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KEY POINTS

Neurologic injury arise from treatment of central nervous system malignancies (primary and sec-
ondary) as result of direct toxic effects or indirect vascular, autoimmune, or infectious effects.
Neuro-oncologists, radiation oncologists, and radiologists are likely to encounter an increase in
number of patients with treatment-induced complications given increased survival rates and
increased treatment options, including novel immunotherapies.

Neurocognitive effects can occur in patients who live more than 6 months after radiation therapy
and have been best described in children.

Central nervous system complications of chemotherapy include aseptic meningitis, stroke-like syn-
dromes, posterior reversible encephalopathy syndrome, dural sinus thrombosis, transverse
myelopathy, and delayed leukoencephalopathy.

Immunotherapy in neurologic tumors currently include check point inhibitors, vaccines, viral ther-
apy and chimeric antigen receptor T-cell therapy.

INTRODUCTION

Primary and secondary central nervous system
(CNS) malignancies present a treatment challenge
owing to overall poor prognosis and presence of
blood brain barrier. Glioblastoma (GBM) is the
most aggressive primary brain tumor in adults,
with a 2-year survival rate of approximately 17%
and current median survival of 15 months. Close
to 20,000 patients are diagnosed in the United
States with GBM each year. Brain metastasis oc-
curs in 8% to 10% of adult patients with cancer.
The common primary malignancies that metasta-
size to the brain are lung, breast, and melanoma.
Additional cancers with brain metastases include
renal cell, colorectal cancer, and gynecologic

cancers. Brain metastases are typically associ-
ated with advanced stage cancer. With improve-
ment in the survival of patients with systemic
cancers, it is expected that incidence of brain
metastasis will only increase. Mainstream treat-
ments for CNS malignancies include resection, ra-
diation, chemotherapy, immunotherapy, and
combination treatments.

In general, treatments have improved outcomes
in some malignancies, especially lymphoma, leu-
kemia, and melanoma." Survival for malignant gli-
oma has not significantly improved in the past
3 decades despite advances in treatment. Brain
metastases are associated with a poor prognosis
similar, to that of GBM, with a median survival of
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about 12 to 15 months. Despite major advances in
oncologic diagnosis and treatment, the survival
time for patients treated with radiation therapy re-
mains at 3 to 6 months. Overall survival is often
determined by the extent and activity of the pri-
mary tumor.

Unfortunately, all oncologic therapies are to
some extent neurotoxic. Neurologic injury arise
from treatment of CNS malignancies (primary
and secondary) as result of direct toxic effects or
indirect vascular, autoimmune, or infectious ef-
fects. Multimodality treatment may potentiate
both therapeutic and toxic effects. Symptoms
range from mild to severe and permanent and
can be greatly debilitating to patients and their
caregivers. Injuries can be immediate or delayed.
Neuro-oncologists, radiation oncologists, and ra-
diologists are likely to encounter an increase in
the number of patients with treatment-induced
complications given the increased survival rates
and increased treatment options, including novel
immunotherapies.

Many of the early complications are nonspecific
and either do not require imaging for diagnosis or
have no definite radiographic correlate. These
complications include headache, nausea, vomit-
ing, dizziness, confusion, dystonia, Parkinsonian
symptoms, cerebellar syndrome, tremors, and sei-
zures. Other early and delayed neurologic injuries,
such as posterior reversible encephalopathy syn-
drome (PRES), dural sinus thrombosis, infarctions,
myelopathy, leukoencephalopathy, and hypophy-
sitis, have unique imaging features.

This article reviews the current treatment op-
tions for CNS malignancies and common and un-
common neurologic injuries that can result from
treatment, with a focus on radiologic features.

RADIATION THERAPY

Radiation therapy remains mainstay of treatment
for primary and secondary CNS malignancies.
Approximately 200,000 patients per year receive
radiation yearly in the United States.? Currently,
photons, electrons, and protons are all used in
particle-based radiation therapy. Cranial radiation
therapy may be delivered externally or be injected
or implanted. Treatment may be targeted or whole
brain based, and administered as a single fraction
or fractionated. Regardless, all radiation therapy
relies on DNA breakage as the mechanism of cell
death.

Whole brain radiation therapy is used for brain
metastasis. It is administered to the entire brain,
usually over multiple treatments. Local field
external beam radiation is used for malignant gli-
omas because the overwhelming majority of

recurrences occur at or immediately adjacent to
the original tumor. Stereotactic radiosurgery de-
livers precisely targeted radiation to brain lesions
and can be used for both metastases and primary
brain tumors. For high-grade gliomas, adjuvant ra-
diation therapy after maximal safe resection im-
proves local control and survival. Involved field
radiation therapy delivers radiation to the tumor
or tumor bed plus a margin of radiographically
normal tissue. The standard dose for GBM is
60 Gy given over 6 weeks in 2-Gy fractions, usually
with concurrent chemotherapy. For anaplastic as-
trocytoma (World Health Organization grade lll),
usually a slightly lower total dose is used in slightly
smaller fractions.

