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AHA/ASA Scientific Statement

Management of Stroke in Neonates and Children

A Scientific Statement From the American Heart Association/American
Stroke Association

The American Academy of Neurology affirms the value of this statement as an educational tool for neurologists.

Donna M. Ferriero, MD, MS, FAHA, Co-Chair; Heather J. Fullerton, MD, MAS, Co-Chair;
Timothy J. Bernard, MD, MSCS; Lori Billinghurst, MD, MSc, FRCPC; Stephen R. Daniels, MD, PhD;
Michael R. DeBaun, MD, MPH; Gabrielle deVeber, MD; Rebecca N. Ichord, MD;

Lori C. Jordan, MD, PhD, FAHA; Patricia Massicotte, MSc, MD, MHSc; Jennifer Meldau, MSN;
E. Steve Roach, MD, FAHA; Edward R. Smith, MD; on behalf of the American Heart Association
Stroke Council and Council on Cardiovascular and Stroke Nursing

Purpose—Much has transpired since the last scientific statement on pediatric stroke was published 10 years ago. Although
stroke has long been recognized as an adult health problem causing substantial morbidity and mortality, it is also an
important cause of acquired brain injury in young patients, occurring most commonly in the neonate and throughout
childhood. This scientific statement represents a synthesis of data and a consensus of the leading experts in childhood
cardiovascular disease and stroke.

Methods—Members of the writing group were appointed by the American Heart Association Stroke Council’s Scientific
Statement Oversight Committee and the American Heart Association’s Manuscript Oversight Committee and were
chosen to reflect the expertise of the subject matter. The writers used systematic literature reviews, references to published
clinical and epidemiology studies, morbidity and mortality reports, clinical and public health guidelines, authoritative
statements, personal files, and expert opinion to summarize existing evidence and to indicate gaps in current knowledge.
This scientific statement is based on expert consensus considerations for clinical practice:

Results—Annualized pediatric stroke incidence rates, including both neonatal and later-childhood stroke.and both ischemic
and hemorrhagic stroke, range from.3.to.25 per 100000 children in developed countries. Newborns have the highest risk
ratio: 1 in 4000 live births. Stroke'is a clinical syndrome. Delays in diagnosis are common in both perinatal and childhood
stroke but for different reasons. To develop new strategies for prevention and treatment, disease processes and risk factors
that lead to pediatric stroke are discussed here to aid the clinician in rapid diagnosis and treatment. The many important
differences that affect the pathophysiology and treatment of childhood stroke are discussed in each section.

Conclusions—Here we provide updates on perinatal and childhood stroke with a focus on the subtypes, including arterial
ischemic, venous thrombotic, and hemorrhagic stroke, and updates in regard to areas of childhood stroke that have not
received close attention such as sickle cell disease. Each section is highlighted with considerations for clinical practice,
attendant controversies, and knowledge gaps. This statement provides the practicing provider with much-needed updated
information in this field. (Stroke.2019;50:e00-e00. DOI: 10.1161/STR.0000000000000183.)
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Much has transpired since the last scientific statement on
pediatric stroke was published 10 years ago. Although
stroke has long been recognized as an adult health problem
causing substantial morbidity and mortality, it is also an im-
portant cause of acquired brain injury in young patients, occur-
ring most commonly in the neonate and throughout childhood.
This scientific statement represents a synthesis of data and a
consensus of the leading experts in childhood cardiovascular
disease and stroke.

Overview of Childhood and Perinatal Stroke

Introduction and Definition

The standard adult definition of stroke—an acute onset neu-
rological sign or symptom attributable to focal brain infarction
or hemorrhage—applies to children as reflected by the National
Institutes of Health (NIH) Common Data Elements definition.'?
However, in the neonatal period, the acute presentation can be
missed. Thus, it is important for pediatric health professionals to
be able to recognize stroke at different ages and to treat stroke
to preserve brain function and to promote repair and recovery.

Classification
There are different ways of characterizing pediatric stroke.
One is by age: Stroke occurring from 28 weeks’ gestation to 28
postnatal days of life is broadly classified as perinatal stroke,
and stroke occurring after 28 days to 18 years of age is clas-
sified as childhood stroke. Within perinatal stroke, mode of
presentation distinguishes 2 varieties. Acute perinatal stroke
occurs in newborn infants at or near birth and typically pres-
ents shortly after onset with focal seizures or encephalopathy.
Presumed perinatal stroke refers to chronic infarcts, diagnosed
in a delayed manner, that are presumed to have occurred in the
perinatal period. These infants typically present with patho-
logical early handedness or seizures, leading to brain‘imaging
and the diagnosis of a remote infarction.>> As in adults, pe-
diatric stroke can also be classified according to whether the
underlying cause is ischemic or hemorrhagic, as detailed in
the NIH Common Data Elements.' Ischemic stroke includes
arterial ischemic stroke (AIS) and venous infarction caused
by cerebral sinovenous thrombosis (CSVT) or cortical vein
thrombosis. In CSVT, occlusion of venous sinuses may or may
not be accompanied by hemorrhage. In older infants and chil-
dren, some literature uses the term silent stroke when asymp-
tomatic infarcts are found on neuroimaging. However, this is
a misnomer because the definition of stroke includes a clinical
event; we use the term silent infarct in this review. However,
silent infarcts are likely not truly silent; as in adults, a suffi-
cient burden likely causes vascular cognitive impairment.
Much of adult stroke is related to the traditional risk fac-
tors for atherosclerosis, including hypertension, dyslipidemia,
obesity, diabetes mellitus, and cigarette smoking. Newer risk
factors, including insulin resistance and inflammation, are
also important. Atherosclerosis is generally not a cause of
stroke in children and adolescence, although it is now clear
that the atherosclerotic process that leads to a stroke in adult-
hood may begin in childhood and that dyslipidemia tends to
be more prevalent among children with ischemic stroke than
in other children.® Children and adolescents with stroke may

be at particularly increased risk for recurrent strokes in later
life related to these processes. This emphasizes the impor-
tance of promoting ideal vascular health through good diet,
physical activity, and avoidance of tobacco products to protect
them from recurrent strokes in adulthood.

Epidemiology

Perinatal Stroke

Arterial ischemic infarction accounts for ®80% of perinatal
strokes. The remainder are caused by CSVT or hemorrhage
(excluding subarachnoid hemorrhage [SAH] and intraventric-
ular hemorrhage [IVH] in premature babies). Ischemic stroke
occurs in up to 1 in 3500 newborns, although some estimates
are as low as 1 in 10000 newborns.” The ratio of ischemic
stroke is dramatically higher in newborns, almost 6 times
greater than in older children.?

Agarwal and colleagues’ identified 60 individuals with
perinatal stroke among a cohort of 208876 live births. This
represents a frequency of 29 in 100000 live births, or 1 per
3500 live births. Their overall stroke rate for both ischemic
and hemorrhagic stroke was 37 per 100000 live births, or 1
per 2700 live births.’

Armstrong-Wells et al'® identified 19 infants with hem-
orrhagic stroke and 1 with SAH among 323532 live births
in the Northern California Kaiser-Permanente Medical Care
program, representing a population prevalence for perinatal
hemorrhagic stroke of 6,2 per 100000 live births. Cole et al'!
calculated the incidence of:perinatal; hemorrhagic stroke as
1 per 6300 live births for both hemorrhage and hemorrhagic
infarction.

Childhood Stroke

Ischemic: stroke affects an estimated 1.0 to 2.0 in 100000
children (nonneonates) annually in Western developed coun-
tries.”">'" Incidence varies by age and sex; it is highest in
infants and children <5 years of age and higher in boys than
girls.'>"7 Black and Asian children have a higher incidence
than white children.'*!* Most of the increased ischemic stroke
risk in black children is explained by sickle cell disease (SCD),
which amplifies stroke risk >200-fold. Hemorrhagic stroke
in children can be intracerebral hemorrhage (ICH), IVH, or
SAH. Hemorrhagic stroke makes up about half of pediatric
stroke, with an incidence of =1 to 1.7 in 100000 per year.”!*

Global Perspective

Krishnamurthi et al'® used all available global data on stroke
incidence, prevalence, and mortality to evaluate differences
in stroke between developed and developing countries and
changes from 1990 to 2013. In 2013, there were 97792
prevalent cases of childhood ischemic stroke and 67621
prevalent cases of childhood hemorrhagic stroke, reflecting
an increase of =35% in the absolute numbers of prevalent
childhood strokes since 1990. Although prevalence rates for
childhood ischemic stroke and hemorrhagic stroke decreased
significantly in developed countries, a decline was seen only
in hemorrhagic stroke, with no change in prevalence rates of
ischemic stroke in developing countries. Therefore, during
that time, they found a significant global increase in the abso-
lute number of prevalent strokes in children. Simultaneously,
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the mortality rate significantly declined, with boys showing a
trend toward higher childhood stroke death rates (95% CI, 1.5
[1.3-1.8] per 100000) than girls (95% CI, 1.1 [0.9-1.5] per
100000) globally in 2013." These findings highlight an im-
portant global public health concern.

Recurrent Stroke

Cumulative brain injury resulting from recurrent stroke is a
major concern in older infants and children and in neonates
with cardiac stroke. Fullerton et al®* evaluated the risk of re-
current AIS from an international perspective. They found that
the cumulative rate of stroke recurrences was 6.8% (95% CI,
4.6%—-10%) at 1 month and 12% (95% CI, 8.5%—15%) at 1 year
with most children on antithrombotic treatment. The strongest
predictor of stroke recurrence was the presence of an arteriopa-
thy, which resulted in a 5-fold increased recurrence risk. This
risk was present despite increased use of antithrombotic agents.

Perinatal Stroke

Perinatal stroke includes both ischemic and hemorrhagic
events resulting from disruption of either arteries or veins
from early gestation through the first month of life. We have
chosen to use the term perinatal rather than neonatal for
consistency, although both terms are found in the literature.
Perinatal stroke is sometimes defined as a stroke that occurs
from 28 weeks’ gestation through the first 7 days of life. Other
authors have expanded this interval from 20 weeks’ gestation
through 28 days after birth; lesions occurring even before 28
weeks have been documented.?' Approximately 80% of these
lesions are ischemic, and the remainder are the result of CSVT
or hemorrhage.>?> Most presumed perinatal-ischemic strokes
are in an arterial distribution and thus are discussed under AIS
in Neonates below, but some have distributions more sugges-
tive of venous infarction.

AIS in Neonates

Presentation

Newborns with AIS often present with seizures, characteris-
tically focal motor seizures involving only 1 extremity.®* In
1 study, seizures at the time of AIS occurred in 94% of neo-
nates versus only 17% of older children.?* Occasionally, peri-
natal AIS presents with encephalopathy, leading to suspicion
for hypoxic-ischemic injury rather than AIS; neuroimaging
distinguishes the 2 diagnoses. The left cerebral hemisphere
is affected in 80% of neonates with unilateral infarctions.”
Individuals with presumed perinatal stroke may seem normal
after birth but later present with delayed motor milestones, ep-
ilepsy, asymmetric motor function, or early handedness.>*%
Some of these children with presumed perinatal ischemic
stroke may have had clinical or subclinical seizures that
escaped detection in the neonatal period because of the chal-
lenges of distinguishing neonatal seizures from normal infant
movements.?>? In a single-center cohort, the majority affected
were male, and most of the lesions fell within middle cere-
bral artery (MCA) territories. Although arterial proximal M1
segment infarction was most common, venous periventricular
infarction was next highest and accounted for 75% of subcor-
tical injuries. Motor outcomes in this cohort were predicted
by basal ganglia involvement, including leg hemiparesis,
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spasticity, and need for assistive devices. Nonmotor outcomes
were associated with cortical involvement, including cogni-
tive/behavioral outcomes, visual deficits, and epilepsy.?

Risk Factors

Risk factors include both maternal and neonatal factors.
Normal activation of coagulation factors in the mother and
low levels of factors in the infant just before and after the
time of delivery may contribute to the increased stroke risk
in neonates.”! Neonates with AIS sometimes have an inher-
ited thrombophilia.”” Other risk factors that are associated
with neonatal AIS include cardiac lesions, coagulation disor-
ders, infection, trauma, and asphyxia.?'*® Porencephaly and
intrauterine stroke have recently been linked to mutation of
COL4A1.»3° COL4AL is a subunit of the type IV collagen and
plays a role in angiogenesis.

Maternal factors that may be associated with perinatal
AIS include primiparity or a history of infertility, chorioam-
nionitis, oligohydramnios, premature rupture of membranes,
vacuum extraction, emergency cesarean section, coagulation
disorders, and preeclampsia.’! Individuals with presumed
perinatal ischemic stroke have similar risk factors.* The
likelihood of neonatal AIS increases dramatically with an
increasing number of risk factors, but in many individuals, no
single cause can be identified.”!

Evaluation

A recent prospective case-control study on neonates with AIS
has suggested that routine’thrombophilia testing is not indi-
cated.® This study demonstrated /thati-thrombophilic condi-
tions, including decreased levels of protein C, protein S, or
antithrombin, increased levels of factor VIII, factor IX, fac-
tor X1, fibrinogen; lipoprotein(a), homocysteine, and anticar-
diolipin antibodies. The presence of lupus anticoagulant and
genotyping of factor V.Leiden (FVL), factor II (prothrombin)
G20210A, and methylene tetrahydrofolate reductase C677T are
rare in AIS. In fact, experts recently suggested that testing for
methylene tetrahydrofolate reductase is no longer warranted.*
Thrombophilia evaluation in the neonate has limited clinical
utility because levels of protein C, protein S, antithrombin, and
factor XI are normally decreased to 30% of adults levels, and
these levels only approach adult levels at various time points
during childhood.** Thrombophilia testing for the mentioned
proteins in the neonatal period may be misleading and requires
repeat testing for a confirmatory diagnosis.**

Magnetic resonance imaging (MRI) should be performed
to diagnose the stroke. Magnetic resonance angiography
(MRA) and magnetic resonance venography (MRV) also
should be performed, especially when venous thrombosis is
suspected.

Management

Supportive care measures for AIS in neonates include the con-
trol of seizures, the optimization of oxygenation, and the cor-
rection of dehydration and anemia.*® Antiplatelet therapy such
as aspirin and anticoagulation with low-molecular-weight
heparin (LMWH) or unfractionated heparin (UFH) is rarely
indicated because of the low risk of recurrent stroke after ne-
onatal AIS; however, it must be considered in those excep-
tional neonates with high risk of recurrent AIS resulting from
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documented thrombophilia or complex congenital heart di-
sease (not including patent foramen ovale [PFO]).37

Hyperacute stroke therapies (thrombolytics and mechan-
ical thrombectomy) are rarely considered in neonates with
AIS because there is no evidence for their use. Although
endovascular procedures such as mechanical thrombectomy
are sometimes used in older children with an arterial occlu-
sion,*3%% the small artery size of neonates precludes the use
of current endovascular devices in these individuals.*

Outcomes

The majority of neonates with AIS experience residual neu-
rological deficits. Golomb et al* summarized 111 children
with perinatal stroke, including 67 who presented as neonates
and 44 whose strokes were discovered later. Seventy-six chil-
dren (68%) exhibited cerebral palsy, and 55 of these individu-
als had at least 1 additional disability; 45 (59%) experienced
cognitive or speech impairment, and 36 (47%) had epilepsy.
Detailed neuropsychological testing often documents cogni-
tive dysfunction, especially related to attention and executive
function.* Such functional deficits are more likely to occur in
individuals with a larger infarction, with comorbid epilepsy, or
with a presumed perinatal stroke.*' A study from Switzerland
corroborated these findings, showing that 2 years after birth,
39% were diagnosed with cerebral palsy and 31% had delayed
mental performance.?

Congenital heart disease and potentially other medical
comorbidities can impair brain growth and development even
in the absence of stroke; therefore, it can be difficult to as-
cribe neurological deficits to the stroke per se in individuals
with these conditions.* Studies specifie'to-children with pre-
sumed perinatal ischemic strokes have shown a similar array
of long-term deficits, and Kirton et al* demonstrated that im-
aging characteristics of the brain injury can predict outcomes.

The likelihood of recurrence after a neonatal AIS is'low
except in those with congenital heart disease.?® Fullerton et
al* documented recurrent stroke in only 1 of 84 (1.2%) neo-
nates with stroke. Lehman et al** identified only 6 individu-
als with a recurrent ischemic lesion among 215 neonates with
AIS or CSVT. However, neonates with cardiac disease may
have a higher recurrence risk, similar to older infants and chil-
dren with cardiac disease.?

Rehabilitation

An early intervention program based on best available ev-
idence of interventions that work in older children, Goals
Activity Motor Enrichment, was evaluated in infants in a
single randomized trial with promising results showing
improved motor outcomes of participants compared with
standard care.* Another study explored the effectiveness of
baby constraint-induced movement therapy and baby mas-
sage in infants for improving the manual ability of infants <12
months of age with unilateral cerebral palsy. Baby constraint-
induced movement therapy improved unimanual ability more
than massage in these babies.*

CSVT in Neonates

Presentation
As with AIS, the clinical manifestations of CSVT in neonates
are often nonspecific, with lethargy, irritability, or seizures.*¢*

Symptomatic seizures are more common among neonates
with CSVT than in older individuals, but the occurrence of
seizures at the time of presentation does not predict the occur-
rence of long-term epilepsy.

Risk Factors and Causes

Conditions that are associated with CSVT in neonates include
gestational or delivery complications, dehydration, sepsis,
meningitis, cardiac defects, and coagulation disorders.*®
Although these factors are commonly thought of as risk fac-
tors, no controlled studies have proved the associations.

Management

Appropriate supportive measures include the control of epi-
leptic seizures, the correction of dehydration and anemia, and
the treatment of underlying infections.*’ Institutional practices
for anticoagulation for perinatal CSVT are highly variable
in the absence of definitive studies demonstrating safety and
clinical benefit. However, anticoagulation is routinely used at
some institutions and appears to be generally well tolerated,
even in the setting of intracranial hemorrhage.”** Jordan et
al>* analyzed factors that affected the use of anticoagulation
in 84 neonates with isolated CSVT from 10 countries. The
presence of infarction, hemorrhage, systemic illness, or dehy-
dration did not alter the likelihood of antithrombotic adminis-
tration. Babies born in the United States were significantly less
likely to receive anticoagulants than babies from other parts of
the world.> Moharir et al®* analyzed 83 neonates with CSVT
from a single Canadian center:Twenty-nine of the 83 neonates
(35%) received either standard heparin, LMWH, or warfarin.
A major hemorrhage occurred in 3 of 21 (14%) treated with
a preexisting intracranial hemorrhage and none of 17 without
a preexisting hemorrhage. Follow-up imaging demonstrated
CSVT thrombus propagation in 10 of 35 neonates (28%) who
did not receive anticoagulation and only 1 of 22 (4%) of the
neonates who were treated. Thrombus propagation was asso-
ciated with a new venous infarction in 10% of the neonates
and a less favorable clinical outcome.” In the absence of a
clinical trial, these data suggest that anticoagulation is safe
for use in neonates with CSVT, especially in the absence of a
brain hemorrhage, and they provide preliminary evidence that
such therapy is useful.> Those centers that do not routinely
use anticoagulation for neonatal CSVT will often consider
anticoagulation for thrombus propagation on serial imaging
or a deteriorating clinical status that is related to the CSVT.
There is no evidence for thrombolytic agents or endovascular
therapy for neonatal CSVT.

Evaluation

As mentioned, thrombophilia evaluation in the neonate has
limited clinical utility because levels of protein C, protein S,
antithrombin, and factor XI are normally decreased to 30%
of adult levels, and these levels only approach adult levels at
various time points during childhood.** MRI, especially MRV,
should be performed to diagnose the thrombosis.

Outcomes

The reported frequency of long-term neurological dysfunc-
tion in neonates with CSVT is variable. Individuals with a
venous infarction and those with seizures at the time of diag-
nosis tend to experience more serious neurological sequelae.*’
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Individuals with large venous infarctions are more likely to
experience neurodevelopmental impairment.*® Fitzgerald et
al*® summarized 42 neonates with CSVT, and detailed fol-
low-up data were available for 27 of the 41 survivors. Sixteen
of these 27 (59%) had cognitive impairment; 18 (67%) had
cerebral palsy; and 11 (41%) had epilepsy.

