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    Abstract  

  Neurologic complications of cancer and 
 cancer therapy are common and can arise rap-
idly in pediatric oncology patients. Some of 
these complications can present as emergent 
situations that require rapid diagnosis and 
treatment; familiarity with these conditions 
and a low index of suspicion are absolutely 
necessary in caring for such patients. The 
emergencies of spinal cord compression, acute 
alteration in mental status, increased intracra-
nial pressure and stroke are addressed in this 
chapter. Specifi c attention is given to the acute 
neurotoxic effects of common chemothera-
peutic agents. In addition to background 
regarding possible etiologies that are unique 
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to the child with cancer, the evidence bases for 
diagnostic steps and management are dis-
cussed. This chapter provides the necessary 
framework to recognize potential neurologic 
emergencies in pediatric oncology patients 
and highlights when to utilize a multidisci-
plinary team approach including pediatric 
oncologists and neuro-oncologists, intensiv-
ists, neurologists, radiation oncologists, and 
neurosurgeons to provide optimal care.  

5.1         Introduction 

 Neurologic complications of cancer and cancer 
therapy are common and can arise rapidly in 
pediatric oncology patients. Some of these com-
plications can present as emergent situations 
that require rapid diagnosis and treatment; 
familiarity with these conditions and a low 
index of suspicion are absolutely necessary in 
caring for such patients. The emergencies of 
spinal cord compression, acute alteration in 
mental status, increased intracranial pressure 
and stroke are addressed in this chapter. Specifi c 
attention is given to the acute neurotoxic effects 
of common chemotherapeutic agents. In addi-
tion to background regarding possible etiologies 
that are unique to the child with cancer, the evi-
dence bases for  diagnostic steps and manage-
ment are discussed and graded (Table  5.1 ). This 
chapter provides the necessary framework to 
recognize potential neurologic emergencies in 
pediatric oncology patients and highlights when 
to utilize a multidisciplinary team approach 
including pediatric oncologists and neuro-
oncologists, intensivists, neurologists, radiation 
oncologists, and neurosurgeons to provide opti-
mal care.

5.2        Spinal Cord Compression 

 Compression of the spinal cord can be caused by 
mass effect from either extradural or intradural 
tumors. Presenting symptoms can initially be 
nonspecifi c, and the diagnosis can be missed if 
the index of suspicion on the part of the examiner 

is not suffi ciently high. Cord compression may 
herald a new diagnosis of cancer, be a sign of 
treatment failure or relapse, or indicate a compli-
cation of treatment such as a post-lumbar punc-
ture hematoma. In addition to spinal cord 
compression, this section describes conus medul-
laris and cauda equina syndromes. 

5.2.1     Presentation 

 Back pain is a presenting symptom in 80–90 % of 
patients presenting with malignant spinal cord 
compression (Pollono et al.  2003 ). In patients old 
enough to describe their symptoms, this pain is 
classically radicular, radiating to the legs, sharp, 
and described as electric. Non- radicular pain may 
be also reported. However, younger patients may 
not be able to localize pain or provide any 
description of its quality. 

 Weakness is present in similar numbers of 
patients at presentation, but again can be diffi -
cult to elicit in the young child. Increased 
“clumsiness,” particularly affecting gait, or 
refusal to walk, can be manifestations of neuro-
logic weakness. In patients who are able to 
comply with examination, localization of the 
weakness can help identify the level of com-
pression (Table  5.2 ). Weakness may initially be 
fl accid, with subsequent hyperrefl exia in 
extremities distal to the site of compression. 
Compression at the level of the cauda equina 
causes absent refl exes due to the peripheral 
nature of the injury.

   Isolated bowel or bladder dysfunction with 
perineal anesthesia suggests compression of 
either the conus medullaris or cauda equina, 
but sympathetic denervation from a higher 
compression can reproduce symptoms of uri-
nary retention. A history of progressive consti-
pation or abdominal pain with a full bladder 
should therefore warrant further investigation. 
Sensory changes (paresthesias or anesthesia) 
should be carefully investigated to determine 
patterns of distribution. The presence of any 
sensory level of such fi ndings is a very con-
cerning sign and can additionally help localize 
a lesion.  
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   Table 5.1    Summary of recommendations for management of neurologic emergencies a    

 Clinical scenario  Recommendations 
 Level of 
evidence b  

 Spinal cord compression  Corticosteroids: decadron 1–2 mg/kg (max 10 mg) followed by 
0.25–0.5 mg/kg (max 4 mg) Q6h—may complicate ability to make a 
diagnosis 

 1C 

 Surgery: rapid progression of symptoms or total plegia are indications 
for emergent surgical management 

 1B 

 Radiation therapy: radiosensitive tumors (i.e., lymphoma, leukemia) 
while leaving additional diagnostic sites; patients who are too unstable 
for surgery; for palliation 

 1C 

 Altered mental status  Workup to include structural, metabolic and infectious causes  1C 
 Antiepileptics (benzodiazepines fi rst-line) for acute seizure 
management with AMS 

 1B 

 Hypertonic saline for seizures secondary to hyponatremia, then slow 
correction to avoid central pontine myelinolysis 

 1B 

 Increased intracranial pressure  Acute evaluation and management of airway, breathing and circulation 
in the intensive care setting 

 1C 

 Consideration for intubation  1C 
 Elevate head of bed  1C 
 Treatment of hyperthermia with antipyretics and cooling  1C 
 Head CT or MRI prior to LP  1C 
 Measurement of LP opening pressure  1B 
 Consideration for hyperosmolar therapy with mannitol or hypertonic 
saline 

 1C 

 Cerebrovascular accident  MRI preferred over CT; CT can be done acutely to rule out 
hemorrhage 

 1C 

 Treatment with a specialized team including pediatric stroke specialist, 
neurosurgeon, interventional radiologist 

 1C 

 Permissive hypertension in ischemic stroke  1C 
 tPA if no contraindications in ischemic stroke  2C 
 Assessment for underlying prothrombotic state  2C 
 Neurosurgical intervention for hemorrhagic stroke  1C 
 Assessment of coagulopathy and FFP therapy if coagulopathic  1C 
 Utilization of recombinant factor VII in hemorrhagic stroke  2C 

 Sinovenous thrombosis 
secondary to asparaginase 
therapy 

 Measurement and repletion of antithrombin (with pooled or 
recombinant product) and plasminogen 

 1B 

 Repletion of fi brinogen with cryoprecipitate to normal levels (i.e., 
>150 mg/dL) 

 1C 

 Anticoagulation if without a severe hemorrhagic component (i.e., 
unfractionated heparin) 

 1C 

 Reinstitution of asparaginase after recovery  1B 
 Prophylaxis with antithrombin is not currently recommended  2C 

 Neurosurgery  Prophylactic antiepileptics after neurosurgical intervention  2C 
 IT neurotoxicity  Dextromethorphan in the acute phase of IT MTX neurotoxicity  2C 

 Aminophylline in the acute phase of IT MTX neurotoxicity  2C 
 Leucovorin rescue for patients who have had IT MTX neurotoxicity 
in the past 

 2C 

 Rechallenging with IT MTX or substituting with IT HC/Ara-C for 
future IT therapy 

 2C 

 Ifosfamide-induced 
encephalopathy 

 Methylene blue for acute treatment or future prophylaxis if with IIE  2C 
 Thiamine for acute treatment or future prophylaxis if with IIE  2C 

(continued)
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5.2.2     Differential Diagnosis 

 Cord compression can be the presenting feature 
of a new malignancy and patients may have either 
acute or subacute presentations. Of tumors aris-
ing from the extradural space, paravertebral 
Ewing sarcoma is the most frequent malignancy 
to cause cord compression (Klein et al.  1991 ; 
Pollono et al.  2003 ). Neuroblastoma can also 
present with cord compression given their origin 
in the prevertebral sympathetic chain. While less 
common, primary or metastatic vertebral bone 
lesions such as osteosarcoma or Langerhans cell 
histiocytosis have also been associated with cord 
compression. Pathologic fracture complicating a 
primary bone lesion may cause the presenting 
symptoms. Both acute lymphoblastic leukemia 
(ALL) and acute myelogenous leukemia (AML) 
can present with extramedullary disease that can 
cause cord compression. Discrete masses com-
posed of leukemic cells (chloromas or 

granulocytic sarcomas), are more commonly 
observed in AML than ALL (Mantadakis et al. 
 2008 ; Olcay et al.  2009 ; Isome et al.  2011 ). Both 
Hodgkin and non-Hodgkin lymphoma can simi-
larly lead to cord compression through direct 
mass effect (Acquaviva et al.  2003 ; Daley et al. 
 2003 ; Gupta et al.  2009 ). 

 Intraspinal tumors in children (Fig.  5.1 ) are 
most commonly gliomas or ependymomas 
(Huisman  2009 ; Benesch et al.  2010 ). Drop 
metastases from posterior fossa tumors, most 
notably primitive neuroectodermal tumors 
(PNET; medulloblastoma), can also cause cord 
compression. Patients with neurocutaneous syn-
dromes such as neurofi bromatosis type-1 (NF-1) 
and NF-2, von Hippel-Lindau disease, and tuber-
ous sclerosis warrant special consideration when 
presenting with signs of spinal cord compression 
given their propensity for various intraspinal 
tumors such as malignant peripheral nerve sheath 
tumor, ependymoma, hemangioblastoma and 
astrocytoma, respectively.

