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Both primary and metastatic brain tumors carry poor
prognoses despite modern advances in medical therapy,
radiation therapy, and surgical techniques. Gliomas,
including glioblastoma (GBM), are particularly difficult to
treat, and high-grade gliomas have poor outcomes. Treat-
ment of brain tumors involves a unique set of scientific and
clinical challenges, which are often not present in the
treatment of systemic malignancies. With respect to sci-
entific challenges, the anatomy and physiology of brain
tumors (including the blood-brain barrier, blood-tumor
barrier, and bloodecerebrospinal fluid barrier) prevent
adequate drug delivery into the central nervous system.
The unique nature of the immune system in the central
nervous system as well as the immunosuppressive micro-
environment of tumors such as GBM also create thera-
peutic roadblocks in the treatment of brain tumors. Tumor
heterogeneity, particularly in GBM, has classically been
believed to contribute to multitherapy resistance; however,
recent data suggest that this may not be the case. Clinical
challenges include neurologic and medical comorbidities
of patients with brain tumor, as well as potential toxicity of
tumor-directed treatment. Clinical trials investigating new
treatment paradigms are needed, but several roadblocks
exist to good and promising clinical trial availability.
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INTRODUCTION
rain tumors, including primary brain tumors such as gli-
omas as well as brain metastases, have proved difficult to
Btreat. Prognoses for many brain tumors remain poor.

Glioblastoma (GBM) in particular is uniformly fatal, with a median
survival of approximately 14.6 months even with standard treat-
ment with radiation and temozolomide.1 Substantial advances
have been made in the treatment of systemic malignancies,
especially with the development of immunotherapies and
targeted agents aimed at specific genetic mutations. However,
many tumor-directed systemic therapies are ineffective in the
brain.
In this review, we discuss the unique scientific and clinical

challenges associated with treatment of brain tumors. We review
existing roadblocks to drug delivery into the central nervous sys-
tem (CNS), including the blood-brain barrier (BBB), blood-tumor
barrier (BTB), and bloodecerebrospinal fluid (CSF) barrier
(BCSFB), as well as therapeutic challenges posed by the CNS
immune system and the immune suppressive microenvironment
of brain tumors such as GBM. We also discuss the notion of tumor
heterogeneity as a mechanism of treatment resistance and recent
evidence challenging this paradigm in addition to the need for
accurate noninvasive tumor markers for gliomas. In addition, we
examine clinical challenges faced by neuro-oncologists in treating
patients with brain tumor (including seizures, venous thrombo-
embolism (VTE), neurologic dysfunction, and toxicities of treat-
ment) as well as barriers to investigating new brain tumor
therapies through clinical trials.
IDH: Isocitrate dehydrogenase
KPS: Karnofsky Performance Status
MRS: Magnetic resonance spectroscopy
VTE: Venous thromboembolism
WBRT: Whole-brain radiotherapy
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SCIENTIFIC CHALLENGES

Lack of Effective Drugs: Challenges Posed by the BBB, BTB, and
BCSFB
The BBB is a cellular mechanism that acts as a protective interface
between the peripheral blood and the CNS parenchyma, regu-
lating the entry of substances such as toxins, ions, and macro-
molecules into the brain and spinal cord. The BBB is composed of
neurovascular units comprising endothelial cells, pericytes, and
astrocytic end feet.2-4 Capillary beds in the brain parenchyma
contain endothelial cells connected by tight junctions,5 and these
endothelial cells are surrounded by a basal lamina shared with
pericytes and astrocytic end feet.2,6 Tight junctions prevent
toxins and other substances in the blood vessels from entering
the brain parenchyma, whereas pericytes and astrocytic end feet
regulate tight junctions and control transport of substances
across the BBB.7 Efflux pumps such as P-glycoprotein (ACBC1)
and breast cancereresistant protein (ABCG2) facilitate the trans-
port of substances from the brain parenchyma into the blood,
limiting CNS accumulation.3,6

The BBB plays a critical role in maintaining the homeostatic
balance between the systemic circulation and the brain paren-
chyma and in protecting the CNS from harmful substances.
However, the selective nature of the BBB poses a challenge with
respect to drug delivery into the CNS, making treatment of certain
neurologic conditions, including brain tumors, more difficult. To
be effective in treating both primary and metastatic tumors of the
CNS, drugs must penetrate the BBB and accumulate in tumor
tissue in adequate concentrations. Small hydrophilic drugs and
large molecules, including antibodies, are unable to penetrate the
tight junctions created by endothelial cells, and lipophilic drugs
that are able to cross lipid bilayers into the brain parenchyma may
be ejected back into the blood by efflux pumps.5