There is limited information about the recurrence risk
of CSVT in neonates, but it appears to be low. Kenet et al®
investigated the recurrence risk of CSVT in a cohort of 396
children, and none of the 22 individuals who experienced re-
current thromboses were <2 years of age at the time of their
initial thrombosis.

Hemorrhagic Stroke in Neonates

Presentation

As with AIS and CSVT in neonates, the presentation of brain
hemorrhage in neonates tends to be nonspecific.!" Of the 20
neonates described by Armstrong-Wells et al,'’ 65% experi-
enced seizures and all of them exhibited encephalopathy.'®
Neonatal hemorrhagic stroke is more common than previously
reported, occurring in at least 1 in 6300 live births. However,
asymptomatic intracranial hemorrhage is found on brain MRI
scans of 15% of late preterm and term newborns, so the inci-
dence of hemorrhagic stroke, clinically symptomatic intracra-
nial hemorrhage, is difficult to define.*

Risk Factors and Causes

Causes of brain hemorrhage in term neonates include coagu-
lopathy, thrombocytopenia, trauma, and, rarely, structural vas-
cular lesions. Although no specific cause can be identified in
the majority of neonates with hemorrhagic stroke, risk factors
include postmaturity, emergency cesarean delivery,-fetal-dis=
tress, and male sex.'®” Mutations in COL4A 1 should be con-
sidered in neonates with cerebral hemorrhage, porencephaly,
glaucoma, or cataracts.’®** Some hemorrhagic lesions such as
periventricular hemorrhagic venous infarction may actually
represent hemorrhagic conversion of an arterial or venous
infarction."

Either acquired or congenital coagulopathy may lead to
intracranial hemorrhage in newborns. Hemorrhagic disease of
the newborn remains problematic in areas of the world where
supplemental vitamin K is not routinely administered to new-
borns. In the United States, intracranial hemorrhage has been
documented in babies whose caregivers refused vitamin K ad-
ministration after birth.®*¢! Breastfeeding infants may also de-
velop vitamin K deficiency.®” Babies whose mothers ingested
warfarin, phenytoin, or barbiturates during pregnancy some-
times develop a vitamin K-related coagulopathy. Intracranial
hemorrhage has also been documented in neonates with he-
mophilia A and other hereditary coagulopathies.

The role for and timing of vascular imaging to rule out
a congenital structural vascular lesion (brain arteriovenous
malformation [AVM] or fistula) remain unclear for all cases.
Brain MRA is noninvasive but may miss smaller lesions.®
Conventional angiography is considered if there is clinical
evidence of a congenital arteriovenous fistula (AVF; heart
failure, pulmonary hypertension, cranial bruit) or a family his-
tory suggestive of an autosomal dominant syndrome such as
hereditary hemorrhagic telangiectasia (HHT).

Management of Stroke in Neonates and Children e5

Management

Markedly low platelet counts and coagulation factor deficien-
cies should be corrected. Large doses of vitamin K may be
needed to correct factor deficiencies resulting from maternal
medications. Surgical evacuation of a hematoma may re-
duce extremely high intracranial pressure (ICP) but is rarely
performed in neonates, and it is not clear whether surgery
improves the eventual outcome.’” Ventricular drainage and, if
indicated, later shunting for progressive hydrocephalus result-
ing from IVH is appropriate.

Considerations for Clinical Practice

1. Vitamin K should be routinely administered to newborns.
Larger doses of vitamin K may be needed to correct fac-
tor deficiencies resulting from maternal medications.

2. Aspirin, LMWH, or UFH may be considered in neonates
at risk for stroke recurrence because of severe thrombo-
philia or cerebral embolism resulting from cardiac di-
sease but is generally not considered for neonates with a
first ischemic infarction.

3. There is no evidence for hyperacute stroke therapies
(thrombolytic agents or embolectomy) for neonates with
an arterial occlusion.

4. Anticoagulation with LMWH or heparin may be con-
sidered in neonates with CSVT, particularly those with
clinical deterioration or evidence of thrombus extension
on serial imaging. Serial imaging at 5 to 7 days should
be considered to exclude propagation when a decision is
made not to anticoagulate.

5. Surgical evacuation of an intracranial hematoma in a ne-
onate is rarely indicated but may be considered to reduce
extremely high ICP.

6. Ventricular/ drainage and, if indicated, later shunting
for progressive hydrocephalus caused by IVH is often
appropriate.

Knowledge Gaps
* An incomplete understanding of the causes of all forms
of neonatal stroke limits our ability to develop preventa-
tive strategies.
» Although there is some observational evidence that anti-
thrombotic agents might benefit selected neonates with
AIS or CSVT, clinical trial data are lacking.

Childhood Stroke
Approach to a Suspected Stroke in a Child

Clinical Presentation

Signs and symptoms of acute stroke in children are similar to
those in adults. The most common symptoms include hem-
iparesis and hemifacial weakness in 67% to 90%, speech or
language disturbance in 20% to 50%, vision disturbance in
10% to 15%, and ataxia in 8% to 10%. Children present with
nonlocalizing symptoms such as headache in 20% to 50% and
altered mental status in 17% to 38%. Seizures at stroke onset
are more common in children than adults, affecting 15% to
25%, especially in those <6 years of age.!>”'*1664-¢7 Clinical
presentation varies according to age, setting (inpatient versus
emergency department [ED]), and stroke subtype.
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Childhood AIS resulting from cardiac disease occurs in
the inpatient setting more often than the outpatient setting and
involves younger children, with a median age of 6 months to
3 years.®"! These children present with seizures in up to 40%
and hemiparesis in 36% to 75% and are clinically covert in
14% to 40%. Braun et al’® found that cardioembolic stroke
may present with abrupt onset compared with a stuttering or
fluctuating presentation in children with stroke caused by arte-
riopathy. Diagnosis of cerebral infarction is often made when
imaging is obtained for other reasons (cardiac arrest, extracor-
poreal membrane oxygenation cannulation).

Children with moyamoya-type arteriopathies are distin-
guished by a high prevalence of transient ischemic attack
(TIA) and a large burden of silent infarction. In a 7-year sin-
gle-center cohort study of 54 children with moyamoya arteri-
opathy (median age at diagnosis, 7.5 years), TIAs occurred in
70% and acute AIS in 48%.” TIAs often were multiple and
recurred over extended periods of time. Signs and symptoms
include hemiparesis or hemisensory deficits most commonly
(72%), often with chronic headache (52%) and occasionally
with seizures (<10%). Imaging at the time of initial diag-
nosis has shown evidence of prior silent infarct in 52%. In
another cohort of 60 children with moyamoya who initially
presented with a TIA, 55 children (92%) had recurrent TIAs
and 14 (23%) went on to ischemic infarction.™ Severity of the
moyamoya arteriopathy at presentation corresponded to risk
of subsequent stroke.

Posterior circulation stroke represents another distinct pat-
tern of clinical presenting features. These children present at
a median age of 7 to 8 years, are predominantly male (67% to
77%), and are previously healthy children in the vast majority
of cases.””’® Presenting signs and symptoms.include localizing
deficits referable to the posterior circulation in.70% to 100%:
hemiparesis, ataxia, dysarthria, visual field deficits, and oculo-
motor deficits. Nonlocalizing symptoms occur in 60% to 70%,
especially headache, vomiting, and altered mental status.
Vertebral artery (VA) dissection is the most common under-
lying cause (25%—-50%), especially in younger boys, and is
frequently preceded by recent minor head or neck trauma. The
finding of multiple posterior circulation infarcts of varying
age at the time of initial presentation is especially suspicious
for VA dissection.

Delays and Challenges of Stroke Mimics
Multiple studies investigating time to AIS diagnosis aim to
identify strategies to improve access to hyperacute thera-
pies.”>”#! The median time from symptom onset to parent
seeking medical care is highly variable, ranging from 1.7 to
21 hours, although a majority usually present within 6 hours.
Median time to radiological confirmation of diagnosis is 15
to 24 hours. Children with onset of stroke during admission
for other illnesses experience similar delays in radiological
confirmation of ischemic stroke. The major causes of delays
include delayed consideration of stroke among frontline pro-
viders and delays in accessing MRI, often related to the need
for sedation or anesthesia. Delays are greater in evenings and
weekends.”

Accuracy and timeliness of diagnosis by frontline provid-
ers are important challenges. ED providers correctly diagnose

a stroke in #60% of children, giving *40% of cases an incor-
rect initial diagnosis of a stroke mimic.’>% Studies of stroke
mimics in the ED have yielded several important observa-
tions. First, the vast majority (60%—90%) of children present-
ing to an ED with an acute neurological syndrome, or brain
attack, have some condition other than stroke. Diagnoses that
commonly mimic stroke and may prompt an emergency phy-
sician to activate a ‘“‘stroke alert” pathway are numerous and
diverse. The most common are migraine with aura, Bell palsy,
and seizure, especially with Todd paresis. Other stroke mimics
include brain tumor, demyelinating disease, cerebellitis, en-
cephalitis, epidural abscess, traumatic brain injury, syncope,
intoxication, metabolic disease, and psychogenic disorders.
Up to 40% of patients with stroke mimics have serious disease
or time-sensitive treatment implications.**®* Clinical diag-
nostic strategies and tools used in adults to distinguish stroke
from stroke mimics have limited utility in children, with a sen-
sitivity of =60%.82%5 Focal deficits are more common in chil-
dren with stroke than in those with stroke mimics, but there
is overlap. Nonlocalizing symptoms such as headache and al-
tered mental status are equally common in both groups.

Considerations for Clinical Practice

1. Medical education: Develop programs of education to
improve knowledge and skills in diagnosis and emer-
gency management of pediatric stroke for frontline pro-
viders, including pediatricians, emergency physicians,
and emergency medical technicians. Similar education
programs are needed-for |subspecialty providers who
care for populations”at ‘high riskfor stroke, including
cardiologists, hematologists, cardiac intensivists, and
pediatric intensivists, as well as the nursing staff caring
for these children.

2. Research:

 Develop and validate bedside clinical assessment
methods for frontline providers to identify stroke in
children with improved sensitivity and specificity.

* Develop better imaging techniques for early and ac-
curate diagnosis of stroke and cerebrovascular disease
generally and for VA dissection in particular.

* Define modifiable stroke risk factors to be incorpo-
rated into screening, early diagnosis, and preventive
treatment strategies in children with heart disease.

AIS in Childhood

In AIS, irreversible brain tissue ischemia occurs within min-
utes to hours of arterial occlusion. The time to irreversible
tissue injury is shorter in the central core of the infarct and
longer in the surrounding penumbra where collateral arterial
supply can continue to perfuse tissue. Neuroprotective strate-
gies to balance metabolic substrate supply with tissue meta-
bolic demand aim to increase brain tissue survival primarily
in the penumbra.

Hyperacute Stroke Therapies in Childhood

Arterial recanalization therapy, including intravenous tissue-
type plasminogen activator (tPA) and intra-arterial tPA or
endovascular thrombectomy, has been shown to significantly
benefit adults with AIS when implemented within discrete
time windows.*® The availability of recanalization therapy has
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therefore dramatically changed the time frame for urgent di-
agnosis and management of stroke.’”$% Whether and how to
apply these therapies in childhood remain controversial.

Implications of Thrombus Composition

Thrombus composition (erythrocytes, fibrin, platelets, and
leukocytes) is integral in determining susceptibility to me-
chanical and pharmacological disruption and recanalization.
Thrombus composition directly affects physical properties,
which are correlated to both effectiveness and complica-
tions of recanalization.® A recent meta-analysis reported that
thrombi with a high proportion of erythrocytes and less fibrin
appear as a hyperdense sign on computed tomography (CT)
and are associated with increased recanalization rates.”’ In
vitro data on the composition of thrombi created in the labo-
ratory with the use of adult and pediatric plasma suggest that
children have a more loosely woven fibrin structure in the
final thrombus.”! These data suggest that use of thrombolytic
therapy could theoretically be more efficacious in children
compared with adults. However, no pediatric thrombolytic tri-
als have been completed.

Recanalization Therapy: Thrombolytics and Endovascular
Thrombectomy

When recanalization is accomplished before tissue death,
that is, within hours of stroke onset, reperfusion reduces is-
chemic injury. Beyond this time window, the increasing risks
of recanalization, including hemorrhagic transformation of
the infarct, reperfusion injury, and catheter- and device-
related thrombotic and nonthrombotic complications, out-
weigh the benefits.

In clinical trials of adults with AIS, the optimal time
window for recanalization therapy after documented stroke
onset is within =~4.5 hours for intravenous tPA treatment, 6
hours for intra-arterial tPA, 6 hours for endovascular throm-
bectomy, but up to 24 hours for thrombectomy in a subgroup
of patients.”>** Multiple clinical trials demonstrate that among
highly selected adults with AIS and large vessel occlusion,
thrombectomy improves 90-day survival without disability
over standard medical therapy. A 2016 pooled analysis by
Goyal et al* of the 1287 adult stroke patients from the 5 endo-
vascular thrombectomy clinical trials published by 2015 dem-
onstrated robust clinical benefits for thrombectomy across a
broad spectrum of age and initial stroke severity (moderate
or severe, with few minor strokes included) and a number
needed to treat of 2.6 to reduce the disability of 1 patient. Two
clinical trials published in early 2018 extended the treatment
window further for select patients with smaller completed
infarcts yet large penumbra territories at risk for infarction.
The DAWN trial (Clinical Mismatch in the Triage of Wake Up
and Late Presenting Strokes Undergoing Neurointervention
With Trevo) showed that thrombectomy from 6 to 24 hours
after onset can be beneficial in adults with NIH Stroke Scale
score >10 and core infarct volume <30 mL (equivalent to
<5% of hemisphere volume) or NIH Stroke Scale score >20
and core infarct volume <51 mL (equivalent to 10% of hemi-
sphere volume). The DEFUSE 3 trial (Endovascular Therapy
Following Imaging Evaluation for Ischemic Stroke 3) simi-
larly found benefit when the thrombectomy was performed in
an extended time window (6—16 hours after onset) in patients
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selected by perfusion imaging: an initial infarct size of <70
mL and a ratio of the volume of ischemic tissue on perfusion
imaging to infarct volume of >1.8.%

In childhood stroke, the emergence of specialized pediatric
stroke expertise, institutional pathways, and increased access
to rapid stroke neuroimaging make hyperacute stroke therapies
for children potentially feasible.**** A study describing the use
of thrombolytics in a large, international pediatric stroke co-
hort” provided the impetus to design and initiate the prospec-
tive TIPS study (Thrombolysis in Pediatric Stroke).”® TIPS was
an NIH-funded phase 1 clinical trial to determine the safety
and pharmacokinetics of intravenous tPA in children 2 to 18
years of age within 4.5 hours of AIS if vascular obstruction was
diagnosed on MRI.% Although the study was closed because of
low patient enrollment, the multidisciplinary TIPS investiga-
tors succeeded in establishing systems for the evaluation and
care of a child with hyperacute AIS.? In the absence of clinical
trial data, a consensus opinion has suggested that when intra-
venous tPA is considered in children, the adult dose of 0.9 mg/
kg be used, which would likely be a conservative dose because
developmental differences in plasminogen levels may actually
make the effective dose for children higher.?

Endovascular thrombectomy has potential appeal for child-
hood AIS over intravenous tPA: There is a longer poststroke
time window for intervention, and concerns related to the op-
timal pediatric tPA dose and developmental changes in plas-
minogen levels are moot. In a 2015 American Heart Association
(AHA)/American Stroke‘Association"(ASA) guideline on
thrombectomy, the authors-stated that-endovascular thrombec-
tomy may be reasonable for some acute AIS patients <18 years
of age, using adult parameters, while acknowledging that the
benefits and risks-are not established in this age group.”” More
than 35 cases of recanalization therapy in pediatric AIS have
now been reported and pooled in the published literature, most
with successful outcomes. However, the total number of chil-
dren treated with thrombectomy remains unknown, and those
with treatment-related complications and adverse outcomes
are likely underreported in the medical literature. Hence, the
true safety profile of endovascular thrombectomy in children
remains unknown. Special pediatric considerations include
smaller arteries (groin and cerebral), weight-based limitations
for radiological contrast, radiation exposure in young children,
and the arteriopathies that cause AIS in children (eg, concerns
for introducing a catheter into an acutely inflamed artery, in
cases of focal cerebral arteriopathy [FCA], or a chronically
stenosed cerebral artery, in cases of moyamoya). Moreover,
the risk-to-benefit ratios of these interventions would differ if
presumptions about better stroke recovery in children versus
adults are correct. Numerous studies indicate that a good out-
come (no functional deficits) can be expected in one-third to
one-half of children with AIS without any intervention.’¢% In
children, initial stroke severity measured by the Pediatric NIH
Stroke Scale directly predicts outcome.”'® Hence, the risks of
thrombectomy may outweigh the benefits in children with low
initial stroke severity scores.

Considerations for Clinical Practice
1. In the absence of pediatric clinical trial data to guide
treatment decisions, hyperacute therapies for childhood
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AIS remain controversial. It would be reasonable to limit
consideration of this intervention to children meeting
these criteria:

» Persistent disabling neurological deficits (eg, Pediatric
NIH Stroke Scale score 26 at the time of intervention
or higher if DAWN trial criteria are being applied)

* Radiographically confirmed cerebral large artery
occlusion

* Larger children because of concerns about introduc-
ing catheters into small groin and cerebral arteries and
size-based limitations on contrast dye and radiation
exposure

e Treatment decision made in conjunction with neurol-
ogists with expertise in the treatment of children with
stroke

 Intervention performed by an endovascular surgeon
with experience in both treating children and per-
forming thrombectomy in adult stroke patients'"!

2. Establish systems and pathways for hyperacute pe-
diatric stroke care. Centers that choose to offer this
therapy to children should preestablish institutional pe-
diatric hyperacute stroke pathways and consider current
adult guidelines for these therapies. These pathways
should include criteria for consideration of endovascu-
lar thrombectomy in children with acute AIS and large
vessel occlusion.

e Establish referral networks connecting community
hospitals and frontline providers to tertiary care
pediatric stroke centers with specifically trained
experts and technology in vascular neurology, neu-
roimaging, and neurocritical care. Within pediatric
stroke centers, multiple systems of care need to be
structured through well-designed institutional care
protocols that are staffed and equipped to provide
24/7 access to care from vascular neurologists, vas-
cular neurosurgeons, neuroradiologists, neurointer-
ventionalists, anesthesiologists, and neurocritical
care intensivists.

* Consider the use of telestroke or telemedicine as a
specific way of bringing expertise to emergency pro-
viders who may have less experience with acute focal
deficits and stroke in children. Telestroke has been
effective in adult stroke medicine and has been used
in other settings in pediatric cardiovascular care.

* Pediatric stroke specific guidelines should be devel-
oped at the local, regional, and national levels. To lev-
erage regional stroke expertise, partnerships between
emergency medical services, comprehensive stroke
centers, and pediatric tertiary care hospitals should be
encouraged.

Knowledge Gaps

e Safety and efficacy data for hyperacute stroke thera-
pies in children are lacking. Children treated with such
therapies should be enrolled in existing registries, for ex-
ample, the Swiss NeuroPediatric Stroke Registry and the
International Pediatric Stroke Study Registry.

* There is no evidence to guide how young or how small a
child may safely undergo thrombectomy.

* Analyses directly comparing post-AIS neurological out-
comes in children and adults, adjusted for confounders
such as stroke infarct and location, would help when

considering risk-to-benefit ratios for adult stroke thera-
pies applied to children.

Acute Management of Childhood AIS

Current strategies for acute management of childhood stroke
rely on both pediatric and adult data that explore the treat-
ment of hypertension, hypotension, hyperglycemia, and fever,
as well as surveillance strategies to prevent complications
such as cerebral swelling and seizures. Little is known about
whether supportive care measures alter the effect of brain
ischemia in children. However, traditional methods of neu-
roprotection are often used, and recent data on specific man-
agement challenges such as the role of early hemicraniectomy
in large strokes are beginning to emerge.

