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Both the onset of various malignancies as well as the treatment of cancer can lead to neurologic symptoms which can be difficult
to diagnose. In this review, we highlight the varied ways in which neurologic sequelae of cancer and its treatment manifest in
children. Initial neurologic presentation may be secondary to mass effect or to immune-mediated paraneoplastic syndromes.
Treatment effects on the nervous system may arise from surgery, chemotherapy, radiation, or bone marrow transplantation. In
addition, the rapidly expanding field of immunotherapies for cancer has generated numerous new approaches to eradicating
cancer including monoclonal antibodies, checkpoint inhibitors, and chimeric antigen receptor T cells (CAR-T cells), which have
neurologic side effects mediated by immune responses that are also being recognized. Here we review common consult questions
to the neurologist and our general approach to these scenarios including altered mental status, headaches, seizures, and senso-

rimotor complaints, considering the multifactorial nature of each.
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1 Introduction

The fields of both neurology and oncology are rapidly advanc-
ing with new treatment strategies and new understandings of
pathophysiology of disease. Neurologic symptoms may her-
ald the presence of an underlying oncologic diagnosis, and
they may also arise in oncology patients as complications of
the cancer or its treatments. As such, in this review, we will
explore the common intersections of the two specialties, in-
cluding neurologic presentations of cancer or cancer recur-
rence, parancoplastic syndromes, and neurological complica-
tions of cancer treatments. We will also explore the neurolo-
gist’s approach to common consult questions from oncology.
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2 Neurologic symptoms caused by tumor
mass effect or tumor invasion of the nervous
system

2.1 Brain tumors

In children, the most common symptoms of primary or meta-
static central nervous system (CNS) tumors include headache,
nausea/vomiting, seizures, head tilt, diplopia or squinting,
ataxia, and behavioral changes [1, 2]. Focal neurologic find-
ings depend on the eloquent functions of the brain area in-
volved and can include hemiparesis, unilateral sensory chang-
es, speech changes, hyperreflexia, spasticity, ataxia, cranial
nerve abnormalities, stridor, vision changes, and endocrine
abnormalities [3]. Suprasellar tumors can cause proptosis, hy-
drocephalus, and diencephalic syndrome (consisting of vision
abnormalities, headaches, pallor, vomiting, and failure to
thrive), though initial symptoms are often endocrine in nature
with delayed puberty, obesity, diabetes insipidus (DI), growth
failure, or panhypopituitarism [4—6]. More rarely, brain tu-
mors, metastases, and hematologic cancers can present with
unusual neurologic symptoms such as subacute meningitis,
subdural collections, and psychiatric symptoms including psy-
chosis, anxiety, and behavioral changes [5-9].
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2.2 Spinal cord

Spinal cord tumors are uncommon in children, representing <
10% of all CNS tumors in this population [10]. Tumors of the
spine, including spinal presentations of hematologic malig-
nancies, typically present first with pain followed by weak-
ness and sensory changes. Cord compression and cauda
equina syndrome cause urinary and fecal incontinence or re-
tention symptoms as well as sexual dysfunction [7, 8].

2.3 Meninges, nerve roots, plexuses, and peripheral
nerves

Multiple primary tumors can spread along the meninges, in-
cluding ependymoma, pineoblastoma, medulloblastoma, leu-
kemia, lymphoma, and neuroblastoma [3, 9]. This process can
cause increased intracranial pressure (ICP), encephalopathy,
and focal neurologic symptoms. When nerve roots are in-
volved, multiple cranial or peripheral neuropathies may be
observed.

3 Paraneoplastic autoimmune complications

Paraneoplastic disorders are defined as remote effects of can-
cer not attributable to metastases, treatments or other illnesses
[11]. They are caused by immunologic cross-reactivity be-
tween tumor antigens and neuronal tissue which can lead to
immune destruction of any part of the nervous system. In
pediatrics, the most common paraneoplastic syndromes in-
clude opsoclonus myoclonus syndrome and limbic encepha-
litis, particularly a subclass of limbic encephalitis called
NMDA -receptor (NMDA-R) encephalitis. Myasthenia gravis
can also be a paraneoplastic syndrome, as it can present along
with thymoma in 15-20% of adults and can be seen in chil-
dren with thymomas [12, 13]. Other clinical syndromes are
associated with paraneoplastic antibodies as well and are
discussed below. See criteria for paraneoplastic syndromes
in Table 1.

The incidence of paraneoplastic syndromes in children is
unknown, but they are rare, occurring in < 1% of adult can-
cers. Cancers composed of neuroendocrine cells, affecting
immunoregulatory organs, or containing neuronal tissue (i.e.,
B cell and plasma cell cancers, small cell lung cancer (SCLC),
neuroblastoma, thymoma) are most likely to present with
paraneoplastic syndromes [13]. Paraneoplastic syndromes
are thought to arise due to antigen-driven clonal expansions
of T cells. However, some syndromes such as opsoclonus-
myoclonus-ataxia syndrome (OMAS) may involve both B
and T cells [13, 14]. In autoimmune non-paraneoplastic ver-
sions of these diseases, B cell therapies such as rituximab are
often effective for management of refractory cases. This
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Table 1 Criteria for diagnosis of paraneoplastic syndrome [14, 15]

Definite:

1) Classic syndrome” with cancer diagnosed within 5 years of symptom
onset

2) Non-classic syndrome that resolves or improves with cancer treatment
without immunotherapy (provided that the syndrome is not susceptible
to spontaneous remission)

3) Non-classic syndrome with cancer diagnosed within 5 years of
symptom onset and positive for antineuronal antibodies

4) Neurologic syndrome with or without cancer, with well-characterized
onconeuronal antibodies (Hu, Ri, Yo, CRMP5/CV2, Ma-2, or
amphiphysin)

Possible:

1) Classic syndrome® with high risk of cancer (e.g. a genetic or
syndromic diagnosis with predisposition) without antineuronal
antibodies

2) Neurologic syndrome with or without cancer, with partially
characterized antineuronal antibodies

3) Non-classic syndrome without antineuronal antibodies, with cancer
diagnosed within 2 years of neurologic symptom development

# Classic syndromes were originally defined as encephalomyelitis, limbic
encephalitis, subacute cerebellar degeneration, opsoclonus myoclonus
syndrome, subacute sensory neuronopathy, chronic gastrointestinal
pseudo-obstruction and Lambert-Eaton myasthenic syndrome [11]

suggests that there is heterogeneity in mechanism among dif-
ferent antibodies and targets [16, 17].

In children, the criteria for diagnosis of paraneoplastic syn-
drome remain the same as for adults (Table 1). However, a
modification to decrease the maximal interval between neuro-
logic symptom presentation and diagnosis of tumor has been
proposed, since the more common types of tumors in children
(e.g., neuroblastoma, teratoma, and lymphoma) tend to pres-
ent more quickly than common tumors in adults [13]. In ad-
dition, the sensitivity and specificity of antibody panels are not
yet known in children, while 70-80% of adults with initial
presentation of paraneoplastic syndromes will have a positive
antibody screen [15]. Further complicating the picture, the
same clinical syndromes can be present with autoimmune
non-paraneoplastic antibodies. This is particularly true for
children. For example, approximately 10% of children with
NMDA-R antibodies have an underlying tumor, while in
adults, a tumor is found in up to 60% of cases. Furthermore,
there are also case reports of classically paraneoplastic anti-
bodies such as anti-Hu (antineuronal nuclear antibody-1 or
ANNA-1) occurring without tumors in children, but not adults
[18-21]. Similarly, voltage-gated potassium channel (VGKC)
complexes (which include proteins called CASPR2—
contactin associated protein-like 2—and LGI1—Ileucine-rich
glioma-inactivated 1) have been seen in adult patients with
paraneoplastic disorders such as limbic encephalitis.
However, in a recent review of 37 studies of children with
VGKC antibodies, none of the children with CASPR2- or
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LGI1-associated encephalitis had underlying tumors [11,
22-24].

When evaluating for paraneoplastic disorders, symptoms
should first be fully characterized and antibodies sought from
serum (Table 2). Additional CSF studies may show
oligoclonal bands, elevated IgG index, and moderate leuko-
cytosis [11]. There are no guidelines outlining the need for
screening for tumors in children given the lower incidence
of underlying tumor in this population. However, screening
in cases thought to be paraneoplastic may start with ultrasound
of the abdomen and pelvis including the testes in boys [15]. If
suspicion is high, magnetic resonance imaging (MRI) or com-
puted tomography (CT) scan should be pursued if ultrasound
is negative. In cases of classic paraneoplastic syndromes with
high suspicion of underlying malignancy, for example in the
setting of classically paraneoplastic antibodies, a
fluorodeoxyglucose positron emission tomography (FDG-
PET) scan or another specialized nuclear study may be con-
sidered if other modalities are all negative. Imaging can be
repeated over time if symptoms do not remit with treatment.
In a study of 20 adults with paraneoplastic neurological syn-
dromes, sensitivity of FDG-PET for detecting malignancy
was > 83%, while another study found sensitivity of CT in
antibody-positive adults was only 30% [13, 28, 29].