Particle radiation (neutrons, helium ions, and
protons) have been studied as boosters to con-
ventional radiation therapy. The theoretic advan-
tage to these particles are finite path lengths and
the ability to concentrate the majority of their
dose at the end of their path length, with little
exit dose. This feature potentially decrease radia-
tion exposure of normal surrounding tissue. Proton
radiation is commonly used to treat pediatric CNS
tumors, such as medulloblastoma, but its superi-
ority in other CNS malignancies is not established.
Similarly, brachytherapy, which is the placement
of radioisotope seeds in the tumor or surgical cav-
ity, is of limited usefulness in malignant gliomas.>*
Malignant gliomas tend to be infiltrative tumors,
and brachytherapy delivers high-dose radiation
to areas located few millimeters from the seeds;
therefore, it does not adequately reach the full
extent of disease.

Sheline® was the first to classify the radiation-
induced side effects according to their time of
appearance after irradiation into acute disorders
(days to weeks), early-delayed complications
(1-6 months), and late-delayed complications
(<6 months). The mechanism of radiation
therapy-induced damage to the CNS seems to
be complex and likely to include a combination
of vascular injury, demyelination, neuronal dam-
age, effects on the fibrinolytic enzyme pathway,
and immune mediated.® The vascular injury is
thought to be partly responsible for the abnormal
vasculature, thrombosis, and fibrinoid necrosis
eventually leading to radiation necrosis. Radia-
tion therapy also causes cell depletion, especially
oligodendrocytes, which in turn leads to demye-
lination and white matter necrosis. Other cells
such as neurons, astrocytes, and microglia are
also damaged. Other factors that increase
the risk of radiation-induced toxicity are older
age, concurrent diseases (such as diabetes and
hypertension), vascular disease, concurrent
chemotherapy, and genetic predisposition. In
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stereotactic radiosurgery, additional risk factors
include dose, treatment volume, location of le-
sion(s), and concurrent systemic treatment.”

In the human body, different cell systems have
different sensitivity to the radiation. Cells that are
actively reproducing are more sensitive to radia-
tion therapy than those that are not. Blood cells
that are constantly regenerating are, therefore,
most sensitive, whereas nerve and muscle cells
are the slowest to regenerate and therefore are
least sensitive to radiation. Although the vascular
endothelial cells and oligodendrocytes have been
regarded as direct primary targets of radiation,
the overall effect is thought to be multifactorial
and attributed to more than 1 cell lineage.

Early Complications of Radiation Therapy

Many of the early complications are nonspecific
and without radiographic features, including fa-
tigue, headache, local skin reaction, alopecia,
nausea and vomiting, dizziness and vertigo, and
anorexia. Some patients present with acute en-
cephalopathy and seizures without imaging corre-
lates. Focal neurologic deficits and seizure in
some cases can worsen owing to cerebral edema
can be seen in some cases, especially when the
treated lesion is larger in size and after stereotactic
radiosurgery, and can account for symptoms
within 2 weeks of treatment. Other complications
include serous otitis and parotitis.

Delayed Complications of Radiation Therapy

Pseudoprogression refers to treatment effects that
mimic the appearance of tumor progression, often
occurring in the first 3 months after treatment.
Pseudoprogression is more common in patients
with  MGMT-methylated GBM. Differentiating
psuedoprogression from true progression is a
particular challenge in the interpretation of surveil-
lance MR imaging. Radiation necrosis (RN) is the
delayed effect of radiation therapy that can occur
anywhere from 1 to 10 years after treatment, with
the peak period between 1 and 3 years. On MR im-
aging, RN can have a confusing and bizarre
appearance with hyperintensity on T2-weighted
(T2W) imaging and fluid attenuation inversion re-
covery (FLAIR) imaging, edema, and marked
enhancement. Knowledge of the radiation therapy
history and plan is helpful to differentiate RN from
true progression. Advanced MR techniques are
also helpful, especially perfusion and spectros-
copy, because the cerebral blood volume will be
low in RN and spectroscopy will demonstrate
elevated lactate without elevation of choline
(Fig. 1). Necrosis seems to be dose dependent
and tends to occur at or near the site of treatment.

Imaging of Neurologic Injury

RN can occur in more distant sites, such as the
inferior frontal lobes and brain stem in patients
treated for nasopharyngeal carcinoma. Pseudo-
progression and RN are discussed in detail else-
where in this issue.

