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The development of intracranial metastatic disease (IMD) complicates the course
of 20% of patients with cancer. Despite improvements in patient survival with more
aggressive treatment options as compared to the prior standard of palliative whole
brain radiation, outcomes for patients who develop IMD remain dispiriting. There is
need to celebrate our advances; but a major collaborative multidisciplinary effort
is needed to push the field to achieve more meaningful survival benefits for our
patients with IMD.

In this Research Topic collection, we have assembled work detailing the latest
innovations in brain metastases imaging and management, spanning from minimally
invasive surgery to immunotherapy. We hope that you find it a valuable resource.
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Editorial on the Research Topic
Contemporary Management of Intracranial Metastatic Disease

On behalf of my radiation oncology partner, Dr. Arjun Sahgal, I am pleased to offer to the readers
of Frontiers in Oncology our Research Topic entitled, “Contemporary management of intracranial
metastatic disease.” The development of intracranial metastatic disease (IMD) complicates the
course of ~20% of patients with cancer, with the highest frequency of brain metastases arising
in patients with melanoma, breast cancer, and lung cancer (1, 2). Modern therapeutic options
available for treatment of IMD include surgical resection, stereotactic radiosurgery (SRS) and to an
expanding degree, targeted, and immuno-therapies (3). Despite improvements in patient survival
with more aggressive treatment options as compared to the prior standard of palliative whole brain
radiation, outcomes for patients who develop IMD remain dispiriting. There is need to celebrate
our advances; but a major collaborative multidisciplinary effort is needed to push the field to achieve
more meaningful survival benefits for our patients with IMD.

In this Research Topic, we have assembled work detailing the latest innovations in brain
metastases imaging and management. Mehrabian et al. have reviewed work in the MR imaging
field to identify advanced biomarkers that characterize the cellular, biophysical, micro-structural,
and metabolic features of tumors to improve the management of brain metastases from early
detection and diagnosis, to evaluating treatment response. Venur et al. review the contribution of
genomic analysis of brain metastases to our understanding of variations in the driver mutations
compared to the primary malignancy, and provide an in-depth review of the completed and
ongoing clinical trials of drugs targeting the molecular pathways enriched in brain metastases.
Kamath and Kumthekar review the biological rationale for systemic immunotherapy to treat
CNS metastatic disease, and summarize existing clinical data on immune checkpoint inhibitors
in this setting and ongoing clinical trials designed to study immune checkpoint inhibitor therapy
in patients with IMD. Meng et al. review the prospect of focused ultrasound-mediated blood-
brain barrier disruption to improve local drug delivery for patients with IMD. Minimally
invasive surgical strategies using tubular retractors or laser interstitial thermal therapy (LITT)
have been presented by Marenco-Hillembrand et al. and Salehi et al., respectively. Routman
et al. review data to support the use of SRS as a neoadjuvant therapy to improve treatment
contouring and diminish the risk of tumor cell dissemination during surgical resection and
associated leptomeningeal spread. Masucci and Routman et al. detail the role of hyprofractionated
SRS and post-operative SRS, respectively, for patients with IMD. Robin and Rusthoven and
Schwendner et al. have reviewed efforts to minimize disease- and treatment-related cognitive and
motor decline in patients with IMD. Vellayappan et al. explore the pathophysiology of radiation
necrosis, risk factors for its development, and the strategies for its evaluation and management.
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Finally, Samuel Chao and colleagues define a treatment
algorithm to guide treatment of patients with a limited
number of brain metastases, while Roberge et al. describe
plans for a prospective randomized control trial to
define the role of SRS in patients with more severe
burden of IMD.

In all of this, we owe thanks to our many colleagues
who contributed to this Research Topic and offered us
their time, intellect and energy. Many thanks as well to
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Brain metastases are the most common intracranial tumors and occur in 20-40% of
all cancer patients. Lung cancer, breast cancer, and melanoma are the most frequent
primary cancers to develop brain metastases. Treatment options include surgical
resection, whole brain radiotherapy, stereotactic radiosurgery, and systemic treatment
such as targeted or immune therapy. Anatomical magnetic resonance imaging (MRI) of
the tumor (in particular post-Gadolinium T1-weighted and To-weighted FLAIR) provide
information about lesion morphology and structure, and are routinely used in clinical
practice for both detection and treatment response evaluation for brain metastases.
Advanced MRI biomarkers that characterize the cellular, biophysical, micro-structural
and metabolic features of tumors have the potential to improve the management of
brain metastases from early detection and diagnosis, to evaluating treatment response.
Magnetic resonance spectroscopy (MRS), chemical exchange saturation transfer (CEST),
quantitative magnetization transfer (gMT), diffusion-based tissue microstructure imaging,
trans-membrane water exchange mapping, and magnetic susceptibility weighted
imaging (SWI) are advanced MRI techniques that will be reviewed in this article as they
pertain to brain metastases.

Keywords: brain metastases, quantitative MRI, magnetic resonance spectroscopy (MRS), chemical exchange

saturation transfer (CEST), diffusion tensor imaging (DTI), magnetization transfer (MT), susceptibility weighted
imaging (SWI), relaxometry

INTRODUCTION

Brain metastases originate from a large number of primary cancers in the body with breast cancer,
lung cancer and melanoma being the most likely to metastasize to the brain (1). Up to 40% of
all cancers metastasize to the brain with significant impact on patients’ quality of life and survival
(2). Surgery is reserved for selected patients with tumors amenable to surgical resection, usually
for patients presenting with a solitary, large, symptomatic brain metastasis or when pathological
diagnosis is needed. Radiotherapy options include stereotactic radiosurgery (SRS) which precisely
delivers high doses of radiation to the tumor—in a single or a few fractions—with the intent of
tumor ablation (2, 3); whole brain radiotherapy (WBRT) typically given at doses of 3-4 Gy per
fraction over 5-10 treatments sessions; and a combination of SRS and WBRT. Systemic treatment
is also being increasingly used to treat brain metastases, especially with new targeted agents and
immunotherapy drugs (4-7).
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gMRI in Managing Brain Metastases

Magnetic resonance imaging (MRI) is widely used in
diagnosing brain metastases and differentiating them from other
intracranial tumors. MRI is also used in assessing tumor response
to treatment, although typically through monitoring changes
in the tumor volume alone (8). In clinical practice, two main
MRI sequences are routinely acquired: T}-weighted acquisition
after intravenous injection of gadolinium-based contrast agents
(post-Gd Tiy) which highlights the regions of blood brain
barrier disruption and delineates the tumor with relatively high
accuracy; and T,-weighted fluid-attenuated inversion recovery
(T2w-FLAIR) acquisition which elucidates areas of vasogenic
edema around the tumor. In some clinical protocols, diffusion
weighted MRI—usually with three diffusion b-values of 0,
500, and 1,000 [s/mm?]—is also acquired in order to provide
information about tumor cellularity through measurement of the
apparent diffusion coefficient (ADC) (9, 10).

The Response Assessment in Neuro-Oncology—Brain
Metastases (RANO-BM) criteria (11) is commonly used in
clinical practice and relies on changes in tumor size—which
may take weeks or months to occur—to determine response
to treatment. Early changes in tumor size do not always
correlate with later outcomes (11), which necessitates following
patients serially before response can be evaluated reliably.
In cases where assessment of local response is uncertain,
histopathological evaluation of the tumor via biopsy may
be informative; however, it is typically not performed due
to associated risks. Also, a needle biopsy often may not be
definitive due to sampling error, as a biopsy cannot adequately
capture the heterogeneity of the tumor and its response to
radiation (12). Typically, serial structural MRI is performed
and clinical judgement is exercised to determine the most
likely response category: stable disease, progressive disease, or
radiation necrosis.

There is an urgent need for advanced imaging biomarkers that
provide information about structural, functional, and metabolic
changes in the tumor to determine and predict response to
treatment sooner and more robust. Such biomarkers should not
only characterize tumor morphology and cellularity, but also
tumor metabolism, as well as biophysical and microstructural
changes (such as apoptosis or cell membrane disintegration)
that the cells undergo due to the treatment. These metabolic
and microstructural changes generally occur at a much earlier
time point than morphological manifestations. For instance,
apoptosis begins as early as 4h post-radiation (13) while
volumetric changes may not stabilize until weeks or months
post-treatment (8). Such biomarkers have the potential to allow
for altering treatment strategies while still within an effective
therapeutic time-window.

In addition to diagnosis and treatment response evaluation,
MRI is used in monitoring brain metastases after treatment
to detect and manage treatment-induced side-effects, as well
as detecting tumor recurrence or the development of new
metastases. Clinically, the same imaging sequences (post-Gd T}
and T,y FLAIR) are used in follow-up scans which suffer from
lack of sensitivity to the underlying metabolic, biophysical and
microstructural changes. Therefore, advanced quantitative MRI
might enable the much-needed personalization of therapeutic

decision making for patients who have undergone treatment
for brain metastases.

The current article reviews the advanced quantitative MRI
(gQMRI) biomarkers that have been applied to brain metastases.
Quantitative Imaging section introduces the qMRI techniques
that are reviewed in this article and provides background
information for understanding the underlying physiological or
metabolic processes that each technique probes. In section
gMRI in Brain Metastases the applications of each technique
in detection and diagnosis of brain metastases, evaluating
therapeutic response of the tumor, managing treatment-induced
late-effects (e.g., radiation necrosis), and assessing the effects of
the treatment on normal brain tissues are discussed. In section
Clinical Translation and Limitations clinical translation of these
technique and their associated issues as well as their current
technical limitations are briefly presented.

QUANTITATIVE IMAGING

There exist a large number of quantitative imaging techniques
that have been extensively applied to brain metastases. Non-
MRI metabolic imaging methods such as fluorodeoxyglucose
(FDG) and non-FDG based positron emission tomography
(PET) (14), and single-photon emission computed tomography
(SPECT) (15), have shown great promise in management of brain
metastases. They are however expensive, represent additional
imaging (increasing cost and time), and are not in routine clinical
use partly due to limited availability.

There is a long history of functional and microstructural MRI-
based techniques developed and applied to brain metastases.
Dynamic contrast enhanced (DCE)-MRI can be analyzed with
a two-compartment Tofts-Kety model to provide quantitative
evaluation of vascular permeability and blood flow (16, 17);
dynamic susceptibility contrast (DSC)-MRI characterizes tumor
perfusion, relative cerebral blood flow (rCBF) and relative
cerebral blood volume (rCBV) (18); while ADC measurements
calculated from diffusion-weighted MRI reflect tissue cellularity.
These functional and microstructural MRI contrasts have also
shown promising results in response monitoring and managing
treatment side-effects for brain metastases; however, they usually
lack the specificity and sensitivity to guide clinical decision-
making on their own (19). As MRI has advanced, so has the ability
to image with novel gMRI sequences which—if translated to
routine clinical practice—have the potential to render biomarkers
with the sensitivity and specificity to be clinically useful and will
be the focus of the current article.

Trans-membrane Water Exchange

Each MRI voxel is comprised of cells, microvessels, and
extracelluar matrix, etc. Standard MRI measures the “average”
signal of water in these tissue compartments, while quantitative
MRI tries to disentangle different contributions to the MRI
signal. The water molecules constantly move between tissue
compartments having different physio-chemical properties in
each compartment. The exchange rate of water molecules
between intracellular and extracellular compartments, Kkig,
depends on the permeability of the cell membrane as well as
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the size and shape of the cell (20, 21). This exchange rate is
inversely related to the time, 7, that the water molecules spend
on average in each compartment (22). This cellular characteristic
(kig) changes with treatment; in particular as a result of apoptosis
induced by radiotherapy. Apoptosis leads to increased membrane
permeability, decreased cell size, and increased irregularity of its
shape (21), all of which results in an increase in kyg.

The water exchange rate increases in apoptotic cells due
to the increased surface-to-volume ratio of the cell either by
transformation of the cell into a more irregular shape or
decreased overall cell diameter (21, 23), and to a lesser extent
due to increased cellular membrane permeability caused by
loss of cell membrane integrity (21). In biological tissues, the
MR properties (longitudinal, T} and transverse, T, relaxation
times) of the intracellular and extracellular compartments cannot
be distinguished. However, Gd-based MRI contrast agents do
not cross the cell membrane and are purely extracellular. Gd
alters both T; and T, of the extracellular compartment in
which it is located and also affects the relaxation times of the
adjacent compartments indirectly through the exchange of water
molecules between compartments (24, 25).

Gd administration disrupts the relaxation equilibrium and
makes measuring these relaxation times as well as the trans-
membrane water exchange rate constant possible. Trans-
membrane water exchange rate, kg, is very sensitive to
treatment-induced changes such as apoptosis. In small-scale
clinical and pre-clinical studies, kg has been shown to increase
significantly within days after inducing apoptosis (24, 25).

Susceptibility Weighted Imaging (SWI)
Susceptibility weighted imaging (SWI) exploits the differences in
the effective magnetic field in the tissues caused by diamagnetic
or paramagnetic substances such as deoxyhemoglobin,
iron and calcification (26). SWI signal depends on the
deoxy/oxyhemoglobin content in the vasculature which
changes due to radiotherapy-induced alterations in tissue
microvasculature, specifically caused by the formation of micro-
bleeds in the brain (27). Both SWI and the apparent transverse
relaxation rate imaging (R}) have high sensitivity to hemorrhage
and are capable of detecting radiation necrosis. In a pilot study,
lower R} was measured (particularly in the tumor rim) in
pseudo-progression compared to progression in patients with
GBM (28).

Magnetic Resonance Spectroscopy (MRS)

Proton magnetic resonance spectroscopy (\H-MRS) is sensitive
to concentration of tissue metabolites that play crucial role in
cancer (29). '"H-MRS exploits the fact that in different molecules,
there are slight difference in resonance frequency of protons, due
to the local magnetic field generated by the local electron cloud
surrounding them, a phenomenon called “chemical shift” (30).
Molecules detectable with MRS have relatively low molecular
weight; are generally able to move between different tissue
compartments; and are present in relatively large quantities
(>few mM). Some of these metabolites are involved in metabolic
pathways of tumors such as involvement of N-acetylaspartate
(NAA) in lipogenesis pathways (31); the role of choline (Cho)

in the Kennedy pathway [i.e., involvement in genesis of cell
membrane phospholipids (32)]; and role of creatine (Cr)
in energy metabolism (33), making MRS sensitive to tumor
environment (34).

'H-MRS data is acquired using either single voxel MRS
(SV-MRS) which generates signal from brain sub-regions
of approximately a few cubic centimeters; or magnetic
resonance spectroscopic imaging (MRSI) which provides
higher spatial resolution compared to SV-MRS (35).
Neither technique provides sufficient spatial resolution
and brain coverage in clinically feasible scan durations,
making MRS a region-based acquisition and analysis
technique.

Figure 1 shows the MRS spectrum of a 2 cm? region of the
brain encompassing the tumor in a representative brain cancer
patient. The most commonly quantified metabolites with MRS
that have been shown—in several small-scale patient studies—to
change in tumors and due to treatment are creatine, choline, and
NAA (36-42). MRS allows for correlating the concentrations of
these sub-cellular molecules with changes in tumor and normal
tissue due to treatment (43). However, due to the large voxel
sizes MRS is prone to partial volume artifact and its quantitative
accuracy is undermined by high tumor heterogeneity within the
imaged voxel.

Micro-Structural MRI

Tissue microstructure and its treatment-induced changes can
be probed with diffusion MRI. In addition to the widely-
used ADC that is sensitive to cellular density, two more
advanced diffusion-based techniques have been wused to
evaluate intracranial brain tumors: intra-voxel incoherent
motion (IVIM) (44-46), and diffusion tensor imaging
(DTI) (47).

IVIM measures pseudo-diffusion in tissue caused by slow
flow of blood through the disoriented capillaries. IVIM model
assumes the diffusion MRI signal decay of each voxel is bi-
exponential. The fast decaying component represents the
motion of the blood in capillaries and the amplitude of this
fast decaying component is proportional to microvascular
fraction of the voxel. The slow decaying component on the
other hand represents the diffusion properties of the tissue
(48). The microvascular fraction can also be measured with
a simplified IVIM model that focuses on large diffusion
b-values (49), and has been used in several pilot studies
investigating human brain metastases (45, 46). Figure 2
shows perfusion and ADC maps of microvascular fraction
quantification with IVIM for two patients with brain metastases,
one having radiation necrosis, and the other with tumor
recurrence (46).

DTT on the other hand characterizes the tissue microstructure
and water diffusion directionality by performing diffusion
sensitization in multiple orientations (50). DTI is sensitive to
changes in fiber orientations and also to destruction of white
matter tracts caused by radiation or chemotherapy and has been
used in several pilot studies to characterize radiation-induced
damage to normal brain structures and subsequent cognitive
dysfunction (47, 51).
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FIGURE 1 | T1,, MRI of a patient with a high-grade glioma (left) with MRS spectrum (right) corresponding to the voxel (white Square) inside the tumor. Reproduced,
with permission from Landheer et al. (36).
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FIGURE 2 | Two patients with brain metastases presenting with enlarging enhancing mass after treatment with SRS. Top row shows a case of radiation necrosis, and
bottom row shows a case of recurrent tumor. Post-Gd T+,,-MRI (left), perfusion fraction f-map (middle), and ADC map (right) are shown for both cases, where the
patient with radiation necrosis exhibits a uniformly low perfusion fraction while the patient with recurrent tumor has more heterogeneous maps with a higher perfusion
fraction. In these two case the ADC values were similar but slightly higher for radiation necrosis. Reproduced, with permission from Detsky et al. (46).

Quantitative Magnetization Transfer (qMT) large range of offset frequencies relative to free water resonance
Magnetization transfer (MT)-MRI is sensitive to protons frequency, and a relatively high radiofrequency (RF) power
associated with large immobile macromolecules that are  for its magnetization preparation pulse (typically 3-6 pT)
exchanging with free water protons. Such macromolecules  (52). This technique characterizes the concentration of the
include lipids associated with myelin and cell membranes. = macromolecular protons (ie., bound proton fraction), the
Quantitative MT (qMT) data acquisition requires imaging a  exchange rate between these protons and free water protons, as
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well as the relaxation rates of the bound and free water pools. All
of these characteristics are altered in tumors and also due the the
treatment. Figure 3 shows the MT spectrum of a representative
patient for tumor and its contra-lateral normal appearing white
matter ((NAWM), showing the significant differences between
these two tissue types.

gMT mostly represents myelin integrity and to a lesser extent
cell membrane integrity (54). qMT has been shown in multiple
sclerosis (55, 56) to be sensitive to demyelination resulting from
damage to neurons. Smaller MT effect has also been reported in
glioblastoma (GBM) tumors and edema as compared to white
matter (57). In a pilot study of 20 patients, changes in MT
properties of the tumor were found to be more sensitive to
treatment-induced changes [such as apoptosis (58)] and reflected
these changes much earlier—as early as 2 week into standard
chemo-radiation in patients with GBM (53)—than clinically used
metrics that rely on morphological changes in the tumor.

Chemical Exchange Saturation
Transfer (CEST)

Chemical exchange saturation transfer (CEST)-MRI is sensitive
to concentration and exchange of labile protons including amide
(-NH) protons on the backbone of proteins and peptides, amine
(-NH,) protons on amino acid side-chains, fast exchanging
hydroxyl (-OH) protons, as well as intramolecular transfer of
magnetization from aliphatic (-CH) protons to labile protons
termed as relayed nuclear Overhauser effect ({NOE) (59). These
protons can be found in metabolites such as glutamate, lactate,
myo-inositol and glucose that play crucial role in brain tumors
and their response to therapy (60-62).

CEST relies on the chemical shift between exchanging protons
of the metabolites due to their local electron cloud. The
dependence of CEST on the exchange as well as the concentration
of the proton groups allows for amplification of the CEST effect
(using proper imaging and preparation techniques) with several
orders of magnitude, making it more sensitive (compared to
MRS) to metabolites with very low tissue concentration (62, 63).
However, CEST lacks specificity to individual metabolites as
it detects chemical groups (e.g., amides, amines, etc.) that are
associated with various proteins (64). Certain CEST techniques
have recently been developed that are sensitive to chemical
groups with a specific range of exchange rates which improve
specificity of the measurements (65). The chemical exchange rate
in CEST experiments depends on various micro-environmental
factors, making CEST a suitable technique for non-invasive
measurement of pH (66, 67), which also plays an important role
in tumor response to therapy.

Figure 3C shows the CEST spectrum of a brain tumor and
its contralateral normal appearing white matter ((NAWM) for a
representative patient. The differences in these CEST spectrums
arise from the fact that both concentrations and exchange rates
of several metabolites—detectable with CEST—change in tumors
compared to normal tissue.

Due to relatively high sensitivity to changes in molecular
interactions and metabolite concentrations, several pilot studies
have shown the potential of CEST in detecting treatment-induced

metabolic changes such as radiotherapy induced apoptosis (68,
69). The most commonly used CEST metrics in cancer are amide
proton transfer (APT) (70), and magnetization transfer ratio for
amide and rNOE (71). These metrics reflect a combination of the
CEST effect alongside magnetization transfer and direct water
saturation (72). More advanced CEST analysis techniques that
better isolate the CEST effect from confounding factors such as
Lorentzian decomposition of the spectrum (69), and apparent
exchange-dependent relaxation (AREX) (73, 74) have also been
developed and applied to cancer.

dMRI IN BRAIN METASTASES

Advanced gMRI techniques have been used in five major
aspects of managing patients with brain metastases (all of these
investigations were performed on a small number of patients
and no large-scale randomized trials have been conducted).
Most studies have focused on differentiating brain metastases
from other brain tumors such as high and low-grade gliomas
(38, 53, 71, 74-81). Assessing tumor response to therapy
and attempting to perform such evaluation early after the
treatment has been less explored; however, this topic has been
gaining significant attention recently (21, 25, 45, 58, 68, 69,
82). Management of treatment-induced late-effects, specifically
differentiating radiation necrosis from tumor progression or
recurrence, has also been attempted with qMRI techniques.
The applications of gMRI that have received little attention are
assessing the effects of the tumor and also the treatment on
normal brain tissues and their subsequent impact on patients’
quality of life (43, 51, 83).

Detection and Diagnosis of Brain
Metastases

Intracranial tumors such as brain metastases, gliomas, and
meningiomas may often be differentiated morphologically by
their pattern of enhancement on post-Gd scans; however,
they sometimes appear similar on anatomical scans, rendering
differentiation difficult (84, 85). Although the gold standard for
diagnosis is still biopsy, non-invasive methods could be valuable
in clinical settings, particularly if a biopsy is not possible.

Significant metabolic, structural, and biophysical differences
exist between different brain tumor types that can be exploited
by advanced qMRI techniques. N-acetylaspartate (NAA), a
major brain neuro-transmitter, is abundant in neurons and its
levels correspond to the degree of neuronal destruction (42);
High levels of choline (Cho) are associated with increased cell
membrane turnover; and increased creatine (Cr) concentration is
reported in areas of high energy metabolism (86-88). Increased
metabolism and cellularity has been correlated with increased
concentration of amide protons and consequently CEST effect
(89-91), while a decreased MT effect has been reported in tumors
compared to normal brain tissue (53, 57, 77), which could be used
in differentiating tumor types.

MRS
Brain metastases, similar to GBM, express elevated lipid signal
which has been used to differentiate these two tumor types
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FIGURE 3 | (A) Post-Gd T4, MRI of a representative primary brain tumor patient (glioblastoma), showing the tumor and contralateral normal appearing white matter
(cNAWM) ROls. (B) The MT spectrums averaged over Tumor and cNAWM, showing the acquired data points as well as the two-pool MT model fit to the data. (C) The
CEST spectrum averaged over the tumor and cNAWM ROls. Reproduced, with permission from Mehrabian et al. (53) (License: https://creativecommons.org/licenses/

from other brain neoplasms (38). On the other hand, GBM
almost always extends beyond the tumor margins as seen on
conventional morphological contrast-enhanced MRI (38, 53, 71,
75, 76), while brain metastases are predominantly encapsulated
within the enhancing tumor rim (38, 69, 76).

Ishimaru et al. (38), studied 31 patients with high grade
glioma and 25 patients brain metastases (primary cancer: 18
lung, 2 breast, 3 colon, 1 ovarian, and 1 malignant fibrous
histiocytoma) using single-voxel MRS. They demonstrated lipid
signal elevation around 1.3 ppm in majority of patients with
GBM and brain metastases. They also showed lipid peak is
better detectable in MRS with short echo time, TE (TE = 30 ms)
compared to long TE (TE = 136 ms). Caivano et al. (39) has
investigated a large cohort of patients involving 32 patients with
high-grade glioma, 14 patients with low-grade glioma, and 14
patient with brain metastases (primary cancer: 4 lung, 7 breast,
2 gastric, and 1 melanoma) using multi-voxel 2D MRSI with
long TE (TE = 288ms) to diagnose tumor type. This study
concluded that in tumor core the ratios of NAA to creatine
(NAA/Cr) and choline to creatine (Cho/Cr) have larger values
in brain metastases compared to high and low-grade gliomas
(NAA/Cr = 443 £+ 4.5, 1.68 + 0.9, 1.04 &+ 0.6, and Cho/Cr
= 4.88 £ 7.0, 2.7 £ 2.1, 3.4 £ 1.7, for brain metastases, low-
grade glioma, and high-grade glioma, respectively). Moreover,
in the peri-tumoural edema NAA/Cr and Cho/Cr in brain
metastases have larger values compared to high-grade gliomas
and smaller values compared to low-grade gliomas (NAA/Cr
= 2.53 £ 1.13, 3.73 £ 2.61, 1.49 £ 0.83, and Cho/Cr = 2.72
£ 2.55, 462 £ 6.95, 2.49 £ 2.02 for brain metastases, low-
grade glioma, and high-grade glioma, respectively), indicating
that MRS has the potential to differentiate these three
tumor types.

Ishimaru et al. (38) also observed similar trends for NAA/Cr
using single-voxel MRS (voxel size ~1.5 ¢cm®) with long TE
(TE = 136ms) in 4 brain metastases, 6 patients with low-
grade glioma, and 9 patients with high-grade glioma. This study
reported statistically significantly higher NAA/Cr ratio for brain

metastases compared to gliomas (NAA/Cr = 1.58 & 0.56, 0.70
£ 0.23, 0.76 £+ 0.40 for brain metastases, low-grade glioma,
and high-grade glioma, respectively) suggesting its ability to
differentiate brain metastases from different types of glioma.

Tissue Microstructure

Salice et al. (92) has used a combination of several qMRI
techniques including diffusion tensor imaging (DTT), MRS, ADC,
and cerebral blood volume (CBV) evaluation, to differentiate
benign and malignant brain lesions in 14 patients with similar
lesion appearances on anatomical MRI (ring enhancement on
post-Gd Tiy and surrounding edema on T,y FLAIR). When
considering a single parameter, malignant lesions (compared to
benign lesions) show lower ADC relative to cNAWM (rADC =
ADC/ADCcnawm) on perilesional edema (rADC = 1.4 + 0.3 vs.
2.1 £ 0.5), and lower fractional anisotropy (FA) of the internal
cavity (FA = 0.15 &£ 0.09 vs. 0.3 £ 0.02). Malignant lesions also
show higher rADC in internal cavity (rADC = 1.8 0.7 vs. 0.6 £
0.3), and higher FA in perilesional edema (FA = 0.20 £ 0.07 vs.
0.14 £ 0.02) compared to benign lesions. Several combinations
of QMRI parameters provided an excellent (>0.9) area under the
curve (AUC) of receiver operating characteristic (ROC) curves,
with the combination of rADC on the internal cavity, and
NAA on the perilesional edema or FA from DTI measurements
providing the very high AUC of 0.97, demonstrating their
potential in differentiating benign and malignant brain tumors.

Magnetization Transfer (MT)

Ainsworth et al. (93) measured magnetization transfer ratio
(MTR) and ADC in a mouse model of brain metastases
twice a week for 31 days after intracardiac injection of brain-
homing breast cancer cell line MDA-MB231-BR. The tumors
showed significantly lower MTR and ADC values compared to
contralateral normal appearing brain tissue. More importantly,
in 24% of cases, they observed significant reduction in both MTR
and ADC long before the lesions were detectable on T, MRI
(texture analysis of MTR maps showed 77% sensitivity 2—-4 days

Frontiers in Oncology | www.frontiersin.org

12

June 2019 | Volume 9 | Article 440


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Mehrabian et al.

gMRI in Managing Brain Metastases

and 46% sensitivity 5-8 days before lesions were detectable on
Tw MRI).

Garcia et al. (77) investigated performance of magnetization
transfer ratio (MTR) and gMT parameters in differentiation of
brain metastases from other brain tumors in a cohort of 26
patients. They report statistically significantly different MTR and
gMT properties (on both the tumor rim and core) for patients
with GBM, meningiomas and brain metastases. MTR on the non-
contrast-enhancing (CE) region of tumor could only separate
brain metastases from meningiomas (MTR [%] = 35.1 £ 0.5,
28.9 £ 1.6, 33.8 & 1.2 for brain metastases, meningiomas, and
GBM, respectively), and MTR on CE region could only separate
GBM from meningiomas (MTR [%] = 27.4 £ 1.0, 30.5 &+
1.2, 25.2 £ 0.6 for brain metastases, meningiomas, and GBM,
respectively), showing the limited potential of a simple MTR
measurement. When considering parameters derived from qMT
analysis, macromolecular fraction on the non-CE region of the
tumor (Mg, [%] = 7.2 £+ 0.7, 5.6 £+ 0.2, 3.6+ 0.7 for brain
metastases, meningiomas, and GBM, respectively) and the MT
exchange rate on CE region of the tumor (k¢ [s71]1=0.8+0.1,1.1
£ 0.1, 0.6 & 0.0 for brain metastases, meningiomass, and GBM,
respectively) could separate all three tumor types.

Furthermore, MT maps show changes in the brain regions
that appear unaffected on standard MRI—MT properties are
decreased on the ipsilateral and contralateral NAWM of patients
compared to healthy controls but are higher than tumor and
vasogenic edema—suggesting these advanced techniques provide
additional information that could be helpful in the management
of these patients (53, 75, 77).

CEST

Several studies have used CEST in differentiating brain tumors
and also grading them (74, 78-81). However, all of these CEST
studies have focused on gliomas or meningiomas, and none
included brain metastases. The value of CEST in differentiating
brain metastases from other brain tumors remains unexplored.

Early Treatment Response Evaluation
Determining tumor response to therapy early after the treatment,
allows for adjusting strategies for non-responders, while for
responders reassures patients and their treating physicians
about the treatment effectiveness. Treatment response in clinical
practice is currently determined by assessing changes in tumor
size on anatomical MRI (11). The earliest clinical time-point for
response evaluation in brain metastases is between 4 and 6 weeks
after the end of the treatment (11). Radiation-induced effects can
mimic tumor growth and may confound response assessment,
necessitating longer (3-6 month) follow-up.

Early response evaluation using qMRI can be of great utility,
particularly due to its high sensitivity to underlying metabolic,
biophysical, and microstructural changes that the treatment
induces but are typically too subtle for routine clinically used
approaches to detect. Clinically, early identification of non-
responders may significantly improve outcomes by allowing
for early use of salvage treatments such as surgery or
additional radiation.

Radiation-induced changes in cells, such as apoptosis, begin
within hours after treatment and preclinical studies have shown
the potential of gMRI in detecting radiotherapy-induced changes
that are secondary to apoptosis as early as 48 h after treatment
(21, 58, 68). Such changes include detection of decreased
metabolism through measuring concentration and exchange of
amide protons using CEST (68), micro-structural changes in
cell membrane integrity through measuring the increased water
exchange rate constant between intracellular and extracellular
spaces using relaxometry (21), and decreased macromolecular
content measured using qMT and increased MTR (mainly due
to change in free ware relaxation properties) (58).

Perfusion Imaging

Conventional radiotherapy results in an initial increase in
perfusion (94, 95); in contrast, stereotactic radiosurgery (SRS)
induces a significant reduction in perfusion within a few hours
after treatment due to damage to the vascular endothelium (96).
These changes can be quantified with perfusion measurement
techniques such as IVIM and DCE-MRI (45, 48, 97). Kapadia
et al. (45) measured an increase in perfusion index (measured
with IVIM) four weeks after treatment (f = 0.08 £ 0.02, 0.10
=+ 0.03 at baseline and 4 weeks post-SRS, respectively). The
study included brain metastases from primary lung (n = 8),
breast (n = 5) and colorectal (n = 2) cancers. However, neither
perfusion index, which is proportional to tumor blood volume,
nor the vascular fraction measured from DCE-MRI were able to
differentiate responders from non-responders (45).

MRS

Predicting which patients are likely to demonstrate favorable
response to radiotherapy (through assessment of tumor
aggressiveness), or early prediction of response within a few days
after treatment could have a significant clinical impact. Sjobakk
et al. (40) measured single voxel proton MRS data (voxel size
between 1.0 and 1.5 cm?) from 21 patients with brain metastases
before treatment (primary cancer: 8 lung, 8 breast, 2 colon, and
3 malignant melanoma). By applying a clustering technique
to the MRS spectra between lipids and total choline (between
0.7 and 3.45 ppm), they observed that pre-treatment MRS
spectra correlated with 5-month survival of these patients, where
patients with higher lipid signal at baseline survived longer. Also,
of the four patients that had repeat MRS after treatment, lipid
signal decreased after treatment, and among the two patients
whose repeat MRS spectrum is shown in the article the patient
with larger drop in lipid signal survived longer (16 months vs.
3 months). These results demonstrate the potential of MRS in
determining response early after the treatment.

CEST

Positive response to treatment is often characterized by
decreased tumor metabolism. Metabolism can be probed through
characterizing glucose metabolism pathway with FGD-PET.
FDG is a widely-used tracer for PET that is preferentially
taken up by cancer cells. Using a mouse model, Rivlin et al.
(82) showed a similar preferential uptake for 2-Deoxy-D-
glucose (2DG). The hydroxyl (-OH) group on 2DG has a
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strong CEST effect making 2DG-CEST a potential candidate to
replace PET without the need for radio-isotopes (82). It could
potentially be used in detection and also response monitoring
of patients with brain metastases through measuring changes in
tumor metabolism.

Desmond et al. (69) applied endogenous CEST-MRI (i.e.,
without administering a CEST agent) to determine response
of patients with brain metastases to single-fraction SRS within
1 week after the treatment (with majority of metastases from
primary cancers in lung and breast, and instances of rectum and
melanoma). They observe reduced CEST signals after SRS in

responders and increased CEST in non-responders (an example
for Amide CEST signal is shown in Figure 4). Changes in CEST
signals 1-week post treatment (compared to baseline) correlated
with the change in tumor volume measured 1 month post-
treatment (compared to baseline) with width of NOE peak
in the tumor (correlation coefficient, r = —0.55, p = 0.028)
and amplitude of NOE peak on the NAWM (r = 0.69, p =
0.002) providing the highest correlations (69). Furthermore,
the CEST signal amplitude of the NOE peak on cNAWM at
baseline scan (before even receiving the treatment) may predict
the degree of tumor volume change 1 month post-treatment

PRE-
TREATMENT

1 WEEK
POST

1 Month
POST

CEST-weighted
Amide

CEST-weighted

at 1 MONTH
(compared to PRE-TREATMENT)

three scan time-points. Reproduced, with permission, from Desmond et al. (69).

Tumor volume decreased

FIGURE 4 | CEST amide MTR maps (tumor and surrounding tissue) for two patients with brain metastases treated with single-dose SRS, at baseline and 1 week after
treatment: (A) the tumor volume decreased 1 month post-SRS and (B) tumor volume increased 1 month post-SRS. The maps are overlaid on T2w FLAIR images. The
enhancing tumor region is indicated with arrows and outlined on CEST maps. For comparison, the corresponding slice from the post-Gd T1w MRI is also shown at all

Tumor volume increased

at 1 MONTH
(compared to PRE-TREATMENT)

TABLE 1 | Performance of gMRI techniques in determining response to therapy.

Biomarker (imaging technique)

Response evaluation time

Performance

Perfusion index (IVIM)
Vascular fraction (DCE-MRI)
Spectrum between lipids and choline (MRS)

NOE peak width (CEST)
NOE peak amplitude (CEST)

NOE peak amplitude (CEST)

Trans-membrane water exchange (relaxometry)

Baseline

Baseline

4-6 weeks post-treatment
4-6 weeks post-treatment

1 week post-treatment

1 week post-treatment

Unable to identify non-responders
Unable to identify non-responders
Correlated with 5-month survival

Correlated with tumor volume change at 4 weeks

Correlated with tumor volume change at 4 weeks
Correlated with tumor volume change at 4 weeks
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Pretreatment 3 Months posttreatment 4 Months posttreatment 8 Months posttreatment

FIGURE 5 | A patient with brain metastasis treated with SRS and presenting with an enlarging enhancing mass after treatment. (A) Pre-treatment. (B) An enlarging,
enhancing mass at the 3-month follow up scan, (C) lesion is larger at 4-month follow up. Standard MRI at 3-month and 4-month follow up scans is unable to
determine if the lesion is tumor progression or radiation necrosis (lesion is near the language center prohibiting its complete resection). (D) A trial of steroids leads to a
slight reduction in the enhancing mass but a significant decrease in the surrounding FLAIR at 8-month follow up. (E) Continuing steroids leads to further reduction in
enhancing lesion at 9-month follow up. (F-H) Follow-up MRIs at 12 to 22 months post-treatment scans demonstrate significant decrease in tumor size, rendering a
diagnosis of radiation necrosis (the diagnosis is also confirmed with DWI and T»,, FLAIR). In two occasions during the period of uncertainly, the patient was admitted
to hospital with neurological symptoms. For this patient, it took longer than 9 months to render a diagnosis, demonstrating the challenges faced in clinic in
differentiating radiation necrosis from tumor progression. Reproduced, with permission from Mehrabian et al. (72).

(compared to baseline) with high negative correlation (r =  adjustment to therapy is still an option. Table 1 summarizes the
—0.69, p =0.002), indicating its potential in characterizing tumor  performance of each technique in evaluating treatment and also
aggressiveness (69). their time to detectable response, reported in the studies that were

reviews in this section.

Relaxometry

Radiotherapy induces microstructural and biophysical changes ~ Treatment-Induced Late-Effects

in the tumor cells undergoing apoptosis which result in increased ~ Radiotherapy may cause damage in the form of radiation necrosis
cell membrane permeability and increased irregularity and  that may appear several months or even years after the treatment.
shrinkage of the cells (21). The changes in cell membrane  The likelihood of radiation necrosis increases with radiation
integrity as a result of radiotherapy can be probed with the  dose. Thus, patients treated with high-dose SRS have higher
quantification of trans-membrane water exchange rate constant  likelihoods of developing radiation necrosis [reported in up to
(21). A study of 19 patients with brain metastases treated  22% of patients (3, 98)] which can be difficult to manage. It is
with SRS (primary cancer: 9 lung, 6 breast, 1 lung and  often impossible to differentiate these radiation-induced changes
breast, 1 thyroid, 1 endometrium, and 1 rectal), measured from tumor progression using standard clinical approaches (98-
a significant increase in trans-membrane water exchange rate  101); both conditions present with an enlarging enhancing mass
constant (due to significant apoptosis) within 1 week after  in post-Gd T}, MRI and vasogenic edema in T,, FLAIR (3).

treatment in responders [determined according to RANO-  Figure 5 shows a case where 9 months of follow up imaging was
BM criteria (11)], while small changes were measured in  required to determine whether the observed anatomical change
non-responders (25). represented tumor recurrence or radiation necrosis.

These studies (25, 69) demonstrate the potential of gMRI Pathological studies have shown that in most cases there is a

in detecting and quantifying radiation-induced metabolic and  mixture of necrosis and residual or recurrent tumor (102) making
micro-structural changes in the tumor cells—that precede  the diagnosis challenging. Figure 6 shows a case of post-SRS
morphological changes—within days after treatment while tumor recurrence alongside small areas of radiation necrosis (46).
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Differentiating between primarily tumor recurrence vs. primarily
radiation necrosis is necessary to guide management. Tumor
progression is managed with surgery or further radiotherapy
while radiation necrosis is managed with observation, steroid
therapy, or vascular endothelial growth factor inhibitors such
as bevacizumab (8, 103, 104). In the current clinical setting
with ineffective means of differentiating tumor progression from
radiation necrosis, clinicians have to use their clinical judgment
(which may or may not be ultimately correct) or resort to invasive
sampling via a biopsy. This leads to significant delays in the
appropriate care management [which is palliative in many cases
(105)] and can have negative effects on patient’s quality of life
and survival.

It is hypothesized that radiation necrosis results
from radiation damage to the normal white matter, the
microvasculature, or a combination of both (106-109). Pre-
clinical and clinical studies have shown promising results
in differentiating radiation necrosis from tumor progression
through characterization of lesion metabolism using CEST and
MRS, and probing damage to its macromolecular content using
magnetization transfer (MT) (70, 72).

MRS

MRS, which evaluates tissue metabolism, has been used
extensively in differentiating radiation necrosis from tumor
progression in brain metastases. Weybright et al. (37) performed
MRS in 29 patients with suspicious lesions after radiotherapy and
measured significantly higher ratios of Cho/Cr and Cho/NAA
in tumor compared to radiation necrosis. Similar results have
been obtained in other studies with Schlemmer et al. (41)
reporting that MRS was capable of correct classification of
82% of the lesions in 56 patients with brain tumors (6
metastases, 2 meningiomas, 6 astrocytoma grade I, 6 grade II,
29 grade III, and 9 grade IV) who presented with suspicious
lesions and/or clinical symptoms after SRS. Chuang et al. (88)
performed a meta-analysis of 13 studies and concluded that
in the total of 397 examined lesions, Cho/NAA and Cho/Cr
ratios were elevated in tumors (although there was large overlap
between values for radiation necrosis and tumor progression
reported among different studies). However, in case of the
patient shown in Figure 5 (and several other cases), MRS was
unsuccessful to render diagnosis (MRS at 4 months post-therapy
scan incorrectly suggested the lesion in Figure5 was tumor
progression). These studies show the promise and also some of
the limitations of MRS in differentiating radiation necrosis from
tumor progression.

CEST

Recently several studies have used CEST (in animal models
and patients) in differentiating radiation necrosis from tumor
progression (70, 72). CEST data was acquired in a study of
16 patients with brain metastases (primary cancer: 6 breast, 2
lung, 3 renal cell carcinoma, 1 melanoma, and 2 non-small cell
lung cancer, NSCLC) where 9 patients were later diagnosed—
based on clinical guidelines—with radiation necrosis and 7
with tumor progression. Higher CEST signals corresponding
to Amide protons (MTRpmide [%] = 82 £ 1.0, 12.0 £ 1.9,

FIGURE 6 | Histopathology of a resected brain metastasis that was previously
treated with SRS. The green outline demonstrates residual viable tumor cells
while the red arrow shows a region of radiation necrosis. Reproduced, with

permission from Detsky et al. (46).

in radiation necrosis and tumor progression, respectively), and
nuclear Overhauser effect NOE) (MTRyoE [%] = 8.9 0.9, 12.6
=+ 1.6, in radiation necrosis and tumor progression, respectively)
were measured in progressive tumors compared to radiation
necrosis. These CEST metrics differentiated the two lesion
types with high accuracy (p < 0.0001 for both MTRNog and
MTRpmide (72) in this small-scale clinical study, demonstrating
their potential in patient management.

SWI

Changes to the micro-vasculature has been studied with
susceptibility weighted imaging (SWI) and transverse relaxation
rate, R}, mapping. Although these techniques have not been
examined in patients with brain metastases, Belliveau et al.
(28) used SWI and R mapping in nine patients with GBM
suspected of having progressive disease (n = 5) or pseudo-
progression (n 4). They measured higher R} on both
contrast enhancing (CE) and non-CE regions of the lesions in
tumor progression compared to pseudo-progression (R} was
approximately 60% higher in the CE regions and approximately
14% higher in the non-CE region of the progression
cases) (28).

Moreover, in an animal model of radiation necrosis,
R} increased (compared to controls) after radiation in
hippocampus—supporting the neuro-inflammatory response to
radiotherapy (110)—up to 10 weeks before other radiological
signs were detectable (111), demonstrating its high sensitivity
to radiation-induced changes in the brain and its promise in
differentiating radiation necrosis from tumor progression.

Tumor Effects on Normal Brain Tissue

qMRI techniques are sensitive to damage to the normal brain
structures, in particular neuronal damage. Several studies have
observed that even the presence of an intracranial tumor (without
any treatment) may lead to alteration or damage to remote
brain structures and tissues that appear normal on anatomical
imaging. Boorstein et al. (112) studied 15 patients with brain
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Before Treatment After Radiotherapy

RMow/R,

FIGURE 7 | Effects of radiotherapy plus Temozolomide on normal tissue of two patients with GBM. Both patients received IMRT at a dose of 2Gy/day. After the first
10 fractions, the white matter on the contralateral side of the brain on post-Gd T+,,-MRI appears normal before and after treatment for both patients. The parametric
maps show the amount of magnetization transfer (MT), RMqp/Ra which quantifies white matter integrity. The patient in the top row experiences significant decrease in
amount of MT showing significant white matter damage, while for the patient in the bottom row, the amount of MT has not changed showing the patient’s resistance
to radiation.

metastases (with non-CNS primary neoplasms) before treatment,  impacts the normal (or normal appearing) brain structures.
to assess the effects of the tumor on the normal appearing brain ~ Whole brain radiotherapy (WBRT) plays an important role in
structures (exclusion criteria was previous cranial radiotherapy  the management of patients with multiple brain metastases and
or systemic chemotherapy). This study reported no change in the ~ can reduce the rate of distant brain failure (114, 115). However,
MTR on the cNAWM of the patients; however, they measured it comes at a cost of decreased cognitive function due to damage
significantly lower MTR on the ipsilateral NAWM (outside areas  to the normal brain structures and results in a detriment to the
of edema), which may be caused by the destruction of myelin  patients’ quality of life, particularly those with extended survival
or increased intracellular fluid. Another potential cause of these (51, 106). Considering the palliative nature of the treatment for
changes is early formation of new micro-metastases not visible ~ brain metastases, sparing normal brain function and avoiding

on anatomical MRIL impairment to patients’ quality of life is of utmost importance in
Similarly, damage to normal brain structures (prior to any  their management.
treatment) has been reported in other intracranial tumors such Once the tumor is treated with radiation, a decrease in

as GBM, likely due to their widely invasive and infiltrative nature =~ qMT parameters (such as amount of magnetization transfer,
(75, 113). Such tumor-related normal appearing tissue changes =~ RMg,/R,) is observed even after a few radiotherapy sessions
have been detected with DTI (increased fractional anisotropy,  due to disruption of the white matter integrity. Unpublished
FA due to destruction of neurons in ctNAWM) (113), qMT  data in Figure7 shows effects of 10 treatment session with
(increased direct effect of the free water pool, 1/(R,T»,) calculated ~ 2Gy/day on two patients with GBM, showing the different
from gMT measurements in cNAWM) (75), and CEST (altered  response of the normal brain tissue of the patients to radiotherapy
metabolism measured with decrease in Amide and Amine CEST  plus chemotherapy where one patient experiences significant
signals in cNAWM) (75). The results of these pilot studies  change in gMT parameter and the other patient experiencing
highlight the potential sensitivity of QMRI to tumor-related  no change.
changes in brain tissues that appear normal on clinical MRI scans. Pospisil et al. (43) investigated 18 patients with brain
metastases (primary cancer: 1 lung, 5 breast, 5 renal cell
Treatment Effects on Normal Brain Tissue carcinoma, 3 NSCLC, 2 gastrointestinal, 1 gynecological, and
In addition to the effects of the tumor on distant brain tissues, 1 other cancer type) undergoing WBRT with MRS (before
the treatment (radiotherapy and chemotherapy) also significantly ~ and 4 months after WBRT). This study reported significant

Frontiers in Oncology | www.frontiersin.org 17 June 2019 | Volume 9 | Article 440


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Mehrabian et al.

gMRI in Managing Brain Metastases

decrease in hippocampus NAA after treatment (a marker
of neuronal loss), which was accompanied by a decrease
in the patients quality of life. The loss of hippocampal
NAA has also been correlated with cognitive decline after
WBRT (83).

