role in determining the
use of SRS versus WBRT.3®* Numerous studies support the
use of tumor volume compared to the number of tumors
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to better predict OS (Table 1).4-4The appropriate cutoff of
tumor volume to determine who may benefit from WBRT
rather than SRS is not well defined. Prior studies have used
cutoffs ranging from 10 to 15 cc when treating multiple
BMs.374" However, numerous studies have treated patients
with larger volumes of tumor volume (up to 30 cc) with
SRS and achieved excellent outcomes.®¢4647 There is also
evidence that using radiosurgery results in a lower dose
to the hippocampus compared to HA-WBRT.3648 Figure 2
demonstrates a patient with 30 brain lesions treated with
radiosurgery with very little dose to the hippocampus (<4
Gy mean) and a low brain dose of 8 Gy. This may translate
to improved cognitive outcomes but the prospective evalu-
ation is needed. Importantly, patients with 5-15 BMs should

be offered enrollment on CE.7, a Canadian Cancer Trials
Group/Alliance/NRG clinical trial that randomizes patients
to either SRS or HA-WBRT and memantine (NCT03550391).

In contrast to WBRT, the efficacy of SRS appears to
be independent of the primary tumor type. Relatively
radioresistant primary tumor histologies like renal cell car-
cinoma?*® and melanoma®® have control rates similar to rel-
atively radiosensitive tumor types such as breast cancer
and non-small-cell lung cancer (NSCLC).5"

Due to the excellent local control with radiosurgery in pa-
tients with numerous BMs, tumor volume appears to be a
superior personalized marker for determination for survival.
For patients with low overall intracranial disease burden
(<15-30 cc), the use of radiosurgery may be an alternative

Clinical Diagnosis of
Brain Metastasis
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Figure 1. Modern precision management of patients with brain metastases based on expert consensus. *Is meant to reference the lower right box

& close observation q6-8 week MRI

Table1 Comparison of Brain Metastasis Number of Lesions Versus Volume of Lesions in Retrospective Series

Citation

Multivariate Analysis of Overall Survival

Patient Number Volume of Metastasis Number of Metastasis MedianTumor Volume, cc

251 P<.001 P=.2(NS) 0.89 (0.03-22.9) Likhacheva et al., 20134
250 P=.003 P=.1(NS) 1.2 (0.1-14.2) Baschnagel et al., 20134
201 P=.008 P=.96 4.2 (1-12.1) Hirshman et al., 201842
205 P=.002 P=.2(NS) 6.8 (0.6-51) Bhatnagar et al., 20063
391 P=.0014 P=.19 3.41(0.071-81.6) Routman et al., 20184
300 P=.004 P=.26 0.41 (0.01-65.01) Emery et al., 20174
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Figure 2.

An example of a patient treated using single-isocenter multitarget radiosurgery for 30 brain lesions. The total volume of brain tumor

(GTV total) is 4.7 cc. A 2-3 mm planning target volume (PTV) was used with 24 Gy prescribed to the PTV total and 27 Gy to the gross tumor volume
total in 3 fractions. Treatment delivered with 5 volumetric modulated arc therapy arcs.

to HA-WBRT pending further phase Il data. However, the
definition of low overall intracranial disease burden requires
prospective validation and is not well defined. For patients
with higher disease burden, the use of HA-WBRT is more
appropriate given the worse OS and higher rate of distant
disease/neurologic death. HA-WBRT is also more appro-
priate for patients with CNS-dominant disease (ie, multiple
BMs with a limited volume of extracranial disease) and for
patients with high BM velocity following upfront SRS.

Radiosurgery for Small-Cell Lung Cancer

Traditionally, the standard of care for patients with small
cell BM has been WBRT.These patients were excluded from
our large randomized clinical trials for radiosurgery due to
the high predilection for distant brain failure.5? However,
there is early evidence that with improvements in MRI im-
aging and systemic therapy, particularly immunotherapy,
that SRS may be appropriate for select patients.?3%* A re-
cent retrospective based study of 5952 patients with
small-cell lung cancer BM revealed that upfront SRS was
associated with superior OS (median 10.8 vs 7.1 months,
hazard ratio [HR] 0.65, 95% confidence interval [CI] 0.55-
0.75, P<.001), which persisted on multivariate analysis
controlling for comorbidities, extracranial metastases,
age, race/ethnicity, and gender (HR 0.70, 95% CI 0.60-0.81,
P <.001).%5 Further studies are necessary to help define pa-
tient subgroups who benefit from SRS versus HA-WBRT
for patients with small-cell lung cancer.

