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abstract
BACKGROUND: The purpose of this article is to aid practitioners in choosing appropriate neuroimaging for children
who present with symptoms that could be caused by stroke. METHODS: The Writing Group members participated in

one or more pediatric stroke neuroimaging symposiums hosted by the Stroke Imaging Laboratory for Children
housed at the Hospital for Sick Children in Toronto, Ontario, Canada. Through collaboration, literature review, and
discussion among child neurologists with expertise diagnosing and treating childhood stroke and pediatric neuroradiologists and neuroradiologists with expertise in pediatric neurovascular disease, suggested imaging protocols are presented for children with suspected stroke syndromes including arterial ischemic stroke, cerebral
sinovenous thrombosis, and hemorrhagic stroke. RESULTS: This article presents information about the epidemiology and classiﬁcation of childhood stroke with deﬁnitions based on the National Institutes of Health Common
Data Elements. The role of imaging for the diagnosis of childhood stroke is examined in depth, with separate
sections for arterial ischemic stroke, cerebral sinovenous thrombosis, and hemorrhagic stroke. Abbreviated neuroimaging protocols for rapid diagnosis are discussed. The Writing Group provides suggestions for optimal neuroimaging investigation of various stroke types in the acute setting and suggestions for follow-up neuroimaging.
Advanced sequences such as diffusion tensor imaging, perfusion imaging, and vessel wall imaging are also discussed. CONCLUSIONS: This article provides protocols for the imaging of children who present with suspected stroke.
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Introduction and epidemiology

Stroke is a major cause of morbidity and mortality in
children worldwide. The reported annual incidence of
childhood stroke ranges from 2.3 to 13 per 100,000 children
per year in developed countries.1-3 Despite increasing
awareness, this condition is often overlooked by medical
providers and families. In adults, presentation with sudden
onset hemiparesis with or without facial weakness and
language problems constitutes hallmark presenting features of stroke which raise concern for the diagnosis
without unnecessary delay. In children, stroke diagnosis is
not as straightforward. Despite a growth in awareness
about childhood stroke, when children present with acute
neurological deﬁcits, stroke is often not the ﬁrst diagnosis
considered by the medical providers. Delay in diagnosis
derives, in part, from clinicians’ difﬁculty recognizing that
presenting signs and symptoms such as seizure, altered
mental status, headache, and lethargy can be associated
with acute stroke in children. Neuroimaging is essential for
diagnosis and differentiation of stroke from stroke mimics
that can present similarly such as hypoglycemia, demyelinating disorders, tumors, posterior reversible leukoencephalopathy syndrome, and complex migraine. Importantly
neuroimaging is essential for identiﬁcation of children who
may be candidates for hyperacute therapy.
This report will brieﬂy describe childhood stroke classiﬁcation and then will discuss the imaging of each major
stroke subtype individually. The objective is to provide
practitioners with a guide for neuroimaging children with
various stroke subtypes.
Pediatric stroke classiﬁcation

Childhood stroke is deﬁned as occurring in children aged
29 days after birth to 18 years. Perinatal stroke, deﬁned as

stroke occurring from birth to 28 days of life (and in some
cases in utero beginning at 20 weeks’ gestation), will be
discussed in a separate article. Stroke is traditionally subdivided into two types: ischemic and hemorrhagic. As
opposed to adults who have ischemic stroke 85% of the
time, stroke in children is almost evenly divided between
ischemic and hemorrhagic events.3 Ischemic stroke is
further subclassiﬁed into arterial ischemic stroke (AIS) and
cerebral sinovenous thrombosis (CSVT). Childhood AIS is
deﬁned as presentation with a focal deﬁcit or seizure that
localizes to an ischemic area of brain injury in a known
arterial territory. Most children present with hemiplegia,
with or without aphasia. CSVT can occur alone or in association with venous infarction or hemorrhage. Isolated
cortical vein thrombosis (ICVT) is rare, accounting for less
than 1% of all cerebral infarctions.4 Hemorrhagic stroke in
children includes spontaneous intracerebral hemorrhage
with or without intraventricular extension, intraventricular
hemorrhage (IVH), and nontraumatic subarachnoid
hemorrhage.
Childhood AIS