Blood Glucose, Temperature, Blood Pressure
Hyperglycemia is a common and well-established risk factor
for adverse outcomes in adult stroke and likely a frequent and
detrimental risk factor in children as well. In both populations,
however, the timing and goals of treatment of hyperglycemia
are poorly understood, with only a single randomized con-
trolled trial examining the efficacy of glucose control in adult
stroke.'® In this study, 933 patients were randomly assigned
to 2 arms: insulin infusion to maintain euglycemia and sa-
line. The trial was stopped early because of slow enrollment
but demonstrated no difference in 90-day mortality or other
outcome measures. In childhood:stroke, there are even fewer
data. Grelli et al'® performed the only study examining the
influence of hyperglycemia.on-outcomes-in childhood stroke.
In this retrospective multivariate analysis of 98 children with
stroke examining the association among hypertension, hypo-
tension, hyperglycemia, fever, and Pediatric Stroke Outcome
Measure, hyperglycemia was independently associated with
adverse outcome.~Hyperglycemia was also relatively com-
mon (18%), and hypoglycemia was rare (3%). Given the
lack of data in-children, it is reasonable to follow the AHA/
ASA adult stroke guidelines for the management of hypergly-
cemia and hypoglycemia.®® The ongoing SHINE trial (Stroke
Hyperglycemia Insulin Network Effort) is also testing the
treatment of hyperglycemia in adults.!™

It is well established that pyrexia is associated with
adverse outcomes in adult stroke, whereas the impact
of fever in children remains uncertain. Although a single
multicenter, randomized, double-blind, placebo-controlled
adult trial of patients with temperatures ranging from 36°C
to 39°C failed to show any difference in those treated with
acetaminophen compared with those receiving placebo, post
hoc analysis demonstrated a difference in expected modi-
fied Rankin Scale score at 3 months.!® Although this find-
ing suggests that treatment of fever may improve outcome,
additional prospective adult evidence is lacking. In the
previously mentioned retrospective analysis of childhood
stroke and the impact of hyperglycemia, hypertension, and
fever, Grelli et al'® found no influence of fever on outcome
in childhood stroke, although fever was found acutely in
38% of subjects. Given the lack of pediatric specific data,
it is reasonable to follow AHA/ASA adult stroke guidelines
when treating fever in children.®®

In adult stroke guidelines, current AHA/ASA recommen-
dations suggest the following:
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In patients with BP [blood pressure] 2220/120 mm Hg
who did not receive intravenous alteplase or EVT [en-
dovascular treatment] and have no comorbid condi-
tions requiring acute antihypertensive treatment, the
benefit of initiating or reinitiating treatment of hyper-
tension within the first 48 to 72 hours is uncertain. It
might be reasonable to lower BP by 15% during the
first 24 hours after onset of stroke.*

Although several prospective randomized studies have
examined the role of antihypertensive treatment in the acute
management of adult stroke, the results of these studies have
been mixed.'*'% A lack of consistent results in previous stud-
ies may have been the result of differing response to treatment
across stroke subtypes, an important consideration when these
studies are extrapolated to childhood stroke, the pathogenesis
of which is often different from that of adult stroke. Indeed,
there is some evidence that acute antihypertensive treatment
in adult stroke may have variable outcomes, depending on
stroke presentation.!”’

As in adult stroke, early evidence in childhood stroke sug-
gests that hypertension in the acute period after stroke is asso-
ciated with worse outcomes. One single-center retrospective
study of 53 children with ischemic stroke demonstrated an as-
sociation between hypertension in the first 3 days after stroke
and in-hospital mortality. These findings were confirmed by
examination of a large sample of children with stroke (n=2590)
from a large national database.® Grelli et al'® demonstrated
a high prevalence of persistent hypertension (=2 consecutive
measurements above the 95th percentile) in childhood stroke
(68%) at some point 5 days after stroke but.failed to establish
an association with hypertension (or hypotension) and adverse
outcomes at 3 months.

Although hypertension in the first 3 to 5 days after child-
hood stroke may be associated with in-hospital morbidity,
the causal pathway is unclear. Children with moyamoya, for
example, are often hypertensive at baseline, presumably as a
compensatory mechanism to improve cerebral perfusion. Up
to 45% of children presenting with AIS will have an intracra-
nial arteriopathy's such as moyamoya, and these children may
be particularly sensitive to rapid decreases in blood pressure,
resulting in cerebral hypoperfusion. Use of antihypertensive
therapy in these children can trigger flow-related ischemia. In
addition, hypotension in children with stroke should be treated
aggressively, and in our experience, patients with pressure-
dependent stenosis may need aggressive management and
monitoring for even borderline hypotension. Treatment may
include laying the head of the bed flat (although recent adult
data show no benefit), intravenous fluids, and, in rare cases of
a pressure-dependent lesion, salt tablets, fludrocortisone, or
pressors.

Seizure Management

In acute childhood stroke, clinical seizures are common,
occurring in >20% of children with ischemic stroke.'-!?
In addition, subclinical seizures are found in patients with
prolonged electroencephalographic monitoring, occurring
acutely in 23% of all patients with clinical seizures and elec-
troencephalographic monitoring in a single-center study.!!!
Although detailed descriptions of protocols for seizure
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monitoring in pediatric brain injury are beyond the scope of
this article, clinicians who take care of children with stroke
should have a high suspicion for clinical and subclinical sei-
zures in the acute setting and should consider electroencepha-
lographic screening or monitoring for children with altered
mental status.

Hemicraniectomy

Although hemicraniectomy is rarely performed in the treat-
ment of childhood AIS—performed in 1% of patients—it
remains a potentially lifesaving option in children with
large supratentorial stroke. Indeed, in the largest series of
children who received hemicraniectomy after acute AIS,
95% (39 of 41) of children survived. Of the survivors, 41%
had no deficit, mild deficit, or moderate deficit, and 59%
had severe deficits. In a meta-analysis of the 3 largest ran-
domized prospective trials comparing decompressive hemi-
craniectomy with medical management in adults, survival
was improved with surgery from 29% to 78%.'"* Similar to
the pediatric population, however, a significant number of
survivors had severe deficits (45% had a modified Rankin
Scale score of 4/5). A recent analysis of a large adult na-
tional inpatient sample demonstrated a strong association
between later decompression and poor outcome with the
use of a validated composite outcome variable.'’’ In addi-
tion, patients with decompression performed before her-
niation had better outcomes than those with surgery after
herniation.'" This finding is particularly germane to the
pediatric population, whichihas less«brain atrophy to ac-
commodate swelling.

In"children, as in adults, hemicraniectomy in large supra-
tentorial infarcts is decided on a case-by-case basis and in con-
sultation between the family and treatment team. However, if
hemicraniectomy is performed in the pediatric patient, earlier
intervention is. likely preferable. In children with large-vol-
ume infarcts (more than half of the MCA territory), treatment
teams should consider either performing early prophylactic
hemicraniectomy within the first 24 hours or implementing
serial imaging within the first 72 hours to monitor swelling
and the need for surgical intervention. In general, it is reason-
able to follow adult guidelines for surgical decompression.®

Adult studies report improved outcomes and decreased
mortality with decompressive craniotomy in patients with
space-occupying cerebral edema secondary to large cere-
bellar infarctions.!'%!"” Although limited to case series, similar
findings are seen in the pediatric population.''® Because poor
outcomes from this intervention are rarely seen, ethical con-
siderations are not as challenging as those seen in malignant
MCA syndrome.

Considerations for Clinical Practice

1. Children with acute stroke are usually monitored in
an intensive care unit setting for at least 24 hours after
stroke, and general neuroprotective and neurocritical
supportive care is administered.

2. Evidence indicates that persistent in-hospital hypergly-
cemia during the first 24 hours after stroke is associated
with worse outcomes than normoglycemia. Thus, hyper-
glycemia should be treated to achieve blood glucose lev-
els in a range of 140 to 180 mg/dL and closely monitored
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to prevent hypoglycemia (blood glucose <60 mg/dL) in
patients with acute ischemic stroke.'”

3. Sources of hyperthermia (temperature >38°C) should
be identified and treated, and antipyretic medications
should be administered to lower temperature in hyper-
thermic patients with stroke.

4. Caution should be exercised in children with intracra-
nial vascular stenosis such as moyamoya and in those
with focal cerebral arteriopathies. In addition, hypoten-
sion in children with stroke should typically be treated
aggressively.

5. Decompressive surgery for malignant edema of the
cerebral hemisphere is effective and potentially life-
saving. Patient/family valuations of achievable out-
come states may affect decisions about surgery.
Decompressive surgical evacuation of a space-occu-
pying cerebellar infarction should be considered early
in preventing and treating herniation and brainstem
compression.'”

6. In children with large-volume infarcts (more than half
of the MCA territory), treatment teams could consider
either performing early prophylactic hemicraniectomy
within the first 24 hours or implementing serial im-
aging and frequent clinical assessments within the first
72 hours to monitor swelling and the need for surgical
intervention.

Controversies in Current Practice
e Setting for treatment: Should treatment occur only in
centers with pediatric vascular neurologists?
* Hemicraniectomy management
* Blood pressure management

Knowledge Gaps
e Determining timing and appropriate candidates for
hemicraniectomy
e Appropriate treatment of blood ‘pressure because-asse-
ciations with worse outcome are not proven
* Appropriate treatment of hypoglycemia and hyperglycemia

Risk Factors and Causes of Childhood AIS

The causes of childhood stroke can be divided into multiple
categories: cardiac, extracranial arteriopathies, intracranial
arteriopathies, thrombophilia, SCD, and systemic causes
such as systemic lupus erythematosus. Several approaches to
stroke subtype classification have been published, which may
be useful in formulating management pathways and designing
clinical research.’>¢120121 Tn many cases, the pathogenesis is
multifactorial, and thus, the determination of a cause should
typically include a systematic assessment of all potential
causes.

Cardiac

Cardioembolic stroke accounts for =30% of all childhood
strokes and can occur as a result of congenital heart di-
sease, procedure-related events, or acquired heart disease.'*?
According to a 3-decade prospective evaluation of children
with cardiac disease, 0.13% (132 per 100000 children per
year) had a stroke each year.'” The increased use of assist
mechanical heart devices and improved survival of patients
with congenital heart disease are likely increasing this in-
cidence annually. Children requiring therapy from a Berlin

Heart EXCOR ventricular assist device had the highest
prevalence of stroke (28%—-34% combined risk of ischemic
and hemorrhagic stroke) among children with cardiac di-
sease!?>124125; children treated with extracorporeal membrane
oxygenation (7%-11%),"?*'?’ the Fontan procedure (1.4%—
19%),"?%-132 and cardiac catheterization (0.38%—1.3%)'3313*
are also at high risk for stroke. The prevalence of stroke
in patients with endocarditis and cardiomyopathy is 5% to
10%,'33-137 whereas children with congenital heart disease
have a 19-fold increased risk of stroke compared with the
general population.'*® Data on recurrence risk of stroke after
an initial event are minimal, although a recent article from
the Canadian Pediatric Ischemic Stroke Registry reported
a 27% recurrence risk of stroke at 10 years of age in chil-
dren with congenital heart disease despite the high use of
anticoagulation.?

The pathophysiology of stroke in children with cardiac
disease is usually thromboembolic, although associated
anomalies of the head and neck vasculature may also play a
role.” In cases of congenital heart disease, ventricular assist
devices, or extracorporeal membrane oxygenation, thrombus
can occur from stasis or paradoxical venous embolism. The
role of arrhythmia in childhood stroke and clot formation
is less clearly defined, although a recent report of increased
risk of arrhythmia and stroke in adults with a history of con-
genital atrial septal disease'®® raises the possibility that ar-
rhythmia is an underrecognized cause of childhood stroke,
especially in those with*a history of-benign congenital heart
disease. Similarly, the role of PEO.in_childhood stroke re-
mains _uncertain. Although several small studies have sug-
gested that PFO with right-to-left shunt is more prevalent
in. children; withcryptogenic stroke than in normal chil-
dren,®“"it is unclear when a PFO in childhood stroke is
pathogenic, particularly given that the timing of normal,
physiological PFO closure is variable. Identifying a PFO in
childhood stroke may be important in that increasing evi-
dence in adults suggests that adults with larger PFOs and
cryptogenic stroke may benefit from PFO closure.'** The
Risk of Paradoxical Embolism score combines clinical pre-
dictors of recurrent stroke or TIA in adults with cryptogenic
stroke and PFO: younger age, presence of cortical infarction,
and absence of atherosclerotic risk factors. This score is in-
tended to stratify the likelihood that an adult AIS was re-
lated to the PFO.'** Although this score is unlikely to stratify
stroke risk in children (who would have uniformly high
scores because of their young age and lack of atherosclerotic
risk factors), a comparable scoring system that accounts for
pediatric-specific AIS risk factors and is derived from and
validated in children is needed.

Children with AIS typically undergo evaluation of their
heart via transthoracic echocardiogram with bubble study,
as well as monitoring to assess for an arrhythmia, unless an-
other cause is identified (Table 1). When there is a history
of benign heart defect (ventricular/atrial septal disease) or
stroke during exercise, Holter monitoring or cardiology con-
sult should be considered. In cases of recurrent events, trans-
esophageal echocardiogram with bubble, Holter monitoring,
or cardiac consult should be considered (Table 2). In these
cases, particular attention should be paid to the aortic arch
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Table 1. Suggested Basic Evaluation of a Child With AIS for Common Causes

Category

Common Causes

Examination

Stroke confirmation

Ischemia

Ischemia mimickers
(migraine)

Brain MRI with DWI,
FLAIR, GRE or SWI, T1,
and T2 (optional: T1
after gadolinium, DTI,
pCASL)'*

Cardiac* PFO (controversial role | TTE with bubble study
as a stroke cause in ECG and inpatient
childhood) telemetry
Congenital cardiac Consideration of
anomaly 4-extremity Doppler
Acquired cardiac ultrasound in cryptogenic
anomaly stroke with positive
Arrhythmia bubble study

Arteriopathy Extracranial dissection | Brain MRA 3-D TOF and

FCA-i MRA of the neck with/
without gadolinium

FCA-d (optional VWI)*4
Moyamoya or
Takayasu arteritis CTA of the head and

neck (not preferred given
exposure to radiation and
intravenous contrast)

Thrombophilia* Inherited CBC
thrombophilia FVL mutation
Acquired Prothrombin G20210A
thrombophilia mutation
Protein C
Protein S

Antithrombin/mutation
Lupus anticoagulant
Anticardiolipin antibody
(lgG/Ig)

Anti-f3, glycoprotein
antibody (IgG/IgM)

ESR, CRP, ANA

3-Dindicates 3-dimensional; AlS, arterial ischemic stroke; ANA, antinuclear
antibody; CBC, complete blood count; CRP, C-reactive protein; CTA, computed
tomography angiography; DTI, diffusion tensor imaging; DWI, diffusion-
weighted imaging; ESR, erythrocyte sedimentation rate; FCA-d, focal cerebral
arteriopathy dissection type; FCA-i, focal cerebral arteriopathy inflammation
type; FLAIR, fluid-attenuated inversion recovery; FVL, factor V Leiden; GRE,
gradient recalled echo; Ig, immunoglobulin; MRA, magnetic resonance
angiography; MRI, magnetic resonance imaging; pCASL, pseudo-continuous
arterial spin labeling; PFO, patent foramen ovale; SWI, susceptibility-weighted
imaging; TOF, time of flight; TTE, transthoracic echocardiogram; and VWI,
vessel wall imaging.

*May not be clinically indicated if an alternative cause is identified.

Inflammatory* Lupus

and delayed bubbles suggestive of a pulmonary level shunt,
as seen in HHT. In cases of cryptogenic stroke and PFO,
it is reasonable to obtain 4-extremity Doppler to assess for
deep vein thrombosis as a source for a paradoxical embolus.
Children should also undergo evaluation for thrombophilias
when indicated.

Extracranial Arteriopathy
Extracranial arteriopathies are usually caused by a craniocer-
vical arterial dissection (CCAD). Dissection is a tear in the
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intimal layer of the artery that promotes platelet deposition
and secondary activation of the clotting cascade. In many
cases, dissection can lead to pseudoaneurysm formation,
which is caused by decreased vessel wall integrity (often from
dissection) and aneurysmal dilation of the affected artery.
Risk factors for CCAD in children include male sex, head and
neck trauma, and connective tissue disorders.”>!¥15*-162 CCAD
accounts for 7.5% of childhood stroke'* and, when in the pos-
terior circulation, is likely associated with high rates of recur-
rent stroke.'s?

Although digital subtraction angiography (DSA) re-
mains the gold standard for detecting a CCAD, MRA and
CT angiography (CTA) are increasingly being used to de-
tect arterial abnormalities.'® Currently, MRA is the first-
line screening imaging used in most institutions. MRA has
the advantage of indirectly visualizing the vessel wall and
the lumen and sparing the patient radiation.'**!* When mag-
netic resonance techniques are used, T1 fat-saturated neck
imaging or contrast-enhanced images should typically be
used to increase the sensitivity of detecting dissection.'** In
cases of recurrent stroke, posterior circulation stroke, or in-
determinate abnormalities on initial imaging, CTA or DSA
is often useful. CCAD can change over time, especially in
the posterior circulation, with nearly 50% of vessel abnor-
malities progressing within the first year.'®> Therefore, se-
rial imaging of CCAD is warranted within the first year,
and potentially longer, especially to detect pseudoaneurysm
formation.'%

Pseudoaneurysm and, dissection.in the, V3 segment (CI1-
C2 region) of the VA is a unique entity, especially in boys
with posterior circulation strokes. Although the pathophysi-
ology of thisanomaly-is still uncertain, and possibly the re-
sult of repetitive trauma of the artery with neck turning, it is
clear that these cases have high rates of recurrent stroke.'
Indeed, posterior circulation strokes in general have a 19%
rate of recurrent events at 3 years.'** In cases of recurrent pos-
terior circulation stroke and dissection, patients may have evi-
dence of arterial compression with head turning demonstrated
on DSA or CTA (so-called bow hunter syndrome), and it is
postulated that repetitive trauma to the artery causes recur-
rent injury to the vessel and a lack of vessel wall healing. In
cases of V3 dissection and failure of medical management
with antithrombotic therapy, surgical interventions can be
considered and preferably performed in centers with exper-
tise in children. These interventions include VA sacrifice (with
single-artery involvement), C1-C2 posterior fusion (with bi-
lateral artery involvement), and exploration of the vertebral
canal for debridement of fibrous tissue (with dynamic VA
compression).'* Therefore, in cases with multiple infarcts of
the posterior circulation, DSA should be considered to eval-
uate the V3 segment of the VAs, and if a pseudoaneurysm or
dissection is detected, head turning during a DSA (or CTA)
can be considered.