DTI has also been used in assessing radiotherapy effects
on normal brain microstructure. Chapman et al. (51) acquired
DTI data before radiotherapy, during radiotherapy (3 weeks
and 6 weeks after start of radiotherapy), and after radiotherapy
(10, 30, and 78 weeks after start of radiotherapy) in 10
brain cancer patients and performed neurocognitive functional
tests as well as measuring quality of life metrics. They
reported decreased longitudinal diffusivity (significant at 6-week
scan compared to pre-treatment) and increased perpendicular
diffusivity (significant at 10-week scan compared to pre-
treatment)—both indicators of neuronal integrity destruction.
They also observed positive correlation in percent change
(compared to pre-treatment) of longitudinal diffusivity at 6-week
scan, with its change at 30-week scan (correlation coefficient, r =
0.70, p < 0.05) indicating early changes in this parameter may be
able to predict its later changes.

Chapman et al. (51) also reported dose dependence of the
DTI changes; particularly for perpendicular diffusivity which
at 3-week scan correlated with radiation dose (r = 0.49, p
< 0.05). In addition, they reported linear correlation between
longitudinal diffusivity post-radiotherapy (30-week scan), and
verbal recall scores of the patients (r = 0.73, p < 0.02); and
observed that longitudinal diffusivity during radiotherapy (3-
week and 6-week scans) could predicts post-radiotherapy verbal
recall scores (p < 0.05) (51). These studies, although performed
in small number of patients, demonstrate the potential of
gMRI techniques in characterizing treatment-induced changes
in normal appearing brain structures, which may be useful in
patient management.

CLINICAL TRANSLATION
AND LIMITATIONS

Brain metastases originate from multitude of primary cancers
with breast cancer, lung cancer, and melanoma being the most
frequent cancers to metastasize to the brain. Brain metastases
carry several characteristics of the primary tumor, for instance
microvasculature of the brain metastases is different from that of
the normal brain and mimics the microvasculature of the original
tumor (i.e., lack of neuro-vascular unit components that leads
to uniformly increased vasogenic edema) (116). The similarities
between brain metastases and their primary tumors necessitates
investigating the QMRI markers for each primary site, since what
is true for metastasis from one tumor might not necessarily be
true for metastasis from another primary site. This issue was not
considered in any of the studies that were reviewed here. These
studies were all pilot studies and were evaluating the potential of
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Targeting Molecular Pathways in
Intracranial Metastatic Disease
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Divisions of Neuro-Oncology and Hematology/Oncology, Departments of Neurology and Medicine, Massachusetts General
Hospital, Harvard Medical School, Boston, MA, United States

The discovery and clinical application of agents targeting pivotal molecular pathways
in malignancies such as lung, breast, renal cell carcinoma, and melanoma have
led to impressive improvements in clinical outcomes. Mutations in epidermal growth
factor receptor (EGFR), and rearrangements of anaplastic lymphoma kinase (ALK) are
targetable in lung cancer, while BRAF mutations have been successfully targeted in
metastatic melanoma. Targeting estrogen receptors, cyclin dependent kinases, and
HERZ2 (Human Epidermal Receptor) have resulted in improvement in survival in breast
cancer. Major strides have been made in the management of metastatic renal cell
carcinoma by targeting the vascular endothelial growth factor (VEGF) pathway. However,
intracranial metastases remain a major hurdle in the setting of targeted therapies.
Traditional treatment options for brain metastases include surgery, whole brain radiation
therapy (WBRT), and stereotactic radiosurgery (SRS). Surgery is effective in symptomatic
patients with dominant lesions or solitary intracranial metastases, however, recovery
time can be prolonged, often requiring an interruption in systemic treatment. WBRT
and SRS provide symptomatic relief and local control but data on improving overall
survival is limited. Most targeted therapies which provide extracranial control have limited
penetration through the blood brain barrier. Given the limited therapeutic options and
increasing prevalence of brain metastases, finding new strategies for the management
of intracranial metastatic disease is critical. Genomic analysis of brain metastases has led
to a better understanding of variations in the driver mutations compared to the primary
malignancy. Furthermore, newer generations of targeted agents have shown promising
intracranial activity. In this review, we will discuss the major molecular alterations in brain
metastases from melanoma, lung, breast, and renal cell carcinoma. We will provide
an in-depth review of the completed and ongoing clinical trials of drugs targeting the
molecular pathways enriched in brain metastases.

Keywords: brain metastases (BM), targeted therapy, breast cancer, lung cancer, melanoma

INTRODUCTION

Brain metastases, a common manifestation of advanced solid malignancies, are associated with
significant morbidity and mortality. The incidence of brain metastases varies with primary tumor
type, and the overall estimate of the incidence is unclear. Lung cancer is the most common cause of
brain metastases; small cell lung cancer contributes to up to 50% of brain metastases from lung
cancer (1). Breast cancer is the second most common cause of brain metastases; about half of
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all brain metastases in breast cancer patients occur in HER2
(human epidermal growth factor-2) overexpressing breast cancer,
followed by triple negative breast cancer, and hormone receptor
positive breast cancer (2). The highest frequency of brain
metastases is seen in patients with metastatic melanoma.
Approximately 50% of metastatic melanoma patients are
diagnosed with brain metastases, while an additional 40% are
noted to have brain metastases at autopsy (3).

Due to a paucity of reliable animal models with brain
metastases, our understanding of the underlying mechanisms of
brain metastases is limited. Metastasis is a complex multistep
process that includes cell proliferation, invasion of basement
membrane, intravasation into blood circulation, survival in
blood stream, organ tropism, extravasation, and colonization
into specific organs (4). At each step the cell interacts with its
surroundings and is under constant survival pressure. A critical
component in this process is the epithelial to mesenchymal
transformation (EMT) (5). Similarly, when the metastatic cell
exits the blood stream and enters the destination organ it
again changes from mesenchymal to epithelial phenotype (MET).
Multiple genetic and epigenetic factors play a role in EMT and
MET, SMAD and non-SMAD signaling, MAP kinase pathway
including BRAF alterations, and PI3K/AKT pathway (6-11).

BLOOD BRAIN BARRIER

The presence of the blood brain barrier (BBB) makes brain
metastases unique compared to other sites of metastases. The
BBB serves a protective role by restricting the movement of
cellular components and solutes between systemic circulation
and brain. It is comprised of endothelial cells with tight junctions
on the systemic circulation side, and pericytes, astrocyte endfoot,
and nerve endings on the neuronal side (12). Several efflux
transporters of the ATP-binding cassette (ABC) gene family,
such as the P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP), are upregulated in the endothelial cells of the
BBB. These transporters, in addition to being drug specific
transporters, play a crucial role in the elimination of toxins and
drugs from the CNS (13). While the endothelial barrier restricts
the movement of cells across the BBB, it may paradoxically
enable the transmigration of malignant cells during the process of
diapedesis. The exact mechanism of BBB penetration is unknown
however there is data to suggest extravasation of malignant
cells which proliferate intravascularly, damage the vessels, and
disrupt the BBB, thereby leading to metastases formation. Once
the metastatic cells are intracranial, the protective BBB limits
the immune surveillance and penetrance of systemic therapies
(12). Data from Osswald et al. shows brain metastases can be
effectively targeted by certain drugs that are designed to cross
the BBB, specifically, small molecular inhibitors (14). Similarly,
the blood-tumor barrier (BTB) significantly impacts the efficacy
of therapeutic agents in brain metastases. This was clearly
described by Lockman et al. (15) with an analysis of the variable
permeability of brain metastases from breast cancer human
and murine models, impeding the delivery of therapeutic drugs
into metastases. Additionally, MRI contrast enhancement to

electron-dense tracers demonstrates increased BTB permeability
in some brain metastases (16, 17). Since measurements of drug
levels in active brain metastases are difficult to obtain, data on
the exact mechanism of the BTB is limited. Published results
emphasize the need for molecularly targeted therapies with a
higher potential for penetration of the BTB in order to reach
therapeutic levels within tumors (18).

GENOMICS OF BRAIN METASTASES

The advent of more efficient next-generation sequencing
techniques have enhanced our understanding of genomic
alterations in brain metastases. Whole exome analysis of brain
metastases and matched primary tumor from 86 patients
showed genomic heterogeneity and branched evolution (19).
These results indicate that although metastatic sites share
common genes with primary tumors, they develop unique
genetic alterations, providing survival advantage in the brain
(19). This study also revealed increased frequency of PI3K/Akt,
mTOR, CDK alterations in brain metastases. Another relevant
study analyzed 16 melanoma brain metastases and matched
extracranial sites, with hotspot mutations, mRNA expression
patterns, protein expression and activation, and copy number
variations (20). The PI3K/Akt pathway was enriched in the
brain metastases. Overall similarity was noted in most other
driver mutations. A multicenter next generation sequencing and
gene expression study of ~17,000 unmatched primary tumors
from non-small cell lung cancer (NSCLC), breast cancer and
melanoma demonstrated higher TOP2A expression in brain
metastases (21). There was also increased expression of proteins
critical in DNA synthesis and repair. This research provides
important genetic information for future drug development in
the treatment of brain metastases.

ALK FUSIONS AND OTHER GENE
FUSIONS

Anaplastic lymphoma kinase (ALK) fusions were first noted in a
subset of anaplastic large cell lymphoma (22) with translocations
involving ALK on chromosome 2p and molecular partners
such as NPM-ALK, TPM3-ALK, and TFG-ALK (23). ALK
fusions occur in ~3% of non-small cell lung cancer (NSCLC).
The identification of inversions of echinoderm microtubule-
associated protein-like 4 (EML4) with ALK in Japanese women
with lung cancer led to the development of drugs targeting
EML4-ALK fusions (24). This aberrant fusion leads to activation
of ALK kinase and downstream signaling pathways including
the RAS-mitogen-activated protein kinase (MAPK), JAK-STAT
and, phosphoinositide 3-kinase (PI3K) -AKT. One study
estimates the incidence of brain metastases in ALK-fusion
harboring NSCLC (ALK-NSCLC) to be >45% in 3 years (25).
Several tyrosine kinase inhibitors (TKI) are developed for the
management of ALK-NSCLC. Crizotinib, the first FDA approved
TKI for ALK-NSCLC, has limited CNS penetration with a CSF
serum ratio of <0.1 to 0.26% (26, 27). The phase 3 clinical trial of
crizotinib in ALK-NSCLC included 79 patients with previously
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treated and stable brain metastases, with 39 randomized to
receive crizotinib while 40 received chemotherapy (28). The
intracranial disease control rate at 12 weeks was 85% in patients
treated with crizotinib compared to 45% in those treated with
chemotherapy (p < 0.001) (29). A retrospective analysis of two
randomized clinical trials of crizotinib in treatment naive ALK-
NSCLC showed that 20% of the patients who had extracranial
disease progression, developed new brain metastases (30). In
summary, although crizotinib provides better intracranial disease
control, it has poor CNS penetration and 1 in 5 patients treated
with crizotinib develop brain metastases.

The next generation of ALK inhibitors, including ceritinib
and alectinib, have improved intracranial activity. The ASCEND-
1, a phase 1 trial of ceritinib, included 124 patients with stable
brain metastases (31). Data for measurable intracranial lesions
was available for 14 patients, 10 of whom had prior exposure
to an ALK inhibitor. Intracranial responses were reported in 7
patients and 3 had stable disease. In a phase 2 trial of ceritinib,
100 of 140 total patients had brain metastases, however, only 20
had measurable target lesions. The intracranial response rate was
45%, demonstrating good CNS activity (32).

Alectinib is another ALK inhibitor that has been studied
in patients with brain metastases. A phase 3 Japanese study
compared alectinib to crizotinib in ALK-NSCLC (J-ALEX study).
In the analysis of 207 patients, 43 had brain metastases
at enrollment. The 1-year cumulative incidence rates for
intracranial progression was lower in alectinib group at 5.9%
compared to 16.8% in the crizotinib group (33). Similar results
were reported in the international phase 3 trial comparing
alectinib to crizotinib (ALEX) in newly diagnosed metastatic
ALK-NSCLC where 18 of the 152 patients (12%) in the alectinib
group and 68 of the 151 patients (45%) had CNS progression
at 18 months (34). All patients in the study had MRI brain at
enrollment. The time to CNS progression was longer in patients’
treatment with alectinib compared to crizotinib, additionally, 12-
month cumulative incidence of brain metastases was 41.4% in the
crizotinib group compared to 9.4% in the alectinib group. Data
from two phase 2 studies of alectinib were pooled to evaluate
the intracranial efficacy and included 136 patients with brain
metastases from ALK-NSCLC who had progressed on crizotinib
(35). The CNS disease response rate was 64%. In conclusion,
alectinib has better CNS activity compared to crizotinib.

There is early clinical data to support intracranial activity
with a new ALK inhibitor, brigatinib. Up to 70% of patients
with crizotinib resistant ALK-NSCLC in the early phase clinical
trials of brigatinib had brain metastases (36). In total, 59 patients
had measurable brain metastases, and 31 (53%) of them had
intracranial responses to brigatinib. Another exploratory analysis
of two phase 2 clinical trials confirmed the intracranial activity of
brigatinib (37). Phase 3 clinical trial with brigatinib are showing
promising results (38).

ROS1 fusions are reported in 2% of advanced NSCLC (39).
Approximately 20% of these patients have brain metastases
at diagnosis (40). Crizotinib also has activity against ROS1
fusion, however, as mentioned earlier, it has limited intracranial
penetration (41). Lorlatinib is a TKI with activity in ROS1 fusion
NSCLC, and preliminary results from an ongoing phase 2 study

indicate intracranial responses in 3 of 12 patients with brain
metastases (42).

The TRK family of tyrosine kinases, TRKA, TRKB, and TRKC
are encoded by NTK genes (43). NTK gene fusions lead to
activation of the TRK receptors, which increase cell proliferation
and survival by PI3K and Ras/MAPK/ERK pathways. Entrectinib
is a TKI with activity against ALK, ROS1, and NTRK gene fusions.
In a phase 1-2 clinical trial of entrectinib, 5 of the 8 patients
with primary or metastatic disease to the brain demonstrated
intracranial responses (44). Larotrectinib is another NTK fusion
inhibitor in clinical development. Although this drug showed
limited CNS penetration in preclinical studies, one patient with
NSCLC in the phase I study had 18% reduction in the size of brain
metastases (45).

LOXO0-292 selectively targets RET and early studies show
activity against activating RET fusions/mutations. Drilon et al.
recently presented data from a phase I study of patients
with RET fusion+ malignancies including NSCLC, papillary
thyroid cancer, and medullary thyroid cancer (42, 46). The
NSCLC cohort included 3 patients with brain metastases with
a significant reduction in the tumor burden suggesting activity
in the brain. BLU-667 is another highly selective RET inhibitor
which shows promise in patients with brain metastases (47).

BRAF MUTATION

V-raf murine sarcoma viral oncogenes homolog B1 (BRAF) is a
potent activator of the mitogen-activated protein kinase (MAPK)
signaling pathway. The RAS/BRAF/MAPK/ERK pathway,
critical for cell survival and proliferation, is altered in ~30%
of all malignancies (48). The BRAF gene mutation has been
identified in melanoma, lung, colon, and thyroid cancers (49). In
melanoma, BRAFV%F mutation accounts for 90% of all BRAF
mutations, while BRAFY600K/R/D yre less common (50).

Up to 50% of all advanced melanoma patients harbor
BRAF mutations, making it a good target for BRAF inhibitors.
Conservative estimates suggest that about 20% of BRAF mutant
metastatic melanoma patients develop brain metastases (51).

Early studies with BRAF inhibitors show intracranial activity.
An intracranial response rate of 16% was noted with single agent
vemurafenib in unresectable brain metastases from metastatic
melanoma (52). A phase I study of dabrafenib demonstrated
intracranial responses in 9 of 10 melanoma patients (53) whereas
a larger multicenter phase 2 study with single agent dabrafenib
enrolled 172 patients with BRAFV%9%/K mutant melanoma with
brain metastases (54). BRAF mutated patients had improved
intracranial responses, with 40% (29 of 74) of treatment naive
and 30% (20 of 65) of previously treated brain metastases patients
responding to single agent dabrafenib.

The combination of BRAF inhibitor and MEK inhibitor was
found to be superior with less adverse effects in the treatment
of advanced melanoma (55, 56). The combination of dabrafenib
and trametinib was evaluated in BRAF mutated metastatic
melanoma patients with brain metastases in the COMBI-MB
trial (57). Patients were enrolled into four cohorts. Cohort A
included patients with BRAFY®%E mutation who had good
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performance status, no symptoms from brain metastases and
had not received intracranial therapy. BRAFV®'F patients who
had good performance status, asymptomatic brain metastases
with progression of intracranial metastases after initial local
therapy were enrolled to cohort B. Cohort C had asymptomatic
patients with a good performance status but had BRAFY600D/K/R
mutation. Finally, cohort D had patients with symptomatic brain
metastases, from metastatic melanoma with BRAFY600E/D/K/R
mutation. The response rates in cohorts A through D were
58% (44 of 76 patients), 56% (9 of 16 patients), 44% (7
of 16 patients), and 59% (10 of 17 patients), respectively.
These encouraging responses across all the cohorts make the
combination of BRAF 4+ MEK inhibitors a reasonable strategy
in the management of patients with BRAF mutated metastatic
melanoma with brain metastases. Studies with new BRAF
and MEK inhibitor combinations will also provide more data
(58, 59). BRAF directed therapy, dabrafenib plus trametinib is
now approved for treatmentlung cancer patients where BRAF
mutations are noted in about 2-4% of patients (60), however,
their utility in lung cancer with brain metastases is yet to
be evaluated.

CDK PATHWAY ALTERATIONS

Cell cyclin dependent kinases (CDK4/6) play a role in
transitioning cells from Gl to S phase of cell division.
The phosphorylation of tumor suppressor proteins like
retinoblastoma protein is a key function of CDK4/6 which leads
to cell division and proliferation (61). CDKN2A alterations are
common in hormone receptor positive breast cancer patients.
Palbociclib, abemaciclib, and ribociclib are the three CDK
inhibitors that are approved for management of hormone
receptor positive advanced breast cancer. Whole exome analysis
of matched brain metastases patients and primary tumors
showed increased frequency of alterations which might sensitize
brain metastases to CDK inhibitors (19). Currently, clinical
trials with CDK inhibitors in patients with brain metastases are
enrolling patients, including a phase 2 study of palbociclib in
recurrent brain metastases (NCT 02896335).

EGFR MUTATION

Epidermal Growth Factor Receptor (EGFR) is a transmembrane
protein of the Human Epidermal Receptor (HER) family.
The HER family encompasses 4 different receptors namely:
EGFR/erbB1/HERI, erbB2/HER2, erbB3/HER3, and
erbB4/HER4 receptors. All these receptors have tyrosine
kinase roles that activate signal transduction inducing cell
proliferation. EGFR overexpression or mutations are common in
NSCLC, head and neck cancer, and colon cancer.

EGEFR targeted therapies have been successful in the treatment
of advanced lung cancer. Gefitinib and erlotinib are the two
first-generation EGFR-TKIs that have improved progression-free
survival (PFS) in advanced EGFR-NSCLC patients (62, 63). In
the pivotal studies leading to their FDA-approval, patients with
brain metastases were excluded. Both gefitinib and erlotinib

have CSF concentrations higher than inhibitory concentration
in vitro, despite being substrates for efflux pumps (64, 65).
More recently, studies have evaluated the efficacy of gefitinib
and erlotinib in EGFR-NSCLC patients with brain metastases
(66-68). For example, Wu et al. enrolled 48 NSCLC patients
with intracranial progressive disease after initial platinum-based
chemotherapy to receive erlotinib (67). Although patients were
not enriched for EGFR, the intracranial PFS and overall survival
(OS) was 10.1 and 18.9 months, respectively. With an aim
of obtaining higher intracranial concentration for erlotinib,
investigators tried higher pulse doses which show promising
results (69-71). The combination of erlotinib and radiation
therapy was evaluated in two studies (66, 68). In a phase 2
study, 40 patients with brain metastases from NSCLC were
treated with erlotinib and WBRT (68). There was no increase
in toxicity, and an impressive response rate of 60% was noted.
The median OS was 11.8 months, and the median survival
was 19.1 months in EGFR mutated patients. A larger phase
3 attempted to evaluate the efficacy of radiation therapy and
erlotinib in NSCLC patients with 1-3 brain metastases. The
study design included three groups: WBRT plus stereotactic
radiosurgery (SRS), WBRT plus SRS plus temozolomide, and
WBRT plus SRS plus erlotinib. The study did not meet accrual
and was not enriched for EGFR mutant patients, and it did
not show significant differences in OS. Significant toxicity was
noted with the combination of WBRT plus erlotinib, with ~50%
of the patients experiencing serious adverse effects, including
myocardial ischemia and hemorrhagic stroke. Gefitnib is another
first generation TKI has modest intracranial activity (72, 73).
The intracranial activity of afatinib was reported in a case
series of 100 patients with brain metastases where afatinib in
a compassionate use program, however, the median time to
intracranial progression was 3.9 months. Osimertinib is an EGFR
inhibitor with activity against T790M, a mutation that confers
resistance to first and second generation EGFR tyrosine kinase
inhibitors. Pooled analysis from two phase 2 studies of 50 patients
with measurable brain metastases showed intracranial response
rates of 54%; 75% of patients at 9 months had an ongoing
response (74). Most ongoing clinical trials with osimertinib have
now allowed enrollment of patients with stable asymptomatic
brain metastases. In the recently reported phase III clinical trial
of upfront osimertinib, median intracranial PFS at 6 months
was 87% in the osimertinib group compared to 71% in the
standard EGFR-TKI group (75). This progression free survival
benefit was sustained at 18 months. The CNS progression
was lower in the osimertinib compared to standard EGFR-TKI
(6 vs. 15%) (76). Osimertinib has activity in leptomeningeal
disease as well (77). At the initial efficacy assessment of a phase
1 clinical trial of osimertinib in EGFR mutant NSCLC with
leptomeningeal disease, 33% (7 of 21) of patients were responding
to treatment (77).

HER2 ALTERATIONS

HER2 receptor, a transmembrane EGFR receptor, with
no known ligands for the HER2 receptor, is activated by
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homodimerization and heterodimerization (78). When activated,
HER?2 receptors lead to tumor growth, proliferation, and more
invasiveness. The Ras/MAP kinase and PIK3/mTOR are the
common downstream signaling pathways activated by HER2
overexpression and mutation. HER2 overexpression is primarily
identified in 20% of breast cancer (79) but can be present in
30% of upper gastrointestinal malignancies like esophageal
adenocarcinoma and gastro-esophageal junction carcinoma
(80). HER2 overexpression generally indicates aggressive
behavior (79). Several different strategies have been adopted
to improve outcomes in these patients including monoclonal
antibodies like trastuzumab, and pertuzumab, TKIs such as
lapatinib, neratinib, tesevatinib, and the antibody drug conjugate
trastuzumab-emtansine (T-DM1).

Trastuzumab was the first monoclonal antibody that showed
improvement in OS in the metastatic, adjuvant, and neo-adjuvant
setting (81, 82). However, a number of trastuzumab treated
patients had intracranial disease recurrence. This is likely partly
due to the inherent biology of HER2 overexpressing breast
cancer, and partly because trastuzumab has poor penetration
across the BBB (83, 84). The plasma-to-CSF concentration
of trastuzumab has been evaluated in patients with brain
metastases by using immunoenzymatic tests (85). Notably,
intracranial trastuzumab levels can change dramatically with
radiation therapy; prior to radiation therapy the CSF to
plasma levels of trastuzumab were reported to be low (1:420),
with an increase (1:79) after radiotherapy. Other studies
with radio-labeled-trastuzumab have corroborated this finding
(86, 87). Although some retrospective studies have shown
improvement in OS patients with brain metastases treated
with trastuzumab, it may be due to improved extracranial
disease control (88, 89). Pertuzumab showed promising clinical
activity when added to a regimen containing trastuzumab
in various clinical settings (90, 91). Clinical evidence of
CNS penetration of pertuzumab was demonstrated in a
demonstrating prolongation of the interval from treatment to
development of CNS metastases, which was 15.0 months in
the pertuzumab-treated population compared to 11.9 months
(92). Lapatinib is a small molecule TKI inhibiting EGFR and
HER?2 receptor activation. In the absence of CNS metastases,
lapatinib has an intracranial concentration of 3%, which
increases to 25% in the presence of brain metastases (93).
This is change in intracranial concentration has been attributed
to altered blood brain barrier by brain metastases. In a
phase 2 study, 39 patients with HER2 overexpressing breast
cancer and measurable brain metastases who progressed on
trastuzumab were treated with lapatinib and results showed
only one partial response (94). In a multicenter single
arm study of lapatinib in combination with capecitabine (a
nucleoside inhibitor), 29 of 45 patients (66%) had a partial
response (95). The combination of lapatinib and topotecan
(a topoisomerase I inhibitor) failed to improve response rates
compared to lapatinib and capecitabine (96). A combination
of lapatinib and cabazitaxel (a microtubule inhibitor) has also
been safely combined in brain metastases patients and the
results of the phase 2 study have not been published (97).
Neratinib, a newer HER2 targeting TKI approved for adjuvant

treatment of breast cancer patients with HER2 overexpression
was evaluated in HER2 overexpressing breast cancer brain
metastases, the majority of which had progressed after WBRT
(98), with an overall response of only 8%. The combination
of neratinib plus capecitabine was recently evaluated in a
phase 2 clinical trial with encouraging preliminary results
showing a 12-month survival of 63% in 39 patients. Tesevatinib
is another TKI which has shown safety and preliminary
efficacy in brain metastases from breast and lung cancer
patients (99, 100).

The antibody drug conjugate trastuzumab-emtansine (T-
DM1) is an approved second line treatment option for metastatic
HER2 overexpressing tumors after trastuzumab (101). Patients
with brain metastases treated in the registration trial had
improved survival with T-DM1 compared to lapatinib plus
capecitabine (102).

IMMUNOTHERAPY

Monoclonal antibodies targeting immune-checkpoints (CTLA-
4 and PD-1/PDL-1) have revolutionized the management of
several advanced malignancies, particularly melanoma and
NSCLC. Initial studies with ipilimumab, a CTLA-4 antibody,
in melanoma patients with brain metastases showed modest
responses, which was largely impacted by use of dexamethasone
(103). A recent open label, multiinstituitional phase 2 study
evaluated the combination of ipilimumab and nivolumab (anti
PD-1 antibody) in melanoma patients with asymptomatic
untreated brain metastases (104). The primary endpoint for this
study was intracranial benefit rate, defined by stable disease
for 6 months, or response to treatment. Ninety four patients
were enrolled in the trial, and the results were impressive
with 57% patients meeting the primary end-point while 26%
had complete response. Pembrolizumab is another anti PD-1
antibody which was studied in a single center phase 2 clinical
trial of patients with brain metastases from melanoma or NSCLC
(105). The melanoma arm accrued 23 patients and 6 of them
had intracranial response with a median OS of 17 months
(106). An interim analysis for 18 NSCLC patients reported an
intracranial response rate of 33%. These studies provide early
but encouraging evidence for intracranial activity with these
agents. An important limitation for immunotherapy is the use
of dexamethasone for symptomatic brain metastases, and during
radiation therapy.

VEGF (VASCULAR ENDOTHELIAL
GROWTH FACTOR) PATHWAY

Angiogenesis and neovascularization play a critical role in
the development of brain metastases, thus anti-angiogenic
therapy could be a promising strategy. Bevacizumab is a
monoclonal antibody which has an established track record of
anti-VEGF activity. Preliminary results from a phase 2 trial
of the combination of bevacizumab and carboplatin in breast
cancer patients with brain metastases showed a response rate of
45% (107). The favorable changes in MRI appearance is likely

Frontiers in Oncology | www.frontiersin.org

21

March 2019 | Volume 9 | Article 99


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Venur et al. Targeting Molecular Pathways in Brain Metastases

TABLE 1 | Summary of selected studies of targeted therapies in brain metastases.

Targeted therapy Primary Study design Number of patients with brain
malignancy metastases

Outcomes

ALK DIRECTED THERAPY

Crizotinib (29) NSCLC Subgroup analysis of a e 79 patients with stable BM
phase 3 trial
e 39 treated with crizotinib

e 40 treated with standard

chemotherapy
Ceritinib (32) NSCLC Subgroup analysis of a e 100 patients had asymptomatic BM
phase 2 trial
* 20 had measurable BM
Alectinib (35) NSCLC Pooled analysis of two 136 patients with BM who had
phase 2 trials progressed on crizotinib
Brigatinib (38) NSCLC Subgroup analysis of phase 40 patients in the brigatinib group and
2 trial 41 patients in the crizotinib had brain
metastases
BRAF-MEK DIRECTED THERAPY
Vemurafenib (52) Melanoma Phase 2 trial * 90 patients with previously
untreated BM
Dabrafenib (54) Melanoma Phase 2 trial e 172 patients with BRAF mutant
melanoma and BM
Dabrafenib and Melanoma Multicenter, multicohort e Cohort A: 76 patients with
trametinib (57) phase 2 trial BRAFV600E muytation, good PS,
asymptomatic and newly
diagnosed BM
e Cohort B: 16 patients with
BRAFYB00E go0d PS,
asymptomatic but progressive BM
e Cohort C: 16 patients,
asymptomatic, good PS,
BRAFV600D/K/R
e Cohort D: 17 patients,
symptomatic, BRAFVB00E/D/K/R
EGFR DIRECTED THERAPY
Erlotinib (67) NSCLC Phase 2 trial e 48 patients with progressive BM
Erlotinib (68) NSCLC Phase 2 trial ® 40 patients with progressive BM,
concurrent with radiation
Erlotinib (66) NSCLC Phase 3 trial e 41 patients treated with
WBRT/SRS plus erlotinib
Osimertinib (75) NSCLC Phase 3 trial e 61 patients treated with osimertinib
67 patients treated with standard
EGFR-TKI
HER2 DIRECTED THERAPY
Lapatinib plus Breast cancer Phase 2 trial e 45 patients with BM
capecitabine (95)
Neratinib plus Breast cancer Phase 2 trial e 39 patients with BM
capecitabine (98)
IMMUNOTHERAPY
Ipilimumab plus Melanoma Phase 2 trial ® 94 patients with BM
nivolumab (104)
Pembrolizumab Melanoma Phase 2 trial e 23 patients with BM
(105, 106) NSCLC 18 patients with BM

12 week DCR 85% in the crizotinib
group compared to 45% in the
chemotherapy group

IC-RR: 45%

IC-RR: 64%

IC-RR: 78% in the brigatinib group
compared to 29% in the crizotinib
group

IC-RR: 18%

IC-RR of 40% in treatment naive and
30% in previously treated patients

IC-RR in Cohort A: 58%
IC-RR in Cohort B: 56%
IC-RR in Cohort C: 44%
IC-RR in Cohort D: 59%

IC-PFS: 10.1 months
IC-RR: 60%

MST: 6.1 months

6 month IC-DCR: 10%
PFS at 6 months: 87% vs. 71%.

PFS at 18 months: 58% vs. 40%

IC-RR: 66%

12 month OS: 63%

IC benefit: 57%

IC-RR: 26%
IC-RR: 33%

NSCLC, Non-small cell lung cancer; BM, brain metastases; DCR, disease control rate; IC-RR, Intracranial response rate; MST, median survival time; OS, overall survival; PFS, progression

free survival; IC benefit, 6 month stable disease, complete or partial response.
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secondary to decreased inflammation from alteration of blood
vessels by bevacizumab.

CONCLUSION

The management of CNS metastatic disease remains challenging.
Surgery and radiation are still the most common approaches to
the management of brain metastases. The minimal progress in
the management of brain metastases can be attributed to the
unique challenges in drug delivery to the CNS, and the limited
understanding of the genetic heterogeneity in brain metastases
compared to primary tumors. Furthermore, most clinical trials
have historically excluded patients with CNS disease. Our
knowledge of the genetics of brain metastases is increasing
and new targeted therapies with improved CNS penetration
are in development. Finally, clinical trials dedicated to patients
with brain metastases in all malignancies with an emphasis on
translational science will provide insight and therapeutic options
for this patient population. Table1 provides a summary of
clinical trials with targeted agents for brain metastases.
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Intracranial metastatic disease (IMD) is a common and severe complication of primary
cancers. Current treatment options for IMD include surgical resection and radiation
therapy, although there has been recent interest in targeted therapy in the management
of IMD. As of yet, insufficient data exist to support the recommendation of targeted
therapies in the treatment of IMD. Paradoxically, targeted therapy has been hypothesized
to play a role in the development of IMD in patients with primary cancers. This is
based on the observations that patients who receive targeted therapy for primary cancer
experience prolonged survival, and that prolonged survival has been associated with
increased incidence of IMD. Few data exist to clarify if treatment of primary cancers
with targeted therapies influences IMD incidence. Here, we discuss the role of targeted
therapy in IMD management, review the current literature on IMD incidence and targeted
therapy use in primary cancer, and propose the need for future studies to inform
physicians in choosing treatment options and counseling patients.

Keywords: intracranial metastatic disease (IMD), brain metastases, targeted therapy, survival, incidence

INTRODUCTION

The development of intracranial metastatic disease (IMD) complicates the course of approximately
20% of patients with cancer, with the highest frequency of brain metastases arising in patients with
melanoma (7-16%), breast cancer (5-20%), and lung cancer (20-56%) (1-3). The consequences of
IMD are severe: across all cancers, patients with IMD have a 2-year survival of 8.1% (1). Prognosis
is informed by patient age, Karnofksy performance status, extent of disease, and in recent years,
molecular marker status, such as HER2/neu in breast cancer and EGFR in non-small cell lung
cancer (4). Importantly, molecular marker status has also opened up the possibility for treatment
of brain metastases with targeted therapies.

Targeted therapies are medications that inhibit cancer-specific driver mutations. For example,
vemurafenib is a small molecule inhibitor of the B-raf/MEK pathway specific for cells possessing the
V600E BRAF mutation. The B-raf/MEK pathway is a driver of cancer cell proliferation and survival
in BRAF-mutant melanoma; inhibition of this pathway with vemurafenib results in programmed
cell death in these melanoma cells (5). The arrival of targeted therapies has revolutionized cancer
treatment and improved outcomes for many patients with cancer. However, little is known about
role of targeted therapies in the treatment of patients with IMD, or if targeted therapies modify the
risk of development of IMD in patients with systemic cancer. Some targeted therapies have been
shown to improve survival in patients with brain metastases, a cohort deemed previously to harbor
a uniformly poor survival (1).
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Targeted Therapy and IMD

Targeted Therapies and Survivorship in
IMD

The therapeutic options that have historically been considered
for treatment of IMD include surgical resection and radiation
therapy; chemotherapies have not generally been useful in
the treatment of brain metastases (6). Surgical resection has
historically been reserved for patients with good Karnofsky
performance status (KPS >70), well-controlled systemic disease,
and a single or few accessible tumors (I, 7). Stereotactic
radiosurgery (SRS), a therapy previously recommended for
treating patients with up to four brain metastases (or >4 with
cumulative volume <7 mL), is broadening its scope, and is now
in clinical trial for patients with up to 20 brain metastases
(NCT03075072) (8). Whole brain radiation therapy (WBRT)
has historically been used as frontline therapy in patients
with multiple brain metastases, but has been associated with
neurocognitive decline in areas of episodic memory, executive
function, processing speed, and fine motor control (6, 9, 10).
Neuroprotective strategies adjunct to WBRT, such as memantine
administration and hippocampal sparing, have been shown to
reduce some of the deleterious neurocognitive effects of WBRT
(6, 9, 10). Interest therefore exists in augmenting the treatment
landscape, and replacing or delaying upfront radiotherapy with
another treatment modality, such as targeted therapies (11).

Unfortunately, the data available in the literature on survival
in patients with IMD treated with targeted therapies are
limited and mixed. Existing studies support the hypothesis that
patients who receive targeted therapies for the treatment of
IMD experience prolonged survival (11-15). However, these
studies have been limited by including only single study arms
or too few patients, and have largely restricted their focus
to IMD arising from single primary cancer subtypes. Some
contradictory data also exist suggesting decreased overall survival
(OS) with the use of targeted therapy for patients with IMD (16).
Additionally, new-generation targeted therapies, such as alectinib
and osimertinib, have been approved in only the last few years,
and little is known about their outcomes on a population scale,
although trial data suggest CNS efficacy (17, 18). At this time, the
2019 guidelines from the Congress of Neurological Surgeons cite
insufficient evidence to recommend targeted therapies in treating
IMD (19).

Targeted Therapies and IMD Incidence

One factor of import in addition to considering the effect of
targeted therapies on survival in patients with IMD is the
effect of these drugs on patient survival independent of the
development of IMD. Targeted therapies have been shown to
improve systemic disease control and prolong OS in patients
with multiple cancer subtypes (20-23). Some literature supports
the hypothesis that prolonged survival in patients with cancer is
associated with increased incidence of IMD (3, 24, 25). In other
words, targeted therapies for primary cancer may paradoxically
be associated with increased incidence of brain metastases by
extending patient survival through improved control of systemic
disease, while relegating the brain as a “sanctuary” site in which
undetected intracranial micrometastases are sheltered from

systemic treatment that is unable to penetrate the “sanctuary” of
the blood-brain barrier (BBB) (14, 24-29). For example, a meta-
analysis of three randomized trials found that patients taking
trastuzumab for HER2/neu-positive breast cancer had improved
OS, but were 1.82 times more likely to develop IMD than
non-trastuzumab comparators (29). Similarly, in patients with
BRAF-mutant melanoma, one retrospective study found that
90 patients taking BRAF inhibitors were 30% more likely than
a chemotherapy comparator group to develop IMD, although
these results were not significant (p = 0.5129), nor did the study
report data comparing OS in patients without IMD (14). In
patients with EGFR-mutant non-small cell lung cancer, patients
receiving first-line EGFR-targeted therapies had improved OS,
but were 1.35 times more likely to develop IMD compared with
patients receiving other therapies (28), although other analyses
suggest the same first-line EGFR-targeted therapies decrease the
incidence of IMD (30, 31).

Conversely, some have postulated that newer targeted
therapies that are capable of crossing the BBB may decrease
the incidence of IMD by overcoming the sanctuary effect. A
randomized controlled trial of alectinib (BBB-penetrant) vs.
crizotinib (less BBB-penetrant) for ALK-positive non-small cell
lung cancer showed 12-month cumulative incidences of central
nervous system progression of 9.4 and 41.4%, respectively (18,
32). Importantly, alectinib did not offer these patients a survival
benefit beyond that gained by therapy with crizotinib: the 12-
month survival rate was 84.3% (95% CI 78.4-90.2) for patients
receiving alectinib, and 82.5% (95% CI 76.1-88.9) for patients
receiving crizotinib. In contrast, targeted therapies for renal
cell carcinoma (RCC) have been reported to decrease incidence
of IMD compared to chemotherapy, despite minimal BBB
penetration of these therapies due to active efflux by transporters
P-glycoprotein and breast cancer resistance protein (33).

A snapshot of the current literature reveals that knowledge
of the impact of targeted therapy on IMD incidence is sparse
(Table 1, Figure 1, Appendix 1 in Supplementary Material).
Few studies address the question of IMD incidence following
targeted therapy in comparison to the volume of literature on
IMD survival with targeted therapy. Notably, there appear to
be more studies on IMD incidence from breast cancer and
non-small cell lung cancer in comparison to melanoma, RCC,
and hepatocellular carcinoma (HCC). This may be because
targeted therapies for breast cancer and non-small cell lung
cancer have existed longer, and in greater number, than for
melanoma, RCC, and HCC. This is also consistent with the
observed distribution of primary cancers that contribute to IMD
prevalence, which attributes 56% of IMD cases to lung and breast
cancers (Figure 2) (52). Regardless of primary disease type, most
of the literature is comprised of retrospective cohort studies at
single institutions, limited to several hundred patients, or lacking
controls. Some studies are prospective or meta-analyses, but these
form the minority.

The current literature is also mixed on whether targeted
therapies increase, decrease, or have any impact on the incidence
of IMD incidence. Many studies report insignificant differences
in IMD incidence between patients receiving a targeted therapy
vs. a conventional chemotherapy (14, 34, 35, 39, 48). In
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TABLE 1 | Select studies reporting on IMD incidence in patients receiving targeted therapy.

Disease References Therapy Study type Patients (n) IMD incidence Findings
with targeted
therapy
Breast Cancer Berghoff et al. (34) Trastuzumab, Retrospective 201 — IMD incidence trended toward lower in
lapatinib cohort trastuzumab (38.2%) vs. no trastuzumab
(57.1%, p = 0.058). IMD incidence
trended toward lower in lapatinib (30.8%)
vs. no lapatinib (39.6%, p = 0.530).

Swain et al. (35) Pertuzumab vs. RCT 808 - IMD incidence trended toward higher in
placebo (each with pertuzumab arm (13.7%) vs. placebo
trastuzumab + arm (12.6%). But, median
docetaxel) time-to-CNS-metastasis greater in

pertuzumab arm (15.0 months) vs.
placebo arm (12.9 months; HR, 0.58;
95% Cl 0.39-0.85; p = 0.0049).

Viani et al. (29)* Trastuzumab vs. no Meta-analysis 6,738 Higher IMD incidence higher in trastuzumab

trastuzumab arms by 1.82-fold (95% Cl 1.89-3.16; p
= 0.009).

Bria et al. (36)* Trastuzumab vs. no Meta-analysis 6,738 Higher IMD incidence higher in trastuzumab

trastuzumab arms (RR, 1.57; 95% CI 1.03-2.37; p =
0.033).

Okines et al. (37) Ado-trastuzumab Retrospective 39 — IMD incidence 18% in patients receiving

emtansine cohort ado-trastuzumab emtansine, with
median time-to-IMD 7.5 months (95% Cl
3.8-9.6). No control.

Musolino et al. (38) Trastuzumab vs. no Retrospective 1,429 Higher IMD incidence higher in patients
trastuzumab cohort receiving trastuzumab (10.5%) vs. no

trastuzumab (2.9%). HER2+ status and
trastuzumab, together, predictive for
CNS events (HR, 4.3; 95% Cl 1.5-11.8;
p = 0.005).
Yau et al. (39) Trastuzumab Retrospective 87 - IMD risk not observed to be higher than
cohort disease-free population (RR, 1.0; 95%
Cl0.4-2.2; p = 0.09). No control.
Melanoma Sloot et al. (14) BRAF/MEK inhibitor Retrospective 610 — IMD incidence not higher in BRAF
vs. chemo cohort inhibitor vs. chemotherapy (OR, 1.3;
95% Cl 0.6-2.49; p = 0.5129).
Peuvrel et al. (40) Vemurafenib Retrospective 86 — IMD incidence 20% in patients receiving
cohort vemurafenib, with median time-to-IMD
5.3 months (44.3). No control.
NSCLC Heon et al. (31) EGFR inhibitor Retrospective 81 Lower IMD incidence lower in EGFR inhibitor
cohort arms (25% at 42 months) vs. historical
comparators (40-55% at 35-37
months). No study control.

Wang et al. (28) EGFR inhibitor vs. Retrospective 1,254 Higher IMD incidence higher in EGFR inhibitor

other therapy cohort vs. other therapy (HR,1.36; 95% ClI
1.14-1.64; p = 0.001).

Suetal. (41) Gefitinib vs. Retrospective 219 — IMD incidences at 24 months for
Erlotinib vs. cohort gefitinib (13.9%), erlotinib (9.3%), and
afatinib afatinib (28.3%) were not significantly

different (p = 0.80). Hazard ratio for IMD
in afatinib vs. gefitinib 0.49 (95% ClI
0.34-0.71; p = 0.001)

Fu et al. (42) Bevacizumab + Retrospective 159 Lower IMD incidence at 24 months lower in the
chemo vs. chemo cohort bevacizumab + chemo arm (14.0%) vs.

chemo arm (31%, p<0.01).

llhan-Mutlu et al. (43) Bevacizumab vs. Retrospective 1,043 Lower IMD incidence at 24 months lower for
chemo cohort bevacizumab (2.6%) vs. chemo (5.8%,

p =0.01; HR, 0.36; 95% Cl 0.19-0.68;
p = 0.001).

(Continued)
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TABLE 1 | Continued

Disease References Therapy Study type Patients (n) IMD incidence Findings
with targeted
therapy
Gadgeel et al. (18) Crizotinib vs. RCT 181 - IMD incidence at 12 months lower for
alectinib alectinib (4.6%; 95% CI 1.5-10.6%) vs.
crizotinib (31.5%; 95% Cl 22.1-41.3%).
Time-to-CNS progression longer in
alectinib vs. crizotinib (csHR, 0.14; 95%
C10.06-0.33; p < 0.0001).
Nishio et al. (44) Crizotonib vs. Retrospective 164 — Time-to-CNS progression longer in
alectinib cohort alectinib vs. crizotinib (HR, 0.19; 95% Cl:
0.07-0.53; p = 0.0004).
Zhao et al. (45) Icotinib vs. chemo Retrospective 396 Lower IMD incidence at 24 months lower for
cohort icotinib (10.2%) vs. chemotherapy
(82.1%). Hazard ratio for IMD in
chemotherapy vs. icotinib 3.32 (95% ClI
1.89-5.82; p < 0.001).
RCC Verma et al. (46) TKl vs. no TKI Retrospective 338 Lower IMD incidence lower in TKI vs. no TKI
cohort (HR, 0.39; 95% Cl1 0.21-0.73; p =
0.003).
Dudek et al. (33) TKl vs. no TKI Retrospective 92 Lower IMD incidence lower in TKI vs. no TKI
cohort (per month incidence rate ratio 1.568;
95% Cl 1.06-2.33).
Massard et al. (47) Sorafenib vs. Retrospective 139 Lower IMD incidence lower in sorafenib (3%)
placebo cohort vs. placebo (12%, p < 0.05).
Vanhuyse et al. (48) Antiangiogenic™* vs. Retrospective 199 — IMD incidence in targeted therapy group
other therapy cohort (15.7%) lower than non-targeted therapy
group (18.2%). However, targeted
therapy was not associated with a lower
cumulative rate of brain metastases (HR,
0.58; 95% Cl 0.26-1.30; p = 0.18).
HCC Shao et al. (49) Antiangiogenic Retrospective 158 Higher IMD incidence 7% in patients receiving
therapy *** cohort antiangiogenic targeted therapies vs.