Both primary and metastatic brain tumors disrupt the BBB,
creating a unique BTB. The BTB is characterized by loss of
astrocytic end feet and altered distribution of pericytes.2,8 This
disruption of the BBB could be considered beneficial, because it
may permit drugs to penetrate the tumor; however, the BTB is
associated with its own unique obstacles to drug delivery. The
BTB and BBB in CNS tumors are both anatomically and
physiologically heterogeneous. For example, a tumor core may
have a disrupted BBB, whereas the tumor periphery maintains
an intact one.2 In GBM, essentially all tumors harbor both
regions with a disrupted BBB and regions with an intact BBB.5

Thus, the intact BBB continues to prevent drug delivery into
those regions with functional efflux pumps and tight junctions.
The BTB itself frequently retains efflux transporters despite
disruption of the cellular mechanisms of the BBB. Further,
although the BTB is more permeable than intact BBB and at
times permits higher concentrations of drugs in regions with a
disrupted BBB, this permeability is heterogeneous and does not
permit uniform distribution of drugs into the tumor.2

In addition, the tumor microenvironment interacts with the
BBB and plays a role in the support and growth of tumor cells as
well as in hindering the effectiveness of tumor-directed therapies.
Tumor progression leads to vascular dysfunction, and tumor cells
are better able to tolerate the resultant hypoxic and acidic condi-
tions than are normal cells. This hypoxic and acidic
2 www.SCIENCEDIRECT.com WORLD NE
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microenvironment contributes to chemoresistance and radio-
resistance in GBM and promotes an immunosuppressive micro-
environment that also leads to treatment resistance.2,9-11

The BBB is responsible for regulating the homeostatic envi-
ronment of the brain parenchyma. However, in the CSF spaces,
this function is assumed by the BCSFB, which regulates the
transport of substances between the systemic circulation and the
CSF. This situation has significant implications in the pharma-
cologic treatment of leptomeningeal disease. The BCSFB is
created by choroid plexus epithelial cells, which produce CSF, and
their apical tight junctions, which inhibit paracellular diffusion of
hydrophilic molecules.12 Like the BBB, the BCSFB has
mechanisms that allow transport of ions and nutrients from the
blood into the CSF and removal of toxins from the CSF into the
blood. However, the anatomy and physiology of the BCSFB
differ from those of the BBB in a variety of ways.12,13 Unlike the
BBB, the BCSFB does contain some fenestrations. Various
primary and metastatic neoplasms (including breast cancer,
melanoma, and lymphoma) may spread to the leptomeninges/
CSF spaces, which are diffuse given the circulation of CSF
throughout the brain and spine. Thus, any chemotherapeutic or
targeted agents intended to treat leptomeningeal disease must
overcome the BCSFB (rather than the BBB) to penetrate and
circulate through the CSF spaces in the entire neuroaxis.
The BBB, BTB, and BCSFB pose substantial challenges to drug

delivery into the CNS. Overcoming these barriers has been a
notable focus of research strategies designed to improve drug
delivery to the CNS. Examples include focused ultrasonography to
increase BBB permeability,14,15 nanoparticles to improve CNS drug
penetration,16 and efflux pump inhibitors to prevent removal of
drugs from the brain parenchyma.

Unique Anatomy and Physiology of the Immune System in the CNS
Cancer cells, including cells from primary brain tumors, have
developed adaptive mechanisms that permit evasion from and
interference with traditional immune responses. Immunother-
apies, such as immune checkpoint inhibitors, stimulate the im-
mune response and have revolutionized treatment in several
systemic malignancies, including melanoma and certain subtypes
of non-small-cell lung cancer. However, immunotherapies have
thus far not been shown to have significant efficacy in the treat-
ment of primary brain tumors such as glioma.
The unique anatomy and physiology of the immune system in

the CNS pose a significant challenge to the use of immunotherapy
in treating brain tumors. Historically, the CNS was considered an
immunologically privileged site, with earlier studies indicating
that heterotopic tissue grafts implanted in the CNS parenchyma
did not elicit an immune response leading to graft rejection.
However, the identification of the glial-lymphatic (glymphatic)
system, a fluid and solute exchange system between the CSF and
parenchymal interstitial fluid,17,18 and the discovery of functioning
meningeal lymphatic vessels19,20 have fundamentally changed our
perspectives regarding CNS immune privilege. The CNS is
connected to both the afferent and efferent arms of the systemic
immune system, but immunologic activity in the CNS is notably
different in a few crucial ways.
Physical barriers, including the BBB and glia limitans, form