Role of Brain Metastasis Velocity

Recently, the concept of brain metastasis velocity (BMV)
was developed to identify patients who develop rapidly
progressive distant brain disease. This metric has the

capacity to predict the risk of developing serial distant
brain relapses after salvage SRS and is strongly correlated
with survival and neurologic death.8 BMV is defined as:

Total number of new brain metastases since first SRS
BMV =
N (Time (in fractions of 1 year) since first SRS)

It was observed that BMV at first or second distant brain
relapse after upfront SRS predicted 0S.%¢ In a larger multi-
institutional validation dataset, BMV remained prog-
nostic.%8%7 Specifically, patients who had a BMV more than
13 BMs/year had inferior survival compared to patients
with BMV less than 4 BMs/year (P < .0001). Interestingly,
the prognostic capacity of BMV remained significant over
multiple different eras of systemic therapy. BMV at first
distant brain relapse was also predictive of BMV at second
distant brain relapse, highlighting the ability of BMV to
serve as a surrogate marker for intracranial control. The
prognostic value of BMV has since been validated in sev-
eral other international patient populations.5859

Importantly, BMV at first or second distant brain relapse
after upfront SRS predicted for neurologic death following
salvage SRS.%657 Neurologic death was defined as progres-
sive neurologic decline at the time of death irrespective of
the status of extracranial disease or death from intercur-
rent disease in patients with severe neurologic dysfunc-
tion. Patients with BMV more than 13 BMs/year were nearly
3-fold more likely to suffer neurologic death than patients
with BMV less than 4 BMs/year. In addition, patients with
BMV more than 13 BMs/year, neurologic death was 43%
more likely than death from non-neurologic causes after
salvage SRS.

These findings demonstrate the capacity of BMV fol-
lowing upfront SRS to distinguish a subset of patients
(BMV >13 BMs/year) whose inferior intracranial con-
trol with salvage SRS significantly raises the risk of
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neurologic death as a primary contributor to inferior
survival. Thus, the prevention of neurologic death in this
high-risk population is an important treatment goal that
may impact OS, especially as systemic therapies con-
tinue to improve control of the extracranial disease. BMV
may allow for personalized treatment decision-making
with patients who may benefit most from distant brain
control. Patients with a BMV of more than 13 may pref-
erentially benefit from WBRT versus radiosurgery for
salvage therapy to prevent distant relapse. Prospective
validation of this principle is needed.

WBRT or Best Supportive Care

The importance of estimating prognosis is demonstrated
in the QUARTZ trial that randomized NSCLC patients who
were not eligible for surgery or radiosurgery to optimal
supportive care or optimal supportive care + WBRT (20 Gy
in 5 fractions). In this study, 80% of patients on each arm
had a GPA of 2 or less. Importantly, the median survival
for patients on this trial was quite poor at approximately
2 months for each arm.®° The study found that survival
was not significantly different, and there was no signifi-
cant reduction in quality of life with the omission of WBRT.
This study demonstrates that for patients with poor per-
formance status and uncontrolled extracranial disease for
which next-line systemic therapy is not available or recom-
mended, best supportive care in lieu of WBRT would be a
reasonable consideration.®°

Whole-Brain Radiotherapy With Hippocampal
Avoidance

A phase Il trial, RTOG 0933, accrued 100 patients with BM
using conformal avoidance of the hippocampus during
WBRT using intensity-modulated radiotherapy for patients
with BMs.®'This trial demonstrated a cognitive failure rate

Table2 Cognitive Impact of Radiation Therapy

of 33% at 4 months which compared favorably relative
to historical controls. This promising result led to the de-
sign of NRG CCO001, a phase Il trial of WBRT + M with or
without hippocampal avoidance during WBRT for patients
with BMs.

The NRG CCO001 trial accrued 518 patients with BM
to receive either WBRT + M or HA-WBRT + memantine
(HA-WBRT + M). There was no difference between arms
in terms of baseline cognitive function, OS (HR 1.13, 95%
Cl 0.89-1.44, P = .31), or intracranial progression (HR 1.12,
95% Cl 0.90-1.39, P = .33).52 There was no difference in
grade 3 or higher toxicity between the arms.