After childhood AIS, more than 75% of children will
suffer long-term neurological deﬁcits and 10% of children
will die.5-9 Recurrence risk after childhood AIS has been
estimated at 12% at one year10 and 19% at ﬁve years.9
Approximately 30% of children with AIS encountered in
academic centers have an associated cardiac disorder that
presumably leads to cardioembolism (Fig 1), whereas cerebral arteriopathy is found in up to half of all children with
childhood AIS.11,12 The presence of cerebral arteriopathy on
neuroimaging also predicts recurrent stroke and stroke after transient ischemic attack (TIA).9,13
Cervicocephalic arterial dissection, one type of arteriopathy,
accounts for 7.5% to 20% of childhood AIS.14-16 Involvement of

FIGURE 1.
Cardioembolic stroke. (A) Axial diffusion-weighted image (DWI) demonstrates a large left middle cerebral artery (MCA) territory infarct (black arrows) in a
one-year-old boy found to have a thrombus within his left ventricle. (B) Three-dimensional time-of-ﬂight magnetic resonance angiography maximum
intensity projection image reveals lack of normal ﬂow-related signal involving the left MCA and branch vessels (white asterisk).
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FIGURE 2.
Arterial dissection. (A) Axial diffusion-weighted image shows an infarct of the right cerebellum (black arrows). (B) Three-dimensional time-of-ﬂight
magnetic resonance angiography image illustrates focal irregularity of the V3 segment of the right vertebral artery and, to a lesser degree, the contralateral vessel (white arrows). The appearance and location of the vessels involved favor the diagnosis arterial dissection. Other less common entities such as
ﬁbromuscular dysplasia can have a similar appearance.

the anterior circulation is reported more often than the posterior circulation.15,17 However, vertebral artery dissection was
recently identiﬁed in 50% of children with posterior circulation
stroke18 (Fig 2).
Focal cerebral arteriopathy of childhood describes a
localized intracranial arterial stenosis and accounts for
approximately 25% of arteriopathies in childhood AIS.16 It
may comprise a monophasic process, also known as “transient cerebral arteriopathy of childhood,” most commonly
involving the proximal middle cerebral artery (MCA), that
may resolve. Focal cerebral arteriopathy can also be a ﬁxed
vasculopathy with no improvement over time (Fig 3).19 In
contrast, moyamoya arteriopathy represents a progressive
steno-occlusive arteriopathy that typically involves the
distal internal carotid artery and proximal MCAs or anterior

cerebral arteries bilaterally and, much less commonly, the
posterior circulation. Ultimately there is development of
“moyamoya” collaterals, which create the typical appearance of “puff of smoke” on angiography that inspired the
name of this condition (Fig 4).
Sickle cell anemia is a risk factor for stroke. In studies
that predate the STOP trial (Stroke Prevention Trial in sickle
cell anemia), 11% of children with sickle cell anemia experienced a stroke before age 20 years.20,21 Not all children
with sickle cell disease or sickle cell disease and stroke have
vasculopathy (including moyamoya), although many
develop steno-occlusive vasculopathy and moyamoya. In a
recent study, 43% of children with recurrent strokes on
chronic transfusion therapy had moyamoya.22 Given the
robust association between progressive vasculopathy on

FIGURE 3.
Focal cerebral arteriopathy-transient cerebral arteriopathy. (A) Axial diffusion-weighted image demonstrates patchy areas of ischemia involving the right
middle cerebral artery (MCA) territory (black arrows). (B) Three-dimensional time-of-ﬂight magnetic resonance angiography (3D TOF MRA) maximum
intensity projection (MIP) image reveals focal severe narrowing of the right M1 segment (white arrow) and mild irregularity of the right A1 segment (white
arrowhead). (C) Contrast-enhanced black blood vessel wall image illustrates wall enhancement of the right MCA (white arrows). (D) Four month follow-up
3D TOF MRA MIP image shows near-complete resolution of vascular irregularity (white arrow and arrowhead).
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FIGURE 4.
Moyamoya. (A) Three-dimensional time-of-ﬂight magnetic resonance angiography maximum intensity projection image demonstrates lack of ﬂow-related
signal involving the right middle cerebral artery with the presence of moyamoya collaterals (white asterisk). (B) Axial ﬂuid attenuated inversion recovery
(FLAIR) image illustrates a region of a chronic ischemia within the right periventricular white matter (black arrows).