Finally, evaluation for connective tissue disorders in chil-
dren with stroke and dissection is an important consideration.
In adults with a history of CCAD, a family history of known
connective tissue disorders or dissection is quite rare, occur-
ring in <1% of cases."® Underlying structural anomalies that
are detected via electron microscopy are quite common,'’
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Table 2. Targeted Evaluation of a Child With AIS for Rare Causes or Causes Requiring Additional Evaluation

Rare Causes and Causes

by TTE

Requiring Additional
Category Evaluation Diagnostic Triggers Examination
Cardiopulmonary | Cardiac cause missed Recurrent stroke Cardiology consult

TTE with bubble study

Arrhythmia missed by
electrocardiographic
screening

Clinical history of palpitations
Stroke related to exercise

Cardiology consult
Holter monitoring

Aortic disease

Fixed dilated pupils
Hypotonic bladder
Malrotation of the gut
Pulmonary hypertension'

HHT Frequent nosebleeds Echocardiogram with bubble study showing pulmonary-level shunt
Purplish lesions and abnormal blood Genetic testing for ACVRL1, ENG, and SMAD4 genes
vessels on the hands, fingertips, face,
lips, lining of the mouth, and nose
Arteriopathy Moyamoya Diagnosis of moyamoya Neurosurgery consult
DSA to prepare for bypass surgery
Consideration of RNF213 genetic testing; clinical screening for other
entities, including ACTA2 R179, BRCC3/MTCPI, GUCYIA3, SAMHD1,
Alagille syndrome, Down syndrome, microcephalic osteodysplastic
primordial dwarfism, neurofibromatosis type I, PHACE syndrome,
Robinow syndrome, Seckel syndrome, SCD
FCA FCA of uncertain origin Consideration of CSF testing for VZV PCR, HSV PCR, and VZV IgM/
IgG antibodies
Consideration of VWI
Consideration of DSA
ACTA2 Straight ectatic bilateral ICAs ACTAZ gene testing

Fibromuscular dysplasia

String-of-bead appearance on
angiography

Hypertension

Renal artery involvement

Mixed hemorrhagic/ischemic stroke

Biopsy of artery (renal, temporal, or other) showing intimal or medial
hyperplasia

Dynamic VA compression/
V3 pseudoaneurysm

Male predominance

Recurrent posterior circulation
stroke'*

Consider DSA or CTA of the neck with head turning with consideration
of risks/benefits of the head-turning maneuver under anesthesia

Management remains controversial

Thrombophilia

Recurrent stroke

Family history of thrombophilia in
first-degree relative

Hematology consult

Factor ViIl level

Lipoprotein(a)

MTHFR mutation and homocysteine level
Hemoglobin electrophoresis

Inflammatory

cPACNS Elevated serum inflammatory markers | Consideration of CSF testing for VZV PCR, HSV PCR, and VZV IgM/IgG Abs
Personality change Consideration of VWI
Headaches Consideration of conventional angiogram
Consideration of brain biopsy
DADA2 or High inflammatory markers and Mutations in the CECR1 gene (DADA2)

PAN or Wegener disease

frequent fevers
Renal disease: proteinuria, hypertension
Peripheral neuropathy

Skin disease: livedo reticularis, hand
nodules'#14

Plasma ADA?2 activity
Tissue biopsy (PAN)

Other rheumatologic
disease

P-ANCA, C-ANCA

(Continued)
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Rare Causes and Causes

Requiring Additional
Category Evaluation Diagnostic Triggers Examination
Genetic/metabolic | PHACE syndrome Congenital anomalies that include the | Echocardiogram
following: Ophthalmology consult

Hemangioma of the head, including
scalp

Posterior fossa anomalies

Cardiovascular anomalies, especially
of the aortic arch

Congenital ocular anomalies
Midline defects™®

Dermatology consult

Fabry disease

Neuropathic pain in hands or feet

Angiokeratomas (purple spots)
between navel and knees

Multisystem involvement of
gastrointestinal, cardiac, and renal
systems

Hypohidrosis
Male predominance (X-linked)

White blood cell enzymes screening for a deficiency of o.-
galactosidase A activity

MELAS

Symmetric ischemia, especially in the
deep gray structures

Ischemia that does not conform to a
vascular territory

History of migraine headaches

Family history of mitochondrial

disease, unexplained hearing loss, or
short stature'%-152

Serum lactate
MELAS mutational analysis
Further mitochondrial testing if indicated

POLG1

Status epilepticus, often severe
Hepatic dysfunction
Occipital infarctiong®3.15

POLG1 mutation analysis

Connective tissue
disorder

Nonspecific CVD

Joint hypermobility and dissection
and posterior circulation stroke

Consider gene panel testing for connective tissue disorders

Ehlers-Danlos type IV

Joint hypermobility

Translucent skin (especially on
chest)

Triangular face
Easy bruising

Family history of uterine rupture,
aortic rupture, or tendon
rupture'®5-1%8

Consider COL3A1 testing or gene panel testing for connective tissue

disorders

Loeys-Dietz syndrome

Joint hypermobility

Characteristic facial appearance that
includes widely spaced eyes
Skeletal anomalies, including pectus
and arachnodactyly

Consider TGFBR1 and TGFBR2 (encoding TGFBR1 and 2), SMAD3

testing, or gene panel testing for connective tissue disorders

Abs indicates antibodies; AlS, arterial ischemic stroke; C-ANCA, cytoplasmic antineutrophil cytoplasmic antibody; cPACNS, childhood primary angiitis of the central
nervous system; CSF, cerebrospinal fluid; CTA, computed tomography angiography; CVD, cardiovascular disease; DADA2, deficiency of adenosine deaminase 2; DSA,
digital subtraction angiography; FCA, focal cerebral arteriopathy; HHT, hereditary hemorrhagic telangiectasia; HSV, herpes simplex virus; ICA, internal carotid artery;
lg, immunoglobulin; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; PAN, polyarteritis nodosa; P-ANCA, perinuclear antineutrophil
cytoplasmic antibody; PCR, polymerase chain reaction; PHACE, posterior fossa malformations, hemangiomas, arterial anomalies, cardiac defects, eye abnormalities,
sternal cleft, and supraumbilical raphe; RNF213, ring finger protein 213; SCD, sickle cell disease; TGFBR, transforming growth factor-f3 receptor; TTE, transthoracic

echocardiogram; VA, vertebral artery; VWI, vessel wall imaging; and VZV, varicella zoster virus.
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however, suggesting an incomplete understanding of the ge-
netic basis of CCAD. Although the rate of connective tissue
disorders in children with CCAD is uncertain, clinical clues
can assist in targeted evaluation. Children with CCAD and a
family history of aortic aneurysm; uterine, ligamentous, or in-
testinal rupture; or arterial dissection should be considered for
Ehlers-Danlos type IV testing, especially if they have char-
acteristic features of Ehlers-Danlos type IV (thin triangular
face, easy bruising, or translucent skin on the chest; Table 2).
In cases with hypermobility on examination and dissection,
genetic panels to evaluate for connective tissue disorders are
reasonable. Identification of connective tissue disorders in
these children is increasingly important in order to screen for
associated vascular anomalies and to consider treatment with
[-blocker therapy as secondary prevention for further cardio-
vascular events'®’ (Table 2).

Intracranial Arteriopathy
Intracranial arteriopathies account for up to 45% of all child-
hood strokes.'*> The nomenclature to describe these arteriopa-
thies has varied over the past decade, with poor agreement
about classification.!® The IPSS (International Pediatric
Stroke Study) has recently agreed to use the term FCA to de-
fine “unifocal and unilateral stenosis/irregularity of the large
intracranial arteries of the anterior circulation (distal internal
carotid artery and/or its proximal branches).”®* In addition,
FCA dissection type (FCA-d) refers to “intracranial arterial
dissection of the anterior circulation, typically with trauma,”
whereas FCA inflammation type (FCA-i) refers to “FCA that
is presumed inflammatory (i.e., thought to represent a focal
vasculitis).”** Although the majority of these FCAs will not
progress beyond 6 to 12 months,'® FCAs have high l-yearre-
currence rates that range from 19% to 25%, depending on the
underlying pathogenesis.” Thus, families with children who
have intracranial arteriopathies should-be-counseled .about
the high recurrence risk, which appears to be concentrated
mostly within the first year.** Progressive disease of the distal
MCA/proximal internal carotid artery, called moyamoya
when associated with collaterals, has an even higher 1-year
recurrence risk of 35%.* Moyamoya is most often bilateral
but can be unilateral, especially earlier in the disease process.
In patients with FCA-i, evidence suggests that an infec-
tious or parainfectious process leads to localized vessel in-
flammation and secondary thrombus formation and stroke.
Indeed, antecedent varicella virus infection is a known cause
of FCA-i, called postvaricella arteriopathy.'”®!”" In addition,
preceding nonspecific minor illnesses are known risk fac-
tors for FCA-i'7>!73 and may lead to the development of new
therapies in the future. In cases of suspected FCA-i, evalu-
ation of cerebrospinal fluid (CSF) for herpes simplex virus
polymerase chain reaction, varicella zoster virus (VZV) pol-
ymerase chain reaction, VZV immunoglobulin G, and VZV
immunoglobulin M can assess for active herpesvirus or VZV
infection that could be amenable to treatment with acyclovir,
but lumbar puncture is not uniformly performed as part of an
FCA evaluation. CSF is usually normal and is often unable to
confirm either inflammation or a specific associated infection
in suspected FCA-i. Anticoagulation is a relative contraindi-
cation for lumbar puncture. The safety and efficacy of steroid

therapy for the treatment of FCA-i are currently unknown in
childhood stroke; therefore, planning for prospective random-
ized trials is currently underway. Finally, reversible cerebral
vasoconstriction syndrome is an uncommon cause of intracra-
nial arteriopathy in children; it is distinct from FCA-i in that
it is typically bilateral and multifocal, as in adults, and often
presents with thunderclap headaches.'™

Recent evidence suggests that enhancement of the vessel
wall on dedicated vessel wall imaging may be able to predict
which patients with FCA-i are more likely to have progressive
disease.'” In addition, vessel wall imaging may help diagnose
cases of FCA-d when intramural thrombus is identified or
reversible cerebral vasoconstriction syndrome when pathog-
nomonic features are identified (T.J. Bernard, preliminary
data, 2018)."7° The development of strategies to differentiate
between FCA-i and FCA-d is particularly important because
several cases of presumed FCA-i have been diagnosed as
FCA-d only at autopsy.

Moyamoya is associated with =6% to 10% of all child-
hood strokes and TIA in children.!””!”® Initial evaluation
should consist of clinical assessment, including consideration
of specific populations with increased risk of moyamoya; ra-
diographic studies, MRI, and potentially DSA; and, if moy-
amoya is identified, discussion of screening family members
with imaging and genetic testing.

The arteriopathy of moyamoya has been reported in as-
sociation with a wide range of distinct populations, clinical
conditions, and genetic disorders/*:7"17%:180 Awareness of these
associations is importantto“the physician'in order to include
moyamoya as a diagnostic possibility during the initial evalu-
ation, especially in groups who may have confounding diag-
noses (such as structural cardiac disease as a potential stroke
cause in children with Down syndrome) and who are at high
risk of recurrent stroke if not identified in a timely manner.?*'8!

Although most cases of pediatric moyamoya are idiopathic,
there are certain population-based patterns. Historically,
Asian ancestry is an increased risk factor for moyamoya,
with up to 56% of Asian American patients with moyamoya
found to harbor a specific mutation of RNF213."%2 In contrast,
only 3.6% to 29% of non-Asian patients with moyamoya had
RNF213 mutations.'®> White patients with moyamoya in the
United States have a higher rate of autoimmune disorders,
including type 1 diabetes mellitus (8.5% versus 0.4% in the
general population) and thyroid disease (17% versus 8%).'®
Down syndrome (with a 26-fold increased likelihood of moy-
amoya), neurofibromatosis type I (with =2%-5% prevalence
of moyamoya), SCD, and other associated conditions are
summarized in Table 2,177181.184-199

If moyamoya is identified on MRI, then DSA should be
strongly considered because this modality has increased di-
agnostic sensitivity for moyamoya compared with MRI (in-
cluding the ability to better differentiate vasculitis) and offers
important data germane to preoperative planning. Specifically,
transdural collaterals visualized on DSA are critical biomark-
ers of disease that can assess angiogenic potential (particularly
in combination with proteomic assays), that can predict 1-year
radiographic outcomes from surgery, and, when incorporated
into surgical planning, have been demonstrated to reduce
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perioperative stroke complications by >40% (especially in the
setting of previous cranial surgery or shunting).'”*20-24 The
risk of angiogram is generally low, with =1% complication
rates at high-volume centers.**>** Contraindications include
contrast allergies, aortic stenosis, and general medical insta-
bility precluding a sedated or anesthetized procedure.

When the diagnosis of moyamoya is made in a child, fami-
lies frequently ask about the need to screen other relatives.
Initial screening is commonly defined as MRI and MRA,
looking for the defining radiographic characteristics of moy-
amoya.'”?72% Given the low rate of familial involvement
(3.4%) in a large North American series, imaging of unaf-
fected family members is generally reserved for first-degree
relatives of patients who have other first- or second-degree
relatives with documented moyamoya, who have clinical his-
tories strongly suggestive of moyamoya (TIA, stroke, severe
headaches, or seizures without identified cause), or who are
identical twins.?®® Absent specific symptoms, it is reasonable
to delay imaging until an age at which the child can tolerate an
MRI without anesthesia. If an initial screening MRI is normal,
it is unclear what, if any, interval is appropriate to recommend
until a follow-up scan. However, data indicate that previously
normal scans can later show clear (and clinically symptomatic)
moyamoya, suggesting that follow-up may have utility.'

Genetic testing and counseling are also relevant to chil-
dren and families diagnosed with moyamoya, particularly
in that there is generally a high penetrance of the phenotype
with most mutations and there is a potential surgical treat-
ment if identified (unlike the less clear implications of test-
ing for other conditions in medicine). In-North America, only
a small minority of pediatric moyamoya cases (<5%) appear
to have clear genetic associations, unless.the children“have
Asian heritage (in whom RNF213 mutations are seen in 30%—
50%).182208210211 The presence of an RNF213 mutation with
moyamoya has marked significance for familial screening be-
cause data suggest that familial penetrance is =23%, and if
an individual carries the mutation, there is a nearly 50% like-
lihood of manifesting arteriopathy.?''?'? Other mutations are
rarer but may be detected by specific clinical or radiographic
phenotypes (ACTA2 carriers with distinctive stellate arteries
branching from a dilated proximal internal carotid, GUCY
mutations with achalasia, etc).'$*19721215 Current moyamoya-
associated mutations are noted in Table 2.

Thrombophilia

In developmental hemostasis, the hemostatic system consists
of platelets and proteins, which become activated and interact
to form a thrombus (coagulation) followed by thrombus deg-
radation (fibrinolysis). Both pathways have natural inhibitors
modulating these processes, some of which include protein C,
protein S, and antithrombin in coagulation and plasminogen
activator inhibitor in fibrinolysis. In children, levels of these
proteins are decreased and approach adult levels at various
times during development.

Thrombophilia conditions leading to hypercoagulable
states resulting from either inherited or acquired conditions
have been associated with pediatric AIS. Some of these
conditions have been directly associated with first inci-
dent pediatric AIS,*'®?'"" but the extent of their contribution
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remains controversial because of the variability of testing
in studies.?'® In fact, these conditions may act as triggers for
AIS in the presence of other factors (eg, cardiac disease).
Inherited conditions statistically associated with first inci-
dent AIS include increased levels of proteins (lipoprotein[a]),
decreased levels of inhibitors of coagulation (protein C and
antithrombin), or gene mutations resulting in either the ina-
bility of protein inhibition during hemostasis (prothrombin
gene mutation P7G20210 and FVL GI1691A) or the pro-
duction of an abnormal compound (increased homocysteine
levels resulting from methylene tetrahydrofolate reductase
C677T polymorphism).?'” Acquired conditions include the
presence of abnormal proteins (antiphospholipid antibod-
ies, including lupus anticoagulant, anticardiolipin antibodies,
or anti—f3, glycoprotein Ib antibodies).”” Of these, elevated
lipoprotein(a), FVL, PTG20210, protein C, and methylene
tetrahydrofolate reductase polymorphisms (which result in
increased homocysteine) independently increase the risk of
AIS.#'® It is important to realize that a homozygous FVL mu-
tation has a much higher risk for thrombosis than a popula-
tion variant such as a heterozygous FVL mutation. Currently,
a relationship between recurrent stroke and the following 2
abnormalities has been demonstrated in a single-center lon-
gitudinal study: protein C deficiency (relative risk, 3.5 [95%
CI, 1.1-10.9]) and lipoprotein(a) (relative risk, 4.4 [95% CI,
1.9-10.5]).>"

In clinical studies, testing for thrombophilic abnormali-
ties will further characterize the-pathogenesis of AIS and
may determine any relationship to‘recurtent stroke. Without
an adequately powered study to detect the impact of genetic
thrombophilia on recurrence risk in pediatric AIS, definite
recommendations about evaluation remain challenging.*'®
However, laboratory testing outside of clinical studies may
provide guidance for-long-term management of the patient.
Abnormalities in protein C, antithrombin, and, less often,
FVL can result in venous thrombosis, with risk increasing
with age. In postmenarchal women, use of oral contraceptives
and pregnancy increase the risk of development of thrombosis
in the presence of these conditions. Thromboprophylaxis may
be considered after referral to an expert in this area.

Increased levels of homocysteine are associated with ve-
nous thrombosis and vascular disease in adolescence and
adulthood.?” Use of folic acid may decrease homocysteine lev-
els and risk of sequelae.?” Increased levels of lipoprotein(a)
have been associated with vascular disease. Although there is
no specific treatment, diet and lifestyle changes may decrease
levels.

Children will often have positive antiphospholipid anti-
bodies after a viral illness.??! If antiphospholipid antibodies
are assessed immediately after a stroke, the test should be re-
peated at 12 weeks after the first positive test to check validity
because levels are usually higher in acute stroke. If their pres-
ence is confirmed, these children may have an increased risk
for thrombosis.??! In addition, non-DNA testing may need to
be repeated when the child is older to ensure that adult levels
of proteins have been attained. Finally, measurement of pro-
teins or homocysteine levels in the acute phase of stroke may
not be accurate and should be repeated after the acute event.
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The importance of determining the presence of hemostatic
protein abnormalities in children with age-appropriate ranges
cannot be underestimated.

Systemic Causes: Inflammatory and Genetic/Metabolic
Systemic causes of childhood AIS are less common than
other causes but are important to identify because they often
alter treatment strategies. Typically, systemic causes of child-
hood AIS include inflammatory causes and genetic/metabolic
syndromes.

Inflammatory causes of childhood stroke have some
overlap with FCA-i. Childhood primary angiitis of the cen-
tral nervous system (cPACNS) has an angiographic appear-
ance similar to that of FCA-i and, when monophasic, may
simply be a different term for the same disease. Progressive
cPACNS may be an important separate entity that has a dif-
ferent presentation. Rather than presenting with AIS, chil-
dren diagnosed with progressive cPACNS are more likely to
have headaches and neurocognitive changes, especially mood
disturbances.?” Initial inflammatory serum markers may be
abnormal in some of the patients with cPACNS?? and predic-
tive of recurrent events.’”® The presence of persistent serum
inflammatory biomarkers (ie, C-reactive protein and erythro-
cyte sedimentation rate) beyond 1 month after stroke is sug-
gestive of a potential progressive inflammatory disease such
as cPACNS, systemic lupus erythematosus, deficiency of
adenosine deaminase 2, or polyarteritis nodosa. Other clues
to an inflammatory/rheumatologic disease include renal di-
sease, proteinuria, hand nodules, frequent fevers, and livedo
reticularis (Table 2). Diagnosis of these syndromes is partic-
ularly important because they may alter management, requir-
ing long-term immunosuppressive treatment and, in.the case
of deficiency of adenosine deaminase 2, stopping antithrom-
botic therapy.

Genetic and metabolic causes of stroke-are rare-but-have
important implications for treatment and counseling of the
patient family members. As previously described, specific
genetic testing should be considered in moyamoya and dissec-
tion with hypermobility on examination (ie, connective tissue
disorders). Other specific syndromes that should be consid-
ered in childhood AIS include ACTA2 syndrome, COL4AI
mutations, and PHACE syndrome (posterior fossa anomalies,
hemangioma, arterial lesions, cardiac abnormalities/coarc-
tation of the aorta, eye anomalies). Mitochondrial disorders
can cause stroke-like episodes that can be distinguished from
AIS in that their radiographic lesions are not in an arterial
distribution.