The addition of hippocampal avoidance to WBRT + M sig-
nificantly prevented cognitive decline (adjusted HR = 0.74,
95% Cl 0.58-0.95, P = .02). The difference was first seen
at 4 months (62.7% HA-WBRT + M vs 54.5% WBRT + M)
and maintained throughout the follow-up period and
was attributable to improvements in executive function
at 4 months (P =.01) and learning (P = .049) and memory
(P =.02) at 6 months.®? In analyses adjusted for stratifica-
tion factors, age not more than 61 years (HR 0.61, 95% ClI
0.46-0.81, P =.0006) also predicted for prevention of cog-
nitive failure.82 Test for interaction between treatment arm
and age was nonsignificant (P =.67), suggesting that while
age independently predicts for cognitive failure, the cog-
nitive benefit of hippocampal avoidance does not differ
by age.

Importantly, the addition of hippocampal avoidance to
WBRT + M also preserved the patient-reported quality of
life, as assessed by the MD Anderson Symptom Inventory
Brain Tumor Module. Patients on the HA-WBRT + M arm
experienced less symptom interference and fewer cog-
nitive symptoms at 6 months (estimate = -1.02, P = .008
and estimate = -0.63, P = .011, respectively, Table 2).62
Cognitive symptom differences were driven primarily
by 2 items: problems with remembering things and diffi-
culty speaking. At 6 months, patients on the HA-WBRT + M
arm had less difficulty remembering things (mean 0.16 vs

Study Arm Patient Number
MDACC?® SRS 30
WBRT + SRS 28
RTOG 0614% WBRT 252
WBRT + M 256
RTOG 0933¢" HA-WBRT 100
NRG CC00162 WBRT + M 257
HA-WBRT 261
N0574%7 SRS 111
WBRT + SRS 102
N107¢26 Surgery + SRS 66
Surgery + WBRT + SRS 60

Time of Cognitive Evaluation Cognitive Failure Rate (%)
4 24
52
3 72
63
33
63
54
3 20
53
3 21
60

MDACC, MD Anderson Cancer Center; SRS, stereotactic radiosurgery; WBRT, whole-brain radiation; RTOG, Radiation Therapy Oncology Group;
M, memantine; HA-WBRT, hippocampal avoidance-whole-brain radiation; NRG, National Surgery Adjuvant Breast and Bowel Project, Radiation

Therapy Oncology Group, and Gynecologic Oncology Group.
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1.29, P =.013) and less difficulty speaking (mean -0.20 vs
0.45, P=.049) as compared to the WBRT + M arm. Greater
improvement in fatigue at 6 months was reported in the
HA-WBRT + M arm as compared to the WBRT + M arm
(mean 0.93 vs —0.16, P=.036).52

Whole-Brain Radiotherapy With Memantine

For patients with a large burden of intracranial disease and/
or LMD, the use of WBRT is an optimal palliative treatment
to improve intracranial control. Historically, the combined
use of SRS and WBRT has excellent local tumor control.
The main difference in these tumor-directed techniques
is that SRS alone has a higher rate of distant intracranial
tumor failure. In prior phase Il trials, typically 32-64% of
patients will have distant brain failure with the omission of
WBRT.28-30 Therefore, patients at high risk for distant brain
failure are ideal candidates for WBRT. In addition, patients
with LMD have a mode of disease spread that is diffuse
within the brain which makes a local treatment like SRS
not useful, requiring WBRT or craniospinal irradiation for
disease control. We address pachymeningeal (or dural
based) disease as a separate pattern of disease that may
benefit from a local treatment.?'

When considering the use of WBRT for these situations,
a standard option is to use concomitant and adjuvant
memantine.®® A large phase lll trial demonstrated that
the use of memantine during WBRT and continuing for
6 months failed to meet its primary endpoint (decline in
the delayed recall).®® However, this study was performed in
an era where patient’s prognosis was poor with a median
survival time of 6-8 months and 34% of patients had died
before the 6 months assessment with an additional 11% of
patients withdrawing consent (the primary time point for
analysis).®3The resulting power to detect a difference may
have been insufficient, the cognitive failure rate (failure on
any test) at 6 months was significantly improved by ap-
proximately 11% (54% vs 65%; HR 0.78, P=.01).6% On addi-
tional analysis, it was noted that memantine significantly
improved executive function (P=.0041), processing speed
(P=.0137), and delayed recognition (P=.0149). Memantine
is well tolerated with a side effect profile similar to placebo
with dizziness as one of the most common side effects. In
practice, a slow up-titration is started along with the initi-
ation of radiation, beginning at 5 mg daily and increasing
one a week by 5 mg with a target of reaching 10 mg of
memantine twice daily.5® Preclinical studies suggest a ben-
efit to starting memantine before initiating WBRT and if
temporally feasible (ie, a patient seen on Friday and WBRT
starts on the upcoming Monday) it is worth considering
starting memantine a few days before WBRT.64

WBRT With Parotid Sparing and/or Lacrimal
Sparing

Historically, WBRT has been delivered with opposed lateral
fields arranged to avoid the lens and encompass the en-
tire brain using the 2D technique.This is a simple technique
that can be done emergently without the need to contour
any avoidance structures and relies on bony anatomy. With
advances in radiation techniques and the use of CT imaging

for simulation, 3D conformal therapy may be performed to
improve acute toxicity in patients receiving WBRT. Several
studies have prospectively evaluated various organs at risk
to determine if these may show a dose-response in order
to better understand toxicity related to WBRT.