Stroke, cavernous malformations, and hemor-
rhage can occur as a delayed complications of ra-
diation therapy, especially in patients who
received radiation therapy at a younger age or
received high doses, with irradiation of the circle
of Willis region. Stroke has been noted in both pe-
diatric and adult patients and seems to be associ-
ated with dose to the circle of Willis.2 Moya moya-
like disease has been reported approximately 3 to
4 years after radiation therapy and is found in
higher rates in children and those with neurofibro-
matosis type 1.° Cavernoma develops approxi-
mately 3 to 6 years after radiation therapy and
may grow over time; occasionally, they can hem-
orrhage and cause edema. The typical MR imag-
ing appearance of cavernoma is of a relatively
well-defined lesion with heterogeneous T1-
weighted (T1W) signal owing to subacute blood
products and a T2W hypointense rim. There is
exuberant blooming on susceptibility weighted im-
aging sequences (Fig. 2). Usually, there is little or
no surrounding edema, unless there is a recent
hemorrhage.

Stroke-like migraine attacks after radiation
therapy syndrome is a delayed complication
characterized by complex neurologic signs and
symptoms in patients with history of chemoradio-
therapy, usually whole brain radiation. It has been
reported in patients ranging from 6 to 30 years af-
ter radiation treatment. Patients present with sub-
acute onset of stroke-like symptoms, such as
homonymous hemianopsia, hemiplegia, aphasia,
and/or seizures. MR imaging reveals cortical
edema and gadolinium enhancement, often lep-
tomeningeal, not following any particular vascular
distribution (Fig. 3).'° Findings are potentially
confusing for tumor progression or recurrence.
It is still a poorly understood entity. The majority
of patients have resolution of symptoms over
the course of several weeks, with resolution of
radiographic abnormalities, but up to 45% can
have residual deficits.!! Stroke-like migraine at-
tacks after radiation therapy syndrome can also
recur.

Pituitary and hypothalamic dysfunction are
common after radiation therapy and may occur in
up to 80% of patients, with grown hormone defi-
ciency being the most commonly encountered
complication in children.'? Young and pediatric
patients with sellar and/or suprasellar disease
may experience hypothalamic hyperphagia and
obesity after treatment.
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Fig. 1. Two cases of RN. Axial FLAIR (A) and T1 post-contrast (B) shows edema surrounding an enhancing lesion in
the left temporal lobe (solid arrows). Enhancement pattern is peripheral and feathery. MR perfusion with overlay
(C) shows low CBV (dotted arrow). Axial T2W (D) and T1 post-contrast (E) images from another patient shows
faint irregular peripheral enhancement in the right cerebellum and brachium pontis (dotted arrows), MR spec-
troscopy (F) of the same region reveals a large lactate peak at 1.3 ppm (solid arrow) without choline elevation.

Fig. 2. Radiation-induced cavernomas. A 51-year-old male patient was treated with whole brain radiation ther-
apy for a pineal tumor in 2014. Postradiation axial susceptibility weighted imaging (in 2019) (B) shows interval
development of multiple cavenomas. Preradiation axial susceptibility weighted image from 2014 (A) for
comparison.
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Fig. 3. Stroke-like migraine attacks after radiation therapy (SMART) syndrome. A 28-year-old woman with a his-
tory of medulloblastoma presented with headache and stroke-like migraine. Axial FLAIR image (A) shows left
posterior temporal and occipital cortical hyperintensity and mild swelling (arrow) with corresponding cortical
enhancement (dotted arrow) on the postcontrast TTWI (B).

Delayed radiation effects on the spinal cord can
present as a myelopathy syndrome or a lower mo-
tor neuron syndrome. Imaging shows T2W hyper-
intensity of the spinal cord with or without
enhancement and follow-up imaging shows vol-
ume loss indicating myelomalacia.'® Rarely, pa-
tients can present with cord hemorrhage,
thought to be from an underlying radiation-
induced vascular malformation (Fig. 4).

Radiation-induced malignancy is a dreaded late
complication of wide field radiation. Malignancies
that can develop include meningioma, glioma, sar-
coma, and nerve sheath tumor (Fig. 5). These may
occur anywhere from 5 years to decades after
treatment and are a serious concern for patients
with long expected survival after primary malig-
nancy. This entity is less of a concern in patients
with metastatic CNS disease or GBM, whose

Fig. 4. Radiation-induced hematomyelia. Sagittal and axial T2W images (A, B) through the thoracic cord shows
mild expansion of the cord and low signal owing to hemorrhage within the central portion (arrows) along

with syrinx.
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Fig. 5. Presumed post radiation secondary glioma in a patient treated with whole brain radiation for cerebral
metastasis. Axial FLAIR (A) shows no mass lesion in the bilateral cerebral parenchyma. Four years follow up
MRI, axial FLAIR (B) shows mass lesion in the right post central gyrus, with elevated choline peak (dotted arrow)

on MR spectroscopy (C).