Once diagnosed, treatment modalities for paraneoplastic
syndromes include prompt removal of tumors and initiation
of cancer treatment; immunosuppression with corticosteroids,
intravenous immunoglobulin (IVIg), plasma exchange
(PLEX); and when refractory to initial management, chemo-
therapeutic agents such as cyclophosphamide and rituximab.
Generally, patients with antibodies to membrane proteins
seem to respond better to immunosuppressive therapies than
those with antibodies to intracellular proteins, although there
are some reports of improvement in children with immuno-
therapies despite the presence of intracellularly directed anti-
bodies such as anti-Hu [30-32]. Speech, physical, behavioral,
and occupational therapy are also important for functional
recovery even after treatment of both the malignancy and the
paraneoplastic syndrome [13].

3.1 Opsoclonus myoclonus ataxia syndrome (OMAS)

OMAS requires three of four key features for diagnosis: (1)
abnormal eye movements called opsoclonus, (2) ataxia and/or
myoclonic jerks, (3) behavior or sleep changes (e.g. emotional
lability, drooling, hypotonia, speech changes), and (4) diagno-
sis of neuroblastoma [11, 13, 33]. The syndrome is thought to
be due to autoantibodies against cerebellar targets and is rare,
but when it occurs, up to 50% of children will have an under-
lying neuroblastoma (while on the other hand, only 2-3% of
children with neuroblastoma will have OMAS) [34]. Most
cases in both children and adults have negative antibody
screening, although there have been case reports of antibodies

to Hu being associated with OMAS in children with neuro-
blastoma [18, 31, 35, 36]. Other reported antibodies seen as-
sociated with OMAS and neuroblastoma or
ganglioneuroblastoma include neuroleukin, gliadin, Ri
(antineuronal nuclear antibody-2 or ANNA-2), and Zic2 (zinc
finger associated protein 2) [11]. In addition, OMAS has also
been seen with other tumors including hepatoblastoma and
ganglioglioma [11, 37].

In cases of OMAS, screening for tumors with CT may be
more sensitive in the abdomen than MRI due to better ability
to detect small calcifications, while MRI is favored for thorac-
ic tumors. Workup should also include urine catecholamine
metabolites (vanillymandelic acid and homovanillic acid) and
potentially a nuclear metaiodobenzylguanidine (MIBG) scan,
although the latter should be interpreted with caution in pa-
tients on adrenocorticotropic hormone (ACTH). These tests,
when positive, are supportive of a diagnosis of neuroblastoma,
though sensitivity of urine catecholamines scans may be as
low as 24% [11, 14, 38—40]. While immunomodulatory ther-
apy improves symptoms in children more consistently than
adults, there is a high incidence of residual motor, speech,
behavioral, and sleep disorders, and symptoms frequently re-
lapse during illnesses [13, 14].

3.2 Limbic encephalitis

Limbic encephalitis is characterized by personality changes,
irritability, decreased speech, depression, hallucinations,
memory loss, seizures, autonomic instability, and cognitive
dysfunction. In children, movement disorders are a common
initial symptom and can include dyskinesias, stereotypies,
chorea, ataxia, athetosis, gait disturbance, or dystonia
[41-43]. Initial cases in adults, described in 2007, were asso-
ciated with ovarian teratomas expressing NMDA receptors,
and subsequent reports of hundreds of cases of both
paraneoplastic and non-paraneoplastic anti-NMDA receptor
(NMDA-R) encephalitis have emerged [19, 44-46]. Tumors
are less commonly found in children with limbic encephalitis
compared with adults, but ovarian teratomas, neuroblastoma,
germ cell tumors, testicular tumors, thymomas, and Hodgkin’s
lymphoma have all been found in association with limbic
encephalitis in children [11, 13, 20].

In addition to NMDA-R antibodies, other antibodies found
in children presenting with paraneoplastic limbic encephalitis
include those against Hu, Ma-2 (Ta), SOX-1 (SRY-box 1),
PCA-2 (Purkinjie cell cytoplasmic antibody 2), glycine recep-
tor, mGIuR5 (metabotropic glutamate receptor 5), CRMP5/
CV2 (collapsin response mediator protein 5), and
amphiphysin [11, 18, 47-49]. Anti-GADG65 (glutamic acid
decarboxylase 65) antibodies are nonspecific but have been
associated with limbic encephalitis in children, with more
specific prognostic information obtained by adding GABA 5
and GABAg receptor antibody testing [50]. Antibodies
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Table2 Known pediatric paraneoplastic syndromes and antibodies

Paraneoplastic syndrome Symptoms Associated Associated antibodies
malignancies
Opsoclonus - Opsoclonus - Neuroblastoma - Usually antibody negative
Myoclonus Ataxia - Ataxia (in up to 50% of - Hu, neuroleukin, gliadin, Zic2
Syndrome - Myoclonic jerks, cases) - In adults: Ri, CRMP5/CV2, Yo, Ma-2
(OMAS) - Emotional lability - Ganglioblastoma
- Drooling - Ganglioglioma
- Hypotonia - Hepatoblastoma
- Speech, sleep difficulties - In adults: breast,
ovarian, SCLC
Limbic encephalitis - Personality changes - Hodgkin lymphoma - NMDA-R, Ma-2, mGluR-5, Hu, GADG6S,
(including NMDA-R, anti - Irritability - Ovarian teratoma or ~ GABA4 receptor, GABAg - receptor, glycine
Ma-2, Ophelia syndrome - Depression carcinoma receptor, VGKC (CASPR2 & LGII),
subtypes) - Hallucinations - Testicular tumors CRMP5/CV2, amphiphysin, SOX-1, PCA-2
- Seizures - Germ cell tumors - In adults: Ri, AMPA receptor, DPPX
- Memory loss - Thymoma
- Cognitive dysfunction - Neuroblastoma
- Autonomic dysfunction +/— medial - In adults: SCLC

temporal lobe lesions
- Movement disorders in NMDA-R enceph-

alitis
Subacute cerebellar - Vestibular symptoms - Hodgkin and
degeneration - Dizziness, ataxia non-Hodgkin lym-
- Psychiatric symptoms phoma
- Parkinsonism - Langerhans cell
- Motor tics histiocytosis
- Dystonia - Neuroblastoma
- Sleep disturbances - In adults: SCLC,
gynecologic
cancer, breast
cancer, thymoma
Necrotizing myelopathy - Usually thoracic ascending sensory deficits - Leukemia
- Autonomic dysfunction - Melanoma

- Flaccid or spastic paraplegia
- Enhancing spinal cord lesions

- Elevated CSF protein
Subacute sensory - Asymmetric pain and paresthesias with - Hodgkin’s and
neuronopathy sensory ataxia, +/— encephalitis non-Hodgkin’s
lymphoma
- In adults: SCLC,
plasma cell cancer,
breast cancer
Subacute motor - Painless asymmetric flaccid weakness [25, - Hodgkin and
neuronopathy 26] non-Hodgkin lym-
phoma
- In adults: SCLC,
breast cancer
Myasthenia gravis - Fatigable weakness affecting skeletal - Thymoma
muscles
Lambert Eaton myasthenic - Weakness on waking, improves with - Neuroblastoma
syndrome (LEMS) exercise - In adults: SCLC
- Autonomic dysfunction
Chronic intestinal - Recurrent episodes of apparent obstruction - Neuroblastoma
pseudoobstruction of the small intestine +/— other areas of the - In adults: SCLC,
GI tract without physical obstruction [27] carcinoid,

thymoma

- Tr, mGluR-1, mGluR-2

- In adults: dopamine 2 receptor, Yo, PCA-2, Hu,
Ri, ANNA-3, GAD65, CRMP5/CV2, Zic4,
VGCC, amphiphysin

- In adults: CRMP5/CV2, amphiphysin, AQP4,
Hu

- Hu, CRMP5/CV2, amphiphysin, MAG

- Hu, GM1, Gdlb

- AChRs (usually), MuSK

- VGCC P/Q type
- In adults: Hu, Sox-1

- Hu, antibodies targeting enteric nervous system
- In adults: VGKC

ANNA = antineuronal nuclear antibody, AQP4 = aquaporin 4, CASPR2 = contactin associated protein-like 2, CRMP5/CV2 = collapsin response medi-
ator protein 5, DPPX = dipeptidyl aminopeptidase-like protein 6, GAD65 = glutamic acid decarboxylase 65, GM1 = ganglioside GM1, Gd1b = gangli-
oside Gd1b, Hu= ANNA-1, LGI1 = leucine-rich glioma-inactivated 1, MAG =myelin associated glycoprotein, mGIluR = metabotropic glutamate re-
ceptor, NMDA-R =NMDA receptor, PCA-2 = Purkinjie cell cytoplasmic antibody 2, Ri= ANNA-2, SCLC =small cell lung cancer, SOX-1 = SRY-
box 1, Tr = Purkinjie cell cytoplasmic antibody Trotter antigen, VGCC = voltage gated calcium channels, VGKC = voltage gated potassium channels,

Yo =PCALl, Zic = zinc finger associated protein
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against Ma-2 cause a unique syndrome of isolated or com-
bined limbic, diencephalic, or brainstem dysfunction often
with eye movement abnormalities and more frequent MRI
abnormalities including nodular enhancement that can mimic
tumor [11]. Limbic encephalitis associated with mGIluRS re-
ceptor antibodies presents with primarily psychiatric, cogni-
tive, and memory impairments, sometimes known as Ophelia
syndrome, and has been reported in children with Hodgkin
lymphoma [49].