In a prospective, observational cohort study 100 patients
received WBRT for the treatment of BMs. Patients received
3D WBRT using opposed lateral fields covering the skull
and the C1 or C2 vertebra. The proportion of patients who
self-reported to be bothered quite a bit or bothered very
much by xerostomia at 1 month was 50% in those with pa-
rotid V20Gy at least 47%, compared with only 4% in those
with parotid V20Gy not more than 47% (P<.001).5% The
xerostomia score was 23 points (95% Cl 16-30, P<.001)
at 1 month and declined over time but remained elevated
with a score of 14 points (95% Cl 7-21, P=.03) at 6 months.
At 3 months, this difference was 50% versus 0% (P=.001).
These data provide evidence with a validated xerostomia
measure that keeping the parotid gland V20 not more than
47% may decrease the rate of xerostomia in patients re-
ceiving whole-brain radiation.®® Importantly, sparing the
parotid gland may be done with modifications in the lateral
fields which do not compromise the dose to the brain.

This study also included a secondary objective aiming
to identify the rate of dry eye symptoms.The proportion of
patients with an increase in dry eye symptoms was signif-
icantly higher at 1 month (>1 point Subjective Evaluation
of Symptom of Dryness increase) for lacrimal V20Gy at
least 79% was 46% while less than 79% associated with
15% (P =.02).56 Importantly, this appears to be a previously
over-looked toxicity to WBRT. However, care should be
taken in attempting to spare the lacrimal glands as this tox-
icity measure is not validated and modifications in the field
to spare lacrimal glands may compromise dose to the crib-
riform plate although this may be possible with HA-WBRT.

WBRT carries a relatively high risk of cognitive
failure between 3 and 6 months with randomized trials
demonstrating a risk of 50-70%.26:2729.61-63 |n Table 2 we
summarize the cognitive failure rates (using different def-
initions of cognitive failure) for modern trials that use sim-
ilar tools to measure cognitive function. This high rate of
cognitive failure led to attempts to spare the hippocampus
to determine if this may improve the preservation of cogni-
tive function in patients with BM.

Other Future Sparing Areas for Memory
Protection and Imaging

Our understanding of radiation injury and its impact on
memory is improving. Currently, there is level 1 data sug-
gesting that sparing the hippocampus improves the cogni-
tive failure rate in patients receiving whole-brain radiation.
There may be other regions or pathways in the brain that
are important in memory impairment and sparing these re-
gions may further improve cognitive outcomes. There are
additional subregions in the temporal lobe white matter
that play an integral role in memory. The entorhinal cortex
is critical for the memory, navigation, and the perception
of time. The perirhinal cortex is important in the proc-
essing of sensory information for memory formation. The
parahippocampal cortex is important in the recognition
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and coding of environmental scenes.®” The amygdala,
fornix, and mammary bodies also impact memory as part
of the limbic system. The mammary bodies are important
for recollected memory and damage leads to amnesia.The
amygdala is important for decision-making, emotional re-
sponse, and processing memories. Both declarative and
episodic memory are related to the amygdala. The fornix
is a major outflow tract from the hippocampus to the di-
encephalon and basal forebrain and is important for recall
memory.®® Interestingly, a large multi-institutional study
found that the brainstem, bilateral thalami, hippocampi,
parahippocampal gyri, amygdala, and temporal poles
had a cumulative risk of harboring a BM of approximately
4-5%, suggesting that radiation to these areas could po-
tentially be avoided with minimal risk of leaving untreated
subclinical disease. Figure 3 depicts these additional im-
portant memory structures. Many are contiguous which
may allow for an avoidance structure that could spare these
medial temporal lobe structures and central region (hypo-
thalamus, fornix, mammary bodies). Future studies should
pursue memory sparing WBRT (MS-WBRT) addressing
these other important functional regions for memory.
Interestingly, a novel radiation technique known as FLASH,
or ultra-high dose rate radiotherapy, is hypothesized to ad-
dress this problem, it may provide adequate tumor control
and spare cognitive decline. A recent study in a preclinical
setting demonstrated less neuroinflammation and reduced
cognitive impairment in mice.®®