expected survival is often (much) shorter than
5 years. It is possible that narrow field radiation
such as stereotactic radiosurgery may be associ-
ated with a lower incidence of secondary malig-
nancy. Outcomes comparing photon versus
proton based therapies are lacking.
Neurocognitive effects can occur in patients
who live more than 6 months after radiation ther-
apy and have been best described in children
who survived brain tumors or acute lymphocytic
leukemia.™ "> Children, especially those who
were treated with high-dose chemoradiotherapy
before age 6, showed lower scholastic

achievement and lower Q. This effect seems to
be dose dependent based on research with chil-
dren with high- versus low-risk medulloblas-
toma.'® In adults, whole brain radiation therapy
has also been linked to decline in memory and
learning functions in patients with non-small cell
lung cancer.'”” Radiographic findings include
nonspecific white matter FLAIR hyperintensity
and brain atrophy (Fig. 6). The relationship be-
tween partial brain radiation and neurocognitive
decline is less well-established, and targeted ra-
diotherapies may decrease the effect on
cognition.
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Fig. 6. Radiation leukoencephalopathy. Axial T2W (A) and axial T1W (B) images show diffuse hyperintensity and
hypointensity respectively of the cerebral white matter owing to radiation-induced demyelination.

CHEMOTHERAPY

Chemotherapy, both systemic and intrathecal, and
often in combination, remains some of the most
effective and widely used treatments for cancer.
There are many classes of chemotherapy agents
based on their mechanism of action, and many
are known to cause neurologic complications.
Complications can be acute (during treatment or
within 50 days from end of therapy), subacute or
delayed (within 3 months of therapy), and late
(beyond 3 months). Peripheral neuropathy is
most common chemotherapy associated neuro-
toxicity, especially with platinum based agents.
Taxanes and vinca alkaloid agents are also associ-
ated with sensory neuropathy, and vincristine has
been associated with autonomic and cranial
neuropathies. '8

CNS complications include aseptic meningitis,
stroke-like syndromes, PRES, dural sinus throm-
bosis, transverse myelopathy, and delayed leu-
koencephalopathy (Fig. 7). Methotrexate (MTX)
CNS toxicity is best described, but other antime-
tabolites can cause optic neuropathy, cerebellar
syndrome, acute encephalopathy, and cerebral
venous thrombosis and venous infarction or hem-
orrhage in the brain.

Methotrexate

MTX is a frequently used chemotherapy agent and
is one of the few approved for intrathecal injection.
It works by reducing the amount of tetrahydrofo-
late available for DNA synthesis, ultimately leading
to cell death. There are several well-described
MTX-related neurologic complications, including
aseptic meningitis, transverse myelopathy, and

toxic and necrotic encephalopathy syndromes.
Aseptic meningitis is the most common acute
CNS toxicity from MTX after intrathecal adminis-
tration. Symptoms develop as soon as 2 to 4 hours
after receiving MTX and usually resolve after
72 hours. Cerebrospinal fluid analysis and MR im-
aging are usually unrevealing and not required for
diagnosis.

Acute toxic encephalopathy after MTX adminis-
tration has characteristic radiologic findings of
restricted diffusion in the white matter, usually
affecting the periventricular white matter or
centrum semiovale. Usually there is little edema
or enhancement. These areas maybe hyperintense
on T2W and FLAIR imaging, but sometimes may
have little signal change on these sequences. Ab-
normalities on diffusion-weighted imaging are the
hallmark for this diagnosis (Fig. 8). Imaging find-
ings may be seen shortly after administration of
systemic or intrathecal MTX and is usually
reversible.

An acute transverse myelopathy has also been
described with MTX, with resemblance radiologi-
cally to subacute combined degeneration. Hyper-
intense T2W and short T1 inversion recovery signal
is seen in the spinal cord, predominantly affecting
the dorsal columns. There can be variable
enhancement, if any (Fig. 9). Acute myelopathy is
variably reversible. It does not seem dose depen-
dent, suggesting that patient factors maybe at
play, and seem to be associated with advanced
or young age and prior spinal radiation.'®-2°

A much more debilitating delayed complication
of systemic and intrathecal MTX therapy is
delayed multifocal necrotizing leukoencephalop-
athy, which can occur months to years after
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Fig. 7. Postchemotherapy leukoencephalopathy. Prechemotherapy CT scan of the 35-year-old male patient with
acute lymphocytic leukemia (ALL) treated with chemotherapy. A follow-up scan at 2 years shows diffuse hypo-
density of the cerebral white matter owing to chemotherapy-induced demyelination.

treatment.® The patient presents with severe de-
mentia with personality changes. MR imaging
shows brain atrophy, confluent white matter,
FLAIR hyperintensity, necrosis, and patchy areas
of enhancement. Usually, this complication occurs
after repeated high-dose MTX or combined MTX
and radiation therapy.