magnetic resonance angiography (MRA) and new infarcts
on magnetic resonance imaging (MRI) in children with
sickle cell disease,23 additional therapies like revascularization surgery should be considered in those with progression of arteriopathy or in whom recurrent stroke occurs
despite chronic transfusion therapy.24,25 Unfortunately,
there are no evidence-based guidelines about the appropriate timing of revascularization surgery, the degree of
arteriopathy progression that should prompt consideration
for surgery, or the long-term efﬁcacy of various revascularization procedures in this population. As in other patients
with moyamoya, catheter angiogram is typically necessary
for the evaluation for revascularization surgery. However,
the value of perfusion imaging, particularly if there is
bilateral arterial disease or recurrent stroke, is unknown. In
the setting of progressive arteriopathy or recurrent strokes
and sickle cell anemia, some hematologists will also
consider hematopoietic stem cell transplant.26
Central nervous system vasculitis represents a less
frequently encountered cause of childhood AIS. Vasculitis
can be primary or secondary to a systemic cause such as
collagen vascular disease or septic meningitis.27,28 It is
characterized by irregular vascular stenoses that result in
both deep and superﬁcial sites of ischemia. Fibromuscular
dysplasia, a noninﬂammatory arteriopathy, rarely presents
in childhood and is associated with both ischemic and
hemorrhagic strokes in childhood.29 The cervical vasculature is most frequently involved, classically described as
having alternating areas of vascular constriction and
dilatation.
Role of imaging in childhood AIS

Timely diagnosis of acute stroke remains challenging
because of the following factors: (1) the wider differential
diagnosis in children relative to adults, (2) the relative rarity
of stroke in children compared with adults (including a lack
of knowledge that children have strokes and that treatment
is time-dependent in some circumstances), and (3) challenges to acquisition of urgent diagnostic neuroimaging in
children.30 Twenty percent to more than half of children
presenting urgently with stroke-like symptoms will have
stroke mimics;31-33 therefore, more than in adults, the ﬁrst

question in children is whether the cause of the child’s
symptoms is a stroke or stroke mimic. In the setting of a
stroke, the vascular distribution(s), presence of arterial clot,
presence of associated hemorrhage, and presence of acute
or chronic arteriopathy direct management. Given that
some arteriopathies in childhood affect the cervical vessels
and some the intracranial vasculature, vascular imaging of
the head and neck is required in most cases.
Standardization of a stroke imaging protocol in children
is challenging because various pediatric issues must be
addressed. These include understanding the changing
appearance of the developing brain because of ongoing
myelination and cortical organization, concern for ionizing
radiation from computed tomography (CT) and conventional angiography, the potential need for general anesthesia and/or sedation, presence of metallic orthodonture
that can obscure MRI, and varying availability of MRI in the
acute setting. Recent advances in adult stroke imaging and
treatment protocols have provided an impetus to establish
uniform protocols in children, particularly in the hyperacute/acute phase with the potential for thrombolytic
therapy with or without endovascular intervention.
Noncontrast head CT is often the initial study in a child
presenting with possible stroke and can rule out intracranial hemorrhage. However, CT has limited sensitivity for the
detection of acute childhood AIS and stroke mimics. CT
imaging fails to identify the diagnosis in more than 40% of
children.30 Considering this limited sensitivity, the concerns
for radiation, and the likelihood of needing MRI to conﬁrm
diagnosis, many centers have developed “rapid brain” or
hyperacute MRI protocols for stroke that take 15 to 20 minutes. These rapid brain protocols incorporate diffusionweighted imaging (DWI) and apparent diffusion
coefﬁcient (ADC) maps to conﬁrm the diagnosis of stroke as
well as susceptibility-weighted imaging (SWI) or gradient
echo (GRE) sequences to assess for hemorrhage. If a stroke is
present on a rapid brain MRI study, a full protocol with
vascular imaging is often required at some point during the
initial hospitalization.
In general, the presence of diffusion restriction (reduced
diffusivity) in the distribution of an arterial territory can
conﬁrm stroke, although other entities such as brain tumors, abscesses, white matter diseases, and seizures can
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exhibit reduced diffusivity or demonstrate hyperintense
signal abnormality as well. At the time of initial MR scan, an
MRA of the head and neck is most often warranted to
evaluate for cervical and/or intracranial arteriopathy or
arterial obstruction because of thrombus. In a child who is
medically unstable, in whom a contraindication to MRI is
present, who presents to a center without MRI capabilities,
or in whom sedation will delay MRI, CT with CT angiogram
(CTA) of the head and neck may be preferable. Alternatively,
some centers administer anesthesia by rapid induction for
scanning. In patients with a strong suspicion of arteriopathy
in whom MRA or CTA is nondiagnostic, conventional catheter angiogram might help elucidate the stroke etiology. In
addition, in children with moyamoya disease or syndrome
in whom revascularization is being considered, four vessel
angiogram including the extracranial circulation may be
required.
With the advent of newer therapeutic techniques and
recent guidelines in adult stroke management, there is an
increased need to balance comprehensive, but time intensive stroke imaging studies (for example inclusion of MRA
neck) with a rapid protocol that allows for quick diagnosis
and potentially acute treatment (e.g., thrombolysis). The
development of acute therapies that are time-dependent
underscores the need for more uniform, consensus-based
practical neuroimaging algorithms focused on rapid and
accurate diagnosis. These challenges have been addressed
to an extent with shorter abbreviated protocols for acute
stroke discussed subsequently.
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A suggested imaging protocol for evaluating children
with suspected stroke was devised by the International
Paediatric Stroke Study (IPSS) Neuroimaging Subgroup
(Fig 5). They are based on analysis of current literature,
expert opinion, and formal consensus.
Imaging and therapy timing for AIS