Prophylactic Cranial Irradiation

Lung cancer has a high incidence of BMs, this predilection
for brain failure led to studies attempting to prophylacti-
cally treat micrometastatic disease in the brain in patients
at highest risk for BM with prophylactic cranial irradiation
(PCI).79 The Auperin meta-analysis previously demon-
strated that PCl lowered the rate of new BM by 60% and led
to an OS benefit of 5% in patients who achieve remission
with chemotherapy for small-cell lung cancer.”’ Similarly,

Figure 3.

a randomized PCI trial was performed with patients with
advanced-stage NSCLC which revealed no statistically sig-
nificant improvement in OS, but there was a 57% decrease
in the rate of new BM, and this led to a statistically signifi-
cant improvement in disease-free survival of 3% at 5 years
and 5% at 10 years.

A recent phase lll trial for extensive-stage small-cell
lung cancer failed to demonstrate a survival benefit com-
pared to close observation with brain imaging, calling into
question the indiscriminate use of PCL72 Due to the risk
of cognitive decline and lack of routine close interval MRI
imaging in prior studies, the NCCN guidelines allow close
observation with MRI imaging an alternative, especially
for patients at high risk of WBRT-induced cognitive failure
which includes patients with a poor cognitive baseline or
patients with advanced age.>*7374 A large phase Ill study,
NRG CC003 will provide further insight into the cognitive
impact of HA-PCI versus conventional PCl for patients with
small-cell lung cancer, this study is actively accruing. In ad-
dition, a phase lll trial (SWOG S1827) will randomize lim-
ited and extensive-stage small-cell lung cancer patients to
MRI surveillance with and without PCI in an effort to eval-
uate whether MRI surveillance along allowing for early
salvage therapy can result in similar OS and improved cog-
nitive preservation and quality of life.

Future studies utilizing PCI may provide additional ben-
efit as there is a clear improvement in the incidence of BM
and disease-specific survival. This is most relevant for pa-
tients at high risk of BM such as small-cell lung cancer,
NSCLC, and HER2+ or triple-negative breast cancer. If fur-
ther improvements can be made to decrease the cognitive
impact of PCl this may translate into an excellent treatment
to improve survival and spare toxicity.

Surgery

The role of surgery for patients with BM is commonly lim-
ited to large metastatic lesions at least 2cm in greatest

)
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(A) Sagittal MRI demonstrating the anatomy of the medial temporal lobe structures: the amygdala (red), hippocampus (green),

parahippocampal cortex (purple), perirhinal cortex (yellow), and the entorhinal cortex (orange). (B) Coronal MRI demonstrating the fornix (light

blue), hypothalamus (light pink), and mammary bodies (dark blue).
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dimension, symptomatic, or lesions that may be inducing
life-threatening cerebral edema.’® In addition for patients
with an unclear primary cancer diagnosis, surgery can ob-
tain a histologic diagnosis or for patients with single or sol-
itary brain disease. Historically, as many as 11% of patients
with a single brain lesion may not have metastatic disease
and rather have a meningioma, glioma, an infectious or in-
flammatory process although with more modern imaging
this number is likely smaller.”®

Postoperative SRS and Fractionated SRS

Resection of BMs is typically performed on large lesions with
mass effect causing symptoms and has been shown to have
a survival benefit.”® However, even after gross total resec-
tion, there is approximately a 50% risk of local recurrence in
the surgical bed.””’® Postoperative WBRT reduces the risk of
recurrence in the surgical bed by more than 50%, but these
benefits have not been translated into a survival benefit, rec-
ognizing these clinical trials were not powered to assess sur-
vival.277 |n an effort to avoid the acute and late toxicities of
WBRT, yet improve surgical bed control, SRS to the surgical
bed has been used in the postoperative setting and reported in
multiple retrospective studies.??636 Recently, a phase Il trial
assessed the role of postoperative SRS was that randomized
132 patients to SRS to the surgical cavity or observation after
complete resection of BMs.”®This trial found that surgical bed
control rates were significantly improved after radiosurgery
compared to resection alone (12-month freedom from local
recurrence 43% vs 72%; HR 0.46, P = .015).78 They also found
that surgical bed control decreased as a function of increasing
tumor bed size. A cooperative group, multi-institutional phase
Il trial, N107C/CEC.3, randomized 194 adult patients with a re-
sected BM to either SRS or WBRT + SRS and found improved
preservation of cognitive function with SRS and no difference
in survival between the study arms.?6These phase |l trials es-
tablished postoperative SRS as a standard of care to improve
surgical bed control (relative to observation) and represent
a less toxic alternative than WBRT. Interestingly, the Alliance
trial demonstrated a 60% surgical bed control following SRS,
and similarly, the MD Anderson trial demonstrated poor less
than 75% surgical bed control with large tumor cavities. The

cause of this poor surgical bed control is likely multifacto-
rial including radiosurgery dose (SRS dose decreases with
increasing size lesions), resection cavity volume delineation,
timing of radiosurgery, and surgical location/technique.