Temozolimide

Temozolimide, an alkylating agent, deserves spe-
cial discussion because it is now part of the stan-
dard therapy for malignant gliomas and is also
sometimes used in low-grade gliomas. Its

mechanism of action seems to be methylation of
DNA, leading ultimately to the apoptosis of tumor
cells. The standard treatment for malignant glioma
is concurrent radiation with temozolomide, fol-
lowed by at least 6 months of adjuvant temozoli-
mide.?! Longer term low-dose temozolimide as
maintenance therapy is often used. Acute toxicity
includes nausea, thrombocytopenia, and leuko-
penia.’®> The primary radiographic complication
of temozolimide is potentiation of pseudoprogres-
sion in the setting of concurrent chemoradiation.
Some studies have shown that MGMT promoter
methylation in gliomas is a predictor of response
to temozolimide.?®

Fig. 8. Acute methotrexate demyelination. Axial DWI and ADC images (A, B) show focal areas of restricted diffu-
sion in the centrum semiovale bilaterally (arrows) in a patient treated with intrathecal methotrexate for ALL four
days prior to MRI. Patient presented with sudden onset of transient paresis.
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Fig. 9. Acute MTX-induced myelitis. Acute onset paraparesis in a patient within 48 hours of intrathecal instilla-
tion of methotrexate. Sagittal and axial T2 image of the cervical (A4), and thoracic spine (B, C) shows linear T2
hyperintensity in the dorsal columns of the cervical cord and the central thoracic cord (arrows).

There is also interest in the combination chemo-
therapies with temozolimide for GBM and
anaplastic astrocytoma, as well as for recurrent
GBM with MGMT promoter methylation.?* Addi-
tional agents being investigated include vincris-
tine, CCNU, and procabazine. CCNU is also
being studied as combination therapy with bevazi-
mumab in recurrent GBM.2°

Targeted Agents

Targeted agents are the newest frontier in chemo-
therapeutics and more than 100 new agents have
been approved in the last decade.?® These include
20 classes of tyrosine kinase inhibitors (eg, imati-
nib, sunitinib, and sorafenib) and monoclonal anti-
bodies (bevacizumab, rituzimab, and
alemtuzumab). These newer agents also cause
neurologic side effects, some similar to conven-
tional chemotherapy agents, including headache,
fatigue, cranial and peripheral neuropathies. In
addition, tyrosine kinase inhibitors are associated
with a small risk of spontaneous subdural hema-
tomas. Both rituzimab and alemtuzumab, which
are antibodies against CD20 and CD25, respec-
tively, have been associated with progressive
multifocal leukoencephalopathy with JC virus
reactivation.?’?® The vascular endothelial growth
factor targeting agents can cause hypertension
and PRES as well as an increase the risk of
ischemic stroke.?’

Bevacizumab is a humanized monoclonal anti-
body that targets vascular endothelial growth

factor-A, a highly expressed proangiogenic factor
in gliomas. Targeting vascular endothelial growth
factor decreases tumor vascularity. Bevacizumab
is now often used in patients with malignant glioma
with radiographic disease progression after
completing standard concurrent chemoradiation.
Decreased contrast enhancement, edema, and
permeability can be seen as early as 1 day after
initiation of bevacizumab therapy. Radiologic
response rates are high, ranging from 25% to
60%. Despite remarkable imaging response after
bevacizumab, there has been no proven substan-
tial benefit in overall survival.?® Bevacizumab is
associated with PRES as well as a phenomenon
called pseudoresponse, where tumoral enhance-
ment improves significantly but progression ulti-
mately manifests as nonenhancing, FLAIR
hyperintense disease. Development of nonen-
hancing restricted diffusion within the tumor and
vicinity has been termed coagulative necrosis
and has been associated with a poorer
prognosis.®°

PRES is thought to be related to failure of autor-
egulation of cerebral blood pressure and local
CNS inflammation. PRES was originally described
in uncontrolled hypertension, eclampsia, and pa-
tients undergoing immunosuppression for organ
transplantation.®! Patients present with headache,
confusion, visual changes, or seizures. MR imag-
ing typically demonstrates focal regions of sym-
metric hemispheric white matter edema. The
parietal and occipital lobes are most commonly
affected, followed by the frontal lobes, the inferior
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temporal-occipital junction, and the cerebellum.
These areas are usually hypointense on T1W im-
aging and hyperintense on T2W and FLAIR imag-
ing. The subcortical U fibers are often affected.
There may be associated restricted diffusion
and/or hemorrhage (Fig. 10). PRES is seen more
commonly in patients receiving cyclosporine and
cyclophosphamide and targeted gents such as
bevacizumab, ipilimumab, sunitinib, and rituxi-
mab. Treatment is symptom based, as well as
removal of the suspected causative agent. The
clinical and radiographic changes of this syn-
drome are usually reversible unless cerebral
infarction has occurred.