Evaluation for limbic encephalitis requires CSF antibody
analysis, which is more sensitive for detection of NMDA-R
antibodies than serum analysis [51]. Supportive features for
limbic encephalitis include moderate CSF pleocytosis (lym-
phocyte-predominant, present in 80% of cases), elevated pro-
tein (30% of cases), oligoclonal bands (50-60% of cases), or
positive IgG index; electroencephalogram (EEG) with
slowing or epileptiform activity; and contrast enhancement
or FLAIR changes on MRI in limbic areas, cortex, deep gray
structures, cerebellum, or brainstem [11, 52]. None of these
features is always present, particularly early in the course.

3.3 Subacute cerebellar degeneration (SCD)

SCD presents with vestibular symptoms, dizziness, ataxia,
dysarthria, diplopia, psychiatric symptoms, parkinsonism,
tics, dystonia, and sleep disturbances developing in a subacute
fashion secondary to destruction of cerebellar Purkinje cells
[53]. Progressive cerebellar degeneration is found on MRI,
sometimes with enhancement, and FDG-PET scan demon-
strates hypermetabolism of the cerebellum followed by
hypometabolism later in the course [14].

In children, SCD has been best described in association with
Hodgkin lymphoma and antibodies against Tr (Purkinje cell cy-
toplasmic antibody Trotter antigen) and mGIluR-1 (metabotropic
glutamate receptor 1), though it can be seen in non-Hodgkin
lymphoma as well. A case of SCD with ataxia and speech diffi-
culty associated with antibodies to GluR-2 (glutamate receptor 2)
has also been seen in Langerhans cell histiocytosis [54]. In adults,
the classic antibody, anti-Yo (Purkinje cell cytoplasmic antibody
1 or PCA-1), is usually related to breast or gynecologic cancer,
and SCLC can produce any of a number of antibodies that have
been associated with SCD [14, 55].

If not treated early in the course, irreversible damage to
cells can occur. Clonazepam may provide symptomatic treat-
ment in some cases. In addition to typical immunomodulatory
therapy, tacrolimus plus prednisone, mycophenolate, and ri-
tuximab have been reported to have benefit in case reports and
series, but no controlled trials have been performed [53, 56].

3.4 Necrotizing myelopathy

Necrotizing myelopathy is a rare paraneoplastic syndrome,
but it has been described in older children with leukemia

and skin cancer [25, 57]. Symptoms typically begin in the
thoracic spine with flaccid or spastic paralysis, ascending sen-
sory deficits, and autonomic dysfunction that progresses over
days to weeks and can lead to respiratory failure. Imaging can
show longitudinally extensive lesions which can enhance with
contrast, and CSF can have elevated protein without
pleocytosis. It has been hypothesized that some cases may
be secondary to neuromyeltis optica (NMO) associated anti-
bodies to aquaporin 4 (AQP4), which have been seen in the
setting of breast, cervical, lung, thyroid, pituitary, and B cell
malignancies in adults as young as 18 years, though it remains
unclear if this antibody is specific enough to be considered
paraneoplastic [25, 58].

3.5 Subacute sensory neuronopathy

Subacute sensory neuronopathy presents with vibratory and
proprioception loss followed by pain and temperature loss
with sensory ataxia, hyporeflexia, and a non-length dependent
decrease in sensory action potentials. About 20% of all cases
(most in adults) are paraneoplastic, most commonly associat-
ed with SCLC and Hu antibodies. This syndrome has also
been seen in children with Hodgkin lymphoma [13].

3.6 Myasthenia gravis

Myasthenia Gravis presents with fatigable weakness of prox-
imal limb muscles, ocular muscles, and/or bulbar muscles.
The characteristic pattern of decrement with repetitive stimu-
lation and jitter on electromyography (EMG) can confirm the
diagnosis [11]. It is caused by antibodies to acetylcholine re-
ceptors (AChRs) or muscle-specific tyrosine kinase (MuSK).
Paraneoplastic causes of myasthenia gravis tend to present
with more classic generalized weakness, rather than isolated
ocular symptoms, and they also tend to have positive serum
AChR antibodies or striated muscle antibodies, as opposed to
MuSK or a seronegative status [26]. Thymic lymphoid hyper-
plasia is found in a majority of adults with myasthenia gravis,
though the percentage of children with this finding is un-
known. Treatment is with thymectomy (if AChR antibodies
are present), symptomatic treatment with cholinesterase inhib-
itors, and immunotherapy, though steroids must be used with
caution in this population [11].

3.7 Lambert Eaton myasthenic syndrome (LEMS)

LEMS is characterized by episodic muscle weakness,
hyporeflexia, autonomic dysfunction, and a characteristic
EMG pattern of decremental response to low-frequency repet-
itive stimulation and facilitation with high-frequency stimula-
tion or exercise. It is more often paraneoplastic than autoim-
mune. In adults, it is most often seen with SCLC but in chil-
dren, it can be secondary to neuroblastoma [13, 59].
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Antibodies against the P/Q type calcium channels (VGCC)
and Sox-1 have been reported in association with LEMS [26].

4 Treatment-related neurologic effects

Neurologic side effects of cancer treatments are common, and
understanding the causes, prognosis, and treatments of these
symptoms may help avoid unnecessary adjustments in the
treatment regimen to less effective alternatives. Here, we re-
view the most common neurologic complications of cancer
treatment.

4.1 Lumbar punctures

Frequent lumbar punctures for both monitoring of disease as
well as for delivery of intrathecal medications can lead to CSF
leaks and low-pressure headaches. Low-pressure headache
should be suspected when headache is predominantly present
when standing and relieved with laying down. In most cases,
it can be treated with conservative measures such as lying flat
and increasing fluid intake. In addition, administration of che-
motherapy intrathecally can cause chemical meningitis and
arachnoiditis [60].

4.2 Surgery

Surgery involving the brain, spine, or areas around peripheral
nerves can cause direct physical injury to the nervous system.
When surgery is performed in the brain, vascular injury at the
time of surgery can lead to hemorrhage as well as ischemic
stroke. Hemorrhage predisposes to seizures and all surgical
patients are at the highest risk for seizures in the immediate
postoperative period [3]. CSF leaks after dural opening can
occur and may be difficult to identify and repair.

One unique entity seen after surgery in the posterior fossa is
known as posterior fossa syndrome or cerebellar mutism. Of
children undergoing posterior fossa surgery, 25% develop this
syndrome beginning 6 to 48 h after surgery. The syndrome is
characterized by mutism, supranuclear gaze palsy, high
pitched crying, cerebellar dysfunction, and emotional lability.
Symptoms often resolve in days to months but can persist in
about 50% of cases [4, 60, 61]. In these cases, treatment is
supportive and most children should be referred for speech
therapy.

4.3 Chemotherapy

Many chemotherapeutic agents have neurologic side effects,
particularly when given at high doses or administered intra-
thecally (IT). Neurologic toxicity can at times require reduc-
tion in dose or even switching to alternative therapies if side
effects cannot be mitigated [60, 62]. Here we discuss the
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neurologic side effects of chemotherapeutic agents, which
are summarized in Table 3.

Asparaginase causes depletion of antithrombin-IIT (AT-1II)
and decreases production of coagulation and thrombolytic
proteins. This predisposes to both hemorrhage and thrombosis
[63]. Up to 40% of children develop thrombosis after
asparaginase administration during induction chemotherapy
for leukemia, and this reaches clinical significance in about
5% of cases [60, 77, 78]. In more than half of cases of symp-
tomatic thrombosis, the CNS is affected most commonly as
cerebral sinovenous thrombosis (CSVT) [79]. The risk of ve-
nous thrombosis is so high with the use of asparaginase during
induction chemotherapy for acute lymphocytic leukemia
(ALL) that recent studies suggest that the use of prophylactic
anticoagulation with enoxaparin or AT-III maintenance should
be considered during induction [78, 80]. In a patient with prior
venous thrombosis with asparaginase, heparin prophylaxis
can be used to allow reintroduction of this agent [81].

Ifosfamide causes an encephalopathy, including confusion,
agitation, hallucinations, psychosis, muscle twitching, and in-
continence, in about 30% of patients receiving it. These effects
usually begin 12 h to several days after infusion and resolve
within 3 days of cessation, though prolonged symptoms and
even death have been reported [60, 82]. EEG changes include
triphasic waves, diffuse slowing, or even nonconvulsive status
epilepticus. Because of the risk of seizures, continuous EEG
monitoring is recommended in children with altered mental
status after ifosfamide infusion [82, 83]. Methylene blue and
thiamine have been suggested to prevent or treat neurotoxic-
ity, but in the absence of randomized, controlled trials, the
efficacy of these agents is unknown because the encephalop-
athy typically remits spontaneously. For children who experi-
ence this toxicity, slower infusion or lower dose of ifosfamide
on reintroduction, or switching to cyclophosphamide, can be
considered [60].