In Figure 4, we depict a sample of the contouring guideline
for the A071801 trial that demonstrates the additional dural
margin which is intended to lower the risk of locoregional
recurrence. Currently, a larger margin is recommended
along the dura to decrease the risk of marginal tumor recur-
rence. In addition, retrospective data support that surgical
bed control is improved with FSRS compared to SRS.3479.80
A clinical trial is currently underway, A071801, which ran-
domizes patients with limited BMs with one resection bed
to SRS versus FSRS.The primary endpoint is to determine if
the time to surgical bed failure is increased with FSRS com-
pared to SRS in patients with resected BM.

Preoperative Radiotherapy

Classical leptomeningeal or pachymeningeal failure can
occur after surgical resection.?%?' It is believed that the risk
is significantly diminished with the use of adjuvant WBRT
and the risk may be higher with adjuvant radiosurgery.
A promising proposed strategy to decrease the risk of
pachymeningeal and leptomeningeal failure followed sur-
gical resection is preoperative radiosurgery. There are
several reasons why this technique may provide benefit
including improved ability to identify and contour tumor,
sterilization of the tumor should any spillage occur during
surgery into the cerebrospinal space, high-risk tumor loca-
tions such as the posterior fossa for iatrogenic spread, and
less radiotherapy to surrounding brain as resection cavities
are typically larger than the intact metastasis.®’ Retrospective
studies have demonstrated that preoperative radiosurgery
has lower rates of radionecrosis and less LMD.?%8'82 Further
prospective validation of this approach is warranted.

Systemic Therapy for BMs

The role of systemic therapy in the management of BMs
is currently evolving. Treatment strategies had previously

Figure 4.

Postoperative cavity radiosurgery contouring guidelines. The complete contouring guideline may be found in the supplementary mate-

rial and is also found along with the CTSU website materials for the Alliance trial A071801.
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focused on local therapeutic options such as surgery, ster-
eotactic radiation, whole-brain radiation, or a combination.
Previously the role of systemic therapy in the treatment of
BMs was limited to chemotherapy which has variable CNS
penetration due to the BBB. As driver mutations have been
identified and targeted therapies and immunotherapies
have emerged with better CNS penetration, systematic
management for BMs prior to or after local treatment is
now an option. We summarize here the various systemic
therapies such as chemotherapy, targeted therapy, and im-
munotherapy that have been completed or under active in-
vestigation for a variety of solid tumors (Table 3).83-"13

One class of systemic therapies for BMs is drugs
targeting driver mutations such as tyrosine kinase inhibi-
tors (TKls) that penetrate the BBB with demonstrated ac-
tivity in the CNS. For example, approximately 40-60% of
patients with metastatic melanoma harbor a BRAF muta-
tion, a genetic alteration that has been exquisitely sensi-
tive to small molecule inhibitors such as vemurafenib and
dabrafenib. A phase Il study of dabrafenib demonstrated
an intracranial response rate (RR) of 39% in previously
untreated V600E BMs and 31% in progressive previously
treated BMs."® CNS responses have also been seen with a
combination of MEK and BRAF inhibitors."81°

Similarly, targeted agents also play a role in the treat-
ment of BMs from NSCLC. About 10% of patients harbor
mutations in the EGFR gene and 5% of patients have ALK
translocations and CNS responses have been shown with
targeted therapy.

First- and second-generation EGFR TKIs (including
erlotinib, gefitinib, and afatinib) are active in the CNS with
multiple retrospective studies showing RRs of more than
50% in EGFR-mutated patients.