Hyperacute therapy for AISdintravenous or intraarterial tissue plasminogen activator (tPA) and mechanical
thrombectomydhas not been prospectively studied in
children but is used on a case-by-case basis. Consideration
of tPA for treatment of acute childhood AIS requires imaging
conﬁrmation of the diagnosis of AIS with occlusion or partial occlusion of an artery in the distribution of the stroke or
thrombus in a vessel that corresponds to the territory of the
clinical deﬁcit.32 In addition, assessment of stroke size on
DWI or early change on CT and conﬁrmation that intracranial hemorrhage is not present are required. Assessing AIS
onset time is critical for the determination of whether a
patient can be treated with tPA or thrombectomy;
mismatch between DWI and ﬂuid attenuated inversion recovery (FLAIR) changes may prove useful in determination
of the time window for potential intervention.34,35 In adults,
DWI appears to reliably predict the core infarct36 and the
DWIeperfusion-weighted imaging (PWI) mismatch may
then be used to assess tissue at risk (penumbra).34 A
number of dynamic susceptibility contrast (DSC) perfusion
parameters including mean transit time, time to peak, and

FIGURE 5.
Please refer to the Online Appendix for detailed parameters on suggested imaging. Sequences may be modiﬁed as clinically warranted. (The color version of
this ﬁgure is available in the online edition.)
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time to maximum (Tmax) using various thresholds have
been used for determination of the ischemic penumbra in
adults. Although these measures can be used in children,
further validation is needed. Although arterial spin labeling
(ASL) is correlated with DSC perfusion parameters in
assessment of mismatch in AIS, the correlation is imperfect
and improved methods are needed before routine clinical
use in acute stroke.37 In our experience, prominence of
veins on SWI is not yet a suitable method for assessing
mismatch as it may be seen in the infarct core, and delineation of the region of venous prominence is difﬁcult.
Intravenous tPA administration is predicated on rapid
diagnosis of stroke by neuroimaging within 4.5 hours of its
documented onset in children, just as in adults. As in adults,
it may be reasonable to perform noncontrast CT and CTA if
MRI with MRA cannot be obtained in a timely fashion and
would create delays that would make the child ineligible for
therapy.
In addition to stroke conﬁrmation, neuroimaging can
detect stroke risk factors that require prompt treatment
such as cervical artery dissection, other large and medium
vessel cerebral arteriopathies with risk of vessel-to-vessel
emboli, and aneurysm. Surgical revascularization may
decrease risk of further stroke in children with moyamoya
syndrome or disease but can be associated with increased
risk of stroke during the perioperative period. Children with
malignant MCA infarction or cerebellar herniation after
stroke may be candidates for decompressive craniectomy.38

Emerging MRI sequences in childhood AIS

PWI has been used in adult stroke evaluation to determine tissue at risk (penumbra).39 Bolus CT perfusion and
MRI perfusion techniques are available, but application has
been limited in the setting of childhood AIS. PWI with MR
can be performed with contrast, most commonly exploiting
DSC technique. ASL, a family of perfusion imaging techniques not requiring the administration of an exogenous
contrast but using the patient’s blood as an endogenous
contrast, are becoming more available and are likely to be
applied to pediatrics to a greater degree in the future.
However, such studies must be interpreted with caution
and by experienced practitioners. ASL, for example, will be
altered by a longer blood transit course from the neck arteries to the brain parenchyma; hence, ASL may appear
abnormal in a child with moyamoya and collateral circulation even if perfusion is adequate. The utility of ASL in
determining the penumbra remains unknown, as it may
overestimate the penumbra because of arterial transit time
artifacts.
Vessel wall imaging is a developing technique that may
prove useful in the differentiation and monitoring of vasculopathies, particularly the different causes of focal cerebral arteriopathy (Fig 3).
Black-blood T1-weighted imaging after gadolinium
contrast can show abnormal vessel wall enhancement in
the setting of an active and potentially inﬂammatory
process, differentiating it from a now quiescent or non-inﬂammatory process. Imaging before gadolinium contrast
can be used to identify an arterial wall hematoma, which
may indicate an intracranial dissection.