Cerebral venous sinus thrombosis is a poten-
tially devastating entity that can lead to venous
infarction and hemorrhage. It has been associated
with chemotherapy regimens including platinum
based agents and L-asparaginase. On computed
tomography scans, the dural sinus or cerebral
vein will appear abnormally hyperdense. On MR
imaging, a thrombus in the affected vessel will
appear hyperintense on T1W imaging and of vary-
ing signal intensity on T2W imaging. A thrombosed
vein will appear abnormally hyperintense on FLAIR
imaging and drop out on susceptibility weighted
imaging, which is classic. Postcontrast T1W im-
ages may show a nonenhancing clot within the
affected vessel. The brain parenchyma may
appear normal or be edematous/ischemic, and in
some cases parenchymal hemorrhage will be pre-
sent (Fig. 11).

Progressive multifocal leukoencephalopathy is
an infectious process that affects the white matter,
caused by reactivation of the JC virus. This virus is
present usually in asymptomatic individuals, but in
the context of immunosuppression, circulates in B

cells and infects and destroys oligodendrocytes.
On MR imaging, there are confluent asymmetrical
white matter lesions which are hyperintense on
T2W and FLAIR imaging, and may not enhance
(Fig. 12). There is often subcortical U fiber involve-
ment. Appearance is different from PRES in its
asymmetry and distribution, with no predilection
for the parietal or occipital lobes. Lesions can
progress fairly rapidly. Diagnosis is made by cere-
brospinal fluid testing and there is no effective
treatment.

Many patients who received chemotherapy
describe more global neurocognitive impairment
that is less dramatic than the multifocal leukoence-
phalopathy of MTX. This complication is often
colloquially termed “chemo brain” and mostly af-
fects short-term memory and executive function.
There may be little or subtle radiologic findings,
such as diffuse white matter T2W and FLAIR
hyperintensity and volume loss. However, there
is some overlap between treatment effects and
the effect of cancer itself on the brain.

COMBINATION THERAPIES

The use of chemotherapy potentiated effective-
ness of radiation by introducing unique and
increased DNA aberrations that differ from those
induced by either radiation or chemotherapy
alone. Unlike conventional chemotherapy, which
exerts its cytotoxic effects on all replicating cells,
conformal radiation is particularly effective at pro-
ducing DNA damage specifically in tumor cells.®?
Commonly used chemoradiation regimens include
antimetabolites, platinum-based agents, alkylating
agents, and, more recently, novel agents such as
antibodies and immunotherapy. Antimetabolites

Fig. 10. PRES in patient who was undergoing chemotherapy treatment for leukemia. Axial CT scan (A) shows sym-
metrical hypodensities (solid arrows) in the posterior parietal lobe cortex bilaterally. Axial FLAIR (B, C) images
show bilateral symmetrical hyperintensity in the cortex and subjacent white matter of occipital and frontal lobes

(dotted arrows).
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Fig. 11. Cerebral venous thrombosis in patient treated with cisplastin for neuroblastoma. Axial T2W (A) shows
hemorrhagic stroke in the right temporal lobe (thick arrow). Axial FLAIR image (B) and MR venogram (C) shows
thrombosis of the right lateral and sigmoid sinuses, appearing as abnormal FLAIR hyperintense signal (dotted ar-
rows) and absence of flow related signal (solid arrows) respectively.

are commonly used in combination with radiation.
The combination of these agents with radiation
leads to the production of complex, slowly
repaired radiation-induced DNA  damage.
Platinum-based agents such as cisplatin are the
most widely used chemotherapeutic agents in
combination with radiation, especially in lung and
head and neck cancers. The standard therapy for
GBMs is concurrent temozolomide radiation.
Radiosensitization by temozolomide involves inhi-
bition of DNA repair and/or an increase in
radiation-induced double-stranded breaks. Other
novel agents sensitize tumor cells to radiation by

inhibition of the ubiquitin proteosome system (bor-
tezomib) or modulation of tumor oxygen levels and
aberrant tumor vasculature (bevacizumab).

IMMUNOTHERAPY

Immunotherapy has become a successful treat-
ment option for many advance cancers, and can
be used as stand alone or in combination with
other modalities.®® There are currently more than
500 open immunotherapy clinical trials at the
time of this review. The brain is not as immune-
privileged organ as previously thought, and
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Fig. 12. Progressive multifocal leukoencephalopathy (PML) in 69-year-old male patient on chemotherapy for mul-
tiple myeloma. Axial FLAIR image in Aug 2017 (A) show a hyperintense PML lesion in the juxtacortical and
centrum semiovale of the left frontal lobe (dotted arrow). Axial FLAIR and sagittal T1W images in Oct 2017 (B,
C) show significant increase in the size of the lesions (solid arrows) with deterioration of the patient’s symptoms.

immune checkpoint inhibitors have been success-
ful for brain metastasis from melanoma and non-
small cell lung cancer. Immunotherapy in CNS
tumors currently include check point inhibitors,
vaccines, viral therapy and chimeric antigen re-
ceptor T-cell (CAR-T) therapy.