0.2-2.2% in historical comparators.
Median time-to-IMD 9.6 months.

- Incidence trends marked with a dash if study reports 1) insignificant results, 2) only comparison between multiple targeted therapies, or 3) no control.

*Both Viani et al. and Bria et al. report on the same datasets.

**Antiangiogenic therapies in Vanhuyse et al. study = sorafenib, sunitinib, bevacizumab, temsirolimus, or everolimus.
*“**Antiangiogenic therapies in Shao et al. study = sorafenib, sorafenib plus tegafur/uracil, sunitinib, bevacizumab plus capecitabine, bevacizumab plus erlotinib, or thalidomide plus

tegafur/uracil.
(cs)HR, (cause-specific) hazard ratio; RR,

relative risk; RCT, randomized controlled trial; NSCLC, non-small cell lung cancer; RCC,

renal cell carcinoma;, HCC,

hepatocellular carcinoma; TKI, tyrosine kinase inhibitor (sorafenib or sunitinib); EGFR inhibitor, gefitinib or erlotinib; BRAF/MEK inhibitor, BRAF, vemurafenib or dabrafenib; MEK,

cobimetinib or trametinib.

breast cancer, most studies indicate that targeted therapy is
associated with increase in IMD incidence (29, 35, 38). One
study reports a prolonged median time-to-IMD in patients
receiving targeted therapy vs. other therapies, supporting the
“sanctuary” hypothesis that prolonged survival due to systemic
disease control increases IMD risk (35). In RCC, targeted therapy
is associated with a decrease in IMD incidence (33, 46, 47).
In non-small cell lung cancer, some studies report an increase
in IMD incidence with use of a targeted therapy, while others
report an associated decrease (28, 31, 42, 43). One hypothesis
to explain these differences between primary disease types is
that the targeted therapies studied in breast cancer, such as the
140kDa+ monoclonal antibodies trastuzumab and pertuzumab,
are less BBB-penetrant than available targeted therapies in RCC,
such as the small molecule kinase inhibitors sunitinib and

sorafenib, while there is a range of BBB-penetrability among the
therapies used in non-small cell lung cancer. However, the arrival
of novel BBB-penetrant agents may be anticipated to disrupt
these trends.

FUTURE DIRECTIONS

The questions of IMD incidence and survival are relevant today
because the frequency of IMD is rising, while prognosis
remains poor (3). As improvements are made in the
early detection of IMD and the management of systemic
disease, more clinicians will counsel patients on the risk
and management of IMD. Additionally, the use of targeted
therapies is expected to increase as the management of both
primary systemic disease and IMD moves toward precision
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methods, raising the question of the impact of targeted
therapies on IMD incidence and survival (11). Formal
appraisal to date has found insufficient evidence for the
use of targeted therapies in the treatment of IMD, and the
question of IMD incidence following targeted therapy remains
debated (19).

Future studies may address these gaps from multiple
approaches. Trials of targeted therapies have historically excluded
patients with baseline IMD, but more recent studies have done so,
beginning the process of clarifying the role of targeted therapy in
the management of this disease. Prospective collection of data on

intracranial outcomes in patients treated with a targeted therapy
will elucidate the risk of IMD and provide insight on the role
of targeted therapy in treating IMD. Future retrospective studies
interested in the question of IMD incidence may examine larger
populations to more finely control for covariates like cancer
mutation status, or compare the effects of targeted therapies
across primary disease types. Meta-analyses will benefit from
broader reporting of IMD incidence stratified by status of
baseline CNS disease, and database studies will allow observation
of longer-term outcomes across institutions as survival with
IMD improves.
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While the 2019 guidelines from the Congress of Neurological
Surgeons do not make recommendations on the use of targeted
therapy in the management of IMD, they note in their evidence
review that therapies and studies since 2015 were not considered.
Yet, targeted therapies in the field of IMD have undergone
explosive development since that time, with new approvals
in breast cancer, non-small cell lung cancer, melanoma, and
RCC. New data will clarify the role of targeted therapy in
the initial treatment of IMD, and clinicians will be required
to make complex management decisions considering treatment
sequencing, multimodal strategies with radiation and surgery,
and weighing survival and quality of life for their patients
with IMD. As survivorship in primary disease improves, more
physicians may expect to discuss IMD risk with patients receiving
targeted therapy, or to consider the implementation of focused
surveillance imaging. Targeted therapy may replace the frontline
modalities in the management of IMD, or it may occupy
a prophylactic role for patients with primary disease. More
immediately, targeted therapy may fill adjuvant or neoadjuvant
roles alongside the current standard IMD treatments, and may
vary between primary disease types.

CONCLUSION

Targeted therapies are emerging onto a dynamic treatment
landscape for IMD, and future work will elucidate their
place among current standards. Present data are few on
IMD incidence among patients receiving targeted therapies for
primary cancers, often limited to studies with single arms or

small sample sizes. Future studies will stratify IMD incidence
according to the BBB penetrance of targeted therapies in
order to clarify the role of targeted therapies in preventing—
or facilitating—the development of IMD. There is also a need
for larger studies with higher power to elucidate the impact
of targeted therapy on both incidence and survival in IMD.
As more novel agents are developed, and the management of
systemic disease improves, the treatment landscape for IMD
may be expected to change, and physicians may anticipate
considering IMD risk as they create management plans and
counsel patients.
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While the CNS has long been viewed as an immune-privileged environment, a paradigm
shift in neuro-immunology has elevated the role of systemic immunotherapy for the
treatment of metastatic disease. Increasing knowledge regarding the presence of a CNS
lymphatic system and the physical and biochemical alteration of the blood brain barrier
(BBB) by the tumor microenvironment suggests immune cell trafficking in and out of
the CNS is possible. Emerging clinical data suggest immune checkpoint inhibitors (ICls)
can stimulate T cells peripherally to in turn have anti-tumor effects in the CNS. For
example, anti-programmed cell death-1 (PD-1) monotherapy with pembrolizumab has
shown intracranial response rates of 20-30% in patients with melanoma or non-small cell
lung cancer (NSCLC) brain metastases. The combination of nivolumab and ipilimumab
[anti-PD-1 and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)] showed an
intracranial response rate of 55% in patients with melanoma brain metastases. More data
are needed to confirm these response rates and to determine mechanisms of efficacy and
resistance. While local therapies such as stereotactic radiosurgery (SRS), whole-brain
radiation therapy (WBRT), and surgery remain current mainstays, ICIS offer potential
decreased neurotoxicity. This review summarizes the biological rationale for systemic
immunotherapy to treat CNS metastatic disease, existing clinical data on ICls in this
setting and ongoing clinical trials exploring areas of unmet need.

Keywords: immunotherapy, brain metastasis, CNS metastasis, checkpoint inhibitors, PD-1, pembrolizumab,
nivolumab, ipilimumab

INTRODUCTION

Despite recent advances in cancer therapy, CNS metastasis remains a devastating complication for
many solid organ cancer patients. Brain metastases occur in up to 20% of adults with systemic
malignancies, most commonly in lung cancer, melanoma, and breast cancer (1). The incidence is
increasing in many histologies, in part due to improved detection by magnetic resonance imaging
(MRI) and with prolonged survival from improved systemic therapies (2). To date, local therapies
such as SRS, WBRT, and surgical resection have been the mainstays. These modalities can cause
significant complications and morbidity (stroke, radiation necrosis, cognitive deficits) with only a
modest benefit in overall survival (3).

Systemic immunotherapy has shown promising early results in treating brain metastases and
has altered the traditional immune-privileged paradigm of the brain. The immune system plays an
important role in clearance of oncogenic clones through antigen-presenting cell (APC) recognition
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of tumor cell antigens, T cell activation by APCs and subsequent
T cell cytotoxicity (4, 5). Conversely, tumor cells can evade
immune destruction through expression of various immune
checkpoints that promote self-tolerance and suppress effector T
cell function and proliferation (6, 7). The most clinically relevant
immune checkpoints are programmed cell death protein 1 and its
ligand (PD-1 and PD-L1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA4). PD-L1 is expressed on the tumor cell surface
and through interaction with PD-1 on T cells causes apoptosis
of cytotoxic T cells while inhibiting apoptosis of regulatory
T cells (8). CTLA4 is a co-stimulatory pathway protein that
interacts with HLA-B7-1 and HLA-B7-2 on T cells and delivers
an inhibitory signal to effector T cells while promoting inhibitory
function of regulatory T cells (6-8). In net, these pathways
promote tumor cell survival and proliferation through immune
evasion.

While normal brain parenchyma and primary CNS tumors
have immunoregulatory environments with rare lymphocytes,
brain metastases have been shown to have significant tumor-
infiltrating lymphocytes (TILs). One series of 116 patients with
brain metastases specimens showed that CD3+ TILs were
present in 115/116 (99.1%) specimens and 56% had dense
or very dense TIL infiltration (9). 112/116 (96.6%) tumor
specimens had CD8+ T cell infiltration while 19/67 (28.4%)
of specimens evaluated for PD-L1 expression had > 5%
membranous expression. The highest density of CD3+ TILs,
CD8+ TILs, and PD-1-expressing T cells was found in melanoma
brain metastases. High density of CD3+ TILs was associated with
longer median overall survival (OS) regardless of primary tumor
site compared to low CD3+ TIL density (15 months vs. 6 months,
respectively) (9). It has previously been demonstrated that higher
density of TILs, CD8+ T cells, and CD45RO+ memory T cells in
the primary tumor is associated with longer disease-free survival
and OS in various solid tumor cancers (4). The concordance of
higher TIL density and improved OS in both primary tumors
and brain metastases supports the use of immune checkpoint
inhibition to treat both systemic and CNS metastatic disease.
Given that the brain is no longer a strict “immune privileged”
environment and brain metastases can disrupt the blood brain
barrier, there have been several trials of ICIs with promising
results that are summarized herein.

CLINICAL DATA

Ipilimumab

The anti-CTLA4 monoclonal antibody ipilimumab was the
first ICI to show efficacy in treating brain metastases. This
CNS activity was discovered incidentally in the original trials
establishing its efficacy in metastatic melanoma when patients
with brain metastases also showed durable CNS responses (10).
This was confirmed in a subsequent phase II study of 72 patients
with melanoma brain metastases treated with ipilimumab 10
mg/kg every 3 weeks (11). Of 51 patients with asymptomatic
brain metastases, 16% showed an objective response in the
CNS with a median CNS progression-free survival (PFS) of 1.5
months. Of 21 patients with symptomatic brain metastases or
those that required steroids, the objective response rate (ORR)

was 5% with median CNS PFS of 1.2 months. CNS disease
control was achieved in 24% of asymptomatic patients and 10%
of symptomatic patients (11). A second phase II trial (NIBIT-
M1 trial) of ipilimumab 10 mg/kg combined with fotemustine in
metastatic melanoma showed a 40% CNS response rate, though
only 20 patients with brain metastases were included in this
trial. Two patients achieved a CNS complete response (CR) and
50% of patients achieved CNS disease control (12). OS at 3
years was 27.8%, suggesting that responses and disease control
were durable in this population as has been observed in other
immunotherapy trials (13).

An expanded access program in the United States that
included 165 patients with melanoma brain metastases treated
with ipilimumab demonstrated a 20% rate of OS at 1 year
(14). Another expanded access program in Italy that included
146 patients with melanoma brain metastases treated with
ipilimumab demonstrated an ORR of 12% and disease control
rate of 27%. This included 4 patients who achieved a CR (15). Of
note, these trials used high-dose ipilimumab, which is associated
with a higher rate of severe colitis and treatment-related mortality
(16, 17). As a result, the 10 mg/kg dose is uncommon in more
recent clinical trials, especially when dual immunotherapy is
used, where the 1-3 mg/kg doses are often used (18, 19). Overall,
these data were the first to establish efficacy and durability of ICIs
for the treatment of CNS metastatic disease and paved the way
for anti-PD-1 therapy in this setting.

Pembrolizumab

The anti-PD-1 monoclonal antibody pembrolizumab was the
first PD-1 inhibitor that clearly demonstrated efficacy against
untreated brain metastases in melanoma and non-small cell lung
cancer (NSCLC). The original trial was a single-institution, phase
IT trial that included 2 cohorts of patients with untreated or
progressive brain metastases, one for melanoma and one for
NSCLC (17). All levels of PD-L1 expression were included in the
melanoma cohort and a cutoff of > 1% was used in the NSCLC
cohort. In the 18 patients with melanoma brain metastases, 4
(22%) patients experienced an objective response, 2 CRs and
2 partial responses (PRs). An additional 4 patients had stable
disease. In the NSCLC cohort of 18 patients, 6 (33%) had an
objective response, which included 4 CRs and 2 PRs. One patient
achieved stable disease as the best response (17).

There was strong concordance between CNS response and
systemic response as 8/9 (88%) of patients with a confirmed
systemic response also had a CNS response. After 11.6 months of
follow up, median OS in the melanoma cohort was not reached
and was 7.7 months in the NSCLC cohort. The toxicity profile
was similar to other trials of pembrolizumab across disease types
and importantly, there were no treatment-related deaths. Of note,
pembrolizumab was given as 10 mg/kg every 2 weeks in this trial
as opposed to the fixed dose of 200 mg every 3 weeks that is
FDA-approved now (17).

An update of data for the NSCLC cohort presented at the
ASCO 2018 annual meeting showed a CNS response rate of 29.4%
in the 34 patients enrolled (20). Median OS was 8.9 months with
31% of patients living more than 2 years. Discordance between
CNS and systemic responses was seen in 7 patients (21%, 4
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with CNS disease progression but PR systemically and 3 with
CNS response but systemic disease progression). An additional
5 patients with PD-L1 negative or unevaluable tumors were
included, though there were no CNS responses in this subgroup
(20).

Nivolumab

The anti-PD-1 monoclonal antibody nivolumab has shown
similar efficacy to pembrolizumab for untreated melanoma brain
metastases. In the monotherapy arm of the randomized phase
II ABC study, patients with asymptomatic melanoma brain
metastases treated with nivolumab 3 mg/kg every 2 weeks showed
a 20% CNS response rate (21). Median intracranial PFS and OS
were 2.5 and 18.5 months, respectively. In a cohort of patients
with symptomatic brain metastases, leptomeningeal disease or
failure of local radiotherapy, a 6% CNS response rate was
observed (21).

Additional data supporting nivolumab for untreated brain
metastases comes from an Italian expanded-access program of
372 patients with advanced squamous NSCLC, 38 of whom
had asymptomatic brain metastases (22). The disease control
rate was 47.3% in this cohort, comprising of one CR, six PRs
and 11 patients with stable disease. Four patients were treated
beyond progression. The median PFS and OS were 5.5 and 6.5
months, respectively and only 1 patient discontinued therapy due
to adverse events (22). Another small series of 5 patients with
asymptomatic NSCLC brain metastases treated with nivolumab
showed activity in 3 patients: 1 CR, 1 PR, and 1 with stable disease
for 10 weeks. Both responses were durable beyond 6 months (23).

Another Italian expanded access program for nivolumab in
metastatic renal cell carcinoma (RCC) included 389 patients, 32
with brain metastases. The CNS response rate was 18.7% with
a disease control rate of 53.1%. This included 1 CR, 5 PRs, and
11 with stable disease. The CNS response rate was similar to the
systemic response rate of 23.2%. The 1 year OS rate was 63.1%
and in a univariate analysis, CNS metastasis was not associated
with inferior OS (24).

Nivolumab and Ipilimumab

The combination of nivolumab and ipilimumab has shown
the most impressive CNS response rates to immunotherapy.
The phase II CheckMate 204 study of nivolumab 1 mg/kg
and ipilimumab 3 mg/kg every 3 weeks was the first to
demonstrate efficacy of combination immunotherapy for patients
with untreated melanoma brain metastases (25). An updated
analysis of CheckMate 204 with 94 enrolled patients showed a
52% CNS response rate, including 24 (26%) intracranial CRs
(26). The intracranial clinical benefit rate was 57%. The systemic
ORR was 47% with high concordance between systemic and CNS
responses. Only 5 patients (5%) discontinued therapy due to
immune-related neurologic adverse events, though there was one
death due to immunotherapy-related myocarditis.

These results were confirmed in the randomized phase I ABC
study comparing nivolumab 3 mg/kg every 2 weeks alone vs.
combination therapy with nivolumab 1 mg/kg and ipilimumab
3 mg/kg every 3 weeks (21). This study showed a CNS response
rate of 46% with the combination of nivolumab and ipilimumab

vs. 20% with nivolumab alone. This included CNS complete
response rates of 17 and 12%, respectively. Median intracranial
PES and median OS were both not reached in the combination
therapy arm after a median follow up of 14 months (21).

The combination of nivolumab and ipilimumab was
significantly more toxic than nivolumab alone. Grade 3 or higher
adverse events were observed in 63% of patients receiving the
combination vs. 16% receiving nivolumab alone and were mainly
systemic. There was only one grade 3 CNS adverse event that
was more common with combination therapy vs. nivolumab
monotherapy, which was headache (20 vs. 6%). There were no
treatment-related deaths in this trial (21).

Overall, these data demonstrate that the combination of anti-
PD-1 and anti-CTLA4 therapy has significant activity for CNS
metastatic disease with a relatively low rate of serious CNS-
specific toxicity. Larger randomized clinical trials are needed
to confirm these findings and to identify predictive biomarkers
for CNS response. One such study, the phase III NIBIT-M2
study randomizing patients with melanoma brain metastases to
fotemustine, fotemustine, and ipilimumab or ipilimumab and
nivolumab, is ongoing (27).

A table summarizing the clinical trials discussed is shown in
Table 1.

Additional Case Series
There are several single-institution series of ICIs for patients
with CNS metastatic disease. One series from Cleveland Clinic
included 128 patients with brain metastases from NSCLC (94
patients), RCC (15 patients), or melanoma (19 patients) who were
treated with either pembrolizumab, nivolumab, ipilimumab, or a
combination. Patients could also receive WBRT or SRS. While
the authors did not report on CNS response or disease control
rates, they reported 1 year survival rates of 48.3, 54.5, and 55.4%
in patients with NSCLC, melanoma, and RCC, respectively (28).
Another single-institution series from the University of
Cincinnati identified 51 patients with brain metastases from
NSCLC, small cell lung cancer (SCLC), melanoma and head,
and neck squamous cell carcinoma (HNSCC). Thirty patients
had symptomatic brain metastases. Patients were treated with
either atezolizumab, durvalumab, pembrolizumab, nivolumab,
ipilimumab, or a combination. They could also receive
concurrent radiation. The authors did not report CNS response
or disease control rates, but reported median OS after the start of
immunotherapy of 7.6, 7.2, 6.2, and 4 months for patients with
melanoma, NSCLC, SCLC, and HNSCC, respectively. They also
found that patients treated with immunotherapy alone had worse
survival compared to combined modality therapy with radiation
or surgery (29).

Future Directions and Challenges

Immunotherapy in neuro-oncology is an active area of
investigation given its potential efficacy and clinical impact. Since
most patients with brain metastases receive radiation therapy
at some point, understanding the interplay of radiation with
immunotherapy is of particular interest. Historically, radiation
was considered to be immunosuppressive due to peripheral
blood lymphodepletion (30). More recent pre-clinical work
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TABLE 1 | Summary of immunotherapy trials for CNS metastatic disease.

Trial Drug(s) Phase N (ITT) Disease PD-L1 CNS Median CNS Median PFS Median OS
status ORR PFS (months) (months) (months)
NCT00623766  Ipiimumab 10 mg/kg q3W x 2 51 Melanoma NA 16% (8/51) 1.5 1.4 7
4 doses, then 10 mg/kg (asymptomatic BMs)
qt2w
21 Melanoma NA 5% (1/21) 1.2 1.2 3.7
(symptomatic BMs or
on steroids)
NIBIT-M1 Ipilimumab 10 mg/kg g3W x 2 20  Melanoma NA 40% (8/20) 3 4.5 13.4
4 doses, then 10 mg/kg (asymptomatic BMs)
q12W + fotemustine 100
mg/m2 q3W
NCT02085070  Pembrolizumab 10 mg/kg 2 18  Melanoma Any 22% (4/18) not reported not reported NR
q2W
18 NSCLC > 1% 33% (6/18) not reported not reported 7.7
CheckMate 204 Nivolumab 1 mg/kg q3W + 2 75  Melanoma Any 56% (42/75) not reported not reported not reported
Ipiimumab 3 mg/kg g3W
NCT02374242  Nivolumab 1 mg/kg g3W + 2 35 Melanoma Any 46% (16/35) NR 13.8 NR
Ipiimumab 3 mg/kg g3W (asymptomatic BMs)
Nivolumab 3 mg/kg g2W 25  Melanoma Any 20% (5/25) 2.5 2.6 18.5
(asymptomatic BMs)
Nivolumab 3 mg/kg g2W 16 Melanoma Any 6% (1/16) 2.3 2.6 5.1

(symptomatic BMs,
failed local therapy)

N, number; ITT, intention to treat; W, week; NA, not applicable; BMs, brain metastases; NR, not reached.

has shown that radiation can augment anti-tumor immune
responses through several mechanisms. First, radiation-induced
tumor cell necrosis increases the release of tumor neoantigens
and increases tumor mutational burden (TMB) (31). This also
triggers the release of immune-stimulatory damage-associated
molecular patterns (DAMPs), including high-mobility group
protein Bl (HMGBI1) and calreticulin (32, 33). These promote
APC recruitment to the tumor microenvironment and antigen
uptake and presentation to cytotoxic T cells. Radiation primes
CD8T cells by stimulating IFN-y production and increasing
tumor cell MHC class I and Fas expression (34). Radiation also
increases PD-L1 expression, creating an opportunity for synergy
with anti-PD-1 therapy (31, 35).

Small series have shown synergy between ipilimumab and
SRS. One series of 70 patients with melanoma brain metastases
showed improved median OS in 37 patients who received
ipilimumab and SRS vs. the 33 patients who received SRS
alone (18.3 months vs. 5.3 months) (36). Another series of
77 patients (27 received ipilimumab and SRS, 50 received SRS
alone) also showed improved median OS of 21 months vs. 5
months, respectively (37). It appears that concurrent radiation
with checkpoint inhibition is more effective than sequential
treatment and high-dose, hypofractionated radiation is best, but
this must be confirmed with more clinical data (31, 38). Steroid
administration during SRS can negatively impact response to
ICIs and must be considered only when clinically necessary (39).

Radiation delivered to a local site has been shown to cause
regression of distant metastatic sites outside of the radiation
field, a phenomenon known as the abscopal effect (32, 40).

Activated cytotoxic T lymphocytes from increased tumor antigen
stimulation and presentation at a local tumor site are thought
to mediate the effect seen at distant tumor locations (32, 34,
40). Immune checkpoint inhibition dramatically improves the
abscopal effect of radiation in pre-clinical models (32, 34). There
are also two case reports (one NSCLC and one melanoma) of
patients who achieved durable systemic complete responses at all
tumor sites for 1 year with concurrent ipilimumab and local site
stereotactic body radiation therapy (41, 42).

Based on these promising results, there are numerous ongoing
clinical trials combining ICIs and brain radiation (NCT03104439,
NCT02608385, NCT02730130, NCT03453164, NCT02444741),
(NCT02696993).

Despite the fact the CNS is no longer considered an
immune privileged site, it remains at least an immune deficient
environment. While TILs have clearly been identified in CNS
metastases, they are in lower number than in systemic tumors
and the ratio of effector T cells to regulatory T cells remains
unknown (9, 43). T cell and APC trafficking into and out of
the CNS is more strictly regulated than in other tissues (9, 44).
The degree of blood brain and blood tumor barrier disruption is
variable between diseases, patients and even individual lesions in
the same patient (45-47).

Patients with brain metastases frequently require steroids
for symptomatic control, which has been found to negate the
mechanisms of immunotherapy. In a series of 244 metastatic
NSCLC patients, the use of steroids at > 20 mg/day of prednisone
was associated with worse median PFS (1 month vs. 3 months)
and median OS (3 months vs. 10 months) (48). Only 19 patients
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received > 20 mg/day of prednisone and it remains unclear if
high-dose steroids truly blunt the effect of immunotherapy
or simply select for a population with worse overall
prognosis (48).

A substantial number of patients do not respond systemically
or in the CNS to existing immunotherapy drugs, creating a
tremendous unmet need. The combination of pembrolizumab
and bevacizumab is being studied in a phase II clinical trial in
patients with untreated NSCLC and melanoma brain metastases
(NCT02681549). The anti-PD-L1 drug atezolizumab is also
being studied in combination with bevacizumab for untreated
melanoma brain metastases (BEAT-MBM study; NCT03175432).
This study includes a cohort with symptomatic brain metastases
or those who require corticosteroids. Indoleamine (2,3)-
dioxygenase (IDO) has emerged as another immune checkpoint
that can be combined with anti-PD-1 therapy. There is an
ongoing phase II study evaluating the IDO inhibitor BMS-
986205 in combination with nivolumab for untreated melanoma
brain metastases. A phase II trial evaluating pembrolizumab for
patients with leptomeningeal carcinomatosis is ongoing, but to
date, there have been no completed randomized trials in this
population (49). Data from these trials and others may further
expand the role of immunotherapy for the treatment of CNS
metastatic disease.

There is also a significant need to identify more predictive
immune biomarkers in the CNS. Many series have shown
increased density and/or number of CD3+ and/or CD8+ TILs
in brain tumor specimens is correlated with improved survival
(9, 43, 50, 51). It is important to note that TIL density is lower
in general in brain metastases and discordance in TIL density
between primary tumors and brain metastases may be as high
as 48% (51, 52). PD-L1 expression (> 1%) is present in ~ 25—
30% of brain tumor specimens in some series, but it may be
discordant from primary tumors in 30% of cases (9, 51, 53).
Discordance in TIL density or PD-L1 expression can be partially
explained by temporal and spatial heterogeneity from biopsies
taken at different time points and from different sites (51). The
predictive value of PD-L1 expression was shown in one series
in which NSCLC patients with PD-L1+ brain metastases had a
29% intracranial response rate, while those with PD-L1- negative
brain metastases had no responses (54). However, the data overall
are very limited and prospective validation is still required. High
TMB in brain metastases has been reported in 39% of cases and
was more common than in primary tumors in one series (55).
This may emerge as a clinically useful biomarker in the future.

As evidenced by the trials reviewed herein, there are
disparate primary outcomes and disease measures, creating a
need for consistent and clear CNS-specific endpoints in these
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Low-intensity MR-guided focused ultrasound in combination with intravenously injected
microbubbles is a promising platform for drug delivery to the central nervous system
past the blood-brain barrier. The blood-brain barrier is a key bottleneck for cancer
therapeutics via limited inter- and intracellular transport. Further, drugs that cross the
blood-brain barrier when delivered in a spatially nonspecific way, result in adverse effects
on normal brain tissue, or at high concentrations, result in increasing risks to peripheral
organs. As such, various anti-cancer drugs that have been developed or to be developed
in the future would benefit from a noninvasive, temporary, and repeatable method of
targeted opening of the blood-brain barrier to treat metastatic brain diseases. MR-guided
focused ultrasound is a potential solution to these design requirements. The safety,
feasibility and preliminary efficacy of MRgFUS aided delivery have been demonstrated in
various animal models. In this review, we discuss this preclinical evidence, mechanisms
of focused ultrasound mediated blood-brain barrier opening, and translational efforts to
neuro-oncology patients.

Keywords: focused ultrasound (MRgFUS), blood brain barrier (BBB) disruption, neuro-oncology-surgical,
intracranial metastatic disease, drug deliver-system

INTRODUCTION

Intracranial metastatic disease (IMD) is the most common type of brain tumors (1, 2) with over
20% of all oncology patients expected to have a metastatic brain lesion, and an annual incidence of
170,000 in the United States alone (1, 3-6). The rates of IMD are on the rise, which may be partially
explained by improved imaging modalities facilitating earlier detection and prolonged survival of
cancer patients due to advances in oncological care (7). Primary lung, breast and melanoma cancers
are the most likely to metastasize to the brain, accounting for 67-80% of all brain metastases (3).
Surgery and radiation therapy are the cornerstones for management of IMD, with most
intracranial metastases considered chemo-resistant (8, 9). The median survival period of untreated
patients runs from the order of weeks to a few months, and can be prolonged to 4-6 months
with the use of whole brain radiation therapy (WBRT) (10). For patients with a single brain
metastasis <3 cm in size, surgical resection or stereotactic radiosurgery (SRS) have shown survival
benefit (11-14). The evidence and indications for surgical resection in patients with multiple brain
metastases are much less established. Radiosurgery is favored for treatment of multiple lesions and,
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historically, patients with more than 4 lesions were treated
with WBRT (15). However, SRS has become a viable option in
this setting, as WBRT is associated with greater neurocognitive
adverse effects (e.g., immediate memory, delayed memory,
attention, and executive functions), and without significant
added benefit in overall survival (16-21).

Chemotherapies that effectively treat the primary cancer and
extracranial metastases remain largely ineffective for treatment
of IMD (22). The function of the blood-brain barrier (BBB)
and efflux transporters play a major role in suppressing
the effectiveness of chemotherapies in the brain. The BBB
excludes many chemotherapeutic agents from access to the
brain, and the drugs that are able to penetrate may do so in
insufficient concentrations. Another potential explanation for
the ineffectiveness of chemotherapies in the brain is that IMD
arises from chemoresistant clones (23). The primary cancer is
often treated with chemotherapeutic agents, and thus only the
chemoresistant clones metastasize to the brain. However, patients
with IMD and are naive to chemotherapeutic agents continue
to demonstrate decreased intracranial response rates compared
to extracranial response rates, suggesting that chemoresistant
clones alone do not explain this phenomena (23, 24). The BBB is,
also, thought to confer an immune privileged microenvironment
in the central nervous system, preventing access of surveilling
immune cells to the tumor cells (25).

The BBB is a highly selective semi-permeable membrane
formed by tight junctions between endothelial cells that primarily
separates the circulating blood from the central nervous system
(CNS). In addition to endothelial cells, the BBB is augmented
by pericytes, astrocyte projections (also known as glia limitans),
and neurons to provide biochemical support (26). The BBB is
largely permeable to lipophilic compounds smaller than ~400
Da. The BBB is essential in protecting the CNS from circulating
pathogens. At the same time, it is a key impediment for cancer
therapeutics to effectively treat IMD. For example, doxorubicin,
a common chemotherapeutic, is ~540 Da in size, albumin
is 66.5 kDa in size, and most targeted or immunotherapies
are of even larger size, such as trastuzumab at 148 kDa.
These agents would have difficulty traversing a normal BBB. In
addition, the penetration of therapeutics into the parenchyma
is limited by the presence of p-glycoprotein 1 (P-gp) bound to
the surface of endothelial cells. P-gp is responsible for efflux
of chemotherapeutic agents, and is particularly abundant in
cancerous tissue (27, 28). Thus, the BBB substantially limits the
bioavailability of chemotherapies in treating IMD.

There is a pressing need for improved therapeutic delivery or
effective circumvention of the BBB to improve the management
of IMD with therapies that have been effective against the
primary lesion. Existing methods to circumvent the BBB include
convection enhanced therapy with intracranial injections or
modification of the drug such as with nanoparticles to help
penetrate the BBB. Convection enhanced delivery, however,
requires implantation of intracranial catheter and results still
in limited diffusion of drug from the catheter tip (29). Current
nanoparticles and therapeutic modifications may also result in
peripheral toxicity, such as unwanted accumulation in other
end organs (30). The BBB permeability is also known to be

increased by radiation therapy. In such a case it improves
effectiveness of concurrent chemotherapy (31, 32). However, this
approach is limited by the unpredictable temporal characteristics
of radiation-induced BBB disruption and a radiation-induced
injury to the surrounding normal brain tissue such as gliosis,
necrosis, or demyelination (31). Furthermore, drugs that are
delivered across the BBB in a spatially nonspecific manner can
increase the risk to normal brain tissue.

Accordingly, a non-invasive, temporally, and spatially
controlled BBB opening that is repeatable could significantly
improve the management of IMD. Low-intensity MR-
guided focused ultrasound (MRgFUS), in combination with
intravenously injected microbubbles, fulfill these design
requirements. In this review, we discuss the preclinical evidence
of the circumvention of the BBB with low-intensity MRgFUS.
Recent translational efforts and potential applications, along
with critical areas for improvement.

FOCUSED ULTRASOUND

Transcranial MRgFUS is an emerging image-guided, surgical
modality that enables accurate steering of ultrasound energy
into discrete targets within the brain. This technology utilizes a
phased array of transducers to exert either thermal or mechanical
effects on target tissue depending on the acoustic parameters,
with higher intensity and frequency settings used for thermal
effects. Currently, high-intensity MRgFUS operating at 650 kHz
is approved by US Food and Drug Administration (FDA) for
thalamotomy, an option for patients with essential tremor.
At these parameters, ultrasound sonications rapidly result in
temperature rise above 56°C, and well-circumscribed coagulative
necrosis in the targeted region (33). In addition, sonications at
the sub-lesional temperatures can result in transient neurological
effects, to ensure accurate target selection.

Historically, Patrick et al. first found BBB disruption in
the periphery of high-intensity focused ultrasound (FUS)
lesions (34), with subsequent studies demonstrating BBB
opening induced by low intensity protocols without damage
to surrounding neuronal structures (35-37). Currently, clinical
studies are conducted using a MRgFUS device operating at
220kHz. MRgFUS opens the BBB primarily through two
mechanisms: (1) disruption of the tight junction and (2) induced
transcytosis. Cavitation, a biological effect of ultrasound, occurs
through oscillation of gas bubbles formed within vessels after
exposure to ultrasound energy, resulting into disruption of the
tight junctions between endothelial cells, which has been shown
via immunoelectron microscopy. This disruption is temporary
and is restored after ~4h (38). It permits the paracellular
passage of molecules (38). There is also the evidence that the
physical stress on the vessels leads to cellular changes that
increase paracellular and transcellular transport of molecules
across the BBB (38, 39), along with increased caveolins, an
integral membrane proteins involved in receptor-independent
endocytosis, and decreased P-gp visualized after FUS (38, 40, 41).

To further augment the cavitation process, exogenous
microbubbles can be introduced into the blood system by
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intravenous administration ahead of sonication. The addition of
exogenous microbubbles has been found to reduce the energy
required to initiate cavitation by 100-fold, and increase the
permeability lasting ~6-8h. Sonications are typically initiated
within half a minute of injection to allow sufficient circulation of
the microbubbles (42). Consequently, ultrasound sonication can
be made safer with a minimal injury to the surrounding tissue.
The most commonly studied molecules are gadolinium-based
contrast agents, which makes it easy to confirm the successful
BBB opening using MR imaging due to the gadolinium now
crossing the BBB and to assess the size of treated region (36, 43,
44) (Figure 1). Serial gadolinium scans showcased full closures
of the BBB in 90% of cases at the 6-h mark post treatment,
while the remaining rats displayed considerable decrease in the
enhancement of the BBB opening and complete resolution at the
24-h mark post procedure (46).

Although overly high sonication powers can result in inertial
cavitation and capillary damage, BBB opening is inducible
at lower settings, at which results have been shown to be
reproducible in large animal models (e.g., nonhuman primates)
without any significant adverse events (47, 48). Successful
weekly whole-hemisphere BBB openings for 4 weeks in elderly
beagles was demonstrated using MRgFUS (49). This group,
according to neuroimaging and histology analysis, reported no
significant or enduring damage to any brain tissue targeted
by MRgFUS. This discovery is significant evidence to support
the safety of FUS administered treatments for brain metastases,
as clinical utilization commonly requires several BBB openings
for treatment. These MRgFUS parameters and study findings
indicate its application-based significance that is capable of being
translated to future clinical studies.

MRgFUS holds numerous benefits over other methods of
drug delivery system. Paired with MRI guidance, FUS is capable
of millimeter spatial accuracy of targeted regions within the
brain, including the brain stem region (50). This precision allows
targeted delivery of cytotoxic drugs only to abnormal tissue or
specific areas in the tumor, which advanced imaging techniques

can further help identify (51). Additionally, MRgFUS permits
uniform delivery, in contrast to other intracranial treatments,
such as convection-enhanced delivery. Lastly, the parameters
of BBB opening can be adjusted by modulating ultrasound
parameters to further customize treatment.

CHEMOTHERAPIES

Traditional chemotherapies for extracranial cancers have not
generally been effective for brain tumors. A possible exception
is temozolomide which is used for treatment of glioblastoma
due to its limited side effect profile and central nervous
system bioavailability. This is demonstrated by a group that
used FUS-aided BBB disruption in a rat model to enhance
temozolomide delivery to treat glioblastoma (52). In addition,
another study displayed similar effects to improve drug delivery
of temozolomide to treat a glioma in a mice model (53).
Doxorubicin, an inhibitor of topoisomerase II, blocks DNA
and RNA synthesis, and is effective in treatment of a broad
range of tumors (54). Doxorubicin cannot cross the BBB to
any appreciable extent and, as a result, demonstrates little
effectiveness in treating CNS malignancies when administered
systemically (55, 56). Further dose escalation is limited by
cardiac toxicity. In preclinical studies, doxorubicin is effective
against glial tumors in vitro and in animal models, and when
administered intratumorally to patients viaan Ommaya reservoir
(57). While doxorubicin with FUS has predominantly been
investigated in an animal model of malignant glioma, the results
of significantly improved tissue concentration (e.g., 21 times in
one study) and antineoplastic effects show promise for IMDs (58,
59). Further supportive survival data from the same group has
recently been published and demonstrated a significant survival
advantage in a rat glioblastoma model when using doxorubicin in
combination with ultrasound-mediated BBB disruption. Delivery
of doxorubicin to a brainstem was also recently shown to be
feasible and safe for animals after histological and behavioral
tests (50). Other chemotherapies investigated in conjunction
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FIGURE 1 | Demonstration of MR-guided focused ultrasound mediated blood-brain barrier opening in an animal model of intracranial breast metastasis. (A) Diagram
of experimental set-up shows administration of ultrasound through the intact skull. (B) Representative example of focused ultrasound induced blood-brain barrier
opening, as demonstrated by increased gadolinium (arrow) and tryphan blue extravasation. Hematoxylin and eosin stained tissue demonstrated preservation of gross
tissue integrity and lack of macroscopic hemorrhage. COR, coronal scan; AX, axial scan; HE, hematoxylin and eosin. (C) The change in MR image intensity over time
in the sonicated vs. non-sonicated regions. Bars represent standard deviation. Reprinted with permission from Kinoshita et al. PNAS 2006 (45), copyright 2006
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with MRgFUS BBB opening in small (e.g., rat, rabbit) to
large (e.g., nonhuman primates) animals include paclitaxel (60),
methotrexate (61, 62), doxorubicin (50, 63, 64), cisplatin (65),
bevacizumab (66), and carmustine (67) (Table 1).

TARGETED THERAPY

Technological advances and greater understanding of molecular
biology have made an increased number of targeted therapies
a standard of care for cancer patients. Targeted therapies
address specific molecular aspects of cancer biology. Human
epidermal growth factor 180 receptor 2 (HER2) is addressed
when trastuzumab has been administered, and specific inhibition
of mutated BRAE a proto-oncogene is addressed when
vemurafenib is administered. Trastuzumab has been found to
be highly effective in controlling local and distal breast cancer
lesions (45, 69, 70). BRAF inhibitors such as vemurafenib
and dabrafenib are effective in extending the progression
free survival of BRAF-mutant melanomas which are present
in 50% of melanomas and is associated with significantly
higher incidence of CNS involvement (71). The development
of targeted therapies has been the cornerstone of precision
medicine. Many targeted therapies have been approved for
clinical use and may be used in combination to inhibit
simultaneously multiple pathways which are important for tumor
growth.

Trastuzumab is ~150 kDa in size, which makes it too large to
pass through the BBB. In a rodent study, the tissue concentration
of trastuzumab after systemic administration was undetectable
(< 780 ng/g), whereas after sonication, the concentration
increased to 3257 ng/g of tissue (45). This significant increase
in trastuzumab concentration in tissue using FUS was further
corroborated in a xenograft rodent model (70). Notably repeated
dose of FUS greatly increased the concentration yield (70).
In another HER2/neu-positive human breast cancer xenograft
model, 6 weekly treatment of FUS plus trastuzumab led to
what appeared to be complete resolution on MRI (69). The
group where trastuzumab was administered along with FUS had
significantly slower growth rate than controls. In another study

TABLE 1 | Representative change in therapeutic’s concentration in tumor in
sonicated relative to non-sonicated regions after systemic administration of
therapeutic.

Therapeutic References Approximate relative
change

Doxorubicin Treat et al. (58) 21 x
Liposomal paclitaxel Shen et al. (60) 2x
Cisplatin-loaded BPN Timbie et al. (65) 30 x
Liposomal methotrexate Wang et al. (62) 9 X
Trastuzumab Kinoshita et al. (45) 2x
Interleukin-12 Chen et al. (68) 2x
Bevacizumab Liu et al. (66) Range 5.7 x-56.7 x
Carmustine Liu et al. (67) 2x

BPN, brain penetrating nanopatrticles.

of HER2-positive cells derived from cancer patients, 6 weekly
treatments of trastuzumab and pertuzumab along with FUS led to
aresponse in 4 out of 10 rats compared to none in the antibodies
only group (72). These studies have paved the way for clinical
translation in MRgFUS mediated BBB opening for patients with
IMD.

IMMUNOTHERAPY

Immunotherapy directly helps or stimulates the patients
immune system to treat cancer. For instance, checkpoint
inhibitors support T-cell surface receptor recognition and
activation against cancer cells. Other types of immunotherapy
include immunization, cytokines (e.g., interleukins), and cell
therapy (e.g., CAR T-cell therapy) (68, 73, 74). Ipilimumab,
a monoclonal antibody to T-lymphocyte-associated protein 4
(CTLA-4), another checkpoint in the immune system, is used
in the treatment of unresectable and metastatic melanomas.
These drugs have shown some preliminary efficacy in phase
I studies in patients with IMD from lung cancer and
melanoma, with ~20-30% 1-year survival rate. Several animal
studies have established the safety and feasibility of delivering
both cell-based (e.g., NK-92 cells) and cytokine (e.g., IL-
12) in rodent models, with preliminary evidence of efficacy.
Specifically, a repeated, biweekly treatment paradigm of NK-92
cells administered by MRgFUS BBB opening, resulted in long-
term survival in 50% of animals injected with HER2 amplified
tumors.

CARRIERS

Once the delivered drug therapies have penetrated the BBB
they are confronted by the extracellular space (ECS) of the
brain, which extensively dictates and restricts the movement
of the therapeutics in the brain. The ECS consist of mixed
hydrophobic and electrostatically charged areas that comprises
about 15-20% of the entire brain volume. Initially to penetrate
the targeted brain parenchyma and deliver the appropriate
drugs, brain-penetrating nanoparticles (BPNs) coated densely
with poly(ethylene-co-glycol) (PEG) was explored, which has
superior stability in the bloodstream (75). However, PEGylated
BPNss results in reduced cell absorption or exchange through the
BBB. Although it may potentially be used in combination with
MRgFUS BBB opening.

A research group had recently explored this concept in
rodents and reported the evidence of the successful first time
use of MRgFUS and microbubbles with a biodegradable BPN
platform which could penetrate and effectively transport
therapeutic agents within the targeted areas of the CNS
(76). It was also discovered that higher pressures of FUS
modify the dispersal of the BPNs in the CNS, permitting
more coverage and improving further the penetration
within the targeted regions of the brain. Another study in
rodent model of the breast IMD demonstrated substantial
growth inhibition after one treatment of intravenously
delivered PEGylated liposomal doxorubicin nanoparticles
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with FUS-induced hyperthermia without BBB opening (76).
We may conclude that, the addition of carriers to existing
therapeutic agents delivered through a BBB opening may
provide some additional advantages for drug distribution in the
parenchyma.

Other Applications of Focused Ultrasound
FUS creates a transient, targeted opening of the BBB that allows
bidirectional communication between the systemic circulation
and the central nervous system milieu. Shedding cancerous cells
or cells’ components is another possible result of the application
of FUS. Blood-based analysis of circulating tumor cells, DNA,
micro RNA, and extracellular vesicles hold the promise of
improving upon histopathologic examinations or obviating the
need for tissue biopsy (77). However, the challenges in these
approaches lie in their uniform lack of sensitivity, with tumor
DNA representing <1% of total circulating DNA, and significant
advance technology required for analysis (78). A proof of concept
study in rat glioma model using fluorescent markers shows
promise, but it remains to be demonstrated how this may be
clinically applied (79). Finally, non-thermal ablation of tumor
tissue using low-intensity focused ultrasound is being developed
as a viable alternative to high-intensity focused ultrasound, where
energy required to ablate large tissue volumes limits its safety and
feasibility (80-82).

CLINICAL APPLICATIONS AND
LIMITATIONS OF FUS IN IMD

The feasibility and preliminary efficacy of focused ultrasound-
assisted targeted delivery of cancer therapeutics have been
demonstrated in various animal models. Clinically, there is
now preliminary data regarding safety and feasibility of focused
ultrasound BBB opening with co-administration of carboplatin
in patients with gliomas (83). Doxorubicin and temozolomide
delivery studies using MRgFUS are underway for neuro-
oncology patients (NCT02343991, NCT03322813). For other
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of Deep-Seated Metastatic Brain
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A subset of metastatic brain tumors occurs in deep-seated locations. Accessing and
resecting these lesions can be associated with significant morbidity because it involves
large craniotomies, extensive white matter dissection, prolonged retraction, and risk of
inadvertent tissue injury. As a result, only palliative treatment options are typically offered
for these lesions including observation, needle biopsies, and/or radiation therapy. With
the development of new surgical tools and techniques, minimally invasive techniques
have allowed for the treatment of these lesions previously associated with significant
morbidity. These minimally invasive techniques include laser interstitial thermal therapy
and channel-based resections.

Keywords: brain metastases, laser, LITT, minimally invasive, tubular retractors

INTRODUCTION

Metastatic brain cancer (MBC) is the most common type of brain tumor in adults (1, 2). It is
estimated that there will be more than 200,000 new cases each year in the United States alone
(1, 2). The most common sources are the lung, breast, kidney, colon, and skin, where approximately
20-30% of patients with these primary cancers will develop a brain metastasis (1, 2). The treatment
of primary cancers has improved; however, the ability to prevent MBC and prolong survival for
patients who develop MBC has not (1, 2). The treatment options for patients with MBC include
some combination of surgical resection, radiation therapy, and/or chemotherapy (1, 2). The goals
of these therapies are to primarily prevent local tumor progression (3-6).