compartments in the CNS that vary in their immune cell
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.01.151
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accessibility and play key roles in the regulation of the immune
system in the CNS.21 The glia limitans is a barrier of astrocyte foot
processes that surrounds the CNS parenchyma, and alongside the
endothelial cell tight junctions of the BBB, helps regulate the
passage of substances into the brain. Whereas the BBB regulates
entry of immune cells into the CNS at postcapillary venules, the
glia limitans prevents the access of adaptive immune cells into
the brain parenchyma.21,22 Interstitial fluids and solutes from the
CNS parenchyma drain to lymph nodes along basement
membranes in the walls of CNS capillaries and arteries without
trafficking antigen-presenting cells.21 The passage of immune
cells into the CSF spaces is not as tightly regulated as in the
brain parenchyma, and the BCSFB allows specific subsets of B
and T cells to enter the CSF spaces, which then drain to deep
cervical lymph nodes, allowing systemic passage of CD4þ T
cells, monocytes, and dendritic cells.21 The dural lymphatics that
drain CSF into deep cervical lymph nodes are not directly
connected to the CNS parenchyma. Thus, lymphatic drainage of
interstitial fluid from the CSF, which includes trafficking of
antigen-presenting cells, is distinct from drainage from the CNS
parenchyma.21 These physical barriers and tightly regulated
immune functions (particularly in the CNS parenchyma) pose
significant obstacles to the use of immunotherapies.
The CNS also contains unique immune cells contributing to

different immune responses.21,22 Microglia arising from yolk sac
myeloid progenitor cells comprise the entirety of the population
of resident myeloid cells in the CNS. Resident microglia are
long-lived with low turnover rates and largely do not migrate to
draining lymph nodes to present CNS antigens.21 In the presence
of an inflammatory stimulus, microglia undergo phenotypic
changes, and additional macrophage populations are recruited
from circulating monocytes22; environmental factors within the
CNS affect the phenotype and activity of microglia and recruited
macrophages.22

Immune Tumor Microenvironment
The tumor microenvironment includes tumor cells themselves as
well as tumor stem cells, vascular endothelial cells, astrocytes,
lymphocytes, extracellular matrix proteins, and cytokines.11 The
interaction between the tumor and its surroundings can produce
an immunosuppressive microenvironment that fosters tumor
growth and treatment resistance. Brain tumors such as gliomas
have fewer tumor-infiltrating lymphocytes and other immune
effector cells than many other malignancies.22,23 As a result, they
tend to have poor responses to immune checkpoint inhibitors
despite the efficacy of these drugs in certain systemic
malignancies. In addition, immune cells such as tumor-
associated macrophages, myeloid-derived suppressor cells, T-
regulatory cells, and natural killer cells are recruited by cancer
stem cells and support chemoresistance, tumor invasiveness, and
evasion of cancer cells from systemic immune surveillance.10

Despite the relatively low numbers of lymphocytes in the glioma
microenvironment, tumor-associated macrophages promote tu-
mor growth and constitute a substantial portion of the cellular
microenvironment (up to 30% of tumor mass).22,24,25 In addition,
macrophages of bone marrow origin may migrate to and
accumulate in the central areas of GBMs and exert immune
suppression. Microglia and tumor-associated myeloid cells
WORLD NEUROSURGERY-: ---, - 2021
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produce high levels of arginase, inhibiting T-cell proliferation and
function by depleting surrounding arginine levels.22,26 Like
gliomas, brain metastases contain fewer T-cell infiltrates than
do peripheral tumors and are associated with more microglia
and macrophages, potentially inhibiting cell-mediated immune
responses and contributing to the lack of response to immune
checkpoint inhibitors in many cases.22