Afatinib is an irreversible inhibitor of EGFR that has
shown a CNS RR of 35% in patients who have previously
been treated with erlotinib or gefitinib.""® Osimertinib has
been showed to have a CNS overall RR was 70% with
ostimertinib in the recently presented FLAURA study.””
Alectinib and ceritinib have both been approved for the
treatment of BMs with ALK translocations. Brigatinib also
demonstrates strong CNS activity."*

Breast cancer represents the second most frequent
cause of BMs after lung cancer and is diagnosed in
10-20% of advanced cancers. Several targeted therapies
have shown promise in breast cancer. There have been
reports showed response of BMs with anti-endocrine
therapy and there have also been recent studies looking
at the role of CDK4/6 inhibitor, abemaciclib, showing ac-
tivity in BMs.%' Therefore, it is reasonable to consider en-
docrine therapy prior to systemic chemotherapy. In HER2
over-expressing breast cancer, anti-HER2 agents such as
trastuzumab, drug-antibody conjugate (TDM-1), and TKls
(neratinib, lapatinib) have been shown to have activity
in BMs.%2-94120.121 |n addition, the role of high-dose HER2
targeting monoclonal antibodies has shown promise using
trastuzumab and pertuzumab in the PATRICIA study.®’
Lapatinib, a TKI-targeting HER2 and EGFR, shows CNS ac-
tivity. Single-agent lapatinib was found to have 2.6-6% ac-
tivity®+12%; while combination therapy with capecitabine
was shown to have 21-38%.88-%° Neratinib is another small
molecule TKI that has been found to have a RR of 8% and
49% in combination with capecitabine.®3'?' Chemotherapy

is currently the only systemic treatment option for BMs
from triple-negative breast cancer, although immuno-
therapy trials are in development.

Another major advance in systemic therapy options for
BMs is the development of immunotherapy which has
shown intracranial activity. Several studies have demon-
strated promising CNS activity of checkpoint inhibitors.
In metastatic CNS disease from clear cell renal cell car-
cinoma, nivolumab had 12% RRs in the brain in a small
phase Il study.'? Pembrolizumab, another checkpoint
inhibitor, had RRs of 33% and 22% in NSCLC and mela-
noma CNS disease, respectively.'?® Dual administration
of nivolumab with CTLA-4 antibody agent ipilimumab re-
sulted in impressive RRs in melanoma-associated BMs
with rates of complete response of 26%.'?4'?5Trials are on-
going in breast cancer to evaluate the role of checkpoint in-
hibitor therapy in CNS metastases including combinations
with SRS (NCT03449238, NCT03807765, NCT03483012,
NCT02563925).

As discussed, the role of systemic therapy with the de-
velopment of small molecule inhibitors and immuno-
therapy is expanding. In patients with asymptomatic
BMs and good performance status, starting with targeted
therapy or immunotherapy is an option prior to local ther-
apies (Figure 1). Important limitations in the existing liter-
ature regarding the use of systemic therapies for BM are
the endpoints used (RRs) differ from those in most radio-
therapy and neurosurgery literature (progression-free sur-
vival [PFS] and OS), the durability of response, and the use
of salvage therapies like surgery and WBRT for progres-
sion are often not reported. Future studies should compare
systemic therapies to current standards of surgery and
radiotherapy with landmark PFS and OS endpoints. There
are currently ongoing trials looking at the roles of other
targeted therapies in patients who express CDK gene mu-
tations, PI3K gene mutations, and NTRK/ROS1 inhibitors
which can further expand the role of targeted therapy in
BMs (NCT02896335, NCT03994796).

Cost-effectiveness

Treatment decisions for patients with BMs are complex
and individualized, requiring consideration of patient pref-
erences, survival, risk of tumor recurrence, morbidity re-
lated to treatment and/or recurrence, as well as treatment
costs. Cost-effectiveness analyses (CEA) provide a mean-
ingful way to quantify and analyze the composite effect of
these factors in order to better inform patient and stake-
holder decisions.

A number of cost-effectiveness studies have shown that
SRS alone is cost-effective to SRS + WBRT for patients
with 1-3 BMs.23 A more recent CEA that also accounted
for the increased costs of hippocampal avoidance during
WBRT'?¢ found that the cost-effectiveness of SRS versus
HA-WBRT for patients with 1-3 metastases was highly sen-
sitive to changes in patient life expectancy, with SRS being
more cost-effective for patients with a shorter life expect-
ancy (3-6 months) and HA-WBRT more cost-effective for
subgroups with a longer life expectancy (12-24 months).
Fewer studies have examined the cost-effectiveness of
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SRS for patients with multiple BMs. A CEA based on the
results of the JLGK0901 and EORTC 229252-26001 trials
found that the use of SRS versus conventional WBRT was
marginally cost-effective for patients with up to 10 BMs,
with an incremental cost-effectiveness ratio of $123 256
per quality-adjusted life year gained."®’

No studies to date have examined the cost-effectiveness
of the whole brain (with or without hippocampal avoid-
ance) versus SRS alone for patients undergoing salvage
treatment therapy following upfront SRS. Future studies
will also be necessary to evaluate the cost-effectiveness
of novel approaches for managing BMs including targeted
therapies, immunotherapy, and laser interstitial thermal
therapy (LITT).