The majority of brain metastases occur at the gray-white junction (7, 8) These metastatic
cancers are thought to breach the blood-brain barrier in areas of slow flow, which is typically in
watershed regions and the ends of small perforating vessels (7, 8). As a result, most of these lesions
are cortically based or in close juxtaposition to the cerebral cortex and/or cerebellar hemisphere
(7, 8). When surgery is pursued for these typical lesions, the distance of brain parenchyma that
must be traversed is relatively short (3-6). However, some metastases can occur in deep-seated,
eloquent regions such as the thalamus, basal ganglia, and deep cerebellar nuclei (7, 8). When these
deep-seated lesions occur, patients are typically symptomatic from mass effect and eloquent nuclei
and white matter tract (WMT) involvement, and surgical treatment is more challenging because of
the morbidity associated with accessing and resecting these lesions (9-12). In this review, we will
discuss the use of contemporary surgical management of these lesions using minimally invasive
approaches, namely laser interstitial thermal therapy (LITT) and channel-based resections (9-12).
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SURGICAL INDICATIONS FOR BRAIN
METASTASES

Patients who present with MBC can undergo various treatments
including surgical resection, radiation therapy, and/or
chemotherapy (1, 2, 13-17). The choice of therapies is typically
predicated by an estimation of a patient’s prognosis, where
generally more localized (surgery, stereotactic radiosurgery)
and aggressive therapies are offered to patient’s with better
prognoses (3, 18). In order to predict survival, there are several
prognostic scoring systems that have been developed including
the Recursive Partitioning Analysis (RPA), Score Index For
Radiosurgery (SIR), Basic Score for Brain Metastases (BSBM),
Rotterdam system (ROTTERDAM), Golden Grading System
(GGS), Rades classification (RADES), and Graded Prognostic
Assessment (GPA) classification systems.

In general, surgery for brain metastases are indicated for
patients who possess good prognoses and accessible lesions with
low potential associated morbidity (3-6). However, surgery is
often pursued for large lesions (<3 cm), lesions with significant
mass effect, and/or symptomatic lesions, even for palliative
purposes (3-6). Lesions that are large and deep-seated, however,
represent a surgical dilemma (10-12). For metastatic lesions
that are small with minimal edema and mass effect, radiation
therapy, namely stereotactic radiosurgery, is preferred (10-12).
This is because historically accessing and resecting lesions has
been associated with significant surgical morbidity (10-12). This
morbidity is associated with accessing, visualizing, resecting,
and achieving hemostasis (10-12). Deep-seated tumors have
typically required large craniotomies and large dural openings
to accommodate bladed retractor systems (10-12). These bladed
retractor systems require a large footprint in order to be effective
(10-12). In addition, the superficial cortex and overlying white
matter have to be retracted to provide exposure of the underlying
lesion (10-12). These retractor blades can induce significant
damage by retractor-applied sheer forces, especially when
multiple retractors are used, ischemia from contact pressure
under the retractor blades, and potential tissue injury when left
unprotected between the blades during repeated accessing the
lesion with surgical instruments (10-12). As a result, offering
surgery for deep-seated brain tumors has been limited. However,
some deep-seated metastatic brain tumors are symptomatic and
can have significant mass effect including hydrocephalus (10-
12). In these cases, surgery is warranted because of the delayed
effect of non-surgical options such as radiation therapy. There
are, however, no clinical trials that specifically address surgery for
deep-seated metastatic tumor, as they represent a smaller subset
of metastatic tumors. The use of minimally invasive technique
including LITT and channel-based retraction, however, have
allowed for a potentially safer surgical options for these lesions
(10-12).

LASER INTERSTITIAL THERAPY (LITT)

LITT is a minimally invasive technique that was initially used in
the 1980s, and used to treat difficult to access lesions including

malignant gliomas, radiation-resistant metastases, epileptic foci,
and radiation necrosis (19-22). This involves making a burrhole
over the intended trajectory, insertion of a skull bolt, and
placement of a probe affixed with an optical fiber into the
lesion through the bolt under stereotactic navigation (19-22).
The optical fiber is used to heat the surrounding tissue
causing coagulative necrosis, with the goal of sharp drop off
in temperature effects to minimize damaging the surrounding
peri-lesional tissue (19-22). The thermal effects of the interstitial
laser can be measured with MR thermometry and cooled with
carbon dioxide or saline (19-22). The lesion itself can enlarge
from edema associated with cell swelling and necrosis from the
thermal effects up to 1.5-5 times its original size and be enlarged
for up to 40 days until there is resorption of the necrotic center
(19-22). The resorption can take over 6 months (19-22). The
advantages of LITT as opposed to standard craniotomies include
smaller incision, less blood loss, less parenchymal manipulation,
shorter hospital stay, and ability to perform adjuvant therapies
sooner because of the lack of need for incisional healing with
smaller incisions (19-22). The disadvantages include difficulty
with treating large lesions, lesions with significant edema,
and highly vascular lesions (19-22). The biggest concern is
the transient volume increases in the immediate postoperative
period that can lead to increased mass effect and neurological
deficits, necessitating pharmacotherapy or surgical therapy
(19-22).

There are two principle companies that provide LITT are
Monteris™ (Neuroblate® and Medtronic™ (Visualase®) (19-
22). The Neuroblate® system uses a CO, gas-cooled laser probe
and has both side-firing and diffuse-tip laser applications (19-
22). Similar, but different, the Visualase® system uses a diode
laser generator and has a cooling catheter than contains a 1-cm-
long fiberoptic applicator with a light-diffusing tip, where the
catheter is connected to a peristaltic roller pump that circulates
sterile saline to cool the probe tip and surrounding tissue (19—
22). It also provides thermal delivery in an ellipsoid-cylindrical
pattern (19-22). Both systems are connected to an MRI unit
and computer workstation that allows robotic manipulation and
real-time thermographic data, where predetermined peri-lesional
thresholds can be pre-assigned (19-22).

The majority of studies on the use of LITT for metastatic brain
tumors are small institutional series with <10 patients (19-22).
Carpentier et al. reported the use of LITT in 7 patients with
15 metastatic lung and breast adenocarcinomas with lesion sizes
ranging from 1 to 3 cm in diameter of unknown locations (19).
All patients were discharged within 24 h, had no new deficits,
and the median survival was 19.8 months (19). Hawasli and
colleagues reported their institutional series of 17 LITT cases,
where five had brain metastases and prior therapy including
surgery and radiation therapy (21). The lesions ranged from
5.2 to 9.9 cm® and involved the WMT of the frontal, parietal,
frontoparietal lobes and the insula (21). Two of the five patients
had transient deficits including aphasia and hemiparesis (21). The
median progression free and overall survival of these patients was
5.8 months (21). Eichberg et al. documented the use of LITT in
four patients with recurrent cerebellar metastases, where the sizes
ranged from 1.1 to 7.2 cm® and the postop volume ranged from
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FIGURE 1 | The use of channel-based retractor of a left basal ganglia non-small cell lung cancer brain metastasis. Preoperative axial (A) and coronal (B) MRI with
contrast demonstrating a deep-seated left basal ganglia brain metastasis. The use of a channel-based retractor to access the lesion (C). Postoperative axial (D) and
coronal (E) MRI with contrast demonstrating gross total resection and no superficial cortical and white matter changes.

0.5 to 7.6 cm>, where lesion size increased by an average of 487%
on postoperative day 1 and the time it took to shrink below initial
volume was 295 days (20).

LITT is typically reserved for metastatic brain tumors that
have failed radiation therapy (19-22). It provides a minimally
invasive way to target both deep-seated and superficial metastatic
lesions that have not responded to radiation therapy (19-22).
Its use, however, is tempered by the transient increase in tumor
volume that can persist for months (19-22). Therefore, the use
of LITT is not typically used as the initial treatment of metastatic
brain tumors and for lesions with significant mass effect and/or
in close proximity to eloquent structures (19-22). Interestingly,
in a recent study by Sloan and colleagues, they reported the use
of LITT followed by transportal resection in 10 patients with
brain tumors (1 MBC) (23). This use may expand the use of LITT
therapy for MBC (23).

CHANNEL-BASED RESECTIONS

Tubular or channel-based retractors provide a means to access
deep-seated lesions (9-12). The typical approach to deep-seated
lesions involved large craniotomies, sizeable cortisectomies,

extensive white matter dissections, and use of multiple bladed
retractors to create a large enough corridor to provide
visualization, access, and resection (24). This approach is
associated with potential injury as a result of large exposures,
prolonged retraction, and inadvertent tissue injury during access
and resection (24). Channel-based retractors circumvent a
lot of these limitations (9-12). In this approach, a circular
channel is placed into the brain typically through a sulcus
(9-12). This channel displaces rather than severs the WMT,
provides a protected corridor for accessing and resecting the
lesion, and creates equivalent, circumferential radial forces to
minimize collateral injury (9-12). These retractors were first
used in the 1980s, and their use has expanded to intracranial
hemorrhages, gliomas, vascular lesions, and MBC, among others
(9-12).

The most widely used channel-based retractors are peel-
away catheters, oval-shaped retractors, and circular retractors
(9-12). The peel-away catheters (Medtronic™) are similar to
central line peel-away catheters whose diameters are typically
measured in French (9-12). These catheters are typically
limited to ventricular surgery as they require working channel
endoscopes for visualization and resection and a clear fluid
medium (9-12). The advantages are they are the least invasive,
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can be used through burrholes, and the least disruptive for
white matter tracts (9-12). The disadvantages are they are
limited to clear fluid media, obviate bimanual techniques
because require working-channel endoscopes, and hemostasis
can be challenging (9-12). Oval-shaped retractors (Viewsite
Brain Access System®, Vycor™) comes in a variety of lengths
(30-70 mm) and widths (12-28 mm). The oval-shaped retractors
can be applied to both deep-seated ventricular and parenchymal
lesions (9-12). The advantages of oval-shaped retractors are
they allow bimanual techniques and have greater widths for
maneuverability, but the disadvantages are that they have
inequivalent radial retraction because of the oval shape, can
severe white matter tracts at wider widths, and are difficult
to use through sulci because of the blunt tip (9-12). Circular
shaped retractors (Brainpath®, Nico™) also come in a variety
of lengths (50-95 mm) and widths (11.5-13.5 mm) and can also
be applied to both deep-seated ventricular and parenchymal
lesions (9-12). The advantages of circular retractors are they
provide equivalent radial retraction, can be applied to the sulcal
space, and allow bimanual techniques (9-12). The primary
disadvantage of the circular retractors is they are narrower
than the oval-shaped retractors with less maneuverability
(9-12).

There are an expanding number of case series that have
evaluated the use of these channel-based retractors for MBC
(Figure 1) (9-12). Bakhsheshian et al. performed a multi-center
study with 25 patients with metastatic brain tumors, where
gross total resection was achieved in 80%, 1 (4%) had a new
neurological deficit, and 19 (76%) had improved neurological
symtpoms (9). These lesions were frontal (n = 5), parietal
(n = 8), cerebellar (n = 8), occipital (n = 3), and splenium
(n 1) (9). Day reported a single surgeon experience with
this approach in 20 metastatic brain tumors, where gross total
resection was achieved in 19 (95%), postoperative hemorrhage
in 1 (5%) that did not require evacuation, new deficit in
0, and perioperative mortality in 1 (5%) due to pulmonary
complications (25). More recently, we reported our experience
in 50 consecutive channel-based resection cases, where 14 had
brain metastases (10). All of these patients underwent gross total
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Management of Intracranial
Metastatic Disease With Laser
Interstitial Thermal Therapy

Afshin Salehi, Ashwin A. Kamath, Eric C. Leuthardt and Albert H. Kim*

Department of Neurological Surgery, Washington University School of Medicine, St. Louis, MO, United States

Treatment approaches for metastatic brain tumors continue to evolve, with increasing
recent emphasis on focal therapies whenever possible. MRI-guided Laser Interstitial
Thermal Therapy (LITT) is a minimally invasive surgical option that has broadened
the capability of the neurosurgeon in treating difficult-to-treat intracranial lesions. This
technology uses image-guided delivery of laser to the target lesion to generate heat and
thereby ablate pathological tissue and has expanded the neurosurgical armamentarium
for surgical treatment of brain metastases. In this study, we describe the indications for
LITT in the management of intracranial metastatic disease and report our institutional
experience with LITT.

Keywords: laser interstitial thermal therapy (LITT), intracranial metastatic disease, brain metastases, overall
survival (OS), thermal-damage-threshold (TDT)

INTRODUCTION

Current strategies for the treatment of metastatic brain tumors include surgical resection or
ablation, stereotactic radiosurgery, fractionated radiation therapy, whole brain radiation therapy
(WBRT), and in select cases, targeted medical therapy. Recent data indicate that rather than
performing WBRT, more focused and localized treatment of brain metastases using stereotactic
radiosurgery (SRS) might be favorable due to cognitive issues associated with WBRT (1). These
results also raise the general concept that focal therapies, where possible, should be preferentially
considered for brain metastases. Additionally, due to advances in the treatment of systemic disease
in this diverse group of patients, practitioners are encountering a growing number of patients with
brain metastases (2) and particularly patients who fail first- and even second-line therapy for their
intracranial disease.

Laser Interstitial Thermal Therapy (LITT) is a novel, highly focused, minimally invasive
technique that can be used to treat a variety of solid organ tumors (3, 4). The development of
complementary technologies, such as intraoperative magnetic resonance imaging (MRI) and real-
time MRI thermometry has enabled LITT to enter the fields of neurosurgery and neuro-oncology
(5-10). In recent years, LITT has been applied to intracranial lesions, including metastatic disease
to the brain, and has yielded safe and satisfactory treatment results with significantly less morbidity
(11) and shorter hospital stays than traditional open craniotomy (7).

Proper patient selection for the appropriate indication is of utmost importance in ensuring
the success of LITT. Firstly, patients must be willing to undergo a surgical procedure and be
able to medically tolerate general anesthesia. In general, the indications fall into the broad
categories of LITT as salvage therapy or frontline therapy. LITT has been used as frontline
therapy in surgically inaccessible tumors (12), such as thalamic or basal ganglia gliomas.
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Other work has shown LITT to be effective in managing
metastases that fail radiosurgery (13, 14) and in radiation
necrosis (13, 15). Conveniently, in cases where the diagnosis is
uncertain or would affect subsequent management, LITT can be
performed subsequent to stereotactic needle biopsy during the
same procedure.

LITT uses an MRI-compatible optical probe that transmits
laser light through to a sapphire tip. The probe is inserted into
the brain lesion with stereotactic guidance via a stab incision and
a simple burr hole. The laser then produces a controlled thermal
injury to the surrounding tissues. MRI thermometry allows for
continuous monitoring of ablation in a controlled manner. The
LITT procedure is generally well-tolerated with low operative
morbidity (11), which is especially desirable in the treatment of
cancer patients who often have significant systemic burden of
disease. LITT therefore offers a promising treatment modality
for intracranial metastatic disease. In this study, we describe our
institutional series of 25 cases of intracranial metastatic disease
treated with LITT.

METHODS
Study Design

Institutional review board approval was obtained for this research
(IRB #201609152). A retrospective database of LITT patients was
maintained and included demographics, age, sex, indications for
LITT, lesion type/location/dimensions as well as operative data,
such as procedure time, number of trajectories, post-operative
complications and readmission rates. Patients were followed
post-operatively. Overall survival was determined as time from
surgery until the time of death or time of last visit. PFS was
measured from the time of surgery until evidence of tumor
progression, time of last stable image, or death.

Operative Technique

The LITT procedure at our institution has previously been
described in detail (8, 9). In brief, for all procedures, Stealth
navigation (Medtronic Inc., Minneapolis, MN, USA) was used
for stereotaxy and trajectory planning. A registration error of
less than 2 mm was used as a general goal. Intra-operative MRI
(IMRIS Inc, Minnetonka, MN, USA) was used for real-time MRI
thermography of the treatment zone. The planned trajectory was
evaluated in detail to avoid sulci and blood vessels, and generally,
the trajectory chosen was in line with the long axis of the lesion.
All patients received advanced MR imaging, including diffusion
tensor imaging (DTI), which was used to avoid passage through
eloquent white matter. Earlier in our series, we tended to use
the Monteris Axiis® frame while later in the series, most cases
were performed with the Monteris® Mini-Bolt as the laser base,
which has a low profile (142 mm with driver). Yet in instances
with superficial lesions, the Axiis® frame is advantageous due to
less artifact superficially in the cranium compared to the Mini-
Bolt. Typically, the stereotactic trajectory was aligned using the
Vertek® arm (Medtronic Inc). A handheld Stryker drill was used
to generate a 4.5mm burr hole, through which the Monteris®
bolt was screwed into the skull. Either diffusion tip or a side-fire

tip was inserted stereotactically into the tumor. Next, the intra-
operative MRI was brought into the operative theater, and initial
imaging obtained to confirm probe placement. The surgeon
then delivered laser therapy to the lesion while monitoring real-
time thermography via MRI to achieve appropriate heat dose
delivery. Post-operatively, patients were treated with Keppra and
a 2-to-3-weeks taper of dexamethasone.

Statistics

The Kaplan-Meier (KM) product limit method was used
to estimate empirical survival probabilities, including overall
survival and progression-free survival. Log-rank test was applied
to compare survival between patient groups. KM curves were
generated. Progression-free survival was determined as the time
from surgery to recurrence, date of last stable scan, or death.
Multivariate Cox proportional hazard model was applied to
include multiple covariates for survival analysis. Hazard ratio
(HR) with 95% confidence interval was calculated from Cox
proportional hazard model.

RESULTS

Participants

A total of 25 LITT cases were performed for metastatic brain
tumors on 24 patients between September 2010 to April 2016
at Washington University in St. Louis (Table 1). There were 15
males and 9 females with an average age of 59 years (range 38-
74). Tumor types ranged from primary origin of lung (n = 16),
melanoma (n 3), followed by breast, colon, ovarian, and
unknown primary. The majority of the lesions were frontal
(n = 11) followed by parietal (n = 8) and other locations (n = 6)
(Table 1). The mean follow-up period was 16.05 months (range
0.7-46.73).

Indications and Operative Details

LITT was chosen as the first-line therapy in only two cases for
which “difficult to resect” location was the primary indication.
For the rest of the cases (n = 23), it was chosen as a secondary or
salvage therapy. In this latter group, surgeons indicated location
as the primary reason for LITT in five of the cases, failure of prior
treatments as the primary reason in 13 cases, and old age as well
as poor functional status in the remaining 5 cases. Six patients
had craniotomy and radiation therapy performed prior to LITT.
Four patients had previous craniotomy and SRS/Gamma knife.
Six patients had prior SRS and no craniotomies.

The average lesion volume was 7.32 cm® (range 1.00-24.59).
Treatment areas were monitored via standard thermal dose
threshold (TDT) lines, with yellow line signifying the thermal
dose equivalent of 43°C for 2min and the blue line 43°C for
10min. TDT lines were not available for two of the cases. Of
the remaining 23 cases, 12 (53%) and 6 (26%) achieved complete
coverage of the contrast-enhancing lesion by the yellow and blue
TDT lines, respectively, with average coverage in the overall
cohort of 95% and 92% by the yellow and blue TDT lines.
Complete coverage of the lesions was limited by ablation area
encroaching on eloquent regions, presence of heat sinks, such as
ventricles or blood vessels near the ablation area, or prohibitively

Frontiers in Oncology | www.frontiersin.org

62

October 2018 | Volume 8 | Article 499


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Salehi et al.

Management of Intracranial Mets With LITT

TABLE 1 | This table shows the demographic of the overall population.

Sex, n (%)
Male 15 (62)
Female 9 (39)
Total 24
Average age, years 59 (38-74)
Primary tumor type, n (%)
Lung 16 (64)
Melanoma 3(12)
Breast 2(8)
Colon 1(4)
Ovarian 14)
Unknown 2(8)
Total cases 25
Location, n (%)
Lobar
Frontal 11 (44)
Parietal 8(32)
Temporal 1(4)
Occipital 1(4)
Insular 1(4)
Deep
Thalamic 1(4)
Basal Ganglia 14)
Cerebellar 1(4)
Total 25

There were 24 patients who underwent 25 cases.

large size of the lesions. In 5 (21%) cases, two trajectories were
used to ablate tumor. Postoperative MRI was performed on
postoperative day 1 for evaluation of the extent of ablation and
establishment of a baseline.

Time of surgery was comparable to craniotomy with an
average of 219 min (range 105-490). Although not statistically
significant, there was a downward trend over time in operative
time (R*> = 0.21, data not shown). There was no correlation
between surgery time and tumor size or location (data not
shown).

Complications

There was one (4%) perioperative complication and 4 (16%)
later complications leading to unplanned readmissions within
30 days (Table 2). The perioperative complication was a seizure
that occurred in a patient with a large tumor (10.09 cm?). He
was given a dose of 2mg Ativan and 200 mg of Vimpat which
abated the seizures and was discharged in stable condition to
rehab on POD 6 on Keppra and Vimpat. One of the re-admission
cases was also potentially due to seizures with presentation of
altered mental status on POD 16. After treatment, this patient
and family opted for comfort care. Two of the readmissions were
due to edema, one of which was secondary to hyponatremia
and responded well to correction of the sodium and the other,
transient hemiparesis, which resolved with a course of steroids.

Analysis of the patients who suffered a complication/readmission
showed that cases with complications were associated with
tumors with larger volume (mean volume 12.32 cm® + 7.4)
compared to those who had no complications (mean volume 5.93
cm?® + 4.96) (unpaired ¢-test, p = 0.032).

Outcome Data

Of the 25 metastatic brain tumor cases treated with LITT, tumor
volumetric and blue TDT line coverage data were available
on 23 patients. Eight of the cases (32%), either had biopsy
performed at the time of LITT to confirm the diagnosis of
metastasis or did not have prior SRS or RT. Zero patients were
lost to follow-up. At the time of analysis, five (21%) patients
were still alive, with a mean follow-up of 32.26 months (range
7.20-46.73). Among the 19 expired patients, we can identify
systemic disease burden as the cause of death in four patients
and CNS disease as cause of death in six patients whereas specific
cause of death cannot be determined in the remaining nine
patients. The median overall survival (OS) was 13.27 months
[95% confidence interval (CI) = 9.83-23.20] (Figure 1A). The
median progression-free survival (PFS) was 6.30 months (95%
CI = 5.3-17.43) (Figure 1B). Stratified by location, frontal (8 of
24), parietal (5 of 24) or other (6 of 24), did not make a significant
difference on OS (p = 0.429) or PFS (p = 0.364).

To determine if pre-operative tumor size plays a role
in outcome after LITT, pre-procedural tumor volumes were
dichotomized with a cut-off at the median volume of 5.62
cm®. PFS of patients with tumor volumes greater than 5.62
cm?® was significantly shorter than that of patients with tumors
smaller than or equal to 5.62 cm® [p = 0.024, HR 2.89
(1.12-7.49)] (Figure 2B). However, analysis of OS between
the same two groups did not show a significant difference
[p = 0.164, HR 1.89 (0.76-4.69)] (Figure 2A). To determine
if treatment coverage area based on the blue TDT line has
an effect on outcomes, patients were dichotomized into two
groups based on a treatment coverage cut-off at the median
of 97%. PFS in cases with treatment coverage greater than
97% was significantly longer than those with less than or equal
to 97% blue TDT coverage [p = 0.029, HR 0.36 (0.14-0.93)]
(Figure 3B). OS of cases similarly dichotomized based on a
97% coverage area was not significantly different [p = 0.052,
HR 0.4 (0.16-1.04)] (Figure 3A). Although dataset numbers are
limited, an exploratory multivariate logistic regression analysis
was performed to identify independent predictors of patient
survival outcome. Four variants were included in the model—
age, sex (M vs. F), percentage of blue TDT line coverage
area (>0.97 vs. <0.97), and tumor volume (>5.62 vs. <5.62).
Multivariate analysis did not show any significant association
between any of the tested parameters and PES or OS.

DISCUSSION

Our retrospective case series demonstrated that the PFS of
patients with metastatic brain tumors treated with LITT is
improved when greater than 97% of the tumor is treated to
the blue TDT line (Figure 3). The OS of this group trended
to significance (p = 0.052). This is consistent with similar
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TABLE 2 | Complication table.

Patient Pathology Age, years Sex Volume, cm3 Type POD Complication Management
1 L Frontal 60 M 10.09 Perioperative 1 Seizures Antiepileptic
Melanoma
2 R Frontal 56 M 8.91 Readmission 4 Confusion Negative workup. Sent
Melanoma to rehab on day 2
3 R Parietal Breast 59 F 12.8 Readmission 8 Edema, Left-sided Edema treated with
hemiparesis steroid
4 L Parietal Lung 58 F 53 Readmission 10 Aphasia, edema, Fluid restriction,
hyponatremia hypertonic saline,
rehab on day 3
5 R Parietal Lung 65 M 24.59 Readmission 16 AMS, seizures Made comfort care*

One perioperative complication and four readmissions. "Patient 5 came back on post-operative day 16 with altered mental status believed to be secondary to seizures who opted for
comfort care and ultimately expired. POD, post operative day; AMS, altered mental status.

studies describing that extent of surgical resection of metastatic
— tumors correlates positively with better outcome (16, 17). Lee
— o SETE] et al. showed that median survival differs significantly when
comparing gross total resection (median survival = 20.4)
to subtotal resection (median survival = 15.1) (p = 0.016).
Our findings suggest that even in cases of irregularly shaped
tumors, use of single or multiple trajectories to achieve greater
than 97% blue TDT treatment coverage, if safe, may be worth
pursuing. A caveat of our study is the possibility that some of
the lesions treated may have represented radiation necrosis. In
our series, 32% of cases either had biopsy done at the time
of LITT to confirm the diagnosis of metastasis or did not
have prior SRS or RT, excluding the possibility of radiation
necrosis at least in these cases. The lack of biopsy-proven
T T 1 tumor in the remaining cases is noted to be a limitation of
d L Moﬁgs 30 40 our study. Nevertheless, recent studies have shown that LITT
B is also an effective treatment option for radiation necrosis
in medically refractory cases (13, 15). The overall survival
— pES of 13.27 months seen in our group was comparable to that
— = 95%ClI seen in other studies with surgery and radiation for recurrent
metastatic cases. As another point of comparison, Koiso et al.
retrospectively reviewed 859 patients with metastatic disease who
underwent a second SRS and reported a median survival of 7.4
months (18).
1 Furthermore, we showed that larger pre-treatment tumor size
. | PR is associated with worse outcome, with significantly shorter PFS
and an increase in post-operative complications. However, as
with our extent of TDT coverage data, we did not observe a
clear impact of this factor on OS in patients. This can perhaps
Q be explained by the fact that overall survival may be dominantly
2 associated with systemic disease burden rather than central
0 10 20 30 20 nervous system disease.
Months To keep complications at a minimum, patient selection is of
great importance. LITT is ideal for lesions that are deeply seated
and for which open surgery would be difficult, morbid, or at least
population and the 95% confidence interval (CI).lThe medianlOS was 13.27 transgress some amount of normal brain. However, LITT is also
(95% Cl = 9.83-23.20). (B) Shows the progression free survival (PFS) of the . R . . R .
population and the 95% Gl The median PFS was 6.30 (95% Cl = 5.3-17.43). well-suited for more superficial lesions in patients who are too ill
for surgery, have a thin scalp due to radiation or multiple prior

Overall Survival

1.0

0.4

Progression-Free Survival

0.2

FIGURE 1 | (A) Kaplan-Meier graph of the overall survival (OS) of the
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FIGURE 2 | (A) Kaplan-Meier graph depicting the OS of patients with the
group dichotomized based on the volume of tumors greater than 5.62 cm? or
less than and equal to 5.62 cmd. P-value for log rank test and hazard ratio are
depicted on the graph. (B) Kaplan-Meier graph of PFS for patients with tumor
volumes greater than 5.62 cmd or less than and equal to 5.62 cmd. Log rank
test comparing this two groups shows significantly improved survival for
patients with smaller tumors (p = 0.024).

surgeries, or have tenuous baseline functional status. Ideally, the
target lesion for LITT would be (1) well-circumscribed such that
the lesion could be treated within a 3 cm-diameter cylinder; (2)
average to low vascularity; and (3) accessible via a safe linear
trajectory that avoids inadvertent heating of eloquent structures.
Additionally, the patient and laser apparatus combined must fit
into the bore of the MRI scanner, which can be a limitation
for obese patients. The efficacy of LITT as frontline therapy,
particularly in small tumors, remains to be determined and will
likely require a clinical trial testing the clinical benefit of LITT vs.
SRS with a larger number of patients. But it is the opinion of the
authors that safe supramarginal ablation by LITT might represent
an interesting alternative to SRS.

With any surgical procedure, operative morbidity and
different treatment options has to be weighed against possible
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FIGURE 3 | (A) Kaplan-Meier graph depicting the OS of patients with the
group dichotomized based on the blue thermal dose threshold (TDT) coverage
area of 97%. P-value for log rank test and hazard ratio are depicted on the
graph. (B) Kaplan-Meier graph of PFS for patients with treatment coverage
area greater than 97% or less than and equal to 97%. Log rank test
comparing these two group shows a significantly improved survival for patients
with blue TDT line coverage >97%.

benefits from surgery. In our series we had two cases (8%)
of seizures (Table 2). As a comparison, Gokhale et al. showed
risk of post-operative seizures after craniotomy to be about
7.3% with Keppra treatment (19), which is similar to the
current study. Post-operative edema is another factor that
must be considered with LITT. In our series, two cases
experienced swelling requiring readmission. Post-LITT edema
may potentially be more fulminant than post-craniotomy edema
due to the lack of any decompression with LITT alone. A
prolonged steroid course (2-3 weeks) or a minimally invasive
craniotomy and limited resection immediately following LITT
of larger tumors may represent strategies to mitigate this
phenomenon (20, 21).

The management of incompletely treated tumors by
LITT or recurrent tumors following LITT remains an
open question. In four patients, LITT was repeated for
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recurrent lesions and in three cases the recurring tumors
were treated with SRS. For larger lesions that may be
incompletely ablated, there may be a role for adjuvant SRS
for the residual. There may also be a role for administration
of chemotherapeutic drugs in the post-LITT period given
our prior finding that the BBB is permeable for 4-6 weeks
post-LITT (22).

In summary, LITT is an increasingly attractive treatment
modality for various types of intracranial lesions including brain
metastasis. It offers a minimally invasive option for tumors that
are difficult to access or refractory to prior treatment while at the
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Stereotactic radiosurgery (SRS) is increasingly utilized to treat the resection cavity
following resection of brain metastases and recent randomized trials have confirmed
postoperative SRS as a standard of care. Postoperative SRS for resected brain
metastases improves local control compared to observation, while also preserving
neurocognitive function in comparison to whole brain radiation therapy (WBRT). However,
even with surgery and SRS, rates of local recurrence at 1 year may be as high as
40%, especially for larger cavities, and there is also a known risk of leptomeningeal
disease after surgery. Additional treatment strategies are needed to improve control while
maintaining or decreasing the toxicity profile associated with treatment. Preoperative SRS
is discussed here as one such approach. Preoperative SRS allows for contouring of an
intact metastasis, as opposed to an irregularly shaped surgical cavity in the post-op
setting. Delivering SRS prior to surgery may also allow for a “sterilizing” effect, with the
potential to increase tumor control by decreasing intra-operative seeding of viable tumor
cells beyond the treated cavity, and decreasing risk of leptomeningeal disease. Because
there is no need to treat brain surrounding tumor in the preoperative setting, and since the
majority of the high dose volume can then be resected at surgery, the rate of symptomatic
radiation necrosis may also be reduced with preoperative SRS. In this mini review, we
explore the potential benefits and risks of preoperative vs. postoperative SRS for brain
metastases as well as the existing literature to date, including published outcomes with
preoperative SRS.

Keywords: preoperative, neoadjuvant, stereotactic radiosurgery (SRS), postoperative, brain metastases, local
recurrence, radionecrosis, leptomeningeal disease

INTRODUCTION

The incidence of brain metastases (BrM) is increasing with approximately 175,000-200,000 patients
developing BrM in the United States yearly (1, 2). This increase is likely multifactorial and related to
both increased detection and an increase in actual development of BrM in cancer patients. Patients
are now more frequently surveilled with dedicated imaging, leading to greater rates of detection.
And, improvements in local and systemic options for cancer patients are improving overall survival
(OS), allowing more time for BrM to occur, especially in the setting of targeted agents that may not
penetrate the central nervous system (CNS). Indeed, up to 20-30% of patients with solid tumors
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may ultimately develop BrM (3, 4). The rate of BrM can
be even higher in select populations, such as patients with
HER2 positive breast cancer receiving directed therapy (5).
Additionally, patients with BrM are living longer. For example,
ALK-rearranged lung cancer patients may live a median of
49.5 months after the development of BrM (6). Thus, optimal
management becomes an important consideration, including
balancing the effectiveness of treatment with associated toxicity.
Here, we present a review of the management of surgically
resected BrM with consideration for strategies to improve local
tumor control and potentially decrease toxicity in long term
survivors, focusing on preoperative stereotactic radiosurgery
(SRS) as one such novel strategy.

SURGERY FOR BRAIN METASTASES

Surgery continues to play a significant role in the management
of BrM for decompression and relief of symptoms secondary
to mass effect, tissue diagnosis including relevant molecular
analysis, local control in select cases such as larger lesions,
and/or for a combination of these reasons (7). Surgery has been
associated with improved overall survival (OS), especially in the
setting of a single or solitary BrM (8, 9). In a seminal study
by Patchell et al. patients randomized to surgery followed by
adjuvant whole brain radiation therapy (WBRT) lived longer as
compared to those receiving WBRT alone, with a median overall
survival (OS) of 40 weeks as compared to 15 weeks, respectively
(8). However, additional work by Patchell et al. revealed that
surgery alone, with no adjuvant radiation therapy, results in a
local recurrence rate of nearly 50% (10).

While there have been improvements stereotactic
guidance, surgical techniques, as well as cross sectional imaging,
the rate of recurrence for surgery alone for BrM is still close
to 50% in more modern cohorts (11). To reduce this rate
of recurrence, postoperative radiosurgery or radiotherapy
is generally recommended, with recent trials informing
practice and favoring SRS over WBRT because of the global
neurocognitive deficits associated with WBRT (3, 12).

in

ADJUVANT RADIOSURGERY AND
RADIOTHERAPY

WBRT as adjuvant therapy for surgically resected BrM has
traditionally been considered the standard of care (8, 12).
However, this type of therapy comes with the cost of substantial
dose to functioning normal brain parenchyma leading to a
decline in neurocognition. A recent cooperative randomized
trial by Brown et al, N107c, revealed that postoperative SRS
has equivalent OS in comparison to WBRT with median OS of
12.2 months vs. 11.6 months, respectively (p = 0.70). However,
SRS was associated with statistically significant decreased rates
of neurocognitive decline and functional independence (12). At
6 months post treatment, 85% of patients assigned to receive
WBRT experienced cognitive deterioration as compared to 52%
of patients assigned to receive SRS (p < 0.001). Postoperative
SRS is thus now considered a standard of care and becoming

a more frequently employed modality after surgically resected
metastases.

However, WBRT has demonstrated improved local control in
comparison to SRS (12). For example, in N107c, the 12 month
surgical bed control rate was 61% in the SRS arm as compared
to 81% in the WBRT arm (p < 0.001). Nevertheless, the rate
of local recurrence with the combination of surgery followed
by WBRT still approximates 20% at 12 months, including with
36 Gy in 12 fractions of adjuvant WBRT and in more modern
series (8, 12). Furthermore, though treatment generally has
improved with advancements in cross sectional imaging, surgical
advances, targeted systemic therapy, and advanced delivery of
radiation, the rate of recurrence after resection followed by SRS,
as demonstrated by Mahajan et al. approximates 28% at 1 year
and is even higher at 44% for lesions >3.0cm (11). While the
lower SRS doses utilized for this study may have been a factor
in recurrence rates, local control for larger BrM has proven
particularly challenging; and the potential local control advantage
of WBRT previously described may not hold for larger metastases
(12). Therefore, the potential for improvement in the treatment
of BrM remains and alternative strategies are needed, with the
goal to continue to improve local control while attempting to
maintain the low toxicity profile associated with SRS.

ALTERNATIVE APPROACHES, INCLUDING
NEOADJUVANT RADIATION
(PREOPERATIVE SRS)

While results of recent randomized trials have informed
practice, the optimal approach to the management of surgically
resected brain metastases has yet to be determined with centers
providing multiple approaches to care, including observation
after resection, adjuvant SRS, adjuvant WBRT, fractionated SRS,
and neoadjuvant SRS, or alternative therapies besides or in
addition to radiation therapy, such laser interstitial thermal
therapy (LITT).

Fractionated SRS may offer advantages in comparison to a
single fraction of radiosurgery including the potential to improve
local control. Fractionation takes advantage of radiobiologic
principles such as normal tissue repair and reoxygenation to
deliver a higher dose of radiation with potentially similar or lower
rates of toxicity including radiation necrosis, in comparison
to single fraction SRS. The hypothesized improvement in local
control with fractionated SRS could be anticipated to be similar to
the differences in surgical bed control rates between WBRT and
SRS described above. Retrospective series including an analysis
by Minniti et al. have demonstrated improved 12 month local
control of 91% in consecutive patients receiving fractionated SRS
as opposed to a 12 month local control rate of 77% for patients
receiving a single fraction (13, 14). Randomized comparisons are
needed for further comparison.

A neoadjuvant (preoperative) approach to radiation therapy
additionally offers the potential to improve rates of local control
while decreasing rates of toxicity. Neoadjuvant radiation therapy
is becoming popular across a number of disease sites. It is now a
standard of care in sarcoma, rectal, esophageal, and pancreatic
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TABLE 1 | Potential advantages and disadvantages of preoperative stereotactic
radiosurgery compared to postoperative stereotactic radiosurgery.

Potential advantages Disadvantages

1 Local Control

¢ Improved target delineation
e Sterilization effect

* Improved oxygenation ratio

Lack of Pathologic Confirmation Prior
to SRS

} Leptomeningeal Disease
o Sterilization effect

Not Compatible with Emergent
Surgery (uncommon)

1 Radiation Necrosis

e | ess normal brain irradiated

® Resection of majority of
irradiated tissue

1 Wound Healing

1 Systemic Control

e |Improved time to systemic
therapy

* Immunogenicity

cancer (15-19). For example, the German rectal cancer study
group reported results of a randomized trial which showed
improved outcomes including better local control and less grade
3 or 4 toxicity with receipt of preoperative as compared to
postoperative radiotherapy (16). It has also been shown that
patients with resectable pancreatic tumors, who historically were
not offered adjuvant radiation due to lack of proven benefit,
do gain a significant benefit from a neoadjuvant approach
(17). These findings are related to a number of advantages
associated with neoadjuvant radiation therapy in comparison to
adjuvant radiation therapy, and specific potential advantages in
the preoperative vs. postoperative SRS setting for BrM are listed
in Table 1 and explored in more detail below.

Target Delineation

Preoperative SRS allows for less complex target delineation with
less uncertainty when contouring an intact BrM. Postoperative
SRS is more complex, attributable to the need to recreate
a tumor bed, correctly interpret the altered appearance of
manipulated dural surfaces in superficial cases, and decisions
whether or not to include portions of the surgical tract for
deeper lesions (Figure 1). Furthermore, the tumor bed can evolve
postoperatively over time, adding the challenge of delineating
residual tumor from postoperative changes, and contouring an
irregularly shaped target whilst ensuring coverage of all areas of
prior contact for previously resected BrM (20, 21). Retrospective
analyses have found conflicting results in regards to the likelihood
of surgical cavity increase vs. constriction post-operatively (22,
23). However, in either case, dynamic surgical bed changes
after simulation but prior to the delivery of SRS represents
an additional challenge in delineation unique to postoperative
LINAC based SRS.

Radiation Necrosis

Radiation necrosis is a potential morbidity of SRS that can
occur in up to 10-20% of patients and require further
intervention, such as steroids, bevacizumab, resection, and/or

LITT in select cases (24). The rate of radiation necrosis is
proportional to radiation dose and the size of the lesion, with
up to a 49.4% cumulative risk at 24 months of radiation
necrosis (including asymptomatic treatment change) reported in
lesions exceeding 1.0 cm treated with definitive SRS. Therefore,
increasing prescription target dose to improve local control of
BrM is limited by toxicity such as necrosis, particularly for
larger lesions (24). Furthermore, newer systemic agents including
immunotherapy and targeted biologics are being used more
frequently and in combination with SRS. These agents generally
have been shown to be efficacious, but in turn may increase the
rate of radiation necrosis for patients receiving SRS (24, 25).
Preoperative SRS could reduce rates of necrosis relative
to postoperative SRS (Table 2). After preoperative SRS, much
of the irradiated rim of normal tissue receiving near target
dose and surrounding the adjacent tumor will be resected at
the time of surgery, potentially attenuating the availability of
injured tissue and cytokine concentrations needed to catalyze
radiation necrosis (Figure 1) (29, 30). In comparison, after
surgical resection, postoperative SRS includes the surgical tumor
bed and a rim or margin of normal tissue which receives
prescription dose, potentially increasing the volume of normal
brain irradiated and increasing risk of radiation necrosis (21).

Local Control

As noted above, local recurrence following postoperative SRS
remains high, especially for larger lesions, with a rate of 44%
reported at 1 year for lesions of 3cm or larger (11). Local
recurrence is associated with worse OS in some series (12, 31).
That local recurrence was decreased with postoperative WBRT
in comparison to postoperative SRS (12) suggests viable cells can
persist outside of the radiation treatment volume when delivery
is performed in the postoperative setting, a problem that could be
avoided with preoperative SRS. A circa 50% local recurrence rate
following surgery alone (11) highlights the fact that tumor cells
are frequently “spilled” at the time of surgery. When possible,
en bloc resection technique can help mitigate that risk (32, 33).
The unfortunate reality of many tumors, however, is that several
factors from fragile cystic walls to dural contact, or vascular
involvement, preclude effectively or safely performing an en bloc
resection. Moreover, tumors approached via a trans-sulcal, trans-
sylvian, interhemispheric, or transventricular approach present
opportunities for dissemination of viable cells into the far reaches
of those surgical access corridors. By operating after prior
radiation, any tumor cells spilled are treated or “sterilized” and
thus likely no longer replication competent, reducing the risk of
recurrence beyond the treatment field.

Appropriate tumors in non-eloquent regions amenable to
either en bloc resection, or generous resection of peri-tumor
parenchyma, may be candidates for preoperative SRS dose
escalation if rates of radiation necrosis risk could indeed
be minimized through this approach. This would equate to
improved control without increased toxicity.

Finally, the biologic effect of radiation therapy is in part
dependent on generation of oxygen free radicals. As noted by
Prabhu et al. oxygenation is decreased in the postoperative
environment, making preoperative SRS theoretically more
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geometry after resection.

FIGURE 1 | A 73 year old male patient with metastatic soft tissue sarcoma and three brain metastases, one large right occipital metastasis with associated edema
(A), as well as smaller tumors in the right motor strip and left temporal lobe (not pictured). He was treated with preoperative SRS (B) to 18 Gy to the 50% isodose line
(20 Gy to the other, smaller tumors) followed by surgical resection of the occipital tumor the next day. Also pictured is a 3 month follow up MRI with the preoperative
target depicted in blue, compared to the postoperative target depicted in green as per consensus guidelines (C), demonstrating the change in the tumor cavity

TABLE 2 | Studies Investigating Preoperative SRS.

References Patients Outcomes
Local recurrence Radiation necrosis Leptomeningeal disease
Pre-op Post-op Pre-op Post-op Pre-op Post-op
Asher et al. (26) N = 47 71.8%~ N/A Considered Local Recurrence N/A 0% N/A
Patel et al. (27) N = 66 N=114 15.9% 12.6% (SRS) 3.09% 20.0% (SRS) 3.2% 8.3% (SRS)
Patel et al. (28) N = 66 N =236 24.5%* 25.1%* (WBRT) 9.9%* 0%* (WBRT) 3.5% 9.0%* (WBRT)

All timepoints are 1 year unless otherwise noted.
*Denotes 24 month timepoints.
~Freedom from local recurrence.

effective at comparable or even lower doses (34). The results of
initial series of preoperative SRS are described in greater detail
below. No local control benefit has been shown to date, however
systematic, prospective evaluation is needed to reduce the impact
of selection bias.

Leptomeningeal Disease

Leptomeningeal carcinomatosis can occur in the setting of
BrM as well as other primary CNS malignancies. In the
context of BrM, it is most common in certain malignancies
such as breast cancer, particularly after neurosurgical
resection, most especially in the posterior fossa (35).
Development of diffuse leptomeningeal disease is associated
with a particularly poor prognosis (36). WBRT has been
associated with decreased rates of leptomeningeal disease in
comparison to postoperative SRS. However, as described below,
preoperative SRS appears to have similar rates of development
of leptomeningeal disease compared to WBRT, without the
associated neurocognitive deficit (28). This could be due to
the above mentioned “sterilization” effect, which prevents
the dissemination of replication-competent tumor cells at the
time of surgery, potentially decreasing the rate of development

of leptomeningeal disease in comparison to postoperative
SRS.

Logistics

The logistics of performing SRS in a recent postoperative
patient may be complicated by competing needs to coordinate
discharge or rehabilitation (rehab) placement needs with SRS,
which is typically performed at the same institution, but on
an outpatient basis. Rehab or skilled nursing facilities may be
reluctant to accept a patient who has upcoming procedures
scheduled. Moreover, patients in the postoperative setting may
have pain control needs that put additional strain on both
patient and staff. For facilities employing frame based SRS,
frame placement may be easier and more comfortable without
a tender or swollen incision, or underlying craniotomy, to
negotiate. For these reasons, postoperative frame based SRS is
rarely performed in the immediate postoperative setting, but
usually 2-5 weeks after surgery, prolonging the total episode of
care. An additional practical concern is the subset of patients
undergoing resection who do not complete intended therapy
with adjuvant SRS or WBRT, due to early progression or failure to
follow up. Undergoing SRS 1-2 days prior to surgery has proven a
logistically favorable and comfortable strategy for patients at our
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institution, allowing minimal time from diagnosis to completion
of treatment.

Although pending SRS is not necessarily a contra-indication
to chemotherapy, a prior series by Chang et al. comparing SRS
to WBRT showed that WBRT resulted in an increased time
to systemic therapy and may have been associated with worse
overall outcomes as a result of this delay (37). As such, the
impact of time to completion of management of BrM should be
considered for potential impact on systemic management.