Follow-up imagingdsubacute and chronic childhood AIS

Subacute imaging may be performed to assess hemorrhagic transformation, infarct extension, edema formation,
mass effect, herniation, and stroke recurrence. MRI is
optimal, but CT may be indicated for unstable patients.
If a child undergoes thrombolysis, a CT or MRI scan
24 hours later is required for surveillance of intracranial
hemorrhage.
Follow-up imaging is often performed at six weeks to
three months after the incident AIS. Follow-up imaging is
used to screen for silent infarction, evaluate for progression
or improvement of existing arteriopathies, and diagnose
arteriopathies that were not obvious at the time of initial
stroke diagnosis. MRI with MRA is often the modality of
choice in the chronic follow-up setting. Long-term complications after dissection can include pseudoaneurysm
development; this can be monitored by MRI/MRA, CT/CTA,
and if indicated, cervicocranial catheter angiogram.
Transient ischemic attack

TIAs occur in children, although the true incidence remains unclear as TIAs often cannot be distinguished from
stroke mimics. The signiﬁcance of TIA in children has not
been as thoroughly evaluated as it has in adults. In adults,
stroke occurs within 3 months of a TIA in 10% to 15% of
patients with TIAs.40,41 In a recent retrospective cohort of
pediatric patients with childhood AIS, 13% had a stroke after
TIA with a mean follow-up period of 4.5 years. Female sex,
autoimmune disorders, and presence of arteriopathy were
signiﬁcantly associated with stroke following TIA
presentation.13 In particular, children with moyamoya often
present with TIAs. Adults who experience a TIA have
diffusion abnormalities on MRI at the time of their symptoms in 27% to 40% of cases.42-45 Those adults who have
diffusion abnormalities at the time of TIA have an increased
risk of stroke in the following 7 days.42,43,45 Similar observations in pediatric patients have yet to be reported. Imaging evaluation for children with suspected TIA is the same
as for children with AIS.
CSVT and cortical vein thrombosis

Childhood CSVT is uncommon, with an incidence of 0.4
to 0.7 per 100,000 children per year.46 However, CSVT is
increasingly diagnosed with heightened awareness and
increased use of modern neuroimaging. As in adults, etiology of CSVT in children is often multifactorial47; associated
risk factors include acute conditions such as infection and
trauma, and chronic conditions such as anemia, polycythemia, and prothrombotic disorders. Increased intracranial pressure from obstructed venous outﬂow can lead to
nonspeciﬁc symptoms such as headache, encephalopathy,
papilledema, or abducens palsies, whereas accompanying
hemorrhage or venous infarction can cause seizures or
hemiparesis.
Initial imaging often consists of CT or MRI. Focal brain
lesions are found in approximately 40% of children with
CSVT48 and include hemorrhage from diapedesis of blood
through a congested venous system and ischemia from local
compression of arteries and/or reduction of cerebral blood
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FIGURE 6.
Deep venous thrombosis. (A) Non-contrast sagittal T1-weighted image illustrates abnormal hyperintense signal (thrombus) of the straight sinus, vein of
Galen, and internal cerebral veins (white arrows). (B) Axial T2-weighted and (C) axial gradient echo images demonstrate hemorrhagic edema of the thalami
bilaterally (black arrows) as well as focal hemorrhage and/or thrombus of the right choroid plexus.

ﬂow from retrograde venous pressure. Vasogenic (increased
ADC values) and cytotoxic edema (decreased ADC values)
may coexist; thalamic edema is classic for thrombosis of the
deep venous system49 (Fig 6). An atypical or non-arterial
pattern of ischemia should prompt further investigation as
should ischemia or hemorrhage in the biparietal lobes or
bilateral thalami.
CT may demonstrate the venous thrombus itself as a
hyperdensity within the intracranial dural sinus (“dense
clot sign”), and contrast-enhanced CT may reveal a triangular intraluminal ﬁlling defect (“empty delta sign”),
particularly in the torcular (Fig 7). Multiplanar reformatting
can also be helpful.
Case series of ICVT report a “cord sign” or “dot sign” on
CT in 13% to 51%4 (Fig 8). On CT, high hemoglobin concentration in the setting of dehydration or polycythemia can