   In the patient with known tumor, new symp-
toms of cord compression should raise concern 
for development of metastatic disease. Patients 
who have recently undergone a lumbar puncture, 
particularly in the setting of low platelets or 
coagulopathy, are at risk for an epidural hema-
toma that may require emergent evacuation. A 
potential mimic of cord compression in the pedi-
atric oncology patient is acute onset transverse 
myelitis. This entity can present with symptoms 
of weakness, bowel and bladder dysfunction, and 
a sensory level; magnetic resonance imaging 
(MRI) may demonstrate infl ammatory changes 

Table 5.1 (continued)

 Clinical scenario  Recommendations 
 Level of 
evidence b  

 Posterior reversible 
encephalopathy syndrome 

 Acute seizure management (if present) as above  1B 
 Controlling of blood pressure with calcium channel blockers or 
β-blockers 

 1B 

 MRI imaging with FLAIR and DWI  1B 

   AMS  altered mental status,  CT  computed tomography,  MRI  magnetic resonance imaging,  LP  lumbar puncture,  tPA  tis-
sue plasminogen activator,  FFP  fresh frozen plasma,  IT  intrathecal,  MTX  methotrexate,  HC  hydrocortisone,  IIE  
ifosfamide- induced encephalopathy,  FLAIR  fl uid attenuated inversion recovery,  DWI  diffusion-weighted imaging 
  a See text for full detail 
  b Per Guyatt et al. ( 2006 ); see Preface  

   Table 5.2    Localization of spinal cord compression by 
weakness   

 Nerve 
roots 

 Muscle action and deep tendon refl exes 
(DTRs) 

 C3–C5  Diaphragmatic excursion 
 C5–C6  Biceps and brachioradialis DTRs 
 C6–C7  Triceps DTR 
 C8–T1  Hand function 
 L2–L3  Hip fl exion 
 L3–L4  Patellar DTR 
 L4–L5  Ankle dorsifl exion 
 L5–S1  Knee fl exion 
 S1–S2  Ankle plantarfl exion; S1 mediates Achilles 

DTR 
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within the cord, but no compressive mass. 
Transverse myelitis has been reported in patients 
following either intrathecal or high-dose intrave-
nous cytarabine (Schwenn et al.  1991 ).  

5.2.3     Management 

 The fi rst step in managing a patient with sus-
pected cord compression is involvement of a 
multidisciplinary team including neurosurgery, 
neurology, oncology, intensivists and radiation 
oncology. Frequent monitoring for progression 
of symptoms is vital, as this can rapidly change 
the therapeutic plan. Initial steps should be aimed 
at verifying the diagnosis and attempting to alle-
viate compressive symptoms medically while a 
more defi nitive treatment plan is formulated. 

5.2.3.1     Imaging 
 MRI of the spine can help narrow the differential 
diagnosis, allow for surgical planning and identify 
potential sites of multifocal disease. The entire 
spine should be imaged with pre- and post- 

gadolinium contrast to maximize yield. Brain 
imaging may also be warranted if the lesions are 
suspicious for drop metastases or if the patient 
presents with signs or symptoms of increased intra-
cranial pressure such as headache, emesis, hyper-
tension with bradycardia, or cranial nerve palsies.  

5.2.3.2     Corticosteroids 
 Steroid treatment is employed to relieve any 
vasogenic edema that may be contributing to 
cord compression. In the case of ALL and 
 lymphoma, corticosteroids also have a direct 
antitumor effect that may benefi t the patient in 
the short term, but ultimately make diagnosis of 
the underlying malignancy much more challeng-
ing. If a hematopoietic malignancy is likely, ste-
roids should be given only when urgent diagnostic 
procedures have been scheduled (e.g., bone mar-
row aspiration and biopsy, lymph node excisional 
biopsy). 

 Outside of this scenario, the benefi ts of 
 steroids are thought to outweigh their risks and 
are routinely used when cord compression is 
 diagnosed, although clinical trials in children are 

  Fig. 5.1    Intraspinal glioma. This 10-year-old patient pre-
sented with several weeks of progressive bilateral lower 
extremity weakness. The T1-weighted gadolinium- 
enhanced MRI shown in Panel  a  demonstrates a cystic 
mass (“M”) in the upper thoracic spinal cord. The 

T2-weighted image in Panel  b  highlights the development 
of syrinx (“S”), seen as bright cerebrospinal fl uid in this 
sequence, cranial to the mass. Pathology from a biopsy 
specimen taken at the time of diagnosis was consistent 
with pilocytic astrocytoma       
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lacking. In adults there is no evidence supporting 
high-dose dexamethasone; an initial dose of 
1–2 mg/kg (max 10 mg) followed by 0.25–
0.5 mg/kg (max 4 mg) every 6 h can be  considered 
while awaiting further therapy (Kaal and Vecht 
 2004 ; Loblaw et al.  2005 ; George et al.  2008 ).  

5.2.3.3     Surgery 
 Surgery in spinal cord compression can be uti-
lized for tumor debulking with spinal cord stabi-
lization or for diagnostic biopsy in the highly 
chemotherapy- or radiotherapy-sensitive tumor. 
Prospective studies in adult patients with cord 
compression have favored early laminectomy 
and debulking over radiation therapy alone 
although more recent retrospective studies have 
called this into question (Patchell et al.  2005 ; 
Rades et al.  2010 ). Laminectomy in the young 
child can lead to spinal deformities requiring 
future surgical intervention and therefore pediat-
ric retrospective studies argue against an early 
surgical approach (Parikh and Crawford  2003 ). 
Recovery from surgery can also lead to delays in 
instituting defi nitive chemoradiotherapy. 

 An early case series from St. Jude Children’s 
Research Hospital suggested that initial debulk-
ing is warranted for sarcomas, whereas biopsy 
with chemotherapy or radiotherapy should be 
considered for patients with neuroblastoma, germ 
cell tumors and lymphomas (Klein et al.  1991 ). 
Patients presenting with rapid evolution of symp-
toms or complete loss of motor function were 
treated with urgent surgical decompression 
regardless of tumor histology. Smaller case series 
have supported the use of initial chemotherapy in 
neuroblastoma, Ewing sarcoma and germ cell 
tumors (Hayes et al.  1984 ). A study of 76 chil-
dren with neuroblastoma from Italy found no dif-
ference in the success rates of chemotherapy, 
radiotherapy or surgical debulking in improve-
ment of neurological signs, but noted that patients 
receiving radiotherapy or surgical debulking all 
went on to receive additional therapy for cord 
compression, whereas chemotherapy patients did 
not (De Bernardi et al.  2001 ). A follow-up study 
from this same group also noted a higher inci-
dence of spinal deformities in the group receiving 
surgical intervention with a trend towards worse 

neurologic outcomes. As with the St. Jude data, 
patients with rapidly progressive symptoms or 
severe presentations were all treated with emer-
gent surgery, making that group much higher risk 
than those treated with chemotherapy or radio-
therapy (Angelini et al.  2011 ). A more contempo-
rary study of 122 patients did not fi nd any 
difference in spinal outcomes in patients treated 
with chemotherapy or surgery which the authors 
attribute to improvement in surgical technique 
(Simon et al.  2012 ). 

 In summary, each case of cord compression 
warrants individual consideration before a deci-
sion to proceed with debulking or biopsy can be 
made. Rapid progression of symptoms and total 
plegia are indications for emergent surgical man-
agement. Spinal column instability, which war-
rants surgical intervention, will also often 
necessitate surgical debulking. If the malignancy 
is known to be chemotherapy sensitive (i.e., 
hematopoietic malignancies, neuroblastoma, 
Ewing sarcoma, germ cell tumors), biopsy either 
at the site of cord compression or at another more 
easily accessible site can be considered prior to 
institution of chemotherapy. The timely avail-
ability of these options may also infl uence the 
treatment decision.  

5.2.3.4     Radiation Therapy 
 The advantages of external beam radiation ther-
apy include rapid onset of action and minimal 
invasiveness making radiation therapy an attrac-
tive option for patients who are too unstable to 
be considered surgical candidates, or in the pal-
liative setting. Tumors that are radiosensitive 
such as hematologic malignancies (i.e., chloro-
mas) and lymphoma may benefi t from urgent 
radiotherapy while leaving additional diagnos-
tic disease sites intact. Extensive metastatic dis-
ease may similarly be more amenable to 
radiation therapy than a surgical approach; 
when surgery is the primary therapeutic modal-
ity, adjunctive radiation may have a role in local 
control. 

 A case series from Children’s Hospital of 
Philadelphia demonstrated the benefit of 
urgent radiation therapy in combination with 
chemotherapy in a pediatric population with a 
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variety of tumor types: of 33 patients present-
ing with cord compression, 55 % demonstrated 
improvement following chemoradiotherapy 
and 30 % had stabilization of their neurologic 
symptoms (Bertsch et al.  1998 ). 

 Dose-dependent long-term complications 
arising from radiation therapy can include future 
growth complications such as scoliosis as well as 
risk of secondary malignancy, particularly 
meningioma (Hoffman and Yock  2009 ). 
Stereotactic radiosurgery can deliver a single 
treatment dose up to 13 Gy to localized tumors 
without exceeding spinal cord tolerance; addi-
tionally, the spinal cord can tolerate high total 
doses, with a risk of myelopathy of <1 % at 
54 Gy in adult patients (Kirkpatrick et al.  2010 ).   