Additional Considerations —Timing of

Therapy and Immune Activation

Radiation  therapy is  well-recognized to be both
immunosuppressive and immunogenic (38). The precise
timing, dose, fractionation, and ideal combination with systemic
therapy to promote anti-tumor immune activation remain to
be determined (39). The immune system has been shown to be
important in controlling BrM, with immunotherapy, including
dual checkpoint blockade, having demonstrated activity in the
CNS (40). The combination of SRS and immunotherapy in
the treatment of BrM is an area of active investigation. Ideally,
the timing and dose of SRS in the treatment of BrM would
consider optimizing potential benefits of radiation on any
anti-tumor immune response. Thus, although preoperative SRS
permits expeditious management, with surgery performed even
as soon as the same day immediately following SRS, this-like
postoperative SRS—-may suboptimally exploit opportunities to
harness the pro-immunogenic impact of tumor radiation (41).

This concept is well-illustrated in preclinical work by De La
Maza et al. exploring radiation therapy prior to surgery and the
short-term and long-term effect on the immune system. In a
murine model, surgery alone or treatment with hypofractionated
radiation therapy followed by surgery 1 day later resulted
in zero tumor rejection to tumor re-challenge 90 days after
treatment, demonstrating minimal long term immunologic
memory response. However, hypofractionated radiation therapy
followed by surgery 7 days later resulted in a 33% complete
rejection of tumor on re-challenge 90 days after treatment, and
this cohort of radiation therapy followed by surgery 7 days later
had the lowest growth rate overall, as defined by tumor area,
on tumor re-challenge. These findings were confirmed to be
immunologic in origin, as they were markedly diminished when
the mice were depleted of CD4+ T-cells (42).

How neoadjuvant radiation followed by surgery compares
to surgery followed by adjuvant radiation therapy in terms of
immune activation and so called in situ vaccination remains to
be specifically tested. However, postoperative radiation therapy
is likely less immunogenic compared to preoperative radiation
therapy in the setting of recovery from a resection, including
decreased neoantigen stimulation with likely only microscopic
residual disease in the adjuvant setting (43). Finally, large ablative
doses as prescribed in SRS may result in immune suppression
in comparison to more moderate hypofractionation, making a
fractionated pre-operative SRS approach with surgery 7 days or
even more after radiation potentially the most immunogenic of
all paradigms discussed (39, 44, 45).

Ultimately, the role and timing of achieving local control
may require patient-specific considerations in the context of
primary diagnosis, total intracranial and systemic disease burden,
and immune status to optimize care. A patient’s symptoms,
performance status, treatment timeline, prior course, primary
malignancy, type of systemic therapy and more may ultimately
guide decision making, and where pre-operative SRS could be
the ideal approach for a certain patient with BrM, another may
benefit more so from a postoperative approach, including WBRT
with memantine and potentially hippocampal avoidance in select
circumstances (46, 47).

Disadvantages

Preoperative SRS is not without limitations. One significant
disadvantage of treatment of a lesion prior to resection is that the
SRS is delivered before pathologic confirmation is available. This
leads to the real possibility that a lesion which is radiologically
and clinically consistent with a BrM is found not to be a
metastasis, but a primary CNS malignancy, lymphoma, or an
autoimmune condition, entities where the already delivered SRS
would not be the treatment of choice for the diagnosis (and where
radiation therapy may not be indicated).

Another disadvantage is that surgery is often indicated for
highly symptomatic patients with mass effect, and preoperative
SRS potentially delays the time from presentation to operation.
This delay may be on the order of 6-48h at centers with
routine availability of SRS and neurosurgery and not significant
for most patients. However, a preoperative SRS approach may
not work for all patients nor be feasible in all care settings.
Finally, preoperative SRS could lead to issues with wound healing
compared to patients undergoing surgery prior to any therapy.

LITERATURE EVALUATING
PREOPERATIVE SRS AND FUTURE TRIALS

Limited data exist to evaluate the theoretical risks and benefits
of preoperative SRS discussed above but generally support the
safety, efficacy, as well as potential advantages of preoperative
SRS. Asher et al. reported on 47 patients with many treated
prospectively on trial, demonstrating the safety and efficacy
of preoperative SRS, reporting local control rates of 85.6 and
71.8% at 12 and 24 months, respectively (26). Importantly,
no perioperative morbidity or mortality attributable to the
preoperative SRS was noted, although theoretical concerns (e.g.,
wound complications) are not infrequently raised. However, and
again drawing on other existing literature from other disease
sites, series have reported neoadjuvant radiation therapy was
associated with decreased surgical complications and improved
margin negative resection rates in certain instances (19, 48).
Preoperative SRS has been compared to postoperative SRS
and postoperative WBRT in retrospective series. Patel et al.
reviewed outcomes retrospectively of 66 patients treated with
preoperative SRS in the largest series to date and in comparison
to 114 patients who were treated postoperatively (27). In this
analysis, preoperative SRS showed advantages in comparison
to postoperative SRS. The preoperative cohort had statistically
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significant decreased rates of development of leptomeningeal
disease (3.2 vs. 16.2% at 2 years), as well as statistically significant
decreased rates of symptomatic radiation necrosis (4.9 vs. 16.4%
at 2 years). However, this study showed no differences in local
control between these two approaches (27). In a subsequent
analysis, Patel et al. compared preoperative SRS to postoperative
WBRT, finding no differences in local control or rate of
development of leptomeningeal disease (28).

Further studies are necessary to compare preoperative vs.
postoperative SRS. Phase II data described above support the
safety and efficacy of pre-operative SRS, with mixed retrospective
findings in regards to outcomes. When possible, future studies
should continue to consider meaningful endpoints such as
radiation necrosis, leptomeningeal disease, and local control,
while taking into account considerations in timing, and utilizing
correlative analysis to drive better understanding of the biologic
response. Only with robust prospective and randomized data
will we be able to determine if any of these hypothetical
advantages to preoperative SRS are real and justify the known
risks of preoperative treatment including SRS of a non BrM. If
advantageous, eventual comparison will be needed to additional
promising strategies such as fractionated SRS.

The NRG is currently developing a trial at the national level
and several institutional trials are currently in development
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During the past decade, tumor bed stereotactic radiosurgery (SRS) after surgical
resection has been increasingly utilized in the management of brain metastases. SRS
has risen as an alternative to adjuvant whole brain radiation therapy (WBRT), which
has been shown in several studies to be associated with increased neurotoxicity.
Multiple recent articles have shown favorable local control rates compared to those
of WBRT. Specifically, improvements in local control can be achieved by adding a
2mm margin around the resection cavity. Risk factors that have been established
as increasing the risk of local recurrence after resection include: subtotal resection,
larger treatment volume, lower margin dose, and a long delay between surgery and
SRS (>3 weeks). Moreover, consensus among experts in the field have established
the importance of (a) fusion of the pre-operative magnetic resonance imaging scan to
aid in volume delineation (b) contouring the entire surgical tract and (c) expanding the
target to include possible microscopic disease that may extend to meningeal or venous
sinus territory. These strategies can minimize the risks of symptomatic radiation-induced
injury and leptomeningeal dissemination after postoperative SRS. Emerging data has
arisen suggesting that multifraction postoperative SRS, or alternatively, preoperative SRS
could provide decreased rates of radiation necrosis and leptomeningeal disease. Future
prospective randomized clinical trials comparing outcomes between these techniques
are necessary in order to improve outcomes in these patients.

Keywords: postoperative, radiosurgery, metastasis, resection, radiation

INTRODUCTION

While postoperative whole-brain radiation therapy (WBRT) can minimize the likelihood of both
local recurrence within the surgical cavity and distant recurrence elsewhere in the brain, it has been
associated with increased morbidity (1) [level 1 evidence]. WBRT can cause a clinically significant
decrease in neurocognitive function (1, 2) and also quality of life (3).

Because of the increased neurotoxicity associated with WBRT, stereotactic radiosurgery (SRS)
to the resected cavity has established itself as an effective alternative in the management of
brain metastases after surgery. Favorable local control rates have previously been reported (4-6).
Nonetheless, it is imperative to understand the factors that affect local control, patterns of failure,
and symptomatic radiation-induced injury when considering SRS to the resected cavity. Among
these key parameters include: appropriate target delineation (4, 6), cavity volume, margin dose
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and isodose selection (7), SRS timing after surgery (7), and
radiologic follow-up (4). Furthermore, alongside with the
adoption of postoperative SRS for brain metastases during the
last decade, alternative strategies have also been developed
that could minimize symptomatic radiation-induced injury and
leptomeningeal dissemination. These include: multi-fractional
postoperative SRS (8, 9) and preoperative SRS (10).

Given the rapidly changing literature and advances associated
with the field of brain metastasis treatment, this brief review
will provide a global overview of the current paradigms in the
postoperative SRS applications, and outline future directions
which may improve the outcome for this particular group of
patients.

Historical Role of Postoperative Radiation

for Brain Metastases

Patchell et al. was among the first to confirm that surgical
resection of a single brain metastasis followed by whole brain
radiotherapy (WBRT) improved survival when compared to
patients who underwent WBRT alone (median survival 40 weeks
with resection + WBRT vs. 15 weeks with WBRT alone, p < 0.01)
(11) [level 1 evidence]. In a separate prospective randomized
trial for patients with single brain metastasis, Patchell et
al. subsequently found that adjuvant WBRT after resection
improved local tumor control and decreased the likelihood of
distant brain failure and neurologic death, compared to surgery
alone (12). As a result, WBRT became an important therapeutic
option in the postoperative management of patients with cerebral
metastases.

Some investigators have combined WBRT and SRS
postoperatively with the goal of maximizing the tumoricidal
dose to the resected cavity (13, 14). For example, Roberge et al.
retrospectively reviewed the outcomes of 27 patients treated with
WBRT and postoperative SRS (14). Given that only one patient
(4%) required surgical intervention for symptomatic radiation
necrosis, the authors concluded that WBRT and SRS can be
safely combined (14).

The utilization of WBRT has declined during the last
decade due to increasing concerns about radiotherapy-related
neurologic toxicities leading to cognitive impairment. For
example, N0574 enrolled 213 patients with 1-3 brain metastases
which were randomized to SRS with or with WBRT (30 Gy in
12 fractions) (15) [level 1 evidence]. The primary endpoint was
cognitive function and patients treated with WBRT were 45%
more likely to experience cognitive deterioration at 3 months
than those treated with SRS alone. Quality of life was higher at
3 months with SRS alone, including overall quality of life and
there was no difference in overall survival between the treatment
groups (median overall survival 10.4 months SRS alone and 7.4
months SRS plus WBRT). These results confirmed the cognitive
impact of WBRT and suggested for patients with 1-3 brain
metastases amenable to radiosurgery, SRS alone was the preferred
strategy.

More recently, SRS has been utilized in patients with up to 10
brain metastases. Specifically, Yamamoto et al. reported in their
series that SRS without WBRT in patients with five to 10 brain

metastases conferred non-inferior survival when compared to
those patients found to have two to four brain metastases (16).

Emergence of SRS for Resected Brain
Metastases

Given the neurotoxicity concerns associated with WBRT,
technological improvement has been made over the last 10-15
years for utilizing SRS to the resected cavity. Multiple studies
have found 12-month crude local control rates at 70-100%
(4, 6, 8, 17-27), although most have been retrospective in
nature. Brennan et al. reported the first prospective study on
the efficacy of adjuvant SRS in patients with a limited number
of brain metastases following surgery (27). Their median follow-
up was 12.0 months (range: 1.0-94.1 months). Following surgical
resection, 39 patients with 40 lesions were treated with SRS to
the surgical bed to a median dose of 18 Gy (median time to SRS
was 31 days). Their findings were consistent with a local control
rate approximating 85%. Additionally, they found that non-small
cell lung cancer (NSCLC) histology, tumor diameter <3 cm, and
deep parenchymal tumors were associated with improved local
control. Superficial dural/pial involvement and tumor diameter
>3 cm were associated with increased local failure. Infratentorial
lesions were at significantly increased risks of developing regional
failure as opposed to supratentorial lesions.

The importance of larger target volume size (>3cm)
negatively impacting outcomes, as evidenced by Brennan et
al’s findings, has also been corroborated by other investigators
as well (27). Jensen et al. reported a series of 106 patients
(112 lesions) with no prior WBRT, who were treated using
radiosurgery directed to the resected cavity (18). Overall survival
at 12 months was 46.8%, and local control at 12 months was
80.3%. Multivariate analysis revealed that preoperative lesion
diameters of >3 cm were predictive of increased local failure.
Similarly, Hartford et al. reported the outcomes of 47 patients
with 49 brain metastases treated with resection and postoperative
SRS (26). After a median follow-up of 9.3 months, they found
a 12-month local control rate of 85.5%. On univariate analysis,
tumor size >3 cm was associated with a shorter period of time to
local failure. Finally, Jagannathan et al. studied 47 patients who
underwent SRS to the postoperative resection cavity following
gross-total resection of the tumor (28). The mean volume of the
cavity was 10.5 cm®. Three patients had recurrences within the
resection cavity (6%). Increased surgical cavity size was associated
with increased risk of local recurrence. Specifically, the volumes
of these three patients’ resection cavities were: 15.5,18.4, and 21.1
cm?, while the mean volume for the rest of cases was 9.9 cm? (28).

Degree of symmetrical expansion of the target volume for
treatment has also been shown to play a key role in impacting
treatment outcome. For example, Soltys et al. studied 72 patients
treated from 1998 to 2006 who had SRS delivered to the resection
cavity, with a median marginal dose of 18.6 Gy (6). The actuarial
rate of local control at 12 months was 79%. Interestingly,
improved local control was found in those treatment plans with
less conformality. In fact, the conformity index was the only
parameter that was significantly associated with improved local
control. With this in mind, Choi et al. retrospectively studied
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whether adding a margin would affect treatment outcome (4).
The addition of a 2-mm margin was correlated with a statistically
significant reduction in local failure at 12 months from 16% to
3%, without statistically increasing clinical toxicity profiles.

Surveillance imaging is also important following SRS. In their
series, Choi et al. also illustrated the importance of close follow-
up and surveillance if SRS was chosen as adjuvant treatment after
surgery (4). This is evident by the high rate of distant brain failure
found in this series (54% at 12 months), as well as in other clinical
series for surgical cavity-based SRS (recurrence rates at 44-72%)
(6,19-21, 28). Therefore, frequent surveillance imaging (typically
initial follow up MRI brain 2-3 months after SRS) is strongly
recommended (17).

Dose selection for resected cavity SRS has largely been
dependent on the size of the postsurgical cavities on thin-slice
MRI and planning CT scan. Many of the published series still
utilized the SRS dose-escalation algorithm for intact tumors as
outlined by the landmark trial, Radiation Therapy Oncology
Group (RTOG) 90-05, and extrapolate that to the postsurgical
cavity cases (27, 29). As an example, Brennan et al.’s selection of
postoperative SRS doses (27) was related to the maximal surgical
cavity diameter (msc) as seen from the fusion of the MRI brain
and planning CT, which was: (a) 22 Gy for msc:<2.0 cm; 18 Gy
for 2.1-3.0 cm, and 15 Gy for 3.1-4.0 cm. This strategy, of margin
dose reduction for large targets, has been similarly applied to the
postoperative setting, including in prospective trials, to reduce
the volume of normal brain exposed to high doses.

The timeliness of delivering SRS after surgery has also been
highlighted by recent published studies (30, 31). For instance,
Iorio-Morin et al. found that, on multivariate analysis, one of the
risk factors for local recurrence included a longer surgery-to-SRS
delay (more than 3 weeks) (7). Their recommendation was that
SRS should take place as promptly as possible, with a target date
of 3 weeks after surgical resection. These recommendations are
consistent with Patel et al. who recently postulated, based on his
findings of an increase in the tumor bed cavity size after surgery
(32), that delaying postoperative SRS beyond 3 weeks in hopes of
significant tumor bed cavity contraction should not be advised.
Performing SRS within 2-3 weeks after surgery may be the ideal
balance for allowing the patient to recover surgically, without
excessive delay in postoperative treatment that could increase the
risk of tumor recurrence.

Expert Consensus on Accurate Contour

Delineation in Tumor Bed Radiosurgery

Recently, Soliman et al. published their consensus guidelines on
accurate contour delineation in tumor bed radiosurgery (33).
This is the first study published which comprehensively provides
guidelines on design for the appropriate treatment SRS volumes
for resected cavity cases. Here, internationally recognized
authorities in the field each contoured ten postoperative
completely resected cases of diverse clinical scenarios and cases
consisted of tumors located in various regions of the brain.
The level of agreement was adequate (mean sensitivity and
specificity were 0.75 and 0.98, respectively). There were two cases
of metastatic disease in the infratentorial compartment where

significant differences were detected among the contours, in
regard to how generous the clinical target volume (CTV) should
be along the bone flap.

This finding led the researchers to propose the following
recommendations in regard to CTV design. First, the CTV
should completely cover the contrast-enhancing surgical cavity
with the use of the T1-weighted gadolinium-enhanced axial
MRI scan, excluding any vasogenic edema; second, the CTV
should completely encompass the surgical tract visualized on
postoperative imaging; third, if preoperatively there was tumor
contacting the dura, the CTV should include a 5-10 mm margin
along the bone flap that extends beyond the area where there was
existing contact before surgery; fourth, if there is no contact that
is identified between the tumor and dura, the CTV should include
amargin of 1-5 mm where the bone flap is located; finally, if there
is any contact pre-operatively with any of the venous sinuses,
there should be a 1-5 mm margin applied to the CTV in the area
where the sinus is located (33). Hence, the authors concluded that
venous sinus/meningeal coverage should be generous in the CTV
to prevent failures in these high risk regions. While this study is
helpful, it is important to recognize that these recommendations
are based on expert opinion and further study is needed.

Complications and Recurrence Patterns

Following Postoperative SRS

Radiation necrosis is a known potential complication after SRS
and can be difficult to distinguish clinically and radiographically
from tumor progression (34). Advanced techniques for
distinguishing radiation necrosis from tumor recurrence now
include nMR spectroscopy using Choline/N-Acetyl Aspartate
and Choline/Creatine ratios and MR perfusion with the use
of relative cerebral blood volume (35, 36). Current treatment
options include glucocorticoids, hyperbaric oxygen, and surgery,
bevacizumab, and focused interstitial laser thermal therapy, with
varying degrees of effectiveness (37).

The literature has shown rates of radiographic radiation
necrosis in patients treated with SRS (for intact brain metastases)
to be as high as 24% (34). Meanwhile, wider ranges of rates of
radiation necrosis have been observed after postoperative SRS.
These rates of radionecrosis in tumor bed SRS cases have ranged
from 1.5 to 18.5% (9, 27, 38-40). As reported by Keller et al., the
infratentorial location was predictive of increased radionecrosis
(hazard ratio [HR]: 2.97; 95% confidence interval [95% CI]: 1.47-
6.01; p = 0.0025) (40). The V14Gy (volume of brain receiving
14 Gy) was also associated with the risk of radionecrosis following
resected cavity SRS.

Regarding tumor progression, elsewhere intraparenchymal
tumor progression remains the predominate location of
intracranial failure after SRS for brain metastases. While these
recurrence rates are generally similar to patients receiving SRS
alone for intact brain metastases, some have postulated that
rate of leptomeningeal carcinomatosis is higher with resection
of brain metastases and surgical violation of the tumor capsule
(30). The overall rate of leptomeningeal disease (LMD) in solid
malignancies is estimated in the range of 5-15%, and varies
based on several clinical and pathologic features (17, 30, 31, 41),
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and LMD rates followed resected cavity SRS have ranged from 8
to 24% (18, 20, 42). Current research has yet to pinpoint whether
LMD in the postoperative SRS setting is a manifestation of the
tumor’s natural history, or if dissemination is secondary to the
surgery itself (tumor spill) and whether postoperative SRS may
also be indirectly contributing to it (higher incidences of distant
tumor progression leading to LMD, etc.) (9). Several series have
reported on this topic; for example, Atalar et al. reported a higher
rate of LMD in patients with metastatic breast cancer which may
be related to tumor biology (43). It has also been shown that
piecemeal resections and brain metastases in the infratentorial
compartment may lead to increased LMD (17, 20, 44). While
tumor histology has clear implications on systemic therapy
options and patient survival, there are very limited data to
support a differing postoperative radiosurgical management
(dose, timing, etc.) based on tumor histology alone.

Alternative Strategies: Fractionated and
Preoperative SRS

Single-fraction SRS may have increased side effects, particularly
for lesions >3 cm (27), or those located in eloquent regions (45,
46). As a result, hypofractionated SRS is a reasonable alternative
to single-fraction SRS in both preserving tumor control and
also reducing radionecrosis (Figure 1). Steinmann et al. studied
33 patients with single brain metastasis (median volume, 25.6
cc) who underwent surgery followed by hypofractionated SRS
(8). A high local control rate of 71% at 1 year was achieved.
Similarly, Wang reported a local control of 80% at 6 months with
hypofractionated treatments. Meanwhile, Keller et al. published
a series of 181 patients treated with a 3-fractionation schedule
of 33 Gy to the resected cavity. The 1-year local control rate was
88% (9). Interestingly, on multivariate analysis, tumor contact
with the meninges was predictive of increased local failure, which
validated the importance of adding generous margin to the

CTV in that region as suggested by the consensus guidelines as
discussed above (33).

Preoperative SRS is another potential strategy (Figures 2,
3). Recently, Patel et al. published findings from a multi-
institutional study retrospectively comparing outcomes in the
pre-operative vs. postoperative SRS settings (66 and 114 patients,
respectively) (10). With a median follow-up of 24.6 months,
no difference was found between groups for overall survival,
local recurrence, or distant brain failure. However, surprisingly,
postoperative SRS had significantly increased rates of LMD and
symptomatic radionecrosis. A follow-up study was subsequently
performed comparing outcomes between preoperative SRS and
postoperative WBRT (47). A total of 102 patients were analyzed
(66 in the pre-SRS group, vs. 36 in the post-op WBRT group),
and the authors reported the 12-month overall survival rates
were similar between groups, as were 24-month outcomes for
local control, distant control, and the presence of LMD. Crude
rates of radiation necrosis were 5.6 and 0% for the preoperative
SRS and the postoperative WBRT groups, respectively. Future
prospective studies should direct their effort to address whether
preoperative SRS may be superior to postoperative SRS,
and to evaluate the optimal radiation doses, timing between
surgery and SRS treatments, and also salvage options for these
patients requiring locoregional control for their limited brain
metastases (9).

Recent Prospective Studies

In the past year, two randomized prospective trials have been
published highlighting the effectiveness of postoperative SRS.
Mahajan et al. compared 2 groups: those who underwent
SRS (64 patients) vs. those who were observed after gross
total tumor resection (68 patients) (48) [level 1 evidence].
Findings revealed that the 12 month freedom from local
recurrence was significantly higher in the SRS group (72% in
the SRS group vs. 43% in the observation group). In both

fractions.

FIGURE 1 | A patient with a large tumor cavity following resection for brain metastasis received postoperative fractionated stereotactic radiosurgery to 24 Gy in 3
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FIGURE 2 | Axial MRI and CT images of a patient with a brain metastases treated with preoperative stereotactic radiosurgery followed by resection days later.

FIGURE 3 | Axial MRI and CT images of a patient with a brain metastases
treated with preoperative stereotactic radiosurgery followed by resection days
later.

groups, there were no adverse events or deaths attributed to
either treatment. This study validated the recommendation
for adjuvant radiosurgery even after gross total neurosurgical
resection.

In a parallel cooperative group study, Brown et al. enrolled
194 patients randomized between postoperative SRS (98 patients)
or WBRT (96 patients) (49). The results showed a greater
decline in cognitive function, worse quality of life, and worse
functional independence with the use of WBRT as compared to
SRS. Although surgical bed control and intracranial control were
improved with WBRT, there was no difference in overall survival
was observed between the two groups.

The Future of Postoperative Radiosurgery

Postoperative SRS is associated with an acceptable rate of local
control by multiple studies, and causes less neurotoxicity when
compared to WBRT. As a result, postoperative SRS should be
regarded as a standard of care in lieu of WBRT after surgery.
Nonetheless, while most patients will still develop distant failure

after SRS treatment, the ability of postoperative SRS to spare
or delay WBRT is an important advantage and of significant
appreciation clinically by the patients who may otherwise require
upfront WBRT.

Recent collaborative efforts such as Soliman et al. have
been essential in establishing a standard on how to safely and
successfully execute radiation contouring treatment design in
tumor bed SRS cases (33). However, it is not yet known how to
best utilize preoperative tumor extent in postoperative SRS target
delineation. Moreover, margin dose selection and contouring
techniques should be employed for unusual cases such as those
with hemorrhage in the surgical cavity and those with piecemeal
resections (33).

It remains to be seen whether prospective studies can show
(a) a benefit in local control and/or improved toxicity for
hypofractionated tumor bed SRS vs. single fraction tumor bed
SRS and (b) whether pre-operative SRS can lead to decreased
risks of radiation necrosis and/or LMD vs. postoperative SRS, and
studies are underway to analyze these strategies.

In parallel, advancements in systemic therapy’s intracranial
effectiveness could be leveraged in combination with SRS.
For example, we have witnessed the rapid rise in the use of
immunotherapy as the first line therapy for many metastatic
cancers (lung, melanoma, and renal). Recently, prospective
data has emerged which supports the use of immunotherapy
alone (without local therapy) for small, asymptomatic brain
metastases. Specifically, a phase II study of the PD-1 (anti-
programmed cell death protein 1) antibody pembrolizumab
in patients with brain metastases from non-small cell lung
cancer and melanoma (NCT02085070) was published showing
that a durable brain metastasis response was achieved in
22% of patients with melanoma and 33% of patients with
NSCLC (50). Toxic effects were consistent with those reported
in previous trials of pembrolizumab in these diseases and
neurological adverse events associated with drug or disease
were infrequent and non-life threatening (50). The results of
many prospective studies that combine immunotherapy and
SRS are pending, which could inform synergy between these
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modalities to improve local, as well as distant, tumor control
(51). Intraoperative radiation therapy (IORT) has also been
postulated as an alternative technique to improve the results of
postoperative SRS, and likewise it may also prove to be a highly
efficacious technique when combined with immunotherapy
(52).

There are several active areas of research that may serve
to redefine the role of radiosurgery in patients with metastatic
cancer, not the least of which is immuno-radiosurgery. Recently,
there has been a flurry of reports of possible synergy between
radiosurgery and various immunomodulatory systemic agents
(51, 53). Radiosurgery will, without doubt, play a key role in the
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Hypofractionated Radiation Therapy
for Large Brain Metastases

Giuseppina Laura Masucci*

Department of Radiation Oncology, Centre Hospitalier de I'Université de Montréal, Montreal, QC, Canada

Single fraction radiosurgery (SRS) treatment is an effective and recognized alternative
to whole brain radiation for brain metastasis. However, SRS is not always possible,
especially in tumors of a larger diameter where the administration of high dose in a single
fraction is limited by the possibility of acute and late side effects and the dose to the
surrounding organs at risk. Hypofractionated radiation therapy allows the delivery of high
doses of radiation per fraction while minimizing adverse events, all the while maintaining
good local control of lesions. The optimal dose fractionation has however not been
established. This overwiew presents available evidence and rationale supporting usage
of hypofractionated radiation therapy in the treatment of large brain metastases.

Keywords: large brain metastasis, hypofractionation, stereotactic radiotherapy, radiosurgery, brain metastasis

Brain metastases (BM) are a common occurrence in oncologic patients (1). Large BM can be defined
according to their diameter or volume, with lesions measuring either >2 or >3 cm in diameter
or > 4 cm? (2-8) being considered in this category. The optimal treatment for these tumors has
not yet been established. The combination of surgery with post operative radiation either to the
cavity or to the whole brain (WBRT), SRS alone or hypofractionated radiation therapy (HFRT)
have been proposed to address these tumors (3-16) However, local control (LC) rates of large brain
metastasis are known to be inferior to those of smaller dimension (4, 5, 14-20). When possible,
surgery, with post operative radiation, should be considered (21) to decrease mass effect, alleviate
neurological symptoms and facilitate management. For patients with large brain metastasis unable
to undergo surgical resection, WBRT has been considered to be the standard of care. However,
WBRT is associated with a poor local control for lesions of larger diameter (22). Nieder et al. (22)
analyzed the efficacy of WBRT in controlling 336 brain metastasis in 108 patients. Local failure
was estimated to be 48% in tumors measuring <0.5 cm?; however, all lesions measuring >10 cm®
recurred. Complete response was observed only in tumors measuring <6.4 cm? although partial
response was seen in large or necrotic metastases.

Radiosurgery (SRS) is increasingly becoming the preferred treatment for BM, not only for its
efficacy in providing good local control, but also for its limited long term toxicity profile, especially
regarding neurocognitive function when compared to whole brain radiation therapy (WBRT)
(10,23, 24). Moreover, the usage of SRS alone has not been linked to a decrease in OS (25). SRS alone
is an effective treatment for smaller metastases. However, as tumor size increases, the dose that can
be administered safely, without any neurological toxicity, decreases (26). In the dose escalation
study RTOG 90-05 (27), lesions measuring <2, 2.1-3, and 3.1-4 cm were treated by radiosurgery
with doses of 24, 18, and 15 Gy, respectively. By using this fractionation scheme, Vogelbaum et al.
(20) reported that, while treatment with radiosurgery achieved only a LC of 49 and 45% in lesions
measuring 2.1-3 cm in diameter and 3.1-4 cm, lesions measuring <2 cm achieved a LC of more
than 85% when treated with a dose of 24 Gy. The same conclusions were made by Elliott et al. (28)
and Schoeggl et al. (29) where the treatment of lesions measuring >10 and >17 mm, respectively
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by radiosurgery had more local failure. Petrovich et al. (30)
concluded that 1 year LC of lesions <3 cc was greater (90%)
when compared to that of lesions >3 cc (78%). Ebner et al. (15)
concluded that lesions measuring >3 cm had a worse LC at 1
year (68%) then lesions <3 cm (86%). It has been speculated that
better LC could possibly be achieved with a higher prescribed
dose (18, 20, 24, 31). However, the administration of greater doses
of radiation in one single fraction to a large volume is limited
by the possibility of acute and late side effects and the dose to
surrounding organs (OAR), for example the brainstem or optic
nerves (32-34).

OUTCOMES WITH HYPOFRACTIONATION
FOR LARGE METASTASIS

In an attempt to increase the biologically equivalent dose (BED)
administered to BM and possibly LC while minimizing the risk
of radiation induced toxicity, the administration of large doses
of radiation in a few fractions (typically 2-6) has been studied
(7,12, 13, 16). Although this alternative to radiosurgery requires
the patient to undergo multiple days of treatment, it has been
associated with a median OS of 7-17 months and a 1 year LC
of 64 to 100%. (3, 6, 7, 12, 13, 16, 35-42). In a review of 448
patients treated in eight series, it was concluded that HFRT
can safely be administered in patients with lesions measuring
>1 cm; furthermore, for tumors with a diameter >2 cm, HFRT
seemed preferable to SRS, with LC of 68.2-93% and a low rate of
radionecrosis of 3.1% (43).

Multiple studies have looked at the outcomes of patients
treated with HFRT (Table 1). A prospective phase II study (36)
evaluated the efficacy of HFRT in patients not amenable to
SRS. Patients with lesions with a volume of >3 cc or located
in eloquent area were considered. Median diameter of lesions
treated was 2.27 cm. Seventy-two patients received 5 treatments
of 6Gy if WBRT was given or 5X 7 Gy in patients treated
singlehandedly with HFRT. Complete response was seen in 66%
of patients, possibly because of the median gross tumor volume
(GTV volume) measured at 6 cc (0.29-65.57). Local control
was deemed to be over 70% 1 year after treatment. Size of the
treated volume was associated with a 7 months disease specific
survival (DDSS) of 81% for tumors < 6 cc vs. 53% for lesions >
6 cc). Inoue et al. (40) looked at 88 patients treated with large
BM measuring >10 cm?® (10-74.6 cm?). Tumors measuring 10-
19.9 cm?® received 27-30 gy in three fractions (fx); the majority
received 31-35Gy in 5 fx for lesions 20-29.9 cm® and 35-
42 Gy in 8-10 fx was administered to those measuring > 30
cm®. Median single dose equivalent of the maximum dose was
46-48 Gy. LC was seen in 90.2% of patients with no difference
in LC, regardless of the volume treated. A study by Rajakesari
et al. (41). retrospectively reviewed the outcomes of 112 patients
treated with HFRT (87% received a dose of 25Gy in 5 fx), 70
of which had brain metastasis measuring >3 cm. With a median
follow up of 13.5 months, 1 year LC was 56%. Navarria et al. (7)
treated 102 patients with HFRT. In this study, 27 Gy in 3 daily
fx was administered to 51 brain metastasis measuring 2.1-3 cm;
lesions of 3.1-5¢ in diameter received 32 Gy in 4 daily fx. The

fractionation was chosen to provide a biologically equivalent dose
(BEDGY o) > 50 Gy. With these fractionation schemes, lesions,
irrespective of the dose administered, had a 1 year LC of 96%.

Srs vs. Hypofx

Feuvret et al. (16) published the outcomes of 36 patients treated
for solitary BM larger than 3 cm in diameter (median diameter
3.7 cm), with either radiosurgery or HFRT. Patients in this case
series received either 14 Gy in one fraction or 3 fractions of
7.7 Gy. One year LC rates differed between the two cohorts, with
100% of lesions treated with HFRT being controlled vs. 58% in
patients treated with SRS. Moreover, no cases of radionecrosis
were reported. Minniti et al. (12) confirmed these results in
a retrospective study of patients treated with BM measuring
>2 cm. A HFRT treatment of 27 Gy in 3 fx was compared to a SRS
in which tumors measuring 2-3 cm received 18 Gy and lesions
measuring >3 cm 15-16 Gy. One year LC rates were statistically
different between the two groups, with 90% of patients treated
with HFRT vs. 77% of patients treated with SRS attaining LC at 1
year (12).

FACTORS INFLUENCING LOCAL
CONTROL AND OVERALL SURVIVAL
AFTER HFRT FOR LARGE METASTASES

Multiples prognostic factors have been analyzed to assess OS and
LC of brain metastases treated with HFRT (Table 2). However,
none of the studied factors were predictive of OS or LC by all
authors. Patient overall well-being, identified with the Karnofsky
Performance Score (KPS) as well as the patients recursive
partitioning analysis (RPA) score seem to be predictive of overall
survival in a number of studies (3, 7, 12, 13, 36-38). Local control
seems to be influenced by the dose administered and the size of
the treated tumor, albeit not by all.

MULTIPLE STAGES STEREOTACTIC
RADIOSURGERY

A possible alternative to single fraction SRS and
hypofractionation for large brain metastasis is a planned
multiple treatment radiosurgery over two or more sessions
separated by weeks or months (3, 35, 39, 42). Higuchi et al.
(39) published in 2009, a study involving 43 patients treated
for BM measuring >10 cm® with 30 Gy delivered in 3 fx every
2 weeks. After delivery of 10 and 20 Gy, a reduction in volume
of 18.8% and almost 40%, respectively, was noted in more than
90% of tumors. A 12 months LC of 75.9% was reported. Yomo
and Hayashi (42) used a two stage treatment with radiation
administered every 3-4 weeks. Fifty-eight BM with a volume of
>10 cc were treated with a total of 20-30 Gy. One year LC of
64% was observed. Angelov et al. (3) reported results from 54
patients treated for 63 BM >2 cm in diameter with a total dose
of 24-33 Gy (median 30 Gy) (BEDGyjo: 44-73; median 62.5 Gy)
in 2-3 fx to the target. Time between the first and second
treatment was 1 month. Tumors were usually replanned before
each treatment and volumes redefined. Analogous to the results
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TABLE 1 | Selected series of patients treated with HFRT.

No of Volume (cm3) Median dose BEDGyqg Median 1 year overall 1 year local Radionecrosis
Pts/BM diameter (cm) [prescribed survival (OS) control (%)
(median) isodose (%)] (months) (%) (LC)
(%)
Feuvret et al. (16) 12 pts 29.4¢ cm3 3X7.7Gy to PTV 39.4 504 days 100% None
4.4cm
Fokas et al. (38) 102 pts Gr 1: 2.04 cm® Gr.1(n = 61): 7Xbgy Gr1:52.5 Gr1:7mo Gr1:75% 1 patient in Gr 1
Gr 2: 5.93 cm® Gr2(n==61): Gr 2: 56 Gr 2: 10 mo Gr2:71%
10X4Gy
Inoue et al. (40) 88 pts/ 16.2¢c cm® Gr1: 10-19.9 cm?3: Gr1:51.3-60 9 mo Marginal
92 BM 27-30Gy in 3 fx Gr 2: 50.2-59.5 recurrences:
Gr 2: 20-29.0 cm®: Gr 3: 50.7-59.6 GR1: 7%
31-35Gy in 5 fx Gr2:11%
Gr 3: >30 cm3: Gr3: 0%
35-42 Gy in 8-10 fx
(65-57%)
Jiang et al. (13) 40 pts 17.5 cm3 409y (20-53) in 10 fx 56 + 30 15 mo 94% None
4.1cm (4-15) isodose: 90% 55.3%
+ boost 20 gy
(10-35) in 4 fx (2-10)
in 23 patients 1-3
months after tx
Minniti et al. (12) 138 pts 12.5 cm3 27 Gy in 3 fx 51.3 13.4 months 90% (for lesions 9% for HFRT
(80-90%) 56% >3cm 73%) 14% for lesions
>3cm
Navarria et al. (7) 102 pts 16.3 cm3 Gr 1: diameter 2.1-3 Gr1:51.3 14 mo 96% 5.8%
51Gr1 2.9cm cm: 27 Gy in 3 fx Gr2:57.6 69% Gr 1: 100%
51 Gr2 Gr 2: diameter 3.1-5 Gr1: 14 mo Gr2:91%
cm: 32Gy in 4 fx 60%
(80%) Gr 2:14 mo
80%
Murai et al. (6) 54 pts/ >2.5cm diameter 2.5-3 cm: 3 Gr1: 31% 69% None
61 BM x 28.8-39.4 Gr1: 66%
diameter >4 cm: 5 fx 29.8-37.5 Gr 2: 65%
Gr1: Gr2: Gr 3: 68%
18-22 Gy in 3 fx 39-51.3
21-25Gy in 5 fx 37.5-50.2
Gr2: Gr3:
22-27 Gy in 3 fx 51.3-60
25-31Gy in 5 fx 50.2-59.5
Gr3:
27-30Gy in 3 fx
31-835Gy in 5 fx
Rajakesari et al. 70 pts 1.7cm 25Gy in 5 fx 37.5 10.7 mo 56% 4.3%
(41) (90-95%)
Fahrig et al. (37) 150 pts/ 6.1 cm3 Gr1: 65X 6-7Gy Gr 1: 48-59.5Gy 16 mo Gr1:87% 1.3%
228 BM Gr2:10X 4Gy Gr 2: 56 Gy 83% Gr 2: 95%
Gr1:72 Gr 3: 7X 5Gy GR 3:52.5Gy Gr2and Gr 3: 17 mo GR 3: 96%
Gr 2: 59 (90%) Gr1:11 mo
GR3:97
Aoyama et al. (44) 87 pts/ 35Gy in 4 fx 62.9 8.7 mo 81%
159 BM
Ernst-Stecken 51 pts/ 2.27cm Gr 1: If WBRT prior: Gr 1: 58 11 mo 76% 2%
etal. (36) 72 BM 6 cmd 5X 6Gy Gr2: 59.5
Gr 2: no WBRT: 5X
7Gy
(90%)
(Continued)
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TABLE 1 | Continued

No of Volume (cm3) Median dose BEDGyqg Median 1 year overall 1 year local Radionecrosis
Pts/BM diameter (cm) [prescribed survival (OS) control (%)
(median) isodose (%)] (months) (%) (LC)
(%)
MULTIPLE STAGE RADIOSURGERY SERIES
Higuchi et al. (39) 43 pts 17.8 cm3 10Gy in 3 fx, 60 8.8 mo 75.9% None
2 weeks apart 76.2%
Yomo and Hayashi 58 pts 16.4 cm3 20-30Gy in 2 fx; 40-75 11.8 mo 64% None
(42) 3-4 weeks apart 47%
(45%)
Angelov et al. (3) 54 pts/ 10.54 cm3 30Gy in 2 fx 75 10.8 88% (@ 6 mo) 3.17%
63 BM 3.3cm 1 months apart 49%
(54%)
Dohm et al. (35) 33 pts/ 11.68 cm® 156Gy in 1 fx followed 37.5-33.6 60% 87% 10.2%
39 BM a month later by
14Gyin 1 fx
(50%)

published by Higuchi, they noted a median decrease in tumor
volume of 17%; 90% of the lesions showed no progression with
67% of lesions showing a decrease in volume of >30 and 24%
remaining stable. At 6 months follow up, LC was 88%. Dohm
et al. (35) reported the results of 33 patients treated for 39 lesions
in 2 treatments separated by 4 weeks. A median dose of 15 Gy
(10-21 Gy) and 14 Gy (10-18 Gy) were administered on first and
second treatment, respectively. One year local failure was 13%.
Median volume reduction after first treatment was 32.6% and
was observed in 33 tumors.

DOSE TO TARGET VOLUMES AND
ORGANS AT RISK (OAR)

In the treatment of BM with a single radiosurgery treatment,
most radiation oncologists will prescribe doses in keeping with
RTOG 90-05 (26); larger brain metastases, with a diameter of 3—
4 cm, would therefore receive a single dose of 15 Gy. However, for
these tumors, LC rates at 12 months are suboptimal, ranging from
37 to 62% (18, 26, 27). Vogelbaum et al. (20) published results
from more than 200 patients that received radiosurgery in a single
fraction. Although the results were similar to the ones previously
stated, LC was deemed to be 45-49% when lesions received
15-18 Gy, but increased to 85% when 24 Gy was administered.
However, doses of 24 Gy have been associated with a higher risk
of CNS toxicity, of which the most feared is radionecrosis (26).
One of the advantages of hypofractionation is the delivery of
a higher BED while minimizing the risk of side effects to the
surrounding OAR. Nevertheless, the optimal dose to administer
is not known. In the literature, multiple fractionation schemes
have been studied (Table 1). Most use a minimum of 4 Gy and a
maximum of 10 Gy per fraction. A total BEDGy of at least 50 Gy
seems to provide better local control (38). Marcrom et al. (45)
compared a dose of 25 Gy in 5 fx to 30 Gy in 5 fx in 72 patients
treated for 182 BM measuring up to 5.5cm (39 cc); 36 lesions
being >3 cm in diameter. A total dose of 30 Gy was associated

with a better LC 1 year after treatment (72 vs. 40% for lesions
receiving 25 Gy). Fahrig et al. (37) assessed three different doses
to BM with a maximal diameter >3 cm. Patients received either
5 fx of 6-7 Gy (total: 30-35 Gy) in group 1, 10 fx of 4 Gy (total
40 Gy) in group 2 or 7 fx of 5Gy (total 35Gy) in group 3. Of
these three regiments, the last two seemed to provide better 1 year
LC and median OS when compared to group 1. This difference
in OS between the three groups could possibly be explained by
the fact that there were significantly less patients with RPA class
Iin group 1. CNS toxicity was deemed to be lesser for patients in
group 2. On the other hand, a dose escalation study administering
doses ranging from 18-22 Gy in 3 fx to 31-35 Gy in 5 fx did not
demonstrate any difference in local control or overall survival in
patients (6).

Dose to OAR

Although the optimal doses to be administered to the brain
metastasis are not known, dose constraints to be applied to
nearby critical organs (OAR) are less controversial. Maximum
doses have been limited to 21-25Gy in 5 fx or 15-18 Gy in 3
fx (40, 45, 46) for the optical apparatus and to 31 Gy in 5 fx
or 23 Gy in 3 fx for the brainstem (45, 46). Other possible dose
limits that have been described for the brainstem are D1% (dose
administered to 1% of the volume) <20 Gy or V26Gy (volume
of the brainstem receiving 26 Gy) <1 cc, D1% <15 Gy or V20Gy
(volume receiving 20 Gy) <0.2 cc for the optical nerves and D1%
<1 Gy for the lenses (7, 45). Maintaining a V14Gy < 3 cm? for
the brain parenchyma and <1 cm? for critical areas such as motor
cortex, basal ganglia or thalamus has been described (40).

POST OPERATIVE TREATMENT OF LARGE
CAVITIES

Cyst Aspiration

Tumor size can influence the local control of brain metastases
and overall survival of patients as stated above. It can therefore
be of interest to reduce their volume prior to radiation treatment,
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TABLE 2 | Selected series with factors influencing OS and local control in patient treated with HFRT.

Overall survival Local control
SS NS Ss NS
Ebner et al. (15) UVA: Size: UVA:
* Age (<65 years) e <3.0cmvs. >3cm e Gender
e Controlled primary * Age >65
MVA: e Histology
* Age <65 years e Surgical resection status

e Dose (<16 vs. >16Gy)
e Tumor size: 3-4cmvs. >4cm

Inoue et al. (40) Lower survival for lesions > 30 On UVA and MVA:
cmd * Age
e Gender

Tumor location within brain
Tumor volume

Number of fraction of RT

o V14

Tumor size: 10-19.9 cmS3 vs.
20-29.9 cm3 vs. > 30 cm3

Fokas et al. (38) UVA: ® Surgical resection Dose administered
e Chemotherapy status status (srs vs. 7X 5gy vs. 10X
(yes vs. no) ° Age 4gy)
e RPAclass: | vs. II-lll e Gender
e Single BM (vs. multiple BM)
* Presence of extracerebral
disease
MVA:
RPA class |
Jiang et al. (13) e Controlled primary tumor e Gender e Gender
e KPS> 80 * Age * Age
e Number of brain * number of brain mets
mets e presence  of  extracranial
e presence of metastasis
extracranial disease e KPS
* RPA class * RPA class
Minniti et al. (12) MVA: Histology: melanoma * No other actors were predictive
e Extracranial disease (stable) worse local control of local failure;
* Histology: breast cancer e Tumor size > 3cm was of
(better) borderline significance
o KPS >70
Navarria et al. (7) UVA and MVA: UVA and MVA:
e KPS e Gender
e Extracranial disease (stable) ° Age
o KPS
e Histology
® Presence of
extracranial disease
* RPA-GPA class
e Tumor size
Yomo and Hayashi e Extracranial disease (stable) * Age (<65 vs. >65)
(42) o Interval from cancer diagnosis o KPS >90
to RT treatment (< 12 vs. >
12 months)
e Single vs. multiple BM
Fahrig et al. (37) MVA: MVA: Trend for better LC for
e RPA class e RT dose (6 X 7Gy vs. lesions treated with
10X 4Gy vs. 7 X5gy) 5X6-7Gy and 7X5Gy
vs. 10X4Gy

(Continued)
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TABLE 2 | Continued

Overall survival

Local control

SS NS Ss NS
Ernst-Stecken e Tumor size e Extracranial disease
et al. (36) e KPS ® Age (<65 vs. >65)
e Number of metastases e Gender
(1vs. >1)
Angelov et al. (3) UVA: UVA:

Interval from cancer diagnosis
to RT treatment (< 12 vs. >
12 months)

KPS (<70)

Number of lesions <2cm
Greater volume of tumor
present at second hypofx
treatment (<3.5 vs. >3.5 cm?)
MVA:

KPS

Number of lesions <2cm
greater volume of tumor
present at second hypofx
treatment (<3.5 vs. >3.5 cm3)

Volume change
between first and
second hypofx
treatment

o KPS

MVA:

e \olume change
between first and
second hypofx
treatment

S8, statistically significant; NS, non-statistically significant; RPA, recursive partitioning analysis; KPS, Karnofsky Performance Score; GPA, graded prognostic assessment; UVA, univariate

analysis; MVA, multivariate analysis;, BM, brain metastasis.

permitting the administration of a higher radiation dose. An
option for size reduction of cystic lesions is cyst aspiration,
where a substantial decrease in tumor volume has been reported
(47-50) (50.8-77.9%). This could potentially allow for treatment
with a higher radiation dose (48). By combining this method to
adjuvant radiation, better local control can be obtained, ranging
from 45.8 to 63% (47-50). The latter also allows for the relief of
acute symptoms related to mass effect (51, 52).