Methotrexate has a well-known side effect of
leukoencephalopathy. Symptoms consist of encephalopathy,
stroke-like symptoms, seizures, and headaches that develop
within 2 weeks of administration and typically resolve over
weeks, although chronic cases have been reported as well [60,
84]. While only 3—4% of children receiving IT methotrexate
are symptomatic, 20% have been found to have T2/FLAIR
hyperintensities and diffusion restriction on MRI, sometimes
preceding symptom development [60, 84]. The diffusion re-
striction usually resolves with symptomatic improvement,
while changes on T2-weighted images can persist [85]. In a
longitudinal analysis of 190 survivors of childhood ALL, chil-
dren with acute leukoencephalopathy were found to have sig-
nificantly more long term neurobehavioral dysfunction than
those without leukoencephalopathy [86]. Chronic
leukoencephalopathy can present with progressive learning
disorders, memory loss, gait abnormalities, and incontinence
6 months or more after exposure. Toxicity may be enhanced
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Table 3  Neurologic side effects of common chemotherapeutic agents

Chemotherapy Reported neurologic side effects [60, 63—67] Timeline

L-Asparaginase - Encephalopathy, seizures, coma, focal deficits, - Encephalopathy begins within 24 h after
hyperammonemia, headache, coagulopathy / venous sinus administration, improves within a few days after

Bleomycin
Blinatumomab

Bortezomib

Brentuximab

Busulfan

Calcineurin inhibitors (cyclosporine,

tacrolimus)

CAR-T cells

Checkpoint inhibitors (pembrolizumab,
nivolumab, ipilimumab,
tremelimumab, pidilizumab,

durvalumab)

Chlorambucil
Cladribine

Corticosteroids
Cyclophosphamide

Cytarabine (Ara-C)

Dinutuximab

Doxorubicin

Etoposide

Fludarabine

5-Fluorouracil

Gemcitabine
Ifosfamide

Imatinib

Interferons

Interleukins

thrombosis discontinuation

- Seizures, encephalopathy, and visual dysfunction -

- Typically occurs when used with other drugs

- Seizures, acute or chronic encephalopathy, transient ataxia, - Side effects can resolve with discontinuation
tremors, somnolence, speech & coordination dysfunction

- Acute encephalopathy, headache, insomnia, PRES, cerebellar - Peripheral neuropathy usually begins within first

syndrome, painful length-dependent small fiber neuropathy, 2 months of treatment
severe poly-radiculopathy or demyelinating neuropathy - Worsens with continued use
(rare) - Resolves 34 months after
- Reduced risk with subcutaneous administration discontinuation
- Peripheral neuropathy, PML, chronic encephalopathy [68] - 80% show improvement in symptoms after

discontinuation

- Seizure, headaches, dizziness - Seizures typically occur within 48 h of

administration
- Seizure, PRES, headache, leukoencephalopathy, psychosis, - Symptoms usually occur after drug initiation but
catatonia, akinetic mutism, dysarthria, postural tremor, coma, can occur months or years later
endothelial injury and vascular complications, peripheral
neuropathy
- Encephalopathy (in 40%), headache, seizures (at times - Inflammatory response within days to weeks

intractable), focal neurologic deficits, cerebral edema, strokes - Longer-term neurotoxicity over months

- Hypophysitis, myositis retinopathy, fatigue, headache, CNS - Symptoms are usually acutely progressive, arising
vasculitis, PRES, immune-mediated disorders (e.g. aseptic in days to weeks after starting treatment
meningitis, AIDP, CIDP, enteric neuropathy, vascular (sometimes months from treatment)
neuropathies, cranial neuropathies, polyradiculopathies, in-
flammatory myopathies, myasthenia gravis, autoimmune
encephalitis, cerebellar degeneration, worsening of existing
demyelinating disease)

- Seizures, delirium, myoclonus, neuropathy, retinopathy - Hours to days after exposure [69]
(reported with high doses only)

- Headache, generalized weakness, rare myelopathy & Guillain - Myelopathy 1-3 months after exposure [69]
Barre-like syndrome (reported with high doses only)

- PRES, proximal muscle weakness - Myopathy onset within 1 month of initiation

- Encephalopathy with dizziness, blurred vision, confusion, - Symptoms are typically mild, reversible
seizures, RCVS [63, 70] (rare)

- Seizures, PRES, RCVS, headache, subacute cerebellar - Most symptoms occur within hours to days of
syndrome, encephalopathy, transverse myelitis, peripheral infusion
neuropathy, chemical meningitis, arachnoiditis, cauda equina - Cerebellar syndrome 6-8 days after therapy -
abnormalities [71] Transverse myelitis 48 h

- 2 weeks after intrathecal (IT)
administration
- Pain, sensory neuropathy, PRES, reversible internal - Onset during or immediately after exposure
ophthalmoplegia manifesting as mydriasis/loss of - Reversible
accommodation, rare transverse myelitis [72]
- Intra-arterial administration: hemorrhagic necrosis and cerebral - Limited to time of administration
infarcts
- Inadvertent IT administration leads to ascending
myelopathy/encephalopathy which can be fatal

- Severe headache, seizures, encephalopathy - During or after high-dose IV

infusions
Deterioration of vision (either optic neuritis or cortical - Onset typically during treatment with resolution
blindness), seizures, ataxia, tremor, demyelinating T2 lesions but can be delayed 21-60 days after administra-
in brain & spine, PML tion and progressive
- Acute cerebellar syndrome (2-4%), headache, - Typically begin during infusion and resolve within
seizures,encephalopathy, optic neuropathy, extrapyramidal weeks [73]

disorders, leukoencephalopathy
- Headache, seizures, PRES (rare) - During or immediately after exposure
- Encephalopathy, delirium, seizures, focal motor deficits, facial - During or immediately after infusion to several
nerve palsy, aphasia, mutism, visual hallucinations, days after infusion
incontinence, myoclonus, rare sensory neuropathy - Typically resolves within 3 days of cessation
- Seizures, headaches, muscle cramping & myalgias, intracranial - Symptoms resolve with discontinuation
bleeding
- Headache, acute encephalopathy, somnolence, cognitive - Symptoms typically arise during course of
slowing, personality changes, depression, mania, movement treatment
disorders, visual dysfunction - Resolve slowly with discontinuation
- Fatigue, headache, Increased permeability of blood - Onset 2-22 days after initiation of treatment -
brain barrier, increased ICP, cerebral edema, focal neurologic Resolve over weeks
deficits, neuropsychiatric symptoms
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Table 3 (continued)

Chemotherapy Reported neurologic side effects [60, 63-67] Timeline
Irinotecan - Dizziness, insomnia, occasional episodes of dysarthria - Resolve completely with discontinuation
Methotrexate - Seizures, headache, transient focal neurologic deficits, PRES, - Transverse myelitis 48 h—2 weeks after IT ad-
leukoencephalopathy, transverse myelitis, chemical ministration
meningitis, transient cytotoxic edema, rare ascending para or - Leukoencephalopathy usually within 2 weeks of
tetraparesis, chronic progressive learning disorders, memory administration (can take months)
loss, gait abnormalities, and incontinence - Chronic leukoencephalopathy after 6 months
Nelarabine - Headache, encephalopathy, tremors, seizures, myelopathy and - Symptoms can arise months after exposure and
Guillain Barre-like demyelinating neuropathy (rare) [65] have slow resolution [74]
Nilotinib - Demyelinating disease (peripheral or central), prothrombotic - Symptoms arise during treatment, may respond to

state, stroke
Nitrosureas (carmustine > lomustine)

- Disorientation, lethargy, ataxia, dysarthria, seizures, coma,
focal weakness, stroke, optic neuropathy, rare but sometimes

discontinuation [75]
- Onset of symptoms can be delayed after
administration by up to 6 months

fatal necrotizing leukoencephalopathy

Platinum-based (cisplatin » carboplatin,
oxaliplatin)

musculoskeletal pain

- Cisplatin: Seizures, stroke, encephalopathy, focal motor
deficits, retinopathy, rarely cerebral edema with excess

hydration

- Sensory ganglionopathy, hypomagnesemia, muscle weakness, - Usually, peripheral neuropathy begins within first
SIADH, cranial neuropathies (ototoxicity, ageusia), ataxia,
Lhermitte’s phenomenon, urinary retention, acute

2—-6 months of treatment

- Worsens with continued use

- Can worsen for several months after
discontinuation (coasting),

- Incomplete resolution over 6-8 months after dis-
continuation

- Oxaliplatin: acute cold allodynia (associated with

neuromyotonia)
Procarbazine
hypertensive encephalopathy
Rituximab

Retinoids

oculogyric crisis, ataxia

Selumetinib

drop [76]

Taxanes (paclitaxel > docetaxel,
cabalitaxel)

- Somnolence, depression, headache, obtundation, psychosis,

- Cerebellar syndrome, PRES, myositis, PML

- CK elevation, proximal arm weakness, pain, cramps, head

- Sensory neuropathy (occasionally sensorimotor or proximal
motor neuropathy), autonomic and optic neuropathies,

- Arises during treatment course and resolves with
discontinuation [69]

- Headache, dizziness onset during infusion that
resolves after infusion

- Headache (50-80%), elevated ICP, abnormal color vision, rare - Resolve with discontinuation

- Symptoms arise during treatment course

- Peripheral neuropathy begins in first 2 months of
treatment, resolves with dis-continuation

scintillating scotomas, rare encephalopathy and seizures

Temozolomide

- Increased blood-brain-barrier permeability, increased contrast - Transient at onset of therapy

enhancement on MRI, headache, exacerbation of focal

tumor-associated symptoms
Thiotepa

- Seizures, tremors, headache, blurred vision, dizziness,

- Median onset of 2 days after administration

confusion, encephalopathy, chemical meningitis, myelopathy

Topotecan - Headache
VEGEF inhibitors (Bevacizumab,

Sorafenib, Sunitinib)

- Chronic and hypertensive encephalopathies, PRES,
extrapyramidal syndrome, cognitive impairment, rare

- During treatment
- Rapidly reversible on discontinuation

intracerebral hemorrhage (bevacizumab)

Vinca alkyloids (vincristine, vinblastine,
vindesine, vinorelbine)

- Ataxia, visual hallucinations, tremor, parkinsonism, length
dependent sensorimotor neuropathy, mononeuropathies,
autonomic and cranial neuropathies (ageusia, optic

- Peripheral neuropathy onset in first 2 months of
treatment
- Worsens with continued use

neuropathy), SIADH, rare encephalopathy, seizures, transient - Can exhibit coasting phenomenon

cortical blindness

- Effects can be long lasting or have late onset in
children

Abbreviations: PRES posterior reversible encephalopathy syndrome, PML progressive multifocal leukoencephalopathy, AIDP acute inflammatory
demyelinating polyneuropathy or Guillain Barre syndrome, CIDP chronic inflammatory demyelinating polyneuropathy, RCVS reversible cerebral
vasoconstriction syndrome, SIADH syndrome of inappropriate antidiuretic hormone

by prior radiation exposure. In addition, rarely, an ascending
para or tetraparesis that can lead to locked-in syndrome or
even death has been described, and overdoses can be fatal
[63]. In one series of three children with IT methotrexate-
associated progressive paraparesis, gadolinium enhancement
of ventral lumbosacral spinal nerve roots was seen on MRI in
all cases [87].