5.2.4     Outcomes 

 The best predictor of outcome in multiple studies 
has been the degree of neurologic disability at the 
time of presentation. One large cohort study sug-
gested that only approximately 50 % of patients 
with paraplegia at the time of presentation 
improved despite treatment whereas close to 
90 % of patients without paraplegia had improve-
ment in their symptoms (Pollono et al.  2003 ). 
Published outcomes data are from small cohort 
studies with a variety of pathologic diagnoses 
and treatments, making any broad interpretation 
diffi cult. There is a general consensus, however, 
that outcomes for pediatric cord compression are 
signifi cantly better than in adult patients.   

5.3     Altered Mental Status 

 For the purposes of this chapter, altered mental 
status (AMS) includes patients with symptoms of 
encephalopathy (confusion, somnolence or 
coma) and those with seizures (which often, 
though not always, alter the level of conscious-
ness). Although there are often distinct differen-
tial diagnoses for encephalopathy and seizure, 
many conditions unique to the pediatric oncology 
patient can predispose to either presentation. 
Additionally, subclinical seizure is a diagnostic 

consideration in any patient with altered 
 mentation. For these reasons, we suggest a com-
mon approach to the differential diagnosis and 
initial management of such patients. 

5.3.1     Presentation 

 Confusion or somnolence in an oncology patient 
should prompt a thorough neurologic examina-
tion and review of recent medications. 
Nonresponsive patients require urgent steps to 
secure the airway, breathing and circulation prior 
to additional diagnostic interventions. AMS may 
be due to a diffuse process affecting the brain, 
such as medication effect or subclinical seizure, 
or be due to direct involvement of the brainstem, 
increased intracranial pressure (ICP), or impend-
ing herniation. Ruling out the latter by means of 
neurologic assessment is of utmost importance. 
Details in the management of increased ICP are 
discussed in Sect.  5.4 .  

5.3.2     Initial Management 

 The fi rst goal in a seizing patient is to stop the 
seizures. Benzodiazepines are often used as 
fi rst- line medications in this setting. Lorazepam 
can be given intravenously if access is available; 
otherwise intranasal, buccal, or rectal formula-
tions of diazepam or lorazepam can be 
employed. It is important to anticipate and treat 
the adverse effects of these medications includ-
ing respiratory depression or hypotension, as 
repeated dosing may be required to halt seizure 
activity. Failure to respond to benzodiazepines 
(or recurrent seizures after initial response) 
should prompt escalation to additional antiepi-
leptics such as phenobarbital or fosphenytoin. 
Levetiracetam is another antiepileptic that has 
the advantage of not inducing hepatic enzyme 
activity and thus has fewer interactions with 
chemotherapy. Seizures refractory to these 
interventions can be treated with intravenous 
loading with either valproic acid or levetirace-
tam and necessitate urgent determination of the 
underlying etiology. 
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 Initial diagnostic workup should include 
serum chemistries, especially sodium, calcium, 
magnesium, phosphorus, and glucose, and head 
imaging. CT is often the easiest imaging to 
obtain in this setting and can rule out emergent, 
life-threatening causes of seizure. If there are 
concerns for cerebrovascular accident, a stroke- 
protocol MRI with diffusion-weighted imaging 
or magnetic resonance angiography should be 
considered. The seizing oncology patient should 
be managed in consultation with neurology; 
early neurosurgical involvement is also impera-
tive for patients with known or suspected intra-
cranial processes. 

 Continuous electroencephalography (EEG) 
monitoring should be strongly considered for any 
patient with persistent AMS or concerns for sub-
clinical seizure. Lumbar puncture and MRI may 
be indicated when the patient is stabilized to look 
for evidence of progressive malignancy, infection 
or demyelination. Further treatment is dependent 
on the results of these initial diagnostic studies, 
as discussed below.  

5.3.3     Differential Diagnosis 

 The differential diagnosis of seizure or AMS can 
be broadly divided into structural causes, includ-
ing primary CNS or metastatic disease; meta-
bolic derangements resulting in hyponatremia, 
hypocalcemia or hypoglycemia; infectious com-
plications; toxic effects of chemotherapy; or 
stroke (ischemic or hemorrhagic). Posterior 
reversible encephalopathy syndrome (PRES) can 
also present with seizure. Seizures secondary to 
neurologic emergencies such as stroke are dis-
cussed in greater detail in Sect.  5.5 . 

5.3.3.1     Structural 
 Primary CNS tumors can directly lead to sei-
zures. Oligodendrogliomas and gangliogliomas 
are common causes of brain tumor- induced sei-
zure, though other low-grade gliomas and dyse-
mbryoblastic neuroepithelial tumors (DNETs) 
can be associated with seizures as well (Ogiwara 
et al.  2010 ). Such low-grade lesions may be sur-
gically resected to provide relief from symptom-

atic seizures. Extracranial tumors can invade the 
CNS either by direct invasion, as with parameni-
ngeal rhabdomyosarcoma, or by hematogenous 
metastasis, as in Ewing sarcoma (the most com-
mon cause of pediatric CNS parenchymal metas-
tasis), extracranial germ cell tumors, and 
leukemias. 

 Intracranial hemorrhage is another consider-
ation in the seizing patient. Intratumoral hemor-
rhage has been variably reported in adults 
receiving the monoclonal antibody bevacizumab 
for primary CNS tumors (Seet et al.  2011 ; 
Khasraw et al.  2012 ). Certain primary childhood 
CNS tumors have a high proclivity for spontane-
ous intratumoral hemorrhage due to their intrin-
sic high vascularity; notorious examples are 
primary CNS choriocarcinoma, choroid plexus 
carcinoma and malignant gliomas. Derangement 
of the hemostatic system as seen in acute promy-
elocytic leukemia or after asparaginase therapy 
can also lead to intracranial hemorrhage in a 
patient without CNS disease. 

 Patients who have undergone resection of 
CNS tumors may develop postoperative seizures. 
No clear consensus exists regarding the use of 
prophylactic antiepileptic therapy in the postop-
erative setting. The American Academy of 
Neurology recommends tapering antiepileptic 
drugs (AEDs) within the fi rst postoperative week, 
though it does not make a recommendation 
regarding AED initiation due to a lack of evi-
dence even in the adult setting (Glantz et al. 
 2000 ). A retrospective study of 223 patients from 
Children’s Hospital of Philadelphia found that 
age younger than 2 years, supratentorial location 
of tumor and postoperative hyponatremia were 
the only independent predictors of postoperative 
seizure (Hardesty et al.  2011 ). Of the 229 opera-
tions reviewed, 7.4 % of patients seized and only 
4.4 % received routine postoperative AEDs 
(Hardesty et al.  2011 ). Due to insuffi cient evi-
dence, the use of prophylactic AEDs should be 
determined under consultation with the patient’s 
neurosurgeon and intensive care team. Given the 
low incidence of unprovoked postoperative sei-
zure, workup of new seizures following tumor 
resection is warranted to exclude alternative 
etiologies.  
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5.3.3.2     Metabolic 
 The metabolic causes of AMS or seizure in pedi-
atric oncology are similar to other pediatric 
patients: hyponatremia, hypoglycemia, and, less 
frequently, hypocalcemia secondary to hyper-
phosphatemia in severe tumor lysis syndrome 
(discussed in Chap.   3    ). 

   Iatrogenic Hyponatremia 
 Hyponatremia severe enough to provoke seizures 
warrants urgent correction though overly rapid 
correction can lead to central pontine myelinoly-
sis. The risks of this complication are greater in 
chronic hyponatremia and in adult patients. A 
reasonable goal is to raise the sodium by 
≤10 mEq/L in the fi rst 24 h and then slowly nor-
malize the serum sodium over the next 48 h. 
Hypertonic saline should be used in the seizing 
patient as it allows for more rapid correction than 
isotonic fl uids which can be accomplished by 
calculation of the sodium defi cit and either a sub-
sequent fl uid infusion rate or bolus therapy 
(Adrogue and Madias  2000 ; Sterns et al.  2009 ; 
Moritz and Ayus  2010 ).  

   Syndrome of Inappropriate Antidiuretic 
Hormone (SIADH) Release 
 The syndrome of inappropriate antidiuretic 
hormone (SIADH) secretion leads to dilutional 
hyponatremia due to inappropriate resorption 
of free water in the renal collecting tubules. 
SIADH has a multitude of causes including 
poorly understood effects of CNS or intrapul-
monary lesions as well as secondary to 
 chemotherapeutic agents including vincristine, 
cyclophosphamide, cisplatin and melphalan 
(Lim et al.  2010 ). The diagnosis of SIADH 
relies on the combined laboratory fi ndings of 
low serum osmolarity (i.e., <290 mOsm/L) 
with inappropriately concentrated urine osmo-
lality (i.e., >100 mOsm/kg). 

 Treatment of SIADH depends on: (1) remov-
ing the causative agent when possible; (2) 
restricting free water intake to ≤urine output 
(±insensible losses); and (3) correction with 
hypertonic saline, if indicated. Hypertonic 
saline is generally avoided in patients with 
asymptomatic SIADH and in those presenting 

solely with AMS but may be necessary to con-
trol seizures. Free water restriction is diffi cult in 
situations where hyperhydration is necessary to 
avoid chemotherapeutic toxicity as with cyclo-
phosphamide administration. In these situa-
tions, using normal saline as opposed to 
hypotonic fl uids and checking serum sodium 
levels frequently is warranted. Chronic SIADH 
can be managed with oral urea and fl uid restric-
tion (Huang et al.  2006 ). The oral vasopressin 
receptor antagonist tolvaptan has been shown to 
be effective in adult patients with paraneoplastic 
SIADH, but data on broader use in cancer 
patients and the safety in pediatrics are not yet 
available (Kenz et al.  2011 ).  