ACTAZ2? is an autosomal dominant syndrome that typically
presents with neuroimaging findings that include subcortical
white matter infarcts and straight ectatic bilateral internal ca-
rotid arteries, although aneurysms and irregularities of intra-
cranial vessels and focal infarcts are also reported.'#>:197:224223
Sequelae of the mutation are largely secondary to smooth
muscle dysfunction and include patent ductus arteriosus at
birth, congenital dilated and unreactive pupils, aortic arch di-
lation, pulmonary hypertension, hypotonic bladder, and mal-
rotation of the gut,'#5:197.224.225

COL4A1 is a protein that in humans is encoded by
the COL4Al gene on chromosome 13. It is ubiquitously

expressed in many tissues and cell types. COL4Al plays a
role in angiogenesis. Mutations in the gene have been linked
to diseases of the brain, muscle, kidney, eye, and cardiovas-
cular system.?*®

PHACE syndrome also presents with vascular abnor-
malities, but they are often less pathological. Children with
PHACE present at birth with a segmental infantile heman-
gioma on the head/scalp, typically >5cm, or multiple hem-
angiomas. Other major criteria for diagnosis include arterial
abnormalities of the cervical or intracranial arteries, posterior
fossa brain anomalies, aortic arch anomalies, posterior seg-
ment ocular anomalies, and midline anomalies of the chest
or abdomen. The definite diagnosis of PHACE syndrome is
based on the history of infantile facial hemangioma and 2 ad-
ditional major criteria. Diagnosis is important because MRI
of the head, MRA of the head and neck, cardiac echocardio-
gram, and ophthalmology consult are warranted. In addition,
routine surveillance of head and neck vasculature is indicated
in cases of intermediate- or high-risk vascular lesions such as
complex lesions or lesions suggestive of moyamoya. Patients
with PHACE syndrome are also at high risk for developing
other systemic complications such as endocrinopathies.'*

The characteristics of mitochondrial strokes are different
from those of thrombotic events, primarily in that they do not
conform to vascular territories.!*1%422"-20 MELAS syndrome
(mitochondrial encephalopathy, lactic acidosis, and stroke-like
episodes) typically presents in a previously normal child with a
history of migrainous headaches, and vomiting.**>32 Children
with MELAS often have short:stature-and a-history of seizures.
Lesions-are predominantly occipital and may have paradoxi-
cally increased apparent diffusion coefficient on diffusion-
weighted imaging®® In addition, diffusion-weighted imaging
may demonstrate hyperintensities in gyriform pattern, and T2
anomalies may expand- on sequential imaging.'**** Lactic ac-
idosis, elevated CSF protein, and ragged red fibers on muscle
biopsy are typical feature of the disease,?** although diagnosis
is confirmed through genetic sequencing. POLG1 spectrum
disorders should be suspected in children with stroke and sim-
ilar MRI findings in whom there is a history of encephalopathy,
status epilepticus, or premorbid developmental delay.'>!5

Evaluation of a Child With AIS

Primary Evaluation

The basic evaluation of children with AIS is based on screen-
ing for the most common causes of stroke in children and
should try to identify those causes that might lead to an im-
mediate or delayed recurrent stroke. This includes evaluation
of cardiac structure and function, radiographic screening of
intracranial and extracranial cerebral vessels, thrombophilia
testing, and serum analysis of inflammatory markers (Table 1).
In children with stroke, MRI with diffusion-weighted imaging
is the preferred method of diagnosis because there are many
mimics of childhood AIS, including hemiplegic migraine,
Todd paralysis, and psychogenic causes.”* A recent consen-
sus-based statement from members of the IPSS provides a de-
scription of suggested sequences for MRI and MRA in acute
stroke (Table 1)."** Once diagnosis is confirmed, most children
should have additional evaluation with transthoracic echocar-
diogram, ECG, MRA of the head and neck, thrombophilia
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studies, and inflammatory screening (Table 1). In some cases
of known pathogenesis such as traumatic dissection or moy-
amoya, all of these studies may not be warranted. It is im-
portant to recognize, however, that childhood AIS is often
associated with multiple risk factors** such as PFO and SCD
or cardiac disease and cerebral arteriopathy.’%

Secondary Evaluation

Further evaluation should be pursued in children with un-
explained or recurrent stroke. In cases of arteriopathy or
evidence of inflammatory disease lumbar puncture, rheu-
matologic screening and DSA are considerations. Patients
with posterior circulation events and hyperextensibility
may be candidates for neck imaging (to rule out cervical
instability) or genetic screening to identify a connective tis-
sue disorder. Undiagnosed metabolic, genetic, or rheuma-
tologic syndromes should always be considered in children
with unexplained recurrent AIS. Diagnostic clues to these
syndromes are found in Table 2. Further evaluation is also
dictated by the underlying pathogenesis. For instance, in
moyamoya, patients usually require DSA in preparation for
revascularization and consideration for an underlying ge-
netic disorder (Table 2).

Considerations for Clinical Practice

1. Children with stroke typically undergo a transthoracic
echocardiogram with bubble and are screened for an ar-
rhythmia (via inpatient telemetry or electrocardiographic
or Holter monitoring) unless a definitive noncardiac en-
tity is found.

2. Imaging of the intracranial vessels is a standard com-
ponent of a childhood AIS evaluation; MRA is the pre-
ferred modality because of the'radiation and. contrast
exposure with CTA and DSA. In cases with moyamoya,
DSA is typically performed todelineate anatomy be-
fore surgery.

3. Extracranial vessel imaging can be performed unless an
alternative entity is found. Imaging should be of high
enough quality to reasonably determine the presence/ab-
sence of a dissection or pseudoaneurysm.

4. In patients with multiple infarcts of the posterior circu-
lation, DSA can evaluate the V3 segment. Head turning
during a CTA or a DSA can reveal dynamic VA compres-
sion, but risks and benefits of such a maneuver should be
carefully considered (eg, risk of thromboembolism with
passive head turning under anesthesia if thrombus is pre-
sent). Management of dynamic VA compression remains
controversial.

5. Serial imaging of intracranial and extracranial arteriopa-
thies (including CCAD, FCA-i, FCA-d, and moyamoya)
can assist in monitoring for progression throughout the
first year and possibly longer. The clinician should min-
imize the use of techniques that use radiation or contrast
dyes when appropriate.

6. In cases of intracranial arteriopathies and posterior cir-
culation stroke, families should be counseled about the
high recurrence risk, particularly in the first year.

7. In cases of FCA, a lumbar puncture can evaluate in-
flammation and causative agents such as herpes simplex
virus (via polymerase chain reaction) or VZV (via poly-
merase chain reaction and antibodies).
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8. In cases of dissection and hypermobility on examination,
clinicians should consider appropriate genetic screening
for connective tissue disorders.

9.In cases of moyamoya, a neurosurgeon can assist in
evaluating whether to revascularize; genetic counseling
is helpful to discuss genetic disorders associated with
moyamoya.

10. A thrombophilia evaluation is helpful in every case of
childhood stroke, especially if there is no identifiable
cause, medical history of thrombosis, or a first-degree
relative with thrombosis history.

11. In cases without a definitive cause, screening for systemic
causes such as serum testing of erythrocyte sedimentation
rate, C-reactive protein, and antinuclear antibody is help-
ful. Other rare causes of stroke also should be considered
(Table 2), including deficiency of adenosine deaminase 2
in cases of stroke and livedo reticularis, ACAT?2 in cases
of straight ectatic internal carotid arteries, Fabry disease in
cases with painful neuropathy, MELAS/POLGI in cases
of stroke that does not conform to vascular territories,
COLA4AL in cases of hemorrhage, and connective tissue
disorders in cases of hyperextensibility and dissection.

Controversies in Current Practice

* Indication for transesophageal echocardiography in chil-
dren with stroke

e Imprecise nomenclature to describe intracranial
arteriopathies

» Extent of thrombophilia evaluation

e Threshold for screening. patients for rare metabolic/
genetic causes of’childhood stroke

» Evaluation and treatment of dynamic VA compression

* PFO closure

o Treatment with antithrombotic agents if a nondominant
heterozygous mutation is identified

Knowledge Gaps

* Role of PFO in childhood stroke pathophysiology

 Further clinical and pathophysiological understanding of
posterior circulation strokes in children, especially the
clinical entity consisting of V3 dissection/pseudoaneu-
rysm, male predominance, and high recurrence risk

e Identifying which arteriopathies are inflammatory, infec-
tious, or caused by adherent clot or dissection

* Role of steroids and acyclovir for the treatment of FCA

* Indication for genetic testing in children with dissection
or moyamoya

e Utility of CSF studies in cases of FCA-i

* MRA screening of first-degree relatives of patients with
moyamoya

Primary and Secondary Prevention of Childhood AIS
Primary Stroke Prevention in Children

Primary prevention has been difficult because the underlying
causes of AIS are diverse and far different from the commonly
occurring risk factors for adult stroke. Primary prevention has
been accomplished in children with SCD, in whom long-term
blood transfusion therapy decreases recurrence risk. (Stroke
prevention in SCD is discussed in greater detail in the Stroke
in SCD section below.) The first stroke might be prevented in
some children with an intracardiac thrombus by anticoagula-
tion or surgery. Aside from these high-risk situations, primary
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stroke prevention has not been achieved in pediatric patients.
Therefore, the treatment approach is, as in adults, focused on
the prevention of recurrent stroke. These treatments include
medical and surgical approaches, depending on the clinical
scenario. Although there is little evidence to support enhance-
ment of healthy behaviors to reduce stroke risk in children,
it is important to establish healthy behaviors in childhood to
reduce the risk of obesity and sedentary lifestyle, factors that
lead to an increased risk later in life.

Risk of Recurrent Stroke

Although neonates have a low risk of recurrent AIS (except
in the setting of complex congenital heart disease),?® the risk
of recurrent AIS in older children is substantial. More than 1
in 10 children will have another stroke within a year of their
index stroke.?® Children with arteriopathies (particularly pro-
gressive arteriopathies) have the highest recurrence risk: 1in 3
will have another stroke within a year. Children with posterior
circulation stroke have an increased recurrence rate compared
with children with anterior circulation stroke.'® As in adult
stroke, antithrombotic agents are a mainstay of stroke preven-
tion. During the 1990s when children with AIS did not system-
atically receive antithrombotic treatment, reported recurrence
rates for AIS or TIA were 30% to 50%.%37 Both antiplatelet
(eg, aspirin) and anticoagulant (LMWH or warfarin) medica-
tions appear to be safe in initial AIS,>**° although relative
contraindications to anticoagulant therapy include very large
acute infarcts or severe bleeding diathesis.

Antithrombotic Therapies Used for Stroke Prevention

The antiplatelet therapy most commonly used in children
with AIS is aspirin. The anticoagulants most often used are
LMWH and vitamin K antagonists. Direct oral anticoagu=
lants (antithrombin agent: dabigatran; anti—factor Xa agents:
rivaroxaban, apixaban, edoxaban) have been approved for the
primary prevention of adult stroke caused by atrial fibrilla-
tion*** and are currently being studied in children with venous
thrombosis, including CSVT. There are no studies using these
agents in childhood AIS.

The 2008 AHA scientific statement® generally supported
either initial aspirin or LMWH for initial therapy in pedi-
atric AIS. However, it remains unclear in which situations
antiplatelet or anticoagulant medications are the best initial
and long-term secondary prevention treatment in children.
Antithrombotic treatment decisions are difficult and require
individualization; children with AIS should therefore be re-
ferred to and managed in pediatric centers with on-site ex-
pertise and protocols for the management of pediatric stroke.
The availability of hematology consultation with experience
in stroke management is invaluable in managing children with
thromboembolic stroke.

For children with uncharacterized childhood AIS, either
anticoagulation or aspirin may be considered during the in-
itial 5 to 7 days after presentation while the cause is being
investigated. Once investigations for cause are complete, fur-
ther refinement of the medical approach can be applied. For
stroke resulting from cardiac embolism (including neonates)
or in individuals with a prior thrombosis or a known pro-
thrombotic disorder, maintenance therapy typically consists
of continued anticoagulation with LMWH or warfarin for 3

to 6 months or longer. Consideration by a multidisciplinary
team, including an expert in pediatric thrombosis, should be
given to longer-term therapy in the presence of a severe ge-
netic thrombophilia (eg, protein C deficiency, antithrombin
deficiency, hyperhomocysteinemia). In most other children,
continued maintenance therapy consists of aspirin®! dosed at
3 to 5 mg-kg'-d”". The duration of aspirin therapy depends
on the underlying condition and the ongoing risk of recurrent
stroke. Most children are treated for 2 years to cover the time
window when the vast majority of recurrent strokes occur.?’
However, the duration of antithrombotic treatment in the set-
ting of persistent arteriopathy is unknown. No clinical trials
have evaluated whether antiplatelet or anticoagulant medica-
tion is best; however, it is clear that the absence of antithrom-
botic therapy is associated with a 1.5- to 2-fold increased risk
of recurrent stroke after index childhood AIS.®

Aspirin Resistance

Aspirin inhibits platelet cyclooxygenase-1 and prevents throm-
boxane B, production.*** Aspirin resistance has been widely
discussed in the adult literature,** including the development
of major cardiovascular events secondary to lack of response
to aspirin as measured in the laboratory.** However, studies
do not support lack of inactivation of cyclooxygenase-1 by
aspirin.?*2* Enteric-coated aspirin, but not the immediate-
release preparation, may result in delayed and reduced drug
absorption. 2248230 Patient nonadherence and drug-drug inter-
actions between aspirin and a nonsteroidal anti-inflammatory
drug, that is, ibuprofen or-naproxen,.probably account for
many reports of resistance.?* Drug-drug“interactions can be
mitigated by administering aspirin 2 hours before a nonsteroi-
dal anti-inflammatory drug.>' Use of multiple daily doses of
ibuprofen, howeyer, will competitively inhibit daily low-dose
aspirin platelet inhibition.”! Patients with diabetes mellitus and
thrombocythemia have a faster cyclooxygenase-1 recovery;
thus, aspirin should typically be given twice per day.?*$252-25

PFO Closure for Stroke Prevention

As discussed, the role and treatment of PFO remain con-
troversial in pediatric stroke. Several clinical trials of PFO
closure for selected adult patients with cryptogenic stroke
suggest a benefit in terms of reduction in recurrent stroke
risk, although the device itself was associated with compli-
cations such as atrial fibrillation. Pediatric trials are lack-
ing, but a large prospective observational study suggested no
benefit to closure.’

Considerations for Clinical Practice

1. Children with acute stroke are typically treated initially
with antithrombotic agents to prevent initial recurrent
stroke, either an antiplatelet (aspirin) or an anticoagulant
(LMWH or UFH), unless contraindications exist. For
AIS resulting from cardiac and thrombophilia causes,
anticoagulants are usually the preferred approach.

2. Long-term antithrombotic therapy may prevent later re-
current strokes; this includes either antiplatelet agents
(aspirin) or anticoagulants (LMWH or warfarin),
depending on the pathogenesis. Preventive medications
are typically maintained for at least 2 years and, in most
cases, longer term. Protection of the gastrointestinal tract
should be considered with long-term aspirin use.
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Controversies in Current Practice

* For initial therapy pending confirmation of the cause,
whether anticoagulant or antiplatelet therapy is best is
controversial. Safety data support both approaches.

* Secondary stroke prevention strategies for many specific
childhood AIS pathogeneses remain controversial, for
example, steroids for FCA-i, anticoagulation for pedi-
atric arterial dissection, and timing/type of surgery for
moyamoya (see Stroke Prevention in Children With
Moyamoya). The significance of PFOs (and hence the
utility of PFO closure) also remains controversial in pe-
diatric stroke.

Knowledge Gaps
e The duration of antithrombotic therapy remains un-
known, and further studies are required. However, recur-
rent stroke continues at lower frequencies for years after
the index stroke in some children.
e OQOutside the setting of SCD, there have been no stroke
prevention trials in children.

Stroke Prevention in Children With Moyamoya

Imaging Evaluation. MRI sequences that are particularly
useful in moyamoya include fluid-attenuated inversion re-
covery images to assess chronic infarct burden and areas of
slow flow (as evidenced by the so-called ivy sign, or serpen-
tine sulcal hyperintensity, present in =80% of cases) and MRA
to visualize the circle of Willis.!7717:200201.258-262. Advances in
vessel wall imaging can help to distinguish between vasculitis
and moyamoya.’®® DSA is important for surgical planning to
avoid disruption of natural collaterals from the external ca-
rotid circulation.

Surgical Management. Surgical ' revascularization. is
the primary treatment for moyamoya disease or syn-
drome.!77:179:209264265 K ey points of surgical management focus
on indications for surgery, timing of operation, selection of
specific technique, and expectations of outcome after revas-
cularization. Tenets of perioperative care include careful
hydration (often with intravenous fluids at 1.25-1.5 times
maintenance), avoidance of hyperventilation-related cerebral
vasoconstriction (often caused by crying, pain, or emesis), and
careful maintenance of blood pressure to avoid hypotension
relative to the patient’s baseline to maintain cerebral perfusion.
Indications for surgical intervention include strokes, TIAs, or
other clinical or radiographic evidence of compromised cere-
bral blood flow or cerebral perfusion reserve. Relative contra-
indications include very early-stage arteriopathy with normal
perfusion and profound medical or neurological compro-
mise.!717%190266 Of note, the sparse data focused on surgical
revascularization in children with ACTA2 arteriopathy sug-
gest that this is a very high-risk population; however, indirect
revascularization is still offered after appropriate risk/benefit
discussions with families and with particularly strict intraop-
erative blood pressure control.?®’

Once a patient has met the criteria for revascularization,
surgery should generally be done as soon as feasible, although
delays of several weeks may be appropriate to coordinate
skilled anesthetic and operating room staffing or to allow
swelling from an acute stroke to abate.'” Limited data suggest
possible benefit of performing bilateral surgery (if indicated)
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under a single anesthetic; however, this remains controversial,
and current practices vary.?s

Surgical Approach and QOutcomes. There are 2 main cat-
egories of surgical revascularization: direct (which involves
transecting a donor vessel and anastomosing it directly to a
single recipient cortical vessel) and indirect (which uses some
vascularized tissue such as a vessel, muscle, or pericranium to
stimulate the growth of a new vascular network when placed
in contact with the brain).'”” A 2017 systematic review of the
literature and decision analysis describes the distinct risks
and benefits of each approach and concludes that for children
with moyamoya, the indirect approach yielded greater qual-
ity-adjusted life-years at 10 years after surgery than the direct
approach.”® In practice, the preferred approach continues to
vary between institutions.

There is abundant evidence that surgical revasculariza-
tion improves a wide range of outcome metrics in children
with moyamoya. Radiographically, revascularization reverses
white matter changes, improves measures of cerebral oxygena-
tion, and increases cerebral blood flow while stabilizing stroke
burden, despite progressive arteriopathy.'!-2>270-2* Clinically,
surgery decreases ischemic symptoms, headache, and risk of
hemorrhage and markedly reduces stroke rates (without sur-
gery, stroke risk is 32% at 1 year and 66%—-90% at 5 years; after
surgery, stroke risk drops to <5% for most populations at both
the 1- and 5-year time points) while concomitantly improving
functional and cognitive outcomes,>*!%0265269.272.273.275-277

As for many surgical procedures;an important predictor
of surgical outcome is whether the child is treated at a high-
volume center with a dedicated pediatric cerebrovascular
team.”’® Recent data from a national database analysis reveal
that high-volume centers (averaging >30 pediatric cerebrovas-
cular procedures annually) had shorter lengths of stay (32%),
lower costs (57%), an'8-fold more likely discharge to home
(versus rehabilitation), and a 15-fold lower rate of death.””
These data support regionalization of care with centers of ex-
cellence for subspecialized care.

Stroke Prevention in Children With Dynamic VA Compression
Rotation (or extension) of the neck can result in dynamic VA
compression (or colloquially bow hunter syndrome, referring
to the turning of the head when using a bow as an archer). In
patients with single-VA physiology (resulting from hypopla-
sia or prior disease of the contralateral VA), dynamic compres-
sion can trigger symptoms of brainstem or cerebellar ischemia
with head turning: transient vertigo, weakness, and fainting,
with more severe cases leading to completed stroke.'6-280-281
In children, the more common presentation is recurrent pos-
terior circulation AIS, presumably caused by artery-to-artery
thromboembolism.