Tacrolimus can cause tremor, dysarthria, cortical blindness,
psychosis, posterior reversible encephalopathy syndrome
(PRES), refractory status epilepticus, and prolonged coma.
Endothelial cell injury can lead to blood brain barrier
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breakdown as well as vascular complications including hem-
orrhage and stroke. On MRI, leukoencephalopathy that can
include the brainstem can be seen and may lag behind clinical
symptoms [70, 88].

4.3.1 Common side effects of multiple chemotherapeutic
agents

Chemotherapy-induced peripheral neuropathy (CIPN) is a
common complication of many chemotherapeutic regimens.
Vinca alkyloids, platinum-based chemotherapy, taxanes,
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bortezomib, and thalidomide are well-known culprits.
Symptoms typically begin within the first 2 months of treat-
ment and worsen with ongoing administration of the
offending agent. After completion of chemotherapy, symp-
toms typically stabilize, except in the case of platinum-
containing compounds, vinca alkyloids, and thalidomide, in
which the symptoms can worsen for several months before
stabilization, known as the ‘coasting’ phenomenon [60, 64,
65, 89].

Posterior reversible encephalopathy syndrome (PRES) has
been seen in conjunction with a number of chemotherapeutic
agents and suspicion for this entity should be high in children
undergoing chemotherapy who develop hypertension, mental
status changes, seizures, and focal neurologic symptoms in-
cluding vision changes. Imaging demonstrates vasogenic ede-
ma with T2/FLAIR lesions that may restrict diffusion.
Treatment includes normalization of blood pressure, treatment
of seizures, and avoidance of metabolic derangements such as
hypomagnesemia. Prompt recognition is important because
PRES can be complicated by status epilepticus, hemorrhage,
or even cerebral edema which can lead to herniation. After
prompt treatment, induction chemotherapy can usually con-
tinue [90]. Symptoms typically remit over days to weeks, and
radiographic lesions usually resolve over 1-2 months; how-
ever, in 10% of children with cancer, lesions and symptoms
can persist longer [60].

A related condition called reversible cerebrovascular vaso-
constriction syndrome (RCVS) typically presents as recurrent
thunderclap headaches which can be precipitated or exacer-
bated by chemotherapies, such as cyclophosphamide, IT
cytarabine, or steroids [60, 71]. Imaging demonstrates seg-
mental vasoconstriction that may be subtle early in the course
but can persist for up to 12 weeks. In severe cases, RCVS can
lead to stroke and intraparenchymal or subarachnoid hemor-
rhage. Calcium channel blockade with verapamil or
nimodipine is often used for treatment of RCVS, though there
are no high-quality studies supporting this strategy.

Acute cerebellar syndrome can be seen after IT cytarabine
administration as well as with 5-fluorouracil, bortezomib, and
rituximab and consists of dysarthria, ataxia, nystagmus,
dysmetria, and other cerebellar signs days after administra-
tion. It typically resolves within several days to weeks, al-
though persistent symptoms have been seen as well [60, 63,
66].

Progressive multifocal leukoencephalopathy (PML) is
caused by reactivation of JC virus and can be seen with
brentuximab, efalizumab, infliximab, fludarabine,
natalizumab, and rituximab. PML presents with rapidly pro-
gressive neurologic symptoms including aphasia, abnormal
gait, memory loss, hemiparesis, and vision changes which
progress to death over the course of months. Reversal of im-
munosuppression may be life-saving but can also cause im-
mune reconstitution inflammatory syndrome (IRIS) in which

the rapid CNS infiltration of T cells causes additional symp-
toms [67].

4.4 Immunotherapy

Neurologic side effects of immunotherapies, including mono-
clonal antibodies, tumor vaccines, checkpoint inhibitors, and
CAR-T cells, are common [91]. In addition to agent-specific
side effects, neurologic reactions frequently arise due to re-
lease of cytokines which can disrupt the function of the blood
brain barrier [66]. Monoclonal antibodies and
immunoconjugates can cause neurologic effects in up to
50% of patients, likely due to cytokine release [66, 91].

4.5 Checkpoint inhibitors

While most checkpoint inhibitors remain in clinical trials in
pediatrics, pembrolizumab, a PD-1 inhibitor, has FDA ap-
proval for Hodgkin lymphoma in children [92-94]. Acute
neurologic side effects of checkpoint inhibitors are generally
inflammatory and can consist of hypophysitis, fatigue, head-
ache, aseptic meningitis, myositis, PRES, plexitis, enteric neu-
ritis, cranial neuropathies, and large vessel CNS vasculitis [66,
95]. Acute or chronic inflammatory demyelinating neuropa-
thies (AIDP or CIDP) or vasculitic neuropathies have been
seen in up to 3% of patients. In about 1% of adults receiving
checkpoint inhibitors, severe autoimmune neurologic diseases
including autoimmune encephalitis, cerebellar ataxia, and my-
asthenia gravis can be uncovered, and known demyelinating
disorders can also be exacerbated [96, 97]. Distinguishing
paraneoplastic versus autoimmune presentations is important
since it affects treatment options. In general, paraneoplastic
autoimmune disease has a more subacute progressive course
compared with the faster onset for autoimmune cases trig-
gered by checkpoint inhibitor use. Treatment for checkpoint
inhibitor-induced autoimmune neurologic disease typically
consists of steroids, [VIg, and PLEX as first line while ritux-
imab, mycophenolate, cyclophosphamide, and methotrexate
can also be considered as second-line [97, 98]. The risks and
benefits of use or continuation of checkpoint inhibitors in
cases of existing autoimmunity or new autoimmune disease
are typically discussed on a case-by-case basis.

4.6 Chimeric antigen receptor T (CAR-T) cells

Cytokine release syndrome (CRS), a common toxicity occur-
ring in the first 2 weeks after CAR-T cell administration, is a
systemic inflammatory response that typically manifests as
fevers, tachycardia, hypotension, and multiorgan dysfunction
[99, 100]. CAR-T cell neurotoxicity, which is closely related
to but separate from CRS, occurs 2—11 days after CAR-T cell
administration and may include acute encephalopathy, ataxia,
and speech disturbance, and in severe cases focal neurological
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deficits, seizures, myoclonus, cerebral edema, or obtundation
[66, 99, 101, 102]. EEG typically reveals diffuse slowing but
may also reveal rhythmic activity or seizures [100, 103]. CSF
analysis may demonstrate a lymphocytic pleocytosis or in-
creased protein, and CAR-T cells are often but not always
found in the CSF, though they can also be found in the CSF
of patients without neurotoxicity [104]. Neuroimaging is nor-
mal in mild cases, but in severe cases, MRI may reveal patchy
increased T2 signal in the white matter and deep gray nuclei,
sometimes associated with microhemorrhages or diffusion re-
striction [102, 104]. Tocilizumab, which blocks interleukin-6
(IL-6) to decrease cytokine response, is FDA-approved for the
treatment of severe CRS [105]; however, it may not impact
neurotoxicity, perhaps due to its inability to cross the blood-
brain barrier [99]. As corticosteroids may decrease the anti-
neoplastic effect of CAR-T cells, they are typically reserved
for severe symptoms refractory to tocilizumab; however,
some experts advocate for their use as first-line agents for
severe neurotoxicity [99, 101]. While there are no high-
quality data to support the use of seizure prophylaxis in chil-
dren after CAR-T cell administration, some centers routinely
use levetiracetam in this population.

4.7 Radiation

Cranial radiation therapy (CRT) is necessary for many CNS
tumors as well as some hematologic malignancies despite
known significant neurologic side effects. Neurotoxicity is
one of the main side effects limiting its use.

Post-radiation somnolence syndrome occurs 3—12 weeks
after CRT in children and consists of somnolence, fever, an-
orexia, nausea, vomiting, dysphagia, cerebellar ataxia, and
EEG slowing. This syndrome typically lasts 3—14 days before
spontaneously resolving [70].

Post-radiation arteriopathy, one type of moyamoya syn-
drome, typically occurs years after radiation. It is character-
ized by steno-occlusive disease of the distal internal carotid
arteries and proximal middle and anterior cerebral arteries,
increasing the risk of stroke [60]. It is particularly problematic
in patients with neurofibromatosis type 1 (NF1), in whom
radiation is also often avoided due to higher risk of malignant
transformation of tumors, due to pre-existing risk for
moyamoya syndrome in this population. Children receiving
radiation near the circle of Willis are at highest risk for a
moyamoya-like vasculopathy and strokes [60]. This risk is
present even with the use of newer proton-beam radiation
[106]. In high-risk patients, surveillance imaging can be pur-
sued so that surgical revascularization can be considered.