Surgical Resection

As previously mentioned, surgery should be considered for the
treatment of large brain metastases. Post operatively, cavities
can easily have a diameter > 3-4 cm, rendering a radiosurgery
treatment difficult. Larger cavities are thus usually treated with a
hypofractionated treatment with doses ranging from 24 Gy in 3
fractions to 36 Gy in 6 fractions (53-56). Most studies published
have used a planning tumor volume (PTV) of 2-3 mm (57-59).
With most failures occurring within the surgical cavities (60), a
PTV margin of 2-3 mm seems to be sufficient.

The treatment of surgical cavities with fractionated radiation
confers good local control, ranging from 77 to 93% (2, 12, 54,
61, 62) in the literature. Moreover, local control of larger cavities
does not appear to be associated with the number of fractions
or dose used (63). Histology of the primary, does not seem to
influence recurrence, with similar local control for radiosensitive
(i.e., breast and lung up to 94%) and radioresistant tumors [up
to 90% i.e., melanoma, renal cell carcinoma (2, 12)] reported.
Median survival after surgery and hypofractionated radiation
treatment to cavities of large metastasis is 5.5-17 months (2, 11,
12, 60, 61, 64). A possible advantage of WBRT over HFRT in
the post operative setting is the risk of leptomeningeal disease.

The rate of leptomeningeal spread to meninges and cerebrospinal
fluid in patients treated with WBRT is 5-12% (65, 66) vs. 14-28%
(66, 67).

ADVERSE EFFECTS

In the setting of hypofractionation, the rate of radiation necrosis
has been estimated to be up to 10-15% (3, 6, 7, 11, 12, 16, 35-
42). Authors have tried to determine dosimetric parameters and
tumor characteristics that could possibly predict the risk of
radionecrosis and severe CNS toxicity. In series comparing the
usage of SRS vs. HFRT for the treatment of metastases, the rate
of radionecrosis seems to be higher when patients are treated
with a single fraction. Data (12) has showed that large tumors
treated with 9Gy in 3 fx had a 14% risk of radionecrosis vs.
33% for lesions treated in a single fraction. The risk of RN
when treated with 3 fractions seems to be related to the volume
receiving 18 Gy (12). Rates of radionecrosis are estimated to be
5% for V18 < 30.2 cm® and up to 14% for V18 > 30 cm? (12).
When analyzed according to quartile distribution, the risk was
estimated to be: 0, 6, 13, and 24% for V18 < 22.8, 22.8-30.2,
30.3-41.2, and >41.2 cm?, respectively (12). Others, Inoue et al.
(40) have found that the surrounding brain volume treated to the
equivalent of a single dose of 14 Gy (V14Gy) can be predictive
of the risk of radionecrosis, with V14 > 7.0 ¢cm? being a risk
factor for developing extensive brain oedema and RN. It has been
concluded that the risk of RN can be maintained under 2-15%
when a BED of 90-127 Gy3 (a/p = 3) is used (dose of 24-35 Gy in
3-5 fx) (12, 36). Size has also been reported as a possible culprit,
however inconsistently, with lesions of >3 cm at a higher risk
(45).
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Neurological symptoms related to HFRT has been reported
in patients necessitating long term steroid treatment (13, 35,
36). Deaths secondary to surrounding oedema and the presence
of radionecrosis, although rare, have also been described (13).
Toxicity of lesser severity (grade 1-3) (according to the National
Cancer Institute Common Terminology Criteria for Adverse Events
v.3 and v.4) has been reported in 2-52% (12, 16, 36, 38) of patients
treated with HFRT. Age (>60), treatment with less than five
fractions, and a greater treated volume (possibly of >20 cm?)
(36, 40) have been suggested to be predictive of brain oedema
necessitating steroids. Lesions located deep within the white
matter are perhaps more likely to cause oedema necessitating
corticosteroids, and it has been suggested for these to keep V14Gy
to <3 cm? (40).

PLANNING FOR RADIATION THERAPY

Planning of a hypofractionated radiation treatment for large
brain metastases is very similar to that of a radiosurgery
treatment. Patients usually undergo a planning CT and a high-
field 3D distortion corrected T1 contrast MRI with isotropic
voxels < 1m MRI with gadolinium to help delineate tumor
volumes. Gross target volume (GTV) is delineated on CT scan
and MRI and is defined as the area of contrast enhancement.
Clinical target volume (CTV) is usually not defined in the
treatment of brain metastasis treated with upfront radiation.
However, in post operative treatment, it is defined as any
contrast enhancing post operative changes on planning MRI
and does usually not include the surgical tract (65, 68). In
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Brain metastases remain the most common neurologic complication of cancer. With
improvement in surveillance and systemic therapy, patients with limited CNS disease
are living longer after diagnosis, thus influencing the importance of optimal radiation
treatment in order to maximize local control and minimize morbidity. In patients with a
limited number of brain metastases, stereotactic radiosurgery is more recently seen as an
appropriate sole modality for management with excellent local control. As newer systemic
therapies emerge and with the advent of immunotherapies and targeted therapies for
metastatic CNS disease, further research is needed in the optimal timing and sequencing
of these modalities.

Keywords: brain metastases (BM), stereotactic radiosurgery (SRS), radiation therapy (XRT), systemic therapy,
review (article)

INTRODUCTION

Up to 30% of cancer patients develop brain metastases during their lifetime making it the most
common neurological complication of cancer (1, 2). The most common primary cancers that
metastasize to the brain include lung cancer, breast cancer, kidney cancer and melanoma (3, 4).
Incidence has increased due to more routine surveillance, detection of smaller lesions with MRI,
as well as improved systemic therapies and thus improved length of survival. Given the available
treatment options and strong proponents of various treatment options, optimal treatment has been
controversial given the historically poor outcomes (5). While overall prognosis after development
of brain metastases remains poor, a subset of patients can live several years after diagnosis, especially
those with limited CNS disease (6). Given potential for long term survival, stereotactic radiosurgery
(SRS), with or without whole-brain radiation (WBRT), has become an increasingly recognized
standard of care in order to minimize morbidity. More recently, SRS alone has been supported
as a sole modality for the management ofl to 4 brain metastases.

HISTORICAL STANDARDS

The early randomized trials by Patchell et al. (7) answered initial questions about the best
management strategy for single brain metastasis. In his initial study, patients with a single brain
metastasis were randomized to surgery plus WBRT or biopsy plus WBRT which showed an
overall survival (OS) benefit to surgical resection (40 vs. 15 weeks, p < 0.01) and local control
improvement. Therefore, a subsequent study by Patchell et al. (8) was designed in which patients
with a single brain metastasis had complete surgical resection and then randomized to WBRT or
observation. Post-operative WBRT reduced intracranial failure from 70 to 18% (p < 0.001) and
local recurrence (LR) from 46 to 10% (p < 0.001). Consequently, the optimal treatment of single
brain metastasis was resection followed by WBRT. With the advent of SRS, future investigations
focused on the addition of SRS to WBRT in order to improve local control (LC).
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WBRT + SRS

One of the earliest uses of SRS for brain metastases was as
an adjunct to WBRT. At that time, the maximum number of
brain metastases able to be treated was up to 3 or 4 due to
technical limitations of the treatment machines. An initial study
by Kondziolka et al. (9) randomized 27 patients with 2 to 4 brain
metastases, all <2.5cm, to WBRT vs. WBRT plus SRS boost.
WBRT dose was 30 Gy in 12 fractions with an SRS boost of 16 Gy
in a single fraction. Patients who received WBRT alone, had local
failure rates of 100% vs. only 8% in patients who received SRS
boost. Survival was 11 months in patients receiving SRS and 7.5
months in patients receiving WBRT alone (p = 0.22), which was
expected given the small sample size that was underpowered to
detect a survival difference. This data suggested that given poor
LC rates with WBRT, SRS boost should be considered in patients
with an otherwise reasonable survival expectation.

A subsequent larger randomized study (RTOG 95-08) (1)
sought to further investigate the role of SRS boost. Three
hundred, 33 patients with 1-3 brain metastases were randomized
to WBRT vs. WBRT plus SRS boost. LC at 1 year improved
from 71 to 82% with the addition of SRS (p = 0.01), though
<50% of patients had adequate follow up imaging at 3 months.
Overall, there was no difference in survival between the arms.
In the subset of patients with single brain metastasis or recursive
partition analysis (RPA) Class I, there was improved survival with
SRS boost from 4.9 to 6.5 months (p = 0.39) and 9.6 to 11.6
months (p = 0.045), respectively. On secondary analysis (10),
patients were classified by Graded Prognostic Assessment (GPA)
score, a more modern prognostic scoring system compared to
the RPA initially used. Patients with a high GPA (3.5-4) had
improved survival regardless of number of brain metastases. This
study further supported the observation that SRS boost improves
LCand OS, particularly in patients with good performance status.

A Cochrane Database review updated in 2017 (11) synthesized
available data regarding the benefit of SRS boost after WBRT.
This review included three randomized trials which included a
total of 358 patients. There was decreased local failure in the
WBRT plus SRS group (HR 0.27 95% CI 0.14-0.52) as well as an
improvement in performance status scores and decreased steroid
use (RR 0.64 CI 0.42-0.97). There was no difference in OS in
either group, though in participants with single brain metastasis
had significantly longer median survival in the WBRT plus SRS
group (p = 0.04).

SRS ALONE

Subsequent data indicated there may be an association between
WBRT and neurocognitive decline as well as an increased risk
of dementia, though data was conflicting and some argued that
progressive CNS disease caused more deleterious side effects than
those related to WBRT (12-14). Thus, future studies focused
on maximizing control, while further investigating effects of
progressive brain metastases and treatment on neurocognition
and quality of life. The debate surrounding the need for upfront
WBRT in patients with a limited number of brain metastases
was the subject of multiple future investigations. There have

been four randomized trials investigating SRS alone vs. SRS
plus WBRT (Table 1), which overall, have indicated that SRS
alone allows for reduced effects on neurocognition, while still
effectively managing brain metastases.

Aoyama et al. (15) published the first prospective study
exploring this topic. In this phase III randomized control trial
(RCT), 132 patients with 4 or less brain metastases <3 cm in
size were randomized to SRS plus WBRT vs. SRS alone. The
study was underpowered to detect an OS difference, and the
primary endpoint was brain tumor recurrence. At 1 year, brain
tumor recurrence decreased from 76 to 47% with the addition
of WBRT (p < 0.001). WBRT also improved 1-year freedom
from new brain metastases from 41.5% in SRS group to 64% (p
= 0.003), and subsequently, there was more salvage treatment
in the SRS alone group. There were no noted differences in
toxicities between the groups. A subset of 28 patients had
neurocognitive testing with Mini-Mental Status Examination
(MMSE) at baseline and at least once at follow up. This group
showed there was no difference after treatment between the two
arms. Conflicting conclusions were drawn by various groups
from this data, with the authors concluding that WBRT could
be omitted safely, while others felt that WBRT improved LC
and brain tumor recurrence and should be delivered routinely.
In a secondary analysis of the data, published 9 years later, in
the subset of patients with non-small cell lung cancer (NSCLC)
with GPA score of 2.5-4, there was an improvement in OS from
10.6 to 16.7 months (p = 0.04) in patients receiving SRS plus
WBRT (21). As expected, this group of patients had a lower rate of
brain metastases recurrence (p < 0.01) which may contribute to
improved OS. There was no improvement in survival for patients
with lower GPA scores. This small sub-study of 47 patients is
suggestive of benefit, though with small number of patients with
12 months follow up (n = 24), it may be considered hypothesis
generating that maximal intracranial control is ideal for patients
with potential for long survival.

More modern data have been acquired to further determine
the neurocognitive impact of WBRT. Another phase III RCT
compared SRS plus WBRT to SRS alone in patients with 1-3
brain metastasis and followed neurocognitive outcomes with the
Hopkins Verbal Learning Test Revised (HVLT-R) (16). Fifty-
eight patients were enrolled, and at interim analysis, there was
a 96% probability that the SRS plus WBRT arm would show
a decline in neurocognition, and the trial was ended early. As
previously seen, there was a higher rate of CNS recurrence
in SRS-only group compared to SRS plus WBRT, 73 vs. 27%,
respectively (p = 0.0003). Median OS was surprisingly improved
in SRS alone group at 15.2 vs. 5.7 months in the SRS plus WBRT
group (p = 0.003). It was speculated that there was perhaps
more surgical salvage and/or earlier start to systemic therapy in
SRS alone group, or higher burden of systemic disease in those
assigned to SRS plus WBRT. Given improved neurocognitive
scores as well as potential for OS benefit, the authors concluded
the SRS alone was preferred over SRS plus WBRT provided
patients undergo close and careful follow up.

The European Organization for Research and Treatment of
Cancer (EORTC) conducted a phase III trial in patients with
1-3 brain metastases who underwent SRS or surgery, then
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TABLE 1 | Summary of SRS alone vs. SRS + WBRT.

OS (months)

Clinical outcomes

Arm 1 year LC (%)
Aoyamaetal. SRS 72.5 (p = 0.002)
(15) SRS + WBRT 88.7
Chang et al. SRS 67 (p =0.012)
(16) SRS + WBRT 100
Kocheretal. SRS 69 (2y, p = 0.04)
(17) SRS + WBRT 81 (2y)
Sahgal et al. SRS (<50) 68 (crude rates)
(19 SRS + WBRT (<50 y) 89

SRS (>50) 74

SRS + WBRT (>50') 88
Brown et al. SRS 72.8
(20) SRS + WBRT 90.1

8.0 (p =0.42) No difference in MMSE scores between groups
7.5

15.2 (p = 0.003) Decline in HVLT-R scores in SRS + WBRT arm
5.7

10.7 (p = 0.89) Higher HRQOL scores in SRS alone arm (18)
10.9

13.6 Not reported

8.2

101

8.6

10.4 (p = 0.92) Decline in immediate and delayed recall, verbal
7.4 fluency, and executive functioning in WBRT arm

randomized patients to WBRT or observation (17). As expected,
WBRT decreased the risk of intracranial relapse, however, there
was no difference in OS between the groups. Interestingly,
there was no difference in functional improvement between the
two groups, indicating that while WBRT reduced the risk of
recurrence, there was no clinical improvement in functional
independence. Follow up publication by Soffietti et al. (18)
focused on health-related quality of life (HRQOL) parameters
in these patients. Patients in the observation arm had higher
HRQOL scores in global health at 9 months (p = 0.148), as well as
improved physical function and fatigue at 8 weeks, and cognitive
functioning at 12 months compared to those in WBRT arm.

An individual patient-level meta-analysis of the above three
studies was done to further characterize these findings. This
showed that patients younger than 50 years old had improved
survival with SRS alone when compared to SRS plus WBRT
(10 vs. 8.2 months, p = 0.04). This patient group also had no
difference in distant brain metastasis rate. It was concluded from
this data set that the side effect profile of WBRT coupled with
no improvement in distant brain metastasis rate may lead to the
survival advantage seen in younger patients receiving SRS alone
(19).

The most recent study investigating SRS vs. SRS plus WBRT
was the results of the North Central Cancer Treatment Group
(NCCTG) NO0574 phase III study randomizing patients with
1-3 brain metastases to SRS vs. SRS plus WBRT (20). Two
hundred eight patients were enrolled and the primary endpoint
was neurocognitive function as defined as decline of >1 standard
deviation from baseline in any of 7 cognitive domains at 3 months
follow up. 91.7% of patients in the SRS plus WBRT arm had
cognitive decline vs. 63.5% in SRS alone group (p < 0.001).
Particular cognitive domains that were most affected by the
addition of WBRT included immediate recall, delayed recall, and
verbal fluency. In patients living 12 months or more, there was
more frequent cognitive decline with the addition of WBRT, most
notably in executive functioning (p = 0.05). However, there was
improvement in 12 months intracranial control with addition of
WBRT (84.6%) vs. SRS alone (50.5%). There was a numerical,
though not statistically significant, improvement in median OS
for SRS alone of 10.4 vs. 7.4 months (p = 0.92), though the

study was not powered to detect OS differences. This larger study
confirmed previous results (16), with a larger patient population,
that in patients with 1-3 brain metastases, SRS alone may be
preferred treatment modality.

From these four trials, we are able to glean several important
points regarding the preferred treatment of patients with 1-
4 brain metastases which were outlined by Arvold et al. (22).
First, there is no negative impact on OS by eliminating WBRT
in this patient population. Next, there is additive benefit in
terms of LC with SRS plus WBRT, though SRS alone has
similarly high rates of LC. Determining LC can be complicated
by radiographic findings of pseudoprogression and radiation
necrosis. Thirdly, when WBRT is withheld, there is increased
rate of new distant brain metastases which leads to more
frequent salvage treatment, and about a quarter of patients will
ultimately require WBRT. Finally, the risk of neurocognitive
decline is lower with SRS alone. Additionally, a Cochrane
Database analysis of RCTs comparing of SRS or surgery alone
vs. SRS or surgery plus whole brain further highlight the
important data points (23). At 1 year, adding WBRT to SRS
decreased relative risk of intracranial disease progression by
53%. However, there is no clear evidence of OS differences and
subgroup analyses show similar OS regardless of therapy used,
number of brain metastases as well as dose and sequence of
WBRT.

With growing data as outlined above, ASTRO consensus
guidelines were updated recommending against the routine use
of WBRT in addition to SRS in patients with limited brain
metastases. In addition, multiple other groups through editorials
as well as groups such as The National Comprehensive Cancer
Network (24), Deutsche Gesellschaft fur Radioonkologie (25),
and International Stereotactic Radiosurgery Society (ISRS) (26)
have voiced that SRS alone is favored in patients with limited
brain metastasis burden and WBRT to be reserved for salvage
options (27). Further studies have begun investigating the utility
of SRS alone in >4 brain metastases. Yamamoto et al. reported
their prospective observational study of SRS alone for treatment
of 5-10 brain metastases compared to treated of two to four brain
metastases (28). They found that overall survival was similar
between patients with 2-4 metastases as compared to 5-10
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metastases with no difference in acute toxicities. Future study is
necessary to optimize appropriate settings for SRS alone.

OPTIMAL TIMING OF SRS AND SYSTEMIC
THERAPY

The typical approach for management of systemic disease with
brain metastases is treatment of CNS disease first, followed
by initiation of systemic therapy. A recent randomized trial
out of Korea, specifically evaluated timing of SRS relative to
the start of chemotherapy in patients with limited number of
asymptomatic brain metastases (29). Patients with NSCLC were
randomized to upfront SRS prior to chemotherapy initiation vs.
initiation of chemotherapy without treatment of CNS disease.
Median OS was equivalent between the groups, though there
was a trend toward longer CNS progression free survival, lower
symptomatic brain progression rate and lower CNS salvage
rates in the upfront SRS group. It appears from this data,
that upfront SRS may be preferable, though in cases that
urgent chemotherapy is needed, delaying CNS treatment is likely
safe.

New emerging data suggests that systemic therapy may be
safely given concurrently with SRS. In retrospective studies,
there does not appear to be an association between timing
of systemic therapy and increased rates of myelosuppression.
A retrospective review from Johns Hopkins showed that in
patients receiving concurrent systemic therapy with SRS, only
4% of patients developed grade 3 or 4 neurotoxicity (30). There
was an association between higher grade of neurotoxicity with
concurrent use of immune therapy as well as lower use of steroids
with concurrent targeted therapy. There was no difference in
rates of radiation necrosis, grade of neurotoxicity, or steroid
use based on timing of systemic therapies. Interestingly, in
newly diagnosed cancer patients found to have brain metastases,
treatment with concurrent systemic therapy and SRS had
improved survival compared to SRS alone (41.6 vs. 21.5 months,
p < 0.05). In a larger retrospective review of 1,650 patients with
27% of patients receiving concurrent systemic therapy, similar
results were found. In patients who received SRS plus WBRT,
there was a higher rate of radiation necrosis, compared to SRS
alone when patients received concurrent vascular endothelial
growth factor receptor tyrosine kinase inhibitors (TKIs; 14.3
vs. 6.6%, p = 0.04) or epidermal growth factor receptor TKIs
(15.6 vs. 6% p = 0.04). There was no association between
other systemic therapies, including hormonal therapy, cytotoxic
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Stereotactic radiosurgery (SRS) has replaced whole brain radiotherapy (WBRT) as
standard therapy for most patients with four or fewer brain metastases due to improved
cognitive outcomes and more favorable health related quality of life (QoL). Whether
SRS or WBRT is the optimal radiation modality for patients with five to fifteen brain
metastases remains an open question. Efforts are underway to develop prospective
evidence to answer this question. One of the planned trials is a Canadian Cancer Trials
Group (CCTG)-lead North American intergroup trial. In general cancer treatments must
have two basic aims: prolonging and improving QoL. In this vein, the selection of overall
survival and QoL metrics as outcomes appear obvious. Potential secondary outcomes
are numerous: patient/disease related, treatment related, economic, translational,
imaging, and dosimetric. In designing a trial, one must also ponder what is standard
WBRT—specifically, whether it should be associated with memantine. With the rapid
accrual of an intergroup trial of hippocampal-sparing WBRT, we may find that the
standard WBRT regimen changes in the course of planned trials. As up-front radiosurgery
is increasingly used for more than 4 brain metastases without high level evidence, we
have a window of opportunity to develop high quality evidence which will help guide our
future clinical and policy decisions.

Keywords: brain metastasis, clinical trials, Phase lll as topic, whole brain radiation therapy, radiosurgery,
neurocognition

BACKGROUND

The development of brain metastases is an unfortunate and common complication in oncology and
can occur in 10-30% of cancer patients and up to half of patients with metastatic disease (1). The
traditional treatment for many patients with brain metastases has been whole brain radiotherapy
(WBRT), although stereotactic radiosurgery (SRS) has replaced WBRT as the standard therapy for
most patients with four or fewer brain metastases due to more favorable cognitive and quality of
life (QoL) outcomes (Table 1) (4, 7).
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Radiosurgery for 5-15 Brain Metastases

Although radiosurgery has historically been technically
complex for patients with numerous metastases, each of the
treatment delivery devices (Gamma Knife, Cyberknife and the
isocentric linac) now permits more rapid treatment of multiple
metastases. Although patients with more than 4 metastases are
at greater risk of rapid distant brain failure we now know that
number of brain metastases is not a reliable predictor of future
intracranial progression. A multi-institutional nomogram was
developed to predict the development of new brain metastases
after primary SRS (8). A major finding from this study was that
the nomogram was superior in predicting the development of
new metastases in comparison to simply using the number of
metastases (8).

Barriers to the adoption of radiosurgery for multiple
metastases have been decreasing and we know from retrospective
and prospective research that SRS alone is feasible in patients
with up to 10 brain metastases (9). Additionally, radiosurgery
for as many as 15 brain metastases has been found to
be safe, notably in a series of more than 300 patients
(10).

The question of whether SRS or WBRT is the optimal
modality in patients with five to fifteen brain metastases is
significant from a societal and medical resources standpoint. In
the United States, the charges related to SRS can be considerably
higher than those of WBRT (I, 11). An analysis of 2008
non-Medicare charges in different geographic regions of the
United States found WBRT charges ranged from $9,201 to
$17,003 while SRS charges ranged from $40,715 to $65,000.
Methodologies for financing radiotherapy vary across Canada
but the marginal cost to the state insurer of a single SRS
or WBRT course, including physician billing and memantine,

TABLE 1 | Published studies of radiosurgery for < 4 brain metastases.

Study Treatment Local control Distant failure Overall survival
(1yn) (%) (1yn) (%) (1yn) (%)

RTOG 95-08 WBRT 71 33 23
@

WBRT + SRS 82 27 29
EORTC 22952 SRS 70 44 47
(©)]

SRS + WBRT 87 28 46
MDACC SRS 67 55 60
(4)

SRS -+ WBRT 100 27 21
JROSG-99-1 SRS 76 63 28
©)

SRS + WBRT 90 42 39
Alliance N0574 SRS 73 30 39
©)

SRS + WBRT 90 8 36

can be similar and as low as $3500-4000 (USD). Quantifying
therapy-associated costs can be particularly complex in patients
with multiple brain metastases, as such patients are likely to
undergo salvage procedures for new brain metastases. Therefore,
the costs of salvage treatment need to be incorporated into
economic comparisons.

It is important to develop high quality prospective evidence
as adoption of SRS increases for patients with more than
4 metastases. Currently clinicians face ongoing uncertainties
about the true cost burden of SRS vs. WBRT from payer
and provider perspectives, as well as uncertainties about the
comparative risk/benefit of these strategies for survival, CNS
control, QoL, and neurocognitive function in patients with
more than four metastases. Published reports have already
suggested value of SRS in improving cost utility in the
population of 1-4 brain metastases. Lal et al. reported a
cost-effectiveness analysis of a randomized trial of SRS vs.
SRS + WBRT for 1-3 brain metastases and found that SRS
alone had a higher average cost but was associated with an
improvement in QALYs with an incremental cost-effectiveness
ratio of $41,783 per QALY (12). Savitz et al. performed a cost-
effectiveness analysis using a Markov model and found that
SRS was a cost-effective treatment option, even in patients
who had prognoses of six months or less (13). Accordingly,
it is important that SRS for five to fifteen brain metastases is
studied in a prospective multi-institutional cooperative group
trial to evaluate cost, as well as cost-effectiveness and cost
utility.

Having made a strong contribution to an intergroup trial,
N107C/CEC.3, comparing SRS to WBRT following surgical
resection of brain metastases, the Canadian Cancer Trials
Group (CCTG) was keen to lead a trial for brain metastases.
The concept of a trial of WBRT vs. radiosurgery for brain
metastases was first presented to the CCTGs CNS group
in April 2016. Over the following year, the members were
surveyed and the trial concept was refined. Dr Chan, as part
of the Alliance cooperative group, was recruited as co-principal
investigator and the trial was submitted to NCI Cancer Therapy
Evaluation Program (CTEP). After minor revisions, the trial was
approved by CTEP in January 2018. The central IRB approval
followed in March 2018 (Figure 1). The trial is thus on track
to open to accrual across North America in the summer of
2018.

This chapter aims to review the background of the trial
and the choices that had to be made in its design. We
hope to garner enthusiasm for this important trial. We also
hope to illustrate the important role of intergroup trials as
we review the landscape of Phase III research within which
our trial will fit. The difficulty in completing such trials is
exemplified by the recent decision of Dr Zindler and his
Dutch co-investigators to end a trial planned to recruit 230
patients with 4-10 metastases (NCT02353000). The primary
endpoint of the trial had been QoL—specifically variation
in EQ-5D-5L. Accrual ended after 2 years with 30 patients
randomized to hypofractionated WBRT (without memantine) or
SRS (14).
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Selecting Outcomes

Cancer treatments should have two basic aims: prolonging and
improving QoL. In this vein, the selection of overall survival
and QoL metrics (neurocognitive) as co-primary outcomes for
an intergroup trial were obvious.

As one would expect that intracranial control will be better
with WBRT than SRS, how could SRS improve overall survival?
In addition to its direct toxic effects, WBRT likely delays
initiation or re-initiation of increasingly active systemic
therapy. Patients initially treated with WBRT will have
inferior local control of their metastases and may have less
aggressive subsequent management of their intracranial disease.
Radiosurgery may thus provide a small survival benefit over
WBRT.

The rationale for improvements in QoL is more
straightforward. Although quality of life can be defined as
a state of general wellbeing reflecting physical, psychological,
and social wellbeing, the aspects of QoL that are most likely to be
affected in this study are treatment related symptoms and overall
QoL. To evaluate QoL the EORTC core questionnaire QLQ-C30,
in conjunction with the brain module QLQ-BN20, were selected.
Patient performance status, and the EQ-5D questionnaire will
also be used.

The EORTC QOL questionnaire core-30 (QLQ-C30, version
3); and the EORTC QOL questionnaire—brain module (QLQ-
BN20) have robust psychometric properties and are highly
consistent across different language-cultural groups. The EORTC
QLQ-C30 consists of 30 questions which comprise five function
scales: physical, role (interference of disease with family life or
social activities), emotional, cognitive, and social; six single-item
scales including dyspnea, insomnia, appetite loss, constipation,
diarrhea, and financial effect of tumor and treatment; and
overall QOL. EORTC QLQ-BN20 is designed for use with
patients with brain tumors and has 20 items that assesses visual
disorders, motor dysfunction, communication deficit, various

disease symptoms (e.g., headaches and seizures), toxic effects of
treatment, and future uncertainty. Since mood disturbances may
influence cognitive function, it will be important to interpret
QOL data in light of neurocognitive test results.

The neurocognitive evaluations to be used in this study
were chosen on the basis of accepted standardization and
psychometric principles, published normative data, relevance
to general neurocognitive status, and brevity of battery. The
tasks selected have either low practice effect or include multiple
equivalent formats. Similar variations of this battery have
been utilized in multiple multi-institutional trials including
N107C/CEC.3, N0574, N0577, E3F05 and RTOG 0614 (15, 16).
The tests include:

e Memory (5 min): Hopkins Verbal Learning Test (HVLT) (17).

e Fluency (5min): Controlled Oral Word Association Test
(COWAT) (18).

e Visuomotor speed and attention: Trail Making Test A (3 min)
(19).

e Executive function: Trail Making Test B (5 min) (19).

e Delayed Memory (5 min): Recall and Recognition of Word List
encoded from the HVLT (20).

What Is Standard of Care?

In designing a Phase III trial of radiosurgery for patients with
more than 4 brain metastases, one has to determine the standard
treatment for these patients. Reflexively, one would presume that
WBRT would be considered the standard. Although WBRT is
commonly used, what is the evidence that it improves either
overall survival or QoL? A report from Horton and colleagues
from the Eastern Cooperative Oncology Group described a
study of 48 patients randomized in a three-arm trial to a
combination of steroids and whole-brain radiotherapy (21).
There was no report of QoL and the overall survival was
14 weeks in the arms containing radiotherapy and 10 weeks
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with prednisone alone—no test of statistical significance was
performed. Recognizing the weakness of this evidence, a larger
trial was designed to randomize patients with NSCLC to WBRT
vs. supportive care. In this QUARTZ trial overall survival was
nearly identical in both arms (9.2 weeks with WBRT and 8.5
weeks without) and there was no significant difference in patient
reported QoL (22). In melanoma, patients have been randomized
to chemotherapy (the relatively ineffective drug fotemustine)
with or without WBRT (23). Although there was an improvement
in progression free survival, the overall survival curves were
indiscernible.

Thus, for many patients with less favorable prognoses, no
radiation treatment has been clearly demonstrated to be better
than supportive care. At the other end of the brain metastasis
spectrum, patients with targetable mutations are increasingly
being offered systemic therapy. As a recent example, the FLAURA
trial for first line treatment of patients with advanced EGFR-
mutated NSCLC included patients with previously untreated
brain metastases (24). One hundred and sixteen patients with
brain metastases were randomized to osimertinib or a choice of
gefitinib or erlotinib. Survival data is immature but osimertinib
offers a better disease response with less toxicity. One could argue
that current evidence supports the use of a TKI alone for patients
with asymptomatic brain metastases and an exon 19 deletion or
L858R mutation.

It becomes rapidly clear that an evidence-based standard
of care is elusive and complex. The question to be answered
may then better be expressed as: “in those patients treated
with radiation for more than 4 metastases, what is an accepted
standard of care against which to compare radiosurgery.” The
answer to this question is thus WBRT. What is left is to choose
details of the WBRT regimen. Although no WBRT fractionation
has shown advantage in survival or cognitive function, it was
sensible to select 30Gy in 10 fractions as a regimen acceptable
in North America.

Memantine is an N-methyl-D-aspartate (NMDA) receptor
antagonist studied in a placebo-controlled, double-blind,
randomized trial in patients with brain metastases receiving
WBRT (RTOG 0614) (15). Patients received WBRT and were
randomized to receive placebo or memantine during and after
WBRT for a total of 24 weeks (10 mg twice a day). Between 2008
and 2010, 554 patients were accrued. Grade 3 or 4 toxicities
and study compliance were similar between arms. Although the
difference in the primary endpoint (decline in HVLT-R at 24
weeks) did not quite reach statistical significance (p = 0.059), this
may be attributable to the fact that there were fewer analyzable
patients than expected significantly impacting study power.
Patients in the memantine arm did however have a significantly
longer time to cognitive decline (HR 0.78; 95% CI, 0.62-0.99; p =
0.02). Following publication of this data, controversy remains but
memantine has been integrated into the standard care of patients
treated with WBRT in selected practices in the United States and
Canada.

Buoyed by favorable Phase II results of hippocampal sparing,
Drs Brown, Gondi and co-investigators at the NRG initiated a
Phase III trial of hippocampal avoidance in the management of
brain metastases (25). After having accrued briskly, the protocol

closed in March 2018 and preliminary results are expected
later in 2018. Should the results suggest a cognitive benefit to
hippocampal sparing, this will replace WBRT for those patients
in whom the location of the metastases permits hippocampal
sparing (to be eligible for the trial, patients could not have
metastases within 5mm of either hippocampus). Although not
tested in CCO01, unilateral sparing (especially in the dominant
hemisphere) could also be used in those patients with unilateral
encroachment on the hippocampal avoidance region—especially
when the dominant hemisphere can be spared.

Statistics

As the CCTG trial has co-primary endpoints (overall and
neurocognitive progression-free survival), these endpoints are
planned to be analyzed jointly. The interpretation is pre-
specified:

e If SRS is found to be superior for neurocognitive progression-
free survival and non-inferior for overall survival, the study
would establish SRS as the standard of care for patients with
5-15 metastases.

e If SRS is found to be superior in terms of neurocognitive
progression-free survival but slightly worse in terms of overall
survival, then SRS may still have clinical use. In this situation,
secondary endpoints, including QoL and economic endpoints
may be of particular interest in making policy and treatment
decisions.

e If SRS is neither superior in terms of cognition or overall
survival, WBRT would be clarified as the standard of care for
patients with more than 4 metastases.

In calculating sample size, it was assumed that neurocognitive
progression would occur in 50% for patients undergoing WBRT
by 6 months post-treatment. The estimated median overall
survival in the WBRT was estimated to be 7.5 months. Based on
these assumptions, the trial was designed to have a 90% power
to detect a 40% risk reduction in the risk of the neurocognitive
progression using a 5% 2-sided test. With the sample size of
206 patients, the power to detect a 15% reduction in the hazard
of death in the SRS arm would thus be 80%. Based on prior
experience with brain metastases in the Cancer Trials Support
Unit (CTSU) network, this sample size appears to be reasonable
for a trial accruing over 3 years.

Landscape

The question of the best radiotherapeutic management of
multiple brain metastases is one which solicits much interest.
The CCTG/Intergroup initiative should be the trial which rallies
the most institutions but there are other ongoing initiatives of
interest:

e Building on prior success in brain metastases trials, the
group at MD Anderson are currently performing a trial of
radiosurgery vs. WBRT for patients with 4-15 metastases
(NCT01592968). The primary outcomes are cognitive decline
at 4 months (as measured by change in HVLT-R) and local
control. The control arm is WBRT 30Gy in 10 without
memantine. The estimated trial accrual is 100 patients.
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e In Boston, the groups at Brigham and Women’s Hospital and
the Dana Farber Cancer Institute plan to accrue 196 patients
to a Phase III trial of radiosurgery (which can be fractionated)
vs. WBRT for 5-20 metastases (NCT03075072). In this trial
the comparator arm is WBRT with possible hippocampal
sparing. The primary endpoint is QoL as measured by
the MD Anderson Symptom Inventory—Brain Tumor
(MDASI-BT).

Recognizing that there is a need to prevent the occurrence of new
brain metastases while minimizing toxicity, alternatives
to WBRT are of interest as adjuncts to radiosurgery.
The most prominent endeavor is “METIS) a trial which
aims to improve intracranial control in patients with
non-small cell lung cancer and up to 10 metastases
(NCT02831959). Patients are randomized to radiosurgery
with or without electrical fields—so called “tumor treating
fields.” In 8 countries, 270 patients are to be randomized
with time to intracranial progression as the primary
endpoint.

Completing trials where one arm has WBRT can be a
challenge, this is exemplified by the failure of the North
American Gamma Knife Consortium to accrue in their trial
of radiosurgery vs. WBRT for patients with 5 or more brain
metastases (NCT01731704).
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Purpose: In radiotherapy (RT) of brain tumors, the primary motor cortex is not regularly
considered in target volume delineation, although decline in motor function is possible
due to radiation. Non-invasive identification of motor-eloquent brain areas is currently
mostly restricted to functional magnetic resonance imaging (fMRI), which has shown to
lack precision for this purpose. Navigated transcranial magnetic stimulation ("TMS) is a
novel tool to identify motor-eloquent brain areas. This study aims to integrate NnTMS motor
maps in RT planning and evaluates the influence on dosage modulations in patients
harboring brain metastases.

Materials and Methods: Preoperative NnTMS motor maps of 30 patients diagnosed
with motor-eloquent brain metastases were fused with conventional planning imaging
and transferred to the RT planning software. RT plans of eleven patients were optimized
by contouring NnTMS motor maps as organs at risk (OARs). Dose modulation analyses
were performed using dose-volume histogram (DVH) parameters.

Results: By constraining the dose applied to the nTMS motor maps outside the planning
target volume (PTV) to 15 Gy, the mean dose (Dmean) to the NnTMS motor maps was
significantly reduced by 18.1% from 23.0 Gy (16.9-30.4 Gy) to 18.9 Gy (13.5-28.8 Gy,
p < 0.05). The Dmean of the PTV increased by 0.6 + 0.3 Gy (1.7%).

Conclusion: Implementing NTMS motor maps in standard RT planning is feasible in
patients suffering from intracranial metastases. A significant reduction of the dose applied
to the nTMS motor maps can be achieved without impairing treatment doses to the PTV.
Thus, NnTMS might provide a valuable tool for safer application of RT in patients harboring
motor-eloquent brain metastases.

Keywords: brain mapping, brain metastases, eloquent tumor, navigated transcranial magnetic stimulation,
radiotherapy
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INTRODUCTION

The most frequent brain tumors in adults are brain metastases.
In two of three cases, the primary tumors are lung carcinoma,
breast carcinoma, or malignant melanoma (1, 2). For the complex
treatment of supratentorial metastases, a multimodal approach
including therapeutic options like surgery, radiotherapy (RT),
and chemotherapy is recommended (3). For patients with single,
large brain metastases, surgery followed by external-beam RT is
considered an effective treatment strategy (4, 5).

Regarding surgical therapy, especially tumors in close
vicinity of eloquent brain areas like the motor cortex are
challenging since preserving neurological function is essential
and residual tumor after surgery correlates with local tumor
progression (6). Therefore, preoperative functional magnetic
resonance imaging (fMRI) and intraoperative neurophysiological
monitoring and mapping by direct electrical stimulation (DES)
are established tools in neurosurgery to delineate eloquent
structures (7-10). Furthermore, navigated transcranial magnetic
stimulation (nTMS) is a novel method increasingly applied to
non-invasively identify eloquent brain areas prior to surgery.
In this context, preoperative motor mapping by nTMS for
the resection of motor-eloquent brain metastases improved the
outcome of such patients and resulted in a lower rate of residual
tumor and less surgery-related paresis when compared to patients
without preoperative nTMS motor mappings (11).

Concerning RT planning, target volume delineation including
the definition of organs at risk (OARs) is an essential element
to provide a safe application of the radiation dose in order
to prevent side effects. Structures like the brainstem, optical
nerves and optic chiasm, eye lenses, and pituitary gland are
routinely considered and spared from radiation (12, 13). A
functionally critical structure like the motor cortex is commonly
not considered in RT and therefore not spared. However, decline
in motor function shortly after treatment has been reported, and
it can occur mainly due to radiation necrosis and can eventually
even require further surgical treatment (14, 15). Progressive
deterioration in motor function has also been reported decades
after RT in literature (16).

Against this background, nTMS as a non-invasive method
to delineate motor-eloquent areas might also be used in RT;
however, it has not yet been integrated in RT of brain metastases.
Applying nTMS in radiosurgery, for instance, resulted in
improved risk-benefit balancing and dose plan modifications for
a small number of patients suffering predominantly from brain
metastases (17). The aim of this study was to assess the influence
of nTMS motor mapping on RT planning of patients suffering

Abbreviations: 3D, Three-dimensional; BMRC, British Medical Research
Council; CT, Computed tomography; DES, Direct electrical stimulation; Dmean,
Mean dose; DVH, Dose-volume histogram; FLAIR, Fluid attenuated inversion
recovery; fMRI, Functional magnetic resonance imaging; HFSRT, Hypofractioned
stereotactic RT; LE, Lower extremity; MEG, Magnetoencephalography; MEP,
Motor-evoked potential; MRI, Magnetic resonance imaging; nTMS, Navigated
transcranial magnetic stimulation; OAR, Organ at risk; PTV, Planning target
volume; rMT, Resting motor threshold; RT, Radiotherapy; UE, Upper extremity;
VMAT, Volumetric modulated arc therapy; WBRT, Whole brain radiotherapy.

from supratentorial brain metastases from a dosimetric point of
view.

MATERIALS AND METHODS
Ethics

The experimental setup was approved by the local ethics
committee of our university (registration number: 5883/13) and
was conducted in accordance with the Declaration of Helsinki.
Prior to nTMS motor mapping, written informed consent was
obtained from all enrolled patients.

Patients

Thirty patients were enrolled prospectively. However, only eleven
patients were considered eligible for recalculation of the RT plans.
Decision criteria for inclusion of patients for recalculations of RT
plans were (1) the mean dose (Dmean) of the nTMS motor map,
(2) the spatial relationship of the nTMS motor map with high
isodose levels, and (3) the distance between the edge of the tumor
volume and the nTMS motor map (Supplementary Table 1).

All patients received preoperative nTMS motor mapping and
underwent surgery for tumor removal at our hospital. As part
of the clinical routine, they also underwent detailed clinical
examinations pre- and postoperatively and at later time points
during follow-up visits. RT to the resection cavity was performed
within 7 weeks after surgical treatment (median: 21 days after
surgery). Only patients with motor-positive spots in nTMS
motor mapping and no previous RT to the irradiation field
were considered for this study. Exclusion criteria were general
contraindications for nTMS mapping (e.g., metal implants such
as cardiac pacemakers), age below 18 years, and pregnancy.

Anatomical Imaging

Amongst other sequences, a fluid attenuated inversion recovery
(FLAIR) sequence and a three-dimensional (3D) T1-weighted
gradient echo sequence without and with application of a
contrast agent (T1Gd+; gadopentetate dimeglumine; Magnograf,
Marotrast GmbH, Jena, Germany) were acquired preoperatively
on a 3T magnetic resonance imaging (MRI) scanner (Achieva;
Philips Medical Systems, Best, The Netherlands). Postoperative
MRI was carried out within the first 48 h subsequent to surgery
using the same sequences as well as diffusion-weighted and T2*-
weighted imaging. Further follow-up imaging at later time points
was scheduled according to clinical needs.

For the purpose of precise RT planning, eight of eleven
patients received additional MRI during the postoperative course
to acquire FLAIR and T1-weighted sequences shortly before RT.
Furthermore, cranial computed tomography (CT) imaging was
added for RT planning purposes (Somatom Emotion 16; Siemens
Healthineers, Erlangen, Germany).

Navigated Transcranial Magnetic

Stimulation

The 3D contrast-enhanced, T1-weighted gradient echo sequence
was uploaded to a Nexstim eXimia NBS system (version
4.3; Nexstim Plc., Helsinki, Finland) for preoperative nTMS
motor mapping. An infrared tracking device (Polaris Spectra;
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Polaris, Waterloo, Ontario, Canada) combined with a head
tracker with reflective sphere markers attached to the patient’s
forehead was used to align the patient’s head with the
MRI-based 3D head model using anatomical landmarks,
enabling neuronavigation during mapping (18-22). Continuous
electromyography with pregelled surface electrodes (Neuroline
720; Ambu, Bad Nauheim, Germany) was derived to record
motor-evoked potentials (MEPs) of the M. abductor pollicis
brevis, M. abductor digiti minimi, M. flexor carpi radialis, and
M. biceps brachii for the upper extremity (UE) and of the M.
tibialis anterior and M. gastrocnemius for the lower extremity
(LE) (18, 20, 21, 23). Mapping of UE muscle representations was
performed with an intensity of 110% of the individual resting
motor threshold (rMT), whereas for the mapping of LE muscle
representations at least 130% rMT was used during stimulation.
For the identification of motor-positive mapping points, all
stimulation spots were analyzed subsequent to the mapping
sessions (18, 20, 21). Only stimulation points with an MEP
amplitude larger or equal to 50 WV and an MEP onset latency
within the common ranges for UE and LE muscles were defined

motor-positive and therefore considered during surgery and
recalculations of RT plans.

For further analyses, the nTMS motor maps were fused with
the contrast-enhanced, T1-weighted gradient echo sequences,
which was achieved on an external server using the application’s
automatic fusion algorithm (Elements; Brainlab AG, Munich,
Germany; Supplementary Figure 1). The fused datasets were
then used for linear measurements of the maximum tumor
diameter and the distance between the edge of the tumor volume
and the respective nTMS motor map in axial slices. In case of
infiltrations of the nTMS motor maps by the tumor volume or
direct contact of the edge of the tumor and the respective nTMS
motor map, a distance of 0mm was registered. Furthermore,
these datasets were used for measurements of the tumor volume
using the built-in volumetric assessment tools.