   Cerebral Salt Wasting 
 Cerebral salt wasting (CSW) is a controversial 
diagnosis of unclear etiology; some authors 
 suggest CSW does not exist or is exceedingly 
rare, while others suggest it is not cerebral in 
origin (Singh et al.  2002 ; Rivkees  2008 ). 
Nonetheless, CSW is a consideration in the 
pediatric neuro- oncology patient with hypona-
tremia and seizures. In reviewing children 
recovering from craniotomy for tumor resec-
tion, Hardesty et al. ( 2011 ) found that nearly 
half the patients with laboratory identifi ed CSW 
developed postoperative seizures. The main 
clinical distinction between patients with 
SIADH and CSW is volume status; CSW repre-
sents hypovolemic hyponatremia, while patients 
with SIADH are either slightly hypervolemic or 
euvolemic. As in patients with SIADH, CSW 
patients will have hyponatremia, low serum 
osmolarity and relatively concentrated urine 
with high urine sodium excretion. The patient 
with CSW will often respond to isotonic fl uid 
infusion, whereas normal saline frequently 
worsens hyponatremia in patients with 
SIADH. Correction of hypovolemia is the main 
therapy in CSW. Patients with chronic hypona-
tremia may require oral supplementation with 
salt tablets.   

5.3.3.3     Infection 
 Patients receiving immunosuppressive chemo-
therapy have an increased risk for CNS infection 
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which may present with AMS or seizure. Lumbar 
puncture is a helpful diagnostic tool in this set-
ting, but should be deferred until the patient has 
been stabilized and CT imaging performed. 
Institution of broad antimicrobial coverage 
should not be delayed to obtain cerebrospinal 
fl uid (CSF); cell counts can be informative in 
non-cytopenic patients even after sterilization of 
CSF and polymerase chain reaction (PCR)-based 
assays for viruses can remain positive after anti-
viral therapy has been instituted. 

 Infectious studies should include cultures of 
blood and CSF. Enterovirus, herpes simplex 
virus (HSV) and human herpesvirus-6 (HHV6) 
can be detected by CSF PCR. Culture or direct 
fl uorescence antibody (DFA) testing of oropha-
ryngeal lesions should also be considered. 
Treatment with high-dose acyclovir should be 
initiated urgently if viral meningoencephalitis is 
suspected. 

 A study of 40 cases of bacterial and fungal 
meningitis in pediatric oncology patients found 
that recent neurosurgery or a CNS device was 
present in the majority of cases (Sommers and 
Hawkins  1999 ). Among patients without neuro-
surgical intervention, those with hematologic 
malignancies and prolonged neutropenia were at 
the highest risk for infection.  

5.3.3.4     Chemotherapy-Associated 
Neurotoxicity 

 Methotrexate, ifosfamide, and cytarabine (Ara-C) 
are commonly used pediatric chemotherapeutic 
agents that can provoke seizures and encepha-
lopathy. Transverse myelitis is a peculiar compli-
cation described following the combined 
intravenous and intrathecal administration of 
cytarabine. Vincristine is most commonly known 
for its associated peripheral neuropathies, but 
medical errors in  administration have highlighted 
its extreme neurotoxicity when introduced into 
the CNS or given at erroneously high doses sys-
temically. Thiotepa, carmustine (BCNU) and 
busulfan are myeloablative agents used at high 
doses in stem cell transplant with neurologic 
dose-limiting toxicities (Papadopoulos et al. 
 1998 ). Other less commonly used agents such as 
nelarabine (a prometabolite of Ara-G) have simi-

larly been implicated in patients developing new 
encephalopathy or seizures. 

   Methotrexate 
 Acute neurotoxicity has been described within 
24 h of intravenous or intrathecal methotrexate 
administration, consisting of confusion, sei-
zures, or encephalopathy. Methotrexate neuro-
toxicity is frequently self-resolving and is not 
related to drug levels (Rubnitz et al.  1998 ). By 
contrast, acute neurotoxicity following a metho-
trexate overdose can be very severe. Symptoms 
include myelopathy, seizures, encephalopathy 
and death from progressive necrotizing leukoen-
cephalopathy. Published experience in overdose 
suggests benefi t from high-dose intravenous 
(IV) leucovorin, IV carboxypeptidase G2 and 
alkalinization of the urine, with hemodialysis if 
renal insuffi ciency develops. If the overdose was 
administered intrathecally, the addition of CSF 
lavage or exchange and intrathecal administra-
tion of carboxypeptidase G2 have been used 
with good outcomes (Spiegel et al.  1984 ; 
Widemann et al.  2004 ). 

 Subacute methotrexate neurotoxicity includes 
a constellation of neurologic symptoms, often 
reversible, that occur after either IV or IT metho-
trexate. Symptoms include severe headache, 
focal or generalized seizures, AMS ranging from 
confusion to coma, and sensory and motor fi nd-
ings consistent with cerebrovascular accident. 
Aphasia is commonly reported (Dufourg et al. 
 2007 ). The median time from methotrexate 
administration to symptom development is con-
sistently reported to be 10 days (Mahoney et al. 
 1998 ). The risk of developing methotrexate neu-
rotoxicity increases with combination IV/IT ther-
apy, increasing total cumulative administered 
methotrexate dose and cranial irradiation (Land 
et al.  1994 ; Reddick et al.  2005 ). 

 There is no single diagnostic test for metho-
trexate neurotoxicity; therefore recognizing the 
clinical scenario is vital to making the diagnosis. 
MRI can support the diagnosis (Fig.  5.2 ), as 
patients have characteristic changes on diffusion-
weighted imaging that mimic ischemia (Reddick 
et al.  2005 ). However, unlike true ischemic 
changes, there is rapid normalization within sev-
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eral weeks (Sandoval et al.  2003 ). MRI fi ndings 
are frequently multifocal and do not fi t vascular 
distribution patterns. These MRI changes can 
also be seen in asymptomatic patients receiving 
methotrexate. Therefore, more extensive investi-

gation to rule out other causes of seizure or AMS 
is often necessary.

   As mentioned, the majority of cases of metho-
trexate neurotoxicity are self-resolving. There 
are varying amounts of preclinical data and 

  Fig. 5.2    Subacute methotrexate neurotoxicity. This 
12-year-old patient with acute lymphoblastic leukemia 
developed symptoms of aphasia and lethargy approxi-
mately 10 days following combined intrathecal and high- 
dose intravenous (5 g/m 2 ) methotrexate during delayed 
intensifi cation. The T2-FLAIR MRI shown in Panel  a  
demonstrates the development of ill-defi ned patches of 
hyperintensity within the white matter ( white arrow ). 
Diffusion-weighted imaging taken concurrently, shown in 
Panel  b , shows restricted diffusion ( black arrows ). 

Although the pattern is not consistent with any one vascu-
lar territory, infarct is on the differential diagnosis with 
such fi ndings. Fortunately, the patient’s symptoms 
resolved over 48 h, and while repeat scans taken 1 month 
later demonstrate continuation and evolution of the 
T2-FLAIR changes (Panel  c ,  white arrows ), the diffusion 
changes have now completely resolved (Panel  d ). The 
patient has continued to be completely asymptomatic but 
has not yet been rechallenged with intrathecal 
methotrexate       
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 published case series that support the use of ami-
nophylline or dextromethorphan in the acute 
phase and leucovorin rescue with future IT meth-
otrexate in patients who have developed neuro-
toxicity in the past (Winick et al.  1992 ; Drachtman 
et al.  2002 ; Inaba et al.  2008 ). Aminophylline can 
be considered for patients who have acute obtun-
dation after methotrexate. If toxicity is thought 
secondary to IT therapy, one can consider post-
poning the next scheduled IT methotrexate or 
substituting IT Ara-C and hydrocortisone, though 
there are very limited data to show this is an 
effective IT therapy in ALL. Patients can be 
safely rechallenged with IT methotrexate, either 
with or without leucovorin or aminophylline res-
cue, and not redevelop neurotoxicity (Rollins 
et al.  2004 ; Inaba et al.  2008 ). Thus, completely 
eliminating methotrexate from future therapy is 
not usually indicated.  

   Ifosfamide 
 Patients receiving ifosfamide may develop 
encephalopathy that can range from sleepiness 
and confusion to seizures or coma, starting 
 several hours after infusion commencement. The 
reported frequency of this side effect is as high 
as 22 % in pediatric patients (Pratt et al.  1986 ). 
Although there is no clear dose-dependence, 
studies have suggested that hypoalbuminemia 
and renal dysfunction are risk factors (David and 
Picus  2005 ). The exact mechanism for ifos-
famide-induced encephalopathy (IIE) is unclear 
although it is thought secondary to high levels of 
urine glutaric acid which is linked to one particu-
lar metabolite of ifosfamide, chloroethylamine 
(Kupfer et al.  1994 ). Methylene blue has been 
reported to successfully treat IIE and may also 
be effective as prophylaxis through unclear 
mechanisms, possibly by correcting derange-
ment in mitochondrial fl avoproteins (Pelgrims 
et al.  2000 ; Hamadani and Awan  2006 ). A review 
by Patel ( 2006 ) found that a lack of controlled 
evidence makes the effectiveness of methylene 
blue unclear. Thiamine has also been reported to 
be an effective treatment and prophylaxis for IIE 
through unclear mechanisms and also with a 
lack of controlled data (Hamadani and Awan 
 2006 ).  