Cognitive dysfunction is a well-known complication of
CRT that is usually recognized years after treatment. Young
age at the time of treatment is a risk factor for the development
of CRT-associated cognitive dysfunction [60, 107]. Annual
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neuropsychologic testing is therefore recommended for chil-
dren who have undergone CRT.

Vascular malformations can also occur after radiation,
though there is debate as to the pathophysiological basis of
these findings [108]. Cerebral cavernous malformations occur
commonly, with retrospective studies reporting a cumulative
incidence of 3—4% at 10 years after CRT [109, 110]. However,
the incidence has been reported to be significantly higher in
those who received CRT for medulloblastoma [111]. They
typically present with either seizures or hemorrhage, with
symptoms developing an average of 8—12 years after CRT.
Cerebral aneurysms are less common. They most frequently
present with aneurysmal subarachnoid hemorrhage with a
mean latency of 10.6 years [112].

Stroke-like migraine attacks after radiation therapy
(SMART) syndrome is a late complication of CRT, occurring
2-10 years after radiation. It presents as recurrent episodes of
migrainous headaches, focal neurological deficits, and/or sei-
zures lasting days to weeks. While the pathophysiology of
SMART syndrome is poorly understood, subclinical seizures
are common on EEG monitoring and hemispheric hypoperfu-
sion and cerebrovascular abnormalities have been described in
imaging studies [60, 113, 114].

Peripheral nervous system or spine involvement can be
seen when radiation is directed at or traverses the spine or
peripheral nerves. Myelopathy that presents early is typically
reversible while late-onset symptoms tend to be progressive.
Radiation-induced peripheral nerve injury can appear within
weeks or be delayed by years, and the rate of progression is
variable [115]. Generally, symptoms consist of pain, sensory
loss, and/or weakness. The autonomic nervous system can
also be involved.

Focal myopathy can occur at the site of radiation causing
weakness and muscle spasm. Histology can show nemaline
rods [115]. Fibrosis and sclerosis can occur over time in areas
of direct injury and can result in contractures.

Late secondary malignancies can also occur secondary to
radiation and are most commonly high-grade gliomas or me-
ningiomas although sarcomas, histiosarcomas, and
chondrosarcomas have also been reported [60]. The dose of
radiation correlates with risk for secondary malignancy [60,
116]. Tumors typically appear in adulthood, on average
20 years after treatment with high-dose and 32 years after
low-dose radiation [108].

4.8 Transplant

The rate of neurologic complications in hematopoietic stem
cell transplantation (HSCT) is high, ranging from 10 to 60%,
highest in unrelated allogenic transplants followed by related
allogenic and then autologous transplants [60, 70]. Side ef-
fects of transplant medications, particularly calcineurin inhib-
itors, busulfan, and thiotepa are common, both during
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preparation for and after hematopoietic stem cell transplant
(HSCT) (see Table 3) [70]. In addition, the cryopreservative
for stem cells, dimethyl sulfoxide (DMSO), can cause tran-
sient blindness, RCVS, PRES, seizures, strokes, and transient
amnesia [70].

After transplant, infections are the most common neurolog-
ic complication (Table 4). Because of the lack of immune
response, symptoms of even serious infections such as men-
ingitis and encephalitis can initially be subtle [67].
Amphotericin, which may be used in treating fungal infec-
tions, can cause parkinsonism as a side effect [70]. Prion dis-
eases have also been reported rarely in the setting of HSCT in
children [70].

Numerous other neurologic complications of HSCT have
been reported. Transplant-associated thrombotic microangi-
opathy can cause confusion, drowsiness, hallucinations, head-
aches, PRES, and seizures. Most cases resolve with time and
treatment with eculizumab; however, persistent severe altered
mental status after resolution of microangiopathic complica-
tions in other organ systems has occurred [118]. Inflammatory
disorders have been seen after HSCT rarely and include acute
disseminated encephalomyelitis (ADEM), multiple sclerosis
(MS), and NMO. These are generally treated as they would
be outside of the setting of HSCT. Vascular complications

Table 4 Infectious complications secondary to HSCT

include stroke, intracranial hemorrhage, venous sinus throm-
bosis, and vasculitis [70]. In addition, development of epilep-
sy partialis continua affecting mainly the motor region has
been reported, sometimes associated with Rasmussen enceph-
alitis [70]. Finally, metabolic disturbances such as electrolyte
abnormalities or hepatic or renal failure in the setting of HSCT
can predispose to altered mental status and seizures. The syn-
drome of inappropriate antidiuretic hormone (STADH) and
hyponatremia are commonly seen in children under 4 years
of age after transplant [70].

5 A neurologist’s approach to the most
common neurology consults in cancer
patients

When evaluating neurologic complaints, it is important to
evaluate all aspects of patient care, including the initial loca-
tion and type of primary cancer, treatment modalities (surgery,
chemotherapy agents, and radiation) as well as current disease
status, specific time course of the current concern, associated
symptoms, current and past medical comorbidities (including
inflammatory, bone, endocrine, and genetic conditions), and a

Infection [67, 70, 117] Unique neurologic sequelae

- Brain abscesses
- Indolent meningitis

Bacterial Nocardia

Viral EBV - Meningoencephalitis
- Post-transplant CNS lymphoproliferative disorder
\AY% - Meningitis
- CNS vasculopathy, strokes
HSV - Encephalitis
CMV - Chorioretinitis
- Myeloradiculitis, encephalitis, and ventriculitis with ependymal
enhancement and debris seen in the ventricles on MRI (risk enhanced with graft versus host disease (GVHD))
Enterovirus - Meningoencephalitis
HHV-6 - Limbic encephalitis including temporal lobe seizures
- Insomnia
- Confluent non-enhancing limbic and basal ganglia lesions on MRI
- Symmetric necrotizing encephalopathy that can also involve thalamus
and brainstem (rare, increased risk with GVHD)
HHV-7 - Fatal encephalitis
vV - Progressive multifocal leukoencephalopathy (PML)
Fungal  Aspergillus - Predilection for invasion of blood vessels which can predispose to mycotic aneurysms, hemorrhage, vasculitis, or arterial
infarction
- Abscesses later in course with ring enhancing lesions
Candida - Multiple ring enhancing micro-abscesses at the gray-white junction, cerebellum, and basal ganglia
Parasitic Toxoplasma - Encephalitis largely seen as reactivation of latent infection after HSCT (highest risk 2—6 months after transplant)

- Focal brain lesions characterized by ring enhancing lesions on MRI with elevated lipid/lactate peak on MR spectroscopy (lack
of FDG-PET avidity can help differentiate lesions from those of lymphoma)

Amoeba - Brain abscess
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detailed timeline of recent medications. Often, numerous pre-
disposing factors are found for neurologic symptoms.

5.1 Altered mental status (AMS)

The time course of the mental status change is one of the most
helpful pieces of information and should be ascertained im-
mediately. Changes that occurred acutely over minutes should
raise concern for vascular events (ischemic stroke and intra-
cranial hemorrhage) and seizures. Changes in level of con-
sciousness in patients with cerebral edema can indicate brain
herniation. For acute changes, urgent imaging should be ob-
tained to rule out these possibilities. Though CT scans are
quick, widely available, and sensitive for blood products,
MRI may be preferable if available to avoid radiation expo-
sure and evaluate for other etiologies, such as ischemic stroke,
which would not be apparent on head CT in the acute setting.
Limited MRI sequences (diffusion sequences to evaluate for
ischemia, susceptibility-weighted imaging to identify hemor-
rhage, and T2 weighted HASTE sequences to look at ventric-
ular and cisternal size) can usually be obtained without seda-
tion [119, 120]. Any changes in mental status that are episodic
should prompt concern for seizures and continuous EEG mon-
itoring can be helpful to resolve the question of delirium ver-
sus seizures.

In cases of persistent altered mental status arising over
hours to days, medication effects are common culprits. Both
intoxication as well as withdrawal effects of all medications
given in the preceding 7 days should be considered in addition
to chemotherapeutic agents given throughout the treatment
course [121]. Procedural sedation, if performed prior to the
change in mental status, can also cause persistent alteration in
consciousness in patients with decreased neurologic reserve.
Other diffuse metabolic causes for altered mental status in-
clude electrolyte derangements, hyperammonemia, hypercal-
cemia, hypomagnesemia, hypothyroidism, adrenal insuffi-
ciency, lactic acidosis, uremia, hypoxemia, dehydration, and
hypotension. Wernicke’s encephalopathy, with typical presen-
tation including encephalopathy, vertigo, ataxia, headache,
ophthalmopathy, and nystagmus, can be seen in children with
prolonged parenteral nutrition needs and should be considered
in all cases of encephalopathy [70]. It should be treated
promptly with thiamine and correction of other vitamin defi-
ciencies. PRES should be considered in all patients receiving
chemotherapy. The possibility of CNS infection and sepsis
should remain on the differential even in the absence of clear
fever or vital sign changes, given that immunosuppressed pa-
tients may not mount a normal inflammatory response to in-
fections. Increased intracranial pressure or intracranial tumor
progression or metastasis should also be considered.
Leptomeningeal spread of malignancy can cause alteration
in consciousness which can be intermittent or continuous.
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Post-radiation somnolence syndrome should be considered if
radiation to the CNS has occurred in the preceding 3 months.