Radiotherapy Planning and Dose Statistics
The nTMS motor maps, fused with the contrast-enhanced, T1-
weighted gradient echo sequences, were imported into the RT
planning software (Eclipse, version 13.0; Varian Medical Systems,

FIGURE 1 | Integration of motor maps in target volume delineation. This figure shows contrast-enhanced, T1-weighted magnetic resonance imaging (MRI) fused with
navigated transcranial magnetic stimulation ("TMS) motor-positive points (white squares) in an exemplary patient case. For radiotherapy (RT) planning, nTMS motor
maps were contoured as coherent organs at risk (OARs) in terms of target volume delineation. The planning target volume (PTV) is depicted as a red area.
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Palo Alto, CA, USA). In the next step, the nTMS motor maps
were fused with the respective planning CT scan using automatic
registration combined with additional manual registration in case
of any inaccuracy according to visual inspection. This fusion was
done directly within the RT planning software. The motor map of
each patient, consisting of motor-positive points appearing as 3D
objects, was contoured as one single OAR (Figure 1). Fusion of
postoperative MRI scans with planning CT scans was performed
accordingly.

All patients were treated with hypofractioned stereotactic RT
(HFSRT) of seven fractions of 5 Gy prescribed to the 95% isodose
level of the planning target volume (PTV) (24). The PTV as
the therapeutically crucial radiation volume covers the resection
cavity plus contrast-enhancing lesions including a 2 mm safety
margin for potential microscopic spread. All RT plans were
reevaluated considering the spatial relation of motor maps to
isodose levels and the PTV and Dmean of the motor maps
(>15Gy).

As outlined before, eleven patients were considered eligible
for recalculations of RT plans (Supplementary Table 1). They
obtained two concepts of volumetric modulated arc therapy
(VMAT). Regarding the conventional RT plans, plans were
optimized without taking into account the nTMS motor maps.
Considering nTMS motor maps as an OAR, the RT plans were
recalculated by reducing the dose applied to the nTMS motor
maps as low as reasonably possible by constraining the dose
prescription in this area to 15 Gy (Figure 2). To not compromise
the dose applied to the PTV, areas of the nTMS motor maps inside
the PTV were not spared.

In these eleven patients, dose statistics regarding the Dmean
for the PTV, nTMS motor maps, and OARs (optic chiasm,
right optical nerve, left optical nerve, eye lenses, and brainstem)
were calculated. For better comparison, calculations of the

proportional overlap of nTMS motor maps with the PTV and
isodose levels (90, 80, 70, 50, and 20%) were performed, and the
volumes of the nTMS motor maps receiving a specific dose were
plotted in dose-volume histograms (DVHs).

Statistical Analyses

All statistical analyses and generation of graphs were done using
SSPS (version 24.0; IBM SPSS Statistics for Windows, IBM Corp.,
Armonk, NY, USA) or Prism (version 7.0; GraphPad Software, La
Jolla, CA, USA). Descriptive statistics including mean, median,
minimum, maximum, and standard deviation were calculated for
patient- and tumor-related characteristics as well as doses and
volumes investigated in the present study.

Conventional RT plans not taking nTMS motor maps into
consideration (“no nTMS”) were compared to RT plans with
constraint to the nTMS motor maps (“nTMS cons”). Therefore, t-
tests for paired samples with a level of significance set at p < 0.05
were performed. The Dmean of the n”TMS motor maps, PTV, and
OARs consisting of the optic chiasm, optical nerves, eye lenses,
and brainstem were selected as comparison criteria. In addition,
motor map volumes receiving specific doses were compared
accordingly.

RESULTS

Patients and Clinical Information

Eleven patients harboring motor-eloquent supratentorial brain
metastases were considered for RT plan recalculations (Table 1,
Supplementary Table 1). The maximum follow-up was 13.1
+ 10.8 months on average (1.3-36.0 months), with a mean
progression-free survival of 11.7 4+ 10.1 months. One male
patient died before the regular 3-months follow-up examination,
all others completed at least follow-up at this time point.

to lower values.

FIGURE 2 | Dose distribution within motor maps. This figure illustrates radiotherapy (RT) planning in one exemplary patient with a brain metastasis affecting the left
central region. The navigated transcranial magnetic stimulation ("TMS) motor-positive points (white squares) are shown on respective contrast-enhanced,
T1-weighted magnetic resonance imaging (MRI) and were contoured as an organ at risk (OAR) in the RT plan. Dose distributions covering the range of 5-37.5 Gy are
visualized in color-wash mode showing high doses in red and low doses in blue colors. Constraining dose to NTMS motor maps resulted in a shift of dose distributions
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TABLE 1 | Patient characteristics.

Gender Females 6
(number of patients) Males 5
Age at primary treatment 55.9 years
(mean and range) (21.1-76.7
years)
Primary tumor Breast cancer 3
(number of patients) Non-small cell lung cancer 2
Ewing sarcoma 2
Adenocarcinoma 2
Testicular non-seminoma 1
Malignant melanoma 1
Tumor-affected hemisphere Right 4
(number of patients) Left 7
Extent of resection >90% 10
(number of patients) >80% 1
Tumor volume 19.3 cm3
(mean and range) (2.8-62.1 cm3)
Maximum tumor diameter 3.4cm
(mean and range) (1.9-5.2cm)
Distance tumor—nTMS Omm (0 —2mm)
motor maps
(mean and range)
Preoperative motor deficits BMRC 5/5 3
(number of patients) 4/5 5
<3/5 3
Postoperative motor deficits BMRC 5/5 2
(number of patients) 4/5 6
<3/5 3
Motor deficits at 3-months BMRC 5/5 6
follow-up (number of 4/5 3
patients) <3/5 1
Motor deficits at follow-up BMRC 5/5 5
before tumor progression 4/5 5
(number of patients) <38/5 1
Motor deficits at maximum BMRC 5/5 5
follow-up 4/5 4
(number of patients) <8/5 2

This table gives an overview of patient and tumor characteristics for the eleven patients
with radiotherapy (RT) plan recalculations. Grading of motor deficits was conducted
preoperatively, postoperatively, at 3-months follow-up, at follow-up before progression,
and at maximum follow-up according to the British Medical Research Council (BMRC)
scale and with respect to the initial side of symptoms, if any. One male patient died before
the regular 3-months follow-up examination.

Detailed clinical information including details on the motor
status at different time points is shown in Table 1. When
comparing the preoperative to the postoperative motor status
according to the British Medical Research Council (BMRC) scale,
two patients declined in motor strength, whereas one patient
improved. When comparing the preoperative motor status to
the status during 3-months follow-up examinations, no patient
showed worsening of motor strength, while four patients showed
improved motor strength.

Furthermore, four patients suffered from preoperative
paresthesia, two patients from impairment of fine motor skills,
and two patients from aphasia. During 3-months follow-up
examinations, paresthesia was still found in four patients, while
only one patient showed deficits regarding fine motor skills and
another patient presented with aphasia.

Tumor recurrence occurring at the site of initial surgery and
RT was observed in two patients (4.5 and 22.2 months after
surgery, respectively), with both patients undergoing surgical
re-resection. Histopathological evaluation of surgically removed
tissue confirmed tumor recurrence in both patients without
evidence of radiation necrosis in examined tissue probes.

Integration of Navigated Transcranial
Magnetic Stimulation During Radiotherapy

Planning

Integration of n"TMS motor maps in RT planning was feasible in
all of the included patients. "NTMS motor maps were covered by
the PTV by 18.7% on average (Table 2). Regarding conventional
RT plans, the Dmean of nTMS motor maps was 23.0 Gy (16.9—
30.4 Gy; Figure 3). With a constraint of 15 Gy to the motor area,
the Dmean of nTMS motor maps was 18.9 Gy (13.5-28.8 Gy),
thus reducing the dose to nTMS motor maps by 4.1 &+ 2.1 Gy
(18.1%, p < 0.05; Table 3, Figure 3). The Dmean of the PTV
slightly increased by 0.62 £ 0.31 Gy from 35.4 £ 0.1 Gy to 36.0
+ 0.3 Gy (1.7%, p < 0.05; Figure 4).

Proportional volumes of nTMS motor maps receiving doses
equal to or more than 10, 15, 20, 25, 30, and 35Gy are
shown in DVHs (Figure 5). The average volume of nTMS motor
maps receiving at least 10, 15, and 20 Gy could be reduced by
24.7% (p < 0.05), 29.8% (p < 0.05), and 26.3% (p = 0.059)
by constraining the dose applied to the nTMS motor maps
outside the PTV (Supplementary Figure 2). The Dmean of the
anatomical OARs was not affected.

Regarding the 19 patients not considered eligible for
recalculation of RT plans, the Dmean was only 9.7 Gy (2.1-
18.0Gy), and the minimum distance between the edge of
the tumor and the nTMS motor maps was 8mm (0-
24 mm; Supplementary Table 1). These values were significantly
different from the respective measurements among the patients
considered for RT recalculations (p < 0.05).

DISCUSSION

Potential Side Effects of Radiotherapy to

Eloquent Brain Areas

In the treatment of brain metastases, whole-brain RT (WBRT),
gamma knife radiosurgery, stereotactic radiosurgery, and HFSRT
are current treatment strategies, with the choice of the exact
treatment approach depending on several factors such as the
number and size of metastases, spatial lesion extents, the activity
of the systemic disease, and the age and performance status of the
individual patient (3, 25). For patients suffering from single, large
brain metastases like the patients in this study, surgery combined
with HFSRT to the resection cavity is a common treatment
strategy (24, 26).

However, all above-mentioned RT options can come at cost
of specific side effects. Late neurocognitive deficits are a feared
complication especially in WBRT; therefore, local control by
stereotactic radiosurgery and fractionated stereotactic RT is
often preferred (27-29). Such impairment of neurocognitive
function is caused by damage to neural progenitor cells located
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TABLE 2 | Spatial relation of motor maps to isodose levels.

TMS motor maps nTMS motor maps

nTMS motor maps

nTMS motor maps nTMS motor maps nTMS motor maps
n n n
70% isodose level 50% isodose level 20% isodose level

n n n
PTV 90% isodose level 80% isodose level
Mean 18.7% 28.6% 36.7%
Minimum 2.4% 8.3% 13.8%
Maximum 61.7% 70.6% 75.4%
Median 16.6% 29.3% 36.7%

43.8% 66.0% 96.5%
19.3% 35.1% 83.8%
78.1% 89.5% 100.0%
44.7% 68.9% 99.2%

This table shows the spatial relation of the navigated transcranial magnetic stimulation (nTMS) motor maps and the planning target volume (PTV). nTMS motor maps were covered by
the PTV by 18.7% (2.4-61.7%) on average and covered by the 90, 80, 70, 50, and 20% isodose levels in 28.6, 36.7, 43.8, 66.0, and 96.5%.
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FIGURE 3 | Change of dose to motor maps. Radiation dose to the navigated
transcranial magnetic stimulation ("TMS) motor maps can be significantly
reduced in radiotherapy (RT) planning. The box plots represent the dosage
applied to the NnTMS motor maps. Regarding conventional RT plans not taking
nTMS motor maps into account (“no NTMS”), the mean dose (Dmean) is

23.0 Gy compared to 18.9 Gy (p < 0.001) for RT plans with constraints to the
nTMS motor maps (“nTMS cons”).

in the subgranular zone of the hippocampus; therefore, it should
be spared during RT planning (30). Further treatment-related
cerebral injuries are radiation necrosis and white matter injuries
that can occur months to years after RT (16, 31). Radiation
necrosis may cause motor deficits, sensor deficits, or seizures,
depending on the extent and location of the lesion. It occurs
in up to 17% of patients treated by stereotactic radiosurgery
(32, 33). Risk factors are dose volumes, radiation doses, and
fraction sizes (34-36). Tumor location near eloquent areas bears
an increased risk of complications in radiosurgical treatment
(37). For gamma knife radiosurgery near motor-eloquent areas,
the risk of neurological deficits was significantly higher for doses
above 20 Gy (38).

Identifying eloquent brain areas by means of nTMS and
integrating nTMS data into the radiosurgical planning procedure
improved the risk-benefit balancing and led to dose plan
modifications as well as a change in radiation dosage for the
majority of patients in previous studies (17, 39). For lesions

TABLE 3 | Relative and absolute dose applied to motor maps.

nTMS motor maps Absolute change Relative change

of Dmean of Dmean

nTMS cons nTMS cons
Mean —4.1Gy -18.1%
Minimum —1.4Gy —5.2%
Maximum —-9.0Gy —-33.2%
Median —41Gy —20.0%

This table depicts the absolute and relative changes of the mean dose (Dmean) in
navigated transcranial magnetic stimulation (nTMS) motor maps. Radliotherapy (RT) plans
with constraints to the nTMS motor maps (‘nTMS cons”) achieved an average dose
reduction of 4.1 Gy (18.1%) compared to conventional RT plans not taking nTMS motor
maps into consideration (“no nTMS”).
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FIGURE 4 | Dose to the planning target volume (PTV). The mean dose
(Dmean) to the PTV for conventional radiotherapy (RT) plans not taking nTMS
motor maps into consideration (“PTV no nTMS”) and with dose constraints to
nTMS motor areas (“PTV cons nTMS”) is depicted in these box plots. A minor
but significant increase of the Dmean from 35.4 + 0.1 Gy to 36.0 + 0.3 Gy
was observed (p < 0.001).

at high risk due to larger size or vicinity to critical structures
including motor-eloquent areas, HFSRT is often preferred
over radiosurgery (40, 41). However, even in patients treated
with fractioned stereotactic RT, radiation necrosis occurred in
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FIGURE 5 | Dose-volume histograms (DVHSs) for motor maps. This figure
shows the proportional volume of motor maps by navigated transcranial
magnetic stimulation ("NTMS) receiving a specific dose, represented by DVHs.
Radiotherapy (RT) plans with constraint to the NTMS motor maps (“nTMS
cons”) reduced NnTMS motor map volumes receiving doses >2 Gy, as
represented by a steeper gradient of DHV curves compared to conventional
RT plans not taking NnTMS motor maps into consideration (“‘no nTMS”). The
most optimal effect can be observed in a dose range from 5 to 25 Gy. The
effect is ceasing for higher doses due to partially high overlap of the planning
target volume (PTV) and nTMS motor maps.

eloquent brain areas like the primary motor cortex (14). This
points out the need of sparing eloquent brain areas in RT,
including HFSRT. However, anatomical imaging is currently
regarded as the clinical standard for delineation of the target
volumes and OARs. Thus, functionally eloquent brain areas are
not considered routinely, although they are crucial in terms of
risk-benefit balancing and RT planning to minimize neurological
deficits. Several methods of functional assessment like fMRI,
magnetoencephalography (MEG), and nTMS have been used to
identify motor-eloquent areas in the past (39, 42, 43). However,
there are currently no established standards in HFSRT regarding
functional imaging and dose constraints to eloquent brain
structures like the primary motor cortex.

Functional Imaging in Radiotherapy

Planning
Lately, nTMS has been implemented as an accurate tool to non-
invasively generate preoperative motor maps of the cortex for
surgery, resulting in a lower rate of residual tumor and less
surgery-related deficits in patients suffering from motor-eloquent
metastases (11). In this context, favorable clinical outcome has
also been suggested for patients with other intracranial lesions
when nTMS motor maps are available for preoperative planning
and intraoperative resection guidance (44-46). In terms of RT
planning of brain metastases, this is the first study to apply
preoperative nTMS with the purpose of decreasing the radiation
dose applied to the primary motor cortex.

Currently, eloquent brain areas like the primary motor
cortex are commonly not defined as OARs and, hence, not
integrated in the process of contouring target volumes in

RT planning. Applying diffusion tensor tractography for dose
reductions to the corticospinal tract in radiosurgical treatment
of cerebral arteriovenous malformations significantly reduced the
risk of motor complications (47). Witt et al. integrated eloquent
brain areas identified by fMRI into planning of stereotactic
radiosurgery by keeping these structures outside the 30% isodose
level (42). Furthermore, Aoyama et al. integrated functional
brain imaging by MEG and magnetic resonance axonography
into stereotactic irradiation treatment planning in regard of the
volume receiving more or equal to 10 Gy and more or equal to
15 Gy (43). A majority of treatment plans was modified, achieving
a significant reduction of the volume receiving more or equal
to 15Gy (43). Conti et al. applied functional imaging including
fMRI, tractography, and nTMS in radiosurgery (39). Integrating
nTMS motor maps in radiosurgery treatment planning of 12
patients with malignant brain tumors achieved an average dose
reduction of 25% to these structures (39).

Because nTMS has already been successfully applied in
radiosurgery, this study focused on adjuvant RT of supratentorial
brain metastases. In our setting, the dose applied to the nTMS
motor maps outside the PTV was constrained to 15Gy. The
treatment strategy was HFSRT of 35Gy subscribed in seven
fractions applied to the resection cavity, with a safety margin of
2mm (24). Due to the small size of the safety margin compared
to RT of other brain tumors like glioblastoma, there is a steep
gradient of radiation dosage toward circumjacent brain areas.
Therefore, in most of the cases, high radiation doses are only
applied to a small fraction of the nTMS motor areas. Because
this results in a low Dmean of the OARs, these cases were not
considered eligible for RT plan recalculations.

The PTV and the 80% isodose level were covered by nTMS
motor areas by 18.7 and 36.7% on average. This increases the
potential of dose reductions. The Dmean significantly decreased
by 18.1% on average, and the volumes of nTMS motor maps
receiving at least 10 and 15 Gy were significantly reduced by 24.7
and 29.8%, respectively.

Limitations and Perspectives
This study analyzed eleven patients and applied dose constraints
only to cortical motor-eloquent brain areas, not taking
tractography into account. Integrating the corticospinal tract by
means of diffusion tensor tractography and including a larger
number of patients should be considered as the next step.
Furthermore, preoperative nTMS motor maps were fused with
RT plans based on postoperative imaging. Therefore, shifting of
motor areas due to cortical plasticity and perioperative brain shift
has not been taken into account for dosimetric analyses. For this
retrospective approach, postoperative nTMS motor mapping was
categorically not available because only preoperative mapping
is currently performed in the context of clinical diagnostics
as a method to facilitate preoperative neurosurgical planning
and intraoperative resection guidance. Thus, future prospective
studies incorporating postoperative nTMS motor maps are highly
needed to validate the results of the present study.

As tumor progression mostly occurs shortly after treatment
and overall median survival is limited, motor deficits induced by
RT might be masked. In the treatment of recurrent or progressive
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brain metastases, repeated RT by stereotactic RT or radiosurgery
are favorable options, together with new treatment strategies
like neoadjuvant radiosurgery before surgical resection; however,
repeated treatment once again bears the risk of neurologic
impairment for patients with tumors near the motor cortex
(48, 49). Overall, survival of patients with brain metastases is
limited and motor function is essential for the quality of life;
thus, sparing of the motor cortex from higher radiation dosage
in selected cases seems reasonable, even in consideration of the
unclear distinct impact of photon radiation on the cortex (50, 51).

CONCLUSIONS

Integrating nTMS motor maps in the standard process of
RT planning is feasible and valuable in patients harboring
motor-eloquent supratentorial metastases. nTMS motor maps
considered as OARs in the process of target contouring enable
a significant dose reduction to the motor area for selected cases,
without impairing the therapeutically crucial dose to the PTV
covering the tumor itself. Based on these preliminary results,
further prospective studies have to be conducted in order to
evaluate the potential benefit, especially the impact on the clinical
outcome.
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The incidence of brain metastases is projected to rise because survival rates of lung
cancer, breast cancer, and melanoma continue to improve (1). The brain is being identified
as a sanctuary site for harboring metastases despite excellent control of extracranial
disease. This is thought to occur because the drug therapies that control extracranial
disease have limited central nervous system (CNS) penetration. The development of
brain metastases is a devastating diagnosis affecting both quality of life (QOL) and
survival. Symptoms after diagnosis can include headache, nausea, vomiting, seizure,
neurocognitive decline, and focal neurologic deficit. Some of these symptoms can
be irreversible even after successful treatment of intracranial disease. Treatment of
brain metastases often necessitates surgery and radiation. There have been some
reports of systemic therapies offering an intracranial response however long-term data is
lacking. These treatments for CNS metastases can also lead to neurocognitive sequelae
impacting quality of life. Therefore, preventing disease from spreading to the brain is a
topic that has generated much interest in oncology. Prophylactic cranial Irradiation (PCI)
has been used in leukemia, small cell lung cancer (SCLC), and non-small cell lung cancer
(NSCLC). While showing effectiveness in preventing intracranial disease development, its
carries with it side effects of neurocognitive decline that can affect QOL. There are Clinical
trials exploring novel delivery of PCl and concurrent neuroprotective drug therapy to try
to mitigate these neurocognitive sequelae. These will be important trials to complete, as
PCI has shown promise in controlling disease and prolonging survival in select patient
populations. There are also drug therapies that have shown efficacy in preventing CNS
metastases development. This review will explore the current therapies available to
prevent CNS metastases.

Keywords: CNS metastases, prevention, SRS, WBRT, immunotherapy, targeted therapy (TT)

STANDARD BRAIN METS TREATMENT

Standard therapies for brain metastases often include surgery, whole brain radiotherapy (WBRT),
stereotactic radiosurgery (SRS), or a combination of these treatment modalities. The decision for
utilizing these therapies are often dependent upon the number of lesions, their location, and the
severity of patients’ symptoms.

The routine use of WBRT has been challenged with recent publications showing improved
cognitive outcomes and equivalent survival in patients treated with SRS compared to SRS and
WBRT in patients with limited brain metastases (2). In addition, SRS is also being favored over
WBRT following resection of metastases as recent data has also shown good local control and
equivalent survival with less neurocognitive decline in patients where WBRT following surgery was
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omitted (3, 4). Regardless of the reduction in neurocognitive
sequelaec when WBRT is withheld, its important to recognize
that patients still experienced neurocognitive decline even when
focused radiotherapy was administered. This is a fact that is
frequently omitted in the discussion of the results of these
trials. The mere presence of metastatic disease can lend itself
to neurocognitive symptoms. These may not be outwardly
apparent to the patient or clinician but in trials where pre-
treatment cognitive assessments were performed, pre-WBRT
neurocognitive symptoms were uncovered with testing (5, 6).
This underscores the need for prevention of brain metastases
as opposed treatment after the development of intracranial
disease.

PCI IN THE MANAGEMENT OF ACUTE
LYMPHOBLASTIC LEUKEMIA (ALL)

PCI was initially introduced in order to address metastatic disease
to the CNS in childhood leukemia. The CNS was known to
be a sanctuary site for leukemic cells and CNS relapses were
common and carried with it a poor prognosis (7-9). Early studies
had shown that patients with high risk features (young age
at diagnosis, T cell phenotype, WBC count >50,000-100,000,
extra-medullary disease, presence of Philadelphia chromosome
,and poor response to induction chemotherapy) had poor
survival even after they had achieved remission, and this was
attributed to CNS relapses (7-9). In high risk populations,
PCI has been shown to decrease the rate of CNS recurrences
from 42 to 100% down to 6% (10). These impressive results
have been seen in both the pediatric and adult populations
(11).

The unfortunate result of delivering radiation therapy to the
brain in this disease process is the long-term repercussions of
CNS radiation toxicity. Some of the side effects that children
developed as a result of these therapies were neurocognitive
decline, mood disturbances, short stature, abnormal skull growth,
endocrinopathies, and secondary malignancies. As a result of
these side effects the radiotherapy dose has been aggressively
decreased from 24 to 12 Gy in the hopes of avoiding some or all
of these long-term toxicities (12-14).

Currently, leukemia CNS prophylaxis without PCI has
been the preferred approach. As an example, the Berlin-
Franfurt-Munster (NHL-BFM 95) trial showed that in Stage
III-IV lymphoblastic leukemia who received high dose systemic
methotrexate, including intrathecal (IT) methotrexate, had very
low rates of CNS relapse comparable to historic control who
had received PCI (15). Additionally, the Children’s Leukemia
Group showed that even in patients with CNS involvement at
diagnosis had high rates of cure and low rates of CNS relapse with
appropriate systemic and IT therapies (16).

Current management of ALL, even with high risk features,
excludes PCI. However, the early use of this treatment modality
was the initial pioneering effort that led to cures of childhood ALL
and paved the way for this treatment modality to be utilized in
other malignancies where metastases can be harbored in the CNS
and shielded from effective systemic chemotherapies.

PCI IN SMALL CELL LUNG CANCER

Small cell lung cancer (SCLC) is an additional malignancy where
CNS failure rates are approximated to be 50-60% at 2 years
following diagnosis (17). CNS failure in SCLC carries with it a
poor prognosis (18). As a result of these high rates of CNS failure,
consideration of delivering PCI to improve local CNS control was
considered.

Initial early trials did not show a clear benefit to the delivery
of PCI in SCLC (19). These early trials did not separate patients
into limited disease (LD) or extensive disease (ED) or perform
appropriate re-staging for response to chemotherapy prior to the
delivery of PCL The failure to show improvements in survival
was likely due to the competing risk of death from systemic
disease progression or the presence of CNS disease prior to the
delivery of “prophylactic” CNS radiation. What became evident
was that patients who had a complete response to systemic
chemotherapy in LD SCLC and were re-staged prior to the
delivery of PCI benefitted from PCI with both local control and
survival (Table 1). The Aurperin meta-analysis demonstrated
that the use of PCI at varying dose and fractionation schedules
who had a complete response to systemic chemotherapies had
a 50% reduction in the development of brain metastases and an
improvement in overall survival (20.7% PCI vs. 15% observation)
(25). A more recent analysis of 12 trials by Meert et al. showed
similar results. PCI decreased brain metastases and improved
survival in patients achieving a complete response (CR) after
chemotherapy with hazard ratio [HR] of 0.48 (95% CI 0.39-0.60)
for incidence of brain metastases, and HR of 0.82 (95% CI 0.71-
0.96) for survival. However, when patients with less than a CR to
chemotherapy were included in this analysis, the benefit of PCI
on survival became non-significant (HR 0.94, 0.87-1.02) (27).

Recommendations for PCI in patients with ED-SCLC is
less clear. Auperin’s meta-analysis included a small number of
patients with ED-SCLC and in those patients who achieved a
complete response (CR) to systemic chemotherapy there was
better survival and lower rates of brain metastases when PCI was
administered (25).

In addition to this data, the European Organization for
Research and Treatment of Cancer (EORTC) performed a Phase
III trial investigating the role of PCI in patients with ED SCLC
who had partial response (PR) or CR to chemotherapy (28). The
risk of brain metastases at 1-year was significantly reduced in the
PCI group (14.6% PCI vs. 40.4% No PCI), and the 1-year survival
rate was also superior (27.1% PCI and 13.3% No PCI). A criticism
of this study was its lack of re-staging brain MRI in asymptomatic
patients which may have led to inclusion of patients who may
have harbored brain metastases.

More evidence in support of PCI in ED-SCLC came
from a North Central Cancer Treatment Group analysis
examining patients with LD and ED-SCLC with stable disease
following chemotherapy and thoracic radiotherapy. Three
hundred eighteen patients were enrolled, and this showed
improvement in survival at 1 and 3 years with limited toxicity
using traditional radiation dose fractionation (29).

There are other studies that question the routine use of PCI
in ED-SCLC. The Japanese closed their phase III trial early due to
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TABLE 1 | Randomized trials of PCl in SCLC.

Trial Years Patients PCIl dose Brain metastasis rate p-value Survival p-value References
(n) (Gy# of fractions) (%) (PCI vs. no PCI) (PCl vs. no PCI)

UMCC 1977-1980 29 30/10 Ovs. 36 0.02 (20)

Okayama 1981-1986 46 40/20 22 vs. 52 <0.05 Median 21 months 0.097 (21)
vs. 156 months

PCI-85 1985-1993 300 24/8 40 vs. 67 (2 year rate) <10718  29vs.21.5 (2 year) 0.14 (18)

UKCCCR- 1987-1995 314 Variable 38 vs. 54 (3 year rate) 0.00004 21 vs. 11 (3 year) 0.25 (22)

RORTC

PCI-88 1988-1994 211 Variable 44 vs. 51 (4 year rate) 0.14 22 vs. 16 (4 year) 0.25 (23)

ECOG-RTOG 1991-1994 32 25/10 24 vs. 53 NS Median 15.3 months 0.25 (24)
vs. 8.8 months

Auperin 1977-1995 987 Variable 33.3vs. 58.6 <0.0001 20.7 vs. 15.3(3 year) 0.01 (25)

meta-analysis (3 year rate)

Adapted from Prophylactic cranial irradiation: recent outcomes and innovations (26).

the lack of survival seen in patients who received PCI (25 Gy in 10
fractions). Median survival was shown to be 10.1 months in those
receiving PCI compared to 15.1 months without PCI (p = 0.091).
However, there was a significant reduction in the development of
brain metastases (32% PCI vs. 58% No PCI) which matches the
50% reduction in brain metastases development seen in patients
with LD-SCLC where PCI is administered (30).

There is a clear role for PCI in LD-SCLC who demonstrate
a CR to systemic chemotherapy with improvements in both
local control and survival. The routine use of PCI in ED-SCLC
is less clear. However, it seems very reasonable to consider
administering this therapy in patients with ED-SCLC who show
response to initial systemic chemotherapies and who have not
developed brain metastases upon restaging of the CNS prior to
PCI delivery.

ROLL OF PCI IN NON-SMALL CELL LUNG
CANCER (NSCLC)

Brain metastases occur with frequency in patients diagnosed with
NSCLC and are also one of the first sites of relapse. Patient with
early stage (I-II) disease are less likely to be diagnosed with
brain metastases compared to those with more advanced disease
(Stage IIT) (31-37).

The role of PCI in NSCLC is not as well established as it is
in those with SCLC. However, there are some older studies that
demonstrated PCI reduced development of CNS metastases and
prolonged the time to develop intracranial disease. Cox et al. had
shown that PCI decreased the incidence of CNS metastases from
13% to 6% (p = 0.038) (38). Umsawasdi et al. showed a decrease
in CNS metastases from 27% (No PCI) to 4% (PCI) (p = 0.002)
with an increase in CNS metastases free survival (39).

However, the biggest criticism of PCI in NSCLC is that,
while this treatment modality demonstrates reductions in the
development of brain metastases, there is not a corresponding
improvement in overall survival. As an example, the RTOG tried
to demonstrate a benefit of PCI in Stage II and III NSCLC. With
187 patients enrolled, there were non-significant reductions in
the development of brain metastases but also a non-significant

reduction in survival in the PCI arm (40). There was however
one trial that showed a significant benefit in brain metastases
reduction and survival (41).

Based upon these mixed results, the RTOG tried to definitively
answer the question of the benefit of PCI in NSCLC with RTOG
0214. This was a Phase III trial with Stage IIIA and IIIB NSCLC.
Three hundred fifty-six patients were accrued to this study. After
definitive treatment, patients were randomized to PCI, 30 Gy in
15 fractions or observation. This study closed early due to poor
accrual. Unfortunately, it failed to show a difference in overall
survival between the two arms, however, there was a statistically
significant reduction in the development of brain metastases
(18.0% No PCI vs. 7.7% PCI, p =0.004) (42).

Based upon these trials, the routine use of PCI in NSCLC is
not routinely recommended. (Table 2).

SIDE EFFECTS AND QOL

Cranial radiation can cause significant neurologic toxicity that
can negatively impact QOL. This argument is used for forgoing
PCI especially in settings where a survival benefit is not realized.
However, when PCI is omitted, the competing risk of neurologic
sequelae caused by the emergence of CNS metastases must also
be considered (28).

Earlier studies reporting on the neurocognitive impact of PCI
were small, retrospective, and did not establish a pre-treatment
baseline (43). The absence of a pre-treatment baseline is critical
because there are many factors that can lead to neurocognitive
decline in patients other than the presence of metastatic disease
or radiotherapy. Age, smoking, paraneoplastic syndromes, and
depression are just a few factors that can lead to neurocognitive
symptoms in the absence of radiotherapy. This is why it is
absolutely necessary to perform neurocognitive assessments on
patients at baseline to truly measure the impact that radiotherapy
can have on posttreatment neurocognition.

Modern series assessing the efficacy of PCI have included
more robust and reliable assessments of cognitive function
assessed both before and after the administration of radiotherapy
like mini mental status exam (MMSE), Hopkins Verbal Learning
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TABLE 2 | Randomized trials evaluating PCI in NSCLC.

Trial Year of Patients PCI dose (Gy# Brain metastasis rate p-value Survival (PCl vs. no PCI) p-value References
publication (n) of fractions) (%) (PCl vs. no PCI)
VALG 1981 281 20/10 6vs. 13 0.038 Median 8.2 months vs. 9.7 0.5 (38)
months
MDACC 1984 97 30/10 4vs. 27 0.02 (39)
RTOG 8403 1991 187 30/10 9vs. 19 0.10 Median 8.4 months vs. 8.1 NS (40)
months
SWOG 1998 254 37.5/15 or 1vs. 11 0.003 Median 8 months vs. 11 0.004 (41)
30/10 months
RTOG 0214 2011 356 30/15 7.7 vs. 18 (1 year rate) 0.004 75.6 vs. 76.9 (1 year) 0.86 (42)

Adapted from Prophylactic cranial irradiation: recent outcomes and innovations (26).

Test (HVLT) and Controlled Oral Word Association (COWA).
Cognitive evaluation of RTOG 0212 showed a correlation
between higher-dose PCI and increased, chronic neurological
toxicity, but this was not associated with an impact on HVLT
score (44).

Pooled analysis of RTOG 0212 and RTOG 0214 reported
that patients treated with PCI had a greater risk of self-reported
neurocognitive decline at 6 months (odds ratio [OR] 3.60, 95%
CI 2.34-6.37; p < 0.0001) and 12 months (OR 3.44, 1.84-6.44;
p < 0.0001) in addition to a decline in HVLT recall score at 6 and
12 months compared with the observation group (6, 44, 45).

QOL was also assessed in RTOG 0214 and showed that while
global cognitive function and QOL was preserved between PCI
and no PCI cohorts, there was decline in memory as measured by
the HVLT in the group that received radiotherapy (6). Therefore,
robust cognitive assessments may show neurocognitive decline in
those receiving PCI, however, this does not always translate into
patient’s QOL being impacted.

There are currently efforts underway to try to deliver PCI in
a way to try to mitigate cognitive effects. NRG Oncology CC003
“Randomized Phase II/11I Trial of Prophylactic Cranial Irradiation
with or without Hippocampal Avoidance for Small Cell Lung
Cancer” is currently accruing patients in the hopes of enhancing
the therapeutic ratio of PCI'; improve intracranial control while
limiting neurocognitive toxicity. It has been hypothesized that
radiation-induced injury to proliferating neuronal progenitor
cells in the sub granular zone of the hippocampi may be
responsible for the radiation induced NCF decline, thus, avoiding
the hippocampal region of the brain may reduce cognitive side
effects (46-48). The addition of neurocognitive protective agents
is also being considered to further reduce the cognitive side
effects of cranial irradiation (49).

SYSTEMIC TARGETED OR
IMMUNOTHERAPIES THERAPIES FOR
BRAIN METASTASES PREVENTION

An interesting approach to the treatment of brain metastases to
try to mitigate the deleterious effect of radiotherapy to the brain
has been to consider targeted or immunotherapies upfront to
treat intracranial disease. The Chinese Thoracic Oncology Group

conducted a randomized trial looking at patients with NSCLC
with epidermal growth factor receptor (EGFR) mutations, who
were naive to treatment with EGFR-tyrosine kinase inhibitors
(TKI) or radiotherapy and had at least three metastatic brain
lesions to either icotinib or WBRT (30Gy in ten fractions
of 3Gy) plus concurrent or sequential chemotherapy for 4-6
cycles. In patients with EGFR-mutant NSCLC and multiple brain
metastases, icotinib had significantly longer intracranial PES than
WBI plus chemotherapy. Therefore, icotinib might be a better
first-line therapeutic option for this patient population (50).

In another recently published trial, 303 patients with
untreated, advanced ALK-positive NSCLC were treated with
alectinib (600 mg twice daily) or crizotinib (250 mg twice daily).
The primary end point was PFS. Secondary end points were time
to CNS progression, objective CNS response rate, and overall
survival. A CNS response was appreciated in 17 of 21 patients
in the alectinib group (CNS response rate, 81%; 95% CI, 58 to 95)
and in 11 of 22 patients in the crizotinib group (CNS response
rate, 50%; 95% CI, 28 to 72). Eight patients (38%) in the alectinib
group had a CNS complete response (CR), compared to 1 patient
(5%) in the crizotinib group. The median duration of intracranial
response was 17.3 months in the alectinib group (95% CI, 14.8
to not estimable) and 5.5 months in the crizotinib group (95%
CI, 2.1 to 17.3), respectively. A CNS response occurred in 38 of
64 patients in the alectinib group (CNS response rate, 59%; 95%
CIL 46 to 71) and in 15 of 58 patients in the crizotinib group
(CNS response rate, 26%; 95% CI, 15 to 39) in patients who had
measurable disease. Twenty-nine patients (45%) in the alectinib
group had a CNS CR, as compared with 5 patients (9%) in the
crizotinib group. This was an important trial as it showed that in
patients who harbor an ALK-mutation, targeted therapies can be
effective in treating and preventing CNS progression (51).

Similar studies have also been performed in patients with
metastatic melanoma. In a recently published trial, patients with
asymptomatic melanoma brain metastases with no prior local
CNS therapy were randomly assigned to cohort A (nivolumab
plus ipilimumab, n = 36) or cohort B (nivolumab, n = 27).
With a median follow up of 17 months (IQR 8-25), intracranial
responses were achieved by 16 (46%; 95% CI 29-63) of 35 patients
in cohort A and five (20%; 7-41) of 25 in cohort B. Intracranial
CR occurred in six (17%) patients in cohort A and three (12%) in
cohort B. The effectiveness of these therapies came at the cost of
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treatment-related adverse events which occurred in 34 (97%) of
35 patients in cohort A and 17 (68%) of 25 in cohort B. Grade
3 or 4 treatment-related adverse events occurred in 19 (54%)
patients in cohort A and four (16%) in cohort B indicating that
the combination therapy was more toxic (52).

Another EGFR-TKI Lapatinib has also shown effectiveness
in the treatment of metastatic HER2 positive breast cancer
to the brain based upon 2, Phase II clinical trials (53, 54).
Addition studies have also shown that Lapatinib in combination
with chemotherapy can decrease the rate of CNS relapse of
Her2 positive disease from 6% down the 1-2%. Currently, the
Radiation Therapy Oncology Group (RTOG) 1119 is evaluating
the complete response rate in the brain at 12 weeks post WBRT
based upon MRI with the addition of Lapatinib and WBRT
compared to WBRT alone in women with Her2 positive disease
that has metastasized to the brain'. Another agent that has
shown activity in the treatment of HER2 positive metastatic
breast cancer to the brain is neratinib. There are trials currently
accruing to determine if neratinib combined with other systemic
chemotherapies will show activity against CNS metastases (55).

An interesting concept based upon these promising results is
whether systemic targeted or immunotherapies could be used in
the prevention of disease as opposed to treatment of metastases

Uhttps://www.rtog.org/Clinical Trials/ Welcome.aspx
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Brain metastases are common to the natural history of many advanced malignancies.
Historically, whole brain radiation therapy (WBRT) has played a key role in the
management of brain metastases, especially for patients with multiple lesions. However,
prospective trials have demonstrated consistent neurocognitive toxicities after WBRT,
and various pharmacologic and anatomic strategies designed to mitigate these
toxicities have been studied in recent years. Memantine, an NMDA receptor antagonist,
taken during and after WBRT improved cognitive preservation in a randomized
trial over placebo. Deliberate reductions in radiation dose to the hippocampus, via
hippocampal-avoidance (HA)-WBRT, resulted in improved cognition over historic controls
in a phase Il trial, and follow-up randomized trials are now ongoing to evaluate cognitive
outcomes with HA vs. conventional brain radiation techniques. Nevertheless, some of
the most promising strategies currently available to reduce the cognitive effects of brain
radiation may be found in efforts to avoid or delay WBRT administration altogether.
Stereotactic radiosurgery (SRS), involving focused, high-dose radiation to central nervous
system (CNS) lesions with maximal sparing of normal brain parenchyma, has become
the standard for limited brain metastases (classically 1-3 or 4 lesions) in the wake of
multiple randomized trials demonstrating equivalent survival and improved cognition
with SRS alone compared to SRS plus WBRT. Today, there is growing evidence to
support SRS alone for multiple (>4) brain metastases, with comparable survival to SRS
alone in patients with fewer lesions. In patients with small-cell lung cancer, the routine
use of prophylactic cranial irradiation (PCI) for extensive-stage disease has been also
been challenged following the results of a randomized trial supporting an alternative
strategy of MRI brain surveillance and early salvage radiation for the development of
brain metastases. Moreover, new systemic agents are demonstrating increasing CNS
penetration and activity, with the potential to offer greater control of widespread and
microscopic brain disease that was previously only achievable with WBRT. In this review,
we endeavor to put these clinical data on cognition and brain metastases into historical
context and to survey the evolving landscape of strategies to improve future outcomes.

Keywords: brain metastases (BM), radiosurgery, cognition, neurocognition, whole brain radiation therapy (WBRT),
hippocampus, memantine, tyrosine kinase inhibitor
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INTRODUCTION

Paradigms for the management of brain metastases are evolving,
with increasing treatment options and a greater focus on
cognitive preservation. In an effort to mitigate the neurocognitive
effects of whole brain radiation (WBRT) and prophylactic cranial
irradiation (PCI), both anatomic and pharmacologic strategies
have been studied in recent years, including hippocampal-
avoidance radiation and the concomitant use of the drug
memantine for neuroprotection (1, 2). In addition, one of the
most promising neurocognitive preservation strategies has been
the more limited use of WBRT and PCI altogether (3). There is
growing evidence to support the use of stereotactic radiosurgery
(SRS) for patients with multiple brain metastases, and guideline
statements have been adapted to reduce strict reliance on lesion
number for selection of SRS candidates (4-6). The contemporary
role of PCI for small-cell lung cancer in the era of MRI staging
and surveillance has also been challenged by a recent randomized
trial (7). Concurrently, a number of emerging systemic therapies
have shown increasing CNS penetration and activity, blurring
the historic lines of distinction between anticipated CNS and
extra-CNS disease response rates to systemic therapy (8-20).
Herein, we review the emerging clinical data on neuroprotective
strategies and attempt to place these data into the historical
context of brain metastases management.

WBRT: CNS DISEASE CONTROL,
COGNITION, AND SURVIVAL

WBRT has been the historic standard for the management of
brain metastases and, prior to the more widespread availability
of SRS, WBRT often represented the only means for treating
unresected brain metastases in cases ranging from diffuse to
solitary CNS lesions. As access to SRS technology increased a
number of trials began comparing strategies of SRS alone to
SRS plus WBRT for limited (1-3 or 4) brain metastases (21-25).
The results of these trials, detailed below, would ultimately make
SRS alone the contemporary standard of care for limited brain
metastases; however, the role of SRS alone in multiple (often
defined as >4) lesions remains somewhat controversial due to the
exclusion of these patients from the landmark randomized trials
(5). In addition, WBRT delivered in the form of PCI for patients
without evidence of brain metastases remains the standard of
care for patients with limited-stage small-cell lung cancer (LS-
SCLC) following a response to first-line therapy, and is an option
for patients with extensive-stage (ES) disease (26). Thus, the
neurocognitive impact of WBRT and PCI remain highly relevant
to contemporary clinical practice.

Multiple randomized trials of SRS alone vs. SRS plus WBRT
for patients with limited metastases have demonstrated that,
overall, the addition of WBRT is associated with (1) objective
declines in neurocognitive function, (2) improved CNS disease
control rates, but (3) no benefit in terms of OS (21-25). The
first major trial published was a multicenter Japanese study
reported by Aoyama et al. in 2006. That study randomized 132
patients with 1-4 brain metastases to WBRT and SRS or SRS

alone and found an improvement in CNS control rates with no
differences in OS with the addition of WBRT (21). Similarly,
an EORTC trial enrolled patients with 1-3 brain metastases
treated initially with SRS or surgical resection (local therapy
was at the physician’s discretion) and randomized them to
WBRT or observation. This trial also observed a reduction in
CNS progression events with WBRT, but no differences in OS
(23). While these trials clearly demonstrated that WBRT did
not significantly affect OS outcomes, the collection of rigorous
cognitive data was limited. In a single-institution phase III trial
at MD Anderson, Chang et al. randomized patients with 1-3
brain metastases to SRS alone vs. SRS plus WBRT with a primary
endpoint of neurocognitive function. This study was stopped
early by the data safety monitoring committee due to increased
cognitive decline on the Hopkins Verbal Learning Test-Revised
(HVLT-R) total recall at 4 months with WBRT. For SRS plus
WBRT, the mean probability of decline in total recall, delayed
recall, and delayed recognition, was 52, 22, and 11%, respectively,
compared with 24, 6, and 0% for patients treated with SRS alone
(22). In an NCCTG study, Brown et al. reported the results of
a randomized trial comparing SRS alone to SRS plus WBRT
for 1-3 brain metastases with a primary endpoint of cognitive
function using a rigorous battery of cognitive tests including
the HVLT-R, controlled oral word association (COWA) test,
Trial-making test (TMT) A and B, and Grooved Pegboard Test.
Cognitive deterioration was defined as a decline of more than
one standard deviation from baseline in at least one cognitive
test. There was less cognitive deterioration at 3 months after
SRS alone compared with SRS plus WBRT (63.5 vs. 91.7%, p <
0.001). Importantly, cognitive deterioration was also assessed at
12 months in long-term survivors, and the difference in cognitive
decline persisted (60 vs. 94.4%, p = 0.04) (24). A subsequent
study from the NCCTG, also reported by Brown et al. and using
a similar cognitive testing battery, compared WBRT vs. SRS to
the surgical cavity in patients with resected brain metastases.
This study reported a decrease in cognitive-deterioration-free
survival with WBRT (3.7 vs. 3.0 months, HR 0.47, 95% CI 0.35-
0.63, p < 0.0001), as well as an increase in 6-month cognitive
deterioration among patients that received WBRT (52 vs. 85%, p
< 0.001). Consistent with the aforementioned studies, there was
no difference in OS (median 12.2 months for SRS vs. 11.6 months
for WBRT, HR 1.07, 95% CI 0.76-1.50, p = 0.70) (25).

Together the randomized trials above have detailed consistent
improvements in CNS control rates with WBRT that do not
translate into OS benefits, but are associated with objective
declines in cognitive performance. Notably, an unplanned
subgroup analysis of the Japanese trial by Aoyama et al. suggested
that WBRT might improve OS in a subgroup of patients of
patients with favorable prognoses; however, separate secondary
analyses from both the NCCTG and EORTC trials have since
refuted this finding (27-29). Moreover, a meta-analysis of three
of these trials reported by Saghal et al. found no benefit
in OS overall and, provocatively, suggested a decrement in
OS with WBRT among patients <50 years of age (30). The
apparent disconnect between improved CNS control without
an accompanying improvement in OS with WBRT may be
attributable to the observation that most contemporary patients
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with brain metastases do not die of CNS progression (4, 31), and
that subsequent CNS progression events are often salvageable
without WBRT when identified in the context of brain MRI
surveillance (32). In response to the consistency of these data,
the contemporary NCCN CNS guidelines advocate SRS alone as
the preferred treatment for limited brain metastases (5). These
guideline recommendations underscore the clinical importance
of cognitive decline after WBRT, and suggests that improved CNS
control in the absence of an OS benefit fails to justify routine
administration in patients with limited CNS disease (5).