Tumor Heterogeneity
Classically, cancer therapies were designed to treat homogeneous
diseases, with the presumption that tumors arise from a single
cellular clone. However, recent evidence suggests that cancers,
including primary brain tumors such as GBM, show genetic,
epigenetic, developmental, and microenvironmental heterogene-
ity. Advanced genetic sequencing of tumor tissue has identified
that GBM can show both intertumoral heterogeneity, with tumors
at different anatomic locations showing different mutations, and
intratumoral heterogeneity, with cells within the same tumor
showing different and unique genetic alterations. Mutations in
p53, estimated glomerular filtration rate, and platelet-derived
growth factor a pathways differ among GBM cells within the
same tumor.27-29 Methylation of the O-6-methyl-
guanine-DNA-methyltransferase promoter, which confers sur-
vival benefit and improved response to treatment in GBM,1,30 can
similarly vary among tumor cells.31 Tumor cells can also evolve
with time, acquiring mutations that may promote treatment
resistance and disease progression. Therapies themselves may
exert evolutionary pressure on tumor cells, causing treatment
resistance. Certain Isocitrate dehydrogenase (IDH)-mutant
low-grade astrocytomas treated with temozolomide recur as
higher-grade, more malignant tumors that harbor a hypermutator
phenotype, suggesting that temozolomide-induced hypermutation
may drive malignant transformation in low-grade gliomas with
subsequent poorer prognosis.32

Previously, GBM was characterized into at least 3 different
transcriptomal expression-based subtypes (proneural, mesen-
chymal, and classic),with multiple subtypes coexisting in different
parts of the same tumor.33-35 The mesenchymal subtype was
considered the most aggressive subtype and is associated with a
poorer prognosis than the proneural subtype. It has been postu-
lated that initial treatment with radiation therapy and chemo-
therapy promotes a proneural-mesenchymal transition in glioma
stem cells, leading to a higher prevalence of mesenchymal glioma
stem cells in the recurrent tumor and conferring a
therapy-resistant phenotype.34,36

Recent advances in single-cell genomics have begun to question
the true role of genomic heterogeneity in glioma therapeutic
resistance, potentially creating a new paradigm. Single-cell data
suggest that despite the many different genotypes found in IDH-
wild-type gliomas, and despite the bulk RNA transcriptomic
subtypes, all cells within a given GBM can be reduced down to 1 of
4 discrete cellular states, all of which are represented in all GBMs.
Furthermore, the cellular states are plastic, allowing cellular
transition from one state to another in what seems to be a sto-
chastic manner.37 If true, the therapeutic implications are that
targeted therapy has not worked not because of intratumoral
heterogeneity but rather because of failure to target a critical
node in the oncogenic gene regulatory network. By contrast,
www.journals.elsevier.com/world-neurosurgery 3
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inhibition of core network master regulators could be effective
against all such gliomas regardless of clonal genotype
heterogeneity.38

Lack of Tumor Biomarkers
The heterogeneous nature of gliomas and their tendency to evolve
over time create a substantial need for accurate and easily
measured biomarkers that clarify disease status in real time.
Molecular biomarkers associated with prognosis and treatment
response, such as IDH mutation and 1/19q codeletion, or that
could potentially serve as targets for treatment require surgical
tissue sampling. Further, as noted earlier, gliomas genetically
evolve over time, and recurrent tumors may have distinct geno-
types, epigenetic features, and phenotypes from initial tumors.
Thus, a single surgical sample captures the molecular status of the
tumor at only a single time point and is not representative of the
genetic profile of a tumor (and potential responsiveness to treat-
ment) at recurrence. Neuroimaging (especially magnetic reso-
nance imaging) is used to assess for disease progression; however,
it can be limited in evaluating active, proliferating tumor, espe-
cially in cases of pseudoprogression after radiation therapy or
immunotherapy.
Easily obtainable biomarkers that reflect the real-time tumor

profile are necessary. Circulating serum and CSF biomarkers for
gliomas are in development but have not been validated and are
not yet usable in clinical practice.39,40 The measurement of R(-)-2-
hydroxyglutarate, a metabolite of mutant IDH activity, in magnetic
resonance spectroscopy (MRS) has been developed as a potential
imaging biomarker in IDH-mutant tumors.41 Other imaging
modalities, including proton MRS, thallium MRS, and
functional diffusion mapping, are under investigation.42

Development of biomarkers, whether through sampling of
human fluids or through neuroimaging, that can reflect the
evolving molecular landscape of CNS tumors and accurately
detect tumor progression would be a tremendous advancement
in neuro-oncology.