also be confused with clot, but in these individuals the
entire vascular system is dense.
T1- and T2-weighted image ﬁndings are variable,
depending on the age of the clot. MR SWI is particularly
adept at visualizing venous blood and is more sensitive than
GRE or T1 spin echo (T1SE) for detecting thrombosis. In
one case series, SWI was 90% sensitive for detecting
CSVT and 97% sensitive for ICVT within the ﬁrst week
of clinical onset compared with T1SE (71 and 78%
sensitive, respectively).4 Three-dimensional volumetric
GRE T1-weighted sequences do not suffer from the artifacts
that may plague T1SE and are quite adept at demonstrating
clot, particularly after the administration of contrast (Fig 8).
DWI hyperintensity within the thrombosed sinus has also
been described but has poor sensitivity.50 Newer techniques
such as black-blood imaging (MRI technique suppressing

FIGURE 7.
Cerebral sinovenous thrombosis. (A) Noncontrast sagittal T1-weighted image reveals abnormal hyperintense signal in the superior sagittal sinus (white
arrows). (B) Contrast-enhanced axial T1-weighted image demonstrates the empty delta sign of the superior sagittal sinus with contrast outlining a
triangular thrombus (white arrowheads).
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FIGURE 8.
Cortical vein thrombosis. (A) Axial noncontrast computed tomography image reveals a hematoma with surrounding edema within the left frontal lobe
(white arrows) and focal hyperdensity of the superior sagittal sinus (black arrowhead). (B) Contrast-enhanced coronal T1-weighted image conﬁrms the
presence of thrombus within the superior sagittal sinus extending into a draining cortical vein (black arrowheads).

the signal from normal ﬂowing blood) have demonstrated
high sensitivity for venous thrombosis.51
Two-dimensional time-of-ﬂight (TOF) MR venography is
a sensitive modality for visualizing venous slow ﬂow,
particularly ﬂow perpendicular to the plane of
acquisitiondthus axial, coronal (or any other two planes),
and source images should be evaluated to reduce diagnostic
error. Three-dimensional phase-contrast magnetic resonance venography (MRV) improves visualization of small
veins and of the dural sinuses but has a longer acquisition
time, thus rendering it more susceptible to motion artifact.
However, newer versions using incomplete k-space acquisition and parallel imaging have made the acquisition times
almost comparable with 2D TOF MRV. Follow-up imaging
may demonstrate irregular ﬁlling of the sinus, indicating
incomplete recanalization, or formation of dural collaterals
from cortical veins proximal to the site of occlusion. Because
MRV indirectly demonstrates clot via impaired ﬂow dynamics, motion artifact is not uncommon (reported in up to
31% of TOF MRV).51 Contrast-enhanced MRV can be useful
because it can decrease various ﬂow-related artifacts. Vessel
hypoplasia, atresia, and arachnoid granulations protruding
into the sinus lumen may all be mistaken for thrombosis.
Although MR may be preferred for its lack of radiation,
CT venogram is at least equivalent in sensitivity for CSVT
diagnosis52 and is perhaps more reliable for small vessels
and the deep venous system.53 Directed and timely neuroimaging is essential because failure to recognize CSVT can
lead to delayed treatment and poor outcomes.
Hemorrhagic stroke

Hemorrhagic stroke refers to nontraumatic intracerebral
hemorrhage (with or without intraventricular extension),
IVH, and subarachnoid hemorrhage (https://common