For diagnostic evaluation of subacute or chronic altered
mental status, MR1 is preferred since CT scans entail radiation
and are notoriously poor at imaging the posterior fossa, rec-
ognizing that MRI may require exposure to anesthesia in chil-
dren who cannot remain still for an MRI [119]. A spot EEG
can be helpful to confirm the presence of encephalopathy by
demonstrating slowing or triphasic waves or to raise concemn
for nonconvulsive status epilepticus which can also present
with persistent alteration in consciousness. Metabolic/
infectious evaluation should include a metabolic panel with
both renal and liver function tests, ammonia, lactate, magne-
sium, thyroid studies, complete blood count, vitamins B1, B2,
B12, blood and urine cultures, and urine toxicology if needed.
If indicated, CSF should be obtained for cell counts, glucose,
protein, and bacterial and viral studies with consideration for
fungal studies, cytology, oligoclonal bands, IgG index, and
paraneoplastic panel.

5.2 Seizures

In patients with primary brain tumors, 15-25% will first pres-
ent with seizures and these patients are more likely to require
long term treatment with anti-seizure medications (ASMs)
[122, 123]. For children with known CNS tumors, approxi-
mately half develop epilepsy, and even in the absence of a
structural lesion (as in hematologic cancers), 8—10% of chil-
dren develop seizures and 1/3 of those develop lasting epilep-
sy [3, 62, 122]. Low-grade tumors such as ganglioglioma,
oligodendroglioma, pleomorphic xanthoastrocytoma, and
dysembryoplastic neuroepithelial tumor (DNET) are particu-
larly likely to present with seizures. Tumors that are
supratentorial (compared with infratentorial), have hemor-
rhagic components, are incompletely resectable, or are located
in superficial areas of cortex (compared to deep structures) are
more likely to cause seizures [3]. Despite the high risk for
seizures in patients with CNS malignancies, seizure prophy-
laxis is typically not indicated in patients with without a his-
tory of seizures [3, 124]. Retrospective data suggest that peri-
operative seizure prophylaxis may not be indicated in children
with brain tumors older than 2 years of age with normal sodi-
um levels, but the utility of perioperative prophylactic ASMs
in children under 2 years of age deserves further study [125].
Other settings in which temporary prophylactic ASMs may be
indicated include radiation therapy or high-risk chemotherapy.

Infants with any focal brain lesion, including CNS tumors,
are at high risk for a type of seizure called infantile spasms,
most commonly seen from age 4 months to 1 year but at times
seen in younger infants or in children up to 2 years of age.
When suspected, urgent neurologic evaluation is needed,
since developmental outcomes depend on prompt treatment.
First-line treatment for infantile spasms depends on the
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clinical scenario but is typically high dose steroids (either
ACTH or prednisolone) or vigabatrin.

In children with known systemic or CNS cancer, new sei-
zures or a change in seizure semiology often heralds CNS
progression or recurrence or can be the first sign of a stroke
or PRES, and thus imaging should be obtained on an urgent
basis in these patients. In patients with known CNS tumors
and seizures who present with seizures of typical semiology,
screening for electrolyte derangements, infection, missed
medications or medication changes, sleep deprivation, head
injury, and other potential provoking factors is indicated. If a
recent seizure threshold-lowering chemotherapeutic agent has
been introduced, an increase in or addition of another ASM
may be needed at least temporarily to prevent further seizures.
Frequently, if a provoking factor is identified, a temporary
taper of additional medication (often benzodiazepines) during
the period of provocation can be sufficient to manage break-
through seizures in this setting.

In patients with CNS tumors, choice of ASM is important
because any medication that affects cytochrome p450 can in-
fluence the efficacy or toxicity of chemotherapy [3]. Liver
enzyme CYP450-inducing ASMs include carbamazepine,
oxcarbazepine, phenobarbital, and phenytoin, while valproate
is a CYP450 inhibitor. Levetiracetam is frequently selected as
the first line ASM due to low incidence of side effects, pri-
marily renal clearance, and lack of interaction with chemo-
therapeutic agents. The main side effect, irritability, presents
in about 13% of children and of these, 30% resolve with the
addition of vitamin B6 [126]. When needed acutely for sei-
zures, compared with other benzodiazepines, lorazepam has
more renal clearance and fewer medication interactions than
others.

5.3 Headaches

Of patients presenting with brain tumors, 41% will have con-
current headaches and up to 2/3 of patients with brain tumors
will complain of headaches during their clinical course [3,
127]. In addition to headaches secondary to malignancy, pri-
mary headache disorders such as migraines can be exacerbat-
ed in the setting of cancer. In children with alarm signs such as
early morning headaches that wake the patient from sleep, a
positional component, pain worsened by Valsalva, vision
changes, tinnitus, persistent nausea/vomiting, or progressively
worsening symptoms, secondary causes of headache such as
new tumors, seizures, CSVT, vascular malformations, and
Chiari malformations should be considered. Headaches in
cancer patients are often multifactorial and can be exacerbated
by anemia, electrolyte disturbances such as hypocalcemia or
hypomagnesemia, and dehydration, as well as these additional
factors.

Surgical procedures can cause persistent pain due to ma-
nipulation of vascular or dural structures. Posterior fossa

craniotomies are more likely to lead to headache than
supratentorial craniotomies [128]. Intraventricular hardware
such as a shunts or Ommaya reservoirs predispose to infection
and malfunction that can cause headache. In patients with
intracranial hardware and new headache, imaging to evaluate
ventricle size and CSF studies to evaluate for infection should
be considered.

Increased intracranial pressure (ICP) can present with
headaches and may be due to hardware malfunction, reduced
CSF clearance through arachnoid granulations (following
meningitis, hemorrhage, or when malignant cells are found
in the CSF), adhesions obstructing CSF flow, or intracranial
mass. Vision loss, difficulty abducting the eyes (due to pres-
sure on cranial nerve VI), tinnitus, and positional complaints
are common in cases of increased ICP. Parinaud syndrome,
which consists of impaired upgaze, convergence-retraction
nystagmus, light-near dissociation, and lid retraction
(Collier’s sign), can be seen due to midbrain compression by
increased ICP or mass effect. Depending on the etiology, cor-
ticosteroids and surgical intervention are the primary treat-
ments, and in some cases, palliative radiotherapy can alleviate
headache [128].

Low-pressure headaches and CSF leaks can be seen after
lumbar punctures (LPs) and surgical procedures that disrupt
the dura. Initial management includes lying flat, intravenous
hydration, and caffeine [60]. Epidural blood patches are con-
traindicated in children with hematologic malignancies due to
concerns about the low but significant risk of seeding the CSF
space with circulating neoplastic cells [60, 129]. Therefore,
prevention is paramount, using techniques such as atraumatic
LP needles and reinsertion of the stylet prior to removal of the
needle to prevent CSF leaks from occurring [130, 131].

Chemotherapy often causes headache as a primary side
effect (Table 3), and both chemotherapeutic medications as
well as cancer itself can predispose to more concerning CNS
pathology such as PRES and RCVS (see chemotherapy sec-
tion above). Blood pressure should be monitored and con-
trolled during chemotherapy and these entities should be con-
sidered in patients with new-onset headaches after receiving
chemotherapy.

Cerebral sinovenous thrombosis (CSVT) can cause in-
creased intracranial pressure, headache, and venous infarction
and hemorrhage. Children with cancer are at high risk for
CSVT due to a hypercoagulable state related to underlying
malignancy, chemotherapeutic agents (such as asparaginase),
immobility related to procedures, and indwelling catheters
[60]. MR venography should, therefore, be considered for
patients with new headaches or signs of increased ICP [60].
When present, treatment of CSVT consists of anticoagulation,
typically for 3—6 months or until asparaginase therapy is com-
plete and the clot has resolved [60].

Radiation is a frequent independent cause of headaches that
are often unresponsive to traditional headache treatments. In
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one study of 265 pediatric brain tumor patients, in children
who had undergone radiation treatment without tumor pro-
gression, infection, or shunt malfunction, severe recurrent
headache reported on more than two outpatient visits was a
predictor of post-radiation ischemic complications [132].
Therefore, surveillance for post-radiation vasculopathy may
be indicated in patients with severe headache after history of
cranial radiation. Radiation can also lead to SMART syn-
drome (see Radiation section above) which may be most
closely associated with subclinical seizures and therefore an
EEG is warranted to rule out seizure in such cases [113, 133].

Once the above causes are ruled out or treatment has been
initiated, headaches can be treated symptomatically with cock-
tails consisting of an analgesic (NSAID or Tylenol), an antiemet-
ic (prochlorperazine, metoclopramide, or ondansetron), and hy-
dration followed by addition of magnesium and valproate, unless
contraindicated. These cocktails can be repeated every 6 h for up
to 72 h until either no further benefit is seen after 2 sequential
cocktails or until one cocktail after headache resolution. In some
cases, daily prophylactic migraine therapy can be considered
when headaches are recurrent.

New onset focal neurologic deficits or new focal seizures
should prompt emergent evaluation for ischemic or hemor-
rhagic stroke. Though not evidence-based in the pediatric pop-
ulation, acute interventions such as IV thrombolysis or
endovascular thrombectomy may be considered for some pa-
tients with arterial ischemic strokes within a limited time win-
dow after onset of symptoms, provided the child is being
managed by a team with expertise in pediatric stroke
[134-136]. Importantly, children with cancer are more likely
to have contraindications to these therapies than children with-
out cancer, and these must be considered in detail. Regardless,
emergent evaluation with imaging remains appropriate when
stroke is suspected.