CLINICAL CHALLENGES

Neurologic and Medical Complications of CNS Tumors and Their
Treatments
Brain tumors often lead to a variety of neurologic and medical
issues, either as a direct consequence of the tumors themselves or
as a result of tumor-directed therapies such as chemotherapy and
radiation therapy. Neuro-oncologists must diagnose and manage
the multiple neurologic and medical complications of CNS tumors
and their treatments, including seizures, VTE, neurologic deficits,
and toxicities of tumor-directed therapies, all of which can
contribute to morbidity and greatly affect patients’ quality of life.

Seizures. Seizures are a common complication of brain tumors and
have a substantial impact on quality of life, including psycholog-
ical well-being. Seizures are the presenting symptom in approxi-
mately 38% of patients with primary brain tumors and 20% of
patients with brain metastases43; the overall frequency of seizures
in GBM is approximately 59%.44 GBM is the second most
common cause of first-time seizures in older adults,45 and
seizures are the most common cause of emergency room
4 www.SCIENCEDIRECT.com WORLD NE
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presentations and hospitalizations in patients with GBM.46,47

Patients with brain tumors who have had seizures often require
treatment with antiepileptic drugs (AEDs), and decisions
regarding starting and managing AED treatment are often made
by the treating neuro-oncologist.
Seizures may occur in the perioperative setting, and multiple

studies have been conducted examining the benefit of prophylactic
AEDs in the perioperative period. Some studies have found that
prophylactic AEDs such as levetiracetam reduce the risk of sei-
zures during this period.48 Others have found that the risk of
toxicity of prophylactic AEDs such as phenytoin does not
outweigh the potential benefit, as the incidence of postoperative
seizures is low,49 although many such studies were conducted
with older drugs (e.g., phenytoin) with substantially more
toxicity than newer agents, and their characterization of seizure
incidence may have been inaccurate, because subclinical
seizures are difficult to detect without continuous
electroencephalogram monitoring. In patients with no previous
history of seizures, prophylactic AEDs have not been shown to
prevent first-time seizures.50

The American Academy of Neurology recommends against the
routine use of prophylactic AEDs in patients with newly diagnosed
brain tumors, because prophylactic AEDs have not been shown to
be effective in preventing first-time seizures in this patient pop-
ulation.51 Further, in patients with brain tumor who have not had a
seizure, the American Academy of Neurology recommends
tapering and discontinuing AEDs after the first postoperative
week.51 However, in practice, prophylactic AED use can be
common despite these guidelines.52 Patients who have had �1
seizures, either in the perioperative setting or otherwise, require
treatment with AEDs to prevent further seizures, and decisions
regarding discontinuing AEDs after a period of seizure freedom
must be made on a case-by-case basis.

VTE. VTE (including both deep vein thrombosis and pulmonary
embolism) is a common medical complication of brain tumors
that contributes to morbidity and mortality. Malignancies are
associated with hypercoagulability, likely related to disruption of
the coagulation cascade, qualitative and quantitative platelet ab-
normalities, and tumor-directed therapies that promote hyperco-
agulability.53-55 Patients with brain tumors are at particularly high
risk for VTE given the hypercoagulable state associated with ma-
lignancies in general as well as additional risk factors such as
limited mobility and the need for neurosurgical procedures. GBM
carries a particularly high risk of VTE, and up to one third of
patients with GBM develop VTE during the course of their
illness.56-58

Patients with brain tumors who develop VTE require treatment
with therapeutic anticoagulation, and neuro-oncologists must give
consideration to the risk of intratumoral hemorrhage when mak-
ing decisions regarding initiation of this treatment. Risk of
intracranial hemorrhage in patients with malignant gliomas on
anticoagulation therapy has not been shown to be significantly
higher than in patients who are not receiving this treatment.59

However, certain brain metastases, such as metastases from
melanoma, have a propensity to hemorrhage, and hemorrhagic
metastases may complicate use of therapeutic anticoagulation.
Patients with brain tumors who develop VTE should be treated
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.01.151
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with therapeutic anticoagulation unless they have active
intracranial hemorrhage or hemorrhagic tumors, coagulopathy,
or significant thrombocytopenia.60 With respect to prophylactic
anticoagulation, a combination of chemical VTE prophylaxis
with low-molecular-weight heparin and mechanical VTE prophy-
laxis has been shown to reduce risk of VTE in patients with brain
tumor undergoing craniotomy.61 A randomized trial examining
the use of prophylactic anticoagulation in patients with newly
diagnosed malignant gliomas failed to show a benefit in
reducing VTE,62 and prophylactic anticoagulation is not
recommended outside the perioperative setting.