The pathology is typically related to dynamic compression
at a specific point along the course of the VA, often at the C1-2
vertebral body level, involving the V3 segment, although com-
pression at any level in the cervical spine can be a problem, with
some reports finding C5-7 involvement in =50% of individu-
als.'%282 The involved arterial segment can appear normal when
imaged with the head at midline or can have mild irregularity,
stenosis, or even frank dissection, presumably resulting from
chronic mechanical injury. Compression is typically left-sided,
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although bilateral cases have been reported in children.!#682
Structural lesions (in children, tendon bands, congenital arcuate
foramen, bony ponticles) are common causes, but ligamentous
laxity with hyperrotation or congenitally narrow bony canals
may also contribute, and disease may be multifactorial.'46-280-282
Evaluation may begin with transcranial Doppler (TCD),
which may have limited sensitivity but has very high spec-
ificity, particularly if VA velocities drop to <20% of base-
line with rotation.?®®* Neck MRI and CT may help to identify
structural lesions, and neck MRA and CTA may demonstrate
the presence of arterial irregularity or dissection, but the de-
finitive diagnosis often requires a dynamic DSA looking for
abrogation of flow in the VA with rotation.'#6280-282 Passive
head turning under anesthesia must be performed with cau-
tion, particularly in patients dependent on a single VA (be-
cause of hypoplasia, aplasia, or occlusion of the other VA) or
with acute thrombus in the VA that could embolize during the
maneuver. The significance of dynamic VA compression re-
mains controversial because some degree of compression may
be normal. Indications of pathological compression include
recurrent posterior circulation strokes and evidence of arte-
rial irregularity or frank dissection at the level of compression,
suggestive of mechanical trauma to the VA. Treatment is pred-
icated on either decompression or fusing the abnormal motion
segment of the spine.'**? In pediatric patients, follow-up is
particularly important after decompression to identify delayed
instability of the spine that might later require fusion.

Stroke in SCD

Children with SCD, more specifically children with homozy-
gous hemoglobin SS, referred to as sickle“cell anemia, have
well-documented increased rates of neurological compli-
cations, including but not limited to silent infarcts, strokes,
seizures with strokes, CSVT, cerebral hemorrhages, and
hyperviscosity syndrome. Other SCD phenotypes in order of
decreasing frequency in the United States include the com-
pound heterozygotes hemoglobin sickle cell and hemoglobin
SP° thalassemia. All children with SCD phenotypes have a
minimum of 50% hemoglobin S levels. In children with he-
moglobin SS and SP° thalassemia, the hemoglobin S levels
can range from =85% to 95% with no hemoglobin A. The
epidemiology and controlled clinical trials for primary and
secondary prevention of strokes in children with SCD include
only children with hemoglobin SS and hemoglobin Sp° thal-
assemia. Five clinical trials have been conducted in children
with these 2 phenotypes. The considerations for clinical prac-
tice for primary and secondary stroke management in children
with hemoglobin SS are based on the results of these trials.

Acute Management of Suspected Strokes in Children
With SCD
Children with SCD presenting with focal neurological deficits
or first-time seizure should prompt a neurological consult and
receive a brain MRI; if an acute infarct is present, MRA or
MRV should be considered, depending on the pattern of the
infarct. The MRV is required in the acute setting because chil-
dren with SCD have increased propensity to develop CSVT,
requiring a change in management if CSVT is detected.

To avoid undertreatment of stroke in this high-risk pop-
ulation presenting with focal neurological deficits, prompt

intervention with simple blood transfusion therapy within
several hours of presentation should occur. This is necessary
to increase oxygen delivery if the hemoglobin is <10 g/dL. In
general, the simple transfusion should be provided as soon as
possible after focal neurological deficits and even before the
MRI. With simple blood transfusion therapy, the hemoglobin
should not be increased to >11 g/dL as the target. Typically, in
children, for every 10 cm?/kg of packed red blood cells trans-
fused, we expect the hemoglobin to increase =2.5 to 3.0 g. To
avoid hyperviscosity syndrome, the hemoglobin level should
be checked within 2 hours after the transfusion. If the base-
line hemoglobin is >10 g/dL, as may be the case in with chil-
dren who present with hemoglobin SCD, an initial exchange
blood transfusion should be performed to decrease the hemo-
globin level to <10 g/dL. Regardless of the type of SCD, after
a simple transfusion has been given within a 6-hour window
of presentation, an exchange transfusion is recommended to
lower the hemoglobin S level to #15% and to increase the he-
moglobin to =10 g/dL. No absolute threshold is established
for when an exchange transfusion should not be completed
after an acute focal neurological deficit (stroke or TIA). To
address the challenge of negative diffusion-weighed MRI of
the brain in the setting of acute neurological event with a clin-
ical suspicion of a stroke, repeating the MRI =2 to 4 weeks
after the acute presentation should be considered, especially to
clarify whether the focal event was indeed a stroke.

Primary Stroke Prevention in Children With SCD
Fortunately, over the past20iyears| the: prevalence of stroke
has decreased dramatically in children with hemoglobin SS.
Adams et al?* first demonstrated that an abnormal TCD meas-
urement of.the time-averaged mean maximum velocity of at
least 200 e¢m/s in the terminal portion of the internal carotid
or the proximal portion, of the MCA was associated with an
incidence.of stroke of =10 events per 100 patient-years. In this
trial, Adams et al demonstrated that children with abnormal
TCD measurements treated with regular blood transfusion
therapy had a relative risk reduction of strokes of 92% com-
pared with children with abnormal TCD measurements who
did not receive any therapy in the trial.®* The number of chil-
dren who needed to be treated (7) was considered reasonable
to accept when offered an opportunity to prevent strokes.?*
To reduce the lifelong burden of regular blood transfu-
sion therapy to prevent stroke, the TWiTCH study (TCD With
Transfusions Changing to Hydroxyurea), a multicenter, open-
label, phase 3 noninferiority trial, was completed. Participants
with abnormal TCD velocities were randomly allocated ei-
ther to receive blood transfusion therapy or, after 12 months
of monthly blood transfusion therapy, to be switched over to
hydroxyurea therapy.?® During the first interim analysis, non-
inferiority was demonstrated between the 2 treatment arms,
and the study was terminated. No strokes occurred in either
treatment arm, and MRI of the brain did not reveal any new si-
lent strokes. The results of the trial have substantially changed
the care for thousands of children with hemoglobin SS and
hemoglobin SB° thalassemia with abnormal TCD velocities.
A subgroup of children with abnormal TCD velocities and
MRA-defined vasculopathy were excluded from the trial.
For this group of children, there are mixed opinions about
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switching them to hydroxyurea from regular blood transfu-
sion therapy.

Potentially, a TCD measurement could be obtained after
the child has been switched over to hydroxyurea; however,
persistence of an abnormal TCD measurement after treatment
with blood transfusion therapy does not confer an increased
risk of stroke.”®® As a follow-up analysis to the STOP trial
(Optimizing Primary Stroke Prevention in Sickle Cell
Anemia), Kwiatkowski et al**® demonstrated that TCD veloci-
ties remained abnormal in 21% of the children 2.4 years after
receiving regular blood transfusion therapy, and none of these
children subsequently had a stroke. Untreated SCD in children
with abnormal TCD measurements of least 200 cm/s is asso-
ciated with an increased rate of strokes; however, no evidence
exists that after treatment with either regular blood transfusion
therapy or hydroxyurea, abnormal time-averaged mean max-
imum velocity predicts future strokes.

Secondary Stroke Prevention in Children With SCD

A randomized controlled trial,®®” a single-arm controlled
trial,”® and a pooled analysis of several multicenter and sin-
gle-center trials®®® have demonstrated that blood transfusion
therapy is the preferred therapy for secondary stroke preven-
tion compared with hydroxyurea therapy or observation. In
2012, Ware and colleagues®®’ demonstrated that regular blood
transfusion therapy was superior to hydroxyurea therapy for
secondary stroke prevention. Adjudicated strokes occurred
in 10% (7 of 67) of the group randomized to hydroxyurea
therapy and none (0 of 66) of the group receiving standard
therapy. The iron stores were equivalent in both groups.
Thus, the study was stopped during the interim analysis on
the basis of the futility of reaching the composite end point.
In 2011, Hulbert and colleagues®* demonstrated that regular
blood transfusion therapy, even with a maximum average he-
moglobin S level of <30%, was associated with a high re-
currence rate of strokes and silent infarcts. Over a median
duration of 5.4 years of prospective follow-up, 45% of the
participants had recurrence of a cerebral infarct, either stroke
or silent infarct. Worsening arteriopathy assessed with MRA
was associated with an increase relative risk of infarct recur-
rence (stroke or silent infarct; relative risk, 12.7 [95% CI,
2.6-60.5]; P=0.001).

Prevention of Strokes in Low-Resource Settings

When studies are evaluated in a pooled analysis along with
other trials, there is a clear pattern that regular blood trans-
fusion therapy is superior to hydroxyurea and that hydroxy-
urea is superior to only observation for secondary stroke
prevention.?® The expected incidence rates of stroke recur-
rence while on regular blood transfusion therapy, hydroxy-
urea therapy, or no therapy were found to be 1.9 (95% CI,
1.0-2.9), 3.8 (95% CI, 1.9-5.7), and 29.1 (95% CI, 19.2-38.9)
events per 100 patient-years, respectively. What is not known
is the actual hydroxyurea dose associated with efficacious
secondary stroke prevention while minimizing associated tox-
icity.?® Traditionally, 3 options are available: 10 mg-kg='-d™!
(low dose), 20 mg-kg'-d™' (moderate dose), and 25 to 35
mg-kg™'-d”! (maximum tolerated dose). The relative risks and
benefits of each dose are unknown and may depend on local
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resources for laboratory surveillance with the various doses of
hydroxyurea.

Alternative Strategies of Secondary Stroke Prevention

Other less established therapies for secondary stroke preven-
tion include surgical revascularization procedures?’**"+2* and
hematopoietic stem cell transplantation.?®'*? No study to date
has used a randomized controlled trial design or a rigorous
before-and-after evaluation to assess neurological injury, in-
cluding serial long-term assessment of neurological and neu-
roimaging changes with a central adjudication committee.
We highly recommend that children with strokes who un-
dergo revascularization procedures, hematopoietic stem cell
transplantations, or both participate in long-term multicenter
clinical trials with formal stopping rules, central adjudica-
tion of primary and secondary outcomes, and registration in
ClinicalTrials.gov. Even without major funding, a team-based
learning collaborative effort may be feasible.**

Stroke Prevention in Children With Preexisting Silent Infarcts
The most common central nervous system complication in
children with hemoglobin SS and hemoglobin S{3° thalassemia
is silent infarction, occurring in up to 33% of children with he-
moglobin SS with normal TCD measurements before 15 years
of age. Silent infarcts are defined as an infarct-like MRI lesion
at least 3 mm in 1 dimension and visible in 2 planes on fluid-
attenuated inversion recovery T2-weighted sequences and the
absence of a neurological examination finding referable to the
lesion.?”® The importancenof-a-pediatric:neurological exami-
nation is underscored by the fact that in a clinical trial set-
ting, 7% of the children classified as having a silent infarct by
hematologists were later identified as having a stroke when
evaluated by-a-pediatric neurologist.”* In a pooled analysis of
10 studies, childrenwith hemoglobin SS with and without si-
lent infarcts had a full-scale IQ difference of 5 points.**

The only evidence-based treatment for silent infarcts is
regular blood transfusion therapy, with the goal of keeping
the hemoglobin S percentage <30%. The National Institute of
Neurological Disorders and Stroke—funded SIT trial (Silent
Cerebral Infarct Transfusion) demonstrated that children with
silent infarcts and normal TCD velocities randomly allocated
to regular blood transfusion or observation had a 58% rela-
tive risk reduction of new or progressive cerebral infarcts (si-
lent infarcts or stroke).?”®* Thus, children with silent infarcts
and normal TCD velocities not treated with regular blood
transfusion therapy are at increased risk of cerebral infarcts
(strokes or silent infarcts). However, for those receiving reg-
ular blood transfusion therapy, the number needed to treat was
13 to prevent 1 cerebral infarct recurrence. Other nonneuro-
logical benefits occur when regular blood transfusions are
started compared with only observing silent infarcts. These
benefits include statistically significant and clinically relevant
decreases in incidence rates in vaso-occlusive pain events and
acute chest syndrome®’ and improved quality of life.?”® The
consequence of regular blood transfusions include, after a
year, iron chelation to attenuate the excessive iron stores.

Four observations provide evidence to inform fami-
lies and to screen for silent infarcts in school-aged children
with hemoglobin SS and SB° thalassemia. Silent infarcts
are associated with cognitive impairment®* and poor school
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performance®>%7; are risk factors for future strokes and silent
infarcts in children with normal TCD measurements®*?; can be
treated with regular blood transfusion to substantially reduce
the incidence rate of stroke and silent infarct recurrence®?;
and are common, occurring in at least 33% of school-aged
children.”? On the basis of this evidence, families should at
least be informed of the risk of their child having a silent in-
farct; providers should consider screening for a silent infarct
at least once with a nonsedated brain MRI. If a silent infarct
is identified, then a formal cognitive assessment is useful to
secure additional resources in school such as an Individual
Education Plan or a 504 plan. The family should also be in-
formed that regular blood transfusion therapy for at least 3
years is the only evidence-based strategy to prevent further
neurological injury (strokes or infarcts). Given that children
with silent infarcts and normal TCD velocities are at increased
risk for developing strokes and silent infarcts that may go un-
detected, surveillance MRI of the brain every 1 to 2 years to
identify progression should be considered.

Unlike in secondary prevention for strokes, for which
hydroxyurea therapy has some efficacy in decreasing the rate
of stroke recurrence, no similar studies have been completed
in children with hemoglobin SS or SB° thalassemia and si-
lent infarcts with conclusive evidence.?® Although cerebral
vasculopathy defined with MRA is considered a risk factor
for strokes, in children with silent infarcts and normal TCD
velocities, MRA-defined vasculopathy has a low prevalence
(<5%) and has not been demonstrated to predict future infarct
recurrence.?”

Avoiding Hyperviscosity Syndrome in Children With SCD

In children and adults with SCD, a rapid rise in hemoglobin to
>10 g/dL may result in hyperviscosity syndrome and devastating
neurological sequelae, including but not limited to CSVT and
multiple cerebral infarcts in a non—border-zone region. Given
that hyperviscosity syndrome is often an iatrogenic complication
of simple blood transfusion therapy,*®*! limited published data
describe the time course and sequelae. However, SCD provid-
ers are familiar with the sequelae, particularly the neurological
sequelae, and try to avoid its occurrence. If after a simple trans-
fusion the hemoglobin is >12 g/dL, then phlebotomy should be
done promptly to decrease the hemoglobin to less than =10 g/
dL. When the hemoglobin is >10 g/dL, typically 10 up to 500
cm’/kg of blood can be safely removed without adverse events.

Considerations for Clinical Practice

1. Acute management of ischemic stroke in SCD should
include optimal hydration, correction of hypoxemia, and
correction of systemic hypotension; moyamoya-related
management can be considered if such arteriopathy
exists.

2. For primary stroke prevention, regular blood transfu-
sions to reduce the percentage of hemoglobin S to a
maximum of <30% or hydroxyurea therapy after 1 year
of regular blood transfusion therapy should be offered to
children if there is no evidence of MRA-defined moy-
amoya syndrome.

3. For secondary stroke prevention, children with hemo-
globin SS or SP° thalassemia should be considered to
receive regular blood transfusion therapy to reduce the

percentage of hemoglobin S to a maximum of <30% in
conjunction with measures to prevent iron overload.

4. Screening for cerebral infarcts with an MRI of the brain
using the SIT trial criteria for detection can be consid-
ered for children with hemoglobin SS or SB° thalassemia.

5. If a silent infarct is identified in a child with hemoglobin
SS or SPP thalassemia, then cognitive assessment is war-
ranted, and the caregivers can have the option for regular
blood transfusion therapy for stroke prevention and con-
sideration for special educational services.

6. For suspected acute cerebral infarction, prompt initial
simple blood transfusion is needed to get the hemo-
globin level to 10 g/dL, or if the hemoglobin is >10 g/
dL, an exchange transfusion is required. The goals of the
exchange transfusion are to reduce sickle hemoglobin to
15% total and the total hemoglobin to =10 g/dL.

7. In children with SCD and an ICH, DSA to evaluate for a
structural vascular lesion is warranted.

8. In children with hemoglobin SS or SP° thalassemia, it is
reasonable to repeat a normal TCD annually and to re-
peat an abnormal study in 1 month. TCD values that are
conditional can be repeated within 2 to 6 months.

9. Hydroxyurea may be considered in children and young
adults with SCD and stroke who will not or cannot
continue on long-term transfusion or who live in low-
resource settings where regular blood transfusion
therapy is not feasible.

10. Bone marrow transplantation for children with SCD and
strokes should be done.in, a clinical trial setting that has
been registered in Clinical Trials goy.

11. Surgical revascularization procedures may be considered
in a subset of carefully screened children with SCD with
ischemic strokes who continue to have recurrent cerebral
infarets (strokes or silent infarcts) despite optimal blood
transfusion therapy (hemoglobin S level suppressed to
<30%). We highly recommend that neurosurgeons, neu-
rologists, and hematologists who elect to perform or rec-
ommend revascularization procedures in children with
strokes participate in a team-based learning collabora-
tive or long-term multicenter clinical study.

Outcomes After Childhood AIS

Mortality and Morbidity

Although older studies suggest 20% mortality after stroke in
children,” more modern studies find that mortality is quite
a bit lower. A recent population-based retrospective cohort
from the United States that included 123 children with is-
chemic stroke from a population base of 2.3 million children
found that overall mortality at the time of hospital discharge
was 4%.3* Detailed neurological outcomes were not available
from this cohort. Similarly, in the Canadian Pediatric Stroke
Registry, stroke-specific mortality was 5% over a median
follow-up of 2.9 years.® Outcome after hospital discharge was
available in 484 of 701 children with AIS (69%). Normal neu-
rological outcome was documented in 30%. Although 70%
had neurological deficits, 36% were mild, 23% were mod-
erate, and 10% were severe deficits. Mallick et al**® found
that of 94 British children with AIS, 10% died. One year after
stroke, 50% of 78 survivors had a Pediatric Stroke Outcome
Measure score <1. A Pediatric Stroke Outcome Measure score
of 1 indicated the presence of moderate functional impairment
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in 1 domain (motor, language, cognition, or behavior), so a
Pediatric Stroke Outcome Measure score of <1 is excellent;
mild to no impairments are present. In 95 Swiss children
with AIS, longer-term outcomes were assessed at a median
of 6.9 years.”® Phone interview was used to obtain the modi-
fied Rankin Scale score. By this time point, 14% had died. As
has been reported in other studies,’® approximately half died
of underlying systemic illness rather than the stroke itself. In
survivors, a normal outcome was found in 27% of children,
and 28% had mild impairments, that is, a modified Rankin
Scale score of 1.%

Cognitive Outcomes

Cognitive outcome after AIS has been measured in small
populations of children with AIS. In one of the largest stud-
ies to date, Canadian children who experience unilateral AIS
after the perinatal period (n=99) had assessment of intelli-
gence with age-appropriate Wechsler scales a mean of 3 years
after stroke.*** Measures of overall intelligence, verbal ability,
working memory, and processing speed were significantly
lower in children who had had a stroke than in the normative
sample (all z>2.5, all P<0.01). Children with injury to cortical
and subcortical areas of the brain performed more poorly than
those with damage to either the cortical or subcortical area
alone. Difficulties with poor attention,*® impulsivity,** and
executive function are notable.

Quality of Life

Health-related quality of life is significantly lower than pub-
lished norms for children of the same age after childhood AIS
across all domains (physical, emotionals-social, school, and
cognitive functioning).’” Cognitive/behavioral deficits and
low verbal IQ adversely affected quality.of life, especially
among older children and girls; however, neurological out-
come and family socioeconomic status did not.**

Predictors of Outcome After Childhood Stroke

Predictors of poor neurological outcome include infarct
size,'3% combined cortical and subcortical involvement,*4310
location of infarct in the basal ganglia and posterior limb of
the internal capsule, basal ganglia,®’’ multiple infarcts, and
hyperglycemia!® in the acute poststroke period. Brush et
al®”?> demonstrated an association between hypertension and
12-month mortality but not neurological outcome in survi-
vors of childhood stroke. Poorer psychosocial and cognitive
function was associated with both infarct size and older age at
stroke onset in children.’!?