   Cytarabine 
 The pyrimidine analog cytarabine is frequently 
used in the treatment of pediatric leukemia and 
lymphoma. There is a wide range of employed 
dosages and at lower doses neurologic toxicity is 
uncommon. Higher doses, however, are associ-
ated with an acute cerebellar syndrome in ≥10 % 
of patients (Baker et al.  1991 ). There is a clear 
dose-dependence of this side effect and it is gen-
erally seen at doses ≥3 g/m 2 /day; spacing admin-
istration from twice daily to once daily has been 
shown to reduce the incidence of cerebellar tox-
icity (Smith et al.  1997 ). 

 The clinical manifestations of cytarabine-
induced cerebellar toxicity include the classic 
cerebellar signs of dysarthria, dysdiadochokine-
sia and ataxia (Smith et al.  1997 ). Cerebral dys-
function can also be seen in a subset of cases, 
with manifestations including encephalopathy, 
seizures and coma. Histopathologic changes seen 
in the cerebellar syndrome include loss of 
Purkinje cells in the cerebellar hemispheres and 
vermis along with a proliferation of glial cells 
known as Bergmann’s gliosis (Baker et al.  1991 ). 

 Symptoms often resolve following discontin-
uation of cytarabine; however some patients will 
have permanent neurologic damage. One large 
case series of adults and children receiving high-
dose cytarabine found that approximately 1 % of 
patients who developed severe cerebellar symp-
toms had an irreversible or fatal course (Herzig 
et al.  1987 ). Although this same report demon-
strated that some patients may be rechallenged 
without permanent neurologic damage, the deci-
sion to proceed with additional cytarabine is a 
diffi cult one. Identifi ed risk factors for cerebellar 
syndrome include dose and timing as discussed 
above as well as hepatic or renal insuffi ciency 
and older age (Herzig et al.  1987 ; Baker et al. 
 1991 ; Rubin et al.  1992 ). No potential genetic 
modifi ers have been reported in the literature. 

 IT cytarabine can be administered in its stan-
dard formulation or as a slow-release liposomal 
formulation (DepoCyt). The liposomal formula-
tion appears to have a higher incidence of arach-
noiditis; prophylactic corticosteroids may be 
benefi cial in this situation (Glantz et al.  1999 ). As 
discussed, concomitant administration of IT and 

A. Sabnis et al.



83

high-dose IV cytarabine is associated with the 
development of transverse myelitis presenting as 
bowel and bladder dysfunction with lower 
extremity weakness and should be avoided 
(Dunton et al.  1986 ; Schwenn et al.  1991 ).   

5.3.3.5     Posterior Reversible 
Encephalopathy Syndrome 

 Posterior reversible encephalopathy syndrome 
(PRES, also called RPLS, reversible posterior 
leukoencephalopathy syndrome) was fi rst 
described as a syndrome of encephalopathy 
accompanied by transient subcortical white mat-
ter changes on T2-weighted MRI (Hinchey et al. 
 1996 ). The clinical manifestations of PRES 
include headaches, seizures, AMS and cortical 
blindness. Hypertension is a clear antecedent and 
most signifi cant risk factor in the development of 
PRES. Hypertension may be secondary to medi-
cations, such as corticosteroids, or concurrent 
medical conditions such as renal failure from 
tumor lysis syndrome (Greenwood et al.  2003 ). 
Retrospective studies also suggest a higher inci-
dence of PRES during induction chemotherapy, 
independent of tumor lysis syndrome or hyper-
leukocytosis (Norman et al.  2007 ). 

 Since its initial description, PRES has been 
recognized to not be limited to the posterior cir-
culation of the brain nor to white matter exclu-
sively nor be fully reversible in all cases (Lucchini 
et al.  2008 ). While the initial report postulated a 
role for immunosuppression in the pathogenesis 
of PRES, it has been subsequently described in 
non-immunocompromised patients such as in 
pregnancy-induced hypertension. Specifi c immu-
nosuppressive medications, such as tacrolimus 
and cyclosporine, continue to be implicated in 
case reports in part due to their effect on blood 
pressure. 

 PRES has been noted in pediatric malignan-
cies including ALL, AML, non-Hodgkin lym-
phoma, and solid tumors including neuroblastoma, 
osteosarcoma, and Ewing sarcoma. Hypertension 
was a clearly identifi ed preceding event in the 
majority of cases. Seizures were the most com-
mon clinical manifestation, with AMS, headache 
and some form of visual disturbance occurring in 
30–40 % of cases (de Laat et al.  2011 ). While the 

majority of patients had a reversible course, 12 % 
had persistent neurologic symptoms. 

 Brain MRI is required to make the diagnosis 
of PRES. Vasogenic edema most often symmetri-
cally affects the parietal and occipital subcortical 
white matter. Cortex, basal ganglia, and posterior 
fossa structures such as cerebellum and brain-
stem can also be involved. 

 Treatment of PRES begins with aborting sei-
zures, if present, and decreasing the patient’s 
blood pressure using calcium channel blockers 
such as nifedipine or ß-blockers such as labetalol. 
Ongoing antiepileptic therapy is often warranted 
in the acute setting. While many studies suggest 
that AEDs may be tapered when neuroimaging 
normalizes, multiple retrospective reviews of 
pediatric oncology patients with PRES have 
found high rates of ongoing epilepsy (Morris 
et al.  2007 ; de Laat et al.  2011 ). Chemotherapy is 
often held while the patient is symptomatic and 
there are multiple reports of safe resumption of 
antineoplastic therapy, including any possible 
offending agents, with no recurrence of symp-
toms (Morris et al.  2007 ; Norman et al.  2007 ; de 
Laat et al.  2011 ).   

5.3.4     Outcomes 

 While many of the described causes of seizures 
are temporary, some patients with childhood can-
cer will require long-term prophylactic AEDs. 
Data from the Childhood Cancer Survivor Study 
showed that 6 % of childhood ALL survivors 
were identifi ed as having a seizure disorder with 
at least half developing this as a late effect of 
therapy (Goldsby et al.  2010 ). The choice of pro-
phylactic AED is made based on seizure etiology 
and response to therapy, but drug-drug interac-
tions with chemotherapeutics is an important 
consideration as well. 

 In a retrospective study of ALL patients, treat-
ment with phenytoin, phenobarbital or carbam-
azepine for at least 1 month duration was 
associated with an increased risk of relapse in 
patients with B cell, though not T cell, ALL 
(Relling et al.  2000 ). The investigators showed 
that the use of these enzyme-inducing antiepileptic 
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medications led to increased clearance of some 
chemotherapeutic agents. 

 Levetiracetam is an AED that is not metabo-
lized through the CYP450 system, making it a 
safer choice for prolonged therapy. Although 
considered effi cacious without affecting relapse 
risk, studies in pediatric ALL are minimal 
(Ruggiero et al.  2010 ). Regardless of the choice 
of agent, the practitioner should be aware of the 
high potential for altered drug metabolism in 
patients receiving cytochrome P450-inducing or 
P450-inhibiting AEDs.   

5.4      Increased Intracranial 
Pressure 

 Increased ICP is due to an increase in the volume 
of one of three constituents of the intracranial 
space: blood, CSF or soft tissue. In infants whose 
fontanels are still open there is a greater capacity 
for an increase in any one of these compartments 
prior to the development of symptoms. 

 Intracranial hypertension can lead to a loss of 
cerebral perfusion pressure (CPP), defi ned as the 
mean arterial pressure less the intracranial pres-
sure (CPP = MAP−ICP). Insuffi cient CPP will 
produce secondary ischemia due to a lack of for-
ward blood fl ow. Even more concerning, intra-
cranial hypertension can lead to herniation 
syndromes wherein brain parenchyma is pushed 
downward below the tentorium cerebelli, through 
the foramen magnum, or transversely across the 
falx cerebri, in all cases leading to potentially 
irreversible neurologic damage or death. Early 
diagnosis, stabilization and institution of therapy 
appropriate to the cause of increased ICP are 
essential in preventing these outcomes. 

5.4.1     Presentation 

 Headache is one of the most common, and unfor-
tunately least specifi c, features that can herald 
increased ICP. In a retrospective review of 315 
pediatric patients with headache who had neuro-
imaging, headache awakening the patient from 
sleep and a negative family history for migraine 

were the strongest individual predictors of a mass 
lesion (Medina et al.  1997 ). Confusion and 
abnormal neurologic examination were also risk 
factors in that study. Vomiting is another com-
mon presenting sign; this is classically worst in 
the morning, due to increasing ICP while sleep-
ing in the supine position relative to standing. 
Rapidly increasing ICP may present with a short 
interval of headache or constitutional symptoms 
that precedes coma or death due to pressure on 
the reticular activating system in the midbrain. 

 In infants, irritability may be the only present-
ing symptom. Physical examination may reveal a 
wide, tense fontanel with split sutures. Measuring 
head circumference should be a standard part of 
the neurologic examination in an infant, and dis-
cordance between circumference and weight or 
length should prompt closer investigation. 
Sundowning, a downward gaze preference at 
rest, may also be seen. 

 Focal neurologic features of increased ICP 
depend on the location of the mass or the pro-
gression of any herniation. Optic nerve swelling 
in response to intracranial hypertension can lead 
to papilledema. However, papilledema may not 
develop for weeks after the onset of increased 
ICP and therefore a normal fundoscopic exam 
does not rule out intracranial hypertension. 
Cranial nerves III, IV and VI can also be affected 
leading to paralysis of gaze or complaints of dip-
lopia. Ipsilateral mydriasis with poor pupillary 
response to light can be seen due to the effect of 
increased ICP on CN III or from direct impinge-
ment in uncal herniation. Finally, a localized 
mass or ischemia from decreased CPP can lead to 
focal defi cits of strength or sensation. Cushing’s 
triad, the combination of hypertension, bradycar-
dia, and an irregular respiratory pattern, is a late 
manifestation of increased ICP and an ominous 
sign of impending herniation.  