Neurologic Deficits and Functional Impairment. Brain tumors are
associated with substantial neurologic deficits as a direct result of
injury to the brain by the tumors themselves and/or as a conse-
quence of surgery on the tumor. Focal neurologic deficits such as
motor weakness (and associated impairment in gait and mobility),
sensory impairment (including hemisensory neglect), aphasia,
apraxia, dysarthria, and dysphagia are common neurologic com-
plications of brain tumors that can lead to significant morbidity
and adversely affect quality of life. Even benign or low-grade tu-
mors otherwise responsive to treatment can cause debilitating
neurologic deficits depending on their anatomic location. Poor
performance status, often measured by the Karnofsky Performance
Status (KPS), is associated with worse prognosis and poor toler-
ance of treatment in patients with brain tumors; in patients with
high-grade gliomas, performance status is independently associ-
ated with prognosis, and worse performance status is associated
with worse prognosis.63,64 As a result of the neurologic
impairment caused by brain tumors, rehabilitation programs
(including physical therapy, occupational therapy, and speech
therapy) are indispensable tools in the care of patients with
brain tumor. Patients with brain tumors treated in acute
rehabilitation settings after tumor resection have shown
improvement in neurologic deficits similar to those experienced
by patients with other neurologic conditions such as strokes and
traumatic brain injury.65,66 Outpatient rehabilitation programs,
including cognitive therapy, have also shown benefit in patients
with brain tumor.65

Toxicities of Tumor-Directed Therapies. Systemic Therapies. Although
brain tumors themselves are associated with a variety of neuro-
logic and medical complications, tumor-directed therapies such as
chemotherapy, targeted therapies, immunotherapy, anti-
angiogenic therapy, and radiation therapy also have medical
consequences. Temozolomide, which is commonly used in the
treatment of both high-grade and low-grade gliomas, is associated
with nausea, anorexia, and constipation as well as bone marrow
suppression and, more rarely, hepatotoxicity.67 The combination
of lomustine (CCNU), procarbazine, and vincristine (i.e., PCV) is
frequently used in the treatment of oligodendrogliomas.
Common side effects of CCNU include nausea and bone marrow
suppression with resultant leukopenia and thrombocytopenia.
Rarely, treatment with CCNU can lead to pulmonary toxicity,
including interstitial pneumonia and pulmonary fibrosis, and
routine monitoring of pulmonary function tests is required in
patients treated with this drug. Procarbazine is associated with
bone marrow suppression, nausea, vomiting, acute
WORLD NEUROSURGERY-: ---, - 2021
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encephalopathy, and cerebellar toxicity.68 In addition,
procarbazine is a monoamine oxidase inhibitor, and, in
combination with tyramine-containing foods, can precipitate a
hypertensive crisis; procarbazine can also lead to serotonin syn-
drome when used in combination with other serotonergic agents.
Potential side effects of vincristine include peripheral neuropathy,
cerebellar dysfunction, acute encephalopathy, and constipation,
which can lead to paralytic ileus.68 Vincristine is also associated
with hepatic sinusoidal obstruction syndrome.
Bevacizumab, a vascular endothelial growth factor inhibitor, is

frequently used in the treatment of recurrent GBM, particularly in
patients with symptomatic peritumoral edema. However, bev-
acizumab is associated with several, potentially severe side effects,
including hypertension, proteinuria, bowel perforation, impaired
wound healing, and increased risk for both thromboembolism
(including deep vein thrombosis, pulmonary embolism, myocar-
dial infarction, and stroke) and hemorrhage (including intracra-
nial hemorrhage). High-dose intravenous methotrexate, which is
the backbone of medical treatment for primary CNS lymphoma,
may cause renal toxicity (including acute renal failure), bone
marrow suppression, hepatotoxicity, and diarrhea. Additional
neurologic toxicities with high-dose methotrexate include acute
encephalopathy, chronic leukoencephalopathy, aseptic meningi-
tis, and seizures.68 All these medical and neurologic toxicities may
limit cancer treatment in affected patients. Neuro-oncologists
must manage these adverse effects when they occur and weigh
the benefit of initiating or continuing any given treatment against
the risk of toxicity.
Radiation Therapy. Radiation therapy, a mainstay of treatment in
both primary and metastatic CNS tumors, is associated with its
own unique set of toxicities. Whole-brain radiotherapy (WBRT) is
primarily used in the treatment of patients with a large burden of
brain metastases and, at times, for recurrent primary CNS lym-
phoma. Involved-field radiation, which is localized to the region of
the tumor and a small margin of tissue surrounding the tumor, is
often used in the treatment of gliomas and reduces the dose and
volume of radiation to normal surrounding brain tissue. Stereo-
tactic radiosurgery uses convergent beams to deliver a large dose
of radiation to a small area and is used in the treatment of patients
with a limited number of brain metastases and in well-
circumscribed lesions such as meningiomas.
All 3 of these modalities can increase edema associated with

brain tumors, leading to focal neurologic deficits and, potentially,
signs and symptoms of increased intracranial pressure.69