Recurrence and Progression

The response assessment for patients following tumor-
directed treatment to the brain requires serial MRI and
the use of the RANO criteria to define the progressive dis-
ease. In a small phase Il trial, the RR for CNS disease with
nivolumab was 12% for renal cell carcinoma. Should ster-
oids fail to improve clinical symptoms or imaging findings
over close interval imaging (4-6 weeks) additional options
can include hyperbaric oxygen, LITT, pentoxyphiline and
vitamin E, Boswellia serrata, and bevacizumab. Surgery
plays a key role in the diagnosis of progressive disease
versus treatment-related necrosis and gliosis. Surgery
serves a dual role not only in diagnosis but is therapeutic
with several studies demonstrating that re-operation for
recurrent tumors can extend survival.'?6-'% Surgery in clin-
ical practice tends to be the most definitive treatment for
the progressive disease once other attempts to improve
imaging findings or clinical symptoms have failed. With
imaging or pathological evidence of disease progression,
we recommend treatment based on performance status,
symptoms, and tumor volume in a similar manner de-
scribed in the treatment algorithm (Figure 1).

Hyperbaric oxygen increases oxygen delivery to the
tissue via a hemoglobin-dependent transport mechanism
and may reduce inflammation leading to improved vascu-
larization of damaged irradiated tissue.'®' Retrospective
studies have demonstrated clinical and radiographic im-
provements in patients with brain radionecrosis in approx-
imately 50% of patients.’32'3% Pentoxifylline and vitamin
E have demonstrated a clinical objective response in the
edema volume.'3

LITT delivers localized thermal energy to a zone of
tissue surrounding the probe releasing localized thermal
energy. This heat is then deposited through convection
leading to coagulative necrosis of the lesion. Currently,
there are 2 systems the Neuroblate System (Monteris
Medical Inc.,) using a 12W diode andVisualase (Medtronic
Inc.) using a 15W diode, both utilize MRI to localize the le-
sion and visualize the heat distribution.'33¢ Currently no
clinical trials have reported the utility of LITT for necrosis
but there is retrospective data demonstrating symptom
improvement and radiographic improvement following
LlT'I'_'|36,137

Boswellia serrata is a tree prevalent in India, the Middle
East, and North Africa. The gummy exudate or resin
obtained by peeling away the bark is commonly known as
frankincense or olibanum. Boswellia is also referred to as
Indian frankincense. There has been a placebo-controlled
prospective study using this agent as an alternative to ster-
oids in patients receiving radiotherapy. This study demon-
strated a more than 75% decrease in cerebral edema (MRI
response) in approximately 60% of patients.'® The major
toxicities reported were gastrointestinal symptoms.

Bevacizumab, a monoclonal VEGF factor A antibody,
was tested in a small randomized trial of patients who
experienced symptomatic brain RN after radiotherapy
and were randomized to either placebo or 4 cycles of
bevacizumab every 3 weeks."® Impressively, all patients
who received bevacizumab had a radiographic response
with a reduction in edema and contrast enhancement of
approximately 60% in both the T1 postcontrast enhance-
ment and the FLAIR imaging. Importantly, all patients
had a corresponding reduction in neurologic symptoms/
signs. In addition, no patients on the placebo arm had an
initial radiographic or symptomatic response. Once pa-
tients crossed over to receive bevacizumab all patients
experienced both radiographic and clinical response.
Based on these data and additional institutional series,
bevacizumab is considered an effective option for patients
with BMs without contraindications to its use (typically
risk factors for hemorrhage), who have progressive symp-
toms from radiation necrosis after SRS despite conserva-
tive management strategies (corticosteroids) and are not
felt to be good candidates for surgical resection.’#?

Conclusions and Future Directions

The clinical management and understanding of BM have
changed substantially over time. A key improvement is
the improved systemic therapy, which has led to better
systemic control, longer survival, and thus an associ-
ated increased time at risk for developing BM. Crucial to
the appropriate treatment of BM is a multidisciplinary
team that includes neurosurgeons, medical oncologists,
and radiation oncologists with greater attention paid to
patient-specific factors and goals of care to determine
the appropriate management. Multidisciplinary precision
management of patients with BM emphasizes the mainte-
nance of long-term survival while obtaining optimal local
control to prevent neurologic symptoms and minimize the
negative impact of therapy on cognition and quality of life.
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