There are numerous possible predisposing factors which
have been discussed throughout this review, which we con-
sider when approaching a pediatric cancer patient with cere-
brovascular complications. Direct compression or invasion of
blood vessels by tumor can cause either thrombosis or hem-
orrhage. Hemorrhage into tumors can cause acute neurologic
deficits or even sudden death [137, 138]. Coagulation abnor-
malities such as disseminated intravascular coagulation (DIC)
can predispose to both hemorrhagic and ischemic strokes
[139]. Hypercoagulability may lead to thromboembolic ische-
mic strokes as well as CSVT, which may cause venous infarc-
tion and hemorrhage. Numerous chemotherapeutic agents, in-
cluding asparaginase, tyrosine kinase inhibitors, thalidomide,
and cisplatin, can cause hypercoagulability, predisposing to
ischemic stroke [140]. Medications that are administered
intra-arterially for direct tumor effects can also cause strokes.
Chemotherapy has also been reported to cause RCVS, which
can lead to arterial ischemic stroke or subarachnoid, subdural,
or intraparenchymal hemorrhage. Finally, infections such as
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VZV and aspergillus can cause cerebral vasculitis and stroke.
Patients with remote history of cancer are also at increased risk
for stroke due to CRT-associated radiation vasculopathy,
which can involve both the large vessels (moyamoya syn-
drome) and small vessels.

5.4 Sensory symptoms and weakness localizing
to the peripheral nervous system

While peripheral nervous system (PNS) complaints in cancer
patients are often related to chemotherapy, other causes such
as paraneoplastic disorders, direct infiltration of the nerve by
neoplastic cells, infections, nutritional deficiencies, GVHD in
BMT patients, other immune disorders, diabetes, or critical
illness neuropathy should be considered and treatable causes
ruled out [60, 66]. In the absence of ongoing chemotherapy,
static or improving symptoms suggest direct injury or chemo-
therapy side effect. Progressive symptoms can be seen after
certain chemotherapies even after cessation (‘coasting’ phe-
nomenon), after radiation, with neoplastic invasion, infection,
hypothyroidism, vitamin B1 or B12 deficiency, and
paraneoplastic or autoimmune causes.

Localization of the injury (that is, spinal cord, nerve roots,
sensory ganglia, nervous plexuses, peripheral nerves, neuro-
muscular junction, and muscle) must be identified [89].
Episodic symptoms that worsen or improve with exertion
raise suspicion for neuromuscular junction disorders (such as
myasthenia gravis and Lambert Eaton myasthenic syndrome).
On exam, areas of muscle atrophy can assist in identifying
muscle groups that are affected. Reflexes can be helpful in
localization because injury to a plexus or peripheral nerve will
cause diminished reflexes while spinal involvement leads to
increased reflexes. Electromyography (EMG), nerve conduc-
tion studies (NCS), specialized imaging, and CSF analysis are
often important to identify the location of the problem, to rule
out cancer spread or recurrence, and to identify inflammatory
or infectious causes that might be amenable to treatment
[115]. Electrodiagnostic studies should be planned to evaluate
the entire field of radiation, if present, and all muscles and
nerve roots and plexuses in the area of concern. Mixed myo-
pathic and neuropathic signs are often present in affected
areas, particularly after radiation [115]. MRI of the affected
nerve roots and plexus with and without contrast can show
masses that are adjacent to the area of involvement, enlarge-
ment of nerves, contrast enhancement, and sometimes edema.
CSF analysis could include a search for paraneoplastic anti-
bodies, viruses, malignant cells, and inflammatory markers in
addition to routine studies [89].

Malignant invasion is one of the most feared causes of
PNS symptoms. The progressive spread of motor or sen-
sory deficits or pain gradually over a multiradicular dis-
tribution is highly suggestive of leptomeningeal disease,
especially in the absence of a history of radiation to the
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area [89]. Solid tumors as well as ALL and lymphoblastic
or Burkitt lymphoma tend to spread along the
leptomeninges and may require a meningeal biopsy for
diagnosis. Sensitivity of imaging for leptomeningeal dis-
ease is estimated at only 20%, and so when there is high
suspicion, repeated LPs or meningeal biopsies may be
needed to confirm the diagnosis [141, 142].

Neurolymphomatosis is defined as infiltration of peripheral
nerves or nerve roots by malignant lymphoma cells and pre-
sents with neuropathy that can affect peripheral nerves, cranial
nerves, nervous plexuses, or nerve roots. Non-Hodgkin lym-
phoma is the most common malignancy to cause
neurolymphomatosis, but diffuse large B cell lymphoma and
primary CNS lymphoma have presented with
neurolymphomatosis in children [9, 143]. Clinical presenta-
tion is with peripheral mononeuropathy, radiculopathy, cranial
neuropathies, or mononeuritis multiplex, and it can be painful
or painless [144]. Neurolymphomatosis involving a plexus
typically has an insidious onset of unrelenting aching or burn-
ing pain in the shoulder or hip with gradual loss of reflexes
and amyotrophy [89]. When lesions localize to a plexus, ded-
icated plexus imaging with MR1 is about 70-80% sensitive for
malignancy. Sensitivity can be enhanced by adding FDG-PET
which detects 80-90% of cases and can be used to direct
biopsy which may be required for confirmation since enlarge-
ment of nerves is nonspecific [144]. While FDG-PET differ-
entiates malignancy from radiation-induced injury, it is impor-
tant to note that inflammatory lesions can also be FDG avid on
PET scan and also may be steroid-responsive.

Radiation injury to the PNS is transient in the acute
phase, but in the chronic phase is progressive, manifesting
at least 90 days after treatment completion and frequently
delayed by years. Differentiation between radiation-
induced injury and recurrence with neoplastic invasion
as a cause of PNS dysfunction can be very difficult.
Pain can be present in both cases. Unilateral plexus in-
volvement, pain, Horner syndrome, enhancement with
MRI contrast, and FDG avidity on PET are more common
with neoplastic invasion while bilateral involvement of
the entire or upper portion of the plexus, local tissue ne-
crosis, edema, proximal conduction blocks on NCS, and
myokymia on EMG are more common in radiation-
induced nerve injury [115]. When suspicion is high for
neoplastic recurrence in the absence of findings on MRI
or FDG-PET, serial imaging (over months) is necessary as
imaging is often negative early in the progression of
disease [115].

Inflammatory causes typically have a subacute progressive
course, are often multifocal, and can be associated with con-
stitutional symptoms [26]. As discussed above and in Table 2,
paraneoplastic and autoimmune disorders can present with
lower motor neuron disease, distal sensory neuropathy, senso-
rimotor neuropathy, neuromyotonia, myokymia, mononeuritis

multiplex, brachial plexopathy, autonomic neuropathy, and
myasthenia gravis [26, 89]. Weakness and sensory symptoms,
often in an ascending and progressive pattern, can also be seen
in acute or chronic immune-mediated demyelinating
polyneuropathy (AIDP or CIDP, which have duration shorter
or greater than 8 weeks duration, respectively) and can be seen
as part of GVHD in patients who have undergone HSCT [60].
CSF analysis may be normal in inflammatory causes or may
show an elevated protein and/or a mild lymphocytic
pleocytosis. A paraneoplastic antibody panel should be sent
from CSF in addition to serum when symptoms could localize
to CNS or proximal nerve roots. Muscle involvement can be
seen in paraneoplastic or autoimmune dermatomyositis and
polymyositis which present with signs of irritative myopathy
[26].

Chemotherapy, as detailed in Table 3, has well-known ef-
fects on the PNS. When considering whether peripheral neu-
ropathy is secondary to chemotherapeutic agents, it is helpful
to compare the medications and doses to which the patient has
been exposed to established doses of chemotherapy which are
likely to cause CIPN [64, 145]. The risk of CIPN is higher in
older children, with concurrent exposure to antifungal azoles,
and with high doses or longer duration of chemotherapy.
Patients with underlying disorders such as Charcot-Marie-
Tooth or other hereditary disorders predisposing to neuropa-
thies or cytochrome P450 polymorphisms that affect vincris-
tine metabolism are at higher risk of peripheral neuropathy
[60]. Symptoms of CIPN can be long-lasting, with increases
in motor and sensory latencies demonstrated even 10 years
after completion of chemotherapy for childhood ALL [146].
Treatment of CIPN includes mainly cessation or dose reduc-
tion of the offending agent.

Thyroid studies, vitamin B1, B6, B12, vitamin E, hemo-
globin Alc, and inflammatory markers should be sent to en-
sure there are no correctible causes that are exacerbating
symptoms. Tricyclic and other types of antidepressants, anti-
convulsants, gabapentin, pregabalin, and topical capsaicin are
frequently used in clinical practice, though randomized data to
support these strategies is insufficient [64]. There is some
evidence for symptomatic benefit of duloxetine in adults, but
there are no randomized controlled trials in children to deter-
mine which strategies are most effective [147, 148].

6 Conclusion

Neurologic symptoms are common both as primary presenta-
tions of malignancy and complications of cancer and its treat-
ment. The approach to the pediatric oncology patient with
neurologic symptoms requires a detailed history and exami-
nation and consideration of multiple, sometimes
compounding, etiologies. As treatment options for malignan-
cy are rapidly expanding and survivorship is increasing, the
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spectrum of both acute and chronic neurologic symptoms that
can be attributed to cancer and its treatment is also expected to
expand.
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