Additional short-term complications of radiation therapy include
fatigue, alopecia, and dermatitis. Radiation therapy may also lead
to radiation necrosis, which can occur months to years after
completion of radiation, contributing to focal neurologic deficits
as well as symptoms attributable to increased intracranial pressure
such as headaches. Neuro-oncologists often treat neurologic
symptoms caused by radiation necrosis with corticosteroids and
must manage their initiation and dosing schedule. In addition,
radiation necrosis is characterized by enhancement with gado-
linium contrast on magnetic resonance imaging and can be
mistaken for tumor progression. Radiation therapy, namely
involved-field radiation therapy and WBRT, is also associated with
late-onset neurotoxicity, with cerebral atrophy and resultant
neurologic symptoms such as cognitive impairment, incontinence,
www.journals.elsevier.com/world-neurosurgery 5
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mood and personality changes, and gait ataxia, which may occur
years to decades after treatment.69 Certain chemotherapies
(including intravenous and intrathecal methotrexate, vincristine,
and high-dose cytarabine) can potentiate the neurotoxic effects
of radiation therapy.69 Long-term neurologic consequences of
radiation therapy may cause significant debility and adversely
affect quality of life. Limiting radiation treatment fields, total
dose, and fractional size in the treatment of brain tumors as well
as using a hippocampal-sparing strategy with WBRT can all
reduce the likelihood of neurocognitive sequelae from radia-
tion.70,71 In addition, a randomized trial suggested that the
addition of memantine decreased some of the neurologic
sequelae of WBRT.72

Clinical Trials
The prognosis for many CNS tumors, particularly high-grade gli-
omas such as GBM, remains poor despite treatment with surgery,
radiation therapy, and chemotherapy. Thus, clinical trials inves-
tigating new drug therapies are critical in establishing new treat-
ment paradigms for these largely fatal tumors. Some studies have
found that clinical trial participation is associated with a survival
benefit in patients with GBM.73 However, only approximately 28%
of neuro-oncology patients are referred for clinical trials,74 and as
few as 8%e11% of patients with newly diagnosed GBM may enroll
in clinical trials.75 Several roadblocks exist in testing new drug
therapies for CNS tumors, particularly with respect to enrolling
patients in clinical trials.
There is a suboptimal pipeline of drugs available for testing in

clinical trials. As described in the section on “Scientific Chal-
lenges,” gliomas and other brain tumors are unique in their
mechanisms of resistance to drug therapies, with the BBB, BTB,
and BCSFB preventing drug delivery into the CNS and the CNS
immune system and tumor microenvironment limiting efficacy of
immunotherapies. In addition, preclinical models for CNS tumors
such as GBM are not always representative of the in vivo tumor
microenvironment and behavior. Thus, drugs that are effective for
systemic malignancies may not necessarily be equally effective in
treating CNS tumors. Moreover, drugs that seem effective in
preclinical tumor models may not be equally effective when tested
in patients. In addition, long development times for drugs affect
the pipeline of medications available for testing in clinical trials.
For drugs that complete phase 1 testing, development time from
phase 2 to the end of phase 3 can be 7.2 years on average,75 further
delaying the availability of potential treatments.
In addition to the lack of potentially efficacious drugs used in

clinical trials, lack of pharmaceutical company support also poses
a challenge to the success of clinical trials for patients with brain
tumors. Compared with systemic malignancies such as lung
cancer and breast cancer, primary brain tumors such as gliomas
are relatively rare.76 Approximately 51% of clinical trials for GBM
are funded by industry, and industrial funding is largely focused
on systemic therapies rather than surgical or radiation
techniques.77 Given the relative rarity of primary brain tumors
compared with systemic malignancies, there may not be so
much commercial incentive to investigate novel treatments for
brain tumors, particularly nondrug interventions.
Furthermore, clinical trials are highly resource intensive, and