Several studies have found that seizures during the acute
poststroke period predict poor outcome.*®*3' Elbers et al®'
found that risk factors for abnormal functional outcome in-
cluded presence of arteriopathy and 1-year poststroke
Pediatric Stroke Outcome Measure score of 2 (P<0.05).
Functional status at 1 year after stroke strongly predicts long-
term outcome. Self-reported anxiety or depression was pre-
sent in 9 of 26 survivors of childhood AIS (35%). In adults
with stroke, depression is a common complication. In children
with stroke, few studies report depression, anxiety, or other
emotions. Small studies confirm that inattention, reduced so-
cial competence,’'**!” and emotional difficulties®'® are present
in many children, but reliable estimates are challenging in
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small single-center studies. Emotional and mental health in
children with a history of childhood AIS seems an important
area for future study.

A critical question is: During the subacute and chronic
poststroke period, what interventions improve outcomes?
Early evaluation of physical and cognitive disability is the
key to preventing avoidable complications and to planning
rehabilitation, which should involve a multidisciplinary
team.?”” The Canadian stroke best practice recommendations
on stroke rehabilitation included a section on pediatric stroke
for the first time in 2015.32° The guidelines review many
options. Perhaps the most important take-away message from
these guidelines is that after a stroke children may “grow
into their disability.” With growth, development, and addi-
tional physical and cognitive demands, deficits may emerge
and new rehabilitation needs may be present.’” Long-term
follow-up is required for children with stroke. The strongest
evidence is for constraint therapy, which received a Level of
Evidence A. Constraint therapy is a form of rehabilitation
therapy that improves upper extremity strength by increas-
ing the use of the affected upper limb. Because of its long
duration of treatment, the therapy has been reported to have
poor compliance and concerns with patient safety. An on-
going clinical trial is evaluating its efficacy.?! Constraint
therapy has been associated with improved function of the
hemiparetic hand.*?> Improvements are sustained over a pro-
longed period of time, and late deterioration is rare. Most of
the work in constraint therapy has.been done in children with
perinatal stroke rather thamn'childhood=stroke. There is also
preliminary evidence that bimanual therapy improves hand
function.’?-2

Recently, interest has developed in repetitive transcranial
magnetic stimulation intervention to the contralesional hemi-
sphere. Repetitive transcranial magnetic stimulation has been
shown to be safe in children,’*3* but small studies have not
shown benefit. Further work with larger sample sizes and var-
iable doses is needed. Botulinum toxin type A may be used for
chemodenervation to increase the range of motion for patients
with focal upper and lower limb spasticity or dystonia.’”’
Other than constraint therapy, most rehabilitation interven-
tions have a low level of research evidence.

Considerations for Clinical Practice

1. Age-appropriate rehabilitation and therapy programs are
appropriate for children after a stroke.

2. Psychological assessment to document cognitive and
language deficits is useful for planning therapy and edu-
cational programs after a child’s stroke.

3. Constraint therapy should be considered in children with
unilateral hand dysfunction after AIS.

4. Long-term follow-up is required for children with stroke
to assess for development of new cognitive, physical,
and emotional concerns that may occur over time as chil-
dren grow into deficits.

Knowledge Gaps
* Emotional health and mental health in children with a
history of childhood AIS are important outcomes and
need further study.
* Newer rehabilitation approaches need further study.
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CSVT in Childhood

CSVT is an uncommon condition comprising a spectrum of
disorders involving thrombosis of the superficial dural or deep
venous system and resulting in impaired venous drainage and
intracranial hypertension. If the venous pressure is sufficient
to compromise incoming arterial flow, ischemia, infarction, or

hemorrhage may occur. Focal brain lesions are observed in up
to 50% 47,49,328,329

Presentation

The presenting symptoms and signs of CSVT may be subtle
and nonspecific and therefore pose a challenge to prompt di-
agnosis and treatment.***! Unlike AIS, symptoms may de-
velop gradually. They are often age related and may overlap
with symptoms of comorbid conditions. Although neonates
typically present with either encephalopathy or seizures,*
older infants and children may manifest signs of increased
ICP (headache, nausea and vomiting, lethargy, sixth nerve
palsy, diplopia) or focal symptoms and signs related to venous
infarction and hemorrhage.*> Cavernous sinus thrombosis has
a more specific presentation with unilateral proptosis and pal-
sies of the cranial nerves (III-VI) within the cavernous sinus.
CSVT may also be clinically silent, particularly when diag-
nosed on routine head imaging performed after head trauma
or head and neck surgery.**?

Risk Factors and Causes

Both a high index of suspicion and an awareness of CSVT risk
factors are needed for early diagnosis and treatment. Several
large pediatric cohorts*633-3# have shown that CSVT often
results from the convergence of multiple age-related risk factors
for thrombus formation,** many of which are modifiable. These
include fever, anemia (especially iron deficiency),?6337-34234,346
dehydration,*##°3333% and infection,™**"** most commonly of
the head and neck, such as otitis media, mastoiditis, sinusitis,
orbital cellulitis, and meningoencephalitis.**” Some chronic sys-
temic and inflammatory conditions are associated with CSVT,
including inflammatory bowel disease™*3%3%; Behcet syn-
drome; systemic lupus erythematosus®¢3373433% (related to lupus
anticoagulant and antiphospholipid antibodies); homocystin-
uria®”3*; protein-losing conditions such enteropathy, nephrop-
athy,?363393423% and liver failure that lead to a hypercoagulable
state; congenital heart disease*’#*** (related to decreased venous
return and instrumentation); and thyrotoxicosis.*!352 Childhood
malignancy, particularly acute lymphoblastic leukemia’>*** and
central nervous system tumors,*>3¥3423% may be associated
with CSVT as a result of a chemotherapy-related hypercoagu-
lable state (1-asparaginase), antithrombin deficiency, or mass
effect with venous compression or invasion. Prothrombotic
drugs such as steroids*** and estrogen-containing contracep-
tives have also been linked to CSVT.

Evaluation

The neuroimaging diagnosis of CSVT can be challenging be-
cause of variations in venous anatomy and drainage and the
diagnostic pitfalls of the various imaging modalities used.?>>-35
The goal of neuroimaging is to identify thrombi in addition
to secondary edema, ischemia, and hemorrhage that may in-
fluence management decisions. Modalities used include cra-
nial ultrasound (for neonates), CT, and MRI. Each has its own

advantages and disadvantages. Noncontrast head CT is only
60% to 80% sensitive for CSVT.*335358 Therefore, noninvasive
CT venography or MRV is usually needed to diagnosis CSVT,
and both techniques are highly sensitive and specific.?3%
Together, CT of the brain and CT venography are very sen-
sitive for identifying thrombi and may be more reliable for
small vessels and deep venous channels, but they involve radi-
ation exposure and are less sensitive and specific for delineat-
ing associated nonhemorrhagic brain lesions. For this reason,
MRI of the brain and MRV are the diagnostic modalities of
choice for pediatric CSVT.!*36132 MRV requires the use of
3-dimensional phase-contrast, 2-dimensional time-of-flight, or
contrast-enhanced methods to evaluate venous anatomy. Phase
contrast may be subject to motion artifact, whereas time-of-
flight methods are subject to flow-related artifacts that must
be interpreted with caution. Contrast-enhanced methods have
fewer flow artifacts and appear to be superior to time-of-flight
methods in adults. Catheter angiography is rarely used unless
endovascular intervention is being considered. Parenchymal
MRl is also very helpful in CSVT diagnosis and stage of injury.

Comprehensive evaluation for risk factors and acquired and
genetic thrombophilia is necessary for decisions related to acute
management and duration of anticoagulation therapy, as well as
the prevention of recurrence. It is reasonable to consider com-
plete blood counts, iron studies, and testing for blood, urine, res-
piratory, stool, and CSF pathogens as clinically indicated. Head
CT scans may be needed to evaluate for mastoiditis or sinusitis.
Up to 60% of children with- CSVT have abnormalities detected
on thrombophilia testing#-#34393633% compared with 15% to
25% of-adults,***% but rates have varied as a result of the het-
erogeneity of factors and normative ranges reported. Moreover,
some abnormalities normalize on follow-up testing, suggesting
that theyimay be transient or epiphenomena. Whether and how
these abnormalities are causative are unclear from pediatric
studies, 21634367 but data suggest that thrombophilias may in-
crease the risk of recurrent CSVT.>® Adult case-control studies
suggest that certain prothrombotic factors are causative in com-
bination with other risk factors.**"? Deficiencies of protein C,
protein S, and antithrombin III are associated with increased risk
of venous thrombosis. Mutations in the FVL and prothrombin
20210A genes, as well as elevated blood levels of antiphospho-
lipid antibodies (lupus anticoagulant, anticardiolipin antibody),
homocysteine, and lipoprotein(a), also appear to be associated
with increased risk for CSVT.

Management

There are no clinical trials of supportive care measures or
anticoagulation for pediatric CSVT to guide short-term man-
agement decisions. Nevertheless, the consensus among pedi-
atric stroke experts is that prompt recognition and treatment
of risk factors and the institution of neuroprotective measures
targeting normostasis are important. Antipyretics for fever,
intravenous fluids for dehydration, iron supplementation or
transfusions for anemia, antibiotic regimens for infection,
and analgesia for headache are commonly used in children.
Surgical intervention for otitis media or mastoiditis, the most
frequent infections found in children with CSVT, may be
needed. Some pediatric stroke experts elevate the head of the
bed to 30° to balance venous drainage and to maintain cerebral
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perfusion pressure, although there are no studies showing ben-
efit with this intervention. Anticonvulsants may be required
for treatment of acute symptomatic seizures, which are pre-
sent in up to 60% and more common in neonates and young
children.***! Continuous video electroencephalography may
be necessary to detect subclinical seizures. There are no data
to support the duration of anticonvulsant use once initiated.

Surveillance and management of increased ICP are under-
taken because it can impair vision and occasionally be life-
threatening. Fundoscopy and visual field testing at the time of
diagnosis and thereafter at regular intervals are suggested until
a normal examination can be ensured. Management of a child
with CSVT and increased ICP is challenging; anticoagulation
for the treatment of CSVT increases the risks of either lumbar
puncture or placement of an ICP monitor for direct measure-
ments of ICP. First-line treatments for increased ICP include
carbonic anhydrase inhibitors such as acetazolamide. Benefits
of invasive treatment options such as lumbar puncture for
large CSF volume drainage, ventriculoperitoneal shunting,
and optic nerve sheath fenestration have to be balanced with
the need for anticoagulation for treatment of the underlying
CSVT. In cases of malignant ICP, decompressive hemicrani-
ectomy has been used in adults but has not been reported in
pediatric CSVT.

Adult CSVT clinical trials have shown a clear benefit for
anticoagulation therapy.*”=7® Despite a lack of similar tri-
als in children, anticoagulation is the mainstay of treatment.
The one important exception is the management of septic
CSVT, such as otogenic lateral sinus thrombosis, a complica-
tion of otitis media, or Lemierre syndrome (necrobacillosis).
Antibiotic therapy and surgical interventions (eg, mastoidec-
tomy) are the mainstays of therapy, whereas the-role-of-anti-
coagulation remains controversial.””**% Anticoagulation may
be contraindicated in the postoperative period because of the
risk of postoperative hemorrhage; fortunately, recanalization
rates after surgery and antibiotic therapy are high, regardless
of whether anticoagulation is used.””** However, children
who are not anticoagulated should be monitored closely for
clinical or imaging evidence of thrombus propagation, and
anticoagulation should be strongly considered if there is ev-
idence of progression.

Intravenous UFH, subcutaneous LMWH, and oral war-
farin may be used. There are no studies on newer anticoagu-
lants such as direct thrombin inhibitors or factor Xa inhibitors
in pediatric CSVT. Available data suggest that anticoagula-
tion is generally safe in neonates and older infants and chil-
dren,*523! although there is some variability in practice and
debate among pediatric stroke experts related to the antico-
agulation of neonates with hemorrhagic lesions.** Pediatric
stroke experts encourage a multidisciplinary consensus
approach to anticoagulation that is tailored to the individual
patient and involves neurology, hematology/thrombosis, in-
tensive care, neurosurgery, and otolaryngology as clinically
relevant. UFH may be started initially when there are concerns
about existing hemorrhagic lesions or patient-specific bleed-
ing risks and the need for quick reversal. Transition to LMWH
or warfarin occurs later, usually when follow-up neuroim-
aging demonstrates a lack of intracranial hemorrhage or ex-
tension of existing hemorrhage. When anticoagulation is not
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immediately started because of recent head trauma, surgery,
or another contraindication, repeat neuroimaging may be con-
sidered in 3 to 7 days. If clot propagation or new venous in-
farction is observed, the need for anticoagulation can then be
reconsidered. Up to one-third of children who are not initially
anticoagulated may experience propagation of their thrombus
in the first week after CSVT diagnosis, and up to 40% of those
with clot propagation may develop additional venous infarc-
tion and worse outcome.*

Close monitoring of anticoagulation is suggested, with
serial assessment of the activated partial thromboplastin time
for UFH, anti—factor Xa level for LMWH, and international
normalized ratio for warfarin. There is little information to
govern the length of treatment, but the most common approach
is to treat for 3 to 6 months and longer if there is an inherited
thrombophilia or persistent risk factors for venous thrombosis
that have not been mitigated. Repeat neuroimaging is often
performed between 3 and 6 months to monitor for clot sta-
bility and to establish the degree of recanalization.

In rare circumstances in which there is a high risk of mor-
tality or sudden clinical deterioration despite anticoagulation,
endovascular intervention with thrombolysis or thrombec-
tomy is sometimes considered. This may occur in the setting
of extensive deep venous, multifocal, or diffuse thrombosis.
Limited data support endovascular therapy in adults and chil-
dren,*2-3% and it should be considered only when there is con-
sensus among clinicians with expertise in pediatric stroke and
neurointerventional radiologists, eéxperienced with children
and the family.

Outcomes

Large cohort studies suggest that children fare worse than
adults after CSVT.3*%7:32 There is a wide range of reported
adverse outcomes in pediatric CSVT, 25% to 74%, result-
ing from the heterogeneity of reported outcomes and lack of
standardized outcome measurement. Studies are hampered
by short follow-up durations that may not account for the full
spectrum of morbidity that develops as a child ages. Reported
outcomes may also be confounded by comorbid conditions
that contribute to neurological deficits such as meningoen-
cephalitis, malignancy, head trauma, neurosurgery, and con-
genital heart disease.*! The presence of hemorrhage at CSVT
diagnosis is predictive of worse outcome.” Children without
cerebral edema or venous infarction are assumed to have bet-
ter outcome than those who do, although this has not been
shown in pediatric studies. Although the rate of recanalization
(and thrombus propagation) in the acute period after CSVT
diagnosis may influence prognosis, the final recanalization
outcome beyond the acute period does not.>>*! Reported re-
mote symptomatic seizure and epilepsy rates range from 10%
to 14%.*** Mortality rates range from 0% to 23%, although the
primary cause is often not reported.4%63.334-343

Considerations for Clinical Practice
1. Children with suspected CSVT are diagnosed with a
dedicated brain MRV or CT venography for diagnostic
confirmation. Although both CT and MRI can easily
identify hemorrhage and CT can identify mastoiditis or
sinusitis, the presence and extent of associated venous
ischemia and infarction are best delineated by MRI.
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2. Children with confirmed CSVT warrant a thorough eval-
uation for risk factors, as well as acquired and genetic
thrombophilia. Modifiable risk factors, including fever,
infection, anemia, and dehydration, should be treated.

3. Supportive care measures include intravenous fluids, ox-
ygenation, elevation of the head of the bed to 30°, and
treatment of seizures and headache.

4. Children with CSVT are routinely followed up seri-
ally for increased ICP; medical and surgical options for
increased ICP and papilledema should be considered.

5. Anticoagulation is the mainstay of treatment except in
otogenic lateral sinus thrombosis. Choice of antithrom-
botic agent, dose, and route is tailored to individual
patient circumstances. A multidisciplinary consensus
approach to anticoagulation is recommended, partic-
ularly when CSVT is associated with hemorrhagic
infarction, otitis media/mastoiditis, head trauma, or cra-
nial surgery. Repeat MRV or CT venography is recom-
mended to help guide length of anticoagulation.

6. In rare circumstances when there is a high risk of mor-
tality or sudden clinical deterioration, endovascular inter-
vention with thrombolysis or thrombectomy is an option.

Knowledge Gaps

e Although there is evidence that antithrombotic agents
can benefit adults with CSVT, controlled clinical trial
data in children are lacking.

e The benefit of anticoagulation in children with CSVT
diagnosed incidentally on routine neuroimaging after
head or neck surgery needs further study.

e The required duration of anticoagulation therapy in any
patient, especially those with genetic.thrombophilias or
chronic systemic or inflammatory conditions (malig-
nancy, autoimmune conditions), is uncertain.

Hemorrhagic Stroke in Childhood

Causes

Nontraumatic, spontaneous ICH, IVH, and SAH in childhood
are caused by structural lesions in up to =75% of cases, with
brain AVMs found most commonly and #10% of hemorrhages
remaining idiopathic (Table 3).%¢40!

Acute Management of Childhood Hemorrhagic Stroke

When a hemorrhagic stroke is suspected in a child, emergency
head imaging should be performed to make the diagnosis; CT
scans are most often performed because of their ready avail-
ability in EDs and high sensitivity for hemorrhage. On di-
agnosis, initial management is predicated on stabilizing the
patient, establishing a diagnosis, and preventing secondary
neurological injury. If a known bleeding disorder exists while
urgent imaging is being arranged, rapid correction of the de-
fect should be carried out, including factor replacement for
hemophilia, specific therapies for other hemostatic protein
deficiencies, and platelet transfusion for thrombocytopenia or
platelet function defect. If there is no known bleeding disorder,
urgent cerebrovascular imaging becomes mandatory in addi-
tion to neurology, hematology, and neurosurgery consultation
to determine the treatment plan. In addition to airway and car-
diovascular management, common maneuvers include raising
the head of the bed to =30°, isotonic fluids, normoglycemia,
and normothermia. Care should be taken to avoid hypotension

Table 3. Causes of Hemorrhagic Stroke in Children

Structural causes of hemorrhagic stroke in children

Aneurysm
AVM

AVF

CM

Spontaneous hemorrhage into tumor

Hematologic causes of hemorrhagic stroke in children®+3%

Inherited

Most common (90%)

Hemophilia A (factor VIII deficiency) or B (factor IX deficiency)

von Willebrand disease

Rare (3%—5%)

Factor VII deficiency

Factor Il, factor Xl deficiency (rare)

Vitamin K-dependent clotting factor deficiency

Acquired

Idiopathic thrombocytopenic purpura

AVF indicates arteriovenous fistula; AVM, arteriovenous malformation; and
CM, cavernous malformation.

because maintaining normal to high blood pressure may be
important in maintainingrcerebral perfusion. Seizures should
be controlled, and prophylactic anticonvulsant use is contro-
versial when no seizures have occurred. Some data in adults
suggest worse outcomes with prophylactic phenytoin versus
neutral outcomes-with. adjustment for markers of poor out-
come.*24% Prophylactic levetiracetam has not been well
studied after ICH in adults or children.** Despite the lack
of evidence, given the high risk of seizures in children with
ICH and because seizures will increase cerebral blood flow
and ICP, anticonvulsants are often given for a short period
of time after ICH. Similarly, the role of continuous electro-
encephalography after ICH in children to detect subclinical
seizures has not been studied. However, to allow the detection
and treatment of nonconvulsive status epilepticus, continuous
electroencephalographic monitoring should be considered in
children who have prolonged altered mental status or move-
ments or vital sign changes that are suggestive of seizures that
cannot be captured on a routine electroencephalography.*®
Brain MRI is useful for the detection of an underlying cav-
ernous malformation (CM) or (uncommonly) a brain tumor,
although such lesions can be obscured by an acute hematoma.
Vascular imaging is needed to detect brain AVMs, AVFs, or
aneurysms. CTA has the advantages of high availability in
EDs, the short time needed to acquire images (important in
critically ill patients unable to tolerate lying flat for the longer
periods of time required by MRI), and its ability to rapidly
identify structural lesions with high fidelity. Disadvantages
are the radiation and contrast exposure and difficulty timing
the contrast bolus in small children. In addition, further de-
finitive imaging with DSA is often required, adding to radia-
tion and contrast exposure. For these reasons, MRA is often a
better initial imaging study if it can be obtained safely. DSA
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remains the gold-standard vascular imaging study but typi-
cally requires the patient’s head of the bed to be flat for >1
hour, so it sometimes has to be deferred until ICPs are better
controlled. Repeat brain parenchymal imaging should be con-
sidered because of the risk of rehemorrhage, reported at up to
32% of cases.*®

After stabilization, workup to determine whether an undi-
agnosed underlying bleeding disorder exists should be done
and include family history and laboratory testing.