5.4.2     Initial Management 

 The patient with suspected increased ICP should 
have their airway, breathing and circulation 
secured before proceeding with diagnostic 
 evaluation. A normal arterial partial pressure of 
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carbon dioxide (P a CO 2 ) will prevent hypercapnea- 
induced vasodilation with subsequent spikes in 
ICP; intubation should be instituted in the patient 
with hypoxia, hypoventilation, excessive seda-
tion or loss of protective airway refl exes. 
Hypotension will lead to a drop in CPP with 
attendant ischemia and should be treated with 
normal saline infusion to attain euvolemia. 
Additional measures to decrease ICP such as 
elevating the head of the bed and keeping the 
patient’s head at midline should be commenced 
emergently. Hyperthermia should be treated with 
antipyretics or cooling measures to decrease met-
abolic demand. Pain should be aggressively 
treated to prevent spikes in blood pressure or ICP. 

 Patients who are stabilized with these mea-
sures should undergo emergent head imaging. 
A noncontrast head CT or rapid-sequence MRI 
can quickly identify a new mass lesion, obstruc-
tive hydrocephalus, or hemorrhage. Negative 
head imaging should prompt further workup. MR 
angiography and venography can be helpful in 
fi nding occult thrombosis. Mass lesions may 
warrant MRI for further evaluation prior to oper-
ative intervention. A lumbar puncture should not 
be performed without confi rmatory negative head 
imaging to rule out the risk of downward hernia-
tion with CSF release. Opening pressure should 
ideally be measured with the patient’s legs 
extended or with the patient in the sitting posi-
tion. Although there are not clear guidelines for 
normal ICP in children, values >20 mmHg are 
considered elevated in adults. 

 Patients who have progressively worsening 
neurologic exams or clear signs of herniation on 
physical examination or imaging require more 
aggressive interventions. Hyperosmolar therapy 
with mannitol or hypertonic saline can be used 
to decrease the total brain water content. 
Mannitol is started at doses of 0.25–1 g/kg of a 
20 % solution and repeated every 6 h until serum 
osmolarity is raised to between 300 and 320 
mOsm/L (Pitfi eld et al.  2012 ). Hypertonic saline 
has the advantage of not causing osmotic diure-
sis so may be  preferred in the hypovolemic 
patient (Khanna et al.  2000 ). Additional treat-
ment measures will generally be tailored to the 
underlying etiology.  

5.4.3     Differential Diagnosis 

5.4.3.1     Soft Tissue 
 A large meta-analysis of published data suggests 
that signs of increased ICP such as headache and 
vomiting are the most common presenting fea-
tures in patients with newly diagnosed brain 
tumors, whether located supratentorially or in 
the posterior fossa (Wilne et al.  2007 ). In the 
patient with a known CNS lesion, development 
of new symptoms of increased ICP should raise 
concern for tumor progression leading to 
obstructive hydrocephalus. While corticoste-
roids are not standard therapy for increased ICP, 
the vasogenic edema associated with a mass 
lesion can be reduced with dexamethasone and 
should be considered in patients with primary 
brain lesions causing increased ICP (Andersen 
and Jensen  1998 ). Additional treatment may 
include surgical resection with or without place-
ment of a ventriculoperitoneal shunt (VPS). For 
patients with unresectable disease, either due to 
multifocality or other comorbidities, radiation 
therapy or stereotactic radiosurgery can be 
considered.  

5.4.3.2     Cerebrospinal Fluid 
 Hydrocephalus is an excess of CSF within the 
skull. Increased production of CSF is relatively 
rare, but can be seen in patients with choroid 
plexus papilloma (Eisenberg et al.  1974 ). More 
commonly, drainage of CSF is obstructed due 
to mass effect on the ventricular system. Cranial 
venous drainage can also be impeded by 
obstruction of the great vessels in superior vena 
cava syndrome, which is discussed in detail in 
Chap.   4    . CNS tumors arising from the third and 
fourth ventricles can easily block the fl ow of 
CSF and produce symptoms of obstructive 
hydrocephalus (Fig.  5.3 ). An external ventricu-
lar drain (EVD) may help relieve the pressure 
from such an obstruction in the short term, 
allowing for attempted total resection in a more 
controlled fashion. Unfortunately, up to one-
third of patients with posterior fossa masses 
will develop postoperative hydrocephalus 
requiring long-term shunting (Culley et al. 
 1994 ). Based on this statistic, some neurosurgeons 
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will opt for preemptive VPS placement. A 
recent retrospective review of children with 
posterior fossa masses identifi ed several risk 
factors to predict the need for a VPS: age 
<2 years, papilledema, severity of preoperative 
hydrocephalus and cerebral metastases (Riva-
Cambrin et al.  2009 ).

   Malignant leptomeningeal involvement, as 
seen in leukemia as well as primary CNS tumors 
such as medulloblastoma, can occasionally be 
severe enough to block resorption of CSF through 
the arachnoid granulations. This condition can be 
treated by VPS placement while systemic ther-
apy is instituted though the shunt may become 
clogged by extensive cellular material. 

 Finally, malfunction or infection of a previ-
ously placed VPS is an important diagnostic con-
sideration. Diagnosis via VPS tapping and need 
for externalization or revision should be estab-
lished based on neurosurgical consultation.  

5.4.3.3     Hemorrhage and Thrombosis 
 An excess of blood in the cranial vault can 
be caused by hemorrhage (e.g., within the 
tumor or tumor bed) or by thrombosis with 
poor venous drainage. Thrombosis is a well-
described  complication of asparaginase therapy 
in ALL. L-asparaginase has been shown to 
decrease levels of antithrombin and plasminogen 
leading to a prothrombotic state (Leone et al. 
 1993 ). Simultaneous depletion of fi brinogen can 
also predispose to hemorrhage. Thrombosis in 
childhood ALL patients is not uncommon; one 
meta- analysis reported a prevalence of 3.2 %, 
with roughly half of the events CNS thromboem-
bolic events, and the majority of those sinove-
nous thromboses (Athale and Chan  2003 ). 

 Sinovenous thrombosis should be treated with 
anticoagulation to prevent clot extension. 
Repletion of antithrombin using pooled human 
concentrate (Thrombate) or recombinant anti-
thrombin (ATryn) is required to achieve thera-
peutic anticoagulation with either unfractionated 
or low molecular weight heparin. In addition, 
cryoprecipitate can be used to replete fi brinogen 
up to normal levels (i.e., >150 mg/dL), treating 
ongoing coagulopathy and decreasing the risk of 
bleeding. Fresh frozen plasma can be used in lieu 
of these products, but has limited amounts of 
antithrombin and fi brinogen, which are the most 
consistently decreased in studies of asparaginase 
therapy. Minor hemorrhages seen in association 
with sinovenous thrombosis may make the deci-
sion to anticoagulate more diffi cult, but the use of 
a reversible agent (unfractionated heparin), fre-
quent monitoring of hemostatic parameters, and 
careful neurologic monitoring in an intensive 
care unit can decrease the risks associated with 
this strategy. Without treatment, sinovenous 
thrombosis can progress to infarction with wors-
ened hemorrhagic complications. 

 In the event of anaphylaxis to  E. coli  
 asparaginase,  Erwinia  asparaginase is often sub-
stituted as an alternative therapy. Giving equiva-
lent doses, a European trial did fi nd a reduced 
incidence of coagulation abnormalities with 
 Erwinia  asparaginase compared to  E. coli , though 
the frequency of thrombotic events was not 
reported (Duval et al.  2002 ). The same study was 

  Fig. 5.3    Obstructive hydrocephalus. This teenage boy 
presented with a gradual history of headaches, ataxia and 
progressively worsening vomiting. T2-weighted MRI 
taken at the time of his presentation to medical care dem-
onstrates a cystic mass arising in the posterior fossa. The 
lateral ventricles and third ventricle, seen with dark CSF 
on this sequence, are massively dilated in this example of 
obstructive hydrocephalus. Pathology after gross total 
resection was consistent with low-grade glioma       
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stopped early, however, due to superior survival 
in the  E. coli  asparaginase arm, and so routine 
substitution of  Erwinia  asparaginase for concerns 
of thrombosis is not recommended. The fre-
quency of thrombotic events appears to be simi-
lar in patients treated with the longer-acting 
PEG-asparaginase as compared to those treated 
with L-asparaginase (Silverman et al.  2010 ). 

 The decision to restart asparaginase following 
sinovenous thrombosis is a complex one; limited 
data suggest that asparaginase can be safely 
restarted (Grace et al.  2011 ). The recurrence risk 
was higher in adults, consistent with the observa-
tion that the overall risk of venous thromboembo-
lism increases from puberty throughout adulthood 
(White  2003 ). 

 Prophylaxis with purifi ed antithrombin is 
not recommended in pediatric oncology 
(Mattioli Belmonte et al.  1991 ). The PARKAA 
(Prophylactic Antithrombin Replacement in 
Kids with Acute Lymphoblastic Leukemia 
Treated with Asparaginase) study, a random-
ized trial comparing prophylactic antithrombin 
repletion to observation, found a nonstatistical 
trend towards fewer thromboses in the prophy-
laxis group but lacked power to make conclu-
sive recommendations (Mitchell et al.  2003 ).  