lack of appropriate resources for conducting them limits the
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number of locations at which clinical trials are available to pa-
tients. Patients participating in clinical trials often require frequent
office visits and monitoring, including close monitoring of labo-
ratory tests and potential adverse effects of the treatment being
studied. Dedicated experimental clinical and research teams are
necessary to conduct patient care and perform all necessary
monitoring required by the trial. The principal investigator helps
to develop the concept for the trial and write the trial protocol; in
addition, they must submit protocols for institutional review board
approval, direct the recruitment of patients, and supervise data
collection, analysis, and interpretation.78 Staff clinicians and
nurses are needed to treat patients according to the trial
protocol and manage patient care. In addition, dedicated
research nurses are needed to manage data collection, assist in
the informed consent process, educate patients and staff about
clinical trials, and conduct assessments for adverse events.78

Clinical trials also necessitate the use of data managers to
manage data collection and tracking, provide data to monitoring
agencies, and prepare summaries for interim and final data
analyses.78 Academic institutions will have protocol review and
monitoring committees composed of investigators from various
disciplines to review the scientific merit of cancer research
protocols and monitor their progress. Given the large number of
personnel required to conduct clinical trials and the specialized
training that they must receive for their roles, many centers are
not equipped for clinical trials, limiting their availability to large
academic (and often urban) medical centers. Lack of availability
of clinical trials close to patients’ homes is a substantial barrier
to study accrual, especially because patients in clinical trials are
required to adhere to strict follow-up schedules with more
frequent follow-up and monitoring than patients who are not
participating in such studies.74 Increased travel distance to the site
of the clinical trial has been associated with lack of participation in
clinical trials in patients with GBM.79

Clinical trials of brain tumor treatments are often slow to accrue
patients for a variety of additional reasons. Many clinical trials for
gliomas investigate treatments for recurrent disease. However,
patients often have poorer performance status at the time of dis-
ease recurrence, which may preclude them from participation in
clinical trials, because trials often require patients to have a KPS
above a certain value, indicating reasonably good performance
status. Further, elderly patients and patients with poor KPS with
both primary brain tumors and systemic malignancies have greater
degrees of toxicity with tumor-directed therapies.80,81 The
incidence of GBM increases with age, and because many
patients with GBM have neurologic deficits that affect their
performance status, such patients are often not eligible for
participation in clinical trials. Patients with altered mental
status, in particular, have been shown to have lower enrollment
in clinical trials compared with patients with other signs and
symptoms.79 Moreover, college-educated patients and patients
with active employment are more likely to enroll in clinical trials
for GBM than are patients with less formal education and without
active employment, suggesting that lower levels of education and
socioeconomic stability are barriers to trial enrollment.79 In
addition, trials may be slow to accrue patients because of
providers’ hesitance to refer patients for experimental therapies.
Potential barriers to provider referral to trials include geography,
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.01.151
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belief that patients may not be able to travel to the study site
regularly, and perception that patients may not qualify for any
clinical trials.74

CONCLUSIONS

Treatment of brain tumors, particularly malignant primary brain
tumors such as GBM, is associated with a unique set of scientific
and clinical challenges. With respect to scientific challenges, the
BBB, BTB, and BCSFB prevent adequate drug delivery into the
brain parenchyma and CSF spaces. In addition, the anatomy and
physiology of the immune system in the CNS complicate the use
of immunotherapies in treating gliomas, and the immunosup-
pressive microenvironment contributes to tumor protection and
treatment resistance, including the ineffectiveness of
immunotherapies.
Further, both intratumoral and intertumoral heterogeneity may

contribute to multitherapy resistance in gliomas, although this
paradigm has been challenged by recent evidence. Easily
WORLD NEUROSURGERY-: ---, - 2021
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obtainable biomarkers that reflect the molecular characteristics of
tumors and disease status in real time are needed.
Neuro-oncologists also face a variety of clinical challenges in

treating patients with brain tumor. Patients with brain tumors
frequently experience neurologic deficits as a result of their tu-
mors, and the medical and neurologic consequences of brain tu-
mors and their treatments contribute to morbidity and mortality
from brain tumors and complicate treatment. There is a crucial
need for new treatment paradigms to be investigated through
clinical trials, but there are several roadblocks to availability of
clinical trials and to patient enrollment. Efforts made to address
these specific challenges in brain tumor treatment may serve to
improve treatment response and prognosis in these devastating
diseases.
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