Increased ICP is a common problem with hemorrhagic
stroke and can occur as a result of direct hemorrhage mass
effect or hydrocephalus that can be seen with ICH, IVH, or
SAH. An external ventricular drain can be useful for the di-
agnosis, monitoring, and treatment of elevated ICP, although
there are risks associated with placement and rehemorrhage.*”
Subdural bolts can also measure ICP but cannot drain CSF.
Other maneuvers include raising the head of the bed, hyper-
ventilation (to lower Pco, to 25-30 mmHg** and to induce
vasoconstriction), hyperosmolar therapy (with hypertonic sa-
line or mannitol), and sedation. Corticosteroids are generally
of no use.

Ultimately, surgical decompression may be necessary.
Supratentorial hematoma evacuation was of limited benefit in
an adult trial but may be much more important in children,
who have far less compliance and atrophy.*® In particular,
symptomatic hemorrhage in the posterior fossa and large or
symptomatic subcortical lobar hemorrhages should be consid-
ered for evacuation to reduce mass effect and to prevent or
relieve herniation syndromes.*!

In some cases, decompressive hemicraniectomy, removing
a portion of the skull to allow brain swelling, may be both life-
saving and function sparing when there is rapid deterioration
in the setting of a large AIS or ICH in adult and pediatric se-
ries. 1441113 T imited data suggest that hemicraniectomy may
be most effective when performed early in the time course of
the hemorrhage (24—48 hours), although there may be some
utility in select cases at later times.*'**> In a pediatric pro-
spective cohort, 3 of 22 children with ICH had decompressive
craniectomy; all were functionally independent.’

When a child has a brain hemorrhage while receiving
anticoagulation, anticoagulation is typically held or reversed.
However, there are no clear guidelines on when to restart
anticoagulation. A multidisciplinary discussion is required
to determine the risk-to-benefit ratio of withholding versus
restarting anticoagulation, weighing factors such as the size
of the bleed, the clinical status of the child, and the indica-
tion for anticoagulation, that is, high risk for thrombosis such
as requiring extracorporeal membrane oxygenation, ventric-
ular assist device, the presence of a mechanical heart valve,
or a pulmonary embolism. In contrast, lower-risk situations
such as a nonacute venous thromboembolism or central-
line prophylaxis may allow a longer period of time without
anticoagulation.

Outcomes

Overall, outcomes can vary widely in pediatric ICH, with esti-
mates of mortality ranging from 4% to 54%.'*37416 The most
recent and largest population-based study that included 132
children with hemorrhagic stroke had the lowest mortality rate
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at 4%, with 73% requiring intensive care unit admission.**
Predictors of mortality include older age at presentation
(11-18 years versus 1-10 years), coagulopathy, and coma.**
Poorer outcomes have been associated with increased ICH
volume, altered mental status within 6 hours of presentation,
infratentorial location of hemorrhage, Glasgow Coma Scale
score <7 at admission, aneurysmal cause of hemorrhage, age
<3 years at the time of ICH, and underlying hematological
disorders. The cause of the ICH is a critical determinant of
outcome, management, and follow-up strategy.

Developing epilepsy after pediatric ICH is an important
sequela. In 1 prospective cohort of 72 children and neonates
with ICH, 1 year after ICH, 4% had developed epilepsy, and
at 2 years after ICH, 13% had developed epilepsy.'” As in
AIS, the risk of epilepsy is likely to increase with increased
follow-up time. ICP that required urgent intervention was a
risk factor for remote symptomatic seizures and the develop-
ment of epilepsy.

Cognitive outcomes have been infrequently reported after
hemorrhagic stroke in children. In 1 study of pediatric hemor-
rhagic stroke survivors (parenchymal hemorrhage and SAH),
17 of 31 children demonstrated cognitive impairment (10 with
mild impairment, 7 with moderate to severe impairment) 10
years after hemorrhage.*'® In another study, approximately
half of school-aged children with ICH required educational
services 1 year after ICH.*'* In adonger-term study of 82 chil-
dren with hemorrhagic stroke at a median follow-up of 43
months, 40% were receiving special ‘education.*?

Pathogenesis-Specific Evaluation, Treatment,
and Follow-Up

Arteriovenous-Malformation

Imaging: AVM is the most common vascular lesion to cause
a spontancous ICH in children.*****' Hemorrhage risk is esti-
mated at up to =6%/y in recent studies, with a mortality rate
of #25% per hemorrhage, providing an impetus to treat if pos-
sible.*1421=42¢ Dijagnosis is typically initially made with CTA
or MRA, although DSA is ultimately needed to make treat-
ment decisions in most cases because it offers the greatest res-
olution of nidal anatomy.*?>42¢

DSA is low risk and high yield. Recent analysis of pe-
diatric patients revealed a 0% complication rate during the
procedure and a 0.4% postprocedural complication rate.?’>2%
Up to 15% of cerebral AVMs receive some blood supply from
ipsilateral or contralateral meningeal arteries, typically not
visible on MRA.*” DSA can offer important predictive data
on the risk of hemorrhage, including outflow stenosis, smaller
size, and deep venous drainage.*”® DSA may need to be
delayed several weeks after hemorrhage (or repeated) because
pressure from the clot may obscure AVM anatomy, which can
become evident as the clot resorbs.*?

Genetic Screening

Although most AVMs are thought to be isolated develop-
mental lesions, there are known genetic conditions predispos-
ing individuals to multiple AVMs. Mutations in RASA-I are
associated with problems in vessel development, including
familial high-flow arteriovenous lesions and cutaneous capil-
lary malformations with or without skeletal overgrowth in an
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affected limb in a small number of families.**® HHT is a ge-
netic condition that predisposes affected individuals to AVMs
throughout the body. Up to 35% of multiple intracranial AVMs
associated with HHT were in children, although the mean age
at presentation for HHT is 35 years.**! HHT guidelines rec-
ommend AVM screening with MRI of the brain in the first 6
months of life or at the time of diagnosis.*? For individuals >2
years of age, contrasted MRI is recommended. It may be rea-
sonable to wait >5 years after initial screening imaging studies
to rescreen, given the low reported rate of de novo lesion de-
velopment.*** In children with a known brain AVM, the pres-
ence of frequent nosebleeds, small telangiectasias visible on
skin examination, or family history of AVMs should prompt
consideration of HHT.#*

Treatment. The treatment approach is typically based on both
AVM location and anatomy and is predicated on obliteration
of the lesion, which can be achieved by surgery, radiation, em-
bolization, or a combination of therapies. In some cases, the
risk of treatment may outweigh the risk of observation, partic-
ularly for large lesions or those located in eloquent parts of the
brain. Multimodality therapy of AVMs has been advocated by
several investigators.*>3%

In children, surgical resection (with or without emboli-
zation) is used as a first-line therapy in the majority of low-
to moderate-risk AVMs (even without hemorrhage) with
>95% cure rates, contrary to the more controversial data in
adult patients from the ARUBA trial (A Randomized Trial
of Unruptured Brain Arteriovenous Malformations).4?343440
However, ARUBA was a randomized trial, and the data pro-
vided for AVMs in children reflect surgical series. These are
not directly comparable, and the issue has not' been addressed
in a randomized design among children. Radiation therapy
(typically single dose or staged radiosurgery) is also highly
effective, and there is an overlap between.a‘cohort of AVMSs
that can likely be treated with similar outcomes by either radi-
ation or surgery. Pediatric data suggest that embolization alone
may increase the rate of posttreatment hemorrhage relative to
the natural history, leading to the recommendation to avoid em-
bolization as a stand-alone therapy for pediatric AVMs,#33440:441

Outcomes and Follow-Up. AVM obliteration rates are de-
pendent on the size and location of the lesion. Recent stud-
ies of AVMs treated with surgery report a >95% obliteration
rate, with complications present in =15% of cases, most com-
monly loss of some visual fields.****° For AVMs with sim-
ilar anatomy, radiation therapy is reported to provide 63% to
85% cure rates.*>** Management of deep lesions, including
thalamic and brainstem AVMs, is higher risk but can still pro-
vide reasonable outcomes in selected cases (54% radiographic
cure),#0441442444445 Hioher-grade lesions have lower rates of
successful treatment (=35%) with radiosurgery.* In all cases,
long-term follow-up, including posttreatment DSA, is critical
because recurrence rates are as high as 11%.*7#8 Typically, a
perioperative and 1-year postoperative DSA may be consid-
ered, followed by MRI/MRA annually for up to 5 years. 3441448

Arteriovenous Fistula

Imaging. MRI and MRA are useful in the evaluation of
AVFs but have limitations. Cross-sectional imaging may be

nondiagnostic or may show only sinus thrombosis or dilated
vessels. MRI is important for visualizing secondary effects of
venous hypertension, including cerebral edema, hydroceph-
alus, and ischemic atrophy or infarction.*3! DSA is the gold
standard for the evaluation of AVFs.*%4243 For AVFs, one must
see evidence of arteriovenous shunting directly into a dural
sinus from meningeal branches of the external and internal ca-
rotid artery and VA or a direct connection into a pial vein.**

Genetic Screening. In patients with documented AVFs, re-
cent data suggest that *9% will harbor known mutations.*>+%7
RASA-1- and HHT-related mutations (ENG and ACVRL1)
were most common, with clinical findings including multiple
cranial lesions, spinal AVF/AVM, hypercoagulable states, and
capillary hemangioma (in RASA- [).#30455:436457

Treatment. Any symptomatic, high-flow identified lesion
should be considered for treatment.*®**? AVF treatment
involves endovascular or microsurgical techniques to close
the fistulous connection (with rare reports of radiation
therapy).**463 Recent data from pediatric AVF series suggest
that dural AVFs have a higher likelihood of successful treat-
ment with solely endovascular techniques (85%), whereas pial
AVFs have a greater probability of combined endovascular—
open surgical approaches (71%).43%%7

Outcomes and Follow-Up. Age is a critical determinant of
outcome for children with AVFEs. For those >2 years of age,
72% had a good clinical outcome, whereas children <2 years
of age had higher complication ratescand more frequently
needed multiple procedures.****> Current reports of AVF treat-
ment suggest high rates of lesional obliteration (86%), with
age-appropriate outcome scores at an average of 16 months
of follow-up.*¢43 Reported procedural complication rates are
high (60%), and major complications (including death) are
in'the range of 10% to'12%.4*% These risks correlate directly
with age; children <1 year of age have the highest complica-
tion rates (up to 85%), and children >2 years of age have much
lower rates (closer to 33%).464465

After treatment of AVFs, patients should be monitored for
the development of hydrocephalus, which may be a result of
venous thrombosis, altered venous outflow, or deranged CSF
dynamics.

Aneurysms

Imaging. CTA is useful for the detection of aneurysm in
the setting of SAH in children.?” Patterns of hemorrhage in
pediatric aneurysm CT studies include SAH (60%), IVH
(10%-15%), ICH (10%—-15%), and subdural hemorrhage
(1%-3%).*#° MRI, including MRA,*"! is also useful.*”?
Overall, MRI or MRA was able to identify the source of SAH
correctly in 66% of cases.*’”> DSA is the gold standard of im-
aging in aneurysms and detects lesional pathology in 97% of
patients (versus 80% of the time without DSA).>*

Genetic Screening. Familial aneurysms are very rare,
accounting for 5% to 20% of all reported cases in children and
young adults but <5% of prepubertal cases.”**” In general,
screening with MRI or MRA of family members is limited to
patients with multiple affected first-degree relatives or mul-
tiple aneurysms without an infectious source.
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Treatment. The decision to treat or observe a given aneurysm
can be complex and is best made by a multidisciplinary team
including neurosurgeons, endovascular specialists, and neu-
rologists.*’s If treatment is planned, success is predicated on
removing the lesion from circulation while preserving normal
blood flow to the brain. This can be achieved by open surgery,
endovascular techniques, or a combination of approaches.

In general, aneurysms that have ruptured, that demon-
strate enlargement over time, or that have symptomatic lesions
should be considered for treatment. Depending on location and
patient status, it may be reasonable to have a lower threshold
for treating unruptured aneurysms detected in children com-
pared with those in adults given their longer remaining life
span. Mycotic aneurysms sometimes will regress with effec-
tive antibiotic therapy, obviating the need for other interven-
tions. In addition, flow-related aneurysms located proximal to
a lesion such as an AVM may regress after definitive treatment
of the primary lesion (such as resection of the AVM), demon-
strating another scenario in which direct aneurysm treatment
might not be required.*”#7

Although debatable, lesions <2 mm in size and those
located outside the subarachnoid space are sometimes fol-
lowed up. Much controversy surrounds the large study of
unruptured aneurysms published in 1998, but it is important
to recognize that these were predominantly adult patients with
questionable relation to the pediatric population, given the dif-
ferences in life span, aneurysm origin, and risk factors.**45

Outcomes and Follow-Up. Overall, treatment morbidity and
mortality vary widely, depending on age, aneurysm type,
and presentation. Recent series desctibe average: mortality
rates of 1% to 3% and morbidity rates.of 8% to 14%.*848
Posttreatment and post-hemorrhage issues include stroke, hy-
drocephalus, vasospasm, and electrolyte derangements. Some
patients may benefit from triple-H therapy—hypertension,
hypervolemia, and hemodilution—to reduce the risk of va-
sospasm (after aneurysm treatment).****> The value of using
calcium channel blocking agents (eg, nimodipine) in children
is unknown.

Outcomes vary widely, ranging from 13% to 95%
for good results and from 3% to 100% for mortality.*%
Ventriculoperitoneal shunts are required in 14% of patients.**’
Of patients who survive treatment, 91% go on to independent
living.**” Follow-up is critical; =40% of patients can develop
recurrent or de novo aneurysms.*® In addition to the peripro-
cedural angiogram to confirm obliteration of the aneurysm,
an annual MRI or MRA is recommended for 5 years, with
some centers suggesting lifetime imaging every 3 to 5 years
thereafter.*s

Cavernous Malformations

Imaging. Evaluation of CMs usually begins with CT or MRI
because they are not visualized with angiography. An acute
clot may obscure the lesion, requiring reimaging in several
weeks, once swelling and blood products are diminished. MRI
studies are often pathognomonic, typically a multilobulated
appearance with blooming on susceptibility imaging resulting
from hemosiderin deposition.***? If multiple CMs are seen
on imaging, a familial or postradiation pathogenesis should
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be considered.*”®> Developmental venous anomalies are com-
monly seen in association with CMs. 4%

Genetic Screening. Screening of first-degree relatives with
genetic counseling should be considered in patients who have
multiple CMs on imaging or if there is a known family history
of CMs because a germline mutation is likely, with CCM1,
CCM2, or CCM3 found in >90% of familial cases.*® If mul-
tiple intracranial lesions are seen on imaging, the likelihood of
a familial form of the disease approaches 85%, whereas single
lesions have only an =16% likelihood of harboring a germline
mutation.**

Treatment. Treatment of CM is either surgical resection or
observation, with data supporting excision of symptomatic
lesions (seizure, focal headache, neurological deficits), lesions
with recurrent hemorrhage, or lesions with high risk of neu-
rological deficit (eg, large lesions or those located in the pos-
terior fossa).*”** Brainstem CMs are far more challenging;
surgical resection generally carries greater risks than obser-
vation (resection has been associated with 6% mortality, 33%
perioperative morbidity, and 21% persistent iatrogenic defi-
cits).’®3°! There has been debate about the utility of extirpa-
tion of asymptomatic lesions. For patients with multiple CMs,
resection should be limited to symptomatic lesions or lesions
with documented expansion over time.*>%% Radiation therapy
is controversial and generally reserved for surgically inacces-
sible lesions with a demonstrated malignant natural history.**

Outcomes and Follow-Up.Surgical ‘outcomes are excellent,
with most pediatric series reporting a nearly 0% mortality rate
and a 4% to 5% rate of new permanent deficits.’*% Surgical
resection of;the most.common type of CM in children, supra-
tentorial lobar lesions; provides high rates of symptomatic im-
provement, with 98 % resection rates and abrogation of seizures
in 96% of patients, with a 5% complication rate.*”® Radiographic
follow-up is indicated because CMs can recur and generation
of new lesions has been documented, particularly in the setting
of radiation-induced lesions and in familial cases.**>"” Many
institutions perform annual MRI studies for the first 3 to 5 years
after surgery and at greater intervals thereafter.*%>%

Considerations for Clinical Practice

1. Acute hemorrhagic stroke management includes airway
and cardiovascular management, seizure control (when
present), raising the head of the bed to =30° (to re-
duce swelling), isotonic fluids, normoglycemia, and
normothermia.

2. If a bleeding disorder is known, rapid correction should
be instituted.

3. If there is no known bleeding disorder, MRA can be per-
formed when the patient is stable. Unless an alternative
cause is identified (eg, hemophilia, trauma), all pediatric
patients with hemorrhagic stroke should ultimately have
DSA before a hemorrhage is deemed idiopathic.

4. Symptomatic hematomas can be assessed for evacuation.

5. AVMs, AVFs, and aneurysms should receive multidis-
ciplinary consultation and consideration of catheter
angiography.

6. Treatment of unruptured AVMs in children is usu-
ally surgery as a first-line choice in low-grade lesions,
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. Symptomatic or enlarging supratentorial
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followed by radiation or surgery for higher-grade
lesions. Observation may be appropriate in some cases,
for example, larger lesions and those in eloquent areas
of cortex.

. AVFs are treated in children, with embolization as first-

line therapy in most cases, followed by surgery in select
cases. Observation may be appropriate in some cases.
or cere-
bellar CMs can be assessed for treatment with surgical
resection.

. Careful skin examinations for vascular birthmarks that

indicate an underlying genetic syndrome are helpful in
childhood hemorrhagic stroke.

Controversies in Current Practice for Evaluation
of Childhood Stroke

Brainstem CMs in children should generally be observed.
Asymptomatic, incidentally discovered AVMs should be
considered for treatment in most children.

Genetic screening should be considered in children with
pial AVF, AVM, or CM if there is a suggestive family
history, multiple or unusually complex malformations,
or vascular birthmarks on examination.

Screening for the presence of a thrombus should be per-
formed for dural AVFs not related to trauma.
Management of asymptomatic small aneurysms.

Knowledge Gaps

The utility of prophylactic anticonvulsants after ICH in
children

Long-term outcome of conservatively treated AVMs in
children

Role of biomarkers in the diagnosis of cerebrovascular
disease

Ideal timing of surgery for hemorrhagic stroke
Appropriate management of SAH vasospasm in children

Conclusions

We have provided updates on perinatal and childhood stroke,
especially in regard to areas of childhood stroke that have not
received close attention such as SCD. Each section provides
considerations for clinical practice, attendant controversies,
and knowledge gaps. This statement should provide the prac-
ticing provider who evaluates neonates and children with
stroke with much-needed updated information.
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