Immune Check Point Inhibitors

Immune check point inhibition first emerged as a
viable option in 2010, with CTLA-4 inhibitor (ipili-
mumab) in advanced melanoma resulting in
improved overall survival.>* Immune check
points are signals (stimulatory or inhibitory) be-
tween tumor cells, T cells, dendritic cells, and
macrophages in the tumor microenvironment.
These checkpoints regulate T-cell activation to

tumor cells. It is known that tumors cause im-
mune suppression and “escape” from T-cell-
mediated immune responses so they can prolif-
erate within the host.®®> Immune checkpoint in-
hibitors, including CTLA-4 inhibitor (ipilimumab),
programmed death (PD)-1 inhibitors (nivolumab
and pembrolizumab), and PD ligand 1 (L1) inhib-
itors (atezolizumab and durvalumab), counteract
against tumor cells and activate the host’s im-
mune response against cancer. Currently, these
agents are approved for use in the United States
for numerous malignancies including melanoma,
non-small cell lung cancer, renal cell carcinoma,
Hodgkin lymphoma, head and neck squamous
cell carcinoma, urothelial cell carcinoma, cervi-
cal cancer, colorectal cancers, and breast
cancer.
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Unique complications associated with use of
immunotherapies have been collectively termed
immune-related adverse events and can arise in
almost any organ system. The mechanism is
thought to be immune system activation with
misdirection or overactivation. Organ-specific
adverse events include hypophysitis, encephalitis,
pneumonitis, hepatitis, myocarditis, colitis, and
sarcoid-like lymphadenopathy. Neurologic
adverse events are uncommon, occurring in 1%
to 3% of patients and are mostly nonspecific
such as headache, dizziness, and lethargy.®
Other complications are similar to those from con-
ventional chemotherapy agents and can include
aseptic meningitis, acute and subacute encepha-
lopathy, transverse myelopathy, PRES, demyelin-
ation, and polyneuropathies.®” A well-described
complication specific to immune checkpoint inhib-
itors is hypophysitis, with up to 17% of patients
receiving ipilimumab developing hypophysitis.>®
On MR imaging, this appears as enlarged and
enhancing pituitary gland and stalk that is either
new from prior imaging studies and/or abnormal
for age (Fig. 13).

Chimeric Antigen Receptor T-cell Therapy

CAR-T therapy is currently approved in leukemia
and B-cell lymphoma. Essentially, CAR-T cells
are genetically modified T cells that recognize a
tumor-specific antigen and contains a T-cell acti-
vation signal inside the cell. When these modified
T cells are introduced to the patient, they initiate
lysis of the tumor cells bearing the tumor-specific
antigen. The most common toxicity from CAR-T
therapy is cytokine release syndrome, which is a
systemic inflammatory response. Incidence of
neurotoxicity varies greatly in reports, ranging

Imaging of Neurologic Injury

from 0% to 50%,%° and may occur with and
without systemic cytokine release. Neurotoxicity
ranges from headaches and delirium to encepha-
lopathy and seizures. Severe cases may require
intensive care and dexamethasone treatment.
Neuroimaging and cerebrospinal fluid analysis is
recommended to exclude an underlying infection.

Immunotherapies in Glioblastoma

The low mutation burden in GBM, local and sys-
temic immunosuppression of GBM, and its infiltra-
tive nature likely account for difficulties in effective
treatment of GBM with immune checkpoint inhibi-
tors. GBM is a highly immunosuppressive solid tu-
mor, even though it is confined to the brain. GBM
is also highly infiltrative in a way that brain metas-
tases are not. Immune checkpoint inhibitors tend
to accumulate in the necrotic center of the tumor
there where is more blood-brain barrier break-
down rather the infiltrative margins. The disease
is also highly likely to recur. At this time, there
are no immunotherapies approved by the US
Food and Drug Administration for the treatment
GBM, and GBM is notoriously immunosuppressive
and immunologically quiet.*® Checkpoint inhibitors
are being studied in combination with other thera-
pies. At the time of this writing, there were 8 pub-
lished studies of immune checkpoint inhibitor
alone and in conjunction with other agents for
GBM and 3 yet unpublished studies, none of which
found significant benefit in the immune checkpoint
inhibitor group.*' PD-1 and PD-L1 axis inhibitors,
such as nivolumab and pembraolizumab, are the
best studied immune checkpoint inhibitors in
GBM. CTLA-4 and PD-1/PD-L1 dual blockade is
also being studied. Another immunotherapy
currently being studied is the proteasome inhibitor

Fig. 13. Ipilimumab hypophysitis in patient with melanoma. Contrast enhanced sagittal TIW image before immu-
notherapy (A) shows normal appearance of the pituitary and infundibulum. There is mild hyperplasia of the pi-
tuitary gland (arrow) and thickening of the infundibulum after immunotherapy (B).
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marizomib, which has demonstrated activity
against CNS multiple myeloma. Several clinical
trial with marizomib for GBM and recurrent GBM
are underway.*?