5.4.3.4     Idiopathic Intracranial 
Hypertension 

 Idiopathic intracranial hypertension (IIH), previ-
ously termed pseudotumor cerebri, is a poorly 
understood syndrome characterized by elevated 
ICP without any obvious structural cause. Several 
chemotherapeutic agents can predispose the 
pediatric oncology patient to IIH. Corticosteroids, 
and specifi cally their withdrawal, have been asso-
ciated with the  development of IIH in children 
(Neville and Wilson  1970 ). IIH is also a com-
monly reported side effect of treatment with vita-
min A analogs, including all-trans retinoic acid 
(ATRA) in the treatment of acute promyelocytic 
leukemia and isotretinoin and fenretinide in the 
treatment of neuroblastoma (Bigby and Stern 
 1988 ; Smith et al.  1992 ; Children’s Oncology 
Group [CCG 09709] et al.  2006 ). 

 Treatment of IIH can include serial large- 
volume CSF drainage through lumbar punctures 

or the use of acetazolamide. In cases of ATRA- 
related IIH, ATRA is often held with additional 
supportive steps to help alleviate symptoms 
(Holmes et al.  2012 ). Rechallenge with ATRA 
can be attempted if symptoms subside. The 
most severe complication of IIH is visual loss 
due to optic nerve ischemia; patients should 
therefore have routine ophthalmologic follow-
up. Occasionally IIH is severe enough to require 
surgical CSF shunting to prevent further optic 
nerve damage (Chern et al.  2012 ).    

5.5      Cerebrovascular Disease 
in Pediatric Cancer Patients 

 Cerebrovascular disease is one of the most devas-
tating disorders and can present as either cerebro-
vascular accident (CVA, also referred to as 
stroke) or cerebrovascular malformations such as 
aneurysms. For the pediatric oncology patient, 
we will focus on stroke as the manifestation of 
cerebrovascular disease. Stroke is a disabling 
consequence of childhood cancer—and child-
hood cancer treatment—that remains poorly 
understood. Stroke can occur in the perioperative 
setting or may be treatment related and is broadly 
classifi ed as hemorrhagic or ischemic. Ischemic 
stroke, which represents about 55 % of pediatric 
CVA, is further subdivided into large and small 
vessel stroke. 

 Stroke is generally defi ned as the abrupt onset 
of focal neurologic defi cits referable to a vascular 
distribution and lasting >24 h. In children, espe-
cially the very young, stroke can also present as 
AMS or seizures (Zimmer et al.  2007 ; Hartman 
et al.  2009 ; Beslow et al.  2010 ). A recent retro-
spective analysis reported that children <1 year 
of age ( n  = 11) commonly presented with AMS or 
seizures, whereas older children ( n  = 65) com-
monly presented with focal weakness in ischemic 
stroke (Abend et al.  2011 ). Neurologic defi cits 
that last <24 h are generally classifi ed as a tran-
sient ischemic attack (TIA). Thus, the diagnosis 
of stroke is made based on the patient’s clinical 
presentation with laboratory studies and brain 
imaging as diagnostic correlates. Silent strokes 
seen on imaging alone are referred to as infarcts. 
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 Cerebral ischemia is caused by a reduction in 
blood fl ow to the brain. Clinical symptoms occur 
within seconds to minutes due to the lack of gly-
cogen storage in neurons, leading to energy fail-
ure. If blood fl ow is not restored quickly, 
infarction or death of brain tissue occurs. A gen-
eralized reduction in blood fl ow due to hypoten-
sion usually produces syncope. If the blood fl ow 
is not restored quickly, infarction between the 
border zones of major cerebral artery distribution 
occurs, referred to as a “watershed infarct,” pre-
senting with proximal arm and leg weakness. 
Focal ischemia is often due to thrombosis of 
cerebral vessels or by emboli from other sources 
(e.g., the heart). Hemorrhagic stroke causes 
symptoms due to mass effect on surrounding 
brain structures and by direct toxic effect of 
blood. Pediatric stroke research has mainly 
focused on ischemic stroke, and therefore our 
knowledge of pediatric hemorrhagic stroke 
remains limited (Zimmer et al.  2007 ). In cases 
where bleeding occurs within a brain lesion (such 
as a primary brain tumor), pediatric oncologists 
often refer to this as intratumoral bleeding rather 
than hemorrhagic stroke. Here, for consistency, 
intratumoral hemorrhage is included within the 
category of hemorrhagic stroke. 

5.5.1     Presentation of Stroke 
in Pediatric Patients 

 The clinical presentation of a CVA depends on 
the territory of brain involved. Table  5.3  lists key 
clinical fi ndings based on the vascular territory, 
mainly attributable to ischemic stroke. In young 
children focal neurological defi cits can be more 
subtle and harder to elicit.

   Hemorrhagic stroke in children, especially the 
very young, often presents with nonspecifi c signs 
and symptoms such as AMS or seizures; head-
ache is often reported in older children. One study 
assessed the clinical presentation of 51 children 
≥6 years of age and found that 73 % presented 
with headache, 57 % with AMS, 39 % with focal 
neurological signs, 33 % with nausea/vomiting, 
and 16 % with seizures or other symptoms such as 
dysphasia and abnormal gait (Lo  2011 ).  

5.5.2     Differential Diagnosis 
of Stroke 

 In the child with acute onset of new neurologic 
symptoms, the initial differential diagnosis is 
broad and includes limited focal movement sec-
ondary to pain, Todd’s paralysis after seizure, 
complex migraines, intoxication presenting as 
AMS or ataxia, medication side effects, and 

   Table 5.3    Symptoms of cerebrovascular accident by 
vascular territory   

 Artery  Key signs and symptoms 

 Anterior 
circulation 

  Middle 
cerebral 
artery  

 Contralateral hemiplegia 
 Contralateral hemianesthesia 
 Contralateral homonymous 
hemianopia 
  If dominant hemisphere : 
 Global aphasia 
  If nondominant hemisphere : 
 Neglect 
 Anosognosia a  
 Constructional apraxia b  

  Anterior 
cerebral 
artery  

 Contralateral paralysis of foot 
and leg 
 Contralateral sensory loss of 
leg and toes 
 Urinary incontinence 
 Abulia c  
 Gait apraxia 

 Posterior 
circulation 

  Posterior 
cerebral 
artery  

 Contralateral homonymous 
hemianopia with macular 
sparing 
 If thalamus and internal capsule 
involved: contralateral 
hemisensory loss and 
hemiparesis 
 Visual and color agnosias 
 Prosopagnosia d  
 Claude’s syndrome (3rd nerve 
palsy with contralateral ataxia) 
 Weber’s syndrome (3rd nerve 
palsy with contralateral 
hemiplegia) 

  Basilar 
artery  

 Bilateral long tract signs 
(sensory and motor) 
 Cranial nerve dysfunctions 
 Cerebellar dysfunction 

   a Anosognosia: Unawareness of neurologic defi cit 
  b Construction apraxia: Inability to copy simple line drawings 
  c Abulia: Akinetic mutism 
  d Prosopagnosia: Impairment in facial recognition  
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peripheral nerve injuries, among others. Despite 
increasing stroke awareness in the adult popula-
tion, the diagnosis of stroke in children continues 
to be signifi cantly delayed (McGlennan and 
Ganesan  2008 ; Rafay et al.  2009 ; Srinivasan 
et al.  2009 ). A recent report of children suffering 
from arterial ischemic stroke documented a 
median time >24 h between clinical onset and 
imaging confi rmation.  

5.5.3     Etiology of Stroke in Pediatric 
Cancer Patients 

 The underlying etiology of stroke in pediatric 
cancer patients is complex and poorly studied. In 
about 30 % of children presenting with an acute 
ischemic stroke, no cause could be elucidated 
despite extensive investigations (Roach  2000 ). 
No long-term, prospective study is available to 
better defi ne the risk and underlying mechanisms 
of stroke in pediatric cancer patients. Current 
studies lack rigorous imaging correlates of stroke 
symptoms and are often based on self- reports 
from patients or their caregivers. 

 Stroke can occur during neurosurgery in pedi-
atric intracranial tumors with close proximity of 
tumor and intracranial vessels. Further, several 
chemotherapeutic agents have been associated 
with increased risk of stroke such as mentioned 
with asparaginase and notably with the monoclo-
nal antibody bevacizumab, which is directed 
against vascular endothelial growth factor receptor 
(VEGFR). In adult patients bevacizumab has been 
associated with a small but signifi cant increase 
in arterial thrombotic events as well as risk for 
intracerebral hemorrhage (Taugourdeau-Raymond 
et al.  2012 ). The incidence of bevacizumab-associ-
ated cerebral hemorrhage in children is unknown. 