One of the largest analyses of the cognitive impact of PCI was
reported by Gondi et al. who performed a pooled analysis of
the RTOG 0212 and 0214 trials (33). The RTOG 0212 enrolled
patients with LS-SCLC who achieved a response to 1st-line
therapy and randomized them to PCI with 25 vs. 36 Gy, while
the RTOG 0214 was a trial in stage III non-small cell lung cancer
(NSCLC) patients who had completed curative-intent therapy
and then were randomized to PCI vs. observation (34, 35). In the
pooled analysis comparing PCI vs. no-PCI outcomes, declines in
tested cognitive function were observed at both 6 and 12 months,
and a more than three-fold decrease in patient-reported cognitive
outcomes were reported with PCI (33). Moreover, a dedicated
analysis of the RTOG 0212 demonstrated increased cognitive
decline with higher PCI radiation doses, and the RTOG 0212 and
intergroup trials found greater declines in cognition and QOL
after PCI in association with older patient age (35, 36).

The consistent neurocognitive effects of WBRT and PCI
are also accompanied by a variety of characteristic anatomic
and pathophysiologic correlates. Moderate doses of radiation
to the entire brain common to WBRT and PCI have been
associated with cortical thinning, demyelination, attenuated
capillary density, damage to the vascular endothelium, disruption
of the blood-brain barrier, oxidative and pro-inflammatory stress,
and impairment of neurogenesis (28, 37-42). In a notable
illustrative study, Monaco et al. analyzed longitudinal brain MRI
findings in lung cancer patients treated SRS plus WBRT vs. SRS
alone and found dramatic increases in the incidence and severity
of white matter changes at 1 and 2 years among patients who
received WBRT (Figure 1) (39).

ATTENUATING THE NEUROCOGNITIVE
EFFECTS OF WBRT WITH
PHARMACOTHERAPY

For patients requiring WBRT, there has been interest in the use of
neuroprotective drugs to preserve cognitive function. Memantine
is an antagonist of the N-methyl-D-aspartate (NMDA) receptor,
which has important roles in learning and memory. In the
setting of vascular dementia, ischemia is associated with
excessive NMDA receptor activation and excitotoxicity, and
inhibition of the NMDA receptor with memantine represents a
neuroprotective strategy (1, 43-45). The RTOG 0614 explored
the hypothesis that memantine could be protective in the
setting of radiation-induced excitotoxicty and neurocognitive
decline. This study was a randomized controlled trial in
patients undergoing WBRT for brain metastases, of placebo

vs. memantine concurrent with WBRT and for an additional
6 months. Memantine was well tolerated and although the
trend toward delayed recall (the primary endpoint) did not
reach statistical significance (p = 0.059), memantine did delay
time to cognitive decline and reduced the rate of decline in
memory, executive function, and processing speed (1). As a
result, the NCCN CNS and small-cell lung cancer guidelines
acknowledge the potential role of memantine to promote
cognitive preservation for patients undergoing both WBRT and
PCI, although the latter has not yet been tested in a randomized
control trial (5, 26).

A separate phase II trial enrolling patients treated with partial
brain radiation or WBRT (66% with primary brain tumors,
26% with brain metastases, 8% receiving PCI) randomized
198 patients to placebo or donepezil, a reversible acetylcholine
esterase inhibitor. Although donepezil did not improve cognitive
composite scores (the primary endpoint), donepezil did result
in modest improvements in memory (46). Donepezil, however,
is not advocated for cognitive preservation in the context of
brain radiation by the contemporary national guidelines (5, 26).
In addition to memantine and donepezil, there is lower-level
clinical and pre-clinical evidence investigating a variety of other
pharmacologic agents (47). For example, one single-arm phase II
study evaluated the botanical agent, Ginkgo biloba, in 34 patients
receiving partial or whole brain radiation and reported improved
neurocognitive function assessments over time (48).

Overall, the improved cognitive preservation with
pharmacotherapy in the randomized RTOG 0614 represents
a unique success in the radiation oncology literature,
demonstrating proof of principle that radiation-induced
cognitive decline can be attenuated with pharmacotherapy. It
is also important to acknowledge, however, that the rates of
cognitive decline after WBRT in the RTOG 0614 study remained
suboptimal (cognitive preservation at 24 weeks was 31% with
memantine vs. 20% with placebo), and further research into
novel neuroprotective agents is warranted.

REDUCING WBRT TOXICITY
ANATOMICALLY:
HIPPOCAMPAL-AVOIDANCE

A separate strategy to potentially mitigate neurocognitive toxicity
in patients undergoing WBRT and PCI involves a reduction
in radiation exposure to the hippocampus using conformal
intensity-modulated radiation therapy (IMRT). It has been
proposed that injury to the neural stem-cell compartment of
the hippocampal dentate gyrus may represent an important
pathophysiologic mechanism of radiation-induced cognitive
decline (2, 49, 50). Providing preliminary data in support
of this hypothesis, the multi-institutional single-arm phase II
RTOG 0933 demonstrated superior cognitive preservation on
the HVLT-R with hippocampal avoidance WBRT (HA-WBRT)
as compared to historical WBRT controls (2). As a result, two
separate NRG Oncology trials have been launched to evaluate the
impact of HA-WBRT in the randomized setting. The phase III
NRG CC001 (NCT02360215) is randomizing patients requiring
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FIGURE 1 | White matter changes in patients with non-small cell lung cancer brain metastases treated with whole brain radiation therapy (WBRT) and stereotactic
radiosurgery (SRS) (n = 37) or SRS alone (n = 31). Adapted from Monaco et al. (39) with permission from the publisher.

WBRT for brain metastases from various histologies to HA-
WBRT vs. conventional WBRT, with a primary endpoint of
cognitive preservation on a testing battery including the HVLT-
R, COWA, and TMT A and B. All patients in this trial will receive
concurrent and adjuvant memantine for 6 months. The phase
II/IIT NRG CC003 (NCT02635009) is randomizing patients
with LS and ES-SCLC to PCI with and without hippocampal
avoidance, with optional memantine administration. The phase
I portion is designed to confirm a non-inferior 12-month
intracranial relapse rate with HA-PCI vs. conventional PCI, and
the phase III portion will test whether HA-PCI can reduce the
rate of 6-month deterioration on the HVLT-R delayed recall.

THE EXPANSION OF SRS AND
NARROWING OF WBRT INDICATIONS

While WBRT remains an appropriate treatment for
contemporary patients with diffuse brain metastases, there
is a wealth of randomized evidence indicating that avoiding
WBRT in favor of SRS for suitable candidates can offer superior
cognitive preservation and equivalent OS (21-25). SRS alone
does, however, come at the cost of higher rates of new brain
metastases and greater need for subsequent brain treatments,
often in the form of further SRS (4, 21-24, 32). This trade-off

between superior cognitive preservation but higher rates of
retreatment after SRS has largely been accepted for patients with
limited brain metastases, and is now increasingly being studied
and supported for patients with >4 brain lesions (4, 5, 32).

The strongest current evidence in support of SRS for multiple
metastases comes from a Japanese single-arm, multi-institutional
prospective study of SRS alone in 1,194 patients with 1-10
brain metastases reported by Yamamoto et al. (4, 51) This study
stratified patients into groups of 1, 2-4, and 5-10 brain lesions.
OS was superior among patients with a single brain lesion.
The key finding, however, was that there were no significant
differences in OS, toxicity, or subsequent CNS failure rates
among patients with 2-4 vs. 5-10 brain lesions. Moreover, the
rates of death from causes related to CNS progression were
similarly low (6-10%) in all three cohorts (4). A recent follow
up analysis to this study also found no differences in cognitive
preservation rates between the cohorts; although, it should be
acknowledged that this analysis was limited by its reliance on
the mini-mental status exam, which is known to be a less
sensitive metric for radiation-induced cognitive deterioration
(51). Historically, SRS alone has been considered a reasonable
strategy for 1-3 or 4 lesions based primarily on the inclusion
criteria of the aforementioned randomized trials of SRS with and
without WBRT (21-24); however, this large prospective trial by
Yamamoto et al. suggests that SRS for 5-10 brain metastases may
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be just as safe and effective as SRS for 2-4 lesions, where SRS
alone is already widely accepted (4). In response to this data,
the NCCN now acknowledges the use of SRS alone as an option
for carefully selected patients with “extensive” (a strict number
criteria has been intentionally omitted) brain metastases (5).

Along the lines of the Japanese data, our group from the
University of Colorado recently reviewed the outcomes of
patients with ALK and EGFR driven NSCLC brain metastases
treated with SRS alone for >4 lesions (range 4-26) (32). The
median OS was 3 years (4.2 for ALK and 2.4 for EGFR patients),
emphasizing the encouraging prognoses and importance of
cognitive preservation strategies in these subsets. OS was
comparable regardless of the number of SRS courses and number
of brain metastases treated either in a single session or overall.
The 5-year freedom from neurologic death and freedom from
WBRT rates were 84 and 97%, respectively. Of note, the mean
hippocampal and whole-brain doses were exceedingly low even
among patient treated to more than 10 lesions in a single session
(1.2G and 0.8 Gy, respectively), as compared to representative
plans of conventional WBRT (30.3 and 30.9 Gy) and HA-WBRT
(10.6 and 31.9 Gy). These dosimetric findings suggest that SRS
alone even for numerous metastases may provide superior
hippocampal sparing compared to HA-WBRT and that treating
multiple lesions with SRS does not equate to de facto WBRT from
a dosimetric standpoint (32).

These data, along with a variety of other institutional reports
(52-55), provide increasing support for SRS in carefully selected
patients with multiple brain lesions. Several randomized trials are
ongoing or in development to evaluate WBRT vs. SRS in patients
with multiple brain metastases (NCT02353000; NCT03550391;
NCT01592968; NCT02953717).

While the role of SRS has been expanded for increasing
numbers of brain metastases, the accepted indications for WBRT
have also begun to shrink for patients with more limited
prognoses. The QUARTZ trial enrolled a population of 538 poor-
prognosis NSCLC patients (median OS 9 weeks overall) with
brain metastases who were not considered candidates for SRS
and randomized them to WBRT or best supportive care. This
trial found no significant difference in quality-adjusted life years
(primary endpoint) or OS, suggesting that omission of WBRT
may be a reasonable recommendation in this population (56).

TREATING BRAIN METASTASES WITH
CNS-ACTIVE SYSTEMIC THERAPIES

Historically, for patients with metastatic disease, the CNS and
extra-CNS have largely been viewed as distinct compartments,
at least in terms of anticipated response rates to systemic
therapy. This division has primarily been attributed to the blood
brain barrier, which can reduce conventional chemotherapy
concentrations in the CSF to levels much lower than the
peripheral blood, making the CNS a potential pharmacologic
sanctuary for disease progression. As result, strategies for
spatially cooperative combined-modality therapy emerged, with
systemic therapy being used conceptually for extra-CNS control
and radiation for the treatment of the brain. These historic lines

of distinction, however, are now beginning to blur as emerging
molecularly-targeted and immunotherapy agents have begun
demonstrating encouraging CNS response and control rates in
prospective trials (8-20). Below we highlight some of the recent
data with an emphasis on some contemporary studies in lung
cancer and melanoma (Table 1).

In ALK gene-rearranged lung cancer, a pooled analysis of
two single arm phase 2 studies of alectinib, with a median
follow-up of 12.4 months, demonstrated objective CNS response
rates of 64% in patients with measurable CNS disease, and a
median duration of response of 10.8 months (12). In a phase
3 study that randomized patients with ALK-rearranged NSCLC
to alectinib vs. crizotinib, the CNS response rate and median
duration of response for patients with baseline CNS metastases
was 81% and 17.3 months, vs. 50% and 5.5 months, for alectinib
vs. crizotinib, respectively (17). Similarly, in an exploratory
analysis of 2 trials of brigatinib for ALK-positive NSCLC, the
objective response rates were 53, 46, and 67%, in patients with
measurable brain metastases, from the phase I/II study, ALTA
arm A (brigatinib 90 mg daily), and ALTA arm B (brigatinib
180 mg daily), respectively (18). In patients with EGFR TKI-
sensitive lung cancer, a pooled analysis of two phase II trials of
osimertinib demonstrated CNS response rates of 54% in patients
with measurable CNS disease; the median duration of response
was not reached with 75% of patients estimated to remain
in response at 9 months (15). Similarly, 46 patients included
in the AURA3 randomized study of osimertinib or platinum-
pemetrexed, had baseline measurable brain metastases. The CNS
response rate was 70% in patients randomized to osimertinib vs.
31% in those randomized to platinum-pemetrexed (20).

In BRAF-mutated melanoma, a phase II study of dabrafenib
and trametinib for patients with brain metastases demonstrated
intracranial response rates of 44-59% in cohorts stratified
by BRAF mutation type, prior CNS therapy, symptoms, and
performance status. Importantly, however, the durability of
response appeared to be suboptimal, with median durations of
CNS response of only 4.5-8.3 months across the cohorts (14).

In  evaluation of single-agent vs. combination
immunotherapy, a randomized phase 2 study of patients
with melanoma brain metastases reported objective intracranial
responses with a median of 17 months follow-up in 16 of 35
(46%) patients treated with ipilumumab/nivolumab and 5 of 25
(20%) treated with nivolumab alone (19). A separate single-arm,
single-institution phase II study of pembrolizumab enrolled
patients with untreated brain metastases and reported response
in 4 of 18 (22%) patients with melanoma in 6 of 18 (33%) with
NSCLC, which appear similar to expected extracranial response
rates (13). Intracranial responses were also generally durable,
with all but one patient showing continued response at a median
of 11.6 and 6.8 months of follow-up in the melanoma and
NSCLC cohorts, respectively (13).

The emerging data on systemic agents with enhanced
CNS activity are encouraging and have generated appropriate
optimism regarding the expanding arsenal for the treatment
and prevention of brain metastases. It is important to
acknowledge, however, that there is limited prospective data
comparing CNS-penetrant agents to strategies incorporating
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TABLE 1 | Selected studies supporting CNS efficacy for systemic agents in melanoma, lung, and breast cancer.

References Eligibility No. of pts Drug Methods Outcomes
Margolin et al. (9) Metastatic melanoma with BM (divided 72 Ipi Phase |l CNS disease control:
into cohorts for symptomatic or 24% in asymptomatic cohort
asymptomatic) 10% in symptomatic cohort
Goldberg et al. (13)  Untreated asymptomatic BM from 36 Pembro Phase Il CNS response:
melanoma or NSCLC melanoma: 22% NSCLC: 33%
Long et al. (19) Untreated asymptomatic melanoma 79 Nivo OR Ipi/Nivo Randomized Phase Il CNS response:
BM with no previous local brain therapy Ipi/Nivo: 46% Nivo: 20%

Nivo (after failed local therapy,
symptomatic, or with LMD): 6%

Davies et al. (14) Metastatic melanoma with BM cohorts: 125 D/T Phase Il CNS response:
(A)BRAFVGOOE/aSymptomatic/no prior (A) 58%
local brain therapy/ECOG 0/1 (B) 56%
B) BRAFV6OOE/asymptomatic/prior ©) 44%
local brain therapy/ECOG 0/1 (D) 59%
(C) BRAFV600D/K/ R/asymptomatio/ Duration of response (median):
with or without prior local brain (A) 6.5 months
therapy/ECOG 0/1 (B) 7.3 months
(D) BRAFVB0OD/E/K/R /symptomatic/ (C) 8.3 months
(

with or without prior local brain
therapy/ECOG 0/1/2

D) 4.5 months

Gadgeel et al. (12)  ALK-positive NSCLC after prior 50 pts with Alectinib Pooled analysis of 2 CNS response: 64.0%
crizotinib measurable CNS Phase Il studies Duration of response (median):
(Pts with measurable CNS disease lesions 10.8 mo
were pooled from two single-arm phase
Il studies)
Peters et al. (17) Previously untreated advanced Total: 303 BM: 43  Crizotinib OR alectinib Phase Il CNS response:
ALK-positive NSCLC pts with crizotinib: 50%
measurable CNS alectinib: 81%
lesions Duration of response (median):

crizotinib: 5.5 months
alectinib: 17.3 months

Goss et al. (15) T790M-positive advanced NSCLC after 50 Osi Pooled analysis of 2 CNS response:
progression on other EGFR-TKI with Phase Il studies 54.0% Duration of response
>1 measurable CNS lesion (pooled (median): NR
analysis of two phase |l trials) Est duration of response: 75% at

9 mo

Wu et al. (20) T790M-positive advanced NSCLC after 46 pts with Osi Planned subgroup CNS response:
progression on other EGFR-TKI. measurable CNS analysis of phase Il osimertinib: 70%

Planned subgroup analysis of AURA3  lesions Platinum-pemetrexed: 31%
for patients with baseline CNS lesions.

Camidge et al. (18)  ALK-positive NSCLC (Exploratory Measurable brigatinib Exploratory analysis  CNS response (among pts with
analysis of pts with baseline brain (>10mm) of a phase I/Il and measurable (>10mm) brain
metastases from two prospective (1) 15 subsequent phase Il metastases:
studies): (2) 26 study (1) 53%

(1) phase I/Il (NCT01449461) 3) 18 (2) 46%
(2) phase Il ATLA (NCT02094573) @) 67%
arm A

(3) phase Il ATLA (NCT02094573)

arm B

Lin et al. (8) HER2+ breast cancer after prior 242 L Phase Il CNS response: 6%
trastuzumab and progressive BM after (20% in patients on
prior WBRT or SRS capecitabine-lapatinib

expansion)

Bachelot et al. (10)  HER2+ breast cancer with BM not 45 X/L Phase Il CNS response: 65.9%

previously treated with WBRT,
capecitabine, or lapatinib

Krop et al. (11) Her2+ breast cancer after prior 95 TDM-1 OR X/L Exploratory analysis ~ CNS progression:
trastuzumab and a taxane (exploratory of Phase Ill study TDM-1: 22.2%; XL: 16.0%
analysis of EMILIA limited to patients Median overall survival:
with pre-existing BM) TDM-1: 26.8 mo; XL: 12.9 mo

BM, brain metastases; L, lapatinib; X, capecitabine; X/, capecitabine and lapatinib; TDM-1, trastuzumab emtansine; Ipi, ipilimumab; Pembro, pembrolizumab, Nivo, nivolumab; LMD,
leptomeningeal disease; D, abrafenib; T, trametinib; Osi, osimertinib; pem, pemetrexed; platinum, cisplatin or carboplatin; NR, not reached.
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CNS radiotherapy. One recent trial compared icotinib alone,
a first generation EGFR-TKI with modest CNS activity, to
radiation and chemotherapy for brain metastases and found
improved CNS control outcomes with icotinib (57). This trial
was notably limited by a lack of detailed information of CNS
failure patterns (e.g., existing vs. new lesions) and the use
of a non-standard control arm of 1st line chemotherapy in
EGFR-sensitive NSCLC. It is probable in this setting, and many
others, that a strategy incorporating CNS active agents with
a combination of radiation therapy would offer superior CNS
disease control outcomes to either therapy alone, and some
cautionary retrospective analyses have been reported to that
end (58). Moreover, while it may be presumed that drugs with
increased activity across the blood-brain barrier will have a
lesser impact on cognition than therapies like WBRT, high-level
evidence is still lacking. In addition, drugs with prospective
data characterizing encouraging objective CNS response rates are
still only applicable for a subset patients with metastatic cancer.
Nevertheless, the CNS activity of emerging systemic agents is
already relevant to contemporary practice and should open the
door to new strategies to improve both CNS control and cognitive
preservation. Future trials will be needed to assess optimal
multidisciplinary integration of local and systemic therapy for
brain metastases.

EVOLVING CNS MANAGEMENT
STRATEGIES IN SMALL-CELL LUNG
CANCER (SCLC)

Although SRS alone for limited brain metastases has been
accepted across most histologies, SCLC represents a notable
exception where WBRT remains a guideline recommendation
in cases ranging from diffuse to solitary CNS lesions, as well as
in patients without radiographic brain metastases in the form
of PCI (26). Historic objections to the use of SRS in SCLC
have generally included the concern for diffuse interval CNS

progression and the potential for a resulting decrease in survival
in such cases. There is, however, growing evidence to suggest
that SRS alone may be appropriate for some patients with
SCLC (Table 2) (32, 59-62). Notably, Serizawa et al. compared
the outcomes of SCLC (N = 34) and NSCLC (N = 211)
patients with brain metastases treated with SRS alone and found
comparable rates of OS, CNS control, and neurologic mortality
in SCLC and NSCLC patients (59). Yomo and Hayashi reported
on 70 SCLC patients treated with SRS (46 patients underwent
SRS alone without prior PCI or WBRT), with median OS of
7.8 months and encouraging one- and two-year neurologic
mortality-free survival of 94 and 84%, respectively (61). Recently,
our group reported a National Cancer Database (NCDB) analysis
of upfront SRS (N = 200) vs. WBRT for brain metastases,
and observed favorable survival outcomes with SRS overall
and on propensity-score matched analyses (6). While these
retrospective data are subject to confounding from selection
bias, they do suggest that a subset of patients with SCLC
might be safely and effectively managed with SRS alone and
point to the need for prospective investigation. One recently
opened randomized phase II trial (ENCEPHALON) is comparing
SRS to WBRT for SCLC patients with 1-10 brain metastases
(NCT03297788).

For patients with a response to first-line therapy, PCI remains
a guideline endorsed therapy for LS-SCLC patients and a
treatment option for those with ES-SCLC (26). PCI was accepted
in SCLC management after a 1999 meta-analysis of 7 trials of
primarily LS-SCLC patients (86%) reported a 5% improvement
in OS at 3 years, and a subsequent 2007 EORTC randomized trial
in ES-SCLC reported a 14% OS benefit at 12-months and a 1.3
month (6.7 vs. 5.4) improvement in median survival (63, 64). The
OS advantage of PCI in the contemporary MRI era, however, was
recently challenged by a phase III randomized trial in Japan that,
unlike the EORTC or trials included in the aforementioned meta-
analysis, required brain MRI staging and surveillance (every
3 months in year-1 and every 6 months in year-2) (7). This
trial found a similar reduction in brain metastases to prior PCI

TABLE 2 | Studies of first-line SRS (no prior PCI or WBRT) for SCLC brain metastases.

References No. of patients

Methods

Outcomes

Serizawa et al. (59) 34 (compared with 211 NSCLC pts)

Retrospective comparison of SRS
outcomes for SCLC vs. NSCLC

No significant difference in any outcome, including
local control, overall survival, and neurologic survival

Jo et al. (60) 50 (first-line SRS: 12) Retrospective Median overall survival for first line SRS group: 4.6
months
Yomo and Hayashi 70 (first-line SRS: 46) Retrospective Median overall survival: 7.8 months
61) One-year neurologic death-free survival: 94%
Two-year neurologic death-free survival: 84%
Ozawa et al. (62) 94 (LS-SCLC, managed with strategy Retrospective Median overall survival: 34 months
of PCI omission, MRI surveillance, 30.8% of patients developed brain metastases
and SRS salvage) within 2 years of diagnosis
*No significant difference in outcomes when
compared to 29 patients that received PCI
Robin et al. (6) 200 Retrospective/ Median overall survival: 10.8 months

US national cancer registry database

*Compared with matched cohort of patients that
received WBRT, superior OS observed with SRS

SCLC, small-cell lung cancer; NSCLC, non-small-cell lung cancer; PCI, prophylactic cranial irradiation.
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studies, but reported no difference in PFS and, provocatively, a
trend toward improved OS (median 13.7 vs. 11.6 months) with
omission of PCI (7).

Reconciling the conflicting OS outcomes from the ES-
SCLC PCI trials from the EORTC and Japan requires some
consideration of the key differences in their respective designs.
First, the Japanese trial mandated MRI staging, whereas the
EORTC trial only obtained CNS imaging for neurologic
symptoms. It is estimated that up to 25% of SCLC may
have brain metastases when staged with MRI at diagnosis
(65), and one study found that up to one-third without brain
metastases developed them during first-line therapy (66). Thus,
a meaningful but unknown percentage of patients in the EORTC
trial were actually randomized to WBRT for brain metastases
vs. observation until symptoms. Second, the MRI surveillance in
the Japanese trial allowed for more patients to receive salvage
radiation, presumably because metastases were identified at
earlier and, thus, more treatable stages. Among patients who
ultimately developed brain metastases in the no-PCI arms of
these trials, 83% successfully underwent salvage radiation in
the Japanese trial vs. only 59% in the EORTC study (7, 64).
Additionally, it is important to note that, in all, only 58% of
patients in the no-PCI arm of the Japanese trial (64 of 111
total patients) ultimately required brain radiation and a clinically
meaningful 42% did not (7), indicating that the trial was not
simply comparing early vs. late radiation, as has sometimes been
a suggested.

Overall, the results of the Japanese ES-SCLC trial are
important to contemporary clinical practice because they suggest
that (1) brain metastases identified earlier in the context of
MRI surveillance may be salvaged without negatively impacting
survival and (2) that a meaningful subset of patients with
SCLC who do not develop brain metastases can be spared the
neurocognitive sequela of PCI altogether. Moreover, the design
of the Japanese trial also points to the need for new studies
in LS-SCLC comparing PCI to MRI surveillance strategies, as
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The use of radiotherapy, either in the form of stereotactic radiosurgery (SRS) or
whole-brain radiotherapy (WBRT), remains the cornerstone for the treatment of brain
metastases (BM). As the survival of patients with BM is being prolonged, due to
improved systemic therapy (i.e., for better extra-cranial control) and increased use
of SRS (i.e., for improved intra-cranial control), patients are clinically manifesting late
effects of radiotherapy. One of these late effects is radiation necrosis (RN). Unfortunately,
symptomatic RN is notoriously hard to diagnose and manage. The features of RN overlap
considerably with tumor recurrence, and misdiagnosing RN as tumor recurrence may
lead to deleterious treatment which may cause detrimental effects to the patient. In this
review, we will explore the pathophysiology of RN, risk factors for its development, and
the strategies to evaluate and manage RN.

Keywords: brain metastases (BM), stereotactic radiosurgery, whole brain radiation therapy, radiation necrosis,
MRI imaging techniques

INTRODUCTION

Radiotherapy is the cornerstone management for BM. Historically, WBRT was the only available
modality for management. Although it provides palliation of symptoms, the survival of patients
treated with WBRT alone remains poor (1, 2). Technological advancements have now made SRS
widely available, and the effectiveness of SRS in controlling BM is well-documented (3).

Often a combination of these two approaches are used, either upfront or as salvage. Prior
randomized controlled trials have shown that the addition of SRS to WBRT improves the local
intra-cranial control and survival for patients with a single brain metastasis (4, 5). In contrast,
patients treated with SRS (without WBRT), have a higher risk of distant intra-cranial relapse,
but no detriment in survival (3). Therefore, National Comprehensive Cancer Network guidelines
recommend that patients undergo routine surveillance MRI imaging every 2-3 monthly, especially
if treated with SRS alone!. Often, treatment-related changes, detected on follow-up scans, are

Uhttps://www.ncen.org/professionals/physician_gls/pdf/cns.pdf (Accessed June 2018).
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indistinguishable from tumor recurrence. This creates a
diagnostic dilemma for many clinicians, as the management
of each are vastly different. One of the feared complications
of BM treatment is symptomatic RN; this often affects patient
quality-of-life and can lead to significant morbidity.

In this review, we will explore the pathophysiology of RN, risk
factors for its development, and the strategies to evaluate and
manage RN.

INCIDENCE OF RN

Within the context of BM, the true incidence of RN is hard
to estimate and probably lies between 5 and 25% (6-10). The
definition of RN varies across studies, and only some required
histological confirmation. Moreover, the wide variation may be
attributable to improved quality and frequency of diagnostic
imaging, increased awareness (leading to better reporting) within
the oncology community and length of follow-up. For example, a
study by Chin et al. where pathological confirmation or temporal
resolution was required, the incidence was reported to be 7% (8).
In contrast, using primarily imaging-based diagnosis, Minniti
et al. reported a 24% incidence of RN (14% symptomatic, 10%
asymptomatic), for which they relied on imaging features, such as
increased contrast enhancement, non-progression of lesion over
4 months and reduced perfusion on dynamic MRI sequences (6).

PATHOPHYSIOLOGY OF RN

Early experiments were done on rats (11) and dogs (12)
with  single-fraction  brain  radiation(10-25Gy).  These
experiments showed that the radiation tolerance of the
brain was intricately linked to dose, volume of treatment
and was a function of time elapsed since radiation.
Histopathological analysis from these animal experiments
demonstrated changes in vasculature, as well as demyelination,
in the irradiated areas. Higher doses consistently led to
demyelination and necrosis, as well as an earlier manifestation of
necrosis.

There are two theories behind the pathophysiology of RN,
however it is likely that the true cause is multi-factorial (13).

1. Vascular injury theory

a. Radiation disrupts the blood-brain barrier, resulting in
increased capillary leakiness and vascular permeability
(14). Radiation, especially in large fraction sizes >8 Gy,
activates acid sphingomyelinase and causes upregulation
of ceramide, which in turn causes endothelial apoptosis
(15). This leads to increased oxygen-free radicals, a pro-
inflammatory milieu (through release of Tumor-necrosis
factor and interleukin-1 beta) (16, 17), increased production
of vascular-endothelial growth factor (VEGF) (18) and
intercellular adhesion molecule (ICAM-1) (19). This
cascade leads to vessel narrowing and fibrinoid necrosis
of small vessels resulting in ischemia and cell death
(20).

2. Glial cell theory

a. Radiation can also damage glial cells. Damage to
oligodendrocytes and their progenitors result in
demyelination (21). Hypoxia caused by endothelial
cell damage leads to liberation of hypoxia-inducible factor
la and VEGF. VEGF induces neo-angiogenesis, but these
tend to be leaky capillaries; resulting in perilesional edema
and contrast extravasation.

RISK FACTORS FOR RN AND MITIGATION
STRATEGIES

A direct cause-effect relationship for RN is hard to establish,
but many risk factors have been identified. These include tumor
volume, prescribed dose, fraction size, volume of normal brain
irradiated, previous use of radiation and the use of concurrent
systemic therapy (22). Many of these risk factors were established
in patients being treated for arterio-venous malformations and
gliomas, but can be extrapolated to BM.

1. Dose-volume interplay

a. Early studies from RTOG 90-05 recommended the
maximum safe radiation dose to be based on tumor volume
(23). The 12-months cumulative incidence of RN was
8%, with larger tumors having increased rates of RN. For
example, lesions below <20 mm were safely treated with
24 Gy, 21-30mm with 18 Gy and 31-40 mm with 15 Gy.
However, this data is based on a mixture of recurrent
primary and secondary brain tumors, and all patients had
prior radiation.

b. For patients undergoing SRS (with or without WBRT), the
volume of brain parenchyma receiving higher than 10 or
12 Gy (V10 and V12, respectively) has been correlated to
RN. Blonigen et al reported that the risk of RN is higher
when V10 > 10.5 cm® or V12 > 7.9 cm® (9). The use
of V10 and V12 corroborates with studies in AVM (24)
and other intracranial tumors (25). It remains unclear
how this volume should be defined, in particular if the
gross tumor volume should be excluded from normal brain
parenchyma. Fractionated stereotactic radiotherapy has
been proposed to mitigate this risk, but strong comparative
evidence is still lacking (26, 27).

2. Prior radiation exposure

a. The use of prior WBRT or SRS and the time interval
between re-irradiation influences the risk of RN. For
example, the risk of RN with SRS in the setting of prior SRS
(to the same lesion) was reported to be 20% at 1 year, 4%
when prior WBRT had been used and 8% when concurrent
WBRT is used (22). The risk was reported to be 3% when no
prior irradiation had been given (22). In the setting of prior
WBRT, it is unclear if the fraction size of WBRT influences
the risk.

3. Chemotherapy

a. The use of chemotherapy in the setting of primary brain
tumors increases the risk of RN (28). Within the context of
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BM, the use of capecitabine within 1 month of SRS appeared
to increase the risk of RN (22).

4. Location

a. Extrapolating from AVM studies, certain locations within
the brain may have higher risk of RN. The frontal cortex
appears to carry the highest risk for RN while the brainstem
is more resistant to developing RN (24).

b. Japanese investigators suggest that superficial lesions are
at a lower risk of RN, because of the dose spillage to
extraparenchymal tissue (skull vault, skin, etc.) (29).

5. Histology

a. Miller et al suggest certain histological subtypes to have
a higher risk of RN (30). These include renal carcinoma,
lung adenocarcinoma (ALK rearrangement specifically),
HER2-amplied breast cancer, and BRAF V600 wild-type
melanoma.

6. Planning Target Volume (PTV) margin

a. While a larger GTV (gross tumor volume) to PTV margin
would allow for setup and positional uncertainties, the
consequence is that target volume increases significantly
and larger volume of normal brain parenchyma is
included in the prescription isodose. In a randomized trial,
comparing 1 and 3mm GTV-PTV expansion, the local
control was similar in both groups, however the 3 mm
group had a higher incidence of biopsy-proven RN (12.5 vs.
2.5%, p=0.1) (31). Although clinically significant, statistical
significance may not have been reached due to the low
patient number.

7. Intrinsic radiosensitivity

(a) Data from AVM treatment suggest that patients who
developed RN had an increased sensitivity to radiation.
This was demonstrated using survival curves (in vitro)
from skin fibroblasts obtained from patients who
developed RN (32). Although intrinsic radiosensitivity
may be a risk factor, there are no practical methods to
quantify this in the clinics.

DIAGNOSIS AND INVESTIGATIONS FOR
PATIENTS WITH SUSPECTED RN

e Imaging

Magnetic resonance (MR) imaging is the most commonly used
modality to investigate RN. However, the imaging features of
radiation necrosis and tumor recurrence overlap considerably,
with both entities demonstrating some degree of contrast
enhancement and perilesional edema (33, 34). Most of the time,
there is a combination of both entities (35).

Temporal changes alone (i.e., increase in size over time) is
not specific to either entity. While certain enhancement patterns
described in the literature as “Swiss cheese,” “soap bubble,” or “cut
green pepper’” were initially thought to favor radiation necrosis,
these have only a 25% positive predictive value (36). Dequesada et

al. noted that gyriform lesions and edema with marginal or solid
enhancement suggested at least some viable tumor, adding that
a lesion quotient (LQ) (which is the ratio of the nodule on T2
sequence to the total enhancing area on T1 sequence) of >0.6
was suggestive of tumor recurrence, while an LQ of <0.3 favored
radiation necrosis alone (36). Other authors however found this
feature to be only 8% sensitive (37).

In practice, the low predictive value of conventional MR
features prompted the need for more advanced tools, such as
MR spectroscopy (MRS), MR perfusion, and Positron Emission
Tomography (PET) to help increase diagnostic confidence. These
three advanced techniques are discussed below.

MR Perfusion

Viable tumor has intact vasculature and thus higher perfusion
and blood volume than necrotic tissue. An increased relative
cerebral blood volume (rCBV) based on dynamic susceptibility-
weighted MRI has been used for differentiating tumor from
necrosis (38-40). Unfortunately, published data have been
inconsistent. Hu et al reported rCBV of <0.71 as 92% sensitivity
and 100% specificity for radiation necrosis, while another
suggested a rCBV cutoft of <2.1 (100% sensitivity and specificity)
(38, 41). Barajas et al reported significant overlap in rCBV values
and proposed using the percentage of signal-intensity recovery
(PSR) (33). Furthermore, rCBV values vary between machines,
depend on the acquisition methods and are confounded by
signal-intensity pileup artifacts, and susceptibility artifacts from
blood and contrast pooling within the lesions. Intravoxel
incoherent motion (IVIM) is another method that provides
quantitative diffusion and perfusion measurements based on a
diffusion-weighted imaging (DWI) MR acquisition. IVIM has
been shown to be superior to rCBV for distinguishing recurrent
tumor from RN (42) and has been validated against gold standard
histopathology (35).

MR Spectroscopy

Assessment of the metabolite composition within BM is another
useful method that has published threshold values. Increased
choline-creatinine (Cho:Cr) and choline-N-acetyl aspartate
(Cho:NAA) ratios may favor tumor recurrence (43). Zeng et al
found that when both Cho:Cr and Cho:NAA were above 1.71,
sensitivity, specificity and diagnostic accuracy were 94.1%, 100%,
and 96.2%, respectively (44). In contrast, an elevated lipid-lactate
peak and generalized decrease in other metabolites supported
radiation necrosis (45). MRS is limited by voxel size, often
requiring the lesion to be larger than 1 cm?, and is also affected
by sampling errors within heterogeneous tumors. Chemical
exchange saturation transfer (CEST) is a novel method that is
sensitive to mobile proteins and peptides and has shown early
promise as well in identifying recurrent tumor after SRS (46).

PET-CT

PET imaging has better spatial resolution and coverage than
MRS and use of Fluorodeoxyglucose (FDG) PET in this clinical
setting was first proposed in 1982, relying on the presumed
increased glucose metabolism in tumors (47). However, multiple
studies have shown FDG-PET unhelpful for diagnosing RN

Frontiers in Oncology | www.frontiersin.org

September 2018 | Volume 8 | Article 395


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Vellayappan et al. Radiation Necrosis in Brain Metastases

FIGURE 1 | (A) () T2 weighted (i) post-contrast T1 weighted and (iii) rCBV MR perfusion sequences of a lesion seen within the left temporal lobe. The lesion quotient
is calculated using the ratio of the hypointense nodule on T2W imaging to the total enhancing area on T1W imaging. This case showed a lesion quotient of 0.71 and
increased rCBV is suggestive of tumor recurrence. (B) (i) rCBV and (i) post-contrast T1 weighted sequences showing increased blood flow within the periphery of the
lesion. This was a tumor recurrence proven by histopathology. (i) rCBV and (iv) post-contrast T1W sequences of another patient showing no increased blood flow
within the periphery in keeping with radiation necrosis. (C) (i, ii) MR spectroscopy and (jii) post-contrast T1 weighted sequences of a growing pericallosal lesion
post-WBRT. (i) typical high lipid-lactate peak seen in radiation necrosis at the right cingulum while (i) shows increased Cho:Cr and Cho:NAA ratios suggestive of tumor
recurrence over the left cingulum. (D) () F-18 FET PET showing intense amino acid tracer uptake within the enhancing lesion seen in (i) post-contrast T1 weighted
sequence. This is suggestive of tumor recurrence and found to be recurrent RCC metastasis on histology.

Frontiers in Oncology | www.frontiersin.org 130 September 2018 | Volume 8 | Article 395


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Vellayappan et al.

Radiation Necrosis in Brain Metastases

highlighted by this nuclear stain.

FIGURE 2 | (A) Brain tumor resection specimen from a patient with known metastatic breast carcinoma 6 months after Gamma knife SRS (20 Gy to 50% isodose
line). The area of necrosis appears hypocellular and sharply demarcated from the surrounding gliotic brain. Few necrotic, hyalinized blood vessels (yellow arrows) are
present, as well as scattered reactive astrocytes (green arrows). Overall features are those of a radiation necrosis. (B) Foamy macrophages are often present. The
capillaries appear ectatic and congested. (C) Focal area shows increased cellularity with more nuclear pleomorphism in an otherwise hyalinised background, raising
the possibility of residual viable tumor. (D) Immunostain (brown) with GATAS labels numerous viable tumor cells. Nuclear pleomorphism appears more prominent and

(48, 49). Amino acid tracers then became particularly useful in
PET imaging because of high amino acid utilization in tumors
for cell proliferation and extracellular matrix production (50).
Moreover, normal brain tissue has relatively lower amino acid
uptake, and this provides good tissue contrast. Tracers including
Carbon-11 methionine (MET), Fluoro-1-thymidine (FLT) and
Fluoroethyltyrosine (FET) have been used with promising results
(51-54). Of particular interest is FET-PET, where the addition
of dynamic data analysis reported a sensitivity of 100% and
specificity of 93%, comparable to some MRS results (55).

Figure 1 illustrates several examples where the above
modalities have been used to evaluate RN. For now, there is no
single modality that has been shown to accurately differentiate
tumor recurrence from radiation necrosis, and biopsy is still
regarded as the diagnostic gold standard. In view of the
limitations of each modality, a multi-modality approach may be
warranted to improve diagnostic confidence.

e Pathological assessment

Histopathology from surgically resected lesions after SRS
commonly shows a mix of residual tumor cells and RN (56—
60). Endothelial cells, which are most susceptible to radiation
damage, often manifest with fibrinoid necrosis, hemorrhage,
hyalinization and thrombosis of the blood vessels, resulting
in hypoxic injury to the surrounding tissue (61). The area

of necrosis is usually paucicellular, surrounded by highly
gliotic brain tissue consisting of GFAP-reactive astrocytes
demonstrating prominent cytoplasmic ramification. Foamy
macrophages and hemosiderophages are often encountered,
occasionally with dystrophic calcification. In addition, radiation-
induced cytologic atypia maybe seen, featuring cytomegaly
with bizarre “bubbly” nuclei, maintaining an overall low
nuclei-cytoplasmic ratio. In contrast, in recurrent tumor, tumor
necrosis often appears cellular with ghost-outline of the tumor
cells, demonstrating high nucleo-cytoplasmic ratio. Careful
examination of the blood vessels is important as residual viable
tumor maybe present around the Virchow Robin spaces or
as intravascular clusters, reminiscing the hematogenous route
taken by the tumor. In the setting of suspected tumor recurrence
with superimposed radiation-induced damage, a limited panel
of immunohistochemistry, depending on the known primary
tumor types, can be helpful in highlighting the viable tumor
which may not be obvious on hematoxylin-eosin stained slides.
Histo-pathological assessment of a patient with RN is shown in
Figure 2.

MANAGEMENT OF RN

The management of RN primarily depends on the presence
of symptoms. Symptomatic patients may experience headaches,
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nausea, cognitive impairment, seizures or focal deficits relating
to the location of the lesion.

Data from patients with nasopharyngeal carcinoma with
radiological RN suggest that one third or less of patients have
spontaneous regression over time, and that it is not always
an irreversible progressive process (62). As such, observation
is a viable treatment option for small and/or asymptomatic
RN. However, closer clinical and radiological monitoring is
warranted (e.g., every 6-8 weeks, and then extending to 12-16
weeks once the lesion is stable/regressed). Patel et al. reported
that approximately one-third of patients treated with SRS have
increase in lesional size during follow-up (63), occurring between
6 weeks and 15 months post-SRS. Counterintuitively, patients
with lesion progression had the longest survival compared to
patients with stable or decreased lesional size. They hypothesized
that post-SRS lesional growth may be due to brisk reactive
immune response, rather than tumor recurrence. However, this
has to be interpreted with caution, as there is an inherent
selection bias.

For symptomatic patients, oral corticosteroids (such as
dexamethasone) is the preferred first line. Corticosteroids reduce
the inflammatory signals and cytokines produced by the necrotic
tissue and reduce the leakiness of the blood-brain barrier (64).
Due to resolution of the edema, most patients experience rapid
improvement once steroids are initiated. There are no studies
guiding the dose of steroids. In our practice, we prefer to use
dexamethasone (4-8 mg per day), with a gradual taper of the
dose. Unfortunately, many patients will require steroids for along
duration and are subject to steroid-toxicity, such as myopathy,
iatrogenic Cushing’s syndrome, gastric ulcers etc.

As VEGF has been shown to be a key mediator in RN
(65), there is considerable interest in the use of bevacizumab
(humanized monoclonal antibody against VEGF) to treat
steroid-refractory RN. A pooled analysis involving 71 patients,
showed that the use of bevacizumab had a radiographic response
rate of 97% and clinical improvement rate of 79% with a mean
decrease in dexamethasone of 6 mg (66). The median decrease
in FLAIR signal and enhancing-volume was ~60%. One small
randomized study has been performed using bevacizumab for
RN that allowed a cross-over from the placebo group (67). All
14 patients eventually ended up receiving bevacizumab, and all
patients showed radiographic response. No differences could be
demonstrated in symptomatology, however the majority of the
patients on dexamethasone were able to reduce their doses. As
such, bevacizumab appears to be a promising agent; however, the
durability of response and toxicities associated with bevacizumab,
such as hemorrhage, thrombosis and impaired wound healing
must be taken into account.

Anticoagulants and medications which moderate perfusion
have been tested in RN, but are not routinely used. For example,
oral pentoxifylline and vitamin E were evaluated in 11 patients,
with their MRI FLAIR volume changes recorded over time (68).
Although there was an overall average decrease in edema, some
patients had an increase in edema.

In another study, heparin and warfarin were evaluated in
eight patients, with slightly over half showing some functional

recovery (69). However, it is unclear if anticoagulation needs to
be continued indefinitely.

Hyperbaric oxygen therapy (HBOT) is designed to promote
perfusion and angiogenesis. The use of HBOT in RN is mostly
limited to case reports where the efficacy is not well-documented
(70-72). Investigators have also studied the use of HBOT as
prophylaxis, and have shown promising results (73). However,
HBOT is expensive, requires specialized facilities and involves a
significant time commitment with prescribed treatment ranging
from 20 to 40 sessions.

For patients who remain symptomatic despite conservative
management, or in whom there is diagnostic uncertainty,
surgical resection can be considered. The main advantages of
surgical resection are relief of any mass effect and histological
confirmation. This influences subsequent treatment decisions
and can help with prognostication. Removing the nidus of
necrotic tissue responsible for the peri-lesional edema will
provide patients symptomatic relief, and allow weaning off
steroids. Patient selection remains an important consideration,
and includes surgical accessibility, overall performance status and
life expectancy. Early reports suggest a high risk of morbidity
with surgical resection, but it remains to be seen if these risks
still persist in the modern era (74). In situations where there is
necrotic tissue admixed with viable tumor, clinical judgment is
required to decide on further management.

Novel techniques, such as laser interstitial thermal therapy
(LITT) are emerging as treatment options. LITT is an image-
guided approach which generates high temperatures using a laser
fiber, and facilitates ablation of both tumor tissue, or VEGEF-
producing reactive glial cells (75). A prospective study has shown
this to be safe and allow weaning of steroids in a third of patients
(76).

CONCLUSION

RN will be increasingly encountered due to the widespread use
of SRS. Symptomatic RN can cause significant morbidity and
should be managed pro-actively. There is no single modality
which can reliably distinguish RN from recurrent tumor, and
a multi-modal approach is often required. For patients with
symptomatic RN, oral corticosteroid therapy and bevacizumab
are both effective. A minority of patients, with an unclear
diagnosis, or refractory symptoms, will require surgical resection.
As RN proves to be a challenging condition to diagnose and
manage, risk factor mitigation becomes important in clinical
decision making.
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