Other immunotherapies for GBM include vac-
cine therapy, which is designed to elicit an immune
response to the cancer. Vaccines include direct
antigen exposure as well as antigen-presenting
cells (dendritic cells). The best studied tumor spe-
cific antigen is a mutation of epidermal growth fac-
tor, epidermal growth factor variant Ill. The
epidermal growth factor mutation is seen in 2%
to 25% of GBM. An epidermal growth factor
variant lll-specific peptide was developed by Cell-
dex therapeutics, rindopepimut. A phase lll trial of
rindopepimut showed no significant improvement
in survival in wither the treatment or the control
arms, however.*®> A number of tumor-associated
antigens are being studied, including single anti-
gen vaccine called SurVaxM and vaccines target-
ing multiple antigens such as SI701 and ICT-101.
These are currently in phase Il and | trials,
respectively.*

Customized vaccines are also promising.
These vaccines are limited to patients with surgi-
cally accessible GBM, because a volume of the
tumor is required to produce the vaccine, which
is then reintroduced to the patient. Two such
agents under study are DC-Vax-L and HSPPC-
96. Dc-Vax-L, which uses tumor lysate to
generate dendritic cells, was first studied 10 years
ago with reports of durable responders surviving
more than 7 years.*®> Phase Il of this vaccine for
newly diagnosed GBM is still underway.
HSPPPC-96 is in phase Il trials.*® Viral therapy
is a form of immunotherapy that virus vectors
introduce genes into tumor cells to attract host
immune response, ideally leading to tumor lysis.
Two of these, ASPECT and Toca5, have made it
to phase lll trials.*”*8

CAR-T therapy has been most effective against
hematologic malignancies owing to their highly
clonal nature and location (peripheral blood). The
main challenges in the development of cell therapy
in GBM are the location of the tumor, determining
the most efficacious route of cell delivery (intrave-
nous vs intrathecal), and the identification of a uni-
versal cell surface antigen to target. Tumor
antigens that are potential CAR targets in GBM
include IL-13Ra2, epidermal growth factor version
Ill, Her2, and EphA2. Several factors contribute to
lack of response to CAR T-cells in GBM, including
a lack of stably expressed antigens, intratumoral
heterogeneity, impaired CAR T-cell proliferation
in a hypoxic environment, and an immunosuppres-
sive microenvironment that leads to antigen
escape.*®

PEDIATRIC BRAIN

More than 10,000 children under the age of 14 are
diagnosed with malignancy each year. More than
80% of these children are expected to be long-
term survivors thanks to advances in modern can-
cer treatment. Although early neurologic toxicities
and complications in children receiving treatment
for cancer are similar to adults, higher survival
rates and longer post-treatment lifespans mean
that neurologic injury is even more impactful in sur-
vivors of childhood cancer. Moreover, the devel-
oping CNS system of a child is potentially more
susceptible to the effects of radiation and chemo-
therapy, for reasons that have been details else-
where in this article.

Cranial radiation therapy in pediatric patients
with cancer has been associated with serious
adverse effects that can lead to poor educational
attainment and unemployment in long-term survi-
vors. This has been well-studied in childhood sur-
vivors of acute Ilymphocytic leukemia.
Contemporary protocols have now replaced che-
moradiotherapy with systemic and intrathecal
chemotherapy for acute lymphocytic leukemia,
which has decreased the degree of survivors’
cognitive impairment. Nevertheless, survivors of
childhood acute lymphocytic leukemia displayed
more neurocognitive and parent-rated neurobeha-
vioral problems than population norms.%° Survi-
vors who developed acute leukoencephalopathy
during therapy demonstrated more neurobehavio-
ral problems than those who did not.5"

Survivors of childhood cancer also have signifi-
cantly higher incidence of secondary CNS neo-
plasms, primarily glioma and meningioma,
compared with the general population. The imag-
ing appearance of these malignancies as same
as those occurring in patients without prior cancer
treatment. Nearly all cancer survivors who devel-
oped a CNS neoplasm had been exposed to cra-
nial radiation, and some studies showed a
correlation between radiation dose and risk of
subsequent CNS tumors.5?

SUMMARY

The arsenal of treatments for CNS primary and
secondary malignancies continue to grow, even
though the mainstay of treatment remains radia-
tion and chemotherapy, especially for malignant
gliomas. Targeted and immune therapies are
clearly the future of cancer care. All oncologic
treatments carry inherent toxicities to the CNS,
and many are associated with specific imaging ap-
pearances. The job of the neuroradiologist is made
more complicated by treatment effects that mimic
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tumor progression or response. Moreover, addi-
tional neurologic toxicities of newer immunother-
apies may yet be discovered as their use
becomes widespread. Recognizing these compli-
cations and differentiating treatment effects from
effects of the cancer itself are priorities for the
treating team and can significantly impact the
course of treatment and outcome.
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