dataelements.ninds.nih.gov/stroke.aspx#tab¼Data_Standards).
Childhood hemorrhagic stroke is typically deﬁned as
occurring after 28 days of life to age 18 years, and perinatal
hemorrhagic stroke (discussed in a separate article) is
deﬁned as those occurring in neonates greater than
36 weeks’ gestation at birth to 28 days of life to differentiate
these from IVH of prematurity. A study from a Californiawide discharge database estimated the incidence of hemorrhagic stroke among patients aged one month to 19 years
as 1.1 per 100,000 per year.3 The most frequent presenting
symptom in children is headache, present in 60% to 80%.5457
Other frequently occurring symptoms include altered
mental status, nausea and emesis, neck pain, seizures, and
focal neurological deﬁcits such as hemiparesis, aphasia, and
ataxia. Hydrocephalus can develop rapidly or slowly
because of IVH or direct compression by the hemorrhage on
the ventricular system. In one study, more than half of
children presented acutely but nearly half presented more
insidiously,55 which can lead to delays in diagnosis and
treatment.
Vascular malformations, most frequently arteriovenous
malformations (AVMs), cavernous malformations, and aneurysms, are the most common causes of pediatric hemorrhagic stroke reported in tertiary care settings54,55
(Figs 9-11); however, other causes of hemorrhage include
brain tumors and coagulopathy (acquired or congenital).
Just as in ischemic stroke, in a child with a presentation
concerning for hemorrhagic stroke, rapid neuroimaging is
critical for identifying hemorrhage and for differentiating
hemorrhage from other stroke subtypes and from stroke
mimics. CT is often the ﬁrst neuroimaging modality performed because of its sensitivity for detecting hemorrhage,
its short scan time (almost never needing moderate sedation or anesthesia), and its availability in the emergency
setting. Rapid acquisition of neuroimaging is especially
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FIGURE 9.
Arteriovenous malformation. (A) Axial noncontrast computed tomography image shows a hematoma within the posterior left periventricular white matter
(black asterisk) with extension of blood products into the left lateral ventricle. (B) Anteroposterior digital subtraction angiography of a left vertebral artery
injection illustrates a vascular nidus (white asterisk) primarily supplied by the left posterior cerebral artery (black arrow) with early venous drainage (black
arrowhead).

important for children with altered mental status or coma
or in whom the airway is not stable. However, in a stable
and cooperative child, MRI brain with DWI, SWI or GRE,
FLAIR, MRA, and MRV can diagnose hemorrhage, differentiate hemorrhagic transformation of arterial or venous
infarction from primary hemorrhage, and evaluate the brain
parenchyma. Cavernous malformations can sometimes be
identiﬁed on CT as hyperdense round lesions or are conspicuous on T2*-weighted MRI sequences as a round
hypointense area with blooming.58,59 ASL has been useful
preoperatively and postoperatively in the setting of

pediatric AVMs for detecting focal increased cerebral blood
ﬂow through the AVM nidus and within the draining
veins.60
With suspected or diagnosed hemorrhagic stroke, it is
critical to evaluate the integrity of the cerebral vasculature.
CTA or MRA can be performed at the time of initial head CT
or brain MRI. In many cases, these modalities can diagnose
underlying AVMs or aneurysms; however, if no vascular
malformation is detected and no hematologic cause or brain
tumor is identiﬁed, a conventional catheter angiogram
should be considered in most cases because CTA and MRA

FIGURE 10.
Cavernous malformation. (A) Axial T2-weighted image reveals a mixed signal intensity, popcorn-like cavernous malformation of the pons (white arrows)
with surrounding edema because of recent intralesional bleeding. (B) Axial susceptibility-weighted image illustrates “blooming” of the hemosiderin rim
surrounding the lesion (black arrows).
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FIGURE 11.
Ruptured aneurysm. (A) Axial noncontrast computed tomography (CT) image demonstrates a right frontal intraparenchymal hematoma (black asterisk)
with extension of blood products into the right lateral ventricle and the presence of subarachnoid hemorrhage. (B) Axial contrast-enhanced CT image
reveals an aneurysm (black arrow) just posterior to the right frontal hematoma. Note the performance of a right decompressive craniotomy in the interval
between the two scans.

can miss small AVMs and aneurysms, particularly those less
than 2 mm in size. During AVM resection, intraoperative
catheter angiography can help to identify residual AVM,
allowing the surgeon to complete the resection at the time
of the initial procedure.61
If no vascular malformation is noted on catheter angiography, repeat neuroimaging should be obtained after the
hematoma has resolved because small vascular lesions can be
compressed and concealed by the hematoma. In one report of
28 childhood AVMs that were surgically resected, some AVMs
were identiﬁed up to two years after the incident hemorrhage, and recurrent AVMs were identiﬁed in some children
even after complete surgical resections.61 Therefore followup vascular imaging is recommended in most children in
whom no cause for hemorrhage was identiﬁed or in whom a
vascular lesion like an AVM was treated.
The timing, modality, and frequency of follow-up imaging are often center-dependent. Some centers obtain

noninvasive imaging like MRI with MRA at three months
and one year after the incident hemorrhage. Some pediatric
centers, like many adult centers, advocate a conventional
angiogram in the follow-up period. If this imaging does not
show an underlying or recurrent vascular malformation,
performance of additional imaging at age ﬁve years or
18 years is sometimes performed. More frequent neuroimaging follow-up may be indicated in some children, for
example, those with cerebral cavernous malformation gene
mutations or multiple cavernous malformations.
Stroke mimics