 Previous studies have shown that children 
treated for CNS tumors, leukemia, Hodgkin lym-
phoma, and other cancers carry a signifi cantly 
increased stroke risk (Fig.  5.4 ), with cranial radi-
ation therapy (CRT) a particularly strong risk fac-
tor (Bowers et al.  2005 ,  2006 ; Haddy et al.  2011 ). 
How CRT increases stroke risk in cancer survi-
vors is not well understood. Few risk factors for 
stroke and arteriopathy in children treated with 

CRT have been described and include optic path-
way tumors associated with NF-1, younger age 
and higher radiation dose to the circle of Willis 
(Grill et al.  1999 ). Current literature has focused 
on arteriopathies that develop within a relative 
short time following CRT (Bitzer and Topka 
 1995 ; Laitt et al.  1995 ; Omura et al.  1997 ; Grill 
et al.  1999 ; Fouladi et al.  2000 ). Moyamoya, a 
specifi c type of cerebral arteriopathy character-
ized by progressive stenosis of the terminal inter-
nal carotid arteries, has been shown more 
prevalent in children who undergo CRT for ALL 
and brain tumors as compared to children who do 
not receive CRT (Kikuchi et al.  2007 ; Ullrich 
et al.  2007 ). Others have shown that children 
treated with CRT are at increased risk for lacunar 

  Fig. 5.4    Ischemic stroke. This 19-year-old young 
woman, whose MRI is shown in this fi gure, presented 
with acute dysarthria and right-handed sensory changes. 
The diffusion-weighted images shown here demonstrate 
bilateral strokes with restricted diffusion, which appear 
bright in this sequence. The patient had a history of 
Hodgkin lymphoma diagnosed 4 years prior which had 
relapsed and subsequently treated with an autologous and 
then allogeneic hematopoietic stem cell transplant. 
Although the patient did have irradiation as part of her 
therapy, no arteriopathy could be detected on magnetic 
resonance angiography to explain the origin of her stroke       
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strokes, thought secondary to small vessel vascu-
lopathy (Fouladi et al.  2000 ).

   There is an additional body of literature that 
raises concern for long-term effects of radiation 
therapy by accelerating atherosclerosis, the most 
common etiology of stroke in adults (Dorresteijn 
et al.  2005 ). In pediatric and adult cancer patients, 
neck irradiation increased cervical carotid artery 
wall thickness, a marker for atherosclerosis 
(O’Leary et al.  1999 ; Hollander et al.  2002 ; 
Dorresteijn et al.  2005 ; Meeske et al.  2009 ). In a 
retrospective cohort study of 367 adult patients 
with head and neck tumors, neck irradiation 
increased risk of carotid artery-related strokes by 
almost tenfold compared to normal adults, and that 
risk was enhanced by hypertension (Dorresteijn 
et al.  2002 ). In animal models, irradiation of 
hypercholesterolemic mice and rabbits leads to 
accelerated atherosclerotic plaque formation (Vos 
et al.  1983 ). Hence, it is plausible that CRT leads 
to accelerated intracranial atherosclerosis and 
thereby increases long-term stroke risk as child-
hood cancer survivors become young adults.  

5.5.4     Management of Acute Stroke 

 In the child with acute neurologic defi cits, the 
initial evaluation should include a detailed neu-
rologic examination to localize the site of stroke 
as well as careful review of the prior history and 
current medications. Brain imaging studies 
should be performed at the time of presentation 
if the onset of symptoms is acute. The type of 
imaging used will depend on availability and on 
the age of the child. MRI is preferred over CT 
given the radiation exposure associated with CT 
as well as the differences in time delay and reso-
lution. CT will reliably identify hemorrhage as 
the cause of stroke but may fail to show ischemic 
stroke if the images are obtained within the fi rst 
hours of presentation, if the stroke is small, and 
especially if located within the posterior fossa, 
due to bone artifact. MRI will detect hemorrhage 
and small strokes even in the early hours after 
onset of symptoms. MR angiography can iden-
tify stenosis of large intracranial vessels as well 
as arterial dissection. Transcranial Doppler 

(TCD) is another method to noninvasively assess 
and follow narrowing of intracranial vessels. 
Additional imaging with conventional angiogra-
phy might be indicated depending on severity. 
Children with stroke should be treated by a spe-
cialized team including a pediatric stroke spe-
cialist, a pediatric neurosurgeon, an interventional 
radiologist and a rehabilitation team to ensure 
the best possible outcome. 

5.5.4.1     Ischemic Stroke 
 After an ischemic stroke is diagnosed, the patient 
should be monitored and treated in a pediatric 
intensive care unit. Treatment is mainly support-
ive. Similar to hemorrhagic stroke, the fi rst steps 
are to stabilize the child and assess the airway, 
breathing and circulation. Permissive hyperten-
sion is indicated to assure collateral fl ow to the 
area of ischemia and minimize injury. Fever is 
detrimental and children should be treated with 
antipyretics to achieve normothermia. Glucose 
levels should be carefully monitored and normal-
ized as needed. Intravenous recombinant tissue 
plasminogen activator (tPA) is used in the acute 
setting in patients ≥18 years of age within the 
fi rst 4.5 h after onset of symptoms if no contrain-
dications to tPA are present. There is limited 
understanding of the safety and effi cacy of tPA in 
pediatric patients, and therefore it is not yet the 
standard of care in this patient population. The 
Thrombolysis in Pediatric Stroke Study (TIPS) is 
a multicenter trial with the goal to assess the 
safety and effi cacy of tPA in children with isch-
emic stroke; results from this study are pending 
(Amlie-Lefond et al.  2009 ). To assess the under-
lying etiology of ischemic stroke, children often 
have vascular imaging performed, particularly 
MR angiography. The necessity of assessment of 
an underlying prothrombotic state in pediatric 
stroke is unclear, and testing has not been shown 
useful in improving clinical outcomes (Raffi ni 
 2008 ). For all pediatric stroke cases, the reported 
prevalence of prothrombotic conditions ranges 
from 20–50 % (Mackay and Monagle  2008 ). 
Assessment of the most common thrombophilias 
including antithrombin defi ciency, protein C or 
protein S defi ciency, hyperhomocysteinemia, 
prothrombin 20210 gene mutation, elevated 
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FVIII, factor V Leiden mutation, elevated 
lipoprotein(a) and antiphospholipid antibodies 
can be considered (Raffi ni  2008 ; Roach et al. 
 2008 ). Pregnancy should be excluded in teenage 
girls presenting with stroke and discontinuation 
of estrogen-containing contraceptives should be 
considered (Roach et al.  2008 ). 

 Prior studies have shown that the risk of 
stroke recurrence in children with an underlying 
arteriopathy is high and therefore these children 
should be prophylaxed with either antiplatelet 
agents or anticoagulation (Fullerton et al.  2007 ). 
However, systematic studies of secondary stroke 
prevention in children with arteriopathies, 
including children with irradiation-induced vas-
culopathies, are not available in the literature. 
A special writing group of the American Heart 
Association Council and the Council on 
Cardiovascular Disease in the Young has issued 
consensus guidelines for management of infants 
and children with stroke (Roach et al  2008 ). 
These guidelines outline specifi c treatment 
recommendations for children with an ischemic 
stroke based on the underlying condition includ-
ing Moyamoya syndrome which can be associ-
ated with CRT in pediatric cancer patients.  

5.5.4.2     Hemorrhagic Stroke 
 Hematomas can expand over several hours from 
initial presentation and monitoring in the pediatric 
intensive care unit is indicated. The initial man-
agement of the child with hemorrhagic stroke 
should include assessment of the airway, breathing 
and circulation. Blood pressure management is 
directed towards normal blood pressure values for 
age. Children are at risk to develop hydrocephalus 
and placement of an EVD may be required. 
A Camino ®  bolt can be used to monitor ICP if no 
hydrocephalus is present. Awake patients can be 
monitored with serial examinations, whereas chil-
dren with depressed level of consciousness will 
benefi t from invasive ICP monitoring to maintain 
adequate CPP. The use of recombinant factor VII 
(rFVIIa) to halt hemorrhage in pediatric patients is 
still under investigation and currently not consid-
ered standard therapy (McQuilten et al.  2012 ). 
Pediatric neurosurgery should be consulted imme-
diately for cerebellar hemorrhage, as evacuation is 

often indicated. Patients with thrombocytopenia 
should be treated with platelet transfusions to 
maintain a platelet count ≥100 × 10 9 /L. The role of 
routine seizure prophylaxis in the absence of sei-
zures is unclear. Adult patients with hemorrhagic 
strokes who were treated with prophylactic AEDs 
had worse outcome than those who were just mon-
itored (Messe et al.  2009 ). Currently there are no 
data available for children. A special writing group 
of the American Heart Association Council and 
the Council on Cardiovascular Disease in the 
Young has issued consensus guidelines for man-
agement of infants and children with stroke; 
potential relevant recommendations in pediatric 
nontraumatic hemorrhagic stroke include utiliza-
tion of cerebral angiography if MR angiography is 
nondiagnostic, adequate factor replacement in 
children with coagulopathy, and optimization of 
respiratory effort, control of hypertension, control 
of seizures, and management of ICP to help stabi-
lize the patient (Roach et al.  2008 ).   

5.5.5     Outcome of Acute Stroke 

 Currently there are no reported data that address 
the outcome of pediatric cancer patients after 
stroke. However, stroke is an important cause of 
disability in the general pediatric population. After 
stroke, children suffer from motor and sensory def-
icits, cognitive decline and epilepsy. Outcome 
research in pediatric stroke has been hampered by 
the lack of validated and standardized outcome 
measures (Engelmann and Jordan  2012 ). Recently 
the Pediatric Stroke Outcome Measure (PSOM) 
was published with a reported inter-rater variability 
of 0.93 (95 % CI 0.76–0.98) (Kitchen et al.  2012 ). 
Development and systematic use of such validated 
assessments will be important to fully understand 
the impact of stroke on pediatric patient as well as 
assess effi cacy of current treatment modalities.   

5.6     Summary 

 The diversity of neurologic complications in 
pediatric oncology, and the frequency with which 
they occur, demand a careful awareness on the 
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part of physicians caring for these patients. The 
approaches described above highlight the unique 
effects of cancer and cancer treatment on the ner-
vous system as well as the lack of evidence basis 
for much of the current standards of care.     
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