In adults, presentation with sudden onset hemiparesis
with or without facial weakness and speech problems are
hallmark presenting features, which clinch the diagnosis of
stroke without unnecessary delay in most cases. In children,
the stroke diagnosis is not as straightforward. Despite a

FIGURE 12.
Hemiplegic migraine. (A) Three-dimensional time-of-ﬂight magnetic resonance angiography maximum intensity projection image illustrates diffuse attenuation of the left middle cerebral artery and branch vessels (white asterisks). (B) Axial susceptibility-weighted image shows increased conspicuity of the left
cerebral sulcal veins (white arrowheads) because of increased deoxyhemoglobin concentration in a hypoperfused vascular territory. (C) Multiple axial arterial
spin labeled images reveal decreased perfusion to the left cerebral hemisphere (white arrows). (The color version of this ﬁgure is available in the online edition.)
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FIGURE 13.
Posterior reversible encephalopathy syndrome (PRES). (A) Axial FLAIR image demonstrates patchy parieto-occipital cortical and subcortical edema (white
arrows). (B) Axial diffusion-weighted image shows no restricted diffusion.

growth in awareness about childhood stroke, when children present with acute neurological deﬁcits, stroke is often
not the ﬁrst diagnosis considered by health personnel. The
diagnosis is even more challenging in children who present
with nonlocalizing and nonspeciﬁc signs, such as headache
and vomiting. Also, localizing signs of stroke such as lateralized weakness after seizure or ataxia are often overlooked.
In children with AIS, studies report total delay from symptom onset to AIS diagnosis of 16 to 24.8 hours, in-hospital
delay of 9.6 to 12.7 hours, and neuroimaging delay of over
eight hours.30,62-64 In a study of 209 children with acute AIS,
70% of children reached a hospital within six hours of stroke

symptom onset, but only 20% were diagnosed with stroke
within six hours. Stroke was not suspected in more than
62% of children at initial presentation.30 Failure to consider
stroke in the differential diagnosis of children who present
with signs suggesting it continues to delay its diagnosis
until well beyond the time that acute interventional
therapy can be effectively administered. The relative
frequency of other diagnoses that can present similarly
to stroke contribute to stroke diagnosis delay in children
(Fig 12).
Shellhaas et al.31 reported that among 30 children with
stroke mimics, presentations included focal weakness in 14

FIGURE 14.
Methotrexate toxicity. (A) Axial diffusion-weighted image and (B) Apparent diffusion coefﬁcient map demonstrate patchy areas of restricted diffusion
within the centrum semiovale (white arrows on diffusion-weighted image).
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(47%), seizure in 11 (36%), headache in nine (30%), focal
sensory abnormality in seven (23%), and mental status
change in six (20%). Most children (63%) had other serious
neurological diagnoses (posterior reversible leukoencephalopathy (Fig 13), epilepsy, intracranial infection,
inﬂammation, focal lesions, drug toxicity) (Fig 14); few had
benign diagnoses (migraine, psychogenic, and musculoskeletal disorders). In another recent prospective observational study of 124 children who presented to a tertiary
pediatric emergency department and in whom a stroke
alert was activated, 40% had a stroke or other
neurological emergency. Thirty children (24%) had
conﬁrmed ischemic strokes, two (1.6%) had a TIA, 20 (17%)
had complicated migraine syndromes, 19 (15%) had seizures, ﬁve (4%) had meningitis or encephalitis, and four (3%)
had intracranial neoplasms.33
Future areas of investigation

Pediatric stroke is a growing ﬁeld with many avenues to
explore. An initial focus should be directed toward aid to
centers for streamlining childhood stroke imaging protocols
that minimize delays and diagnose stroke syndromes
rapidly while at the same time evaluating the vasculature
for stroke risk factors. In addition, given that there are many
other neurological diseases that can present similarly to
stroke, sequences that diagnose stroke mimics should also
be included when possible.
Future areas of investigation in the setting of pediatric
stroke include the role of PWI to aid in deﬁning stroke onset
and ischemic penumbra in order to help identify children
who might be candidates for thrombolysis. Vessel wall
imaging may improve diagnosis and characterization of
arteriopathies. Understanding the pathophysiology of the
various arteriopathies may lead to the rational design of
speciﬁc treatment plans.
Ultimately, imaging protocols must be designed and
standardized across pediatric centers and must address the
challenges of imaging the pediatric brain and of differentiation of stroke syndromes from other entities to inform
treatment, clinical trials, and evidence-based guidelines. A
beneﬁt to consensus-based neuroimaging is that it will
facilitate multicenter treatment trials and allow for research
collaborations that address clinical outcomes.
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